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Abstract

The performance, lifeycle cost, and safety of electric and hybrid electric veki¢EV/s and

HEVs) depend strongly on the vehicledbds energ
lithium-ion (Li-ion) polymer batteries are quite viable options for storing energy in EVs and
HEVs. Battery temperature impacts battery performance, SOH, and may even present a safety
risk. Therefore, thermal management is essential for achieving the desired performance and life
cycle from avehicle battery pack comprised oparticular battergell or module.

This work presentghe thermal characteristics ofa prismatic pouch battery comprised of
LiFePQ, electrode materiahnd modules Characterization is performed vexperimentsthat
enabledevelopment of an empirical battery thernmabdel for vehite simulations. As well
electricaldatais presentedor the validation of electrochemisthased battery thermal models.
The research is organized into two parts.

Partl: An apparatus was designed to measheesurface temperature distribution, heat,flaxd

heat generation from a battery poum#l undegoing various charge/dis@arge cyclesin this

work, a prismatidithium-ion pouch cellis cooled bytwo cold platesvith 19 thermocouplesnd

3 heat flux sensorapplied to the battery at distributkxtations The total heat generation from a
particular battery is obtained at various discharge rates (1C, 2C, 3C, and 4C) and different
cooling bath temperature &, 15°C, 25°C, and 35°C). Results show that the heat generation
rate is greatly affecte by the bothdischarge rateand boundary conditions. The developed
experimental facility can be used for the measurement of heat generation from any prismatic
battery, regardless of chemistrfhermal images obtained at different discharge raies
presaéted within to enable visualization of themperature distributionAn empirical battery
thermal model is developed and validated with collected data &dest bench in terms of

temperature, SOC and voltage profile.

In partll: In-situ vehicle datavascollectedusingthree data loggers installed in three different
Burlington HydroFord Escape&ehicles (one pure EV and other two HEVEhe data collection
infrastructure developed produced monthly repéotsthe EV, allowing Burlington Hydro to

track the vehiclebs distance travell eHive energ
months of data for the EVhdicated 792.6 kmtravelled and 222.6 kWh of grid electricity



consumed. The reaborld drive cycles fronthe EV were then performed with tHab apparatus
and thermal datawas collected and analyzed In this study, avehicle model using
PSAT/Autonomiesoftwareis developed based on available specifications of the vehiclesand

validated with tle collected drive cycle.
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Nomenclature

A = area [m]

Co = specific heat capacity [J/kg°C]
E = opencircuit potential [V]

h = heat transfer coefficient [WAPC]
I = current [A]

m = masgkg]

a = mass flow rate [kg/s]

N = number

Pr = Prandtl number

Q = heat [KJ]

0 heat generation rate [W]

q = heat flux [W/nf]

Ra = Rayleigh number

T = temperature [°C or K]

t = time [s]

Vv = cell voltage or cell potential [V]
QPQY = temperature coefficient [V/°C]
QYQ ® = temperature gradient [°C /m]
Greek Symbols

U = thermal diffusivity [nf/s]

b = thermal expansion coefficient

U = emissivity

i = layer index

” = density [kg/m3]

€ = dynamic viscosity [kg/ms]

3 = kinematicviscosity [nf/s]

Subscripts

b = ambient

b = battery

bs = battery surface

c = cell

conv = convection

e = electrical

f = fluid

gen = (generated

[ = layer index

n = negative electrode

oC = open circuit

p = positive electrode
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rad = radiation

T = temperature

th = thermal

w = water

X,y,z = Cartesian coordinate directions
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Acronyms and Abbreviations

Al123 A lithium-ion pouchcell manufactured by A123t is obtained after market.
A Ampere

Ah Amperehour

APS Accelerator pedgbosition
ARC Accelerated rate calorimeter
BC Boundary condition

BPS Brake pedal position

BEV Battery electric vehicle
BOL Beginning of life

C Capacity

CD Charge depleting

CAD Computer aided design
CIL Component in loop

CNTs Carbon nanotubes

°c Degree Celsius

DOD Depth of discharge

DEC Diethyl carbonate

DMC Dimethyl carbonate

DRU Data Recording Unit
Dischg Discharge

EC Ethylene carbonate

EMC Ethyl-methyl carbonate
EV Electric vehicle

EOL End of life

EOD End of discharge

E-stop Emergency shut down
FEA Finite element analysis
GM General motors

GPS Global positioning satellite
GHG Greenhouse gas

HEV Hybrid electric vehicle
HFA Heat flux array

HFS Heat flux £nsor

ICE Internal combustion engine
IHC Isothermal heatonduction calorimeter
IR Infra-red

kw Kilowatt

Km Kilometer

kwW/L Kilo watt per liter

Kg Kilo gram

L Liter

Li-ion Lithium ion

LiCoO,/ LCO Lithium-cobaltdioxide

XiX



LiFePQ,/ LFP Lithium-phosphate

LiBOB Lithium bis (oxalatg borate

mA Milli -ampere

MHTL Microelectronics Heat Transfer Lab
NiMH Nickel metal hydride

NiCad Nickel cadmium

OCV/Voc Open circuit voltage

PHEV Plugin hybrid electric vehicle
PVC Polyvinyl chloride

PSAT Power train system analysolkit
PE polyethylene

PP polypropylene

REV Rapid electric vehicle

REEV Range extended electric vehicle
RESS Rechargeable electricity storage system
Sec Seconds

SOC State of charge

SOD Start of discharge

SOH State of health

SEI Solid electrolyte interface

SPI Solid permeable interface

SLE Special limit of errors

TC Thermocouple

TOU Time-of-use

us United states

uw University of waterloo

UPS Uninterrupted power source
uUDDS Urban dynamometer driving schedule
Y, Volt

V2G Vehicle-to-grid

W Watt

Wh Watt hour

$ Dollar

XX



Chapter 1

| ntroduction

According toNatural Resources Canada, in 2007, there were around 20 million vebrcles
Canadian roads, up nearly 2.5 million since 2000. Out of these, 19 nf@lBotPo)vehicles were
light duty, 2% were medium trucks, and 1.7% wéeavy trucks. These vehicles travelled some
332 billion kilometers consuming 31 billion litres of gasolared 11 billion litres of diesdll].
One of the largest sources of greenhouse gases (GHG) in Canada transportatigrwhich
contributes significantly to urban air quality problef@. Canadian GHG emissions can be
lowered byreplacing gasoline usage withe adoption of alternative fueland urban air quality

can also be increased.

Thereforedemand for hybrid and electric vehicles has increased significantly due to rising costs
and environmental concer8]. The burning of fossil fuels for gasoline has decreased the
number of treg in the world and has also affected the overall air quality for all living and non
living creatures on this planet. In additidhe price of oil and gasoline has been steadily rising
over the decades, making hybrid and electric vehicles a cheaper aaceffiment option[3].

Due to environmental benefits and rising oil prices, major automobile manufadtaxespert
millions of dollars on the research and development of hybrid and eleetricles which are
becoming more and more environmentally frienajyprotectinghe ecesystem.

Batteries, a major powertrain component of hybrid and electric vehicles, will undergo thousands
of cycles during the lifeime of a vehicle. Over this lifetie a battery degrades potentially to

the point of requiring replacement. Given the high cost of the battery and its importance in
determining electric vehicle rangé is very desirable to postpone battery degradation as long as
possible. One elememf controlling battery degradation is controlling battery temperature
[4, 5]. Understanding vehicle battery temperatures during discharge is the focus of this research.

In order to better understand the battery thermal prabtasuseful to first understand the basic

vehicle applications for large battery packtectrified vehicles are classified in three group$:
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Hybrid electric vehicles (HEVs)2) Plugin hybrid electric vehicles (PHEVsand 3)Electric
vehicles (EVs)

1.1 Hybrid Electric Vehicles(HEVS)

A hybrid electricvehicle haone or morgpower sourcg such asaninternal combustion engine

and an electric motd®3]. In Hybrid Vehicles, the engine is sniar and hence it provides better

fuel economy.These ehicles useless fuel angoroduce less pollutiorModern mass pduced

hybrids prolong the chaegon their batteries by capturing kinetic energy through regenerative
braking. During cruising or idling whereonyy i ght t hrust i s required,
internal combustion engine to generate electricity by spinning an electric genere¢charge

the battery or to feed power to an electric motor which drives the vehicle. Almost all hybrids still
require gasoline and diesel as their sole fuel soascevell asother fuels such as ethanol or
occasiondy plant based oilsThere are threenain types of Hybrid configurations available in
market 1) Parallel Hybrid Vehicle ConfiguratioR) Series Hybrid Vhicle Configuration, and 3)

Seriesparallel Hybrid Vehicle Configuration

1.2 Plug-In-Hybrid Electric Vehicle (PHEVS)

Plugini hybrid electric ehicles, whichcan consist of any othe three hybrid systes)have a
large capacity battery pack thiatcharged froman electrical outlet. They can drive a certain
distance in an aklectric mode andafter that the vehicles operate like a ngulug-in hybrid.

This means thatwhile driving in all electric modes, the PHEV consumes no fuel and there is
zero emissionPHEVs are classified by their Chard@epleting (CD) range. For example, a
PHEV-10 has chargdepleting range of 10 mile (16 km) and a PHEYhas a chargdepleting
range of 40 mile (64km)f onedrivesless than 64 km a day, the PHEU will normally operate

in chargedepleting mode.

Most of PHEVs on the road today are passenger cars, but there arelBMw&sions of bses,
trains, utility trucks, vans, scooters, motor cycles and military vehicles. The cost of electricity to
power plugin-hybrids for all electric operation is less than one quarter of the casgasdoline
vehicle[6]. PHEVs not only reduce greenhouse gas (GH@Gissions that contribute to global
warming but also decreasair pollution. In PHEVS, if batteries are charged from renewable



electricity, pug-in hybrids use no fossil fuel during their all electrasge and produce lower
greerhouse gas (GHG) emissionsPHEVs alsoprovide other benefits like improvement in
national energy security, fewer filips at the filling station, home recharging, emergency backup
power in the home and vehide-grid (V2G) appliations[7, 8].

1.3 Electric Vehicles (EVS)

Electric vehicles (EVs) daot use an internalombustionengine (ICE) to supply power to the
wheels and drivetrain but they rely anelectric motor to supplthe power to the wheels. Most
electric vehicles (EVs) hava more d¢aborate method to control the amount of electricity going
to the motor and a system of gears to drive the wheels in a most efficient rf@jniiée high
price of oil and increased concern ouble environmental impact of th@etroleumbased
transportation havked to renewed interest in an electric transportajtidi. Electric vehicles

today are electric cars, motorbikes, trains, airplanes and boats.

Electric wehicles (EVs) differ from fossil fuel powered vehicle in that the electricity they
consume is generatdrom different sources, likeokar power, tidal power andind power or

any combination of those energigk 10]. The electricity can be stored on board the vehicle
using a battery, flywheel or a capaci{®. The main advantage of electric or hybrid electric
vehicles is regenerative braking atloe ability to recover energy lost during braking as
electricity storedn the onrboardbattery[11, 12]. Gasoline and Diesel Engines are only 30% to
40% efficient at converting fuel energy into kinetic energy (i.e. as motion or as work on
driveshaft), while adctric motors can convert more than 94% of electrical energy supplied into
useful work. Electric vehicles can be a much more energy efficient means of transportation,

providedthatthe electricity can be effectively stored and supplied to the motor.

Moving from conventional vehicles to EVs and HEVs, thesign challengenoves from the
engine to the battery. Lithiunon batteries ar@ good choice for EVs and HEVs because of
higher power and higher energy dengity]. Nickelmetal hydride batteries are still attractive
because of their low coddue to the dependen of EVs on batteriest is important to know and
manage the battery status,order to achieva better level of safety and reliabilifgatteriesare
discussed in greater detailChapter 2.



1.4 Problem Definition

The performance and life of dion battery packs for PHES/ HEVS, and E\é applications are
greatly influenced by battery operating temperat{4eS]. To understand the thermal befaw

of batteries and its impact dwattery performance and life, tliest step experimentally is to
study the battery temperature distributions and the heat generation profiles at diffiergeat c
and discharge rates. And mmake this study relevant t¢HiEVs, HEVs, and EVighe charge and
discharge rates must be typical of those seen and expected to be seen in Fejuceesshows
the surface temperature aflithium-ion pouchcell (for definition of pouchcell, module, and
pack refer to sectionr2.8) at different discharge rates of 1C, 2C, 3C and(@cate is the
measurement athe charge and discharge currentatattery, on the oder of those seen in

vehicles. The lsarge rate between discharges in all cases is 1C.
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Figure 1: Surface temperature profile ofa lithium -ion pouch cell during 1C charge and
1C, 2C, 3C and 4C dischargeates [14]

Figure 1 illustratesthe thermal spike that can accompany dischar@ver a short20 minute
time period (short from a vehicle operation viewpoint) for 3C ad8d minutetime periodfor 4C
dischargeenough heat is generated to incretsscell temperature td6 °C (for 3C) ands8°C
(for 4C) from a 2 ° C start condition. Thiwalue is only for a singlepouch cell with free
convection boundary conditipgoeven a greater temperature can restknextrapolated to the
approximately 30(@ouchcellsin a battery pack oPHEVs, HEVs,and E\s, where there is no



free boundary convection, but only conduction between pouch;dblsproblem s explained

next.

Operating lithiumion batteries above 58C can accelerate the aging process and lead to
significant degradationfabattery capacity and electric range reductj@f]. Following from
Figure 1, battery cell temperatures above %D are very possible especially when cells are
stacked into modules, and then packs, and if the ambient temperature is c&s& than the

22 °C usedin Figure 1. The possibility of fire is also a major issue with high operating
temperature where thermal runaway is a possibjilij. Thus,adequate battery coolingnd
thermal managemeatean integral part oftte vehicle operation during electric manjgeration.
PHEVs, HEVs,and E\& require a robust battery thermal management system in order to ensure

optimal(safe, good performance, and long battery irehicle operation.

Experimental data on the thermal characteristics of batteries is important not only to the battery
pack designers and modellers, but also to those looking more fundamentally at electrochemical
battery models[17]. Battery modelling gives very important information on battery
charging/discharging, SOC, SOH, and temperature. There are diffasghods for moeling
batteries, for example, £lectrochemical modelin[d 8], and 2) equivalent circuit modelifnd8§].
Electrochemical modeling provides a deep understanding of the chemical and physical process
inside the battery and is useful when buildangell or pouch cell, but high computational time
makes this approach impractical for applications that involve multiple pouch cells, such as
vehicle battery packs. On the other hand, in equivalent circuit modeling, battery losses are
represented in terntd electrical circuit components, making this method more efficient in terms

of computation.

1.5 Research Objectives

Given the problems of 1) battery performancea@ng or degradation of batterjeend 3) fire
issues, all due to high battery operating terapege as identified in the previous section, and
given our limited knowledge of the thermal behaviour of vehicle batterisxjuiteimportant to
do moreresearch on performanoé PHEV, HEV, and EV batteriesndergoingealistic vehicle
charge and daharge cyclesTo date,a lot of work has been done dpattery modeling but

limited published workexists experimentally with varyinigoundary conditionsSa, oneof the
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key objectives inthis research is to characterize the therbeddaviorof a vehicle suitable pouch
cell using dual cold platet provide a large range of boundary conditiocensequently, the

objectives of this research work are as follows:
OBJECTIVES:

1) To characterize the thermal behaviour of batteries
2) To develop and valiate an empirical battery thermal moaeMATLAB Simulink.

3) To characterize the thermal behaviour of vehicle batteries under realistic drive cycles.

In order to fulfill the abovementioned objectivesempirical dataincluding battery vitage,
current, temerature, heat flux, and heat genergteme required. A thermdloundary condition

test apparatuss designed and developdd generate the data of interebt. addition, insitu
vehicle datais collected to enableharacterization of vehicle batterieadeigoing realworld

drive cyclesby outfitting three different industry partn€Burlington Hydro) vehicles using
different propulsion technology (one EV, and two HEVs) with data loggers and a data reporting

infrastructureThe data from each part is usadlevelopment of battery thermal models.

The first empirical battery thermatodelis developed based on data collected from the thermal
boundary condition test apparatus. The acquired datecorporated ito a look up table along
with algorithms writen in MATLAB Simulink.

The second modealeveloped isa vehicle drive train model (whicbhan be used to determine
vehicle grformance) in PSAT/Autonomie software. Timesitu vehicle data alectedfor the
converted EV of Burlington Hydro is usedoovide validation of the model. Ultimately them
is to improve understanding&V operation,provide insights into design improvementsand

evaluatehe degradation in performance due to-optimal operation.
Specific experiment milestones are as fodow

A. To design an apparatus that measures
i.  The surface temperature distribution at various charge/discharge profile from different
types of batteries of different chemistry,
i.  The heat flux near the cathode, the anode, and at the center of the pouch ceahealong

height of the pouch cell, and



iii.  The heat rejection to the dual cold plates under various discharge rates with different
boundary conditions.
B. To visually observe and report the locations of highest heat genemattbriemperature
distributionusing IRimagingtechniques
C. To determine the effect of discharge rates and operating temperature on the battery discharge
capacity.
D. To outfit three Burlington Hydré-ord Escape ¥#hicles (One pure EV and two HEVS) with
data loggers
i.  To collect driving battery and pwmertrain data from @ure EV, in order to analyze
the vehicleperformance.
ii.  To characterizehe thermal behaviour of {ion battery in terms of temperature and
power from lab battery versus vehicle battery, using real drive cycles from pure EV.
iii.  To collectdriving datafrom two HEVs inaddition to the EV in order to compare and

evaluatehe capability oinEV to serveas a fleet vehicle.

1.6 Document Organization

Chapter 1: introduces the research objectives along with the motivation and challenges.
Chapter2: reviews related resesh in attery.

Chapter 3: presentgork performedo date, Rrt-I: Design ofathermal boundary condition test

apparatus which measures the thermal characteristics of a pedterys & discussion

Chapter 4 presentsvork performedio date Partll: Installation of three data loggers in three
different vehiclesdata collectiorand analysis

Chapters: presentsnodel development and validation based on-pand partll.
Chapter 6presents conclusions, renmendations, and summary of contributions

Chapter7: presents an experimental uncertainty analysis



Chapter 2

Background and Literature Review

The focus of this research is on thermal managermedthermal characterization ot.i-ion
battery forEVs andHEVSs. In this chapter background information about the baiteziuding
chemistry and glossary, thermal management of batteries, thermal measisrevia
thermocouples and calorimeters, IR image, battery modeling, and degradation mechanism are

discussed.

2.1 Batteries

The commercially available and widely used rechargeable batteries aracidacdickel
cadmium, nickel metal hydride, lithium ionand lithium ion polymer batteriedithium ion
batteries are a relatively new battery technology currently undergoing immense growth and
development. They have already become the preferred battery type for applications requiring
high energy densities angyit weight, such as portable media players and smartphafes

There is also a shift in the expanding hybrid vehicle maidwards lithium chemistries and
away from NiIMH batteries. In 2009, rechargeable lithium batteries accounted for 11% of the
$16.4 billion total US demand and is expected to be the fastest growing chemistry type through
2012[20]. The 2008 European lithium feargeable market was similarly sized at $1.62 billion
and is expected to grow to $1.76 billion by 202%]. Notable deploymestof Li-ion batteries in

the automotive market include the Chevrolet Volt, which is a r@xgending electric vehicle
(RE-EV), and the Nissan Leaf, which is a battery electric vehicle (BH¥ple 1 presents
characteristics of different battery types used in PHEVs and EVs.

A lithium ion batteryoffers advantages over other battery types in several areas. It has a high
operating voltagef 3-5 volts, depending on the specific chemistry. This allows for an equivalent
power operation at a lower current draw and the battery will last longer on a single charge. It has

a high energy density, so lithium ion batteries are lightweight and caompaldke NiCad and



older NiMH batteries, L-ions do not exhibit any memory effect, and they have long shelfilives

up to 5 years. Additionally, they are capable of high discharge rates with high reversibility and

good charge retentioff.he disadvantages Li-ion batteries are the high cost and safety issues.

The

term @rd t hnuonbeuaf differant anemistrieSable 2 shows some of the

chemistries under development in EVs.Higure2 a comparison is given between the best EV

suitable Liion batteries.

Table 1- Characteristics of battery types used in EV$22]

Characteristic Lead Acid NiMH ZEBRA Li-ion
Nominal cell voltage | 2 v 1.2v 2.58 v 25v/3.3v/3.63.7v
Specific energy 30-45 Wh/kg 30-80 Wh/kg 90-100 Wh/kg | 90-220 Wh/kg
Energy density 60-75 Wh/L 140300 Wh/L 160 Wh/L 280400 Wh/L
Specific power 180 Whikg 2501000 Wh/kg | 150 Wh/kg 600-3400 Wh/kg
Cycle life 500-800 5001000 1000 100068000
Seltdischarge 2-4% /month | 20-30% /month 0% /month 2-5% /month
Temperature range | -20-603 -20-603 2703503 -20-603
Relative costs Low Moderate Low High

Lithium-nickel- Lithium-nickel- Lithium-manganese
cobalt-aluminum (NCA) manganese-cobalt (NMC) spinel (LMO)
Specific energy Specific energy Specific energy
Cost Specific Cost Specific Cost Specific
power power power
Life span Safety Life span Safety Life span Safety
Performance Performance Performance
Lithium-cobalt-oxide Lithium titanate Lithium-iron
(LCO) (LTO) phosphate (LFP)
Specific energy Specific energy Specific energy
Cost Specific Cost Specific Cost Specific
power power power
Life span Safety Life span Safety Life span Safety
Performance Performance Performance

Figure 2 : Comparison of suitable Lrions for EV. The more the colored shape extends
along a given axis, the better the performance in that directiof23]
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Table 2- Examples of different Li-ion batteries used in EV]24]

Developer Chemistry Vehicle Year
. Volt-EV 2010
A123 Egﬁgdhg;h'ﬁge VuePHEV | 2009
phosp Think | 2009
Toyota 2010
Panasonic Lithium nickel cobalt PHEV 2009
JCISaft Aluminum oxide S400HEV 2009
Vue-PHEV
Hitachi Lithium cobalt oxide| GM-HEV | 2010
Available Cells Lithium manganese TeslaEV 2008
Oxide

Altair L ) . Phoenix
Nanotechnologies Lithium titanate spine Electric 2008
EnerDel Lithium manganese| . | 5009

Titanate

Compact (LG) Manaanese spinel Volt-EV 2010
NEC 9 P NissarEV | 2010

The mostcommon Liion type in small consumer electronics (laptapfi phones) is lithium
cobaltoxide (LICoQ/LCO) due to its high specific energy. Tesla Motors uses laptop sized LCO
cells in their EVs combined with a liquid cooling system safety issues; buspewific power

and life span prevents this type to be a good choice for [RYs Lithium-iron-phosphate
(LiFePQ/LFP) on the other hand does not experience thermal runaway and has almost no fire
hazards, since no oxygen is released at high temperdffied.iFePQ, cells have good life

span, low costs per Ah and kM6, 27], good power capabilities and are extremely safe, but the

specific energy is low andthé performance is poor at low temperatures.

The batteries can either be of high power density type or high energy density type. Power density
provides a good measure on how much energy can be released due to discharge at a given time
with regards to kg diters. Energy density is the amount of energy with regards to kg or liters. A
high energy density battery is useful in applications where a longer driving distance is required
e.g. in a PHEV which is intended to be driven on pure electricity for long&andiesA high

power density battery is useful in an application where a short but intensive power pulse is
required; e.g. in an ordinary HEV as the electric motor often only assists the combustion engine
in short period$2§].
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2.2 Li-ion Cell Operation

A Lidon battery cell consists of two electrodes, anode and cathode, with a separator in between,
and current collectors on each side of the electrodes. The cathode is made of a composite
material and defines the name of theidn battery cell. The anode is usually made out of
graphite or a metal oxide. The electrolyte can be liquid, polymer or solid. The separator is porous
to enable the transport of lithium ions and prevents the cell from short circuiting and thermal

runaway{29]. Figure3 shows composition of Lion battery.

Gasket

Top Cap
(Positive Terminal)

Cathode Tab

Top Insulator.

Steel-Can
(Negative Terminal)

Bottom Insulator
Anode Tab
©2006 HowStuf fWorks

Figure 3: Composition of a cylindrical Li-ion battery [30]
Charging Discharging

T Load

Electrons Current

Separator

Electrolyte Electrolyte
(Polymer battery: gel polymer electrolyte) (Polymer battery: gel polymer electrolyte)

Figure 4. Charge and discharge mechanism in L-ion battery [30]

During discharge the lithium ions diffuse from the anode to the cathode througlethelyte.
The lithium ions will intercalatéintercalation refers a reversible chemical process of binding a
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molecule between other molecules. Deintercalation is the reversible protesd)e cathode,
causing the cathode to become more positive. fpoutghe potential difference between the
cathode and anode, an electric current will flow through the external circuit, supplying power to
the load. During charging the opposite effect occurs. The current will cause the lithium ions to
deintercalate from thode and diffuse to the anode. At the anode intdroalaf the lithium ions

occus, charging the badtry. These processes are showRigure4 for a Li-ion cell.

2.3 Cathode

Cathode materials are usually a metal oxide capable of intercalating lithium ions. For the
cathode, it is important to hold large amount of lithium without significant change in structure,
have a good chemical and electrochemical stability wigttellyte, be a good electrical

conductor and diffuser of lithium ions, and be of low cost. The thermal stability and the rate

capability of the battery is also largely dependent on the cathode mig#}ial

LiCoO,: LiCoO; is most the most commonly e cathode materidB2] shown inFigure 5.
Lithium ions are intercalated between sheets of {is@74 mAh/g, buain anisotropic structural
change occurs at $4C00;,, so the realizable capacity is limited to about-160 mAh/g [33-
36]. Coatings likeAIPO, have been del@ped to improve capacity retention and thermal
stability [31]. The discharge capacity &fiCoO, is good 136 mAh/g at a 5C rate has been
demonstrated with multiwalledarbon nanotubesCNT) augmented cathodd86]. However,
cobalt is relatively expensive compared to other transitiotalsxsuch as manganese and iron,

despitethe attractive electrical properties of LiCp€athodes

LiMn 504 : LIMN,O4 is a promising cathode material with a cubic spinel structdmews in
Figure 6. In the figure, he corners of each tetrahedral and octahedral are oxygen. atbens
theoretical specific capacity 818 mAh/g. Current designs achieve between 115 and 130 mAh/g
at modest discharge rates of 1C or [¢3%-39]. LiMn,O, nanowire cathales have been
demonstratedo have excellent high power capabilities of 107 and 102/mAh5C and 10C,
respectively and with virtually no capacity loss after 100 cycles. Other transition iietdis,

Co, and Fe can also be added to LiMpin varyingamounts to increase capacity and improve
capacity retention during cyclif@2].
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Figure 5: Layered dructure Figure 6 : Cubic crystal Figure 7 : Olivine structure of
of LiCoO; [4(] structure of LiMn 504 [4]] LiFePO4 [42]

LiFePO, LiFePQ, is one of the most recent cathode materials to be introduced. Its olivine
structure shown inFigure 7, is very different from the layered and spinel structures of other
lithium ion chemistries, and its intercalation mechanism is also diffenewblving phase
changes. It has a theoretical specific capacity ofraA@/g, a figure which has been approached
by recent advancel3]. A composite materiasuch asLiFePQ/C with a nanecarbon wire
network has been shown to have excellent highpateermance, achieving 129 mAhat a 10C

rate and retaining over 90% of its capacity after 400 cycles a{44CLiFePQ, has the added

advantage of being inexpensive and environmentally friendly.

2.4 Anode

Anode materials are typically carbonaceous in nattiie.important for the anodaimilarly to
cathodefo be able to hold large amounts of lithium without significant change in structure, have
good chemical and electrochemical stability with the electrobgea good electrical and ionic

conductorand be of low cost.

Graphite: Today, gaphite isone ofthe most common anodeaerialsin lithium ion batteries
stacked in layerslt undergoes a reversible lithiumtercalation reaction from 0 to 0.2 V vs
Li/Li+ and is favoured for its small volume change during lithiation and delithi§ibn With
graphite anodeshigh coulombic efficiencies of over 95% have been achieved, bythiree a

relatively low theoretical specific capacity of 372 mig46]. Although this is already higher
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than the specific gacity of the commonly used cathode materials, higher specific capacity

anodes are still desirable because they contribute to a lower overall battery density.

Among carbonaceous materialENTs are the most promising materials being developed.
Purified CNTs of the single walled variety can reversibly intercalate lithium ions with a
maximum composition of LizCs, equivalent to 632 mA. Etching can increase the reversible
capacity to 744 mAlg, and capacities as high as 1000 nfgfAhave been reported using ball
milling treatments[47]. Multiwalled CNTs have a reported reversible capaaf up to 640

mAh/g. Although CNTs have high reversible capacities, they also have large irreversible
capacities as high as 1488 mAh/g for purified single walled CMTE This lithium, which

cannot be cycled, causes growth of SEI and reduces overall capacity. Two major issues that must
be solved before CNT anodesnche widely adopted are excessive irreversible capacity and
methods of largscale fabricatiof48].

Silicon: Silicon isanothereading alternative anode material to carbon and has been extensively
researched. Pure Si anodes alloy readily with lithium and have a huge theaagpaeity of

4200 mAh/g but are impractical as they undergo great volumetric changes and thus have poor
cycleability. Composite materials have been developed to mitigate the effects of mechanical
stresses of lithiation and delithiation. One method is to house the active silicon material in inert
matrices made of materials such ase(@.(graphite, pitch, CN3), TiC, SiC, TiN, or Cu/C. The
inactive matrix absorbs the mechanical stresses and strains experienced by the active phase,
resulting in improved cyclability. Nanowires have also been proposed as an anode material
because lithium diffusion occurs only ane dimension and mechanical stresses can be well
accommodated. Low cyclability even at small currents and significant irreversible capacities

remain challenges in the development of silicon based afé8es

2.5 Separator

Lithium-ion cells useseparatorcalled microporousilm to preventhe physical contact between

the Cathode and Anode while permitting free ion flow. The battery performance can be
adversely affected by the presence of separator material as it increases electrical resistance as
well as battery density49]. Therefore, care must be taken in order to select an appropriate
material. Commercially available liquid electrolyte cells use micmgus polyolefin materials,
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such a polyethylene (PE) or polypropylene (PPhe Liion separators include following

requirementg50]:

High machine direction strength to permit automated winding

Does not yield or shrink in width

Resistant to puncture by electrode materials

Effective pore size |l ess than 1 &em

Easily wetted by electrolyte

[t o o et N e

Compatible and stable in contact with electrolyte and electrode materials

Currently available microporous polyolefin separator materials are either homogenous or a
l ami nate of pol yethyl ene and pol yp30dop59% ene.
porosity are commercially availab[®0]. The separator films form an important elemeht o
battery in an over temperature scenafibe low melting point of polyethylene (PE) materials
enables their use as a thermal fuse. As the temperature rises to the softening point of the
polymer, the membrane begins to shrink, and consequently pors sezkiced. The flow of Li+

ions is disrupted and the reaction rate is decreased. If the temperature continues to rise, the
separator is required to be capable of shutting down the reaction entirely, below the thermal
runaway threshold. For currently utéid PEPP bilayer separators shutdown occurs at about
130°C and melting occurs at about 185[49].

2.6 Current Collectors

Current colleatrs comprise the component of the battery responsible for transferring the flow of
electrons from the electrodes to an external cif&d}. Several types of current collectors are
available: mesh, foam, and foil. To minimize overall size and improve volumetric capacity of
cells, metallic foils which are thin and light are preferred. Current collechoes an
electrochemically inactive volume in the cell, but form the substrate that the electrochemically
active materials are applied to. Active materials are applied onto the thin current collectors with a
conducting agent and an adhesive binder. Henceegrdwcollectors should possess high electrical
conductivity to reduce cell resistance as well as chemical stability in contact with liquid
electrolyte over the operation voltage window of electr¢8ép Different current collectors can
result in significant difference on the performances of the lithium ion bat{&&sThe most
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commonly utilized current collectors in commercial batteries are: copper foil for the positive

electrode (Cathode), and aluminum foil for the negative electrode (Affeigle)

2.7 Electrolyte

The choice of electrolyte in lithium ion batteries is critital the performanceas well as the
safety. The electrolyte is typically a lithium salt dissolved in organic solvents. A good electrolyte
must havdow reactivity with other cell componentsigh ionic conductivitylow toxicity a large

window of electrochemical voltage stability-§¥), andbe thermally stable

Typically, for lithium ion batteriesin liquid electrolytesa mixture of alkyl carbonates such as
ethylene carbonate (EC), diethyl carbonate (DE@)ethyl carbonate (DMChand ethydimethyl
carbonate (EMC) is used with LiPBEs thedissolved lithium salt. EC is a necessary component
for adequatesolid electrolyte interfaceSEI) growth. Many lithium salts are possible, but it is
difficult to find one that is chemically stable, safe, and forms a high conductivity solution, LiPF
offers the best compromise between these criteria and has been thienlstandard in lithium

ion batteries. Some of theell-known salts and their major disadvantages are showirabie 3

[54].

Table 3 : Well-known lithium salts for use in electrolytes &their major disadvantages[54]

Salt Disadvantages
LiAsFg Toxic
LiClIO4 Thermal runaway leading to explosion
LiBF4 Interferes with anode passivation
LiISOsCRs Low conductivity
LIN(SO,.CR;)2 Corrodes aluminum cathode current collector
LIC(SO,CRs)3 Corrodes aluminum cathode current collector
LiPFg Thermally decomposes to HF andsPE-deteriorates both anode and cath

The main objective oélectrolyte development has been to ioyar the thermal operating range
of lithium ion batteries. Current batteries rapidigteriorate aboveés0 °C. High operating
temperatures are very desirable in high discharge applications where the amount of cooling

available is limited, such as on electric vehicles.

Certain boronate salts have been found to improve thermal stability, particularly an unsubstituted
five member ring salt known abthium bisborate I(iBOB). Cells using this salt were
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successfully cycledat 60 °C without degradation, but the salt is difficult to prepgbé]. A
combination of LiPE + LiPF; (CF.CFs); salts have also been proposed which maintain
cyclability even after 100 cycles at & with moderate capacity 10§54]. LIBOB has been
investigated as an additive to standard kiP&sedelectrolytes and was observed to stabilize the

SEI, reduce degradation of cathode materials and improve overcharge tojé&nce

lonic liquids have also been proposed as an alternative to alkyl solvents as they are generally
good flame retardants and have low heats of reaction. In addition to enhanced safety, ionic
liquids have very high ion concentrations, so transport kin&iéavourable. However, ionic
liquids are expensive and do not tend to facilitate SEI formation, so they are only stable at lower
voltageg55].

2.8 Battery Glossary

Some basic definitions related toibn battery are presented in this section.

Cell, modules, and packd Hybrid and electric Vaicles have a high voltage battery pack that
consists of individual modules and cells organized in series and pafadell is the smallest,
packaged form a battery can take and is generally on the order of one to six volts. A module
consists of severalells generally connected in either series or paralddattery pack is then
assembled by connecting modules together, again either in series or panaé&ploded view

of A123 prismatic battery module and pack is showRigure8. A battery pack comprised of

A123 modules is shown iRigure9.

Interconnect Cover CE—
Laser Welded *

Bus Bar Compression Band

Control Pressure Plate
Electronics

Electronics
Cover Plate

-~

Heatsink Plates

Lithium lon Prismatic Cell

Figure 8 : Exploded view of A123 25S2P  Figure 9 : Battery pack comprised of A123
prismatic module [57] modules[58]
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Secondary andPrimary Cells i Batteries for hybrid, plugn, and electric vehicles are all
secondary batteries. A primary teEy is one that cannot be recharged. A secondary battery is

one that is rechargeable.

C and E-rates - The charge and discharge current of a battery is measureerate.QViost
portable batteries are rated at Iis means that a 100 Ah battery would provideAL@or 1

hour if discharged at 1C rate. The same battery dischaigeédC (1/2C) would provide 50A
(100 x 0.5=5Q for 2 hours. At 2C, the 100Ah battery would deliver R0@r 1/2 hour (30
minutes).1C isoften referred to as a 1 hour discharge; a 0.5C would be 2 hour and 0.1C a 10
hour dischargeSimilarly, E-rate describes the discharge power. A 1E rate is the discharge power

to discharge the entire battery in 1 hour.

State of charge (SOC) The state otharge refers to the amount of charge in a battery relative
to its predefinedi f ul | 6 and A ehmamoyntoof charge ineAmpoturs l&ft.in the
battery. Manufacturers typically provide voltages that represent when the battery is empty (0%
SOC) ad full (100% SOC)SOC is generally calculated using current integration to determine
the change in battery capacity over time.

Depth of discharge (DOD)i It is a measure of how much energy has been withdrawn from a
battery and is expressed as a percentagfull capacity. For example, a 100 Ah battery from
which 40 Ah has been withdrawn has undergone a 40% depth of discharge (DOD). Depth of
discharge is the inverse of state of charge (S@®pattery at 60% SOC is also att4®OD.

State of health (SOH)- The state of health (SOH) is a measure of the condition of the battery
compared to its initial or ideal state, measured in percentage panfEhe state of the battery
between the beginning of life (BOL) and end of life (EOL) in percentage. The E@lbalttery

is reached when the battery cannot perform according to the minimum requirement. There is no
universally accepted method of characterizing SOH. Any of the following, in single or in
combination, might be used: internal resistance, impedance/ctamte, capacity, voltage,

ability to accept charge, and number of charge/discharge cycles.

Cycle life - Cycle life refers to the number of times a battery must be charged and discharged
before its nominal capacity falls below 80% (or some other predietednthreshold) of its rated
value. Cycle life is given for a particular DOD and determined at specific charge and discharge

conditions. Typically, higher DOD translates to a lower life cycle.
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Open Circuit Voltage (OCV or Voc) - The open circuit voltage (OCV) is the voltage when no
current is flowing in or out of the battery, and, hence no reactions occur inside the x@ery.

is a function of statef-charge and is expected to remain the same during thentiéeof the
batteyy. However, other battery characteristics change with time, e.g. capacity is gradually

decreasing as a function of the number of chaligeharge cycles.

Terminal Voltage (V) - The voltage between the battery terminals with load applied. Terminal

voltage \aries with SOC and discharge/charge current.

Nominal Voltage (V) - Thereported or reference voltage of the battery, also sometimes thought

of as the finormal 6 voltage of the battery.

Cut-off Voltage (V) - The minimum allowable voltagdt is this voltage that generally defines

the Aemptyo state of the battery.

Charge Voltage (V)- Thevoltage that the battery is charged to when charged to full capacity.
Charging schemes generally consist of a constant current charging until the baliege
reaching the charge voltage, then constant voltage charging, allowing the charge current to taper

until it is very small.

Float Voltage (V) - Thevoltage at which the battery is maintained after being charged to 100%

SOC to maintain that capacity bompensating for setfischarge of the battery.

Capacity or Nominal Capacity (Ah for a specific Grate) T The coulometric capacity, the total
Amp-hours available when battery is discharged at a certain discharge current (specified as a C
rate) from 100%50C to the cubff voltage. Capacity is calculated by multiplying the discharge

current (in Am) by the discharge time (in hours) and decreases with increasiaig.C

Energy or Nominal Energy (Wh (for a specific Crate)) T The fAenergy <capaci
battery, the total Wattours available when battery is discharged at a certain discharge current
(specified as a €ate) from 100% SOC to the eaff voltage. Energy is calculated by
multiplying the discharge power (in Watts) by the discharge time (insholuike capacity,

energy decreases with increasingdate.

Specific Energy(Wh/kg) - The specific energy of a battery is expressed as a nominal energy per
unit mass, such as Wh/kg. It is highly dependertherbatterychemistry and packaging.
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Specific Fower (W/kg) - The Specific power of a battery is expressed as a hominal power per
unit mass, such as W/kg or kW/kg. It is highly dependenttren batterychemistry and
packaging.

Energy Density (Wh/L) - The energy density of a battery is expressed as anabsnergy per
unit volume, such as Wh/L. It is highly dependenttmnbatterychemistry and packaging.

Power Density(W/L) - The power density of a battery is expressed as a nominal power per unit

volume, such as W/L or kW/L. It is highly dependentlo@ batterychemistry and packaging.

Internal resistance The internal resistance is sometimes considered as the ohmic resistance of
the cell, which is the direct voltage change after application of a current step on a cell in
equilibrium[59]. Another definition for the internal resistance is the sum of the ohmic, activation
and diffusion polarization resistandé®)], which is the largest possible ltege drop in the cell.
Nevertheless, the result in power dissipation in the form of heat will result due to the complete

voltage drop. The voltage drop can be mainly divided as:

1 IR drop is due to the current flowing across the internal resistance dhattezy, by
ohmic resistance.

1 Activation polarization refers to the various retarding factors inherent to the kinetics of an
electrochemical reaction, like the work function that ions must overcome at the junction
between the electrodes and the electrolyte

1 Concentration polarization takes into account the resistance faced by the mass transfer
(e.g. diffusion) process by which ions are transported across the electrolyte from one

electrode to another.

Figure10 depicts the typical polarization curve of a battery with the contributions of all three of
the above factors shown as a function of the current drawn from the cell. Since, these factors are
currentdependent, the voltage drop caused by them usually increases with increasing output
current. The internal resistance of a battery is dependent on temperatuage @nd SOC.
Different values for the internal resistance can be found depending ametszirement method

[61]. This is caused by the time constants associated with the activation and diffusion
polarization resistances; whether the battery electrodes are in equilibrium or not is also important

in determining the value of the internal résise.

20



Open Circuit Violtage, £

————— . Polarization, 1R

- o
=

Activation
Polarization, 1,

-

Actual Cell Voltage, E

Concentration *~
Polarization, 1.

Increasing Cell Voltage [V]

Increasing Current Flow [A]

Figure 10: Typical polarization curve of a battery [62]

2.9 Types of Lithium-ion Batteries

There are several types of configurations amd for lithiumion battery construction. Thaost
prominent types areoin (wrist watch batteries and computer battgrieglindrical (TV remote

control batteriesand vehicle batteriesand prismatic(vehicle batteries)Coin and cylindrical

types are rast commonly used in consumer electronics, and have been the subject of the earlier
works in the battery electrochemical fieldsually, cylindrical cells designs are limited to below

4 Ah and prismatic cells designs are used for higher capacity rgbAgsStacked prismatic
batteries consist of many individual cells with electrical connectionsctremon negative and
positive current tab. A schematic representation of this is showigime 11. Alternating sheets

of positive and electrode cumecollector sheets are stacked between sheets of separator, such
that the current tab of each positive sheet and each negative sheet are aligned on opposite sides.
Both sides of the electrode sheets form electrochemical cells with adjacent electrosiesh&cro
separator layers. An aluminum laminate material is used to form a pouch that the stack of cells is
placed within. The current tabs present at the top of each current collector sheets are joined

together and attached to a larger output tab that @xtenthe exterior of the pouch.
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Figure 11: Multi layered prismatic battery and current flow in a battery cell [63]

2.10 Thermal Managementof Batteries

Thermal management of batteries is critical in achieving the desired performance in a low
temperature environment and the desired life in the-t@giperature environment. The heat
generatednside a battery must be dissipated to improve t®lity and prevent failurd64].

Lithium ion batteries degrade rapidly at high temperatures, while cold temperatures reduce
power and energy output, thus limiting their driving range or performance capalpdhjess).

A thermal management system is necessatsansportation applications in orderregulate the
bateries to operate in the desired temperature range; and to reduce uneven temperature
distribution [64]. In a battery pack, neven temperature distribution could lead to electrically
unbalanced moduleghich lowerthe performance of the pack and vehipt].

Many cooling systems, especially active ones, require heat to be rejected outside the vehicle,
which requires additional flow ducting and a heat exchanger. Vehicles have limited physical
space available and packaging can become an issue. Some air aailimgues, such as those

in the Toyota Prius, pass cooled cabin air (¢
battery pack. In liquid or fin cooling systems, a secondary refrigeration loop to reject the heat

may be needed64]. Battery pack thermal management and control systems have been
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demonstrated commercially and in the literature utilizing: air or liquid systems, insulation, phase
change materials, within both active and passive approaches. Several papers that investigate

these various sitegies are presentéallowing:

2.10.1Air Cooling

The main advantage of air cooling systems is their simplicity over liquid coolant systems.
Another advantage is electrical safety. However, air cooling systems have a lower heat transfer
coefficient, making it more difficult to achieve a uniform temperature on the pack. Liquid
cooling systems, on the other hand, are more effective and occupy less volume, but have higher
complexities, weight, and codtigure 12 depicts a schematic of battery thermal management

system using air as a coolant flddveloped byesarar68].
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Figure 12 : Battery thermal management system (BTMS) using aif68]
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Pesararf68] divided the design process of a BTMS into seven general steps:

Define the design objectives and constrainta BTMS

Obtain the module/pack heat generation and heat capacity

Preliminary analysis to select an initial strategy

Perform a detailed analysis to evaluate the impact of different parameters
Preliminary design of the BTMS

Build and test a prototype BTMS

Improve the BTMS

N o g M wDd e

Pesaranj68] also described the pros and cons of different BTMSSs, such as cooling system with
series or parallehir distribution. He claimed that for parallel cooling, where the total air flow is
split into equal portions, more uniform temperature distribution in the pack is achievable.
Parallel configurations, however, require very careful design of air manifblieisce, large

battery packs usually use a sefjisgallel configuration.

In a differentapproachto cooling channels, Sun et §69] modeled a battery pack to optiaa

cooling channel configuratioThe pack was composed of stacks which were assembled beside
each other. The air enters and exits the pack using the lower and upper ducts, respectively, and
flows between the stacks tool them dowirigure13. The simulations showed that the average
temperature of the stacks close to the inlet and outlet of pack is lower compared tthére fa
locations shown in part (A This was due to the unew flow rate in the channels resulted from

the pressure drops in the ducts. Therefore, the uniformity of flow rates was improved by tapering
the upper duct shown in paB)( In this way, the temperature difference across the pack was
reduced from 4C t01.3°C. The method presented[9] is a goocexample of tilizing thermal

modelsin BTMS development
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Figure 13: Schematic of a (A baseline B) tapered "U type" battery pack [69]

Yeow et al[4, 70] also conducted a series of studies to improve cooling of Lithiumiateries

using indirect methoddn the indirect method, the cooling fluid is not in direct contact with the
battery while in the direct method the coolant flows over the surface dbattery. In this
method, the coolant moves through a series of tubes embedded in a cold plate which is in contact
with the batteryor thermal fins In their work, stacks were cooled using a thin aluminum plate in
contact with the surface. The thermal faxdract heat from the stack and transfer it to the liquid
cooled cold plates at the side of the stacks. Some parametric studies, such as the effect of

employing one or two cold plates, were conducted on this B[AYIS

Figure 14, (A) and (B) the measured and simulated cell temperatures under 2C discharge with
single cold plate cooling is shown and (@) and(D) the heat rejections to single as well as dual
cooling cold plate with boundary condition 1 at differergctiarge rates are showfigure 14

shows that the dual cold plate cooling had about twice the cooling capacity of the single cold
plate cooling. He also concluded that the cell temperature distribution can be influenced
significantly by the location of cold plate. Furthermore, they proposed a thermal fin which can
rapidly conduct heat to the cold plafg®)]. These fins contain embedded heat spreaders that

improve the uniformity of temperature distribution the stack surface.
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Figure 14: (A) and (B) Measured and simulated cell temperatures under 2C discharge with
single cold plate coolingC) and (D) Heat rejections to single and dual cold plate with BC1
boundary condition at different discharge rateg4]

2.10.2Liquid Cooling

Active thermal management methods utilize forced fluid convection to absorb heat from
individual batteries or subgroups of batteries within a pack. Karimi and Dehghen in their work
[71], evaluated thermal management usbaih air and liquid cooling. A pack consisting of
twenty, prismatic LiCoQ-20 Ah batteries were modeled with a battery thermal model based on
1) ohmic heating and?) reaction entropy changes alone. A schematic of theetaddpack is
shown inFigure 15 and aflow network model was used to determine the effect of several
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coolant flows on the final temperature distributiof a pack undergoing constant current

dischargeAir and silicon oil were chosen as a cooling medium in a battery pack.

Two flow configurations were modeled: addnfiguration, where flow enters and exits the same
side of the pack casing, and adnfiguration where the inlet and outlet are at opposite ends of
the pack and on opposisides of each end. Tla@m is to evaluate thermal distribution in the
pack by measuring the standard deviation of temperakigewre 16 comparestemperature
distribution at the end d2C dischargeate in a battery pack

Battery pack
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Figure 15: Schematic of Lithium-ion battery pack thermal management systea [71]

Numerical results from thengperature distributions show that for both air and silicon oil, the Z
configuration for flow results in a more uniform temperature distribution than the U
configuration. Furthermore, silicon oil results in a much smaller temperature deviation (0.15 °C
vs.7.33 °C after 2C discharge). The authors conclude that the penalty for the improved thermal

control is that parasitic power is much higher for silicon oil, due to the high viscosity.
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Figure 16 : Temperature distributions in a prismatic pack for 4 cooling (A) Silicon oil, U-
pattern, (B) Air, Z -pattern, (C) Silicon oil, Z-pattern, (D) Air, Z -pattern [71]]

In addition to thisstudy, the tab location and tab size are important and should be optimized for
effective thermal management of batteries and cooling of pafiack Kim et al. [72]
investigated the effect of tab location on uniformity of temperature distribution on the battery.
They concluded that placing positive and negative current collector tabs in the middle and on
opposite sides of collectors is the best configuration as shawkigure 17 (B). The
configuration was shown to lead to a lower and more uniform temperature distribution compared
to the configuration with tabs at the ends of teme side of collectors as shown in
Figurel7 (A).

In another study, Kim et §r3] examined four different cell designs with different aspect satio
and tab size and location. They showed that some measurable responses, like output potential, do
not vary between cell designs. However, the internal kinetics and temperature distribution of the

battery is significantly influenced. The author also fothmat the width of tabs has a minor effect
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on temperature distribution, while increasing the surface area of the cells significantly raises the

temperature noaniformities on the battery surface.

(A) Same side (B) Opposite sides

Figure 17 : Schematic representation of tab locations (A) same side, and (B) opposite sides

2.11 Experimental Works

In much of the literature, examples of empirical thermal measurements are performed merely to
verify or evaluate a numerical mddén general, numerical models dominate the literature and a
lack of experimentally research was noted especially research on the thermal experimentation.

Empirical thermal studies found in the literature are summaiteiek following subsections.

2.11.1Thermal Measurements viaThermocouples

The most popular method of thermal parameter measurement is via direct measurement, which
comprises measurement via contact between a sensing element and some part of a battery or
battery containment structure. In mosases thermocouples are used, as illustrated by the
following review of direct thermal measurement studidggrmocouples aréné most commonly

used thermal sensors. Many thermal models are validated on the basis of ntatlooliected
temperature dat Ye et al[74] developed and validated a thermal model based on the battery
surface temperature easurementsThe experiment consistetheasurement othe surface
temperature of a prismatigattery (1.5 Ah a 't a single |l ocation, t he
largest surface. The batteryasvdischarged at various rates of 0.2C, 0.5C, 1C, ands2d a
temperatureontrolled box with several initial temperatures’@® 10°C, 25°C, and 55°C). To

minimize heat transfer to the box and ambient iagulation was wrapped around the battery

29



The quasinsulated allows the assumption that all heat generated remains within the battery, and

the resulting temperature measured represents the total heat generated during operation.

Mi and Li in [75] presentd numerical and analytical thermal results for a pack consisting of 48
batteriesThe thermal response of an individual cell with a single thermocawagemeasureds

the battery underwent discharge. The measured response was used as an input heat term to a
commercial FEA ode. In the physical experiment, the battery was placedést chamber in a

vertical position witmatural convection coolingA single thermoouple was used to measure the
surface temperature of the battery, while another thermocouple monitored ambient temperature.
This difference between the battesyrface temperaturand ambient temperature was used to
guantify the heat dissipation by raddat and natural convection meai$e total heat generated

by a cell isgiven as equatio(t).
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The study assumeithat thesurfaceof the battery was painted black and #missivitywas1,
and the radiation heat transfayefficient is given as equati¢8). The author also usestjuation

(3) known asChurchill and Chu Eggation to calculate the Nusselt number.

In addition to this, e@searchers increase temperature data resolution by adding more
thermocouplesYang and Chemi[76] explained arexperimental study on LiFeR@ prismatic

8 Ah batteriesby placing the battery in the incubator and fixib@temperature probesn the
battery surfaceWithin an incubator set to 2%, a single battery was charged and discharged at
rates between 1C and 25C. The results were analyzed to determmexineum temperature
difference between locations of the batteér§y , and the average rate of temperature increase

QR0 for all charging and discharging conditions. The relationships between these
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values and charggischarge re were found to be linear. Results from this experiment are
compiled inTable4.

Table 4 : Results compared from article (x represents discharge ratgy 6]

i TS | Yo+ Pose
Charging (10C) 1.6 °C/min 4.9 °C 36.0 °C
Discharging (10C]  3.68 °C/min 4.8 °C 30.4 °C
Discharging (all) | y = 0.254x + 0.455 y = 0.365x +1.13€ y = 0.268x + 27.704

Another example of using distributed thermocouples to capture thermal gradients is provided by
Wiliford et al. in[77]. The authorsised16 K-type thermocouples onmismaticLiCoO»-4.5 Ah
batterywith C/3, 1C, 2C, and 4C discharge ratéhe battery was suspended in a Plexiglass
framefor natural convection cooling. The experiment was performed to provide validation of a

thermal model based on electrode entropy changes. The thermodogplesnsare shown in

Figurel8.
Al tab H HCU tab Cutab H HAI tab
| To |
P 12 1 10

1 2 3

4 5 6 15 14 13
7 8 9 Bottom 18 17 16
Front Back

Figure 18 Thermocouple locations on 4.8 Ah prismati¢77]

The surface temperature variation was measured during each discharge. Temperatures around the
positive, aluminum tab were found to be consistently higher (abd@)3han those athe

negative, copper tab. In comparing experimental and model results, the authors only utilize point
14 in Figure 18 in defining the battery temperatu The author used equatigd) for the heat
generation rate.
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where,"Os the current density (A/ct 'Y is the material resistivityg(-cm), "Yis temperature (K),
Y'Yis entropy change (J/mole K3, equas one electron per reaction, af@is the Faraday

constant.

2.11.2Thermal Measurements viaCalorimeter

Anothermethod of hetageneratiormeasuremeris by calorimeter There are two methods used
to measure the heat generation rates a@bhibatteries. 1) Acelerated rate calorimeter (ARRC
and 2)Isothermal heat conductiaralorimeter(IHC), both apply acontrol volume around the

battery and calculate the heat generationGgtes] by using Equatin (5).
U a0 — WY Y (5)

whered is the mass of the battery (k@), is the heat capacity of the battery (J/Kg R)XQ ds
the change in battery temperature with respect to time (V¥K)js the calorimeter constant
(WIK), Y is the surface temperature of the battery (K), and is the sink temperatar
surrounding the battery (K).

The ARC method measures the heat generation rate by measuring the temperature rise in battery
and heat rejected from the battery to the surrounding accordiBgutation(5). Hong et al used
accelerated rate calorimeter measure the heat generation rate. He used 1.35Ah Sony 18650
cylindrical battery at 308 K and discharge rates of C/3, C/2, and C/1 with nmaximaasured

heat generation rate of 1.63 (W/[J9]. Al Hallaj et al did some experiments on 1865
cylindrical batteries and found that the maximum heat generation rate of 0.26 W/L for less than
C/10 discharge and charge rate of (3G.

The IHC method uses a large heat sink in contact with battery surface in order to keep the battery
at constant temperature (Isothermal) operation during measurements, and therefore eliminates
the firstterm in Equation(5). This method restricted the measurements to low discharge rates,
since the fast discharge rates of the battery leads to highegdresration rates which heat sink

cannot extract, resulting in temperature gradient within baf#dly Kim et al in[81] utilized a
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threecell isothermal micro calorimeter to investigate the dependeintdermal behavior on the
charge/discharge rate with,Mn,O4 Coin cells of 2016 size (20 mm diameter and 1.6 mm
height). The heat generation rate of the battery was measisiad temperature sensors placed
between battery and the heat sink and seledischarge rates of C/1@/5, C/2 and 1C from

300 to 308 K. The corresponding maximum heat generation rates were 0.82 W/L between C/10
and C/5 discharge rate, 0.97 WI/L for discharge rate of C/5 to C/2, and 3.21 W/L for discharge
rate of C/2 to 1(81]. Kobayashi et al ifi82] measured heat generation rates of Sony 18650 Li

ion batteries using Calvet type conduction micatorimeter, which has isothermal aluminium
vessel m contact with test battery, and a thermocouple was used to measure the amount of heat
transfer from battery to the heat sink. The battery was discharged at 1/50C and 1/10C with an
ambent temperature of 300 K, and the measumakimum heat gemation ratewas 0.97 W/L

for discharge rate between C/10 and C/5. Onda et §83h used small cylindrical Lion
batteries to measure the heat generation rate with a thermal bath as an isothermal heat sink. The
battery was wrapped in a thin film for an electrical insulation, and usityp& thermocouple

the temperature of battery waecorded with discharge rates of C/10, C/2, and 1C. The
corresponding heat generation rates were 11.0 W/L, 27.5 W/L, and 84.5 W/L. Bang and Yang in
[84] used same equipment as Kim eim[81] to measure isitu heat generation rates of coin

type LiMn,O, Li-ion cell at discharge rates of C/X0)7, C/3, and 1C with battery temperatures
between 33K and 330K. The heat generation rates were 0.63 W/L for dischaates of C/10

to C/5, 2.65 W/Lfor discharge s of C/5 to C/2, and 7.51 WI/L for discharge rates of C/2 to
1C.

Thomas and Newmalm [85], performed isothermal calorigtry on 2325 (23 mm diameter5 2

mm height) size coin cells to provide comparison and validation of a model. The test cell was
encased in a copper box packed with copper shot to fill the voids in thienegikr and decrease

the time response of the sensing element within. Heat generation rates were measured as the cell
was discharged at C/8, C/3, and 2C rates.

Lv et al. in[86] measured heat generation and temperature response of several 18650 batteries to
verify a modeling method. The batteries were initially warme®Q@o°C, then charged and

discharged at 1C, 1.5C and 2C. The temperature and temperature re$pdise was

measured. Since the batteries were discharged in an adiabatic condition, the temperature rise
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accounts for all the heat generatedhe cell. The authors use the energy balance in equéjion
to calculate’Q "¥Q dbased on ovepotential and resistance values generated dyrtbdel.

Q'Y 'OY 'O-
Q0  0d (6)

where'0Y and theO-are the heat generated from the total resistance and polarization of the cell
respectively, and is the average spdici heat capacity of the cell (JAf) andd is the total

mass of the cell (g), arid "KQ ds average temperature rise ratbe results were compared with
experimental data and found to be highly consistent, with any small errors accounted for by other
processes not evaluated in equaii@). This provides empirical evidence that the greatest effect

on heat generation and energy loss for lithiom batteries is total resistance aner potential

2.11.3IR Image (IR Thermography)

As a noninvasive method of temperature measurement, -irgfda (IR) thermography is an
excellent tool. Within the literature many examples exist of researchers utilizing IR

thermography to capture therngahdients. Several selected works are reviewed.

In the same way that single or multiple thermocouples have been used to validateteectad
or chemical models, IR images have been used as M&yiser and Pesaran [87], utilize
thermal image of Generatidn(4.5 Ah), Generatiorl (5 Ah), GeneratioAll (8 Ah), lithium
polymer cells to measure heat generation and temperature distritkipme 19 shows the

thermalimages of Gen, Genll, and Genlll cell.

The first and second generation cells showed signs of localized heat during thermal imaging
underneath the positive electrode dgrdischarge, whereas the G#ncell remained relatively
uniform in temperature. As the cell was improved and better electrodes designed, thle Gen
became the most efficient of the cells tested. It exceeded an efficiency of 91% for all currents
below 8 amps. In comparison, the GHrcell was only 78% efficient at 30 amps. Furthermore,

the Genlll cell showed signs of being slightly endothermic during the initial 2 hours of a C/5
discharge and showed that the heat generation during a C/5 dischavgeasstant and highly

dependent on SOC of the cell.
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Figure 19: Thermal image of Generation I, I, 11l cell [87]
In another studyNiculuta and Veje if88], alsoutilize IR thermography to measure the surface
tempeature profile of a discharge of 14A, 35A, ar@ Ah LiFePQ battery. This enabled visual
determination of the spatial temperature distribution, and resulted in validation of a three
dimensional electrahermal model.Figure20 shows the compared images and it was found that
the maximum surface temperature measured during experimer82:E C and the model gave

a maximum temperature of 336.
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Figure 20: The battery cell surface temperature distribution after discharging at14A[88]

The experimental work consisted of placing the cell vertically within an environmental chamber.
The door of the chamber was replaced withlexiglas sheet complete with a viearp for the

thermal camera lens. The chamber was set to lab temperature to reduce error associated with lab
air infiltrating through the view port. The authors find that with currents of 35A (C/2) or higher
used to charge/discharge the cell, the temperatrofile is not uniform.

2.12 Heat generation and Thermal runaway

Heat i s generated in a battery cell by (1) o]
transfer across internal resistances and over potential (2) entropy change from electrochemical
reactions (i.e., reversible endothermic/exothermic part of reaction). For some electrochemical

pairs, another electrical energy loss (and thus heat generation) could result from overcharging a
fully charged cell.

The heat generation rate in a cell carcaleulated fronEg. (7) [65, 89, 90]

S 01
v 00 w OYH,,Y (7)
The first FL(EY)w isn lEgatl, gdinerati on due to inte

di ssipati on) B0 Q¥ © s nkdownt as renersilile heat resulting from
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changes in open circuit potentialgth respect to the temperature at the two electrodes.
practical EVand HEV rates, the secotem is usually small compared to thst term. Hence

the heat iggenerated and released from the cell during both charge and disf3@rgenermal
runaway can occur if this heat is not removed properly, as elevated temperatures trigger
additional heat generating exothermic reactiph6]. These reactions then increase battery
temperature further; creating a positive feszbbmechanism that causes battery temperature to
climb sharply if heat is not dissipated well. As a result thermal runaway can occur that results
into complete cell failure accompanied by fire or explosive gas release. Furthermore, even if
thermal runawaydoes not occur, significant degradation of battery capacity can lead by

consistently operating at elevated temperatu®0CC) [15].

Current collectors create additional Ohmic heating due to the high current densities that occur in
planar prismatic type batteries. In another work, Equa{B)nwas developed to include two
added terms that account for heat generated in the current collect@liabs

ot o, ¢ ’ 172 'Q 'O 0o o, AR} o,

v 00 w YH"Y 0YO oY®O (8)
As heat is generated in the cell during both charge and discharge, the need for adequate cooling
arises. The temperature of the cell will continue to increase without adequate processes to
remove heat. The heat generation of cell stacks and the colle€ttacks into a pack lead to a
need for battery pack thermal management. Researchers have examined achieving thermal

control with air or liquid systems, insulation, thermal storage (pblagege material), active or

passive approaches, or a combinafia®].

2.13 Battery Modeling

Determination of httery state is very important in the motielseddesign and operation of EVs.
Good voltage prediction also helps in determination of vehicle range, charge and discharge
power capacity, and power train efficienduring operation, regime estimation of battery

SOC, SOH, and battery temperature are eded order to manage the battery and optimize its
efficiency. Two types of battery model have previously been developegdivaent circuit

models, an@dlectrochemical models.
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2.13.1Equivalent Circuit Modeling

Battery modeling based odifferential equationscan providea deep understanding of the
physical and chemical process inside the batteryi@mndeful when designing a cell; however,
high computational time makes these modelprautical for applications thatequire several
model iterations Thereforeto reach a reasonable economy in computations, battery losses are
represente@s equivalent electricalrcuit components. Equivalent circdoased modeling ithe
preferred method of modelingince it does notrequire an irdepth understanding of

electrachemistry of the celbut is stillcapable oproviding useful insight intbattery dynamics.

2.13.1.1R;y: model:

The R,; model is one of the simplest models showifrigure21. The model consists with OCV

(Voo), and two kind of internal resistand®gcharge@Nd Renargd 10 account for different resistance
values under discharging and charging respectively. These two parameters model all forms of
internal resistance including internal ohmic and polarization resistartoesliodes shown imply

that during charging and disarging only one resistancBdschargeOr Renargd iS Used. The battery
terminal voltage \van) is represented as the OCV plus the voltage rise or drop across the resistor.
Finally, the Ri,; model can be parameterized directly from experimental datesaraty efficient

as there is no need to evaluate thiferential equations. However, it is unable dive the

simulaton of transient or timerariant behaviour.

Rdischarge
—O+
I Rcharge
__I VOC Vbatt
O -

Figure 21: Schematic diagram of R, model[18]

2.13.1.2Single RC model:
The single RC circuit modeglsoknown as the Thevenin, firsrder RC modebr R-RC model

is depcted in Figure 22. It improves upon the ;R model by adding a resistiv@apacitive
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element. Total battery resistanceigen bya combination of charge transfer.filRohmic (Rnm),
and diffusion (Gi) resistances. The capacitive element allows the modsintalate time

dependent and transient behaviour.

Caiti (SOC, T)

(5007 I
—AM— L o+
+ Ronm (SOC, T)

t:l Voc (SOC, T) Vbatt

QO -

Figure 22 : Equivalent circuit diagram for the single RC battery model[18§]

In the RRC model, it is not easy to determine the resistance and capacitance values directly
from experimental data. Instead, parameter estimation methods such as genetic alf@8jthms
multi-swarm particle swarm optimizati¢@4], or least squares curve fittif§5] are employed to

fit the model to experimental data. Huria e{26] suggest that this type of model is sufficient

for most industrial apdations. HU[94] and He[93] compared many different equivalent circuit

models and found that the ®RC model performs well despite its simplicity.

2.13.1.3Dual RC modet

The dual RC circuit modeshown inFigure23, is also knownasthe secondorder RC modebr
dual polarization modeklhich adds a second RC eleméatthe sngle RC circuit modelThe
second RC elememjives greater resolution of transient behaviour by separatorgentration
polarization and activation polarizatioreffects [93]. Concentration polarization refers to the
voltage drop caused by the formation of concentration gradients within the pattety
activaton polarization refers to the voltage drop required drive a chemical reaction
Parameterizing the dual RC model is similar to the single RC niodleé same parameter
estimation algorithms can be used, but computational isogbing tobe higher dueat the
additional variables. The dual RC modemore accurate than the single RC model, and both are
suitable for system level battery modelif@g] [94] [96]. Higher order RC models are possible,
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but are typically not employed because the extra computational cost is not worth the marginal

increase in fidelity.

Ci(SOC, T) C,(SOC, T)
ween —| |
—A— —o+
+ R;1(SOC, T) R2(SOC, T)
[ V pat
' Voc(SOC, T)
QO -

Figure 23: Equivalent circuit diagram for the dual RC battery model [18]

To model either the short or long term behavior of battery cells many diffgges of models

can bedeveloped, each with its own advantages and disadvantages. Depending on the
application and specifications, a choice between the models can be made. As this research is
going to be conducted from the point of view of a mechamnglneer, the battery is seen as a

part of a larger electricahechanical system and the resulting short and long term behavior of
the battery cells is of more interest rather than which electrochemical processes caused the
behavior. An equivalent circuiased model is therefore desirabiace it is fast and does not

need deep understanding of the phenomena inside the battery atiteadsputs of the model

can be directly connected to the rest of the system

2.13.2 Battery Thermal Modeling

The ppic of themal modeling of Liion batteries is a research area that has experienced steady
growth in interest. Early research focused on defining a model of a single electrode pair
comprising a single battery cell. Later efforts expanded mugléb includemulti-cell stacks,
module, and battery pack3his section is thus organized intewat sections:1) Single cell

modelling and 2Module andPack modelling

2.13.2.1Single CellModeling
Pal and Newman, if65 dewloped a 1D lumped thermal model for the single cell sandwich.

The model was a modification of the 1D model presented by Fuller and Doyle. Newman added
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an energy balance to the model using equa®nModel parameters were input to represent a
cell utilizing LI|PEO,sT LICF3SGs|TiS; electrode pair.

0 'O ; \} © QYUY =

0 W Y a w 90 9

where,0 is theheat generation rate (W)s current (A),o is voltage (V),& is themass of cell
(kg), ® is theaverage heat capacity (W/kg KR  is theconvective heat transfer coefficient

(W/m? K), "Yis temperature (K), andlY is ambient temperature (KThe left side of the energy
balance equation represents the heat generation terms and is equivalent to €@uation
Convective cooling heaemovals on the right as well as sensible heat stored in the battery are
accounted foras the battery temperature rises. Several simulations were performetivavith
boundary conditions to investigate the performance abiicelk: isothermal anddiabatic.In
isothermal simulationsall heat generated in the cell is assumed to be transferred out of the
system as it is generated. As such, the temperature of the cell islfines observed thatas
temperature of operation inases, the cell potential is higher at eathization point. In
addition the heat generation rate increasethasemperature of operation decreases. This is due
to decreased electrical conductivity at lower temperatures, resulting in higher Ohmic heat
generationln adiabatic simulationall heat generated in the cell is assumed to remain in the cell
as sensible heat. This results in a rising temperature as the battery is disdhaggedral it was
observed thatas the discharge rate increast cell temperature wasigher at each utilization

point. Also, heat generation rate increased due to increased discharge rates.

Kim et al [73] developed a 3D model for dion cells by dividing the battg into three
subdomainsparticle domain, electroddomain, and cell domain. The particle domain deals with
solid-phase patrticles in the positive and negative electrodes and concerns the diffusion inside the
particles as well as the reaction at the particle surface. The electrode domain includes diffusion
and current flow in the electrodes and electrolyte. Finally, the cell domain is utilized for the
electrical and thermal behaviour calculations of the battery. The current and temperature
distributions over the cell are calculated in this domain. Three idsrage decoupled and solved
separately in this method, but the physics between them is still coupled by thdomin
information exchange. This model, however, requires a lot of computational effort, which

preventst from being employetb study the battery module or packs.
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Finally, Gerver and Meyers, ifi97] presenteda 3D electrochemical batterthermal model
simulating coupled thermal and electrochemical phenomenaionlbatteries simultaneously.

They modeledthe current collector via a number of electrochemical resistors. The
electrochemical resistors were also nonlinear curve fittings to theldérochemicamodels

derived from the basielectrochemicaéquations of the battery. Combining thlectrochemical
resistors and 2D resistor networks and solving the subsequent equations determined the battery
variables in three dimensions.visual schematic of the model structure is displaydeigare24

(A), with current collector sheets showing 16 nodes, and defined locations for current flow in

and out of the cell.

Total current in

—
m—
—
—>

(A) Schematic of model structure (B) Diagram of current flow
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Figure 24 : Schematic of model structureand diagram of current flow [97]

They also connected all cells and solved the entire system simultanepasiyress the current
distribution between cells. In the model, since the cells are parallel, the current which enters a
current collector can go into either the cell on the left or the riglgufe 24-B). The reported
results showed that the current of the cells in the middle of the stack increases with time, while

for the outer cells the current drastically decreases.

Electrochemical heat generatis determined from equati@i) as in previous models. Resistive
heating in the D current collectors is calculated via the finitéference equatin shown as
equation(10).
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: . . . (10)
Y Y v, v,

wherewy, is the voltage on the current collector in the center of the rdde 4nd R is the local

current collector resistance, which varies based on local temperkieae.transfer between
nodes of the model is based on the standard heat conduction equation sfidun as
LY LY Y LY

"0 T_b Q'I'_Co Qm Qﬁ (12
where k is the ther mal conductivity, T is the
capacity. The x and y direction are in the planghefcurrent collector and the z direction is
between cells in a stacklThe output of the model is arsient current and temperature
distributions. They obtained5 simulations with different thermal boundary conditioiitie
output of the model is transient cemt and temperature distributioms.general it was found that
cooling the battery closer to the areas of highest heat generation leads to greater uniformity in
both current and temperature distribution.

In [74], Ye et al. produced an eleciitermal model of LiMaO./LiCg by coupling electronic
conduction, mass transfer, energy balances and electradienmechanisms. The model is used

to determine lithium ion diffusivity and chemical reaction rates at different operating
temperatures. These rates are established to explain the decrease in capacity and power

experienced during low temperature operation.

In general it is found that cooling the battery closer to the areas of highest heat generation leads
to greater uniformity in both current and temperature distribution.

2.13.2.2Packand Module Modeling

Pack modeling is important becauseexplainsthe combined effect of the many small heat
generating elements within. By investigating the collection of batteries in various arrangements
and with various thermal control and cooling methods, researchargenerate solutions that
increase the commaat value of lithium ion battery packBack dynamicslirectly affect vehicle

range and economic lifetina# electric vehicle$92].
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Pesaran et al. if92] presented a fundamentaddt transfer model for a pack. The model assumes
that as heat is generated in a module, it is either removed/rejected to the surrounding area,
accumulated in the module, or both. The overall energy balance for a battery module is defined
in equation(12).

AR Y Y L, 08 Y Y D6 = (12)

<

0"
Qo0
wheren is theheat generation rate in module (V), is the heat transfer coefficient between
battery surface and its surrounding fluid (WA§), & is thebattery surface area exposed to the
surrounding fluid (), "Y is the battery surface temperature (KY is the surrounding fluid
temperature (K), is StepherBoltzman constant, is the battery surface emissivityQ is the

shape factor between the battery and its surroundingss module mass (kg)j is weighted
average module heat capacity (J/kg R);Y is average module temperature (K), ani time

(s). This model assumes an average temperature for each battery, and ignores the three
dimensional temperature distribution within each battery.oMegall energy balance can be used

to obtain the temperature distribution in a pack of modules. For example, if a certain amount of a

fluid is passed around a module, the fluid temperature change can be obtained from overall
energy balance for the module:

Q6 Y Y 4 6 Y Y (13)

Note that"Y is the average fluid temperaturé, is the mass flow rate of fluid around each
module, 0 is thefluid specific heat,’Y is the incoming flid temperature to the module, and

“Y is the temperature of fluid leaving the modulde overall temperature change in the fluid

can be obtained from the overall energy balan¢&4n

o ow QY B Y Y D8 ay
o PP 90 R oY: (14
where( in (14) is the number omodulesin the path ofd and0 is mass of the fluidThe

authors analyze a hypothetical battery pack consisting of 30 sealed prismatic batteries with a

cooling coefficient applied to the surfaces of each battery. By assuming symmetry in the
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horizontal plane the model is solved in 2D using an iterative pgoc@he energy balance
between the battery surface temperature and its surroundings was used to find the temperature
change of the fluid, while temperature distribution in any single baweydetermined via
superposition principle.

An air flow of 0.08kg/s enters the pack at one end and splits into three paths to cool a series of
10 battery modules in each path. The air gap is set such that the heat transfer coefficient is about
35 [W/mK]. Figure 25 shows the resulting variation of air temperature, battery surface
temperature, and battery centerline temperature along the length of the path in the flow direction
at steady state. The air temperaturesiby 1.3 °C as it passes by each module, resulting in a
variation of 13 °C between the inlet and the oJ¢&j.

SMN =36. 204
sMx =57, 772
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Figure 25: Steady-state 2D temperature distribution in battery pack cooled by an air flow
(W) [92
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Figure 26 : Steady-state 2D temperature distribution in an enclosed battery paci{92]
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There is also a variation of about 4.5 °C within each battery module. Although this cooling

arrangement is not ideal, it is comparatively better than placing the pack in a closed box, as
shown inFigure26.

Wu et al. in[66], developed a coupled thermreectrochemical model to analyze the effect of
heat generation from cell level to pack level in a LiGd@sed cell. Interconnection resistances

for both series and parallel connected bgitfmcks are compared. Each cell is described by a
coupled thermal and electrochemical model. The electrochemical model is based on ion diffusion
and the ButleiVolmer equation. The thermal model incorporates Ohmic heat due to internal
contact resistances (, heat from the reaction current and over potentigals @nd ionic Ohmic

heat from the motion ofi-ions through the solid and electrolyte phggse . These terms are
defined in equationél5), (16), and(17).

, "O'Y
n 5 (19
n o Qo YQw (16)
- 0 TL 0 TL O T_i a TL 0w
1 T e o To 1o (17

whereA is the plane area of the electrode parallel to current collectd),(Gis the Cartesian
coordinate inside singe anode/separator/cathode layer in the direction perpendicular to the
separator (cm)yQ is the reaction current density (A/&n and? are the potential of solid
electrode phase and electrolyghase, an Us thermodynamics OCV, is conductivity of

active materials in the electrodes (S/ci€), is effective conductivity of the electrolyte (S/cm),

Q s the effective diffusional conductivity of a species (A/lcm). The lithium concentration

charge distribution inhe electrolyte and solid phasese coupled through Butlafolmer
equation(18)

x 0 A ® "0 A © O
Q w0 1%} DY_Y - ) DY_Y - (18)

Where @ is the active surface area per electrode unit volume for electron transfer reactions

(1/cm), © is transfer coefficient of anod&®i s t he Faradayo6¥istheonst an
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universal gagonstant (J/mol K "VYis the temperature (K} is the over potential (V), arfd is

the transfer coefficient of the cathodéhe lumped unsteady heat transfer equatio(l@ was

used to account for sources of heat. Convective cooling and sensible heat are included with the
three heat source terms. Heat generated by entropy changes in the reaction is considered
negligible ands ignored.

"we— fn n 1 ® Yy (19)

Isothermal 1C discharges were simulated for a 6 Ah cell to test the effect of temperature on
lithium ion battery performancet Wvas observedhat battery performance improves with
increased temperature. As the temperature increases, useable capacity and output energy increase
as well. This is due to faster diffusion of lithium through fédegersolid phase antb the fact that

the system isdss hindered by lithiation limits. The performance of the battery is thus improved,

as the solid state diffusion is often the rate determining[6&p

2.14Degradation mechanisms of Liion cells

It is important to study the various types of degradation mechanismsiari tells because the

heat generation from cell/module/pack is directly related to the degradation and life of the
battery.Li-ion cells undergo degradation in terms of capacity@ower capability ding usage

and storageThe degradation aofell occurs much faster during cycling than storage under the
same conditions. The normal and accelerated degradation mechanisms for cycling and storage
aredescribed in the followingubsectias.

2.14.1Degradation of Li-ion cell due to storage

During storage, the active anode material is exposed to the electrolyte through the porous Solid
Electrolyte InterphaséSEI) layer, and side reactions enhance this SEI layer. High temperatures
or high SOCs radt in more severe capacity fading as well as resistance growth (power fading)
in the cell. Therefore, to improve battery life and to slow down the electrochemical processes,
Li-ion cellsshouldbe storedwith less than 100% SOC and aroutisPC (optimal canditions

40% 30C and 15°C)98]. This will allow Li-ion cell last many times longer than one stored at

100% charge, particularly at high temperature.
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2.14.2Normal Degradation of Li-ion cell dueto cycling

Capacity fadeprimarily occurs on the electrode/electrolyte interphase under influence of
intercalation and deintercalatiaf lithium ions Ideally, loss of lithium ions and active materials

are the only mechanisms that degrade dohi cell. But, in practice, other degradation
mechanisms acceleratieet capacity fading. Power fadke also coupled to capacity fading. The
growth of the SEI layer results in the internal impedance rise of the battery cell and the
deformation of the electrodes inlawer conductivity. As a result, due to the loss of active
material the power fading occurs. Capacity fading can be divided into four stages as shown in

Figure27.

capacity

cycle number

Figure 27 : The general shape for capacity versus cycle numb§e9]
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Figure 28 : Schematic of SEI film layer in Li-ion battery [10Q

StageA: Duri ng stage HAAO0, on t he i fyteefthpdepama®raof t h

SEI film will form as a side reaction; due to this there is a fast decrease in capacity. This stage
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does not last for many cycles besauas the cell is cycled moréne side reaction rate will

gradually decayl101]. A schematic of a SEI film layer in dion cell is given inFigure28.

StageB: In the stage B, anode is the limiting electr¢ti@él]. Because of SEI film layer formed

on the anode, less active material is availabie less lithium ions are intercalated into the anode
during charging. As a result the loss rate of lithium ions will be slower, and the SEI layer
protects the anode from reduction reactions with the electrolyte. During continuous intercalation
and deintezalation the SEI layer cracks and more active material will be exposed. This will
cause more side reactions and the SEI layer will continue to grow, leading to a less porous SEI

layer and loss of lithium ions.

StageC: In stage C, the degradation ratettod active cathode materialhgyher than the loss of
lithium ions. On the cathode/electrolyte interphase layer similar to the SEI layer is formed, which
is named the Solid Permeable Interphase (BRI . Due to cycling, this layer will also grow
and limit the active cathode material. The anode is however still the limiting electrode in this

stage, as there is still more active cathode material availabléttham ions.

StageD: In stage D, the cathode becomes the limiting electrode due to the high degradation rate
of the cathode. Less active cathode materi al
ions[107]. Not all the lithium ions that were intercalated into the anode during charging can be
intercalated into the cathode during discharge. Hence, more and more lithium ions are stuck
insidethe anode. The cathode will be fully intercalated during discharge, which raises the active
cathode material loss rate. These added effects cause an accelerated capacity fading and the
capacity will rapidly decrease.

The severity of these stages is nat #ame for different types of-ion cells. For example, for
LiFePQ, the main capacity fading mechanisincells is the loss of lithium ions by the lithium

ion consuming SEI film later formation, which also results in a loss of active anode material
[103. Loss of cathode material happens at a lower rate for LiFFeBl(3, since neither cycling

nor temperature change enhances the formation of the SP[1&#rThis causes LiFeP{ells

to have a much higher cycling life compared to other chemistries.
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2.14.3Accelerated degradation of Ltion cell due to cycling

In real life applications Lion cells experience acceleratddgradation du¢o certain stress
factors Stress factorsuch asdeep DODs elevatedC-rates high or low temperaturesand
operating athigh SOG can have negative impaain the cell capacity and cause accelerated

degradation. These stress fact@nsdescribed in followingulsections.

2.14.3.1Depth of discharge(DOD)

The cycle life of a cell strongly depends on the D®ure 29 shows cycle life versuBOD

curve for different battery cell chemistries. The more intercalation and deintercalation takes
place in the electrodes due to deeper discharge. The loss of lithium ions and active electrode
material is higher for larger DOD cycles. At high DODs, dddal degradation mechanisms can
occur resulting in decomposition and dissolution of cathode material and capacity[fihg

DOD has no influence on the capacity fading of LiFgR@Ils, but the charge or energy
processed is the determining fadtb@y .
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2.14.3.2Elevated Grate Effect
High Crates generate mofreeat and cause the temperature of the cell to rise invoking the high
temperature degradation mechanisms. High currents also cause local over potential of the

electrodearlier stage at certain areas of the cell. Higtat€s will also cause the SEI layer
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the anode to crack faster. More active anode material is exposed and the SEI layer will restore
itself, reducing lithium ions from the battery cell process. Higrat€s will furthermore cause
additional strain on the electrode materials, resultingdreased deformation and loss of active
material[104]. These effects will result in power fading and @atyafading.

2.14.3.3Temperature Effect

Thedischarge apacity of Ltion cells is strongly influenced by temperatureidn cells have an

optimal temperature operating range and outside this range the battery cell undergoes severe loss
of capacity. High and lowemperatures have different effect on the battery lif&igure 30 an

example of the temperature range for optimal life cycle is shitwan be seethat the decay of

cycle life is different for high and low temperatures, as different degradation mechanisms

deteriorate the battery.

—_ 2000 Actual life depends on the cell chemistry and the
g percentage of time spent at the upper and lower
[¥] - -
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&
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@
e st T —
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,‘J‘
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Jl‘ll \
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H."f I"u
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Cell Operating Temperature (C)
Figure30: An example of a battery cell 607t emper a

At low temperature, due to the higher activation engrgeeded for the chemical reactions and
lower ion diffusion; there will be a loss of capacity and deliverable power. However, when the
temperature is restored to nominal level, the capacity and power capabilities will be recovered.
Under normal dischargégw temperature on its own does not have any permanent influence on
capacity fading, but during charging, lithium plating is likely to happen because the intercalation

rate at the anode is inherently slower than the deintercalatiofié&e
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In thelong term operating dtigh temperature cancause severe damages to the cell. As shown

in Figure 31 increasing temperatures results in higher capacity fading. Due to high temperatures
the SEI layer will slowly break down and dissolve into the electrolyte. The active material of the
anode will be partly exposed to the electrolyte again, causing theesidiéons. The damaged

SEI layer will be restored due to the side reactions or a precipitation of the dissolved SEI
particles will take place. Also parts of the cathode can dissolve into the electrolyte and
incorporated into the SEI layer. As a result tiercalation at the anode will be more difficult

and the ionic conductivity will be lowered. The same degradation mechanism happens at the
cathode side with the SPI layer. Another degradation mechanism is the deformation of the anode

and cathode.

Normalized Capacity, C/C1
o
o)

04
02
0 | | I I | |
0 20 40 60 80 100 120
Cycle Number

Figure 31: The accelerated capacity fading due to high temperaturdd.09
2.14.3.4State of charge

At higher SOC battery cell is more reactive, which will acceleratead@gion of the cell. At

high SAC the anode will be highly energized and sk#icharge will also be higher and the SEI
layer will grow faster. Furthermore, electrolyte oxidation occurs at high SOC, leading to
impedance increagé1(. These effects result in capacity and power fading. During storage for a
long time,a high SOC will havea more profound effect. In case of overcharge or over discharge,

other degradatiomechanisms come into plag follows
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2.14.3.50vercharge

When the cell is charged over the specified voltage, a small increase in capacity is initially
obtained, but the cycle life is strongly reduced. This effect is stronger as the end of charge
voltage increases. During overcharge electrical energy is purmpedhe battery, but more
intercalation can hardly take place. This will be represented by a sharp increase of internal
resistance and the temperatddell]. Decomposition of the binder and electrolyte, forming
insoluble products, blocking the pores of the electrodes, and causing gas generation subsequently
may takeg117.

2.14.3.60ver discharge

When the cell is discharged under the specifiedoffutoltage, two degradation mechanisms
severely damage the cell Corrosion of the coppemcrent collectors and dissolution into the
electrolyte resulting in loss of contact with anode and power [fatig. 2- Decomposition of

the SEI layer on the anode. The high anode potential will cause dissolution of the SEI layer.
Upon recharge the exposed active material will cause side reactions to restore the SEI layer and

reducing lithium ions, causing capacityliiag[114].
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Chapter 3

Part-lI: Heat Generationand Cooling

3.1 Designof Hybrid Test Stard for Thermal Management

In 2008, a hybrid test stand was designed and huithe University olWaterlooto perform
component degradation studiesd toenable scaled ComponemtThe-Loop (CIL) testing

[115. Dueto cost and safety implications the system was desigiel/58' scale of the full
powertrain to allow for the testing of smaller fuells and single cell batterieA. hybrid test

stand ismodified for this work The hybrid test stand was modified so that fuel cell components
were not connected to the paweus. This enabled the test stand to behave in full EV mode,
where only batteries are charged and discharged using the electrical distribution grid of the lab.
Figure 32 shows aschematicrepresentatiorwhile Figure 33 shows pictureof the modified

hybrid test standor thermal management.

To allow for significant flexibility, high and low voltage supplies and loads were integrated. The
low-voltage supply and load were Lambda ZURP3B00 and TDI Dynaload RBL232 560

800 respectivelyTDI Load box, Lambda power supply and all other necgssamponents are
shown inFigure 33. The system was designedorder to allow for battery only, fuel cell only,

and hybrid testing-=rom the main bgy DC/DC and fuel cell are removed during battery testing.

The voltage, current and temperature of the cell are monitored by the MotoTron controller
(CTRLPCMO00200Wwhich is shown irFigure33. The MotoTron controller interfaces via RS232
communication to the test stand comptiteiThe test stand computel manages Lakiew
program (measurements of battery voltage, current, clthsgbarge cycle, cycle number, and
time) which record values at one second intervatgl test stand comput2r manages the
Keithley-2700 (Data Acquisitionprogram(measurements of battery surface temperature, heat

flux, and water inlet and outlet tempena for top and bottom cold plates).
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There are two Etop (Emergency shutdown) buttons in the test stand. One is near MotoTron
controller and another one is near cell housing and can be easily $ségareB83 andFigure34.

The Estop circuit controls the 12V supply to the normaljyen contactors, thereby acting in
series with the MotoTron control circuit that usually controls the ground path of the contractor
control circuit. The Estop circuit was integrated that caused an immediate opening of the

contactors on the power lines in the event that one of tatof buttons was hit.

Controller >

MotoTron
ECM-0555-80

/= BN Supply
< Analog I/O _\

% I/ T Lambda € — >
<€ » RS5232 ZUP20-40-800
€— Ppower line S
i 3 Y
O Contactor i A

)i Load

Fuse

} TDIRBL232
50-150-800

(o]
® Current

\ Sensor _}

Test Stand Computer-1
For Lab-view program

Motor

[i

- — - Battery

AL123 ANRZGESOML

]

Water

Keithley

For pouch cellsurface | — — — — — — — =— =
Bath temperature and heat

Isote mp-3016 flux sensor

Test Stand Computer-2
For Keithley program

[

Figure 32: Schematic representation of modified hybri test standfor thermal
management

Three thermocouples were connected to the MotoTron controller allowing one thermocouple per

cell in the original hybrid test stand design. These thermocouples were repurposed to measure
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lab temperature, as the thermalal collection system was implemented to record and monitor

battery temperatures.

Test Stand Computerl

(For Lab-view program) DC Power
Mototron Supply
Controller Test Stand Computer2
TDI (For Keithley program)
Loadbox Keithley
Software

Power
E-Stop-1 Bus E-Stop-2
Ballard Fuel Battery and
Cell Cold plates
Water
Bath

Lambda Power
Supply

Figure 33: Picture of modified hybrid test benchfor thermal management
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Figure 35: Zig-zagcold plate set up(Active cooling)
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Figure 37 : Passive air cooling setip
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The locationsof thermocouplesind heat flux sensorattached the battery surfaces and cooling
systemis discussed in detail in following sectioisl.2and 3.1.3 All thermocouples and heat
flux sensors are connected to the KeitH?8¥)0data acquisition systemvhichis connected to
the test stand comput@r

Two different commercial cooling plates were selected from industry to remove heat from the
battery. Both coolant plates were manufactured from two stamped aluminum plates that are
joinedinanickebr azi ng process. Th eigfagpr ptl apleat el ht s tpe
characterized as having a single flow channel with the inlet placed atpth&he single flow

channel ran down the length of the plate before turning back on itself, stepping one channel
width across the plate with each turn. This flow pattern results in a thermal profile where coolant
temperature gradient is largest across tidthwof the plateFigure 35 showsthe pictorial view

of thezig-zag coldplatesetup.

The second plat€utestedol awapl ahe. A"Uhis plate
multiple flow channels with inlets and outlé&inlets and Soutlets)placed on the edges of the

plate, near the bottom of the battery. The coolant flow pathsyanenetrical down the center of

the plate such that the flow channels were mirrored about the centé&itjuee 36 showsa

picture ofone of the twdJ-turn cold plates used in this test-sgt. One cold platés at the top of

the pouchcell andthe other cold plate at the bottom of tpeuchcell. A Li-ion pouch cellis

insulated from three sides (left, right, and bottom ofpgbechcell along the height of theouch

cell) usingpolystyreneinsulationto prevent heat loss from thmouchcell to the surrounding

environment.

The thermal data acquisitissystem, the thermocouple locationgah flux sensors locations,
battery cooling sstem, sensors and flow meter, compression rig, battery, experimental plan and
procedure, and data analysis method are presented in next section.
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3.1.1Thermal Data Acquisition

All measurements were performed using a Keithley 2700 data acquisition systéncharthel

M7700 analog input module was used to connect to output terminals of all instruments. Data
logging was programmed and controlled by a Windows based Excél add pat ch A Exc el
that provides instantaneous recording of values to an Excel Jieetsoftware is particularly

useful as the immediate Excel format is easily worked with. The data acquisition hardware

described is shown iRigure38.

Figure 38: Keithley 2700 data logger and M7700 input module

Sensors monitored by the thermal data collection system consisted of the following types:
Thermocoples (TC) and Heat Flux Arrays (HFA). The majority of sensors were placed on the
battery surfaces within the compression rig, while the remaining sensors were installed on the

battery cooling system.

3.1.2Thermocouple Locations

Thermocouples were installed dretprincipal surface of the battery to measure temperatures at
ten discrete points.-fype 30 gauge, special limits of error (SLE) thermocouple wire were used
on one side, and three additionaltype thermocouples integral to the heat flux arrays were

preent on the alternate sidéhe K-type thermocouple locations are discussed in next section.
The location of Ttype thermocouples is shownkigure39 and listed inTable5.Kapton backed

adhesive tape was used to adhere the thermoaoigpike battery surface.
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Figure 39: Thermocouples bcations on top surface of the cell

Table 5 : Distance of thermocoupldocationsfrom bottom left corner of the cell surface

Thermocouple| X (mm) Y (mm)
11 26.5 194
1,2 78.5 194
1,3 130.5 194
2,1 26.5 169
2,2 130.5 169
3,1 26.5 130
3,2 78.5 130
3,3 130.5 130
4,1 78.5 70
51 78.5 35
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3.1.3Heat Flux Sensors locations
Three thinfilm heat flux sensors were installed on the surface opposite to the locations of the
thermocouples. The locations of these three sensors are shdviguie 40, and the x and y

coordinates of HFA center points is giverTiable6.

24.5 mm a A

39.5 mm

12 mm

207

157

Figure 40: Locations of heat flux £nsors

Table 6 : Locations of heat flux sensor centrgoints distance from bottom left corner of the

cell surface
Heat Flux Sensor| Location | Type of HFS| X [mm] | Y [mm]
1 (+) Electrode HFS4 104.7 | 169.8
2 (-) Electrode HFS4 52.3 169.8
3 Mid-surface HFS3 78.5 122.7

These sensors function as a gpherating thermopile transducer. They require no special

wiring, reference junctions or signal conditioning. The HFAs utilize a fuitition thermopile
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construction on a polyimide film laminate. The output of the senpmrsides an average
measurement of surface heat flux in a 25.4 x 25.4 mm area (3.iKetpton backed adhesive

tape was used to adhere the thermocouples to the battery surface.

3.1.4Battery Cooling System

The battery cooling system consisted of a closed tdapibing connecting two cooling plates

(P1, P2) to a Fisher Scientific Isotemp 3016 fluid bath. Sensors were placed along the flow path
to record properties of the fluid. A schematic of the system is shoWwigime41. The cooling

plates were placed within the compression rig directly against the principal surfaces of the
battery such that heat generated within the battery was principally removedducton to the

surfaces of the cooling plates.

t i Bl | P1 Inlet
Howmeter
Pump
CO—=t— o ——
X P2 Inlet
Howmeter
—— o
Auid Bath P1 Qutlet
e O
P2 Qutlet

Figure 41: Schematic of cooling system flow from bath to upper and lower cold plates

3.1.5Sensors and FlowM eter

Two types of sensors monitor the battery cooling system: thermocapeffow meters. These
sensors are required to determine the heat gained or lost Byitheithin the cooling plates.-T

type insertion thermocouples are installed directly upstream and downstream of the inlet and
outlet to each cooling plate. These thecouples measure the bulk temperature of the fluid

flowing within the coolant line. The Keithley 2700 records the output of these thermocouples.
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A Microtherm FS1 3B00ml/min flow meter is installed directly upstream of the inlet to each
cooling plate. & LCD display provides instantaneous measurement of volumetric flow. This

volumetric flow value was manually recorded at the beginning and end of test cycles.

3.1.6Compression Rig

For tests that include active cooling using the battery cooling system a spelaiihg rig was
created. The rig was created to isolate the cell from the ambient thermal environment and
maintain compression of the cooling plate/battery surface interface. An exploded assembly of the
isolating rig without insulation is shown igure42 and theCAD drawing of compression rig is

shown inFigure43.

Figure 42: Exploded viewof test rig

The rig is comprised of two transpardrit.7 mmthick polycarbonate sheedsd in betweethe
battery ad cooling plates are sandwichell hole is present in each corneraiow a threaded

bolt to pass through. By tightening down the bolt fasteners, the battery is confined to the
assembly by pressure.

Spacers were constructed usth§ mmthick polycarbonate with dimensions equal to the battery
dimensions. These spacers aeequired to change the distance between the cooling plate and
the outer polycarbonate plate so that the inlet, outlet and tubing would fit.
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Figure 43: CAD drawings of compression rig
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3.1.7Battery
In this work, 20Ah lithiumrion prismatic pouch cell, shown Figure44 is tested. Theouch
cdl specifications are given ihable7. The two holes were made on tabs to connect to the power

source and voltage sensing device.

Figure 44 : LiFePOs- 20Ah lithium-ion prismatic pouch cell

Table 7 : LiFePOs- 20Ah lithium-ion prismatic pouch cell specifications

SPECIFICATION VALUE
Cathode Material LiFePQ,
Anode Material Graphite
Electrolyte Carbonate based
Nominal Capacity 20.0 Ah
Nominal Voltage 3.3V
Nominal Energy 65Wh
Energy Density 247 Wh /L
Mass 496 g
Discharge Power 1200
Dimensions 7.25 mm x 160 mm x 227 mm
Specific Power 2400 W / kg
Specific Energy 131 Wh / kg
Operating Temperature - 30°C to 55°C
Storage Temperature -40°C to 60°C
Volume 0.263 L
Numberof Cycles Minimum 300, typical 2000
Max Discharge (SOC & Tengpaturedependent) | 300 A
Max Charge (SOC & Tengpaturedependent) 300 A
Internal resistance 0.5 mY
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3.1.8Experimental Plan and Procedure

In this experiment, three different cooling types tasted: passive convection, active-zap

cold plates, and active -tirn cold plates. For both cooling plates, four different coolant
temperatures or boundary conditions setected5 °C, 15°C, 25°C, and 35°C. Four different
discharge rates are selectdd, 2C, 3C, and 4C. The charge current is 1C. The experimental

plan is shown imable8.

Table 8 : Experimental plan

Cooling Ambient/Coolant/Bath Discharge
Type Temperature [°C] Rate
Passive

(Ambient air aly) 22 1C,2C, 3¢ 4¢C
5 1C, 2C, 3C, 4C
Active 15 1C, 2C, 3C, 4C
(Zig-zagturn coldplate) 25 1C, 2C, 3C, 4C
35 1C, 2C, 3C, 4C
5 1C, 2C, 3C, 4C
Active 15 1C, 2C, 3C, 4C
(U-turn cold platég 25 1C, 2C, 3C, 4C
35 1C, 2C, 3C, 4C

This procedure was followed to initiate battery cycling and the thermal data collection, and it
does not directly describe the procedfmeassembling the battery and cooling/instrumentation
components within the compression rig. As such, this procedure assumes the cell and cooling

components are correctly installed and fully connected to all other components as required.

1. The isothermal tlid bath and pump was turned on minimum 2 hour prior to beginning
cycling to bring the battery, bath and compression rig to a steady state temperature. The
valves leading to the cold plates were observed and set to open. The isothermal fluid bath
was seta the desired cooling temperatuneboundary conditions of 8, 15°C, 25°C,
and35 °C for the test

2. The lab view code for the charge discharge stand was loaded and relevant test parameters
were input to the program. Relevant test parameters include:

a. Charge arrent

b. Discharge arrent
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Number of gcles
Drive cycle ¢harge and discharge cycle)

Maximum voltage at end of charge

-~ ® o o

Minimum voltage at end of discharge

Measurement sample rate

Q@

. The thermal da acquisition PC and Keithly @@ were turned on and allowed to
initialize. On the PC, the ExcelLink recording software weeparedor data acquisition.
The following parameters werecordedwithin the recording software:

a. Batterysurfacetemperaturétop and bottom surface of the mbucell)

b. Heat flux at top surface of the battery near electrodes

c. Water inlet and outlet temperature at top and bottom cold plate
. The internal clocks on both PCs were synchronized to the same time to allow combining
data files.
. The chargalischarge test stal and thermal data acquisition were then activated at the
same time, such that charging/discharging and data acquisition begin at the same instant.
. The test continued until the desired number of battery cycles was completed.

7. Two files were created for dactest.

a. Data from thermal data acquisition PC

b. Electrical charge discharge data

3.2 Data AnalysisMethod

The data produced in the heat generation and cooling requirements experiment consists of

electrical data (battery voltage, and current flow) as well esrtal data: surface temperature

data (13 channels), heat flux meter output voltages (3 channels), inlet/outlet cooling system

temperatures (4 channel8)ATLAB software was used in order to manipulate the large spread

sheets of datarhe following energybalance equation was used to determine the actual heat

output of the battery.

C
C
C-
C

(20
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3.2.1Sensible Heal("Ey - 7 ~ “wH
The heat stored in the battery is ternsshsible heat. It is evaluated based on the change in
temperature of the battery in conjunction witle gpecific heat value. Equati¢®l) is used to
evaluate the sensible heat energy stored in the battery when the battery temperature changes from
some initial temperature to a final temperature.

0 a O YooY 1)
A standard method of determining the average temperature across the entire battery surface has
been devised to enable sensible heat calculations. For each thermocouple, it is assumed that the
measured temperature represents the average of an area exéeadimdjthe sensor. The areas
are determined by defining each area boundary by calculating the x and y midpoint distance
between adjacent sensors. Equati@2) is used to evaluate the average battery surface
temperature by summing the temperatarea products and dividing by the total area of the
surface.

. B Y6
Y —— (22)

Theten thermocouples measuring surface temperatures shdviguire39 are each assigned the
areas that correspond to their locations as showkigare 45. The physical size of the

thermocouple areas is presented atnle9.

The rate of sensible heat accumulation is directly influenced by the battery heat generation rate
and the heat transfer coefficient out of the system. The temperature of the battery increases as

heat is generated due teetfinite heat transfer coefficient to the surrounding. The rate of sensible
heat accumulation is determined from the rate of change of eq28pnwhere — is the rate

that the battery temperature changes.

CA

Q

€
¢

o (23)
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Figure 45: Distri bution of areas used to determine average surface temperature

Table 9: X and Y component lengths of thermocoupler@as

Thermocouple | Area | X [mm] | Y [mm] | Area [m?] (x10°)
1,1 Ai1 52.5 25.5 1.34
12 A, | 52 25.5 1.33
1,3 A1z 52.5 25.5 1.34
2,1 Az 78.5 32 2.51
2,2 Az 78.5 32 2.51
3,1 Az 52.5 49,5 2.60
3,2 Asr | 52 495 257
3,3 As3 52.5 49.5 2.60
41 Aga 157 47.5 7.46
51 As 1 157 52.5 8.24

The rate of temperature change is evaluated by measuring temperature at two times and

calculating the rate using equati@)
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0o o o @4
The rate of sensible heat accumulation can then be determineguaton(25).

~ . * YOy
0 a Wp — (25)

0O O
3.2.2Heat Removed from Battery (E, ‘wi 7 7 "v'H

A fraction of theheat generated by the battery is removed by cooling processes. In one series of
testing, the operating battery was placed in a vertical position and ambient air carried heat away
by natural convection. In other tests, cooling plates were present thedifirced coolant flow

to remove heat.

3.2.2.1Air Cooling
For a fluid at known temperature contacting a surface of known area, heat is transferred via

convection and observes Newtonédés | aw of cool i
0 Qo6 Y Y 26)

If the heat transfer coefficidmE and surface temperature is known, the corresponding heat

transfer can be calculated. Determinifgrepresents the fundamental challenge of thermal

convection. The coefficient is not itself setitnophysical property of the fluid, but is dependent

on numerous variables such that:

~ ~

Q QU AR RAD Y YR 27)

Nusselt numbers are proportionaBovia the following relation:

0o —5— 28

Correlations for Nusselhumbers have been developed in experimental tests and are readily
available in mainstream heat transfer texts. These correlations correspond to specific geometries
and care must be taken when selecting the appropriate correlation to use. For buoyancy driv

laminar fluid flow across a vertical plate, the following correlat®found[116:
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56 Ty 88YH pm
™ wd (29

The Prandtl number, Rs tabulated for different fluid temperature values in heat transfer texts
and is evaluated at the film temperature, which is the average temperature between the fluid and
the surface to be cooled. The Rayleigh number is calculated by the standard:relatio

Yw —| Y Y U (30)
3.2.2.2Water Cooling (Cold plates
Cooling plate heat removal rate is determined by the inlet and outlet thermocouple data, in
conjunction with the recorded flow rates. The difference in inlet and outlet temperatures is due to
heat conducted from the battery surface. The heat removediyl@®oling plate is calculated

using equatiori22).
0 a o5 Y "Yp (30

The taal amount of heat removed by the cooling plates for a fier®d YOcan be determined
using equatioif32).
0 a o075 Yy § Y& Yo (32
The term”Yy is the average measut outlet temperature during tperiodYQ as in
equation(33). . represents the number of temperature readings in the summation.
B Yq

Yh ok 5 (33

3.2.3Heat from Environment ("B 71 7 1 1 HT

The compression rig is not perfectly insulated and as such, cooling plates measurements
incorporate a component of hegdin or loss fronthe environmentWhen the cooling is set to

5°C, a temperature difference of approximately 17°C is established between the inside surface of

the compression rig and the ambient air. This results in heat transfer between the ambient
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environment and the cbiog fluid. This additional heat is measured as an increased temperature

difference between the inlets and outlets. For tests above ambient temperature, the opposite

occurs.This additional heat affects the temperature difference between the inlets latel out

In order to evaluate this effect, the cooling system and thermal data acquisition was activated

with the battery in place but no charging or discharging occurring. In this way, the temperature

difference between the inlet and outlet of each codtilage could be recorded. The average

difference for each plate along with the respective flow rates used were used to quantify the heat

removed or added by the environment using the method presentdmbve sectionof cold

plates The heat removed or aeldl by the environment for different coolant temperature is shown
in Tablel0. The data is plotted iRigure46.

Table 10: Ambient heat flow to compression rig for different coolant temperature
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Figure 46 : Ambient heat flow to compression rig for four coolant temperatures
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3.3 Results and Discussion

In this section, the temperatuwlestribution on the principle surfacd battery, maximum surface
temperature obattery, average and peak heat flux, the total heat generatioreangemeration

rate, effect of tcharge rate andperatingtemperatureon dschargecapacity, and thermal
images are presented and discussed in detailed with different discharge ratesriansl
boundary conditionsThe uncertainty analysis associated with above results is presented in
Chapter 7

3.3.1Battery Surface TemperatureProfile

The battery surface temperature proféeorded by ten thermocouples at 4C dischargib °C

and 3 °C bath temperature are plotted as a function of depth of discharge (D®Rjure47
andFigure48. It can be observed that the response of the thermocouple at ladatipn(1, 2),

and (1, 3)has the fasterate ofincreaseover entire period 00.0 and1.0 depth of discharge
(DOD). These thermocouples are nearest the negative and the positive electrodes of the battery
and indicatehe location of highest heat accumulatiand likely the rates of hegeneration are

highest near the electrodd/ comparing the images, it can be seen that the higher temperature
distribution isnoted for4C-35 °C as compared to 46 °C.
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Figure 47 : Surface temperature profile at 4C discharge ad 5°C bath temperature
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Figure 48: Surface temperature profile at 4C discharge an®5 °C bath temperature

3.3.2Average Surface Temperature of Battery

In Figure 49 the maximum average surface temperatures of the battery for the four discharge
rates and operating/coolifathtemperatures has been plotted. The trend shows that regardless
of operating terperature the maximum average surface temperatutiee battery increases as

the dischargerate is increased. Inmmable 11 the maximum average surfatemperatures are
summarized for the test conditions used.
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Figure 49: Maximum average surface temperature of battery for discharge rates and
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coolant/operating temperatures tested

Table 11: Maximum average battery surface temperature for different discharge rates and

bath temperatures

4

Cooling Type | Ambient/Coolant/Bath | Maximum Temperature [°C]
Temperature [°C] 1C 2C 3C 4C

5°C 10.1 | 13.3 | 15.7 | 18.9
Active 15°C 19.6 | 229 | 25.4 | 28.0
(U-turn cold plates) 25°C 276 | 304 | 326 | 35.2
35°C 359 | 38.2 | 40.3 | 423

Passive o
(Ambient air @ly) ~22°C 305 | 365 | 41.2 | 454

Since the increase in coolant/operatitajhtemperature can account fmuch of the differences
in Figure49, it is useful to consider the difference between the start of discharge average surface
temperature and the end of discharge average sudaggerature. This provides a measure of

the buildup of heat within the battery. The differences are plott€&igure 50. Table12 shows

the linear fit for four differe

nt bath temperatures.
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Figure 50 : Difference in average surface temperature between start and end of discharge

Table 12: Linear fit for four different bath temperatures

Bath Temperaturi Linear Fit
5°C Y@ pgp
15°C Cow pd p
25°C B Vo T @
35°C CPT1TQ@ T™WQ

3.3.3 Average Heat Hux

In Figure51 the average heat fluxes measured by the three heat flux sensors for all operating
temperatures are plotted against dischaage. To refresh the reader, HFS 1 is located near the
positive electrode (cathode), HFS 2 is located near the negative elgetnode), and HFS 3 is
located at the middle of the cell along the height of the ttels observed that the highest
average heat fluxes were measured at HFS 1 and H&SIZ discharge rateend5 °C cooling

In general, for all tests the sensors ndaties electrodes (HFS 1 and 2) measured heat fluxes
higher than the sensor located at the middle of the battery surface. The trend observed is that
increased discharge rat@setween 1C, 2C, 3C, and 4@hd decreased operating temperature
(between 8 °C, 25 °C, 15 °C, and5 °C) resultsin increased average heat fluxes at the three
locations measured.
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Figure 51: Average heat flux at 1C, 2C, 3C, 4C discharge rates and different boundary
conditions

Table 13: Summary of average heat flux at 1C2C, 3C, 4Cdischarge rates and different

boundary conditions

Cooling Ambient/Coolant/Bath Average Heat Flux [W/nf]
Type Temperature [°C] Position | 1C 2C 3C 4C

Passive 1 42.3 | 130.3 | 238.4 | 343.6
(Ambient air aly) ~22 2 46.3 | 145.7 | 239.6 | 373.4
3 24.6 71.1 108.6 | 145.3
1 575.5| 1294.5| 2347.7| 3112.2
5 2 599.3 | 1390.8 | 2259.5| 3072.8
3 149.4| 341.3 | 539.3 | 764.1
1 475.7 | 1029.7 | 1711.8| 2419.0
Active 15 2 781.4| 1509.9 | 2351.6 | 2887.1
(U-turn cold 3 157.9| 331.7 | 548.4 | 697.3
plates) 1 148.2 | 684.9 | 1597.3 | 2309.3
25 2 168.9 | 733.2 | 1851.6 | 2648.2
3 744 | 1948 | 413.0 | 611.1
1 47.6 | 585.6 | 1468.4 | 2160.2
35 2 86.1 | 689.7 | 1579.9 | 2101.5
3 25.2 | 163.3 | 340.6 | 471.8

78




In Table 13 the values ofFigure 51 are tabulated along with the average heat fluxes for the
pass$ve cooling natural convection cases. For the passive cases, the average heat flux of HFS 2,
near the negative electrode is always highest. Liquid cooling cases do not show a definitive
pattern between HFS 1 and 2. This is likely due to the slightly sneaing gradient across the

U-turn coldplate. The coolant temperature and thus plate temperature increases across the width
of the battery surface as heat is absorbed. This is in contrast to the passive cooling case, where
the vertical orientation of #h battery provided a condition where cooling potential is
approximately equal across the width of the surface. It could be inferred that the passive cooling

cases are a better representation of the differences in heat generation between the three locations

3.3.4Peak Heat Flux

In Figure 52, the peak heat fluxes measured by the three heat flux sensors for all operating
temperature¢b °C, 15 °C, 25 °Cand & °C) are plotted against discharge satd 1C,2C, 3C,

and 4C It is observed that the highest peak heat fluxes were always measured at HFS 2. In
general, for all tests the sensors nearest the electrodes (HFS 1 and 2) measured greater peak heat
fluxes than the sensor located at the middle of the battery surfacdrefideobserved is that
increased discharge rates and decreased operating temperature results in increased peak heat

fluxes at the three locations measured.

In Table 14, the values ofigure 52 are tabulated along with the average heat fluxes for the

passive cooling natural convection cases.
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Figure 52: Peak heat flux at 1C, 2C, 3C, 4C discharge rates and different boundary
conditions

Table 14: Summary of peak heat flux at 1C, 2C, 3C, 4C discharge rates and different

boundary conditions

Cooling | Ambient/Coolant/Bath Peak Heat Flux [W/nf]

Type Temperature [°C] Position 1C 2C 3C 4C
Passive 1 1344 | 315.7 | 446.6 | 630.0
(Ambientair ~22 2 140.5 | 292.8 | 485.6 | 763.2
only) 3 105.9 | 195.9 | 246.6 | 340.8
1 998.9 | 2043.4 | 3454.6| 4410.9
5 2 1076.7 | 2395.1| 3718.5| 5099.7
3 421.3 | 744.4 | 1033.2| 1461.3
1 882.5 | 1808.5|2726.3| 3783.9
Active 15 2 1275.8 | 2554.2 | 3842.7| 4972.2
(U-turn cold 3 4432 | 864.4 | 1196.1| 1532.3
plate 1 453.1 | 1311.7| 2543.9| 3660.9
25 2 589.1 | 1613.7| 3235.6| 4327.5
3 321.3 | 648.3 | 972.3 | 1363.8
1 204.8 | 1059.9 | 2143.7| 3202.4
35 2 272.6 | 1469.4 | 2545.8| 3508.4
3 180.7 | 495.9 | 793.5| 1094.5
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3.3.5Heat Generation Rate

Figure53 shows the measured heat gexien rates of the battery foC2discharge rates at 5°C

15°C, 25°C ,and %°C coolant/operatindpath temperaturas a function of depth of discharge

(DOD) varying from 0 to 1. Asteep rises seenn the first 0.04of discharge, the heat generation

rate becomes approximately constant until 0.5 DOD when a steady increase is observed. The
increase appears to become steeper as the discharge progresses and jastigese the end

of discharge (>0.9®DOD). It was also noted thahé highest heat generation ratas 90.7W
measured at 4C discharge rate &i@ coolant/bath temperature and minimum value (12.5W)

was obtained at 1C and<3. Furthermore, it can be=en that the increase in discharge rate and

thus discharge current causes consistent increase in the heat generation rate for equal depth of
discharge points.
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Figure 53: Heat generation rate at2C dischargeand different bath temperatures

The increased heat generation can be accounted for by looking at Eqdpaonl (8) . As the
current is increased with the discharge rate, the irreversible Ohmic heating term becomes larger.
From Equation(8), the current collector heat generation increases with the square of current.

From this it follows that more heat will be generated at higher discharge rafebl&il5 the
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maximum heat generation rates that the battery discharges with liquid cooling plates produced

are tabulated.

Table 15: Summary of maximum heat generation rate at 1C2C, 3C, 4C dscharge rates
and different boundary conditions

Cooling Type | Operating/Coolant | Maximum Heat Generation Rate [W]
Temperature [°C] 1C 2C 3C 4C
5 24.0 50.4 68.3 90.7
Active 15 22.5 44.2 73.8 88.7
(U-turn cold platg 25 19.4 36.9 56.2 82.3
35 12.5 29.5 38.7 48.5

The battery discharge voltage profile corresponding to 2C discharge and four operating
conditions shown irFigure 53 is described inFigure 54. It can be seen that when operating
temperature (bath temperature) decreases 8@ 8 5°C, the discharge voltage profilesal
decreases. Similar plots (heat generation rate and voltage profile) were obtained for 1C, 3C, and

4C discharge rates and different bath temperatures and are preséxpgpdndix B
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Figure 54 : Battery voltage versus depth of discharge
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3.3.6Total Heat Generated
Figure55 shows the total heat generatadkJ in the batteryduringfour discharge ates(1C, 2C,

3C, and 4C¢aredetermined usinghe energy balance presenteduation(20). In general, the

trend shows that increased dischamgieand decreased temperatures result in increased amount

of heat produced during a dischargeTable16, a summary of the total heat generation values

for the above mentionedlischargeratesand operating temperatures is provided. The highest
value of heat produced was found to be 41.34 kJ when the operating/coolant temperature was at
5 °C and the dischargeate 4C. This is almost twice the heat generated by the equivalent

discharge at 35°C (an increase of approx. 30 °C)
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=>¢=35 °C Active
0 T T T T
0 1 2 3 4 5
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Figure 55: Total heat generated at different discharge rateand different boundary
conditions

Table 16: Summary of total heat generated afLC, 2C, 3C, 4Cdischarge rates and different
boundary conditions

Cooling Type Ambient/Coolant | Total Heat Generated [KJ]
Temperature [°C] | 1C 2C 3C 4C

Passive
(Ambient air oly) ~22 13.34| 21.52| 28.41| 33.35
5 27.76| 34.31| 38.74| 41.34
Active 15 19.59| 25.59| 31.27| 35.44
(U-turn wld platg 25 11.54| 18.20| 22.88| 26.70
35 8.09 | 14.28|18.58| 21.25




An analysis of uncertainty presented @hapter7 determined the uncertainty in total heat
generation values is strongly influenced by the range of average surface temperatures measured
during a discharge. I€hapter 7the uncertainty is listed for each operating/cooling temperature.
The 5°C operatingtemperature tests resulted in the highest values of uncertainty, at 44.9%. The
relative uncertainty decreased in higher temperature tests to minimums of 34.5% with cooling
plates and 24.5% with ZZ natural convection cooling tests. The large differenagnicertainty
between the cooling plate tests and natural convection tests is due to the absence of flow meter
uncertainty when only natural convection accounted for cooling. The flow rate uncertainty is the
largest factor in the cooling plate heat caltiolas and greatly affects the overall uncertainty of

heat generation calculations when cooling plates are utilized.

3.3.7Effect of Discharge Rate and OperatingTemperature on Discharge
Capacity

In Figure56, the discharge capacifh) of the battery is plotted againstur dischargerates of

1C, 2C, 3C, and 4@@r all five cooling conditiongActive cooling : 3C, 15°C, 25°C, 35°C and

passive cooling)This illustrates the effect of discharge rate and operating temperature on the
electrical performance of the batteries. This is of particular concern for EV development as
battery capacity directly impacts vehicle range. Due to the aggressive chargidig@ratging

profiles used, the battery never discharged the nominal 20 Ah as specified by the manufacturer.
Since the charging conditions were held constant between tests, the battery performance in each

test is still comparable

In Table17 the values displayed iRigure 56 have been tabulated. general, battery discharge
capacity decreases asolant/operating temperature decreases f88MC to 5 °C and battery

discharge ratencreases from 1C to 4C

Another measure of discharge capacity is discharge time. The constant current discharges are
within 0.1% of the nominal current draw at all times and thus increased discharge times indicate

more energy discharged from the batteryT&ble18, the discharge times are summarized.
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Figure 56 : Effect of operating temperatures on discharge capacities

Table 17: Summary of discharge capacities at 1C, 2C, 3C, 4C discharge rates and different
boundary conditions

Cooling Type Ambient/Coolant | Discharge Capacity [Ah]
Temperature [°C] | 1C 2C 3C 4C

Passive
(Ambient Air Only) ~22 18.90| 18.75| 18.72| 18.74
5 17.27| 16.08| 15.26| 15.18
Active 15 18.40| 17.83| 17.38| 17.27
(U-turncold Plates 25 19.17| 18.78| 18.27| 18.26
35 19.41] 19.22| 19.05| 18.98

Table 18: Summary of discharge timesat 1C, 2C, 3C, 4C discharge rates and different
boundary conditions

Cooling Type Operating/Coolant Discharge Time [s]

Temperature [°C] | 1c | 2Cc | 3C | 4C

Passive
(Ambient Air Only) ~22 3406| 1689 | 1123| 843
5 3100| 1445| 914 | 706
Active 15 3318| 1604 | 1043| 778
(U-turn cold Plates 25 3448| 1689| 1096 | 821
35 3488 | 1729| 1142 | 854
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3.4 Thermal Image

In order to obtain the thermal image fingeint of the surface of any object, Infrared (IR)
equipment is generally used. damera equipped with an IR detector can capture different
energies radiated from different surface temperatures from an object. The IR equipment converts
the energy back tthetemperature. This is a great tool for finding temperature distribution or hot

spots on the surface of an object without using any intrusive temperature sensors.

In this experiment, a thermo graphic camera is used to produces images of battery surfaces to
visually observe temperature distributidrhermal gradients are determinasing manufacturer
provided softwareAn S60 FLIR ThermaCam ashownin Figure 57 was used to produce IR
images of the battery undergoing discharge. Thesmal camera has a 320 x 240 detector,
standard temper Xtandraeaccuracy af 2 % Qypically 83). The sensor is

able to detect temperature variances as small as0.[d6.7].

Figure 57: Flir S60 Therma Cam[117]

The thermal imaging set up is shownFigure58. The battery was placed on a cardboard stand
constructd to hold the battery at a %4&ngle relative to the plane of the thermal detector. This
arrangement eliminates the detection of radiation emitiedefbected by the camera and
operator. To eliminate reflection from the ceiling and other objects in the environment a large
cardboard box was placed over the battery and stand. The camera was positioned on a tripod
outside the enclosing box and pointed's that the detector viewed only the battery and interior

of the box.
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Figure 58: Thermal Image setup
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3.4.1Procedure

In this section, the experimental procedure for recording the IR images -obm@ lhattery during

discharging is discussed.

1.

The battery was placed in the stand built to hold the batteryi at 45

2. The isolating box waplaced over the battery and stand.

The positive and negative leads were connected to the battery electrode tabs. The leads
entered the box through an access hole.

Charging was performed on the battery until the battery reached a fully charged state.

5. When te battery was fully charged, the camera was oriented in a level position and

pointed such that it viewed only the interior of the box and the surface of the battery.
Settings in the camera were prepared to record images at 20 second intervals once
underwg.

Discharge current rate was modified in the battery cycling stand computer, and the
internal clocks on the camera and computer were synchronized. The battery discharge

and camera recording were then activated simultaneously.

. At the end of discharge, thmattery was recharged, and the images were removed from

the camera to create space for following tests.

3.4.2Plan

In this experiment, three constant current discharge rates were selected. The corresponding

equivalent current and time are showmable19.

Table 19: Discharge rates and equivalent current and time

Discharge Constant Time of discharge
Rate Current value
2C 40A 1/2 hour
3C 60A 1/3 hour
4C 80A 1/4 hour
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3.4.3Thermal Images at 2C, 3C, and 4C

Thermal images were captured every 20 seconds with the thermal camera. The following
Ssubsections are titled AXX Dischargeo where
images, aregular interval was chosen to reduce the number of images displayed. The elapsed
time since start of discharge (SOD) is indicated below each image. State of charge at time of
image is also indicated to provide a point omparison between image seri€able20 lists the

image series and their respective interval lengths.

Table 20: Parameters of image series in following subsections.

. : Image Interval Left Side of Right Side of
Image Series | Figure #
(s) Image Image
2C Discharge | Figure59 240 Positive Electrode| Negative Electrode
3C Discharge| Figure60 180 Positive Electnde | Negative Electrode
4C Discharge| Figure61 180 Negative Electrodg Positive Electrode

The image sets of different discharges all illustrate that the heat generation across the surface of
the battery is nomniform. In all images, tharea of highest temperature is at the negative
electrode, indicating that this is where the greatest source of heat generation is located.
Specifically, the hottest spot appears to be where the current collector tabs of the individual

electrode sheets abended to the external current tab that the external system connects to.

Using Equation(7) to describe this heat generation is clearly not adequdbe dseat generation

due to the Ohmic heating at the tab/collector interface and within the tab itself is ignored. The
images show that this heat generation is far from negligible, and is in fact the largest source of
heat generation in this particular teay design. Hence, EquatidB), which contains several
additional termsis the correct relation to use when estimating heat generation of prismatic

lithium-ion batteries.

In order to minimize this heat generation term, the resistance of the joint formed from bonding
the current collectors of the electrodes to the exterbashauld be as small as possible. On this
particular battery design, the thickness of the negative electrode tab is smaller than the positive
tab, despite being of equal area. This causes the volumetric current density in the negative tab to
increase. Withut an equivalent decrease in electrical resistance due to material properties, this

will cause higher heat generation as the last two terms of Eq&limmlicate.
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3.4.4IR Image at 2C Discharge
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Figure 59: IR image of 2C discharge with passive cooling. Time after start of discharge
and estimated SOC are given below each image
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3.4.5IR Image at 3C Discharge
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Figure 60: IR image of 3C discharge with passive cooling. Time after start of discharge

and estimated SOC are given below each image




3.4.6IR Image at 4C Discharge
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Figure 61: IR image of 4C discharge with passive cooling. Time after start of discharge
and estimated SOC are given below each image
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Chapter 4

Part-Il : In-Situ Vehicle Data

4.1 Introduction

In 2009, Burlington Hydrolaunched its GridsmartCity initiative as the first step in the
evolution toward an intelligent community distribution grid. In supmdrGridsmartCity™, a
Full-electricconverted Ford Escape has been utilized in a productive work environment by
Burlington Hydro Co. while its performance, drive cycles, battery parameters and grid impacts

being monitored and managed. Complimenting figkl test, the University of Waterloo has

been developing assessment and management tools to assist with the integration of PHEVs and

EVs into the electric grig118. Current research is also defined as a part this project. This
chapter presents the work done up to now which inclddesloggr installationdata collection

and analysisf data.

4.2 Vehicle History

The Burlington Hydro electrictest vehicle design was modified from the original vehicle.

Descriptions of each vehicle and performance specifications are presented in followingsection

4.2.1The First Burlington Hydro EV (EV -ACX2)

REV delivered an alelectric Ford Escape, named the-BZX2, to Burlington Hydro in early
2010, shortly after the beginning of this projdagure62 (A), (B), (C), and (D)shows the front

view, rear view, passenger cabin, and charge port of thAEX2. Key specifications are
providedin Table21. UW selected, installed, and validated a data logging system for the EV
ACX2 in May 2010. Completing this first step of the project yielded about 6 months of data
comprising 126 kilometers afriving. The final report for that year identified that significantly
more driving was needed to obtain the necessary data for the remaining modeling tasks. At that

time a new vehicle with a new powertrain was also planned to replace t#«&KY for field
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trials at Burlington Hydro, and so the data collected from theAEX?2 could not be carried

forward into future analyses.

(C) Passenger cabin of EVACX2 (D) Charge port of EV-ACX2
Figure 62: Front view, rear view, passengercabin and charge portof the EV-ACX2

Table 21: Key specifications for the EMVACX2

Specification Value

Mass (Empty) 1814 kg
Motor Peak Power 90 kW

Motor PeakEfficiency 98% at 4000 RPM
Motor Peak Torque 239 Nm
Battery Module Nominal Voltage 19.2V
Battery Module Energy Density 89 Wh/kg
Battery Module Nominal Capacity 69 Ah

Total Battery Pack Energy Capacity 25 kWh
Typical Range for Full SOC Swing 100 km

Time 0-100 kilometers per hour (kph)| About 12 seconds
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4.2.2The Second Burlington Hydro EV EV-ACX 2.5)

An updated version of the REV Ford Escape, theABX2.5, arrived at Burlington Hydro in
June 2011, and was instrumented shortly afterwards by UW. Therprupgrade in the EV
ACX2.5 is a new traction motor/controller combination, a UQM Power Phase 125R&V.
also did a significant amount of custom control system development for th®C&X2.5, and
provided a large set of variables to data log-he EV-ACX 2.5 has the following key
performance benefits overg EV-ACX2: 1) Better drivingexperience?) betteracceleration3)
more power4) more range and5) faster charge timeA vehicle specificationscomparison is

givenin Table22.

Table 22: Vehicle specification comparison

Specification EV-ACX 2 EV-ACX2.5

Electric motor type AC Induction AC Permanent Magnet
Electric motorpower (kW) 90 125

Torque (Nm) 239 300

Range (km) 80 Up to 140

Charge time (hr) 5 3.89

Transmission Single speed gearbo] Single speed gealgk::?(x with electronic p

4.3 Charge Management System

The data management system consists of a data loggelled in the EVACX2.5, a cellular

network connection for data collection, and processing scripts that convert the logged data into

monthly usage reports. This system is automated and provides Burlington Hydro employees with

the ability to monitor veltle and grid electricity use. Burlington Hydro can then evaluate the

performance of the EV as a fleet vehicle, the grid energy impacts, and opportunities to optimize

vehicle operation (e.g. charging times).

4.3.1Data Logging Installation in Three Different Vehicles

Currently three ISAAC data loggers have been installed in three different Ford Escape vehicles

at Burlington Hydro, one in the EXCX2.5 (Figure63) and two inFord Escape hybridlectric
fleet vehicleowned byBu r | i n gt oFigurd®d ahdFigueds). These two HEVS provide

baseline HEV performance to compare the electric vehicle performance data collected via the

installed data loggers.
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Figure 67: Data logger connection andgshut
down wire

Figure 66 Data recorder unit
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The data recording unit (DRU) and modem are located beneath the front passenger seat. The
cellular antenna that enables wireless data transmission is located on topeffithe Thedata
logger is powered by the o#board 12V batteryA local company in Waterloo, Ontari@ross
Chasm Technologies collects all of the logged vehicle data on its sEiyere 66 shows the
DRU installed beneath the passenger seatFaguare 67 shows the data logger connection and
shut down wire in vehicleThere are three battery packs of Lithiiom battery installed on the
vehicle, including a total of 20 battery modules in sertegure 68 shows a schematic of the
battery packs locations in the vehicle. Each module contains 6 series x 49 parallel R 186
Cylindrical Valence Cells.e. ead battery module includes 6 strings of battery cells in series and
each string contains 49 cells in parallel raagltin a total of 28 cells in each battergnodule.
Hence in total there are &0 cells(294 cells x 20 modulesi this vehicle The datadgger unit
records battery, powertrain, and G&&a The data channels of interest in this wark listed in
Table23.

Figure 68 : CAD of vehicle underside showing integration of multiple battery pack$119
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Table 23: Data logging signals

Signal Reason Required
Battery Voltage Monitor vehicle energy use and regenerative braking
Battery Current Monitor vehicle energy use and regenerative braking

Module-1 to Module20 Temp. | High temperatures are known to enhance degradation

Module-1 to Module20 SOC | Very high and very low SOCs are known to enhance degrad

Motor Voltage Monitor powertrain energy use
Motor Current Monitor powertrain energy use
Motor Speed / Vehicle Speed Monitor vehicle performance
Motor Torque Monitor vehicle performance
Vehicle Acceleration Monitor vehicle performance
Accelerator Pedal Position | Monitor driver demands

Brake Pedal Position Monitor driver demands

The ability to monitor drive cycles, vehicle charging profiles, and vehicle charging locations
enables Burlington Hydro to implement a charging/grid management program. Ideally this will
consist of a database that records where the vehicle drives during/tiveh@ae it charges, and

how much electrical energy from the grid is needed to support the vehicle in its daily aégvity.
such, battery current and voltage data as well as GPS data of driving behavior must be collected.

4.4EV-ACX2.5 Sample Report

In this section, an individual ENACX2.5 reportis presented. This evemicludes both highway
and incity driving comprises the longest individual drive cycle performed with the vehicle in

terms of distance travell (106 km)The trip characteristics are sumimad inTable24.

Figure 69 shows the releant drive cyclethis trip. The vehicle was driven for 2 hours and 16
minutes with a battery statd-charge range is 100% t&@2The peak speed was observed to be

125 km/hwhile the average speed was 46.9 km/h. During this trip the outside temperature was

5 °C. The vehicle is capable of achieving a standard Urban Dynamometer Driving Schedule
(UDDS) cycle, meeting peak accelerations for the representative city cycle. With an average
energy efficiency of 270 Wh/km, and a 25 kWh battery, the vehicle ranBarimgton Hydro

fleet driving is roughly 106 km, which is 1in

significantly affected by the allowable battery depth of discharge and temperature. Moezon
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