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Liu et al., J. Echem Soc. (2010)
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* Semi-empirical battery lifetime
models are generally suitable for

" Cell B, 90% DOD, C/2, 60°C

system design & control "
o Long-term validation still needed ffffffffff ffffffffff ffffffffff fffffffff ~
o Standardization would benefit industry i< ********* ********** """"" """"" ’
o Characterization requires expensive cell ********** S """"" ’

aging experiments T N

* Physics lifetime models are needed
to reduce test time as well as guide  17e2
future cell design MoMD 1 el

. _ Models e
o Open questions remain how best to B
model electrochemo-thermo-

mechanical processes across length- and
time-scales
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NREL Electrochemical/Thermal/Life Models

Multi-Scale
Multi-Domain
(MSMD) model

e Inter-domain
coupling of field
variables, source
terms

« Efficient, flexible
framework for
physics expansion

 Leading approach
for large-cell
computer-aided
engineering models
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Kim et al. (2011) “Multi-Domain Modeling of Lithium-lon Batteries Encompassing Multi-Physics in Varied

Length Scales”, J. of Electrochemistry, Vol. 158, No. 8, pp. A955-A969
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NREL Electrochemical/Thermal/Life Models

Life-predictive model

) Calendar fade qulingfagle
* Physics-based surrogate - Lossof cycable thkum | | dogredationand
models tuned to aging test data o b HADODTVe) |+ an as fADOD TV 1)
* Implemented in system design Relative B — o +g . o
: : Resist R a;tz + a,N
studies & real-time control esistance g :
. j Relati e ;
Regrejsspn to NCA, FeP, NMC Relatve Q= min (Qy;, Qujes)
chemistries :

NCA = Nickel-Cobalt-Aluminum _. :
FeP = Iron Phosphate Q=by+bytz+ Qqites = Co * Co N + .
NMC = Nickel-Manganese-Cobalt

llustration by Josh
Bauer, , NREL
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Outline

> * Background — Li-ion Batteries
o Working principles

o Electrochemical window

o Degradation mechanisms

* Life Predictive Modeling

e Automotive Life Studies & Control
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Working Principles

Neg. Electrode Pos. Electrode

Graphite /V\ LiXO,,

Hard carbon \__/ X = NiMnCo

Silicon Co

Titanate NiCoAl

Li foil LiMn,0,,
LiFePO,
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Electrochemical Operating Window
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Electrochemical Window — Degradation

Figure credit: llan Gur (ARPA-E) & Veenkat Srinivasan (LBNL) 2007 Electr:jlyte
Oxidation T

Electrolyte Reduction
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: (Stress/Cracking) =
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(Kinetically limited)

Potential vs. Li (V)
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Negative Electrode Degradation (Graphite)

1) I\/Ianufacturmg Graphene Iaye . 2“} Graphite exfoliation, cracking
g ~o (gas formation, solvent co-intercalation)

[JC}

environment
Electrolyte decomposition

and SEI formation Negative/

Donor solvent electrolyte
interactions

2) Application
environment
i) graceful fade
(time at high T,SOC)

SEl conversion,
Cﬁ stabilization and growth

o *=g SEl dissolution, precipitation
o

) . .. .
o J© positive/negative interactions
DMr‘:"‘D

oo

i) sudden fade/
damage
(cycling at low T)

Lithium plating and

g% Cg) subsequent corrosion

Figure credit: Vetter et al., Journal Power Sources, 2005
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Positive Electrode Degradation (Metal Oxide)

binder

oxidation gas evolution

of conductive
particles

D

Positive/electrolyte
interactions

corrosion
of current structural &
collector disordering surface layer

Positive/negative
interactions

formation

conductive particles

re-precipitation of ~ Migration of
new phases soluble species

Figure credit: Vetter et al., Journal Power Sources, 2005

X. Xiao et al., Echem
Comm., 32 (2013) 31-34.
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Mechanical Coupled Stress & Degradation

 Least understood
amongst ECTM
physics

Cell I >
External o | AGITT I
forces
Packaging
id — -
0 - |
Thermal
mismatch <
strains
P bas
Electrode I “_‘

Particle I

.l

24- h Winding tension

Binder &
separator
swelling upon
filling with
electrolyte

Intercalation
strains

Morphology

Inhomogeneity

Figure credit: Santhanagopalan, Smith, et al., Artech House (in press)
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Mechanical Coupled Stress & Degradation

Normalized Capacity

e Exampl

xamples

|
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24- h Winding tension
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External Y =T
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Electrode
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Particle

Morphology
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Inhomogeneity

Figure credit: Santhanagopalan, Smith, et al., Artech House (in press)
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Outline

 Background — Li-ion Batteries

> ¢ Life Predictive Modeling

o Physics-based

o Semi-empirical

e Automotive Life Studies & Control




Degradation Mechanism vs. Length Scale

Electrode scale
» Electrode creep,

. delamination,
Particle scale Cell scale

*  SEl p-cracking . iécsce)lpa;:;?m pore - 3D elec, thermal
* Fracture, damage closure mech. inhomogeneities
of transport paths . o Tab effects
. : « Pore clogging
Chemistry - Phase evolution, - Stack/wind Module scale
« SEl growth voltage droop « Thermal &
e Liplati
I plating mechanical

« Electrolyte
decomposition
» Gas generation

boundary conditions

10-10 108 106 104 102 100
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Macro-scale Stress Model A

* Stress/strain due to thermal Behrou, Maute, Smith, ECS Mtg. (2014)
and electrode bulk

42
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Micro-scale Stress/Degradation Model m

Damage
evolution

An, Barai, Smith, Mukherjee, JES 2014

Performance impact

* 40°C With Fracture
2C, h=5W/ mzK +40°C Without Fracture
X 20°C With Fracture
[020°C Without Fracture
+ 0°C With Fracture

4.1 b
3.9 [t

s A 0°C Without Fracture
o

237 ¢ =-20°C With Fracture
g 12 g’n &2 -20°C Without Fracture
é 10 % 3.5 & :
s > XE-
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U o
|
5 3.1 .
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§ 2 2.9
i
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NREL Life Predictive Model

NCA

Calendar fade Cycling fade
« SEI growth * Active material structure
* Loss of cyclable lithium degradation and
» Coupled with cycling mechanical fracture
*a,, b, =f(ADOD,T\V,...) * a,, ¢, = f(ADOD, T,V ,...)
Relative — ya
. = a,tz + a,N
Resistance 1 2
Relative ‘

Capacity

Q = min ( Q; , Q;s,i:ces )

4
>
*
4
*

Q_=by+bitz+... Qgites = Co + Co N + ...

Kl
aZ, 3.6V {cycle™)

g
@

24} < NCA
22} 2= "//
g, 0942 .
3 -
318 e &
L
% 161
= [m]
e 141
1.2} ‘" Wiodel - 1 cyc./day cases |
e — — Model - 4 cyc./day cases

0 200 400 600 800 1000 1200
Time (Days)

A Arrhenius-Tafel-Wohler model
'°"rdescribing a,(ADOD,T, V) I

10 \
1075 L <  4.0EoCV,0.17 ADoD, 1 cyciday | |
O 4.0 EoCV,0.34 aADoD, 1 cyclday

=7 4.0EoCV, 051 aDoD, 1 cyciday
+ 4.0 EoCV,088 aDoD, 1 cyciday
10°L + 4.0EoCV,0.34 ADoD, 1 cyciday | |
0 3.9EoCV,0.30 ADoD, 4 cyclday

= 4.0EoCV,0.34 ADoD, 4 cyciday
* 4.1 EoCV, 0.38 ADoD, 4 cyclday

T
10
10" 10"
ADoD ()

*Data: J.C. Hall, IECEC, 2006.

e Correct separation of calendar vs. cycling degradation for

extrapolation of /; year testing to 10+ year life

* Extensible to untested drive cycles, environments (state form)
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Knee in Fade Critical for Predicting End of Life

100 : : : : : :
Example simulatico)n: 50% DOD:
95 1: cycle:/day a:t 25 C: ----- 1 Graceful fade
' i ' ' controlled by
2 90N R e T S S S 4 Liloss ~ {172
2 s
© | |
B 85| NG 50% ADOD oo | 80% DOD:
i | Transitions to
: | | | ; ; electrode site loss,
e e DG N ~ 2300 cycles
NCA i ! : ! T
75 | |

| | | | | L e
0 500 1000 1500 2000 2500 3000 3500 4000
| |

Time (Days) '

Life over-predicted by 25% without accounting for
transition from Li loss (~chemical) to site loss
(~mechanical)
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Electrode Site Loss — Cell Aging Data

» Graphite/iron-phosphate meta-dataset from multiple labs

1 \
FeP
09fl
=08
3
£ 07p S
a
06l —+—T=-20°C
——T =0°C
—+— 15°C =T < 35°C
-or T —+—T=45C
] ] 1 1 ] ] —_— — =
0 200 400 500 500 1000 1200 T=60C

Days
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Electrode Site Loss — Cell Aging Data

» Graphite/iron-phosphate meta-dataset from multiple labs
« 13 of 50+ test conditions show apparent “knee” in capacity
fade curve

\hiA-J PL2:

085k \ HEL Labs. -
=
5 RLL ~
T (8F *HRLLa e .
L]
i
Lk
=
w 0.75F .
o 5%,0.3C/0.5C 45°C
o HRL Labs: 73%,0.5C/0.5C[45°C
0.7+ NASA-IPL: 100%,3C/3C,23°C T = 20°C
45%,0.5C/0.5C 60°C T = 0C
0.65 F . —+—15°C =T = 35°C
—_—— —_ o
Delacourt: 100%,1C/1C 45°C T=45C
U_E 1 1 1 1 1 1 1 —— — o
0 100 200 300 400 500 600 700 800 T=60C

Days
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Electrode Site Loss Model (graphite/iron phosphate)
q — min(qu- ’qsites)°
qLi — bO +bltz +b2N qsites — CO +C2N

. _ Etllainder _ E‘ilntercal. 1 e pulse
C, = cz,ref{ exp( - ( 7 ))[m1 DOD +m, AT] + my exp( R (7_ T ,mt,ef I\/ otveres

accelerated ~ bulk bulk intercalation gradient strain, accelerated
polymer failure at intercalation thermal by low temperature
high T strain strain
T T T T T
R%adj = 0.9542
0GF RMSE=137% -
it Ne “HRL Labs: 82%,5.5C/1.8C,FC
0.85F iM% TN -
| | HRL Labs: 52% 9,[1?5 LEC 6C .
| yeHRL kabs: 8206, 0750 BIFE .
Z o8] Nahsrlisusono des, DN {  Model successfully
||-|RLL ?3%910{1 T . .
3 | ?'f \ | SN describes 13 aging
Qorsr || Delacolyt 95%'11 50 A5C O s . o
2 \ o HRL ths 3%,0.5C/0.5C 4FC *™.HRL Labs: 9%,0.5C/0.5C,6FC conditions from 0°C
© THRL La\;s 7305050600, S o
& 07 L\ MNASA-JPL: 100%,3C/3C,2%C . = to 60°C
{HRL Labs: 45%0.50(0. 5&5{%
0.651 ' HRL Labs: 18%,0.50/0.5¢,6°C |
» Delacourt: 100%, 1C/HC.A5C
06 FeP .
G_EE | | | | |
0 2000 4000 6000 a000 10000 12000

N (cycles)
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Outline

 Background — Li-ion Batteries

 Life Predictive Modeling

> ¢ Automotive Life Studies & Control

o Temperature (xEV)
o Charge control (xEV / grid)
o Prognostic/duty-cycle control (XxEV)
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Ambient Effects on Battery Average Temperature

- BEV75 - PHEV35
o Passive cooling S Chilled liquid cooling
9 —
e 25 9_" 25
S B
E 20 g 20 -+
g_ Q
E 15 - E 15 -
v -
I_ 10 - | SN | 10 4

L1
5 5
0 0 -
Phoenix, AZ Los Angeles, Minneapolis, Phoenix, AZ Los Angeles, Minneapolis,
. CA M _ CA
M| Average Ambient ® w/ solar effects M| Average Ambient ® w/ solar effects
m w/ driving effects m w/ driving + active TMS
 Ambient conditions dominate e Battery temperature and
* Thermal connection with passenger lifetime weakly coupled to
cabin, parking in shaded structures ambient conditions

strongly influence battery life
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Optimized Charging Strategies

* Reduce time spent at high SOC (delay charging)
* Avoid high C-rates to lower peak temperatures

-

Cx,.T = Cpat * I : dt +—mox “feh Pma
Cost * ter 8760 L, (T + Ry [P()) 8760 L (Tp) 8760 L (B - Ry + Tos)
. L J o ]\ J
function 1 » r
ALl due to charging ALfl while pluggedin  Baseline AL/L thatwould be
\ but not charging expendedby slow charging

Electric Vehicle Charge Optimization Including

Effects of Lithium-Ion Battery Degradation

Anderson Hoke, Alexander Brussenie, Annabelle Pran Kandler Smuth
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Anderson Hoke G Colordo edy
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whecrric vehicle (EV) u l|ll nw- alli“' elecaricity €056 parery life [6] Therefore, an intellipens charge l]aocm
while al "‘“; copable of sty and pummnaoeg thew oo

'I'bermfm IP}EL\ hﬂmvmﬁewmmmhﬂ
berm addieved w [7] wheve an electrochemastry-based.
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L T ST S PR T - Y e
1

M:' slom ol contiast, the intelipred chasge algerithn pariested her
E:.b ¥ o=t ":;.':,:. mf’&“&iﬁrc:’?’ md:m dm:d‘::onm rd
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Optimized Charging Strategies

[ A) Constant energy cost ] [ B) Variable energy cost ]
i End ch
Begin charge End charge Beglr:l{jfirge nd¢c~l{a£fge
< 5| - AN N N S
= s =
= s 4
‘g 4t :
o 2
% 2rl— T E’ : : I
e | | | £ 1 1 1
e © Ly Ly
6 L 1 I 0 2 4 6 8 10 12 14 16 18 20 22 24
0 2 4 6 8 10 12 14 16 18 20 22 24 Time (hours, noon = 0)
Time (hours, noon = Q) — — — T T T
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g | S Yy I ey npmpen S P ey ey ——— b | S T T O E T B B
@ = ! T R R e
§ ol S 0f Tt e
o o 2 4 E- B 1CI 12 1-*-1 1E 1E E'D EE 24 = T T I B
© D{I' IE 4 IE 8 1ID 1I2 1r4 1lﬁ 1IE EID EIE 24
* Delayed charging best e Response to price sighals

* No V2G energy exported until electricity price S0.50/kWh
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NREL ARPA-E AMPED Projects in Battery Control

AMPED = Advanced Management and Protection of Energy Storage Devices

Eaton Corporatio

Project: Downsized HEV
pack by 50% through
enabling battery prognostic
& supervisory control while
maintaining same HEV
performance & life

NREL: Life te
of Eaton cell
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\PHEV pa

Utah State/For

Project: 20% reduction in
PHEV pack energy content
via power shuttling system
and control of disparate
cells to homogenous end-
of-life _ ‘
NREL: Requir
analysis; life
Ford/Panas
controls vali

Washington Univ.

Project: Improve available
energy at the cell level by
20% based on real-time
predictive modeling &
adaptive techniques

NREL: Physics
level models f




NREL ARPA-E AMPED Projects in Battery Control

Eaton Corporation / L Statejl orH \ Washington Univ.

* Active balancing most benefits energy applications with large cell-

to-cell disparity

* Key question: How much does cell-to-cell disparity grow with age?

Teardown analysis of automotive pack aged to 70%
remaining energy shows +5.5% variation at EOL

1 I
11 I
+5.5% variation at EOL
DL

1 35 7 91113151719212325272931333537394143

1C Energy (Wh)

Remaining Capacity

100%

95%

90%

85%

80%

5%

T0%

Extreme driving conditions, large pack AT cause
abnormally large cell capacity imbalance growth

. BEVT5
i . . ! Passive cooling :
R e --------+ Minneapolis, Minnesota -H--------------1
» = i 14.1k miles/year, |
i high driver aggression |

: ! : : : ; Average cell,
' 5 5 i Teo i . 10.5years ;
T R Wi
i N ; :
S
: ' - T .
: : Worst cell, 6.1 years P .y
1 il L L i N A L
0 1 2 3 4 5 6 7 8

Time, years
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Summary

* Main factors controlling battery lifetime
o Time at high T & SOC (weak coupling with DOD & C-rate)
o Cycling at high DOD & C-rate; Low/high T & SOC
* Semi-empirical battery lifetime models are
generally suitable for system design & control
o NREL models describe various commercial chemistries
o Life extensions of 20% to 50% may be possible

* Physics lifetime models to provide design feedback
o Electrochemical/thermal processes well understood
o Mechanics coupling underway at various length scales
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