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To illuminate the role of energy storage in future decarbonized electric power systems, we
constructed detailed models of optimal assets and hourly operation of power systems in three
US regions in 2050 under a range of assumptions about generation and storage technologies’
availability and cost. We found that nearly complete decarbonization using only VRE generation
and (very little) natural gas can be achieved without reduced reliability or large increases in system
average electricity cost. In efficient decarbonized power systems, the distribution of the hourly
marginal value of energy (MVE) will be drastically different from the distributions of spot prices
in current systems: there will be more hours of high MVEs and many more hours of low MVEs. To
encourage economy-wide decarbonization, wholesale markets and retail rate structures will need
to be modified.
As policy makers across the world design and implement
policies to achieve long-term deep decarbonization of
the power sector, the share of variable renewable energy
(VRE) generation (i.e., wind and solar) is expected to grow
substantially in the next few decades. The large-scale
integration of wind and solar generation is contingent
on designing flexible power systems that can balance
variations in wind and solar output to continuously meet
electricity demand. In low-carbon systems dominated by
VRE generation, the availability of dispatchable resources
(e.g., natural gas, nuclear, coal, and reservoir hydropower)
will be severely limited.

retention of some dispatchable low-carbon generation.
Here, we use systems optimization approaches to examine
the value of energy storage for achieving the deep
decarbonization of the electric sector and the implications
for storage technology development and electricity market
design under a wide range of technological and economic
assumptions.

Specifically, we analyze power system evolution in three
U.S. regions—the Northeast, Southeast and Texas, as well
as, with less detail, at a national level. All these regions,
and the United States as a whole, experienced significant
reductions in carbon dioxide (CO2) emissions from electricity
In such systems, power system flexibility can be enhanced by generation between 2005 and 2018. These reductions
deploying energy storage along with other enhancements reflect the combined effects of stagnant electricity demand;
to legacy electric power systems: (1) transmission network a large reduction in coal-fired generation in favor of
expansion to increase the geographic footprint of balancing natural gas generation, largely for economic reasons; and
areas and better exploit spatiotemporal variations in demand significant increases in VRE generation, importantly (but not
and weather-driven VRE resource availability; (2) demand exclusively) driven by public policy.
flexibility and demand response; and (3) deployment or

Given the central role for electrification in long-term U.S.
decarbonization efforts, the model- based findings in this
chapter primarily rely on electricity demand projections
from a high- electrification scenario developed by the
National Renewable Energy Laboratory (NREL) for its
2018 Electrification Futures (EFS) study. In NREL’s highelectrification scenario, U.S. electricity consumption
increases by a factor of 1.6 by 2050 relative to the 2018
level of roughly 4,000 terawatt-hours. Subject to these
demand assumptions, we analyze power system evolution
for different 2050 power system decarbonization targets,
defined in terms of CO2 emissions produced per kWh of
electricity generated, for our three regions of the country in
2050.

studied here, our modeling reveals significant regional
variation in system costs, optimal storage capacity
deployment, and optimal generation mix under different
emission constraints. The differences primarily reflect
differences in the quality of wind and solar resources and
thus in the cost of zero-carbon generating technologies in
the three regions we examine. Therefore, the challenges of
“getting to net zero” will vary across regions based on their
resource endowments.

Due to data limitations, we did not model the demand-side
impacts of very extreme weather events. Such events, which
can affect both electricity demand and supply, are likely
to become more important in the future owing to climate
change. Due to computational tractability, we had to resort to
In our study, we focus on four emissions constraints: approximating annual grid operations using representative
0 gCO2/kWh, 5 gCO2/kWh, 10 gCO2/kWh, and weeks for two of the study regions using multi- zonal grid
50 gCO2/kWh. When contemplating the common goal of representation. Collectively, these factors, coupled with our
“net-zero” carbon energy systems, where the term “net-zero” assumption of perfect foresight, mean that our results likely
is understood to allow for the inclusion of negative emissions underestimate the value of storage and the magnitude of
technologies, the 5 gCO2/kWh or even 10 gCO2/kWh storage deployment that would be cost-effective in lowemissions constraint is likely more informative than the very carbon power systems.
strict 0 gCO2/kWh constraint. While our analysis focused
on grid decarbonization by 2050, achieving zero or net- At the same time, other assumptions in our modeling may
zero carbon emissions from electricity generation sooner contribute to results that overestimate the value of storage.
than 2050 would require more rapid shifts in the generation First, we ignore use-based degradation of electrochemical
mix and possibly an expanded role for energy storage.
storage. If degradation were included, it might limit the
value of these storage resources. Second, our modeling
We found that the near-complete decarbonization of does not consider the availability of bioenergy-based
power systems can be achieved with VRE deployment, in power generation with or without carbon capture or
conjunction with available Li-ion battery energy storage, other dispatchable renewable generation sources such
along with infrequent use of dispatchable natural generation. as geothermal. If such sources become available, their
At the same time, we find that full decarbonization based on deployment could help minimize the cost impacts of going
deploying VRE and Li-ion storage technologies while ruling from near-complete decarbonization to full decarbonization
out any use of natural gas is significantly more expensive at and could significantly reduce the value of LDES. Finally,
the margin. It provides a compelling reason to focus public our analysis is based on least-cost investment planning for
and private RD&D resources on further improving the cost a future year (2050) with corresponding technology cost
and performance attributes of a range of technologies, projections for that year. In reality, VRE and other resource
including emerging long- duration energy storage (LDES) investments will be added incrementally over time, likely
technologies, alternative low- or no-carbon generation leading to higher investment costs than were assumed here.
technologies that are dispatchable, and negative emissions
technologies that can remove CO2 from the atmosphere.
We conclude by highlighting the complexity of longterm investment planning aimed at efficiently achieving
While these broad observations apply across all regions deeply decarbonized and reliable power systems and the
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importance of fundamental research to advance the stateof-the-art in models used for investment planning, as well
as the need for system operators to continuously review
and update their planning approaches to incorporate
best available methodologies. System planning needs
to account more effectively for variability in demand and

supply, especially under extreme weather events, and for
correlations between the supplies from individual generators
in the portfolio and between total generator output and
demand. This variability is likely to increase with climate
change.
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