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ABSTRACT

Thermodynamics experiment and study were carried
out for the Lithium ion batteries that are expected as the
power sources for electric and hybrid vehicles. It is
confirmed that the heat income and outgo depend on
charging and discharging, respectively. And the heat
generation factors will be decomposed to three elements:
reaction heat value Q_, polarization heat value Qp , jule
heat value Qj . Furthermore, the contribution degree of
each factor was able to be expressed quantitatively, by
dividing these heat generation factors for charging and
discharging.

The accuracy of thermodynamics logic was verified
since the thermodynamics calculation coincided with the
experimental data of heat generation for the practical Li-
ion batteries for EV. It is possible to utilize the
calculation and simulation for the development of Li-ion
battery and the establishment of thermal control
technology not only for EV but also for HEV.
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Fig.1 Crystal structures of Lithium cobalt oxide and Lithium manganese oxide as positive active
material and carbon material as negative material

100
\w\ 1A
‘\\ ->~\ --\———-
—_ 80 - \‘ ‘\
2 \ A
< ‘\‘ v 4A
2 \ 2A™N, el
S 60 | \, T A e
\ RN
= '\ 3A
3 N,
= 40 + \\
O \,
.
20 .
0 20 40 60 80 100

Cycle number

Fig.2 Change of the capacity ratio for each
discharge current

19min. —~
O
60 140 <
o 36min. =
~ 8min. D
a =
Saof 120 &
> i
2 80min. (discharge time) %
@ =
qJ. 2o} --—-—-—-————————————— 40 8
~ .
~
<
L L L L _20
0 1 2 3 4 5

Discharge current (A)

Fig.3 Relationship between the discharge current and
the battery temperature rising

0940



ggbogobooboobbooboo

gobooboboobobooobboooboooboooboo

oboboobooboobooooooboboobobobobo
gbobooooooobgoobo

Fig30OOUOUOO3AO0O0OO0O 4A0000000D00O
gboboobooooobobobo s A0ooooonoo
obobobooooobuobuoboboo2svOooonog
gbobooboobooobooobooooboobobobono
gbobooooooaod

gboboboboboboboboboooooooo
gbobobobooboooooooboobobobonbo
gooooooooooboooooboobo@moOonoizmyg
gboboboboobooooooooobobobobo
0ooooooOibouoag

e Li*

HCOOCH;, —I> HCOOLi: + AlkanestO OLC
e Lit

HCOOCH;, ——» CH,COLis +CO,t +1/2H10OC
2e 2Li* )

2EC ——— (CH,0CO,Li),¢ + CH,=CH,10 O C

2ROCO,Li + H,0 — 2ROH + CO,1 + Li,CO4l0 O C

- Lit
H,O ——» LiOH!

2e 2Liv
Em— leol + HzT

+ 1/2H,t OOC

HCOOCH;+LiOH—— HCOOLit + CH,OH OOC

gboboobobobooboomBmoooooooon
gooogo

OOKO I/nF 0130

000 KOOOOOO OO mol/sd

000000000000000MmMAD

000 nOO0OO0O00

000 FOODOO OO0 9.64846 x 10* C/equiv.O)

000@M1BMO00000000000000000
002000000000000000000000000
00000000000000000000000000
0000000000000000000MO0O0D12M0
00000N000000000000000000000
00DM13M00000000000000000000
00000 Table1 0000

000000000000 Egk/molldIOOOOO R
08.31451 J/KOmolI 00000 AJA/mollstd 0000
Arrhenius D00 M 140000000000

OInKO-Ea/RTO InA 0 140

b4 oboooboooobooooooooon
ggobboobbokKkbObooobboobboooo
0 Figd ODOOOO

gooboooooog RrROoOSS7TOODOOOOOODO

e Lit .
CH;OH —— CH;OLi1  + 1/2H,10 100 0000000000000 000000000000DO
3e 3Lit
LiPF, 3LFL  + PRy Ol 0000000000000000KOOOO000000
e Li) oooooog
PF; ——Li,PF,1 + LiFL 0120 140000000 ED 150.68 kI/molD A O 3.643
Table 1 Degradable reaction rate
1 (A) 1 2 3 4
AT(°C) 11.3 23.7 35.0 29.2
Cycle number (=) 500 38 10 27
egradable rate: K,_; (mol/s . - . - . - . -
Degradabl K,_; (mol/s) | 1.25E-09 | 1.99E-08 | 8.24E-08 | 3.23E-08
Degradable rate: K,_, (mol/s) | 6.25E-10 | 9.93E-09 | 4.12E-08 | 1.61E-08
-16 | .
=1 y =-18.107x + 38.188 Activated state A
Activation energy: E,
% e at high temp
= ' Potential energy level
201\ - .15.393x + 33.093 at room temp.
-22
3.2 3.3 3.4 3.5 3.6

1/AT (T'x10%)

Fig.4 Arrhenius plot for the practical Li-ion battery

Fig.5 Energy barrier for chemical reactions

gosn



HONDA R&D Technical Review

Vol.12 No.1 (April 2000)

O mol/s Ap=2 O 3.5000 mol/s0 0 OO
000000Db0O0o0DD0Og Figs O E,000000
000o0000ooo0ooooooooooooooooo
000000 0o00ooo0doooooDooLLoooooo
000000o0oDooooo0ooooooooooooog
LiOOODODDOO00OOO000OoOoOoooDod FigboOo
0000000 00ooooDo0ooooooooooooo
0000000oooooo0o0Oooooboooooooog
00o0o000oooooooooooooooooooog
000o000oo0ooo0ooooooooooooo
00o0o0o00oooooooooooooooooog
OO0 pO000000O0O0O0OooOooooooooooad
000ADD00O0OO0OO00DOOO0OO0DOMI OO0 120
godoboooooooooooouooobooobooao
00o0oooooooooooooon
godobooooboooouoooouoooooooog
000000oooooooooooooooooooog
gbooooboooboooooa

gdodoooogoda

gboopooboooooooooooobobobobo
gboboobobooboooooooboobobobono
gooobooboboboboobooboobooboobooon
gbobooboooboapobomsmooooon

OAG=A4H-TAS 0 1500

gboAAHODODODODODODODODODODO
Ap00o0bOO0obD0obOOobOobOOooooboobooooooo
gogboboobobooobboobbooobooooboo
gbobobobooboooomismoAaoogoooo
goooboobobooboboooob oubomiel
gboobooo

O0Qr=TAS=T 6AG/5TO 0 160

gdApgogobbuodn Eeg0bbOo0bbO FO
gbobobooooobob nobobm1ymooog
goomie@misooooon

OAG=-nFEe 017t

0Qr=nFT (5 Ee/5 T) 01800

oooooooobobodEO0booboooooonoa
obobooboboooooboobooboobobobooonog
ooooooooooooooon gpbbooboboOon
obeoUibobbooboobooobooboobobon
gbobooboooboobooobooboobobobobooo
obooboe0booooboooboooobooboboog
oooboooooooooggUOoOboooooooooboo

ooo ohOmimooooono

OQt=0Qr+Qp+Qs+Qj
O=nFTJ]d Ee/d TO+Qp+Qs+Q; 019001
O0L OO00O00ooQooooog

51.00000000

LidoooOoQoQoQoo coboooooooOoOoOOO
00000O0ooooooooDeOO0O000OogOONi-
MH OOOOOOOOOoOooooooooboooboobooo
gbobobobobooooooooobobobobo
gbobobobobobooboobooobobobobo
gooooboboooooooobobooooooooooooo
OOON-MHOOOCOOOOODOOD @UOOoOoooood
gooobooooooooooboooooooooooboooo
bobobobobobooboobooobobobobo
gbooooooooboobobobooooogoon

ooooooooooooDbbo0 guuooboboooDbo
gboboboboboooooobooobobobobo
oooooo0oooooooooooooooDobboOb
gbobobobobobooooboooboboboobo
gboobooobobooobooobooobooobobooooo
0000000000 LOooobooobooooood
gobooboobooboobboobobooobooobooboao
gboboboboboooooooobobobobo
Q:000OOoOoDO

oO00DLOOOOO0ODOOO0ODOOOOobOOOoOoOoDO
MMM oioboboooooooooobooobooog
gboboboboboooooobooobobobobo
gboooooooboobaobo

OQt=0Qr+Qp+Qj

0 =nFO& Eo /5 TO+Qp+Q 0 2000

52.00000000

521. 000000 Qr

Lioooooooooooooooooooooooo
OO000LODOO0ODOOO0O0ODOOO0O0OoOOOoOoDo
gboboboboboboooboobooobobobobo
O00000MOMOoOO0moooDoD Y ki/mol™
gboboooooooboob robobobooboobooboobo
gboboobobobbeoim21ooobooooono
gbobobobobobooboobooobobobobo
gooo

0 Qr=0Q1 / (F/ 3600)0 I

=-3.73% 1020 Q0 I (k3/h) 02100

522. 0000000 Qp
goobooboobobooobobooboobobooboo

0ol



ggbogobooboobbooboo

goooooooboooboobobobbbbbobobonooooo
000000000 LIOOD00ODO0OODOO0O0O00Oon
x10%cm¥/sO000000° 0 0000000000000
goooboboooooooboobooboooooobobooo
gooooboboooooooboooooooooobobooo
gbobooboooooboboboboobooog
gbobobobobooboobobobg RO ooO
ooboobboRrRyUOOOOOOObOOUODLOODbOODOO
obobobooooobobOobRrRUDLDDOODOO RO O
o2z2goooooooobooooooooooooon
Udd ouwilbOooono nibomM23mooooon
U000000 RweD ReOODODOO 14O 100000
gboboboom2A4mom2sMoooooooog

O Rpd = Red - Re 0 2201
0 Qpd = 14200 Rpdd WO = 3.6007 1420 Rpdd kI/hD 0 230
O Rpe = Rec - Re 0 240
[0 Qpc = 1200 Rpé) W= 3.6000 1200 Rpf1 kI/hD [ 25011

goooooooooboobobbobbbboooooooo

000000 Qwd Q,000000000000000
022M 00240 0000000000000000000
00000000000000000000000000

523.00000000000000 @

ggobobooboooboooboboobobooobooo
gobobomz2zn24M0gooooooooooooon
gogbboobbooobboobbooboboooobo
obobobooooobgobobo 522 0000000
ooooooobooboooooboooobooooboooon o
obobob pooobomzedbOobooooooonog
oo 0 0000000 R ReeOOODODODO

—_
(6]

o
o

Internal resistance ratio
—

0 20 40 60 80 100
DOD (%)

Fig.6 Relationship between DOD and internal
resistance ratio

gooboomz2rmooooon
0Q;j 0 120 Refd WO I 3.600 14°[J Redd kI/hD 0 26[1

0 Q0 IP0RLIWOO 3.6000 IP0 RefI kKI/hO 0 27[11

gboboboobooooooooooooooooon
gbobodRrRUObObOODOObOODODbDOODODOO
gboooooooooboboboboboboooboooo
gobooooboooboobobooboboobobooo
0000000000000 000D0RwO Figem oo
gooboopobobooboboobpobdooooboon
gboboboboooDpobsoboboooooognion
god

OO0 Fig7 OOO0O0O0OLOODOOOODOOOOODO
O0OPC/DMC/LiPFe0 00 C0000DOOOOOODODOO
gboooooooobooboboboboboboooboooo
gooooboooood

524.00000000
QooooooobooOoobooom@oooon
goobooooooonog e Um28mooonogon

0Qc0 Qr+ Qpe+ Q0 -3.73 x 1020Q40 I,
0000 +3.600 120 Rpe + 3.600 1200 Rec
00 -3.73 x 1020 Q10lc + 3.6000 120 R kI/hO 0 28[11

@ooooooobooooboboooogooooooo
000 gUM20000000

0Qal Qr+ Qpag+ Qi 3.73x1020 Q11 Iy
0000+ 3.600 120 Rpd + 3.6000 120] Req
00 3.73 x 1020 Q10lg + 3.6000 170 Refd kI/hO 0 29[

525.000000000000000000OO
2829 0dopooOouoooooOogooon
gboobooooooobooboom2sooooooon

25

20

15 |

10 |

Electric conductivity (m-s/cm)

0 L L L L
0 10 20 30 40 50

Battery temp. (°C)

Fig.7 Battery temperature dependence on electric
conductivity of 1.0M-PC/DMC/LiPF electrolyte

gorno



HONDA R&D Technical Review

Vol.12 No.1 (April 2000)

gboboobobooobooobooooboobobobono
goobobom2oooobooooooobooooog
OO00DOoOO00o0ooOOD Fig8 OODDO
gooobooooooooboooobe:000nonnb R
0 DOD OOoobbooobobooobboooboo
pDoD500 00 0000000000000 0 Q:0 9.39kJ/
molDO0OD0O ROOOOODOOODOOOODOOOO
EvOO 10 20Q0UHEVOO 30 50Q000000O
obob evOOOO 120Q0HEV O0OODO 40Q0
ogboboboobooooobooooboobobobuoono
OO000o0o0 Fig9 OODODO
0000o000ooo0oooooOoevOO LiOODOO
obobob vog soADODOODOOobOobooooog
gbobobobooboooooooboobobobono

3.60 N /dZ ° th

3.60-1,2-R,

Heat value (kJ/h)

| — >+

¥
3.73x102-Q, - Iy

-3.73x102-Q; - I,
charge region  discharge region
Fig.8 Heat income and outgo model of Li-ion

batteries during charge and discharge
process

100

A O
o O O

20

Heat value: Q (KJ/h)

-100 : '
0 50 100 150

I : Current (A)

e [1 Reaction heat value at discharge process
o [0 Reaction heat value at charge process

0 O Jule heat value of Li-ion batteries for EV
0 O Jule heat value of Li-ion batteries for HEV

Fig.9 Relationship between current and heat value

U o OoboobobobooboobobooooDbo
gooobobooooooooboboooooooboooooo
oO000oOo0o0oooOoO0oO0evOD LiOoOooooOoooOvo
gsACl0D00OD00ODOODbObOOobOooboOoboobouoDo
gboboboboboboooobooobobobobo
gboooooooouoboobobo
OO0OHEVOOOODODOOOD LiOOOOOOO0ODO
U000 EevOoOODODOOO0OOOOO0ODOO200 30A0
gboboboboboooboooooooboboboDbo
ooobooooobobo2A00d0DO0OOOOOOODO
O000O0OHEVO LIiDOOOODOOODOOOOODO
gboooooooobooboobobob

oo uooo

oo gogoobooooogooon
O0000O000DOCOO0O0DOOFgOO0OOOOOODO
gboobooooowibhomomooooooooooo
goooboboooooobobmzsooooooooog
M2 oooooooobobo

O 1 ={Ee - (E& - 40 ROW)2}/ 20 Ry 0 3000

goom3imooboooooooooobooooooboce
Ok/KMOODOODOOOODODDODOOOoOooooood
ATODODO0O0O00DOOOOOOODOODOOOObOOCO
3 kKD OODOODOUOOOFgMODODODOODDO2500
gbooooooobooboboobooooor,0oobobo
gbooboooooooboobobob

OAT=0QvC-THK/hO 031

O0000O000D00OO0OOFg1200000000OEVO
80AND D LIDO0DOOO0DODOO0ODDOO0ODDOO0ODOO
gboboboboboboooobooobobobobo
gbobooboboogooobobronobboobooooonoo

200

100 ||

-100

Specific power (W/kg)
o

_200 1 1 1 1
0 1000 2000 3000 4000
Time (sec)

Fig.10 Vehicle test mode

gosh



ggbogobooboobbooboo

—_
o

(oo}
T

Radiation heat: Tr (K/h)

0 1 1 1 1
295 300 305 310 315 320
Battery temp. (K)

Fig.11 Correlation between battery temperature
and radiation heat with an adiabatic state

obobooboboooooboooobooboboboono
oooooooooooooooboRrODODSOODOOO
00000000000 0ODOFig6000000OODODO
ooooboooooooboooopobbOooooooooo
gbooooobpobbobgoobooooooooooboong
gboboboboobooooooobooboboboonoo
oboboobooooobgooo
gboboboooboooooboobooobooobooban
gbooboboooboboouobooouobooevonOO
goLOOOoOoO0oO0ooOoOooooooooooooooo
OO0HEVOODOODODOODOOoOOOooooDoo

googd

0000000000000000000000000
0000000000000000000000
00MO000000000:Q000000:Q,0000
00:Q000000000Q0 3.73x1020Q:0/0 Qp
0 3.600R,0P0 Q0 3600R0PODOOODOD
0D0MO0O00 LiCo0, 000000000 OODOOOO
O000OD0OO0OEVOD 80AhD DD LiDDOD0OO
00000 700 80ADDCOOODOOOOOOODOO
000000000000000000000000
0000Q.0000000000
00MOo0000000000000000000000
000000000000000000000000
000000000000 000000000000
000000000
O0MO000000OEVOOOOOO HEVOOOOOO
0000LOD00000D000000OOO0o0ooo
00000000

40

W
o

Simulation

o
< 30
3
© 25
> Experiment
220 |
©
m

10 |

0 50 100
DOD (%)

Fig.12 Comparison of experimented heat value
with simulation data

ggoggo

OO000O0O000O0O0o0o0oDOoOo0oDbOoOoLboOoOoDo
gobbooobooobooboboobboobboon
gooo0oO0LOoOooOoOoOoboooOoOoboooooog
gboboboboooboob Hevooooo evoono
gooboboboooooooooboobobobo

gogd

AGO 00D0ODO0OOOOOOOO
AHO 000000000000
ASD 0000000
E.0 00000000
OT0 0000
O KO 00000000
RO O0OODO
AD 0000
FO 0000000
cO 00000
wo 0ooo
7,0 00000
o0 OO
oo o0 00000
00 0Q0 00000
o0 00000
o0 00OoOoO
ooo QO 00000
o0 0D0O00O
Qo0 0OOOO
1.0 000000

0oon



HONDA R&D Technical Review

Vol.12 No.1 (April 2000)

1,0

R

Ry

R

g 0 RO
Rpc

RpdU]

gooooo
goooo
gboboooo
oooboooo
gooo
oooboooo
gboboooo

ugd RO ODOOO

googd

godjoobooboboobboooooooooooa
0000000000000 0OVol.8, p.129-1381 199601

goojoobooobboboooobooooooooooa
000000000 OHONDAR&D Techincal Review,
Vol.10, p.32-40 199801

00oooo0oooooooooooooooooooog
J000000oooo0oooooooooon , 199,
p.45-49

0 O OChusid, O., Ein-Eli, Y., Aurbach, D., Babai, M. and
Carmeli, Y.: J.Power Source, Vol.43, p.47 (1993)

0O O DAurbach, D., Ein-Eli, Y. Chusid, O., Carmeli, Y., Babai,
M. and Yamin, H.: J.Electrochem.Soc., Vol.141, p.603
(1994)

0 O OEin-Eli, Y. Markovsky, B., Aurbach, D., Carmeli, Y.,
Yamin, H. and Luski, S.: Electrochim. Acta, Vol.39, p.2559
(1994)

0 O DAurbach, D., Ein-Eli, Y., Markovsky, B., Zaban, A., Luski,
S. Carmeil, Y. and Yamin, H.: J.Electrochem.Soc., Vol.142,
p.2882 (1995)

0 O OAurbach, D. and Ein-Eli, Y.: J.Electrochem.Soc., Vol.142,
p.1746 (1995)

0 O OEin-Eli, Y., Thomas, S., Chadha, R., Blakley, T. and Koch,
V.: J.Electrochem.Soc., Vol.144, p.823 (1997)

gloooooooooonoooooooooooo ogg
0o0bo0oooOooDbOOn99e, p.13

e 000m

ogogao

0 1000





