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EXECUTIVE SUMMARY

Analyzing field performance data across a sample of operating grid-scale storage installations, we find

that measured capacity degradation after five years of operation tracks reasonably close to

vendor-projected curves for LFP systems, but shows wider variance for NMC systems, driven primarily

by differences in thermal management design and average state-of-charge operating band rather than

cycling frequency alone.
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Abstract
This study analyzes multi-year capacity retention data from a sample of operating grid-scale lithium-ion battery

storage installations spanning both LFP and NMC chemistries, evaluating the relationship between measured

degradation, cycling pattern, thermal management approach, and operating state-of-charge band. We find that

thermal management design and average state-of-charge operating range explain more of the observed

degradation variance than raw cycle count for the NMC systems in our sample, while LFP systems showed

comparatively tight clustering around vendor-projected degradation curves regardless of these operational

variables within the ranges observed.

Introduction
As grid-scale battery storage installations accumulate multiple years of operating history, field degradation

data increasingly allows empirical validation of the degradation projections used in project financial models at

the time of investment decision. This is a meaningful gap in the public literature, since most published

degradation research derives from laboratory cycling studies rather than real-world grid operating conditions,

which include variable ambient temperature, irregular cycling patterns, and grid-driven state-of-charge

management that differs from standardized laboratory test protocols.

Methodology
We compiled multi-year capacity test data from a sample of operating grid-scale storage installations across

both LFP and NMC chemistries, spanning a range of climates, thermal management architectures (air-cooled

and liquid-cooled), and typical operating state-of-charge bands. Capacity retention was measured via periodic

full discharge capacity tests rather than inferred from usable energy alone, to isolate true cell degradation from

any operational curtailment of usable capacity range.

We applied a multivariate regression analysis to isolate the relative contribution of cycling frequency, average

state-of-charge operating band, ambient temperature exposure, and thermal management architecture to

observed capacity fade at each site, controlling for time in service.

Results
LFP installations in the sample showed capacity retention after five years clustering within a relatively narrow

band around vendor-projected curves, with limited sensitivity to the operational variables tested within the

ranges represented in the sample. NMC installations showed substantially wider variance in observed

degradation, with liquid-cooled systems operating within a narrower state-of-charge band showing

meaningfully better capacity retention than air-cooled systems cycled across a wider state-of-charge range,

even at comparable cumulative cycle counts.

Ambient temperature exposure showed a measurable but secondary effect relative to thermal management

architecture and state-of-charge band, suggesting that installation-level engineering choices matter more to

long-run degradation outcomes than site climate alone within the temperate-to-warm climate range
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represented in this sample.

Representative capacity retention curve for liquid-cooled LFP systems in the sample; NMC and air-cooled systems
showed materially wider dispersion around a lower central trend.

Discussion
These findings suggest that project developers and asset owners evaluating NMC-based storage systems

should weight thermal management architecture and planned operating state-of-charge strategy more heavily

in their degradation and augmentation planning than a single vendor-published degradation curve applied

uniformly, since our data suggests real-world outcomes diverge from projection more for NMC systems than

for LFP systems under comparable operating conditions.

The sample size for this study, while meaningful relative to the still-maturing installed base of grid-scale

storage with sufficient operating history for multi-year analysis, remains modest in absolute terms, and we

recommend continued longitudinal data collection as the installed fleet ages further to refine these findings,

particularly for storage systems now approaching planned augmentation decision points.
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