i iNREL

Transforming ENERGY

|

Experimental Aging and Lifetime
Prediction in Grid Applications
for Large-Format Commercial Li-
lon Batteries

Paul Gasper?!, Aron Saxon?, Ying Shi!, Kandler Smith?,
. Foram Thakkar?

. 1 National Renewable Energy Lab

2 Shell India Markets Private Ltd.

ECS Boston 2023, A03-0719
g



The challenge for accurate battery life prediction

Lab testing: Real-world applications:
Pre-defined loads Complex, varying loads; varying environments
Controlled environments ?? cells, 10-20+ years

10-100 cells, 1-2 years
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Commercial cells

e All cells are ‘large-format’ (> 50 Ah)
e All cells produced by tier 1-2 manufacturers (> 1 GWh production in 2022)
* Large variation in cell design (power/energy ratio and dimensions)

Cell name Positive Manu- | Casing Nominal | Capacity | Power/ | Aspect Norm.
electrode facturer voltage ratio thermal
resistance

LiNi,Mn,Co,0, A Pouch 3.7V 75Ah  16h! 5300mm 160K-h
LiNi, Mn. ,C0,0, B Pouch 3.7V 50Ah  16h! 2200mm 71K-h
B
C

NMC|Gr B2 EELIN Mn Co,0, Pouch 3.7V 50 Ah 14ht 2200 mm 86K:-h
LFP|Gr LiFePO, Prismatic 3.3V 250Ah 6 h' 1000 mm 280 K-h
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Accelerated aging test matrix

Testing Condition
Storage SOC Cdis Cchg Asoc  Duty Cycle
Cell performance measured “monthly 1
. . 2
via C/3 capacity and HPPC. .
4 45°C 50%
. . 5 20%
Calendar aging varies temperature and - 20
state-of-charge. 7 1C 05C 0100 _ 100%
8 45°C 1C 1C 20-100 100%
) ) . 9 2C 1C 0-80 50%
Cycling aging varies temperature, C- 10 1C |26 0-100  100%
rates, DOD/voltage window, an 11 30°¢ 0100 IS
’ / &€ dow, and duty 12 2c_ e 0100 s0%
cycle. 13 1C 1C 20100 | 100%
14 10°C 2C 1C 0-80 100%
15 2c_ e 20100 50%
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Calendar aging comparison

80% SOC 100% SOC
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Similar calendar behavior across all cells, except NMC|Gr A at high temperature and SOC.

NREL | 5



Cycle aging
comparison

Common EOL metric:
* 80% remaining capacity

Other metrics, useful for
monitoring of larger
systems

e 30% increased DCIR

50 mV increase in
average voltage

1.5% loss of energy
efficiency
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Thermal response

Battery degradation is temperature 20
sensitive. ® LFP|Gr
¢ NMC|GrA

15F| ¥  NMCI|GrB1
Cell temperature depends not only on NMC|Gr B2
resistance, but also cell design and o Linear Fit
fixturing. — 10

<
Test fixturing should replicate real- 51 ]
. [ ]
world cell environment as closely as 3 /3/’:@ y :{'3‘1 K
. . L T 3.

possible, and life predictions may be o S v

informed by a cell and/or system
thermal model to account for
deviations between accelerated aging
test fixtures and the real-world system.
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DCIR through life,
across SOC range

Shape of the DCIR vs. SOC
curve is mostly preserved
for all cell types, even with
substantial degradation.

DCIR variance increases
dramatically with >10%
capacity loss.
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ldentifying a degradation model

Fit degradation rate of each test condition Identify degradation rate model
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Degradation model
fits for all cells

Degradation models
capture wide variety of
observed aging trends with
reasonable error:

* Avg. error of 0.5% - 1%
* Max error of 2% - 8%

Empirical models do not
capture unobserved
physics, so extrapolation
should only be done with
care.
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Simulation of dynamic life

Invert

= f_l (yt—lrs)

5yt

SEl growth rate is not
dependent on time passed, but
on current SEl thickness

Linearize

(T w1 9) )

dx

Degradation per day or per
cycle can be linearlized with
near zero error

Accumulate
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Standard deviation of hourly temperature (*C)

Climates — NREL TMY3 data set
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Simulation results

Relative capacity

Relative capacity
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Conclusions

Commercial lithium-ion batteries vary widely in degradation rate,
sensitivity to environmental or operating conditions, and thermal
behaviors.

Fitting degradation models to accelerated aging data helps make
apples-to-apples comparisons of cell performance.

Current generation batteries may be expected to last ~10 years in
stationary storage applications, with some batteries expected to live
for much longer with degradation-aware controls and thermal
management.
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