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Motivations

Battery systems will be essential for the Hawaii Clean Energy Initiative

@ "“HH}IH PHI”HPI[ The Hawaii Clean Energy Initiative is leading the way in relieving our
/:égj ot e e i dependence on oil by setting goals to achieve 100% clean energy by 2045.

e

Battery Eﬁergy Need to increase penetration of renewables
| BUT Intermittency:
- Need to store the excess renewable energy

Storage Sy!stems
) - Need to stabilize the grid

N(BES%#

Batteries are most likely candidates:

- Fast response

- Efficiency > 95%,

- Plug and play installation

- Can be distributed at strategic locations

Reduce further oil consumption
Reduce emissions
Additional storage for the grid




Motivations

Long discharging time Long life Safe operation

How to achieve that? Which one to choose?
' How do they degrade?

Need to understand batteries and battery packs better < \hy?
Main problem: how to efficiently diagnose batteries? Can we prevent it?
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The complexity of battery diagnosis

Degradation Mechanisms

Non-exhaustive Lithium ion battery degradation mechanisms
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The complexity of battery diagnosis

Complex balance

LOW HIGH

HIGH LOW
Accuracy of diagnosis Diagnosis resources



The complexity of battery diagnosis

Complex balance
Academia, Research & Development

High man-hour HIGH
Expensive & complex
Experiments
Heavy computing

LOW

Post mortem analysis
Half cell analysis...

XRD, EXAFS, XANES,NMR...
First principle modeling...

LOW
Diagnosis resources

HIGH
Accuracy of diagnosis



The complexity of battery diagnosis

Complex balance

Industry, Testing, Evaluation & Deployment

LOW HIGH

Capacity & resistance
monitoring

Low man-hour
Automation
Simple characterization
Look up tables
Limited computing

HIGH LOW

Accuracy of diagnosis Diagnosis resources



The complexity of battery diagnosis

Complex balance

LOW HIGH

Low man-hour

Automation
? Look up tables
* Medium computing
] ]
HIGH LOW

Accuracy of diagnosis Diagnosis resources



The complexity of battery diagnosis

Complex balance

Lithium ion battery degradation mechanisms

Useful categorization for diagnostics
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The complexity of battery diagnosis

Complex balance

LOW HIGH
Quantification of Look up tables
degradation modes Medium computing

] ]

HIGH LOW
Accuracy of diagnosis Diagnosis resources



The complexity of battery diagnosis

Quantifying degradation modes

Adapt to industry requirements:

Use of available sensors: voltage, current and temperature.
Voltage carries thermodynamic information
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Study evolution of voltage response — : : :
o _ Derivatives methods will magnify the changes in
How can we extract degradation information? the evolution of the voltage curves

How can we put it in equation for a model?



The complexity of battery diagnosis

Quantifying degradation modes

Incremental capacity analysis
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Understanding the degradation mechanisms

Understanding the IC signature

Peak indexation: The clepsydra analogy
Use individual electrode response g
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IC curves contains information
on every component of the cell

The clepsydra analogy enables
the indexing of IC curves

M. Dubarry et al., J. Power Sources, 196 (2011) 10328.
M. Dubarry, A. Devie and B.Y. Liaw, JEPS, 1(5) (2014), 242.
Water clock concept: M. Dubarry et al. ECS222/PRIME2012 (2012) abs# 885



Understanding the degradation mechanisms

Understanding changes in the IC signature

Clepsydra analogy: Visualize effect of categories of degradation

Initial LAM ¢ LLI Ohmic R increase Faradic R increase

Change in |

lithium
inventory

S r‘_;"

Voltage

| Change in ‘
active
material

Different degradation categories will have different voltage signatures
Diagnostic possible w/o post-mortem analyses
No need to be an electrochemist



Battery Diagnosis

A complex balance

Experimentally: possible by coupling IC & relaxation voltage analysis

2C aging at RT

70
CI%5 ! | Resijstance increése Change in
60 | —Cf5 7777777777777777777777777 7777777777777777777777777 777777777777777777777 ohmic and
i — —CI2 | | | faradic
s —C/1 | resistances
S 05 50 - R RIS A
< <= 2C : : :
S S ; }
g 0 | | i i .
g ' /'AAA a 40 [ S /7 / / Change in
% = s active material
£ 15 D B0 b .y -/
S 8 : s s :
=T PN~
— : Change in
3 32 34 36 38 4 42 § anLg
Voltage (V) 10 L T = lithium
- 3 | inventory
0 : ‘ Loss of lithium inventory
0 200 400 600 800 1000

Cycle #

M. Dubarry et al. J. Power Sources, 196 (2011), 10336
M. Dubarry et al. J. Power Sources, 196(7) (2011), 3420
M. Dubarry et al. J. Power Sources, 194 (2009), 551



Battery Diagnosis

Diagnosis to Prognosis
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alawa - Mechanistic diagnosis and prognosis

The clepsydra in equations: ‘alawa approach
Half cell data obtained from commercial electrode sheets
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M. Dubarry et al., J. Power Sources, 219 (2012), 204.



Mechanistic diagnosis and prognosis

Graphical user interface: the ‘alawa toolbox

Simple, fast, powerful and accurate diagnosis and prognosis tool

'alawa

Battery diagnosis
and prognosis toolbox

Cell characteristics
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alawa - Mechanistic diagnosis and prognosis

Degradation tables
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Automatic operando diagnosis and prognosis

Can we automate the diagnosis and prognosis?

LOW HIGH

Low man-hour

Automation
Quantification of Look up tables
degradation modes Medium computing
] ]
HIGH LOW

Accuracy of diagnosis Diagnosis resources



Automatic operando diagnosis and prognosis

BMS implementation

Possibility 1 : Embedding the model
Millions of combinations

6 independent parameters (LLI, LAM,;, LAM,;, Resistance, Kinetics,, Kineticsy;)

Look up tables
Medium computing

Possibility 2: look up table with all possible electrochemical responses
Precalculation of all responses
>> 100 Gb of data with 0.1% SOC accuracy

I Look up tables
Medium computing

Voltage (V)

Onset

Offset Peak / Arch

slope

Possibility 3: Reduce complexity by focusing on special features Pf:t"e{,;?gh et/ e
. ea rc
Features of interest approach & Voltage width
I Look up tables Aintensity

Incremental capacity (Ah/V)

I Medium computing

<€

M. Berecibar et al. , J. Power Sources, 320 (2016), 239.
M. Dubarry et al. , J. Power Sources, in press. A VOltage



Automatic diagnosis of an overcharged LTO//NMC cell

IC (%QN)
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IC (%QNV)
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A. Devie et al. , J. Electrochem. Soc., 162(6) (2015), A1033. & 163(13) (2016), A2611
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Simulate impact of all possible combinations
of LLI/LAM,./LAM,; on FOls

Individually, not good proxy to diagnose
capacity loss or degradation modes
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M. Dubarry et al. , J. Power Sources, in press.



Automatic diagnosis of an overcharged LTO//NMC cell

Use of COMBINED variations
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Conclusions

Non-intrusive operando battery diagnosis and prognosis is possible
Good balance accuracy/resources
Only possible with material science insights

Degradation modes (LLI, LAMs, Kinetics) are quantifiable from the voltage response only
Differential methods (dQ/dV, dV/dQ)

Complex indexation but could be modeled for convenience of use

Good starting point for other characterizations

Diagnosis and prognosis could be automated
Features of interest approach
Essential to test every possible degradation paths
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