
KEY POINTS FOR DECISION-MAKING

 To make 100% renewable 
reliable electricity more affordable, 
include currently available long-
duration storage technology. Long-
duration storage would reduce costs of 
reliable solar and/or wind systems with or 
without battery storage. 

 Long-duration storage plays unique 
roles, such as seasonal and multi-year 
storage, that increase the affordability 
of electricity from variable renewable 
energy. Long-duration storage meets 
demand during summertime lulls in wind 
power, and fills in for interannual varia-
tions in wind and solar power. Reliable 
systems that plan for more years increas-
ingly depend on long-duration storage.

 Variable renewable electricity 
costs are more sensitive to reductions 
in long-duration storage costs than 
they are to reductions in battery costs. 
Technology innovations and future cost 
improvements in long-duration storage 
could further reduce the cost of renew-
able, reliable electricity.
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Reduce the cost of reliable 
renewable electricity with  
long-duration energy storage

Several U.S. states mandate zero-carbon electricity systems 
based primarily on renewable technologies such as wind 
and solar power. Reliable and affordable electricity systems 
based on these variable resources may depend on the ability 
to store large quantities of low-cost energy over long time-
scales. Multi-decadal datasets reveal the role and value of 
long-duration (10 hours or greater) energy storage, and inform 
policy and technology investment decisions.

The inclusion of long-duration storage lowers costs of 
renewable electricity systems over a range of modeled 
technologies. These system benefits remain robust across 
multiple decades of historical wind and solar weather data, for 
different electricity systems (solar only, wind only, wind and 
solar), with and without battery storage, in the U.S. and three 
of its regional power grids.

A 10% reduction in long-duration storage costs would 
reduce electricity system costs twice as much as would a 10% 
reduction in battery costs. As a complement to long-duration 
storage, Li-ion battery storage may be used for less than 10 
hours, such as overnight. Costs of charging and discharging, 
rather than costs of storage facilities, dominate long-duration 
storage costs. One long-duration energy storage example, 
power-to-gas-to-power technology with renewable hydrogen 
gas, would benefit greatly from continued innovations in fuel 
cells, electrolyzers, and other conversion devices.
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The value of different storage technologies depends on 
their ability to cost-effectively provide electricity during 
gaps in solar and wind resources, and thus reduce the 
overbuild of solar and wind generation capacity needed 
to reliably meet electricity demand.

We investigated the influence of regional variability in 
wind and solar resources on the value of single- and 
multi-storage technology portfolios.

Long-duration energy storage can be charged slowly 
over time to accommodate seasonal fluctuations in 
electricity supply or demand, but still requires substantial 
discharge power-capacity to meet large demand spikes 
during weather events.

Long-duration storage technologies may serve a dual 
role by providing short-term storage with their existing 
power-capacity, making it more difficult for short-duration 
storage technologies to add value in the system.

In both wind-heavy and solar-heavy regions, least-cost 
systems contained sufficient power-capacity from long-
duration storage to also meet short-term power needs, 
so that the addition of short-duration storage did not 
markedly reduce total system costs.

Thus, in electricity systems relying on wind and solar 
generation, contingent on social and geographic 
constraints, long-duration storage may be able to cost-
effectively provide the services that would otherwise be 
provided by shorter-duration storage technologies.

Ø In wind-and-solar-reliant energy 
systems, long-duration energy 
storage helps meet demand during 
times of the year with high electricity 
demand or low generation. For 
example, a hydrogen storage system 
could store energy from strong winter 
winds to provide cooling in the hot 
summer.

Ø Long-duration energy storage 
systems may satisfy short-term 
storage needs. Hydrogen (or other long-
duration) storage systems that are sized 
large enough to address seasonal and 
large-scale weather variations may also 
have sufficient power-capacity to handle 
shorter-term fluctuations in electricity 
supply or demand. 

Ø For wind-and-solar-reliant energy 
systems, long-duration energy 
storage is the single most cost-
effective type of storage technology. 
In both wind-heavy and solar-heavy 
regions, when only one storage 
technology was considered, deployment 
of long-duration energy storage produced 
the lowest electricity system costs due to 
their low energy-capacity costs (~2 
$/kWh for underground hydrogen storage 
and ~5 $/kWh for metal-air batteries).
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Summary

FOR MORE INFORMATION

Electricity system costs for single- and multi-storage 
technology portfolios. a) Underground hydrogen-storage 
and metal-air batteries produced  the  lowest system costs 
due to being the cheapest long-duration storage 
technologies (with energy-capacity costs of ~2 $/kWh for 
hydrogen and ~5 $/kWh for metal-air batteries). b) When Li-
ion batteries were considered in conjunction with other 
storage technologies, system costs were reduced only 
modestly. c) When three storage technologies are modeled 
(Li-ion batteries, hydrogen, and a third storage technology), 
system cost reductions are primarily due to the inclusion of 
hydrogen energy storage.

This brief is based on the paper “The 
influence of regional geophysical 
resource variability on the value of 
single- and multi-storage technology 
portfolios” published in Environmental 
Science & Technology (2024).

ABOUT THE AUTHORS

Visit the Climate Energy Lab Website at
ClimateEnergyLab.org

Long-duration storage would offer multiple cost advantag-
es for electricity systems that depend on wind and/or solar 
generation technologies. Long-duration storage avoids over-
building generation, reduces reliance on short-term battery 
storage, and provides an expanded suite of low-cost options 
to deploy systems with a range of generation asset mixes. 
Indeed, long-duration storage would facilitate an affordable 
transition to meet wind and solar mandates beyond 80%, and 
open a path to 100% carbon-free electricity.

This brief is based on the paper “Role of long-duration 
energy storage in variable renewable electricity sys-
tems” published in Joule (2020).

ABOUT THE AUTHORS

Jacqueline A. Dowling
jdowling@caltech.edu

Jackie Dowling is a Ph.D. candidate 
in Chemistry at the California 
Institute of Technology.

Ken Caldeira
kcaldeira@carnegiescience.edu

Ken Caldeira is a senior scientist 
emeritus at the Carnegie Institution 
for Science.

Nathan S. Lewis
nslewis@its.caltech.edu

Nate Lewis is the George L. Argyros 
Professor of Chemistry at the 
California Institute of Technology.

FOR MORE INFORMATION

Visit the New Energy Options website at
new-energy-options.org.

0 0.400.300.10 0.20
System cost ($/kWh)

Battery only

LDS only

Battery + LDS

Wind
only

Solar
only

Solar
+ Wind

0.14

0.13

0.12

0.23

0.17

0.15

0.28

0.25

0.19

Battery only

Battery only

LDS only

LDS only

St
or

ag
e 

te
ch

no
lo

gy

Battery + LDS

Battery + LDS

Electrolysis frees hydrogen for 
long-duration energy storage
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Renewable electricity system cost relative to storage and 
generation technology. Regardless of the wind/solar mix, 
introduction of long-duration storage, LDS, may reduce total 
system costs relative to a battery only system. Adding LDS 
to the solar/battery system through power-to-gas-to-power 
technology decreases the system cost by 32%.
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Least-cost systems contained sufficient power-capacity from 
long-duration storage to also meet short-term power needs. 
Thus, consideration of Li-ion (short-duration) storage in 
conjunction with longer-duration storage only modestly 
reduced total system costs.

a)

b)

c)


