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Applications of Energy Storage (ES) on the Grid
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Example Application: Behind-the-meter ES enables PV use in
_locations such as Hawaii (where power export is prohibited)
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Figure: "Solar Plus: An Holistic Approach to Distributed Solar PV" Eric O'Shaughnessy, Kristen Ardani, Dylan Cutler, Robert Margolis (NREL Pub #68371)
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Outline

 Degradation mechanisms
* Modeling approach
 Aging tests

e Model and parameter identification

 Example life prediction




Li-ion Working Principles
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Figure credit: Gi-Heon Kim
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Electrochemical Operating Window
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Electrochemical Window — Degradation

Figure : llan Gur (ARPA-E) & Venkat Srinivasan (LBNL) 2007 Electrolyte
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NREL Battery Life Predictive Model Framework
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Model assumes measured capacity is minimum of:

1. Cycleable lithium, Q.
2. Negative electrode sites, Q
3. Positive electrode sites, Q
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Aging tests — Kokam 75Ah Gr/NMC Li-ion cells

e Tests design to include both benign and highly accelerated aging

o Some real-world, some reaching 30% capacity fade in 6-9 months

e Pure storage (0%), partial cycling (50% DC*), & fully accelerated
cycling (100% DC)

o Separate calendar from C?;F"?ites'cs Sur —
cycling fade Temperature | DOD Il Uty ©
rate cycle cells
e Capacity check run at 23°C 80% |1C/1C 100% 2
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) . ) 30°C 80% |1C/1C 50% 1
o Simplifies testing but 0°C 80% | 1C/0.3C 100% >
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ey Storage tests
 |deal te.st matrix N o #c|>|f
would include more cells
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aging conditions 250C vy, .
45°C 100% 1
Gr = Graphite negative electrode 550C 100% 1

NMC = Nickel-Manganese-Cobalt positive electrode
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C/5 Capacity vs. Time

 Tight agreement for replicate cells 1&2 at 23°C
 Some divergence for replicate cells 6&7 at 0°C
 Unexplained temporary capacity increase for 55°C storage cell
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C/5 Capacity vs. Cycles

e Storage data omitted
e Just 6% capacity loss after 3000 cycles at 23°C, 80% DOD
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Capacity Evolution—Reversible and Irreversible

Mechanism Dependence on
operating condition
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Q. Capacity Break-in & Initial Temperature Dependence

 Hypothesize initial cycles induce microcracks in NMC particles,
increasing electrolyte wetting and surface area

Image: Dean Miller & Daniel Abraham,
Argonne National Laboratory
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Q,; Local Models

* Local models: Separately fit b,, b,, b, for each data set, excluding
o First 50 days of data (allows y-intercept to vary with break-in)
o Knee at 0°C (to be captured later with Q,.., model)
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e Choice of mechanisms justified by
R?=0.990 and flat residuals
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Q,. Magnitude of break-in Li-loss

Local model Q, =d; b, b2 —b,N]

b, magnitude
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e Least degraded cells show ~3-4% excess Li capacity
* High temperature causes rapid loss in first 50 days

o Open-circuit voltage and DOD also increase loss
o Evidence of film layer formation at positive electrode?
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Q,; Calendar fade rate

Local model Q, =d, [b, £bt"? —b,N]
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Q,; Global Model

e With equations known, parameters fit to all data simultaneously
» R?2=0.985, RMSE = 1% of capacity, flat residuals
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Q.. Model

e Captures knee with cold temperature cycling
 Minor importance in most real-world scenarios
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Lifetime analysis — PV self consumption

e Model reformulated in ¢ Multi-year, !
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Conclusions

e Battery energy storage can enable increased integration
of renewable power generation on the grid
e Battery life modeling methodology formalized, aiding
systems design process
o Capacity error: L, =1%, L..,=5%
o For studied Gr/NMC Li-ion ES technology, best to restrict daily
cycles < 55% DOD with occasional larger excursions

o Thermal management extends life from 7 to 10 years
e Battery aging experiments are time consuming &
expensive
e Additional model validation needed
o Longer duration
o Variable cycling & temperature

e Life model accuracy may be enhanced in the future by
coupling with electrochemical modeling & diagnostics
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Eaton Corp. ARPA-E AMPED project

Previous Validation of Life Model|  resuting in 35% smatier Hev battery

(PI: Dr. Chinmaya Patil/Eaton)
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