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Experience Curve Dataset

Experience curve dataset for storage 

technologies can predict investment cost

2Source: Updated from O. Schmidt, A. Hawkes, A. Gambhir & I. Staffell. The future cost of electrical energy storage based on experience rates. Nat. Energy 2, 17110 (2017)
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Cumulative Installed Nominal Capacity (GWhcap)

Pumped hydro (Utility, -1±8%)

Lead-acid (Multiple, 4±6%)

Lead-acid (Residential, 13±5%)

Lithium-ion (Electronics, 30±2%)

Lithium-ion (EV, 19±5%)

Lithium-ion (Residential, 15±4%)

Lithium-ion (Utility, 16±5%)

Nickel-metal hydride (HEV, 11±1%)

Sodium-sulfur (Utility, -)

Vanadium redox-flow (Utility, 13±3%)

Electrolysis (Utility, 18±6%)

Fuel Cells (Residential, 16±2%)

System Pack Module Battery



LCOS Formula

But, comparison of technologies must be 

based on levelised cost of storage (LCOS)
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The discounted cost of a “MWh” discharged from the storage device

𝐿𝐶𝑂𝑆
$

𝑀𝑊ℎ
=
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 + 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝐷𝑖𝑠𝑝𝑜𝑠𝑎𝑙 𝑐𝑜𝑠𝑡

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑

• Investment cost

• Construction time

• Replacement cost / interval

• Charging cost

• O&M cost

• Round-trip efficiency

• Depth-of-discharge

• Annual cycles

• Cycle life

• Calendar life

• Degradation

• End-of-life cost or 

residual value



We model LCOS of 9 storage technologies 

in 12 power system applications up to 2050
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Applications vs Technologies

Role Application Pumped 

hydro
CAES

Fly-

wheel
Li-ion

Sodium-

sulfur

Lead-

acid
VRFB

Hydro-

gen

Super-

cap.

1. Energy arbitrage ✓ ✓ ✓ ✓ ✓ ✓ ✓

System 

operation
2. Primary response ✓ ✓ ✓ ✓ ✓ ✓ ✓

3. Secondary response ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

4. Tertiary response ✓ ✓ ✓ ✓ ✓ ✓ ✓

5. Peaker replacement ✓ ✓ ✓ ✓ ✓ ✓ ✓

6. Black start ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

7. Seasonal storage ✓ ✓ ✓ ✓

Network 

operation
8. T&D upgrade deferral ✓ ✓ ✓ ✓ ✓ ✓ ✓

9. Congestion mgmt ✓ ✓ ✓ ✓ ✓ ✓ ✓

Consump

tion
10. Bill management ✓ ✓ ✓ ✓ ✓

11. Power quality ✓ ✓ ✓ ✓ ✓ ✓ ✓

12. Power reliability ✓ ✓ ✓ ✓ ✓
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3  Secondary Response

Lithium-ion and vanadium redox-flow will 

compete for secondary response
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Power Capacity 100 MW

Discharge duration 1 hour

Annual cycles 1000

Charging cost 50 $/MWh

Pumped hydro Compressed air Lithium-ion Vanadium redox-flow
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Application overview

Lithium-ion becomes dominant technology 

in most applications by 2030
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7  Seasonal storage 12  Power reliability 8  T&D deferral 10  Bill management

6  Black start 4  Tertiary response 5  Peaker replacement 1  Energy arbitrage

11  Power quality 9  Congestion management 3  Secondary response 2  Primary response



General overview

Overall, pumped hydro and compressed 

air give way to lithium-ion and hydrogen



General overview

Overall, pumped hydro and compressed 

air give way to lithium-ion and hydrogen



General overview – excl PHS, CAES

Lithium-ion more competitive than all 

other battery technologies by 2030
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Methodology: 

- Are 12 applications representative enough?

- Input parameters = normal distribution?

Results: 

- Is the future Li-ion and Hydrogen only?

Discussion

mailto:o.schmidt15@imperial.ac.uk
http://www.storage-lab.com/

