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SUMMARY

Recently, climate change has been mentioned as a serious problem, which
1s mainly attributed to human use of fossil fuels. Therefore, movements for
carbon neutrality are becoming more active around the world, and Korea is
also announcing its goal of realizing a carbon—neutral society by 2050 and

preparing specific realization measures.

In order to cope with climate change, major countries around the world
regulate carbon dioxide emissions, and in particular, the EU imposes fines on
all new vehicles sold in Europe if they fail to meet their carbon dioxide
emission targets. As the existing internal combustion engine vehicles cannot
satisfy the regulations, eco—friendly vehicles, including electric vehicles, have
become a must, not an option. However, as it is confirmed that the cause of
the fire that has recently occurred in electric vehicles is due to the NCM

battery, the safety of the LFP battery is drawing attention again.

This research aims to numerically analyze and compare the thermal
runaway of lithium-ion batteries widely used in electric vehicles depending on
the cathode electrode active material and size, and to find out the stability of

NCM batteries and LFP batteries.

As a result of comparing the thermal runaway phenomenon of the
cylindrical NCM battery and the LFP battery through the simulation, it was
confirmed that the NCM622 battery with a high nickel ratio in the NCM
battery very first thermal runaway occurred at 110°C, and at this time, the

time to reach the thermal runaway was extended. In addition, even if it leads

vi



to thermal runaway, the maximum temperature of the LFP battery is
relatively low due to the low increase in internal temperature. Thus, if the
positive electrode active material is highly reactive, to a low temperature for
a long time, thermal runaway could occur, so it could be verified that the

stability of the NCM622 battery is the lowest than the LFP battery.

Currently, battery safety is the biggest issue in electric vehicles, and
accordingly, automobile manufacturers are expected to use LFP batteries in
the entry model and NCM batteries in the advanced model. NCM batteries
with high energy density but relatively low safety and LFP batteries with
small energy density but excellent safety are dividing the electric vehicle
battery market. Thus, improving the energy density of LFP battery and
improving the safety of NCM battery remains a major challenge, and also,

research and development are being actively conducted.

vii



Nomenclature

[1/s]

AL
00

o
—_

e
o)
Mo

0

X
o

°
NR

Ton

il

Cei

AL
0°

T

sl

o
U

o
o
e

4
me

C:zeg

Ho

o

it
o)

U
o
e

X

And [J/(kg-K)l

HESAlS [J/moll

Cp

[J/kg]

AFrddeds W/ (m2-K)]
=R [W/(mK)]

w2l 2ol [m]

Sl

AL
0°

o

=% [T]

£
oD
_ﬂb o &o

O e
Mﬂ ;OU ﬂa
GO CE i
o) T e
tE e
o T B
O S
e wm T
Yy TR ]
oY oF W W

F [g/m’]

s}
=

9]

2

SEECIE L

W,

o
5

X

AAASG [N-s/m’]

I

viii



I M2

1.1 g72 ufd ¥ 2€ey

F2 A2 A AAAeR WA FUAE AW gt HF mE R 2
42 wWomn ok $HUTE o9 glo] 20608 BaFEY ALHE A
L

(.
o
ofy
L)
o
®
2
)
i
do
2
_>|:
=
e
o
rlr
T
ﬁ'
e
[P
of
i
rlo
rlo
it
N
[>
ol
o
o

FAAEE AV Y Zold tir]Fe] 247t~
s weth T MEFdA ST AAYNE WEES AAT & wEEol
‘0] He U-AZ(Net-Zero)9t 72 uit}. 2015 7] $HIFALSZF 3]
(UNFCCO)ellAl AAd" delgefoll A= 21471 E7kA] A Hit7|e 45S
2CHT e FFo g FA&7|= sk, 15T olstz Aeslr] e =83 A

2 ARAh 23 GAFEA 20808719 LAkA FHEBRIL 97 A7)



2.3% 4.3% 8.5% 15.0% 24.4%
0.3% 0.6% 1.4%
3.3%
8.9%
97.4% 95.1% o
90.1% 81.7%
66.7%
2019 2020 2022 2025 2030
ICEV FCEV EV
Fig. 1. Plan to supply EV and FCEV in Korea
Table 1. Annual sales target of EV and FCEV in Korea
2019 2020 2022 2025 2030 Total
EV 42,000 78,000 153,000 270,000 440,000 | 3,000,000
FCEV 6,000 10,000 25,000 60,000 160,000 850,000
Sz ARetm AdF olE5HA ANAERN, FAAEL 5o u

A7 Fo #rbgol 715 Wi

Aeasta e FAol, 53 FA7) %

Al

A

==

S

A

Ek2~) wj

FEl el M =

447k,

FaARAA A= 89%

i\

14
0
rob
[e5)
c
=
>,
rlr
Ho
il
b



© At e ApFe] oiE] ojibsigla wiE HXE AVIA oW Has i
stms WA ow AR EUCA rAIgE 2019 olibsteba wjE5 % 7+
< 130g/km% o1, 2021 A Aol = 95g/km= Al Foll 9o o]= Fig. 2 A]
ety 2ol 8% AstAl Al ddel 1g/km &3 A itk 95 = HE
< Wl A diertE Fasta ok Table 20143 7 22 A&ak Az

At A= 71 WarE AEgToRe tAE wEE] we o €A HAeH,
ol &P AFFE Adee] ofyel Aol Hojrba Utk ol&A Z; A
2 Az = 5k A wlE el TS AFE-ste A 7] A}E 2 (Electric Vehicle), W
A7|# BHE A AlEsE slel 2] = (Hybrid Electric Vehicle) ¥ Z# 1

—\TLI

¢l&lo]l B2l =(Plug Hybrid Electric Vehicle), =45 o] &3] #H7|E AJALSH
FAlO RHE FEdteE FA2A 5 A A A5 2HFuel Cell Electric Vehicle) 52 %
A2 AE AL, st dA Gt o|Ats e A wEHE SoloF s AA

o] t}.

Q130g/km

-
~
~
\

b_QSg/km
81g/km

o&?g/km

%q‘\‘oéff/km

38g/km

25g/km
\\.."\éog/km

2015 2020 2025 2030 2035 2040 2045 2050

Fig. 2. European Union plans to regulate CO, emissions.



Table 2.

Top 20 best-selling brands ranked by average CO, emissions

Ranlk Brand CO2 eioéiigff r(g/km>

1 Toyata 975

2 Citroen 106.4

3 Peugeot 108.2

4 Renault 113.3

5 Nissan 1154

6 Skoda 118.1

7 Seat 118.1

8 Suzuki 120.6

9 Volkswagen 121.2

10 Kia 121.8

11 Fiat 123.7

12 Opel/Vhall 1249

13 Dacia 125.6

14 Hyundai 126.5

15 Ford 1285

16 Bmw 129.0

17 Audi 130.3

18 Volvo 133.8

19 Mazda 1354

20 Mercedes 140.9
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Table 3. Type of lithium-ion battery on the cathode active material.

LCO NCM NCA LMO LFP
Molecular Li Li
LiCoO, [N1,Co,Mn] | [Ni,Co,All LiMn2O4 LiFePOy
formula 0, 0,
Structure Layered Layered Layered Spinel Olivine
) 1207240 1607240
Capacity 145mAh/g mAh/g mAh/g 100mAh/g | 150mAh/g
Voltage 3.7V 3.6V~ 3.6V~ 4.0V 3.2V
Inverse
. proportional .
Safety High to nikel Low Low High
content
Life cycle High Middle High Low High
Small, ) .
Usage Small | middle and | Middle | Mhddle and | Middle and
large Large Large
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Fig. 9. Decomposition in case of thermal runaway of lithium-ion batteries
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Table 4. Physical and kinetic parameters used for abuse simulations

Symbol Description Value

A SEI-decomposition frequency factor 1.667E15 [1/s]
Ane Negative-solvent frequency factor 2.5E13 [1/s]
ApeLrp Positive-solvent frequency factor 2E8 [1/s]
ApeNcMill Positive-solvent frequency factor 4.5783E9 [1/s]
ApeNcMs23 Positive-solvent frequency factor 4.5783E9 [1/s]
ApeNcme22 Positive-solvent frequency factor 4.5783E9 [1/s]
A, Electrolyte decomposition frequency factor 5.14E25 [1/s]
Asep separator decomposition frequency factor 1.5E30 [1/s]
Easei SEI-decomposition activation energy 1.3508E5 [J/moll]
Eane Negative—solvent activation energy 13508E5 [J/mol]
EapeNcmi Positive-solvent activation energy 1.1482E5 [J/mol]
EapeNcmses Positive-solvent activation energy 1.0421E5 [J/mol]
E.pencveze — Positive-solvent activation energy 98417 [J/moll
Eae Electrolyte decomposition activation energy 2.74E5 [J/mol]
Easep separator decomposition activation energy 2.58E5 [J/mol]
Cseid Initial value of csei 0.15

Cheg0 Initial value of cneg 0.75

Qo Initial value of a 0.04

Ced Initial value of ce 1

Csepd Initial value of csep 1

Meei Reaction order 1

Mpen Reaction order for cneg 1

Mpe pl Reaction order for a 1

Mype 2 Reaction order for (1-a) 1

me Reaction order for ce 1

teeio Initial value of tsei 0.033

Heei SEI-decomposition heat release 257 [J/g]

Hpe Negative-solvent heat release 1714 [J/gl
Hperrp Positive-solvent heat release 1.927E5 [J/kgl
Hpencmin Positive-solvent heat release 7.8669E5 [J/kgl
Hope Nemsos Positive-solvent heat release 8.1877E5 [J/kg]
Hpencms22 Positive-solvent heat release 8.7938E5 [J/kg]
Heie Electrolyte decomposition heat release 155 [J/gl
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Ky Lrp
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ki Nems23
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ko rrp
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k2_NCM622

separator decomposition heat release
Specific carbon content

Specific positive active content
Specific electrolyte content

Specific separator content

Specific volume of LIB

Specific volume of LIB

Specific volume of LIB

Specific volume of LIB

Total heat capacity of LIB

Total heat capacity of LIB

Total heat capacity of LIB

Total heat capacity of LIB

Thermal conductivity in z direction
Thermal conductivity in z direction
Thermal conductivity in z direction
Thermal conductivity in z direction
Thermal conductivity in xy direction
Thermal conductivity in Xy direction
Thermal conductivity in Xy direction
Thermal conductivity in Xy direction

-190 [J/g]
6.104E5 [g/m’]
1.221E6 [g/m’]
4.069E5 [g/m”]
1.104E5 [g/m’]
1885 [kg/m’]
2249.4 [kg/m’]
2268.3 [kg/m’]
2331.3 [kg/m’]
1260 [J/(kg-K)]
1100 [J/(kg-K)]
1103.7 [J/(kg-K)]
1071.9 [J/(kg-K)]
0.84 [W/(m-K)]
0.84 [W/(m-K)]
0.91 [W/(m-K)]
121 [W/(m-K)]
15.3 [W/(m-K)]
15.3 [W/(m-K)]
25 [W/(m-K)]
20.98 [W/(m-K)]
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Table 5. comparison on first thermal runaway by simulation cases.

Battery type

Ambient

temperature(C)

TR time

(min)

Maximum

temperature(C)

Maximum heat

generation rate

LFP 210 19 336 5.661x10° W/m®
NCMI111 180 48 603 5519x10" W/m®

21700
NCM523 130 178 530 3.305x10" W/m®
NCM622 110 127 594 6.049x10" W/m®
LFP 190 48 327 3.055x10° W/m®
NCMI111 170 74 670 5.981x10" W/m®

46800
NCM523 130 133 657 6.022x10" W/m?
NCM622 110 120 633 1.936x10"* W/m®
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Table 6. comparison on thermal runaway according at TRtime on 5 minute

Ambient Maximum
Battery type
temperature(C) temperature of TR(C)

LFP 290 412
NCM111 300 737

21700
NCM523 280 729
NCM622 250 738
LFP 370 453
NCM111 380 765

46800
NCM523 350 754
NCM622 320 770

Table 614 YEPH AHH 70CoNA FF7A A= AFS F 5RAER
wAs =78 LFP, NCM111, NCM523, NCM622 ®jiEl 8] S Hua S o
LFPuiE ] & A1&jgk NCM AlZe] Wi e]l& vustd el ghgfo] 45
FE 2RA GEFFVE dojurE Ao R bdsittE s & 5 Ut o
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Table 7. Comparison on thermal runaway according at 250C

Battery type

Thermal runaway

Maximum

time (min) temperature of TR(TC)
LFP 09:34 389
NCM111 09:38 723
21700
NCM523 07:59 722
NCM622 06:41 738
LFP 17:38 408
NCM111 17:47 749
46800
NCM523 14:43 746
NCM622 12:07 762
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