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Lithium-ion Batteries

 LFP—Lithium Iron Phosphate battery
e NMC - Lithium Nickel Manganese Cobalt battery
* NCA - Lithium Nickle Cobalt Aluminum battery
Cycle life vs. cycle range
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Efficiency vs. cycle range
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Battery Energy Storage Valuation \ e |

 Discounted revenue a storage could collect throughout its lifetime
 Assuming optimal operation planning

 Technology-specific parameters
* Efficiencies, degradation rate,...
e Storage duration (power-to-energy ratio)

* Application
 Market/Service type
* Location
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And why not using levelized cost of energy (LCOE)

 LCOE for storage has to assume a fixed operating pattern

 i.e., one full cycle per day over 10 years

 Not accurate as storage can adjust operation strategy based on markets

* Proposed: Maximize storage capacity value given its degradation mechanism
 Cycle battery aggressively — makes more money today but shortens battery lifetime
Cycle battery conservatively — less money today but prolongs battery lifetime

 (Calendar degradation — battery losses capacity spontaneously (negative interest rate!)
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Dynamic Programming

Ra m seyl S p ro b I e m Of 0 pti m a I SaVi ng https://en.wikipedia.org/wiki/Dynamic_programming

* A person with initial capital k
e Everydayt
* Receive interest rate y
* Spent ¢; and receive a utility (pleasure): In(c;)
* Remaining balance: k;11 = (1 + ¥)k; — ¢;
« Objective: maximize lifetime utility max Y, b* In(c;)

e Solution using backward induction — start from the last day of life


https://en.wikipedia.org/wiki/Dynamic_programming

Dynamic Valuation F k e | ermee
Battery economic valuation using dynamic programming
Vn ( En) .= max On (pn) L ’YVn 41 ( En +1) Optimal battery value from Day n to Project Deadline
Pr€P(Ent1)  ————— S
En+1 =F, — Dcyc (pn) - Dcal Optimize [ Day n utility + Future battery value ]
BES operation SoH ot II\I
. — tj i i 5 during D uture value as a
V — time varying storage capacity value uring Day n funotion of Sot
* E-remaining battery capacity (state-of-health) : N
: Cycle degradation
e O - utility function/market revenue model
+ b= battery charge/discharge profl B ey .~
* ¥ —daily discount ratio Black: Daily operation : calendar degradation
+ D - degradation functions e ntar-day vaiue update § § _ daily discount rafi

......................................................................................................

* n-—index of days

Solution method using piece-wise linear value function approximation and backward induction
Xu, Bolun. "Dynamic valuation of battery lifetime." IEEE Transactions on Power Systems 37, no. 3 (2021): 2177-2186.
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* Value of the battery is a function of
 Technology
 Application
* Time
* Remaining capacity
(State-of-Health)

Battery value [$/kWh]
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Wholesale Electricity Markets

 Use price arbitrage for energy storage valuation
 Nine markets in North America
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Synthesizing Battery Value \
* Valuation using hourly real-time prices using zonal prices
 Perform valuation by repeating a single year price profile
* Per technology per location per calendar year
* Whiskers represent annual variation ranges
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Technology Comparison
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 LFP has the highest value due to higher cycle life
« NMC/NCA obtained around 50% of value compared to LFP, despite their cycle
life is only around 20% to 5% compared to LFP
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Location Comparison
* Markets with higher renewable share provides higher storage value
 AESO provides highest battery value, followed by ERCOT, CAISO, and SPP
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Sensitivity Studies - Lifetime \ fre

Percentage increase in battery value due to 1% increase cycle or calendar life

T
I Increase by cycle life
I Increase by life

] ke ()
& $0 §
Battery type

 Calendar life more significant, especially in long cycle life batteries
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Second-life Battery Value &=

New battery value vs. Second life (80% SoH), End-of-life ranges between 75% to 50%
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Conclusions

Storage technology valuation using dynamic programming

* A framework for battery technology valuation
 LFP provides best value for grid-scale storage
 Regional value high correlates with renewables

* Calendar life is more important for existing storage technologies

 Second-life batteries still provide considerable economic value
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Sensitivity Studies - Duration &=

Ratio of Battery Valuation Betweens Hour Duration-LFP Ratio of Battery Valuation Betweens Hour Duration-NCA
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. 1hah [ 1hvah [ 1hiah
[ 2h/4h

] 2hiah

— B

Ratio of battery valuation (%)
Ratio of battery valuation (%)
Ratio of battery valuation (%)

* Consistent value ratio with different battery durations across
locations and technologies




