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0. About Us

= Science Solutions Dlvision ,
Mizuho Information and Research Institute Inc.

eComputer Aided Engineering consultation in wide fields over 30 years

- fluid dynamics - structural analysis - energy technology - fuel cells
- electronics - nano-technology - biomolecular simulations

eUse of OpenFOAM for 3 years

- aero dynamics around venhicles
* VOF simulations

» gas diffusion / mixing

- ...elc
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1. Introduction

= Objective: modeling of Lithium ion Cell in OpenFOAM

K.-J. Lee*, G.-H. Kim, K. Smith

NREL/PR-5400-49795

e Due to large energy content, Lithium ion cells are used in many products

e Heat management is very important for safety issues

under abused conditions, thermal run-away takes place

abuse

over-charging )

neil penetration

‘ crush \ ‘ short \

Lithium plating

decomposition

nternal short

excessive reaction

—| |

smoke
leak

flame
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1. Introduction

= structure and modeling approaches of Lithium-ion cell

e Cell level

electrolyte

separator

- macro scale
- current and heat distributions
( + electrochemistry)

* continuum approximation

E. C. Darcy, NREL/PR-540-45388
G.-H. Kim and K. Smith, NREL/PR—540—46076)

(" )

e Nano level
e Electrode level

* micro-to-nano scale

* molecular dynamics

or

- mili-to-micro scale

nt

JM CUITE

- electrochemical

Copper current ¢

Aumnid

reactions

* continuum approximation

K.-J. Lee*, G.-H. Kim, K. Smith

B. Scrosati, Nature Nanotechnology 2, 598 - 599 (2007) )

NREL/P R-5400-49795)
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1. Introduction

= structure and modeling of Lithium-ion cell
e Cell level

separator

* macro scale
- current and heat distributions

[ —

(+ eletttoshenistry)

—

* continuum approximation

E. C. Darcy, NREL/PR-540-45388
G.-H. Kim and K. Smith, NREL/PR-540-46076

4 ) 4 )
¢ Electrode level & . . * Nano level
-J- e - micro-to-nano scale
y = * molecular dynamics
* mili-to-micro scale ; C L.
- electrochemical : (_ L<—
reactions ) x = | !
- continuum approximation 7 v r—
\ B. Scrosati, Nature Nanotechnology 2, 598 - 599 (2007) \ MAISLIRRE DL IS
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2. Cell-level (macro) Modeling of Lithium-ion Cell

= macroscopic modeling

(

\_

N
electrodes and electrolytes, (continuum)
electrochemical reactions resistors and capacitors
a3
Bruno Scrosati, Nature Nanotechnology 2, 598 - 599 (2007) E AV i
- only electric potential V and temperature I’ are solved
- electrochemical reactions are not considered iy
o . . S 55 5¢
* in this model, cell (capacitor) has zero-thickness
* capacitor has surface resistivity 32— Evstom
. . - Capacity(mAh)
cell characteristics are represented by AV (7, () .S Kim. 5.5, 6.8 Kim.
J.Power.Sources 180 (2008) 909-916
iInput data ”
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2. Cell-level (macro) Modeling of Lithium-ion Cell

= macroscopic modeling

[

\_

~
electrodes and electrolytes, (continuum)
electrochemical reactions resistors and capacitors
a3
mesh
Bruno Scrosati, Nature Nanotechnology 2, 598 - 599 (2007) C e”_ su rf ace B - C -
- only electric potential V and temperature I’ are solved
- electrochemical reactions are not considered e
. . . . % 3.6 5C
* in this model, cell (capacitor) has zero-thickness g
* capacitor has surface resistivity S I
. . - Capacity(mAh)
cell characteristics are represented by AV (7, () .S Kim. 5.5, 6.8 Kim.
J.Power.Sources 180 (2008) 909-916
iInput data ”
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2. Cell-level (macro) Modeling of Lithium-ion Cell

= Basic procedure

G.-H. Kim and K. Smith,
NREL/PR-540-46076

- Laplace equation is solved with “cell-surface” boundary conditions
AcV) =0

- Current distribution is determined by j = ocVV

- Update charge on “Cell-surface” by AQ = j - nAt time loop

- Heat diffusion equation is solved with Joule heating

dT
pep—r = DET) + o[V
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2. Cell-level (macro) Modeling of Lithium-ion Cell

= implementation of “Cell-surface” boundary condition

- basically, capacitor gives “jump” of electric potential AV (j, Q) J

» jumpCyclic boundary condition with AV(]'7 Q) ?

e following explicit scheme does not work!

AV(j", QM) — 2 =0 | e
jmtl = oVV -n
>
n :time step Q" = Q"+ LAY

- in real cells, function AV (7, Q) is non-linear,

determined by experiments or electrochemical simulations

» solution deviates from given AV (j, Q) curve in a few time-steps
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2. Cell-level (macro) Modeling of Lithium-ion Cell

eiterative scheme Vb Vinb
con.tlln.wty: ].p = -_]n =] o /[A/m? cell p s cell n
definition of jump: P[0 m?] v, V.
Voo = Ve + AV (4, Q) + j7s — le—
. . Jp ]n
surface resistivity Op On
- solve 7 and (Q implicitly, simultaneously with V/ <—>5 <—>5
p n
e
St =& Vit = Vit — AVUEEL Qi) - | +AV

\a‘

invert AV 8AV
— jzif:ﬂ[V?;il— AV z+1>+( +—At> j;?“]

P 07 dq
matrix coefficients extra source terms
—gradientinternalCoeffs, gradientBoundaryCoeffs, updatelnterfaceMatrix, TpOm .
based on cyclicFvPatchField 5= _ pdn 8= o
=+ 146 (25 + 22V At + 7
. . . dp On 5
- introduce sub-cycle k with under-relaxation ( or v )
ynoan on — pyntl andl ontl O o
) J 7@ — V¥ » JO y () Z|an_,_1 —an | < €
relax n+1 .n+1 ~n+1 relax n+l n+1 n+1 _ y/n+l n+l n+l
""" S Vk yJEe Wi _)Vlﬁ—l 7]k+17Qk+1 =V yJ , Q)
convergence
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2. Cell-level (macro) Modeling of Lithium-ion Cell

= heat transfer with surface heating at cell Tyt Db
continuity: JHs + JHp + JHR =0 cell p cell n
surface heating: JHs :j2rs 1y . ' 1
k, JHp JHn k.
: 519 . 577,
ecvaluation of thermal current THs

. - | On .
]Hp:k Tp_Tn_k_nsz}
1 n
. 7 [ 5p .
]Hn:k Tn_Tp_k_]Hs
! D
matrix coefficients extra source terms
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2. Cell-level (macro) Modeling of Lithium-ion Cell

= modeling internal short circuit Vpb| ‘an
oif internal short circuit takes place, cell p T | cell n
current can flow freely through cell-surface v, v,
— «—
o, Jp Jn o,
short circuit can be modeled by ‘—’(
519 577,

simply “turning-off” potential jump

';
X

eat the short circuit, large current is required
to compensate potential jump ;
o AV AV
ecell surface resistivity 7 * T ] T "
» highly concentrated Joule heating - \\ -
from short current

grs ~ AV
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3. Basic validations

msimple capacitor

o = 2[A/Vm] 0.2[m] x 0.1jm] x 0.1m]

o= 1[A/Vm]
40 x 20 x 20 cells

oV
the other B.C.: zeroGradient

1V L

/

e total charge

0.01 g

e
calculated

0.009 F .
analytic

0.008 F
0.007 §
0.006 F
0.005 F .
0.004 ¢
0.003 F Y
0.002 F .
0.001

charge [C]

/ \
1V oA — : pi
10Q 10Q 10F\ 5Q
Vi Vs

0 i EEEETE TSR IR TE TS PN TN

time [sec]

e analytically, e total current

0.04 ¢

0 0.5 1 1.5 2

[ =0.0de 0
O = 0.01 (1 _ e—ﬁ)

Vi=1—0.4e 02

0.035 | analytic
0.03 — .
0.025 " .
0.02 - -
0.015 3 <
0.01
0.005 3

current [A]

Vo = 0.2¢ 025

0 Es aaaa el o s s L s

time [sec]

0 0.5 1 1.5 2

e input discharge curve

0.8

0.6

AV [V]

0.4

0.2

........ PR T AR R L L L.
discharge curve

02 04 06 _08
charge density [C/m°]

e potential 1]

1 ‘grr

095 F
09 F
0.85 F
08 F
0.75 F
0.7 F
065 F
0.6 F
0.55

potential [V]

calculated
analytic

TS P T TR TE P T T T

e potential V-

0.2

A4 sl l

0.5 1 1.5 2
time [sec]

0.18 b
0.16 F
0.14 f
0.12 F \
01 F
0.08
0.06 F
0.04 |
0.02

0

potential [V]

T T T T T T T T T T T T T T YTY

T
calculated
analytic

PN T TR NP T [T

0.5 1 1.5 2
time [sec]
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3. Basic validations

=1-layer flat cell

o = 10°[A/Vm?]

4.2V oV
o =2 x 10°[A/Vm?

3.0V Ry = 1074[Q)]

(2000sec) q = 3.6 x 10°[C/m?]

total: 10[Ah]

o Voo — Vip — Jrs.vs. AV (4,Q)

4.2 prrrrrrrr - ey E

calculated AV at cell F 3

4 £ input AV for calculated (j, Q) 3

38 F 3

> 36F s E

< 3 3

3 EA FTss | A Jiipnytig g pligvig.saitg Jsgrgrgiegiiyiie pivg A':‘
3e+06 3.2e+06 3.4e+06 3.6e+0¢

charage density [C/m*“]

input discharge curve is followed correctly!

charge [C]

e input discharge curve

AV V]

5 T T T T
of A
3
2 0 [A/m’] discharge 7
40 [A/m7] discharge 3
80 [A/m]] discharge
160 [A/m7| discharge
200 [A/m? | discharge ]
1 240 [A/m?) discharge -
280 [A/m’] discharge ]
320 [A/m; | discharge
360 |A/m7| discharge
400 [A/m®] discharge
O A Ad aaad ol e . PR A | A | iy L
500000 1e+06 1.5e+06 2e+06 _ 2.5e+06 Je+06 3.5e+06

e total charge

36000

35000

34000

33000

32000

31000

30000

charqe density [C m‘]]

*imaginary cell: this discharge curve was artificially
produced for test calculation, mimicking real cell

discharge curve

M AAAMAAAL MAAMALLS!

nnnnnnnnn

! I

vvvvv

e
total charge ] 29

2.4
2.6
-2.8

1
current [A)
w

-3.4
-3.6
-3.8

500

1000
time [sec]

e total current

-32 F

vvvvvvvv | SR L S Sn Oy SRAL L B0 N SL L SN SR ELEL S S0 2N S0

| ]
total current

500 1000 1500 2000
time [sec]
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3. Basic validations

=1-layer flat cell (broken cell) e1[mm] x 1[mm] short circuit at center of cell

. 5 discharge curve: q
o = 10’[A/Vm?~| -
same as previous result 3e+b6 3e+b6 3e+b6 3e+b
e | | _
4.2V oV 3300000 3348270
_ 5 2
l o =2 x 10°[A/Vm?]
—4
3.0V. R, = 1074[Q]
(2000sec)
. ] Foend S
® Vob — an — JT's.VS. AV(Q, Q) T
3.46
4.2 prr——————— mpemrem ey I 5
- calculated AV at cell - ol
4 | inputAV for calculated (j, Q) " - e total charge e total current
3.8 - - SE000. Frrrrrr T TS 380 prrrrrrrr S S S—— .
(_,‘ total charge 3 total current -
=5 | ] 34000 — _ e ] _
< 34 3 1 =2 as00mf { = 5
; o ; { § 320F 3
32 F - & 32000 F { £ f
30000 280 F
2.8: ......... Jigairg gl gvigiesing | IR A A ] -
29000 .......... | PR R e | TR R | TR 260 .......... | TR | TR | P TR EYL
3e+06 3.2e+06 3-49*’86 3.6e+0¢ 0 500 1000 1500 2000 0 500 1000 1500 2000
charqge density [C/m~] time [sec] time [sec]

input discharge curve is followed correctly! short current
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3. Basic validations

=1-layer flat cell with fixed current e test 1: growth of total heat / C,Td
|4

= 1[A/Vm] = 1[A/Vm] all boundary for T : adiabatic (zeroGradient)
1200 prrrrreee IR N .
o~ | ~ total heat W] —— :
§ 100 4 «— 1020
/ k _ 100 W/mK] é :ZZ in ] SeC
(fixedGradient) R, = 103 é 4002
k= 80[W /mK] £
C, = 500[J /m*K] s 7
° O 0.2 0.4 0.6 0.8 1
time [sec]
A , e test 2: temperature distribution on z-axis
—AW— W\ |_'W\:77 min(z), max(x) boundary for T: 300K fixed

100 10°Q  10Q . . .
the other boundaries for T : adiabatic (zeroGradient)

360 prrrrrrm R RS :
| temperature 3
350 E

£ a0 | i same linear distribution

v 2 a0 _ for different
£ 320 | E .
: & 1 xvolume Joule heating
1020W heating 310 ¢ i is turned-off

300 é é
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4. Demonstration Results of Cell-level simulations

swrinkled cell

_—

anode (0V) ~~
cathode (fixed 0.8A

e

<« *° initial condition
| 100% charged (about 8Ah)
q = 3.6 x 10°[C/m?]

e diameter: 11.5mm

e length: 40mm

e layer thickness: 500um
e 10.5 rolled

e 420,000cell (hexahedra)

e red B.C.: cell surface
V :cellmodel R, = 10[m]
T : surface heating

e blue B.C.: insulation

V :zeroGradient
T : heat exchange

e the other B.C. for T

heat transfer with h = 5[W/m? - K]

| Toxt = 300[K]
e materials

cathode anode
o[A/m-V]| 59x10° | 3.74 x 10°

k[W/m - K] 0.4 0.3

pcy[J/m?] | 1.35 x 10° 1.0 x 10°

% assumption: 10% thickness of corrector metal (Cu and Al)
other material is polymer
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4. Demonstration Results of Cell-level simulations

swrinkled (no internal short, 0.8A discharge)
600 [sec] 3600 [sec] 7200 [sec]

V (camogce) (Camogce) V (camoge)
078253 716571 513076
3.7165 3513
V 4.078 3.71625 351275
§3.7 §125
(cathode) B i
3.71575 351225
40772 3.7155 3512
4.076954 3.715272 350777
1 q
iﬁl 662 is??OCJZ
=3 5o+
2
q[C/m ] ssto
3 54e+
87e
3 Sde+s
a538778 2870747
. . .

| |
s 301 ~ a0
T [K]
30! 301
301 301
a0 301
300 69 300 69
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4. Demonstration Results of Cell-level simulations

= wrinkled (with internal short, 0.8A discharge. % visualized slice includes short)

E6e+6

—3e+b

E2e+é
E le+é6

0

internal short circuit
- short circuit region bounding box:

(-0.52.04.0) (0.54.05.0) [mm]
- 4 layers (in this case, insulation remains safe)
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4. Demonstration of Cell-level simulations
= wrinkled (with internal short, 0.8A discharge. % visualized slice includes short)
7200 [sec]

3600 [sec]

i A02438

600 [sec]

‘ 035622
' 3.40225
3,402
3.40175

|341015

V 4.0355
403525
(cathode) faoss
 4.03475
4.0345 3.40125
4.034431 340123
ar— " _‘:. an P a—
|'r - -“ "r - g |‘| "‘
2 | { |I | 352044 | {7 ! ' ' { | 2708
| \ ,: | | | \ ,: | \ J
q I I l [ | 162008 | !
" J ! \ ' 3 s A
/ l.".:‘o-'.- I I
152325 2704900

15 142 51
800 l
700
/00 &00
= o0
TIK f oo
S0
500
l 400 l 400 ' 20
306 68 522.79
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4. Demonstration of Cell-level simulations

= discharge curve

4.2

41 E

cathode potantial [V]

33 E

3.9 |
38 |
37 F
36 F
3.5 |
34 F

ETT T o NN [T e I 3
3 without short-circuit, Rs=10mQ /
E ‘with short-circuit, Rs=10mQ E

SOC (Q/Q, 5,

cathode potential loss
1 by short circuit
0.75 0.8 0.85 0.9 0.95 1

e IV and 4 distribution is insignificant, because of high o

e ( difference around short circuit is small due to high R,

(potential difference is compensated by short current)

o x 1071
7200 [secC]

Ry = 1071 [mQ)]
3600 [sec]

[11]]
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5. Summary and Future work

e cell-level model of Lithium-ion cell is implemented
- works well in basic tests
e several parameter studies can be done
- charge balance, temperature distribution, discharge curve, etc

e comparison with experiments is important

(however, our company can not do experiments by ourselves)

e more realistic and complicated configurations (full unit simulation)

E. C. Darcy, NREL/PR-540-45388
- robustness and good convergence are necessary, and to be tested o

e model improvement
- material properties (anisotropic electric or thermal conductivity)

- reaction heat

- temperature dependence » bidirectional coupling (V=T to Ve T)

e electrochemical modeling (now beyond our scope)

e [support of internal boundary conditions in OpenFOAM is desirable]
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