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Battery electric vehicles (BEV)
I T T N [ T

Energy density 46.6 MJ/kg 0.46-0.72 MJ/kg

Energy source weight 62.6 kg (23 gallon) 816.5kg (standard range)
Vehicle weight 1845.7 kg 2948.35 kg

Battery/fuel vehicle weight 3.4% 27.7%

percentage

Challenges with the Ultimate Energy Density with Li-ion Batteries
https://www.ford.com/trucks/f150/models/f150-limited/



Project overview

Power limit \ Desired operating
during ’ ‘temperaturerange
discharge -~ g
Sluggish
electro-
chemistry ; Degradation
i L
0°C 15°C 35°C Operating
Reproduced from reference temperature

* |nadequate cooling system
* Cells at low states of health
* Cells discharged at too high a rate

Reproduced from reference

Lobberding H, Wessel S, et al. From cell to battery system in BEVs: Analysis of system packing efficiency and cell types. World Electr Veh J. 2020;11(4):1-15. 3
Sun P, Bisschop R, Niu H, Huang X. A Review of Battery Fires in Electric Vehicles. Fire Technology. 2020



Interstitial materials

’ # LIQUID

1
Temperature : PCM Temperature
Rises ! Melts Remains Constant

Heat Storage

MELTING

CRYSTALLIZATION

Temperature

Heat Emission

-~ ¢

Temperature PCM ! Temperature
Remains Constant  Solidifies . Drops
Energy Content >
Reproduced from reference Aerogels

PCMs High conductivity

Metal plates
Graphite sheets

Phase change material https://thermtest.com/phase-change-material-pcm
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Industry Trends

Past Data

110 1100

A FEUGIAT QUAM. QUISQUE SAPIEN NEQUE, CONSECTETUR VITAE URNA EGET, RHONCUS IN VARIUS, MAGNA NEC TINCIDUNT ORNARE, EX 0DIO COMMODD QUAM,
LOBORTIS MASSA

Price parity

Consumers
Research

Consumer priorities for EV adoption, 2018 and 2020
Greater concerns are shown in orange.
2020 Global Auto Consumer Study

Ra n ge d e m a n d T FRANCE GERMANY ITALY UK CHINA us

n,
thy e

on 2018 2020 2018 2020 | 2018 2020 | 2018 2020 2018 2020 | 2018 2020
all battes
Driving range | 31% 28% 35% 33% 4% 27% 22% 22% 24% 25%
Safet CO n Ce rn S CosUprice premium | 32%  22%  22%  15% @ 19%  13% 16% 12% | 26%  18%
y Time: res M%  15% 1%  14% 18% 16% 13% 16% 12% 15% 10%  14%

to

ack of

conCerns.
battery technol

4% 1% 5% 10% T% 10% 6% 12% 22% 31% 8% 13%

Others | 6% 2% 7% 3% 8% 2% 9% 1% 14% 0% 10% 1%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Samplesize | 1,083 1,266 1,287 3,002 1,048 1274 965 1264 1606 3019 | 1513 3,006

Source: Deloitte Global Auto Consumer Study’®

Deloitte Insights | deloitte.com/insig|




Introduction

Industry Trends

Past Data

Tesla Vehicle Safety Report

* Inconsistent picture of
m\ * 2012-2021 approximately the frequency Of EV

(il o g one Tesla fire for every 210

|- — million miles travelled 1

J * 2012-2018 approximately flreS/runaway events
one Tesla fire for every 170 e Small data sets

a- million miles travelled
t

i = NFPA shows in the US there

) |
- is a vehicle fire for every 19
million miles travelled

Energy density

Cell cost ‘

Price parity

Consumers
Research

Consumer priorities for EV adoption, 2018 and 2020
Greater concerns are shown in orange.
2020 Global Auto Consumer Study
Ran ge demand ‘ e — o e = |

018 2020 2018 2020 2018 2020 | 2018 2020 2018 2020 2018 2020

electric vehicles?

Driving range | 31% 28% 35% 33% 4% 27% | 26% 22% 25% 22% 24% 25%

Safety CO n Ce r n S f L:s'.fprlf-eljt'em::m 32% 22% 22% 15% 19% 13% @ 24% 16% 9% 12% 26% 18%

1% 15% 1% 14% 18% 16% | 13% 16% 12% 15% 10% 14%
16% 22% 20% 25% 44° 329 22% 339 18% 20% 2%

4% 1% 5% 10% T% 10% 6% 12% 22% 319 8% 13%

S| 6% 2% 7% 3% 8% 2% 9% 1% 14% 0% 10% 1%
Total | 100%  100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Samplesize | 1,083 1,266 1,287 3,002 1,048 1274 965 1264 1606 3019 | 1513 3,006

Source: Deloitte Global Auto Consumer Study’®

Deloitte Insights | deloitte.com/insig|
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Industry Trends

Past Data

Tesla Vehicle Safety Report

* Inconsistent picture of
= 2012-2021 approximately the frequency Of EV

one Tesla fire for every 210

million miles travelled fires/ru naway events
¢ 2012-2018 approximately

one Tesla fire for every 170 * Small data sets
million miles travelled

* NFPA shows in the US there
is a vehicle fire for every 19
million miles travelled

Price parity

Commercial ™ Commercial

Consu me rs 4 (m«:immercial N

% St
Q=
Nissan leaf

Tesla model 3

Consumer priorities for EV adoption, 2018 and 2020 BMS -Indirect liquid cooling with

Greater concerns are shown in orange. \ BMS -Air COOIEd batterv paCk j \Intumescent foam j BMS -AC COOIIng SVStem (rEfrlgerant)j
2020 Global Auto Consumer Study /Research \ fResqarch \ Research \
Ra nge d e m a n d — FRANCE GERMANY ITALY UK CHINA us Phase change materials Dedicated suppressants ~ Cell material modification
L i 018 200 2008 2020 | 2018 200 | 2018 2000 2018 2020 | 2018 2020 . > . i
* Paraffin wax *  Water mist e * Electrolyte
Drivingrange | 31%  28%  35%  33% 4%  27% | 26% 22% 25%  22% | 24%  25% * Rubitherm (RT15) > + Dry powders - * Separator {

ta 1% 15% 1% 14% 18% 16% | 13% 16%  12% 15% 10% 14%

https://www.patentsencyclopedia.com/app/20100086844

Cosprice premium | 32%  22% @ 22%  15%  19%  13% | 24%  16% 9%  12% | 26%  18% ST < CO N + electrodes
Safety concerns _ AR )
\

22%  20% @ 25% a4 2% | 22%  33% 18%  20% | 2%  29% (ResearCh

" * LaMonica M. MIT Technology Review . 2012, Available from: https://www.technologyreview.com
Early detection (3 Pasitive serminat * Koch S, Birke KP, Kuhn R. Fast thermal runaway detection for lithium-ion cells in large scale traction batteries. Batteries.
Sl 4% 1% 5% 10%  T%  10% | 6% 2% 2% 31% | 8% 13% i o 2018;4(2):1-11.
attery technology

n KS, Yoon YG, Gye HR, Lee Cl. Preventing heat propagation and thermal runaway in electric vehicle battery
w g integrated PCM and micro-channel plate cooling system. Appl Therm Eng . 2019;159(May):113797.
Available from: https://doi.org/10.1016/j.applthermaleng.2019.113797
Liu ¥, Duan Q, Xu J, Li H, Sun J, Wang Q. Experimental study on a novel safety strategy of lithium-ion battery integrating
Illlllb fire suppression and rapid cooling. J Energy Storage . 2020;28(December 2018):101185. Available from:

9

+ Vent gases
Others | 6% 2% 7% 3% 8% 2% 9% 1% 14% 0% 10% 1% .
+ Cell swelling

Toral 100%  100% 100% 100% 100% 100%  100% 100%  100% 100% | 100% 100% "
Samplesie | 1,083 1266 1267 3002 | 1,048 1274 | %5 1264 1606 3019 | 1513 3,006 * Temperature based

\_ detection

https://doi.org/10.1016/].e5t.2015.101185
Source: Deloitte Global Auto Consumer Study’®

Deloitte Insights | deloitte.com/insig|




Interstitial materials

Hybrid High conductivity
Neat PCMs Composite PCMs PCMs Wlt-h liquid High conductivity ngh.con.duc_:tlwty F)Iates
or Aerogels cooling plates with liquid cooling

» Spectrum of interstitial materials and options.

e Optimisation of these systems for the pack design is important —
considering thermal conductivity and conduction paths.

* The combination of systems often shows greater success than any
single approach.

* Flammability of PCMs remains a sticking point.

10



* This work wants to look at the viability of applying interstitial materials to an

EV when considering:

* Weight
* Volume
* Energy

* Consider the integration of a thermal runaway propagation system alongside

thermal management.

Preventing thermal runaway propagation

Lab testing
and theory

Application
> specific

parameters

11




Initiation Scenarios

* Electrical abuse - Dendrite growth
 Thermal abuse — Separator damage
e Physical abuse — Crash scenario

overheat

ﬁ ‘ MechanicaIJ ‘ Electrical J ‘ Thermal J

=
o

-— T
o

Penetration

Overdischargy
L]

Overcharge

Reported situation Abuse Abuse T
and OEM for
analyzed EV fire : :
ngents (—sac ] Deformation, Dendrite growth, High
separator separator temperature,
IDTechEx JE=EE0 damage piercing separator L
¢ - ~a melting .
.y > -y e
N @O
- .

Internal short Circuit

(BuiBieyo
jou) paxJed

Reproduced from reference

IDTechEx has
collected information
on over 105 EV fires.
Source: IDTechEx.

Reproduced from reference
Lai X, et al. Mechanism, modelling, detection, and prevention of the internal short circuit in lithium-ion batteries: Recent advances and perspectives. Energy Storage Mater 2021;35(October 2020):470-99. Available from:

https://doi.org/10.1016/j.ensm.2020.11.026
Edmondson, J., & Collins, R. (n.d.). Slide 1 Fire Protection Materials for Electric Vehicle Batteries 2023-2033 Fire protection and thermal runaway propagation limiting materials for electric.
www.IDTechEx.com/FPM/research@I|DTechEx.com

12


https://doi.org/10.1016/j.ensm.2020.11.026

Governing Equations of Calculations

100 e
PCM Liquid cooling e
channel 5 _ _
@ & 80 ® Zhao [19] i
O é E ll:;:JanOEZZ] Ej-f"‘____‘_é
8 QCOTld — _kAﬂ (W) _5 60 | E :’:gg.jz Y 1
dx §
=
. S ]
Qcony = hA(Ts — Ty) (W) é _
O : .
=
) — 4 £
O Qraa = 0eA(TS — Tamp) (W)
Q S0 a0 s

Battery energy kJ

Reproduced from reference

Cengel Y, J. Ghajar A. Heat and Mass Transfer, Fundamentals & Application, Fifth Edition in SI Units. McGraw-Hill, 5th Edition. 2015.
Quintiere JG. More on methods to measure the energetics of lithium ion batteries in thermal runaway. Fire Saf J. 2021;124(April):103382. Available from: 13
https://doi.org/10.1016/j.firesaf.2021.103382



Oven tests 2D MATLAB

Oven test simulation 145°C Oven test simulation 150°C
200 250
200
150
o ©
E © 150 =
S 2
t© 100 ©
@ o
g_ £ 100
[
2 —Hatchard test data 145 degrees C — —Hatchard test data 150 degrees C
50 —Hatchard model 145 degrees C —Hatchard model 150 degrees C
—h=35 oven temp =145 degrees C 50 || —h=25150 degree C oven temperature
—h=25 oven temp=145 degrees C [ h=30 150 degree C oven temperature
0 —h=35 150 degree C oven temperature
0
0 20 40 60 80 100 0 50 100

Time (minutes) Time (minutes)

14



Model development

= BTN =) BT

Simplified 2D model More developed 2D kinetics 3D model, resolving
model shell, lumped jelly roll
Difficulty in calculating with and active material and
small enough time steps * Improvements calculating with mandrel.
and dealing with thermal a small time interval and
gradients. dealing with thermal gradients. Further improvements
e Still some problems with with steep gradients and
2D combined :é’:/l”d liquid cooling and instability, some safeguards accuracy of the
500 mode! installed in early versions. simulations.
700 250

600
500 200 Q_JA
400 G —h<

o
2
- <150
G 300 v
€ -
2 200 w100
o J\ E Hatchard test data 150 degrees C
Q Hatchard model 150 degrees C
0 g€ 50 == h=25 150 degree C oven temperature
0 200 200 600 800 1000 |q_" h=30 150 degree C oven temperature
-100 =—h=35 150 degree C oven temperature
Time (s) 0
—Trigger cell PCM layer 2 =——PCM Layer 4 Cell 2 15

0 Time (ﬁﬁnutes) 100



Validation of LFP against oven model

350

300

250

200

150

Temperature (°C)

100

50

Comparing the temperature plots from oven test models at 180, 200, 250 degrees Celcius

= = o Abada 180 degC

50

= = « Abada 200 degC

100

= = o Abada 250 degC

150

Time (minutes)

e COMSOL 180 degC

200

e COMSOL 200 degC

250

COMSOL 250 degC

300

16



LCO oven test model

Comparing Kim 155 deg C data to COMSOL model

300 Kim vs COMSOL 150 deg C oven test
280 , 200
260
240 \ 180
220 b\ 160 .
O 200 R O 140
o 180 0 120
5 160 T B N R e e e e e >
< 140 o 100
4 ()]
2 120 o 80
< 1000 < 60
80 ,l'
60 | 40
40 | 20

N
o O

o
o

20 40 60 80 100 120

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 Time (minutes)

Time (mins)
----- Kim 155 deg C oven temp

COMSOL 155 degC oven temp (vrel 0.725)
17



Comparison of conversion metrics

1.2

Comparing conversion parameters for oven test simulations by Kim et al to COMSOL model

alpha COM

Cne COM

Ce COM
csei COM

60

80

Time (minutes)

100

120

S e e e m e e e e oo - - - - - - - - - - - - - - - - - e e e e e e e e e -

————— alpha Kim
----- Csei Kim

----- Cne Kim

140

Alpha — conversion degree of positive electrode
Cne —reaction of intercalated lithium at anode
Ce — proportion of electrolyte remaining

Csei — sei decomposition 18



Temperature (°C)

180

160

140

120

100

80

60

40

20

Comparison with test data

Comparing Hatchard 2001 physical test data to COMSOL model
using Kim inputs for 150 deg oven test

0 20

40 60

—@— Hatchard 150 deg

80 100 120

Time (minutes)

—@— Comsol 150 deg (kim variables)

140

160

Temperature (°C)

Comparing Hatchard 2001 physical test data to COMSOL model
using Kim inputs for 155 deg oven test
300

250

200

150

100

50

0 20 40 60 80 100 120 140 160 180 200

Time (minutes)

—@— Hatchard test data
—@— COMSOL (kim values) 19



Animations

550 5 600
1500 550
4150 1500
400 450
330 400
350

Single body, no can

(confirms spatial dependence) _ _
Two cells, multi body, conduction

20



Animations

1600
-1 600
1550
550
500 |
500
450 450
400 400
350 350
Control volume convection, radiation Control volume, flowing air, convection, 21

radiation



Project direction
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Trigger profile Radiation

* Calorimetry e Chemical kinetics
e Bell curve Validated

* From low power Validated

Vallo!atlon cartridge physical * From oven tests
* Directly from test

test data 22




Rig Design

Rig purpose

* Low power testing- COMSOL
validation

Enclosure

Cells
* Rig for final full physical test  Heater

Thermocou

e Containing mock cells Liquid coolings
o ] plate

* Liquid cooling

* Stainless steel enclosure

* Instrumented with thermocouples

23



Mock cell

 What to consider for this mock cel Positive terminal
r_____________
* Components
* Can
 Jellyroll c' ':

e Mandrel Electrodes

N\

Separator Anode

“
Cathode

e

* Properties
* Anisotropic thermal conductivity
* Heat capacity Case
* Dimensions \

* Cell density

24



Comparing Kim 155 deg C data to COMSOL model
300
8
> Vetcal (alue) s
240

e 3D COMOSL model with chemical kinetics validated .z

@ 180
5 160 T r

* Full scale COMSOL model under development Lo

& 100

80 )

e Conduction w0 f

40
20

¢ Radiathn ’ 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
----- Kim gg%%{gn(ljl rgns\'.r)en temp

® L|qU|d COO“ng COMSOL 155 degC oven temp...

* Chemical kinetics -

— "
/ L) ;_-"' :

Enclosure

* Rig to validate full scale model mid development cet

Heater

Thermocoup

Liquid coolin
plate \

\
* Cell analogue mid development. B\

25



Present
Develop cell analogue
Produce rig
* Runarange of low power tests
Variables
Validate COMSOL * Multiple trigger profiles
Simulation * Flow rates
* Interstitial materials
Conduct novel * Sensitivity analysis
* Volume optimisation
* Environmental affects
Final physical
November test/validation
year 3

(time permitting)

26



Acknowledgements

Supervisors:
 Dr. Glover
* Dr. Istrate

 Prof. Nockemann

Funding:
« Department for the Economy (DfE DTP)

27



Runaway reactions

Gsei = HseiWeRge;
Heat release in Joules across four components

Easet Mgei . .
Reei(T, Csei) = AgpixXp (—=—) (8 against time

ne = HpeW:Rpe

» Positive electrode

ne(T Cner sez) — A Cmneexp( Rf;ﬂe - t:::ﬁ)

dpe = Hpe WpRpe

Heat Release

—E,
Rpe(T, @) = A,pa™ve(1 — o) ™eexp(——— ’p‘*’) |
* Negative electrode

de = HWeR, Electrolyte

* sej

Me

Time

Li, Yuanmao, Liu, Guixiong, Li, Zuyu. Numerical modeling of thermal runaway in high-energy lithium-ion battery packs induced by multipoint heating. Case Studies in Thermal

Engineering. 2022, vol. 38 28



Industry Trends

* Tightly packed with increasing energy density
* Cell to pack and cell to car technology

e Liquid or air cooling employed

Tesla battery day event https://www.tesla.com
Volkswagen "Battery Day" Focuses On Scale https://insideevs.com/
Power Day https://www.volkswagen-newsroom.com/

Price parity of electrified
vehicles are on the horizon

29



Consumer demand
Consumer priorities for EV adoption, 2018 and 2020

Greater concerns are shown in crange.

2020 Global Auto Consumer Study
FRANCE GERMANY ITALY UK
In your opinion,

what is the greatest
concern regarding | 2018 2020 2018 2020 2018

all battery-powere
electric vehicles?

Driving range | 31% 4%
Cost/price premium | 32% 19% 9%

Time required
to charge 11% 18% 12%

Lack of electric
vehicle charging | 16% 44% 18% 22%

infrastruciure

Safety concerns with
battery technology 4% % 1% T% 22% 8%

Others =~ 6% 2% 7% 3% 8% 2% 1% 14% 0% 10% 1%
Total  100% 100%  100% 100% 100%  100% 100% 100% 100% 100% 100%
Sample size | 1,083 1,266 1,287 3,00 1,048 1,474 1,264 1,606 3,019 1,513 3,006

Source: Deloitte Global Auto Consumer Study'®
Deloitte Insights | deloitte.com/insights

Electric vehicles Setting a course for 2030.




Past Data

Tesla Vehicle Safety Report

e 2012-2021 approximately
one Tesla fire for every 210
million miles travelled

e 2012-2018 approximately
one Tesla fire for every 170
million miles travelled

* NFPA shows in the US there
is a vehicle fire for every 19
million miles travelled

Vehicle fires attended by the London Fire Brigade

Electric Internal combustion
Fires in London 2019 54 1,898
Vehicles in London 27,000 2.56 million
Incident rate 0.194% 0.075%

Low incident rates and small data sets!
Difficult to draw reliable statistically
significant conclusions from this data.

Fleming E. What percentage of cars in London are electric? . 2021. Available from: https://www.sidmartinbio.org/what-percentage-of-cars-in-london-are-electric/
Fires in Electric vehicles Bedfordshire Fire and Resuce Service. Available from: https://www.bedsfire.gov.uk/Community-safety/Road-safety/Fire-in-Electric-Vehicles.aspx
Tesla Vehicle Safety Report. 2020. Available from: https://www.tesla.com/en_GB/VehicleSafetyReport
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Commercial and Research

Nissan leaf
\ BMS -Air cooled battery pack

Tesla model 3
BMS -Indirect liquid cooling with

/Research
Phase change materials

e Paraffin wax
* Rubitherm (RT15)

\_

AN

.

/" Research
Early detection

* Vent gases

(+)
ﬁPosmve terminal
S,

%3/ U

Vent disk
PEENNS
. ’Throughholes‘
e Cell swelling tﬂ

\_

detection

L

|

[

\_intumescent foam

ﬂ%esearch
Dedicated suppressants
* Water mist « s
* Dry powders . °
° COZ . °

\_

AN

Commercwﬁ

‘

[ au
[CE

* https://www.patentsencyclopedia.com/app/20100086844

\ BMS -AC cooling system (refrigerany

/ Research \
Cell material modification
@
* Electrolyte X, e
* Separator g, el
* electrodes c Lo e

J

* LaMonica M. MIT Technology Review . 2012. Available from: https://www.technologyreview.com
* Koch S, Birke KP, Kuhn R. Fast thermal runaway detection for lithium-ion cells in large scale traction batteries. Batteries.

2018;4(2):1-11.

* Kshetrimayum KS, Yoon YG, Gye HR, Lee CJ. Preventing heat propagation and thermal runaway in electric vehicle battery
modules using integrated PCM and micro-channel plate cooling system. Appl Therm Eng . 2019;159(May):113797.
Available from: https://doi.org/10.1016/j.applthermaleng.2019.113797

* LiuY, Duan Q, Xu J, Li H, Sun J, Wang Q. Experimental study on a novel safety strategy of lithium-ion battery integrating
fire suppression and rapid cooling. J Energy Storage . 2020;28(December 2019):101185. Available from:

https://doi.org/10.1016/j.est.2019.101185
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Future work/ areas for investigation

Areas for
investigation

<

— Novel parameters <

e Physical testing

N—

Model based design

e Accumulator pack layout
* Module walls

* Multiple PCMs

e 26650, 18650 (cell trends)
* Environmental effects

e Non uniform PCM

e Directional calorimetry

e Staggered cells vsin line
 Thermal management

* Correlation of model results to physical testing
* Characterisation of PCMs at QUB (flammability)

Define required parameters of an ideal PCM (spider plot)

Present

Model
development

Design of
Experiments

Validation

Software driven
viable
parametric
change

Final physical
test/validation
(time
permitting) 3

October
year 3




Enclosure design

Cells
* Spacing plate
Mesh

Sealant  Enclosure walls

Spacing plate
required to
handle

temperatures

.X.X.XQXQ!KQXQXQXQ!XQXQXQXQ!K‘X‘X‘X‘!"
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ntroduction

Industry Trends Past Data

Tesla Vehicle Safety Report

* Inconsistent picture of
= 2012-2021 approximately the frequency Of EV

one Tesla fire for every 210

million miles travelled fires/ru naway events
¢ 2012-2018 approximately

one Tesla fire for every 170 * Small data sets
million miles travelled

* NFPA shows in the US there
is a vehicle fire for every 19
million miles travelled

* Energy density

e Cell cost

* Price parity

Consumers Research

Commercial\

4 Commercial \ /. Commercial
Consumer priorities for EV adoption, 2018 and 2020 *m

Greater concerns are shown in orange. & %\n’
. B == Tesla model 3

2020 Global Auto Consumer Study Nissan leaf . BMS -Indirect liquid cooling with BMw

FRANCE GERMANY ITALY UK CHINA us BMS -Air cooled battery pack . BMS -AC cooling system (refrigerant)
b Ra n ge d e m a n d In your opinion, \ e / \lntumescent foam /} /
~

what is the
¢ Research /Resqan:h I Research )
Phase change materials Dedicated suppressants - Cell material modification

018 2020 2018 2020 2018 2020 | 2018 2020 2018 2020 2018 2020

Driving range | 31% 28% 35% 33% 4% 27% | 26% 22% 25% 22% 24% 25%

Cost/price premium | 32% 22% 22% 15% 19% 13% 24% 16% 9% 12% 26% 18% . Paraf‘fin wWax *  Water mist
» Safety concerns 1 | o s

* Electrolyte

& 1%  15% 1%  14%  18%  16% | 13%  16%  12%  15% | 10%  14% ,!' . * Separator
g * CO, .’ * electrodes
2% 20%  25%  aa 2% | 22%  33%  18%  20% | 22%  29% o N / J
/R h \ * https/ v patentsencyclopedia com/app/20100086844
Safety oncerns with | gae  1qe S%  10% 7% 0% | 6% 2% 2%  31% | 8% 13% esearc * LaMonica M. MIT Technology Re et]. 2012. Available from: hitps: wtechnolog w.com
battery technology Early detection = Koch 5, Birke KP, Kuhn R._ Fast thermal runaway detection for lithium-ion cells in large scale traction batteries. Batteries.

1111
m KS, Yoon YG, Gye HR, Lee C1. Preventing heat propagation and thermal runaway in electric vehicle battery
ng integrated PCM and micro-channel plate cooliny Appl Therm Eng [Internet].

; )-113797. Available from: hitps://doi orz/10.1016, 2019.113797

Liu Y, Duan @, Xu J, Li H, 5un J, Wang Q. Experimental study on a novel
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Phase change materials - PCM

Temperature

Temperature PCM Temperature
Rises Melts Remains Constant

Logic state=0 Logic state =1

p m =h LIQUID

Heat Storage

SET
MELTING

Crystallization

CRYSTALLIZATION Amorphization

RESET

Heat Emission

- w ¢

Temperature PCM : Temperature
Remains Constant  Solidifies . Drops
' Reproduced from reference
Energy Content >

Reproduced from reference

Phase change material https://thermtest.com/phase-change-material-pcm
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K radial

W/mK

K axial
W/mK

Density
kg/m3

Cell chemistry

Hatchard 2001

Abada 2018
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Coleman2016
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N.Spinner (Analytical)

Nieto2044
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Jiang 2023
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(22N 190N\
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30.4+-1.5

28.05

30
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44.62
120 140\

2580

2231

2580

2222

2800

2362

2939

2663

3020

2599.7
(7900 220N\

18650 LiCo02

18650 LFP

18650 LCO

18650 Samsung 33G

18650 Samsung 336

LiCoO2

NMEPouch

18650 LFP

Panasonic NCR18650B

18650 high power

Thermal model of cylindrical and prismatic Lithium-lon cells

Combined experimental and modelling approaches of the
thermal runaway of fresh and aged lithium-ion batteries

Thermal runaway propagation behaviour within 18650 lithium-
ion battery packs: A modelling study

Reducing cell-to-cell spacing for large format lithium ion
battery modules with aluminium or PCM heat sinks under
failure conditions

Non-uniform phase change material strategy for directional
mitigation of battery thermal runaway propagation

HE =~-- == ereptinte a-materials-on-thermal runaway-propagationin-the

Analytical, Numerical and Experimental Determination of
Thermophysical Properties of Commercial 18650 LiCo02
Lithium-lon Battery

Measurement of anisotropic thermophysical properties of
cylindrical Li-ion cells

3-D CFD modeling and experimental testing of thermal
behavior of a Li-lon battery

Active (air-cooled) vs. passive (phase change material) thermal
management of high power lithium-ion packs: Limitation of
temperature rise and uniformity of temperature distribution

Axial and radial thermal conductivity measurement of 18,650
Lithium-ion battery



Experimental

Strict safety concerns with provoking a module of cells.

Cartridge heater as a cell analogue that can be controlled.

Using thermal profiles from literature.

Thermocouples to record temperature profiles.

Trigger cell

18650 LIB

(a) (b)

Wang Z, Li X, Zhang G, Lv Y, Wang C, He F, et al. Thermal management investigation for lithium-ion battery module with different phase change materials. RSC Adv. 2017;7(68):42909-18. 3g



Combined model outputs — Cell spacing
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Thermal conductivity impact

Peak Temperature of Neighbouring Cells
600

— Neighbour cell
__0——-

© —0- o—

550
3 /

_ Liquid cooling
[ channel

— Trigger cell

— PCM between

- Q cells

Module/pack interior layout

0 1 2 3 4 5 b
PCM Conductivity (W/(m.K)

Temperature (Kelvin)
I
Vil ="
S &
.

) No propagation expected
Propagation expected
() Transition region
¢ ) No kinetics heating 10



Weight impact

Range and weight impact of cell spacing to

EV efficiency against vehicle weight (MEB platform) accommodate PCM

290
7 150
280 140
3 270 6 139
= R*=0.77151 . 120
Eg 260 . 5 110
- S
= 950 . = T
e >n S 4 0 g
& 240 e 8 80 3
g 230 o® 33 60 =<
e > c o0
M990 g 50 @
L 2 40
= 210 30
..E 1 20
== 200 10
®  Upper confidence bound 0 0
190 VW vehicle data , 3 4 c
Lower confidence bound )
180 Cell spacing (mm)
=350 kWh, range impact 75 kWh, range impact
1600 laiﬂfghicle%%gi[]ght ':]gg 00 2400 E==3100 kWh, range impact =@ =50 kWh, weight impact

=@ 75 kWh, weight impact =@ =100 kWh, weight impact
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Heating loop

e PID controller
* Thermocouple

* Heater

* PID good for 1000 degrees
e 200W test heater in this case




Project objectives

Prevention
system
capability

Runaway
event
frequency

Thermal event
severity

Prevention
system weight
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Time Sensitivity

1000

100

—
-
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Outside optimal range, | Active prevention Thermal runaway, exit
dangerous operation required vehicle

Reproduced from reference

Impact of cycling at low temperatures on the safety behaviour of 18650-type lithium ion cells: Combined study of mechanical and thermal abuse testing 44

accompanied by post-mortem analysis



Project Plan

review

Modelling

Physical
testing

Investigation

Validation

Task

1a. Complete literature review

Model development

2a. Use refined model to develop a
novel set up

2b. Refine design across range of
parameters

2c. Run refined design as part of a
drive cycle

2d. Model refinement

3a. Design and develop of test rig and
DOE.

4a. Sensitivity analysis of key
parameters within practical scope

4a. Validate results with physical
testing

4b. Refine if required

QUEEN'S
UNIVERSITY
BELFAST

oot a2l as Eﬂﬂﬂﬂﬂ

€ Complete
literature review




QUEEN'S

Project Plan

Task
Q4 /a1 /a2 a3 as|ar|a2] 3]s ar|az] a3 | as]ar
Lit.

: 1a. Complete literature review € Complete
review . .
literature review

Model development

2a. Convert refined model to novel set
up
2b. Refine design across range of

Modelling
parameters

2c. Run refined design as part of a
drive cycle S

2d. Model refinement —

Physical 3a. Design and develop of test rig and Validation
testing DOE. complete
4a. Validate results with physical
Validation t€sting
4b. Refine if required )
. . . Viva
Thesis  5a. Write thesis IR Diff APR1 RS o
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