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e Li-ion batteries :

— Capacity Fade over time

— Promising candidates for electric transportation

Ragone Plot : Power vs Energy
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Context of lithium-ion batteries
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* Ageing research
— Extensive during cycling
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— Scarce during rest (calendar ageing)
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Vehicle applications

* Vehicle usage:

— Calendar Mode (Parking) - Usage Mode (Driving, Charging)
« Up to 95 % of real time * From 5% to 25 % of real time

* Battery tests
— Mostly accelerated cycling or calendar aging
— Need for improved representation of vehicle usage
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Research Project on battery aging

* MOBICUS Project

— French Collaborative project on battery aging
— MOdeling of Batteries Including the coupling between Calendar and USage aging
— Duration 36 months 2014-2017, Budget 4.3 M€

CControlSys

* Main objectives of the collaborative project :

RENAULT

—To understand the coupling between Calendar and Usage aging

*

—To develop a battery model representing rp————

i

Calendar and Usage aging k. -5 ) 4 (ifPais
== - iy b e e —
. . . . =7 . . Zhmd
—To design and validate strategies enabling to extend X ¢ o M 29 SIEMEN
battery life according to real vehicle usage *«f’é}ss

Voc (V)

‘;“( Experimenters

Vaoc = State of Charge (%0) =
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02 Experimentation
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Batteries Tested in MOBICUS Project

e Commercial Lithium —lon Batteries

Characteristics at 25 °C TECH #1

Nominal capacity Ah 43

Format Pouch Prismatic
Electrochemistry NMC-LMO NMC / Ni Rich
End of discharge voltage V 3.00 2.80

End of charge voltage V 4.20 4.15

End of charge current under floating voltage A 2.2 (~C/20) 1.5 (~C/20)
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November-14
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Supplying
Pre - tests

February-15

March-15

Ecole d'ingénienie en Génie des Systémes industriels
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Overview of experimental plan

September-15
October-15
November-15
December-15
January-16
February-16
March-16

TECH #1 Association
Calendar / Cycling

TECH #2 Association Calendar

/ Cycling

August-16
September -16
October-16
November-16
December-16

January-17

February-17

March-17

TECH #1 SOC Cycling

TECH#2 SOC Cycling

TECH #1 Calendar

(L TECH#2  Calendar

Calendar Thermal cycling

TECH #1 - TECH #2

Calendar Variable SOC

TECH #1 & TECH # 2
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Tests Wave 1

Tests Wave 2

Tests Wave 3
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Design of Experiment for Calendar Aging

* Testing Conditions : Calendar Aging
— 5 different SOC levels (0% - 100 %)
— 4 different Temperatures (0°C to 60°C)

SoC=0% SoC=30% SoC=65% SoC=80% SoC=100%
Temp. 60°C #2 #2 #1, #2 #2
Temp. 45°C #1, #2 #1, #2 #1, #2 #1, #2 #1, #2
Temp. 25°C #2 #2 #1, #2 #2
Temp. 0°C #1, #2 #1, #2 #2
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Design of Experiment for Cycling Aging

* Cycling : variation of +/- 5% SOC around the reference SOC Value

* Table of cycling conditions
— 3 temperatures (0°C, 25°C, 45 °C)

— 4 S0C (30 %, 65 %, 80 %, 90 %)

— 2 current levels charge and discharge (I ..., l\1ax)

Test wave 1 (finished)

Test Temperature SoC | charge | discharge
1 0 30 MAX min
2 0 80 min MAX
3 0 80 MAX MAX
4 25 30 min MAX
5 25 30 MAX min
6 25 80 MAX min
7 45 30 min min
8 45 30 MAX MAX
9 45 80 min MAX

+5%

Cycling

SOC target

-5%

ANEAWA
VEVAWEVAY
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Test wave 2 (on-going)
Test Temperature SoC | charge | discharge
10 0 90 min min
11 25 65 min min
12 25 65 MAX MAX
13 45 65 MAX MAX
Test wave 3 (planned)
Test Temperature SoC | charge | discharge
14 0) 65 min MAX
15 25 90 min MAX
16 45 90 MAX MAX
17 45 90 min MAX
12
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Design of Experiment for Mixed Aging

* Mixed Calendar and Cycling Protocol

Fraction of

— 2 temperatures (25 °C, 45 °C) Ambient | cyclingtime c;;::ﬁ::ie&
— 2 SOC (65 %, 80%) temperature N aging current
pattern

— 2 durations of cycling (2h/12h, 6h/12h) 2/12 80
_ 25°C 2/12 65

Aging pattern 6/12 65 1C (Tech #1)

Cycling part | Calendar part I 2/12 30 3C (Tech #2)
_______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 450C 2/12 65
6/12 65

Testing conditions

patern [Module | | | | |1 1 [ [ | Rty e

2/12 . Module1 RSN Calendan Validation of the modeling
2/12  Module 2 | |oydling Calendar o
approach combining

6/12  Module 3 Calendar ) Javeinel [ | ]
s e 7 8 9 1 m calendar and cycling aging

Hours 0 1 2 3 4

Testing scheduling
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Calendar and Cycling aging results

1 008z T [ [ [ [ T [ [ U [ U [ [ T T[T [ 1
| 0°C, SOC 80%, Calendar |
78 Wil e Calendar Model Fit at 25°C
dc 1
96 , "’i-"-"-"-"."_"_"_ll_u_u_.._.,_"_"_”_"""" T n(T, SOC)\/E
i . "‘-"-"-"-'Quuuuuuuuu.,uu__
i 04 - R - "'"""'"'Hnn-!ﬁo________T_-
£ ., 25°C, SOC 80%, Calendar
% 9
= 45°C, SOC 80%, Calendar
> 90
9 0°C, SOC 80%, Ic: 1C, |
§ 38 wwgee Cal, 00°C, 80%
e Cal, 25°C, 80%
86 \ =@ Cal, 45°C, 30%
I \ —4&— Cyc, 00°C (~7.2°C), 80%, Ic=1C,Id=1C
24 45°C, SOC 80%, Ic: 1C, Id : IC\ —A— Cyc, 25°C (~32°C), 65%, Ic= 1C, Id= 1C
\ —®— Cyc, 45°C (~NaN°C), 30%, Ic= 1C, Id= 1C
]2 | [ [ [ [ : [ [ [ [ : [ [ [ [ : [ [ [ [ : [ [ [ [ : [ [ [ [ : [ [ [ [

50 100 150 200 250 300 350
Aging Time in days

Capacity loss accelerated with cycling, especially in cold conditions
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Mixed cycling aging results

Capacity retention 25°C TECH #1

- 5 0

> o 22N SOC 65 % ° Calendar SOC 80 %

S ¢ 2h12h SOC 80 %

= 12h SOC 65 % 8

3

e \:s:s;\\\ N\ A

z 7 B

3 83 Cycling SOC 65% , 1C, 1C ~ -Cal. 25°C, 80%

<3 A Cyc, 25°C (~ 30°C), 65%. Ic= 1C, Id= 1C*

O g6 4 -CycCal, 25°C (~ 33°C), 65%, Ic= 1C, Id= 1C, 2h/12h

A CycCal, 25°C (~ 34°C), 65%, Ic= 1C, Id= 1C, 6h/12h
84 ¢ CycCal, 25°C (~ 33°C), 80%, Ic= 1C, Id= 1C, 2h/12h*
82’ ' ' ' ' ' ' ' '
0 50 100 150 200 250 300 350 400

S .
R T

AgingTime (Days)

Acceleration of degradation with cycling time proportion
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Mixed cycling aging results

R T
|

* Capacity retention 45°C TECH #1 l

I

[

© -Cal, 45°C, 65%
~ -Cal, 45°C, 80%
A Cyc, 45°C (~NaN°C), 65%, Ic= 1C, Id= 1C*
~ 4 CycCal, 45°C (~NaN°C), 65%, Ic= 1C, Id= 1C, 2h/12h -
\\ii\\*‘<\\s\ h/12h SOC 65 % ~ 4 -CycCal, 45°C (~NaN°C), 65%, Ic=1C, Id=1C, 6h/12h
ni2h Soc 800 ¢ CycCal, 45°C (-NaN°C), 80%, Ic= 1C, Id= 1C, 2h/12h

) e. h/12h SOC 65 %

90 - o Calendar SOC 65 %

38 1A\\

&
&

Capacity retention (%)

86

A \\*\iiiiifi;liiiiiiix\ Calendar SOC 80 % -

DD

34

Cycling SOC 65% , 1C, 1G

826 50 160 150 260 250
AgingTime (Days)
Much smaller degradation differences between test conditions at higher temperature

20/06/2016 GROLLEAU, BAGHDADI, GYAN, BEN-MARZOUK, DUCLAUD 19
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Mixed cycling aging results

* Capacity retention 25°C TECH #2

@ _ _ :
— | | ; . Calendar SOC 80 %
2 g
Calendar SOC 65 %
~_ ‘\:\\kﬁ\\i

‘; 2hV12h SOC 80%
2h/12h' S

h/12h SOC 65 %

20/06/2016

Capacity retention (%)

90
88 4 cal,25°C, 65%
- -Cal, 25°C, 80%
86 ~ 4 Cyc, 25°C (-~ 35°C), 65%, Ic=3C, Id=3C
4 A CycCal, 25°C (~ 32°C), 65%, Ic= 3C, Id= 3C, 2h/12h

84 el SOC g0 e ac |~ CyeCal, 25°C (~ 32°C), 65%, Ic=3C, Id=3C, 6h/12h* |

| yeling < 0,98 9% 4 cycCal, 25°C (~ 31°C), 80%, Ic= 3C, Id= 3C, 2h/12h |
g2 * | |

0 50 100 150 200 250

AgingTime (Days)
In TECH #2, Strong effect of cycling time proportion, little effect of SOC
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Mixed cycling aging results

* Capacity retention 45°C TECH #2

. . Calendar SOC 65 %
$2h/12h SOC 80 % B P *
_ % 2n/12hSOC 65 % " N
< o4 Calendar SOC 80 %
=
= 6h/12h SOC 65 %
g
O .
— 90 a -Cal, 45°C, 65% |
> A
E NS ~ -Cal, 45°C, 80%
S 88 A 4 -Cyc, 45°C (~ 50°C), 65%, Ic=3C, Id=3C i
S
S . NN 4 CycCal, 45°C (~NaN°C), 65%, Ic= 3C, Id=3C, 2h/12h |
NN\ A CycCal, 45°C (~NaN°C), 65%, Ic= 3C, Id= 3C, 6h/12h
84 ¢ -CycCal, 45°C (~NaN°C), 80%, Ic= 3C, Id= 3C, 2h/12h -
o Cycling SOC 65%., 3C, 3C | - |
0 50 100 150 200 250 300

AgingTime (Days)
In TECH #2, small degradation differences between SOC 65% and SOC 80%
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Mixed cycling aging results analysis

* Mixed and continuous cycling, 25 °C, TECH #1
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SOC=65%, SOC=65%, SOC=80%, SOC=65%,
2h/12h 6h/12h 2h/12h Continuous
M Cycling loss 1.12 3.16 1.17 6.58
MW Calendar loss 3.23 3.18 3.22 3.44

repartition between estimated calendar and cycling loss

Loss of Capacity to the cycling number

% /1000 cycles

1.00
0.90
0.80
0.70

0.60 -
0.50 -
0.40 -
0.30 -
0.20 -
0.10 -
0.00 -

SOC=65%,
2h/12h

SOC=65%,
6h/12h

SOC=80%,

2h/12h

SOC=65%,
Continuous

0.63

0.63

0.65

derived degradation rates upon cycling

* |dentification of the calendar degradation through a model

e (Calculation of the cycling contribution, by difference with calendar model

* |dentification of the cycling contribution per number of cycles
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Mixed cycling aging results analysis

* Mixed and continuous cycling, 25 °C, TECH #2

14

12

10

Relative loss of capacity in%

SOC=65%,
2h/12h

SOC=65%,
6h/12h

SOC=80%,
2h/12h

SOC=65%,
Continuous

M Cycling loss

6.48

11

5.68

14.63

M Calendar loss

1.1

0.9

1.1

0.4

repartition between estimated calendar and cycling loss

1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Loss of Capacity to the cycling number
% /1000 cycles

SOC=65%,
2h/12h

SOC=65%,
6h/12h

SOC=80%,
2h/12h

SOC=65%,
Continuous

1.16

0.75

1.01

derived degradation rates upon cycling

 Cycling performed @ 3C for TECH #2
 Higher effect of cycling
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Conclusions

* Specific mixed calendar-cycling tests addressed within the French collaborative project MOBICUS
— Large collection of Data, characterization and validation
* Development of a aging pattern combining calendar and cycling, considering
— Duration of cycling
— Temperature
— Contribution of cycling decreases with temperature due to calendar aging
* Degradation during mixed cycling :
—Higher than calendar conditions
— Lower than full cycling conditions
— Contribution of cycling decreases with temperature
* Influence of SOC depends on battery technology

—Aging phenomena on batteries can be either chemical or mechanical and are interrelated
— Calendar aging <-> chemical

20/06/2016 GROLLEAU, BAGHDADI, GYAN, BEN-MARZOUK, DUCLAUD 25
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Conclusions

* Time plays a crucial role and cycling separated by long pauses may be different than
continuous accelerated cycling

* Mixed aging protocol permits to :
—test batteries in more closer ways than the real automotive usage

—unvalidate common assumption that calendar aging and cycling aging can be treated apart to make
lifetime predictions

* Analysis of preliminary results on two cell technologies show that degradation by cycling does
not on depend on only cycling pattern

GROLLEAU, BAGHDADI, GYAN, BEN-MARZOUK, DUCLAUD
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Perspectives

Deeper analysis of results from both technologies
—New experimental results from Test Wave 2

Modeling of thermal behavior of cells during testing

—Temperature increase during cycling
Development of aging models representing the capacity loss and resistance increase of cells
Improvement of aging prediction accuracy for batteries in real vehicle usage

GROLLEAU, BAGHDADI, GYAN, BEN-MARZOUK, DUCLAUD
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