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ABSTRACT

Comparative analysis on the battery performance according
to positive electrode active material for the SSkWh class

electric vehicle lithium-ion battery

Choi, HeeWon

Advisor : Prof. Park, Jungsoo, Ph.D.
Dept. of Mechanical Engineering,
Graduate School of Chosun University

As the demand for EVs has recently increased, the importance of LIB used as
a power source for EVs has also increased. The positive electrode material,
which is one of the four elements constituting the LIB, is an important factor
influencing the performance of the battery by determining the capacity and power
of the battery according to the applied material. Therefore, in this study, NCM,
LFP, and LMO, which are used as representative positive electrode materials, are
applied to the battery cells, and further, the battery characteristics at the system
level according to the application of different positive electrode materials are
compared and analyzed. To this end, Each of the 18650 cylindrical battery cells
was modeled by applying different positive electrode active materials. Battery
modeling was based on a database provided by Gamma Technologies' LIB
simulation, GT-AutoLion. In order to analyze thermal stability and capacity loss
according to the temperature of the battery cell by applying different C-rate
discharge and temperature conditions by for each positive electrode active
material, an electrochemical-based 0D analysis was performed. In the simulation,

the analytical temperature was set at room temperature so that the battery could

_ix_
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perform optimally. Lumped battery pack modeling was performed to extend the
modeled battery cell to an EV battery pack. At this time, the battery pack was
modeled by individual applying NCM622, NCMS811, LFP, and LMO positive
electrode active materials in accordance with the capacity standards required by
the target EV. The modeled battery pack was combined with GT-Suite, a
1D-based automotive comprehensive simulation software, to build an EV model.
The constructed EV model applies the drive cycle measurement method such as
FTP-75, US06, and WLTC, etc. to measure fuel efficiency by assuming an
environment similar to the actual operating conditions. after that time, EV models
equipped with battery packs to which different positive electrode active materials
were applied were comparative analysis and verified for reliability. In addition,
using the MACCOR 4300 battery charger/discharger, Different C-rate discharge
tests of the battery cells were performed under the same temperature conditions
as the simulation. the validity of the simulation was verified through this battery

cell experiments.
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Figure 1. EV Market share forecast from 2015 to 2040 [1] (a) Comparison of sales
volume by vehicle type, (b) Sales volume of ICEV and EV by year
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Figure 4. Tesla electric vehicle fire accident [10]
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Figure 6. Flow chart of the Study
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Figure 9. Type of battery (a) Cylindrical, (b) Square, (¢) Coin, (d) Pouch [31]
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Figure 10. Cell, Module and Pack unit of LIB [32]
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Management System), d7Z} A A 4l Zﬂoi-lii A 2El 55 AEbeto] vl g
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T7F Wol WA EHAARE, L= viE Y EEI o fdoMe a8 WA
BA7E A7 et A A3 Qi [33-35]
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Figure 11. Optimum operating temperature range for LIB [37]
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el 5o 4 Agow Qla] wAsA Hal, olx Qs wiE o] &%
Aeo] EAHETH[41] S 27| B HEgol o8 %7t g4 A dsstl
%™ 9 %5 (Thermal runaway) T4 O =2 Q13 wjE g7} F3k W ska] AFar7}

WA Hrh[42] wEbA 250 JFe Wol e LIBE HA Y A% 2k
A flel gl gt AEo] EdebA WA H AL AT [43-45]

LIBS] 4 84 7k viE e LAulelA 7HE £2 vlgS AL
= g wEHEY 8% 9 S F9oke e T3 940

o]

M

ok ole st FSEEAL S59 A el mEl 24 LCO, NCM, NCA,
F* By, Tz we} Figure 128 o] 24, &

“ 9%

haadiit

B - >c *
layered LiCoC)2 spinel LiMnZO4 olivine LiFePO4
2D 3D 1D
— 7

——
Dimensionality of the Li*-ions transport

Figure 12. Crystal structure of the three lithium-insertion compounds in which the
Li+ ions are mobile through the 2-D (layered), 3-D (spinel) and 1-D (olivine)
frameworks [46]
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1. EV9 F%

— ik —
Electric Traction Motor >

Power Electronics Controller

DC/DC Converter

Thermal System (cooling)\ (D
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Traction Battery Pack

Charge Port
Transmission

Onboard charger

X Battery (auxiliary)

Figure 13. Structure of EV [53]
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Figure 14. Type of Driving cycle
(a) FTP-75, (b) HWFET, (¢) WLTC, and (d) US06

TolM ARGE = 47HA F3 AlolEo|th EVE] &8

9 g FAHE
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3970} 7+ 79 Alo]2e] Fa8 zASo| Table 10] 2kHo] gtk

Table 1. Driving cycle data

Time Distance Max. Speed Avg. Speed
Driving cycle
[s] [km] [km/h] [km/h]
FTP-75 1874 17.8 91.2 342
HWFET 765 16.5 96.4 77.7
WLTC 1800 23.25 131 46.5
uUSo06 596 12.9 129 77.2

. FTP75t EAFA REolth AT FHTIROE o] uEsto]
~E 1A

1874%3t A& £52E5 WHIAAVIY  H
=

17.8km 4 o]
34.2km/ho] t}.,

" HWFETE & E2F8 Rrolth u&H7eA 1874%3F HIAES g
s, 7HkE o] FHo] #2 o] Aoty FP A= 16.5km Hol2 T4
Hr olw), H3 W H FHHEE 96.4kmh B 77.7km/ho] T

» WLTCE =4 ¥ 53 FEZo|th A £(0~589%), 5(589~1022%), 1L

(1022~1477%), Z1%(1477~1800%) 0.2 H it &) wpe} 4709 o=
THE o] e Zo] EAolth FAFAE 23.25km Ao]E LA ET ofuf
Ha 9 i FYHTE 131.0km/h 2 46.5km/ho] T,

m US062 Hi% F7HSETd REolth T4 1(0~130%), 1155(130~495%),
T 2(496~596%) T3 T3 TOo = F 596x7F HAEE Xt} 73
FAE 129km Hol2 FAET o, 1 W Hy FALHEE 129.0km/h
4l 77.2km/ho] T},
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Al 2R AT B
A1 A2 AEHNA 2D 5

1. wiEE] A

e gl yF-9 sed 5EA4E 1887 93] Gamma Technologies®] LIB A
o]l A ESo]Ql GT-AutoLions AHE-3she] wiElg] g mEle] shglch
GT-AutoLion A~ E9oj= wljgg] A 2 o4 kS sk AlEdo|d &
7 d7)skst A dlolEu|o] AES AlF3t Thermally Coupled Battery(TCB)
REy BAS AT TCB REw WA 259 7Rkl Doyle 2][54]
A3 4 AZH 719k Gu 9][55], Srinivasan 2][56], and Smith £][57] &2
= O 2 /gy Y. GT-AutoLions TS HijE g Edg]o] A2}
g ¢kds] ddE Hristst 9 4 e Abgete s 7P Sk
e ] Ao Wy H7]8kekA kg2 ofeff 9} o] GT-AutoLionol A AMg-% =
Table 20l WF&FQl= 470 8] A g 2 o o s ALk .

N
e
(o]

Table 2. LIB electrochemical governing equations [S58]

Charge Conservation

s _i effags L a(gs_ge)
(1) Solid-Phase 0= py (o “or )—j g
o 00, 8 alne, Z oz, —a,)
(2) Electrolyte-Phase 0= g(k‘ﬂﬁ) - %(k‘Df e ) +jL + ad,cT
Species Conservation
Electrolyte-Phase o pde | 1- .
3 —lec]=—(DH—)+——
Li+ ot ox ox F
Active Material g, 1 o , e,
@ ot~ 2 or )
L1 r
- 19 -
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2 2 @ A 2 Aol dst BES dEhdTE 2 (3)
A Aol Lit & BES AT, 2 )= 84 =2 dAeA e Li gt
S Yebdth Newmano] THE P2D 22 (3t Alo] AZA WS ARE-SHH,
el ] Aol Aujg el A ()~@)E olitstste] madsth A (1)~3)>
S5 = Abo] FA WEgoz ojalsiEH, A @) AS FEA A
7 WaFO F Figure 159 o] A3t Fy 2 o]ilksle )

=T

Electrolyte -
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Figure 15. Battery cell Discretization direction (Thickness and Radial direction) [58]

g A REl FEA] Table 39 Fejd A3 o] =3 S50= 67)
of 4, FYuE 409 A, F5H% 559 FEAols 12709 daE o]

Washo o,
Table 3. Battery Cell Discretization

Cell Discretization Number of Elements
Positive electrode 6
Separator 4
Negative electrode 6
Positive electrode Particle 12
Negative electrode Particle 12

GT-AutoLion®| A A& %= A7]38}gr 7|49k o] Ho] A& A8l Figure
163 o] F=gd=dS AolstAl 4 &ste] wig g Aol JAF[(CC) B H

_20_

Collection @ chosun



* AutoLion - Template

AutoLion_Cell

Figure 16. Battery cell CC-Discharge test set-up

Voltage‘

Table 4. Battery cell materials properties

Positive Electrode

Negative Electrode

Foil Foil

Material Aluminum Material Copper
Thickness 15 pm Thickness 8um
Height 59.7 mm Height 59.7 mm
Active Material Active Material

Material NCM/LFP/LMO Material Graphite
Density 4.8/3.6/4.28 g/cm3  Density 2.24 g/cm3
Weight Percentage 94% Weight Percentage 94%
Conductive Agent Conductive Agent

Material Carbon Material Carbon
Weight Percentage 3% Weight Percentage 3%
Binder Binder

Material PVdF Material PVdF
Weight Percentage 3% Weight Percentage 3%

Table 5. Battery cell specification and operating conditions

Type

Diameter

Height

Positive electrode
Negative electrode
Capacity

active material

active material

Discharge Cutoff Voltage
Charge Cutoff Voltage

Cylindrical
18 mm

65 mm

NCM622/NCM811/LFP/LMO

Graphite
2.2/2.1/1.4/1.5 Ah
25V
4.2/4.2/3.65/4.2 V

Collection @ chosun
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B ()l N dlo]Eli= GT-AutoLionel A HiE|E] A& RAHT &4 A3}
e Abgarglon, HiEE e £7] SOC £ 80%= s3It ol
g Fed=del A8 wiEe] 42 53 BV Ade mEHE ouA &%
Q1 55kWhell WA 2tz wiEle] B md2 SgE gt Table 60 2 F=2

24 Ago] B EvE dEe B 49 W ¥E A0 57 gekulo] gk,

Table 6. The number of cells in a 5SkWh battery pack for EV

Positive electrode Number of Cells Number of Cells
active material in series in Parallel
NCM622 100 70
NCMS11 99 73
LFP 108 110
LMO 91 103
3. EV

AAE wEE = AlaE e AR RE"S F3 HEV, PHEVS] ]
2oulE7hs, BVl HiE R 18] SF Al A B Husmel 2 Ak
eSS4, g FIRE B A E WIS HAES AlPste] Ho
F AEE = 4 9tk V-Eph AlEHCIA KX E S ARt

-A

St Butler £][59], GT-AutoLion %! GT-Suite A|&d# o] AZEQ S A35Hs+o]
O

Ag Fa z2deAd A% AL AT Srpad 2617 A2 AN
T2 ARt olg gol AHAL FHAN A AxT delA )
Ao Be AT ASHow Aok webd, wEe A o
o A2 @ SEoR wop gtk X Aol oD A7]Het wgo

Figure 173 #ro] 12V ®jElg], BE, DC-DC AHE, ®Eld 2, QHE, ZE
4 2jgk Sow AR
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Figure 17. EV model with electrochemical battery pack of GT-AutoLion
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Table 7. EV Model specification [60]

Vehicle Mass 1600 kg

Vehicle Drag Coefficient 0.21

Vehicle Frontal Area 1.95 m?

Tire Specification 215/50R17

Battery Pack energy 55 kWh

Final Drive Ratio 7.05

Traction motor Maximum Brake torque 360 Nm

Traction Motor Maximum Efficiency 97 %

Traction motor Maximum Torque (Continuous) 300 Nm

Traction motor Maximum Power 150 kW @ 4000 RPM

874 FHgst] Ang =7

g A}t

T il
st =45 EXO] FTP-758F 15 L2538 RE8 HWFET, =4 5 +
= X3
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Figure 18. Experiment Set-up
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Figure 19. Battery cell used in the experiment

(a) 18650 cylindrical battery (LGDBHE21865), (b) Thermocouple attachment point

for temperature measurement

Figure 19. (a)= LG-3}8roll A 2|1 %3F 2.5Ah 32 18650 Y53 Hjejg] A
(FFFEA  NCM, S32E4 : Graphite 2-8)S AHE-3H3ITE wiE o] 9
AW 2E2E S457] f18ke] Figure 19. (b)) 2ol dHoly 27 o] &t

£ Kapton Ho|ZE ARE-3to] wiE 2] EHe| F2ekgivt iy
g Ao Ad, T 9 oshd[e2] 242 3709 A F2stel F 97f A A e
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START
(Battery Placed in Chamber,

Rest
7200 (s)

L Environmental temperature 25°C) )

¥

Rest
3600 (s)

v

CC-CV Charge
CC: 0.5C until 4.2V
CV 1 4.2V until 0.05A

v

v

CC-CV Charge
CC: 0.5C until 4.2V
CV : 4.2V until 0.05A

v

Rest
7200 (s)

v

Rest
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CC-Discharge
2 1C until 2.5V

v

v

CC-Discharge
:0.2C until 2.5V
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¥

Rest
7200 (s)

v

CC-CV Charge
CC:05C until 4.2V
CV 1 4.2V until 0.05A

v

v

CC-CV Charge
CC: 0.5C until 4.2V
CV : 4.2V until 0.05A
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CC-Discharge
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v

CC-Discharge
: 2C until 2.5V

v

Rest
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v

End

Figure 20. Battery cell Charge and Discharge Test Procedure
(Discharge at 0.2, 0.5, 1, and 2C-rate)
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Figure 21. Battery capacity loss for each cathode material when discharged
at different C-rates (a) NCM622, (b) NCMS811, (¢) LFP, (d) LMO
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Figure 22. Battery temperature change according to application of each positive

electrode material when discharging at different C-rates: When no thermal model is

applied to (a) NCM622, (b) NCM811, (¢) LFP, and (d) LMO
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electrode material when discharging at different C-rates: When a thermal model is
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Figure 24. Battery capacity loss when discharged at 1C-rate at -20, -10, 0, 25, 45°C

of (a) NCM622, (b) NCM811, (¢) LFP, and (d) LMO
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Figure 25. Battery temperature change when discharged at 1C-rate
at -20, -10, 0, 25, 45°C of (a) NCM622, (b) NCMS811, (¢) LFP, and (d) LMO
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Figure 26. Comparison of changes in battery SOC according to various driving
cycles (a) FTP-75, (b) HWFET, (¢) WLTC, and (d) US06
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Figure 27. Comparison of weight according to the application of each different

positive electrode materials of the battery pack mounted in EV
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Figure 28. Comparison of battery capacity loss according to various driving cycles

(a) FTP-75, (b) HWFET, (c) WLTC, and (d) US06
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EZ(NCM622, NCMS811, LFP, LMO) & -&]
s wEHY s vlu 245 Y3 d7138F oD 719 GT-AutoLions A}
& Hele] Ao wiele] Ho=w 43 5 1D 7]4ke] 2=k

ol

N

4%

o

o

— Ol_m
ofl

jus)
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o9t
Table 8. Comparison of battery characteristics according to different
positive electrode active materials
(a) Results of battery cell, (b) Results of battery pack mounting on EV
o £ | 2% £ &4 L= #3g}
wEd &4 | W3t A A2 /32 A& 2g2/32
NCM622 - - + 0 + -
NCMS11 - - + 0 + -
LFP ++ ++ - - - -
LMO + + - + - +
@
FTP- T T
oz el ) 75 HWFE WLTC US06
S H SOC LR SOC 5 SOC o SOC o
2 X
g4 FA 24 24 2x P
NCM622 + + + + + + + + +
NCM811 + ++ + ++ + ++ + ++ +
LFP - - - - - - - - -
LMO - - - - - - - - -

jur}

(1) olst Crate?] W Alge] A7, wiE e B £27F F7Fgel ot
e 2] 88 &£2o] AXE= AWMyl ofgl &% w3 =S gelEtyl
t} =3 LFP 2 LMOETF NCMAI7F ¥ & %o 93Fe o] 34 W=
S 21353t} (Table 8. (a) FX)

(2) EVolA o738t EA F adA =9

o
o
o
k)
(o
il
=l
A%
s
o,
o
e
)

_43_

Collection @ chosun



=
grd £ Qe AR Az HT (Table 8. (a) FX)
% LEZANA 1Cratel® AT A, A2 9 o)X= LFP
2 LMO &A7F NCMEY o A2 &3o] ZhAad whdo
2 LMO &A7F wASA &%) Fads BTtk o] LFP % LMO
of Bl NCMo] A Zo|X & 3}stnbgo] nlwz o &itst
of &S d W= Ao AlgdY wEld B
LMOX.t} NCMo] H] w4 ¢ FQAQ A& glstql ). (Table 8. (a) #X)
(4) WLTC 53 Ato]ZelA Y= 37)19] Ato]E Xt wg ] SOoC7F ¥ =LA
s o, NCMAI R LFP ¥ LMO7F B #HAa o] A7 YepdS

3)

218kt ol WLTC AtolE SAA B AlolEnt 343 £5 W3l
=S Ay 45, FAAY 2D o Be &% W3 ko] soC Aol 9
3o FS AoT AR (Table 8. (b) FX)

(5) Evel &5 = sdd wiEeg #He 8%FY 4% LFP 9 LMOX.T 1]

T 7}/‘<li A+ NCMA &A7F 78 S = wige] 3 2

ds 75 F Uk EVe Y] & SHoA FeEEds 1HE A
E of o A%t A o7 Alg T} (Table 8. (b) F%)

(6) NCM811 A~A+ NCMA 8] NCM622E5 3E3Hst LFP % LMO°] H] 3|

&F a9 ZFo] 7Hg AA vEelbd Wb, LFPe &% A7 7P A

2T} (Table 8. (b) %)
(7) AP A EH) NN FEHoz wiE e WAl £X27t F7hskel wel Hf
Beo 8% &4 9 2571 Skt A

AT

EVel ®AE = wig oA T8t AFdEs TEsH] feide 719
Fag=2d AEgvtoz= dA7F vk &F$ NCM, LFP, LMO w9 7]& &
agEdd £, 39 9 g3 28 57 2L Y A8 9 g TR
o] SFFHFEAS st WH[65,66] T B2 HeS TN At
ket A s ojof gkt
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