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Abstract — In a low-carbon world (nuclear, wind, solar, and hydro) there is the need for assured
dispatchable electricity to replace the historical role of fossil fuels. Base-load reactors can provide variable
electricity to the grid by (1) sending some of their output (steam) to storage at times of low electricity prices
and (2) using stored heat to produce added peak electricity at times of high electricity prices. Heat storage
(steam accumulators, sensible heat, etc.) is less expensive than electricity storage (batteries, hydro pumped
storage, etc.). The added cost of incrementally larger or standalone turbine generators for peak electricity
production is small. However, energy storage systems (heat or electricity) can’t provide assured capacity for
extreme events, be it supply side (extended low-wind or low-solar conditions in systems with high wind or
solar capacity) or demand side (long periods of cold or hot weather). With heat storage systems there is the
option to provide peak electricity output when heat storage is depleted by heat addition with a water-tube
boiler using natural gas, biofuels, or ultimately hydrogen. Fuel consumption for assured peaking capacity is
small because most of the time the heat storage system meets peak electricity demands. The same systems
enable reliable low-cost heat production for industry. Such systems enable an all nuclear or nuclear/hydro/
wind/solar/geothermal low-carbon electricity grid.

Keywords — Heat storage, light-water reactor, variable electricity, capacity.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

The electricitymarket is changing because of advances in
technology and policy goals to reduce greenhouse gas
emissions. In much of the world the emphasis is on wind
and solar; however, the large-scale addition of wind or solar
collapses the price of electricity at times of high wind or solar
output. The revenue collapse limits the economic use of wind
and solar. In theUnited States this favors the use of natural gas
because of (1) the low cost of natural gas and (2) the ability to

rapidly rampup and down the output of gas turbines so the gas
turbines avoid selling electricity at times of low prices. The
economics result in a system where most electricity is
produced by natural gas with wind and solar used to reduce
natural gas consumption as discussed in Sec. II. This
environment does not favor high-capital, low-operating-cost
nuclear plants becausewind and solar drive downpriceswhen
available while natural gas limits electricity prices at other
times. Such a solution does not meet the long-term goals of a
low-carbon electricity grid.

An alternative option is to store energy at times of
excess production (low prices) and sell electricity at times
of high prices. However, unlike natural gas, most storage
technologies (pumped hydro, batteries) have limited storage
capacity and can’t provide assured electricity generating
capacity. Assured electrical generating capacity are
generators that can produce electricity at all times such as
fossil and nuclear plants. Wind and solar plants depend

*E-mail: cforsber@mit.edu
This is an Open Access article distributed under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which
permits non-commercial re-use, distribution, and reproduction in
any medium, provided the original work is properly cited, and is
not altered, transformed, or built upon in any way.

NUCLEAR TECHNOLOGY · VOLUME 205 · 377–396 · MARCH 2019
© 2019 The Author(s). Published with license by Taylor & Francis Group, LLC
DOI: https://doi.org/10.1080/00295450.2018.1518555

377

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1080/00295450.2018.1518555&domain=pdf&date_stamp=2019-02-12


upon wind and solar conditions and thus can’t provide
assured generating capacity. With traditional storage
technologies, gas turbines are required to back up
storage systems and provide electricity when storage
systems are depleted. This eliminates many of the
incentives for large-scale storage. What is needed is
low-cost storage with low-cost assured electricity
generating capacity.

Energy can be stored as work (pumped hydro,
batteries, etc.) or heat (steam accumulators, hot oil,
hot salt, etc.). Wind and photovoltaic (PV) systems
produce electricity and thus couple to electricity
storage technologies—work storage. Nuclear and
concentrated solar power produce heat (thermal energy)
that is converted to electricity; thus, these technologies can
couple to heat storage technologies. Heat can be stored at
times of low electricity prices and used to generate
electricity at times of high prices. A recent review1 of
electricity storage technologies and future costs concluded
capital costs of $340 ± $60 per kilowatt hour of electricity
when deployed at the terawatt-hour storage scale. The U.S.
Department of Energy (DOE) long-term battery storage
goal is $150/kW(electric)∙h for the battery and about
double that when installed with power conversion and
other required systems to couple to the grid. These storage
costs would more than double electricity costs.2 In contrast
the DOE thermal energy storage goal for concentrated
solar power systems is $15/kW∙h of heat. Because heat
storage is much less expensive than work (electricity)
storage, heat storage for variable electricity production
with base-load nuclear plant operation can improve nuclear
plant revenue. It is an option that may make nuclear power
the enabling technology for (1) large-scale use of wind and
solar by addressing the energy storage challenge and (2) an
all-nuclear grid where the economics of wind and solar are
unfavorable.

Heat storage coupled to electricity generating plants
to match energy production with electricity demand has
existed for almost a century. The first large-scale heat
storage system for electricity production was the
Charlottenberg Power Station steam accumulators3 that
were built in Berlin in 1929 and charged with steam from
a coal boiler at times of low electricity demand with a
peak output of 50 MW(electric). Heat storage systems
coupled to concentrated solar power systems3 today have
heat storage capacities in excess of 1 GW(thermal) · h to
enable electricity production after sunset at times of
higher electricity prices.

The other consideration is assured generating
capacity. If one buys a heat storage system coupled to
a nuclear power plant, one increases the size of the

turbine, generator, condenser, and other equipment to
enable peak power production—electricity output
greater than a base-load nuclear plant. For many existing
nuclear plants, the existing equipment allows a 5% to
10% increase in electricity output if storage is added,
with the capability to reduce output by dumping 50% or
more of the steam to storage at times of low electricity
prices. Alternatively, a separate steam turbine and gen-
erator can be built for peak electricity production—an
option that may be particularly attractive for reactor
stations with multiple nuclear reactors. If storage is
depleted, assured capacity can be obtained by adding a
low-cost water-tube boiler to provide steam at a rate
equivalent to heat from storage for peak electricity
production.

The economics of heat storage are based on two
considerations:

1. Electricity prices. The differences in electricity
prices with time are increasing because of (1) the large-
scale addition of wind and solar that causes price collapse
at times of high wind and/or solar input, and (2) the goal of
a low-carbon market that implies a need to find a
replacement for fossil plants in their role of providing
variable electricity to the grid. The rapidly increasing
variations in electricity prices make energy storage
attractive, although there are significant inefficiencies in
energy storage. Large increases in revenue are possible if
more electricity is sold when the prices are high and less
when electricity prices are low.

2. Cost structure of nuclear power.4 In a nuclear
power plant 80% to 90% of the costs are associated with
the nuclear reactor and its safety systems. The cost of the
power conversion system (steam turbine, generator, etc.) is
small. In the United States the estimated capital cost for a
new plant is $5500/kW(electric) with good construction
management. The reactor capital costs for producing
steam are measured in thousands of dollars per kilowatt
(electric) of capacity while the power conversion and heat
storage system costs are measured in hundreds of dollars per
kilowatt(electric) of capacity. If there are large variations in
electricity prices, this creates economic incentives to operate
the nuclear steam supply system at base load with variable
electricity to the grid using heat storage.

Herein we examine electricity markets, system design,
and the technologies available for heat storage with assured
electricity generating capacity for light-water reactors
(LWRs). Most but not all of these systems also couple to
concentrated solar power systems—the other low-carbon
heat generating technology.
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II. ELECTRICITY MARKETS (HEAT STORAGE AND
CAPACITY REQUIREMENTS)

There are three electricity markets that are sources
of revenue for electricity generators and storage
systems.5 We describe herein the market mechanisms
for deregulated, competitive markets that define the
requirements for any energy storage system with assured
capacity. In theory, an ideal free market and an ideal
regulated market will have similar outcomes. In
practice, there are no fully free markets or ideally
regulated utilities.

II.A. Energy Markets

Energy markets pay per unit of electricity (megawatt
hour) delivered to the grid. These are also known as
competitive wholesale electricity markets that are run by
either independent system operators (ISOs) or regional
transmission organizations. In deregulated electricity
markets, electricity generators bid a day ahead on the price
that they are willing to sell electricity into the market,
typically for each hour of the day. Generators bid their
short-run operating cost6 to produce electricity, including
fuel costs and variable operations and maintenance (O&M)
costs. The grid operator accepts electricity bids up to the
expected electricity demand for each hour. The accepted bid
(dollars per megawatt hour) with the highest electricity price
sets the price for that hour, and everyone who bids below that
price gets the same, marginal price. Energy markets have
existed for decades and are reasonably well understood with
relatively stable market rules. Energymarkets are the primary
source of revenue for storage technologies.

In a perfect market, wind and solar will bid near zero
dollars per megawatt hour—their variable O&M costs.
Figure 1 shows electricity prices in parts of California on
a spring day in 2012 and 2017 (Ref. 7). Over a period of
5 years, large numbers of PV systems were installed that
collapsed prices on days with good solar conditions and
limited electricity demand. As more solar plants are built,
electricity prices collapse more hours per year during
times of high solar output. This includes times of
negative electricity prices, partly caused by gas turbines
operating at minimum load so as to be able to provide
rapid response when needed. California has had its first
month where more than 20% of the time (mid-day) the
wholesale electricity price was zero or below. That will
become increasingly common as more solar is added. In
several European countries (Italy, Spain, Germany, etc.)
with national commitments to solar this has limited solar

output to less than 8% of total electricity to the grid.8

Revenue collapse limits solar deployment9 even if there
are large decreases in solar capital costs.

The same effect occurs with wind. Studies have
quantified this effect in the European market.10,11 If
wind grows from providing 0% to 30% of all electricity,
the average yearly price for wind electricity in the market
would drop from 73 €/MW(electric)·h (first wind farm)
to 18 €/MW(electric)·h (30% of all electricity generated).
There would be 1000 h per year when wind could provide
the total electricity demand, the price of electricity would
be near zero, and 28% of all wind energy would be sold
in the market for prices near zero. With the growth of
installed wind capacity, this is expected to be seen in
multiple markets in the next several years.

In the traditional electricity grid the cost of fossil fuels
sets theminimumwholesale electricity prices that historically
have been above the operating costs of nuclear power plants.
The major low-carbon electricity generation options
(solar, wind, nuclear, hydro) all have low operating costs,
which implies significant periods of time with the market
price of electricity near zero. In that market a power
technology producing base-load electricity is at a competitive
economic disadvantage. The traditional role of nuclear
energy for base-load electricity production is a consequence
of its early development for a market dominated by fossil
fuels. The market is changing and thus nuclear power must
change.

II.B. Capacity Markets

There are two strategies to assure sufficient generating
capacity to meet demand; that is, to avoid blackouts. The

Fig. 1. Price impact of adding solar PV between 2012
and 2017 on a spring day in California.7
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first strategy is to have no capacity market and allow energy
prices to go to very high levels (thousands of dollars per
megawatt hour or more) at times of scarcity. Plants will be
built whose revenue depends upon incomes during the sale
of electricity for tens or hundreds of hours per year when
prices are very high.

The second strategy is for the grid to offer forward-
capacity contracts for assured electricity supply (auctions
for such contracts are known as a capacity market) even
if there are multiday periods of low solar production,
month-long periods of low wind (such as January 2017
in Europe), or extreme weather events (United States).12

Most electricity markets have capacity markets where the
grid operator pays so many dollars per megawatt of
assured capacity. The grid operator pays to lower the
risks of blackouts because of the high costs of such
blackouts in terms of economics, public health risks
(cold houses, summer heat exhaustion, etc.), and social
disruption (crime waves, riots, etc.).

Capacity markets are a type of insurance. Without
capacity markets (energy-only markets), a small number of
hours with very high prices provide a large fraction of total
revenue to certain types of generators. In a simple illustration
produced by Joskow,13 the 20 h per year (<1%) with a
theoretically permitted wholesale price of $4000/MW·h
provides 33% of the net revenues earned by a base-load
plant, 50% by an intermediate plant, and 100% by a peaking
unit. With a capacity market, the same revenue is provided as
a capacity payment and the wholesale price does not spike to
$4000/MW·h. Instead the same revenue is provided by
a ~$9/MW·h fee for all hours, yielding a capacity payment
of ~$80/kW·year for technologies that can provide assured
capacity (fossil and nuclear).

Historically, capacity markets were not needed or the
payments were low because the electricity was generated
by nuclear and fossil units—dispatchable electricity
sources. The addition of wind and solar have increased
the use of capacity markets because these energy sources
can’t assure production of electricity when needed given
their intermittency. Capacity markets and market rules are
changing rapidly as regulators attempt to create workable
solutions to systems with increasingly large quantities of
wind and solar that can’t provide much assured capacity as
older fossil plants shut down. Quantifying capacity
requirements with solar or wind is complicated because
of the uncertainties in solar and wind output. If there is a
large solar production capacity and peak demand occurs in
the middle of the day, some fraction of the solar can be
considered assured capacity—electricity is produced when
needed. However, clouds and peak temperatures with air
conditioning loads will limit the fraction of solar that can

be considered assured capacity in meeting electricity
demands.

The capacity system-wide clearing price in ISO-NE
(New England) for delivery years from 2017–2018 through
2020–2021 varies from $55.56 to 114.60/kW·year. The
ISO-PJM (Pennsylvania, New Jersey, Maryland) capacity
auctions over the last 5 years have not been higher than
$80/kW·year. The NYISO (New York) demand curve
suggests a maximum clearing price for the Installed
Capacity Market ranging from $15 to $26/kW·month, or
$190 to $313/kW·year, depending on the region of the
NYISO service area.

There are other complications that have not been
addressed. If one has a yearly market for capacity
payments and a local economic recession, the peak
electricity demand will go down and capacity payments
will be reduced. If the economy picks up, the electricity
demand grows with the need for more capacity, but it
takes more than a year to build more capacity even if that
assured capacity is met with the addition of gas turbines.

There are also generating capacities that may appear
to provide assured capacity but may not over a decade.
For example, Brazil and parts of eastern Canada have
large hydroelectric facilities that were thought to provide
assured capacity; however, long periods of low rain
resulted in capacity shortages. Large-scale wind was
assumed to provide some assured capacity on the
assumption that the wind will not disappear over
distances of a 1000 km; however, Europe has had two
such low-wind events. These “surprises” are partly a
consequence of the lack of good historical rainfall and
wind measurements over many decades and may also be
a consequence of climate change. It may be a decade or
more before stable capacity market rules are developed.

II.C. Ancillary/Auxiliary Service Markets

This refers to other electricity grid services14,15 such as
frequency control, black start (start after power outage), and
spinning reserves for rapid response to grid emergencies
such as another electrical generator failing. Currently this is
not a large source of revenue in any electricity grid, typically
several percent of total electricity revenue.

III. SYSTEM DESCRIPTION: HEAT STORAGE WITH
ASSURED GENERATING CAPACITY

Figure 2 shows the proposed system for variable
electricity to the grid and heat to industry from a base-load
nuclear plant with assured delivery of electricity to the grid
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and heat to industry. The top-level goal is variable electricity
and optional heat to industry with nuclear, solar, and wind
facilities operating at full capacity—their most economic
mode of operation. For any particular market, only some
components may be built.

The reactor operates at base load (its most economic
mode of operation) with variable electricity (2) to the grid
with the option of heat to industrial customers (11).
(The numbers in the parentheses refer to energy flows
in Fig. 2.) The electricity grid may include wind or solar
production facilities. When there is excess electricity
production (low prices), some of the steam from the
reactor is diverted to heat storage (3). To maximize heat
storage efficiency, this steam is high-pressure steam that
normally is fed to the high-pressure turbine and would be
extracted from the steam header before the main turbine.
Sufficient steam is sent to the power cycle (1) to operate
at minimum electricity output. By operating the power
cycle at minimum load, the power cycle can quickly
return to full base-load power by sending all steam
from the reactor to the power cycle. When additional
electricity is needed (high electricity prices), all steam
from the reactor (1) is sent to the power cycle and

additional heat from storage (4) is sent to the power
cycle to produce added peak electricity.

The heat from storage may be in the form of steam to
the main turbines or to the LWR feedwater system.2,3 The
temperature of heat from storage will be lower than the
steam temperature sent to storage because of inefficiencies
in any storage system. The returning steam may go to the
intermediate pressure turbine or it may be sent to feedwater
heaters. In LWRs about a third of all steam goes to a series
of feedwater heaters where each feedwater heater requires
heat input at different temperatures. There are up to seven
feedwater heaters in an LWR steam cycle. This
characteristic of LWR steam cycles allows steam at different
temperatures from storage to be efficiently sent back to the
turbine hall for peak electricity production. Alternatively, if
a separate steam turbine is built for peak power from
storage, it will be designed for the temperatures of steam
coming from storage.

The addition of heat storage enables variable
electricity from a base-load reactor but does not assure
peak electricity production at all times. The heat storage
system can become depleted and electricity production
will be limited to base-load electricity production from

Fig. 2. Reactor system with dispatchable electricity to the grid.
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the reactor operating at full power. To assure the
capability of peak electricity production at all times, a
combustion heater [natural gas, oil, biofuels, hydrogen,
etc. (5)] can provide heat to the storage system (6) or
directly to the power cycle (7). Where to add heat will
depend upon the specific system design. The combustion
heater in an LWR is a water-tube boiler that provides
saturated steam that matches LWR steam conditions.

The addition of the combustion heater to provide
assured peak generating capacity fundamentally changes
this storage technology relative to other storage technologies
(batteries, pumped storage, etc.). Other storage technologies
can become depleted and can’t provide assured capacity in
the case of low-wind, low-solar, or extreme weather events.
Other storage technologies require gas turbines or similar
technologies to provide backup assured generating capacity.

The cost of assured peaking capacity is small. If
one has a 1000 MW(electric) LWR and adds a storage
system to produce an additional 200 MW(electric) of
peak power capacity, one has the extra power cycle
equipment (added turbine, generator, electrical switch-
gear, condenser, cooling tower capacity) required to
produce the added 200 MW(electric) of peak power
capacity. To provide 200 MW(electric) of added
assured generating capacity even if storage is depleted,
a water-tube boiler is only needed to provide the heat
for that peak 200-MW(electric) capacity. For an LWR
with 33% efficiency, that would be 600 MW(thermal)
of saturated steam. Because heat storage usually
provides peak capacity, the boiler will likely be
operated less than 100 h per year with very low annual
fuel consumption. In a low-carbon system, biofuels could
be used rather than oil or natural gas. Capital costs16 for
such a boiler are estimated at $100 to $300/kW(electric),
substantially less than the cost of a simple gas turbine
[$600/kW(electric)] to provide assured capacity and a
cost that would be covered by capacity payments
(Sec. II) in many markets.

If there is excess electricity production from wind and
solar (Fig. 1), there are options to convert excess electricity
from the reactor power cycle and the electricity grid into
stored high-temperature heat rather than curtailing wind or
solar resources. The first option is to add electric resistance
heaters to the heat storage systems with steam input—an
option that works with some but not all types of heat
storage (see Sec. IV.B). The second option is to add hot-
rock or Firebrick Resistance-Heated Energy Storage17

(FIRES) to convert excess electricity (9) into high-tem-
perature stored heat in the form of hot rock or hot fire-
brick. When there is a demand for peak electricity, cold air
is blown through voids in the crushed rock or channels in

the hot firebrick to produce hot air (10) that goes to the
combustion boiler to produce steam. These systems are
being developed by Siemens and others to convert low-
price electricity into high-temperature hot rock where air is
blown through the hot rock to a steam boiler to produce
peak electricity—a less efficient but a lower-capital-cost
standalone electricity storage option. In locations such as
Germany with large-scale wind, there are long periods of
time with very-low-price electricity where the storage
times exceed those of batteries. The incremental capital
cost of hot-rock heat storage per unit of heat storage is
very low making such systems potentially attractive in
such electrical markets. With electric resistance heating
one can produce higher temperature stored heat than
storage systems with steam input. This has several
implications:

1. Steam plant efficiency. Steam from the boiler will be
at LWR conditions for maximum efficiency in converting
heat to electricity. Steam from storage will be at lower
temperatures than the input steam from the reactor because
of various loss mechanisms associated with storage. The
steammust be fed back into the intermediate- or low-pressure
turbines or feedwater systems. The heat-to-electricity
conversion efficiency will be less.

2. Storage efficiency. With high storage temperatures,
there is a larger temperature difference between hot and cold
heat storage temperatures implying larger heat storage
capacity per unit volume or mass of crushed rock or
firebrick. This may enable lower heat storage costs than is
possible with storage systems with steam input.

The system above enables highly reliable variable heat to
industry. Heat from the reactor (11), heat storage (12), and the
combustion heater (13) can provide low-cost industrial heat
generated at times of low electricity prices. There have been
only limited studies of such systems to understand the
strengths, weaknesses, and requirements for different
components for an optimum system under different
conditions.

IV. HEAT STORAGE AND ASSURED CAPACITY
TECHNOLOGIES

There are three options for variable electricity to the grid
from a nuclear power plant: (1) vary reactor output,18,19 (2)
hybrid systems where a base-load reactor coproduces elec-
tricity and one or more energy intensive products such as
hydrogen,20–22 and (3) base-load reactors with heat storage
with variable electricity to the grid and heat to industry. There
are a wide variety of proposed hybrid systems that may
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include heat storage as discussed in Sec. V. We summarize
options for reactors where heat storage is integrated into the
steam cycle. These options are applicable to LWRs, CANDU
reactors, and British advanced gas-cooled reactors. There are
a parallel set of options for advanced reactors23 where heat is
stored in an intermediate loop (sodium, lead, etc.)24 in high-
temperature gas-cooled reactor cores25 and systems incorpo-
rated into Brayton power cycles.2,26–28

IV.A. Heat Storage with Steam Input

A recent workshop3 examined heat storage coupled to
LWRs where at times of low electricity prices some steam
is diverted to heat storage but sufficient steam is sent to the
turbine to keep it online to enable quick return to full
electricity output when needed. When prices are high
most of these storage technologies would send steam
back to the turbine hall for injection into the main turbine
or feedwater heaters or to a separate peaking turbine
system, boosting the electricity output over the base-load
output of the power plant.

There are significant incentives to use the main
power conversion systems rather than a standalone
steam cycle for peak electricity. One is then buying a
somewhat larger power conversion system at about half
the cost of a separate power conversion system to convert
stored heat back to electricity. The use of the main turbine
also allows faster response since the turbine is always
operating. However, it is also noted that within the last
decade there have been major advances in steam cycles
with the capability for rapid start, stop, and changes in
power levels that can be used for a standalone peak
power system. Concentrated solar power systems have
steam cycles that turn on and off each day. The change
in electricity markets with the addition of wind and solar
has resulted in combined cycle natural gas turbines
turning off and on many times per year, as well ramping
rapidly up and down. These plants include a gas turbine
topping cycle that exhausts hot air to a heat recovery
steam generator where the steam goes to a conventional
steam cycle. The market changes that created the
incentives for heat storage coupled to LWRs has resulted
in a large market for steam turbines with requirements
similar to those required for a reactor with heat storage
and peak electricity production capability.

There is massive literature29 associated with heat
storage although much of it is associated with building
heating and cooling. Initial studies on coupling heat
storage with LWRs were conducted in the 1970s after
the Arab oil embargo that drove up the price of oil, the
primary fuel used at that time for variable electricity

production. Today most of the work on heat storage
applicable to LWR temperatures is being done in the
concentrated solar power community that operates at
similar temperatures using steam cycles.

IV.A.1. Liquid-to-Gas Latent Heat Storage

IV.A.1.a. Steam Accumulators

A steam accumulator is a pressure vessel nearly full
of water that is heated to its saturation temperature by
steam injection. The heat is stored as high-temperature
high-pressure water. When steam is needed, valves open
and some of the water is flashed to steam that is sent to a
turbine or feedwater heaters generating electricity while
the remainder of the water decreases in temperature. This
system has a faster response than any other heat storage
system but the steam from any one bank of accumulators
decreases in pressure and temperature with time. Multiple
accumulators can be arranged to provide a steady flow of
steam at several different pressures.

Steam accumulators have been used for energy storage
and pressure buffers in steam plants for over a century and
are coupled to several solar thermal power plants30,31 as a
mechanism of heat storage to enable variable electricity
production including electricity production after sunset.
The technology is well understood.32,33 The first steam
accumulator for peak electricity production, built in Berlin
in 1929, was charged with steam from a coal-fired power
plant, had a peak power output of 50 MW(electric), and
operated for decades. Steam accumulators coupled to
nuclear reactors were studied34,35 in the 1970s after the oil
embargo that dramatically increased oil prices and the
interest in variable electricity from nuclear power plants.
In the last several years there have been studies on steam
accumulators coupled to LWRs (Refs. 3, 36, 37, and 38).
Steam accumulators are being built today with some
concentrated solar power systems; thus, the technology
can be considered commercial. There are many design
options. The cost of the high-pressure storage tanks
probably limits these systems to hourly to daily energy
storage where there are many cycles of storage per year to
cover capital costs.

IV.A.1.b. Cryogenic Air Systems

A cryogenic air energy storage system39–41 stores
energy by liquefying air. Air is liquefied at times of low
electricity prices where the compressors could be powered
with electric motors or steam turbines. The liquefied air is
stored in facilities similar to those used to store liquefied
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natural gas (LNG). To produce electricity, the liquid air is
compressed, heated using low-temperature heat (cooling
water) from the power plant, further heated with steam
from the LWR, and sent through an air turbine before
being exhausted to the atmosphere. This technology can
be coupled to any heat source or operate as a standalone
storage system. The estimated round-trip efficiency for this
technology coupled to a LWR is over 70%—approaching
that of hydroelectric pumped storage but without siting
constraints. The distinguishing feature of this system is
that the peak to base-load electricity output is higher than
for other heat storage systems. A pilot plant coupled to a
biofuels power plant is now operating in the United
Kingdom.

IV.A.2. Sensible Heat Systems

Sensible heat storage involves heating a second
material where heat is stored by raising the temperature
of the second material. New concentrated solar power
systems now deploy sensible heat storage in the form of
liquid nitrate salts at the gigawatt-hour scale42 to
minimize sales of electricity at times of low prices
(Fig. 1). There are many technology options.

IV.A.2.a. Liquid Sensible Heat Storage

Sensible heat storage43–46 involves heating a second
fluid with steam, storing that second hot fluid at
atmospheric pressure, and using that fluid later to provide
the heat to produce steam to then produce electricity. This
technology is used with some solar thermal power
systems47 at temperatures near those of LWRs to enable
electricity production after the sun sets. Much work has
been done on choices of heat storage materials.48 Studies
at North Carolina State University45,46 (NCSU) and
Westinghouse3 are examining heat transfer oils as the
heat transfer fluid when coupling sensible heat storage
to an LWR steam cycle. NCSU uses the heat transfer oils
as the storage media with hot and cold tanks for hot and
cold oil storage.

Westinghouse has begun development of a sensible
heat storage system for LWRs (Fig. 3) where each storage
module stores sufficient heat to generate 1 MW·h of
electricity. Steam heats low-pressure oil which then
transfers its heat to a heat storage module in which
vertical concrete plates serve as the primary heat storage
medium rather than a heat transfer oil. Concrete is used
because it is a less expensive heat storage medium than
oil and can be produced locally. The hot oil flows through
narrow channels between slabs of concrete. To recover

the heat, the direction of oil flow is reversed. The hot oil
would be used to generate steam that is sent to (1) the
main reactor turbine, (2) a partial replacement for steam
to feedwater heaters, or (3) a separate power system. The
round-trip efficiency is about 60%; that is, if 1 kW∙h of
electricity is produced in base-load operations, 0.6 kW∙h
of electricity is produced if the heat is sent through the
storage system. The efficiency depends upon engineering
trade-offs between capital expenditures and efficiency. If
the value of steam is very low, there are limited
incentives to design high-efficiency systems if this
substantially increases capital costs.

Much work has been done on using concrete as a heat
storagemedia inmany different types of systems usingmany
different fluids (air, water, oil) to move heat to and from the
concrete.49 In some cases the fluid is in direct contact with
the concrete while in other cases the fluid is in tubes that go
through the concrete. The major advantages of concrete are
its low cost and ability to be fabricated in different
geometries. Long-term cycling of concrete samples up to
500°C has been done for over 14 000 cycles.50 This requires
special concrete. One of the challenges is that excess water
in the concrete upon heatingwill convert to steam that breaks
apart the concrete. There are two methods to address this
challenge. The first is high-temperature steam curing in an
autoclave at pressure that removes excess water—a
procedure used for concrete bridge beams and other
preformed concrete structures to provide protection against
freeze-thaw cycles. The other strategy is to make the
concrete permeable, where there are multiple options.

Fig. 3. Westinghouse thermal heat storage module for
1 MW·h of electricity storage.
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Such systems can also use latent heat storage where a
phase-change material (liquid to solid) provides for heat
storage. Thus far such systems have not been deployed in
utility solar thermal systems. Historically the interest in
solid-liquid phase-change heat storage systems has been
for applications where minimizing volume or weight is
important. For most utility applications this is not a
requirement—minimizing cost is the priority.

IV.A.2.b. Steam Heating of Packed-Bed Thermal Energy
Storage

A packed-bed thermal energy storage system (Fig. 4)
consists of a pressure vessel filled with solid pebbles or other
heat storage media with a steam valve at the top and water
outlet at the bottom.51,52 Heat is stored as sensible heat in the
pebbles. To charge the system, steam injected into the pebble
bed condenses as the cold pebbles are heated and water exits
from the bottom of the vessel. At the end of the charging
cycle all pebbles are hot and there is hot water filling the
voids at the bottom of the vessel. To discharge the system,
water is injected into the bottom of the vessel and steam is
produced by the hot pebbles. In theory, this system should
have the highest round-trip efficiency. The technology is in
the early stages of laboratory development.

IV.A.2.c. Air-Heated Hot-Rock Storage

In a hot-rock energy storage system53,54 a volume of
crushed rock with air ducts at the top and bottom is created
(Fig. 5). To charge the system, air is heated using a
steam-to-air heat exchanger delivering heat from the
reactor, then the air is circulated through the crushed rock,

heating the rock. To discharge the system, the airflow is
reversed and cold air is circulated into the crushed rock at
the bottom. The discharged hot air produces steam that is
sent back to the turbine hall. It has the lowest incremental
heat storage costs per kilowatt hour.

If electricity prices are very low, there are the options
of (1) heating the air with a steam-air heat exchanger and
then further heating the air with electric resistance
heating, or (2) heating the air only with low-price elec-
tricity. The very hot air can be sent back through the
assured capacity boiler to produce steam at LWR condi-
tions to maximize heat-to-electricity conversion
efficiencies.

Several versions of this technology are under
development for different purposes. Siemens in Germany
is constructing55 a hot-rock heat storage system where the
air is to be heated by electric resistance heaters using
low-price electricity generated by wind before being blown
through the crushed rock. For power production cold air
flows through the rock, is heated, and then fed to a steam
boiler to produce steam for electricity production at times of
high electricity prices. This is one variant of a family of
concepts where the air is heated by various hot fluids
(oil, salt, carbon dioxide, steam) from concentrated solar
power systems or electricity. The hot air is then used to
heat the rock—the storage media. A 100-kW test of the
CellFlux concept56 (one variant) has been tested.57 There
have also been tests to 800°C with another hot-rock variant
with a variety of different rock types.58

Red Leaf 59 is developing an oil shale process where
oil shale is crushed and placed in piles approximately 30 m
high. Hot gas is blown through the crushed hot rock to heat
it up, decomposing the kerogen and releasing shale oil. It
is a one-time process but similar physics—heating crushed
rock with hot gas. Large-scale experiments are underway.

Hot-rock heat storage is also being experimentally
investigated60–67 for direct use with concentrated solar
thermal power towers. In these applications concentratedFig. 4. Packed-bed heat storage system.

Fig. 5. Schematic of hot-rock heat storage in charging
mode.
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light would heat ceramic structures cooled by incoming
air. The hot air would be sent directly to the hot-rock
storage system. While the pumping power for air is
higher than in solar power towers with liquid coolants,
air cooling with ceramic absorbers would avoid the
normal temperature limits associated with the receivers.
As with other systems, heat is recovered by blowing cold
air through the hot rock that is sent to a steam boiler to
produce electricity.

There are several general observations from the
various experimental programs. The capital costs of heat
storage are very low. Many of the experimental
challenges and inefficiencies disappear as the capacity
increases. The system is well behaved with vertical gas
flow with hot air in at the top and cold air out at the
bottom. There has been significant work on horizontal
gas flow options to avoid the need for the air inlet/outlet
structure to support the full weight of rock; but major
losses in efficiencies are caused by stratification of hot air
toward the top of a system with horizontal flow.

IV.A.2.d. Geothermal Heat Storage Systems

Thermal energy is stored by injecting hot water heated
by steam from the reactor into the underground reservoir;
energy is discharged by pumping hot water back to the
surface for electricity production in a conventional
geothermal plant. Only limited studies have been
completed.68,69 This heat storage technology has different
characteristics than the other heat storage options. It can
provide seasonal energy storage but can only be deployed
as a large system because there is no way to insulate rock
deep underground. The underground surface area for heat
losses goes up as the square of the energy storage capacity
while the storage volume (heat capacity) increases as the
cube resulting in low losses for systems with more than
0.1 GW·year of heat storage.

IV.A.3. Other Options

There are several other classes of heat storage that
are potential candidates if the right materials are found,
but are all in earlier stages of development. In chemical
heat storage systems heat is stored in some type of
chemical reaction. Relatively little work has been done
on these systems relative to the options described above.

Solid-liquid latent heat can be used for heat storage.
This includes systems where the temperature of the solid-
liquid system is close to the condensation temperature of
high-pressure steam.70 These systems have higher heat
storage capacity per unit volume but are more expensive.

There are a wide variety of options because LWR steam
temperatures are below the degradation temperatures of
many organics. Most of the work has been for systems
where compact size is important, such as in residential
and commercial facilities, a constraint that does not apply
to utility-scale systems. These systems can be coupled to
steam accumulators and many sensible heat storage
systems as a secondary heat storage media in these
systems.

IV.B. Heat Storage with Electricity Input

If there are times of very low electricity prices
(Fig. 1) that are below the price of fossil fuels, there are
several options to divert low-price electricity from the
nuclear power plant turbine that is running at minimum
load and/or from the electricity grid to heat storage:

1. Heat storage system. The electricity can be
converted to heat using resistance heaters in most of the
heat storage systems described in Sec. IV.A. Where the heat
is added depends upon the specific storage technology.

2. Hot-rock heat storage. As discussed in
Sec. IV.A.2.c, this option uses electricity to heat air
that then heats rock. Air is blown through the hot rock
to produce hot air for steam production.

3. FIRES (Ref. 17). Low-price electricity can be
sent to FIRES to heat firebrick to high temperatures
using resistance or induction heating. To convert this
heat back to electricity, air is blown through FIRES.
The hot air can be used to generate steam or hot air for
industrial applications. This is the high-temperature
variant of hot-rock storage and has applications beyond
the reactor that can impact electricity markets.

A schematic of FIRES is shown in Fig. 6. FIRES is a
general purpose technology to convert low-price electricity
less than the price of fossil fuels into high-temperature
stored heat and then to convert that heat into hot air to
substitute for hot air produced by burning fossil fuels. The
firebrick is heated with electric resistance heaters. Cold air
is blown through channels in the firebrick to produce hot
air that replaces hot air generated by burning natural gas,
oil, biofuels, and ultimately hydrogen in industrial
furnaces, boilers, and other applications.

Historically, small FIRES units (<100 kW∙h) have been
used for home heating where utilities provide low-price
electricity during off hours for FIRES to be charged and
hot air produced for home heating for a day or more. More
recently the Chinese have deployed units up to 8 MW·h
with electricity input rates at 1 MW(electric) for heating
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large apartment complexes. FIRES is charged at night and
the hot air is used to provide steam or hot water for building
heat. For temperatures to 850°C and atmospheric pressure,
FIRES is an off-the-shelf technology. Advanced versions17

are under development to raise peak temperatures to above
1400°C by use of conductive firebrick as the resistance
heaters or induction heating of conductive firebrick.

The technology has major implications in terms of
electricity prices by potentially placing a floor on the
price of electricity near the heating value of the
competing fossil fuel. The heat equivalent of total
electricity produced in the United States is less than the
heat input into the industrial sector. The industrial sector
has the potential with FIRES to use low-price electricity
less than the heating cost of natural gas to partly replace
natural gas as a source of heat. Only in the last several
years have significant quantities of electricity become
available at prices less than natural gas. In this context,
the United States has extremely low-cost natural gas
compared to most of the world. The cost to convert
natural gas to LNG and ship that gas to foreign countries
significantly increases the cost of natural gas elsewhere
relative to the United States.

The first large-scale users of FIRES in the United
States will likely be industrial cogeneration plants that
produce (1) electricity for the industrial plant and the
electricity grid and (2) steam for process heating. These
plants must operate to provide process steam, which
implies sending electricity to the grid even when the prices
are very low—part of the reason for negative electricity
prices in California when solar conditions are good
(Fig. 1). When there are negative prices the electricity
generator pays the electricity grid to take the electricity.
California has had its first month71 where more than 20%
of the time (mid-day) the wholesale electricity price was
zero or below. This will become increasingly common as

more solar is added. This also implies many additional
hours per year where wholesale electricity prices will be
below that of fossil fuels creating incentives for FIRES
deployment. FIRES creates an option to store low-price
and negative-price electricity as high-temperature heat for
process heat production, reduce fuel consumption of these
plants, and avoid selling electricity at a loss.

IV.C. Assured Peak Electricity Capacity

Assured generating capacity for peak power
production (Fig. 2) can be enabled by adding steam
boilers burning natural gas, oil, biofuels, or ultimately
hydrogen to provide the heat that would have come
from storage. FIRES or crushed rock heat storage would
use the same steam boilers. If the difference between
nominal base-load output and peak capacity with storage
is 200 MW(electric), the steam boiler would be sized to
generate steam needed to produce 200 MW(electric).
Because the peak turbine capacity is already paid for
(part of the storage system), the only capital cost for the
assured extra production capacity is for the steam boilers.

The incremental cost16 of such a steam generation
system [$100 to $300/kW(electric)] is significantly less
than a simple cycle gas turbine [~$600/kW(electric)] or a
larger reactor [>$5000/kW(electric) (United States)]. Costs
were estimated by several methods. The ASPEN process-
design code72 yielded a cost of $148/kW(electric) while the
HYSYS model library estimated costs at $204/kW(electric).
Not all of the assumptions were identical and there are
significant differences depending upon location. What is
important is that all of the estimates were substantially less
than a gas turbine, normally the lowest cost technology to
provide assured capacity. The fuel consumption would be
low because most of the time heat storage provides the steam
for added capacity. Such an investment would be justified
where (1) market capacity payments justify such an expense
and/or (2) where there are sufficient hours per year where the
storage system would be expected to be depleted and
electricity prices will be high. There is an economic
trade-off between the capacity of the storage system and
how many hours per year the auxiliary boiler would be used.

IV.D. Matching Storage Options to Markets

Each heat storage technology has different
characteristics: round-trip efficiency, cost to input energy
into the system [dollars/megawatt(thermal)], cost of storage
(dollars/megawatt hour), and cost of converting heat to
electricity [dollar/megawatt(electric)]. As a consequence,
the preferred option will depend upon both the electricity

Fig. 6. Firebrick resistance-heated energy storage.
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market and the technology. The preferred heat storage system
in a grid with large solar capacity and the need for daily
energy storage may be different than a system with excess
wind capacity and multiday cycles of low- and high-price
electricity.

Energy storage cost structures are different for electricity
(pumped hydro, batteries, etc.) and heat storage systems. The
capital costs for a pumped hydro facility can be broken into
two parts. In a pumped hydro facility there is a pump-motor
system that pumps the water up the hill and operates in
reverse as a turbine-generator system to produce electricity.
The capital cost is measured in dollars/kilowatt. The rate of
electricity input is coupled to the rate of electricity output.
The second capital cost (dollars/kilowatt hour) is associated
with building the two water reservoirs to provide energy
storage capacity. The cost structure of most electricity storage
systems,73 where input rates are coupled to output rates,
results in a business strategy to buy low-price electricity
and sell only during the relatively few hours when electricity
prices are very high (Fig. 7).

In heat storage systems the heat-to-storage input power
(kilowatts), energy storage capacity (kilowatt hour), and
heat-to-electricity output power (kilowatts) are separately
sized. Much of the cost is associated with the cost of
converting heat to electricity. In a market with large-scale
solar, the profitable strategy may be to send steam to storage
6 h per day when prices are low and produce added
electricity 18 h per day. The storage system would have
high steam input rates into storage (low-cost part of system)
and smaller peak electricity production rates (higher-cost
part of system). This minimizes the cost of the heat storage
system. It also better matches what is required to integrate
large-scale solar into the electricity system—a storage

system with massive input for the limited number of hours
of high solar output with output spread out over time. The
market is different where there are large wind resources
with the multiday cycle of high and low winds; thus, the
optimum engineering solution could be different.

The second heat storage feature is that the nuclear
turbine-generator can be used for peak power. The cost of
the heat-to-electricity subsystem is the incremental cost
of a somewhat larger power cycle, not a standalone
power cycle as is required in a hydro pumped storage or
battery system. Cost scaling factors for industrial
equipment follows well-known scaling laws:

C1 ¼ C0 S1=S0ð Þx ;

where

C1, C0 = total costs

S1, S0 = equipment capacities

x = scaling factor that is typically between 0.6
and 0.7 for industrial equipment.

As the system output increases, the costs do not
increase linearly because the system has the same
number of parts—just slightly larger parts. For
x = 0.7, a 1000-MW(electric) turbine costs 5 times as
much as a 100-MW(electric) turbine, but only half as
much per unit of capacity. Scale dramatically reduces
costs for the heat-to-electricity component of any heat
storage system coupled to a large reactor with large
turbine relative to heat storage coupled to smaller
solar thermal or geothermal systems. There are large

Fig. 7. Buy and sell strategies for pumped hydro and nuclear heat storage in California electricity market.
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economics of scale associated with steam turbines and
generators74 up to about 500 MW(electric).

For existing LWRs, limited studies indicate that at many
reactors a storage system may divert 20% to 40% of the
steam at times of low electricity prices with peak power
output 4% to 5% above base-load capacity without major
changes in the plant. The numbers are plant specific. For
new LWRs one could divert up to 70% of steam to storage at
times of low prices with a peak output 25% higher than base
load. There are efficiency penalties operating at part load but
this is much less of a concern because the price of electricity
is low at these times. Figure 8 shows the efficiency of the
main steam plant goes down as the load goes down.

There is the alternative option of building a standalone
steam plant for peak power production. Because it is
designed with the storage system, its efficiency will be
higher in converting stored heat to electricity than using
the main reactor turbine. This minimizes design changes in
the main nuclear turbine—the changes are limited to
allowing massive dumping of steam to the heat storage
system. The only connections between the peaking unit
and the nuclear plant are the steam lines and the return
steam condensate lines. There are capital costs versus
efficiency trade-offs. With multireactor power stations,
the expectation is that a standalone peaking turbine will
be the preferred option because the peaking turbine system
will be large with economics of scale and higher
efficiencies. We are not aware of any studies that have
examined what options are the preferred options in
different markets with different technologies and different
reactor sizes.

None of these storage technologies has yet been coupled
to a nuclear reactor for heat storage. NCSU (Refs. 45 and 46)

has simulated the operations of a modular LWR with oil heat
storage with heat going to large-scale cooling systems or
back to the turbine hall for peak electricity production. The
simulations show nearly constant reactor output with highly
variable electricity to the grid and heat to storage. Steam
accumulators and sensible heat systems have been deployed
with utility-scale solar thermal power systems. Cryogenic
heat storage is in the pilot-plant stage. The other technologies
require added research, development, and demonstration. In
this context it is noted that the capital cost of a new nuclear
plant4 with good project management in the United States is
~$5500/kW(electric) and about half that in China and South
Korea. The equipment costs for the power conversion system
is ~$500/kW(electric). From an economic perspective, the
costs of changes in the power cycle to improve revenue are
small relative to reactor costs.

V. INDUSTRIAL HEAT MARKETS

The heat market in the United States (Fig. 9) in terms
of energy services is about the same size as the electricity
market.75 There are proposals to meet industrial heat
demand by converting industry to electricity to meet
low-carbon goals. That would require more than doubling
electricity production. This creates large incentives to use
nuclear reactors to directly produce heat for the industrial
market. It takes about three units of heat to generate one
unit of electricity. There are large incentives to provide
heat directly to industry rather than convert heat to
electricity and back again to heat.

Light water reactors with heat storage and assured
capacity have potentially major advantages in providing

Fig. 8. Typical 1200-MW(electric) pressurized water reactor plant cycle efficiency versus power level. (Courtesy of
Westinghouse Corporation.)

VARIABLE AND ASSURED PEAK ELECTRICITY PRODUCTION FROM BASE-LOAD LWRs · FORSBERG 389

NUCLEAR TECHNOLOGY · VOLUME 205 · MARCH 2019



lower-temperature steam to industry relative to traditional
nuclear cogeneration strategies:

1. Reliability. Industrial processes have very high
requirements for reliability of steam supplies. Assessments
of those requirements76,77 with the goal of 99.9% reliability
often lead to the requirement for “extra” reactors or other
equipment to assure steam supplies. Heat storage combined
with assured delivery capacity can help meet these
requirements while minimizing the number of reactors
required to achieve specific reliability goals.

2. Lower costs. Heat storage enables coupling the
electricity market with the industrial heat market to store
low-price energy when available from the electricity
market for later use by the heat market.

3. Tritium control. There is the requirement to
provide isolation between the reactors and the industrial
markets to avoid transport of radionuclides off-site,
particularly tritium. That requirement has been historically
met by the addition of a reboiler where steam from the
reactor is condensed while producing clean steam for
industry. Some of the heat storage systems intrinsically
provide that isolation. For example, the proposed
Westinghouse system described earlier transfers heat from
steam to a heat transfer oil for heat storage in cement. Later,
stored heat is transferred to the oil that then is used to
produce steam. If this system is used to provide industrial
heat, it may provide complete isolation between the reactor
and the industrial user. There are the heat exchangers but
tritium (the radioactive form of hydrogen) under certain

conditions can diffuse through heat exchangers and
isotopically exchange with normal hydrogen in water on
the other side of the heat exchanger tubes. Tritium does not
normally exchange with heat transfer oils and thus the oil
provides a separate barrier to tritium escape in addition to
the heat exchangers.

Heat storage with assured capacity has another
implication. For any reactor with such systems, the cost
barriers for selling steam to industrial customers is lower
because much of the infrastructure is in place from steam
diversion valves in the nuclear plant to storage systems.
One does not need a mega-customer to justify the off-site
sale of steam. The barriers for steam sales are lowered
enabling the use of nuclear energy for industrial heat.
This has major implications for the United States and
countries with smaller industrial infrastructures and few
industries that could use most of the output of a nuclear
reactor.

VI. MARKET IMPACTS

A recent report by Lawrence Berkeley National
Laboratory78 modeled the impacts to the electricity grid if
40% to 50% of electricity is generated by wind and solar but
otherwise a business-as-usual scenario that includes low-
price natural gas. The results are summarized in Fig. 10.
The analysis imposed different mixtures of wind and solar.
Four areas of the United States were analyzed: Southwest
power pool (Great Plains), NYISO (New York), CAISO

Fig. 9. Estimated U.S. energy consumption in 2017: 97.7 quads.
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(California), and ERCOT (Texas). Such studies provide one
view of the future of the electricity grid and can help
characterize potential characteristics of future markets.

The impacts of added wind and solar strongly
depended upon region, with reductions in electricity prices
that varied from 15% to 39%. Up to 19% of all hours had
electricity prices below $5/MW·h with up to 6.6 times
larger variation in electricity prices over time. At the
same time, the costs of ancillary services increased by up
to a factor of 9 with peak electricity loads shifting to ~7 pm
across the country. For this level of wind and solar
penetration to occur there must be (1) legal requirements
to use wind and solar (renewable mandates), (2) large
reductions in the cost of wind and solar, or (3) massive
subsidies.

Electricity prices and thus revenue collapse at times of
high wind or solar input are seen in the lower average prices
and more hours (<$5/MW·h) of very-low-price electricity
when wind and/or solar provide most of the electricity. It is
also evident in the large variability in electricity prices—low
prices when high input from wind and solar. This is a
business-as-usual case except for wind and solar where
peak prices are limited by low-cost natural gas that varies
from $3.25 to $4.69 per million BTUs depending upon
location. If natural gas prices increase or if there are
restrictions on carbon emissions, wholesale electricity prices
at times of low wind or solar output would increase with
much larger swings in electricity prices with time.

The costs of ancillary services increase dramatically,
primarily because of the need for more spinning reserve to

address the large variations in output from wind and solar.
Reactors with heat storage can meet these requirements
because the opening of valves can rapidly divert steam to
the turbine or heat storage depending upon need, but does
impose other requirements on the balance of plant.

In these types of markets, nuclear plants with storage and
assured capacity have significantly higher revenue streams
than base-load reactors. The large variability of prices implies
large incentives to sell electricity when prices are high. The
higher capacity market prices become a major revenue
stream for such nuclear plants with peaking capabilities.
The higher ancillary service market may become a major
source of revenue but this is much less certain because of
completion from competing technologies such as batteries.
The large quantities of low-price electricity in some markets
(far under the price of natural gas) create large financial
incentives for using technologies such as hot-rock storage
and FIRES to convert excess electricity into stored heat for
later use in peak electricity production. In such markets the
nuclear plant would buy and sell electricity. Buying
electricity and converting it to stored heat becomes
economically attractive when the peak electricity prices
are greater than the cost of low-price electricity that is
bought after accounting for electricity-to-heat-to-electricity
inefficiencies.

Various studies79 indicate storage coupled to nuclear
power plants is economic today in some markets—a
market development that has only occurred in the last 3
to 4 years. A decade ago, there would have been no
incentive for heat storage. A decade from now heat

Fig. 10. Wholesale price effects of 40% to 50% wind and solar.
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storage may be a standard feature of many nuclear
reactors. There is an important caveat with such markets.
The first few nuclear plants with heat storage could see
large increases in revenue but the revenue enhancement
decreases with the addition of more storage capacity. In a
free market the relative amounts of wind, solar, and
nuclear will vary with location as well as the quantities
of storage per megawatt(electric) of base-load capacity.

VII. RESILIENT NUCLEAR POWER PLANTS

In recent years there has been increased concern about
“black sky” events that would cause grid collapse.80–83

Examples of such events include geomagnetic disturbances
induced by solar coronal mass injections, electromagnetic
pulse attacks, and cyberattacks. In each case there have
been historical events that suggest the risks may be
significant given society’s dependence upon electricity
and that a low-carbon future would increase dependence
on electricity. Related to these concerns is the increasing
dependence of the U.S. electricity system on natural gas
where a single natural gas line may provide fuel for a
dozen natural gas plants. If a single pipeline is lost, a
massive amount of electrical generating capacity may be
lost. The Electric Power Research Institute84 has
documented the need for enhanced nuclear plant flexibility
during normal grid operations. Nuclear reactors have the
potential to be major assets under such circumstances
because they have on average 9 to 12 months of fuel in
their reactor core depending upon the refueling schedule.
Natural gas plants are dependent upon pipelines, oil plants
typically have a week or two of supply, and coal plants
may have a few months of supply. The term resilient
nuclear power plants (rNPPs) is sometimes used to
describe plants with such enhanced capabilities.

Six functional requirements81 for resiliency have
been defined: (1) robust real/reactive load-following and
flexible operation capacity, (2) immunity (extremely low
vulnerability) to damage from external events including
grid anomalies, (3) the ability to avoid plant shutdown
(reactor scram) in response to grid anomalies, (4) the
ability to operate in island mode without connection to
off-site transmission load and electric power supply, (5)
unlimited independent safe shutdown cooling capacity,
that is, no requirement for off-site power or resupply of
diesel fuel from offsite, and (6) independent self-cranking
black-start capability.

The addition of heat storage with assured capacity to
an LWR helps meet many of these requirements81 because
the plant output to the grid can go from peak power to a

consumer of electricity and back very quickly. If there is a
grid failure, the nuclear plant can make the rapid transition
from full power to house load (island mode) and be ready
to assist in grid restart. The transition to island mode is an
easier task because of four methods to reduce power to the
grid: (1) reduce reactor power, (2) bypass steam to the
condenser, (3) send steam to the heat storage system, and
(4) send generator electricity to resistance heaters in the
storage systems. Similarly, grid restart is simplified
because the reactor can be operating at full power with
increased electricity to the grid by diverting less steam and
electricity to storage. If the plant has resistance heaters that
are sending electricity into heat storage, turning that
electricity sink off or on can be done in a fraction of a
second. The addition of energy storage capacity to the
plant enhances its operational flexibility and its
contribution to grid resilience in all cases.

VIII. CONCLUSIONS

Most nuclear plants have been operated to produce
base-load electricity—the economically optimum
solution in an electricity grid with nuclear and fossil
plants where nuclear plants have high capital costs and
low operating costs while the fossil plants have low
capital costs and high operating costs. The market is
changing. The large-scale addition of wind or solar
creates times of very low electricity prices because
these technologies are nondispatchable, driving prices
down at times of high wind or solar inputs while raising
prices at other times because the other power generators
operate fewer hours per year. New nonwind or nonsolar
plants that operate fewer hours per year will not be built
unless the price of electricity increases at times of low
wind and solar output. Separate from the addition of wind
and solar, the goal of a low-carbon electricity grid creates
the need for nuclear energy as a dispatchable form of
electricity to replace fossil fuels in this role.

These recent changes create economic incentives for
nuclear reactors to operate at base load to minimize
production costs while using heat storage to enable
varying electricity production to maximize revenue
while meeting variable energy needs. The combination
of heat storage with assured peak generating capacity
using a combustion heat source can meet the
requirements of a low-carbon world. The economics are
based on multiple factors: (1) heat storage is less
expensive than electricity storage (batteries, hydro
pumped hydro, etc.) and other options, (2) the cost of
the nuclear power plant is in the nuclear steam supply
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system (NSSS), not the power cycle and thus creates large
incentives for the NSSS to operate at full capacity while
making major changes to the power cycle by adding
storage, and (3) a low-cost boiler can provide assured
capacity at lower costs than competing technologies
such as gas turbines with little fuel consumption because
peak electricity demand is primarily met with heat
storage. These technologies can be retrofitted to existing
LWRs. The options and capabilities are much larger with
new turbine halls designed for variable electricity
production. The combination of technologies potentially
is the enabling technology for a replacement for fossil
fuels in a low-carbon world and the enabling technology
for larger-scale use of wind and solar by providing
economic dispatchable electricity with power plants that
can buy and sell electricity.

Acknowledgments

We would like to thank the Shanghai Institute of Applied
Physics of the Chinese Academy of Sciences, Exelon
Corporation, and the DOE, Idaho National Laboratory (INL)
for their support. Work was supported through the INL National
University Consortium Program under DOE Idaho Operations
Office contract DE-AC07-05ID14517.

References

1. O. SCHMIDT et al., “The Future Cost of Electricity
Storage Based on Experience Rates,” Nat. Energy, 2,
17110 (Jul. 10, 2017); https://doi.org/10.1038/nenergy.
2017.110.

2. C. FORSBERG, S. BRICK, and G. HARATYK, “Coupling
Heat Storage to Nuclear Reactors for Variable Electricity
Output with Base-Load Reactor Operation,” Electr. J., 31,
23 (Apr. 2018); https://doi.org/10.1016/j.tej.2018.03.008.

3. C. W. FORSBERG et al., “Light Water Reactor Heat
Storage for Peak Power and Increased Revenue: Focused
Workshop on Near Term Options,” MIT-ANP-TR-170,
Massachusetts Institute of Technology, Cambridge,
Massachusetts (July 2017); http://energy.mit.edu/2017-
canes-light-water-reactor-heat-storage-for-peak-power-and-
increased-revenue (current as of June 20, 2018).

4. D. PETTI et al., The Future of Nuclear Energy in a
Carbon-Constrained World, Massachusetts Institute of
Technology, Cambridge, Massachusetts (Sep. 2018).

5. “Office of Electricity Delivery and Energy Reliability,”
United States Electricity Industry Primer, U.S.
Department of Energy, Washington, District of Columbia
(2015).

6. “Annual Energy Outlook 2016: Levelized Cost and
Levelized Avoided Cost of New Generation Resources in
the Annual Energy Outlook 2015,” U.S. Energy
Information Agency (July 7, 2016); http://www.eia.gov/
forecasts/aeo/electricity_generation.cfm (current as of
June 20, 2018).

7. “California ISO: Renewables and Emissions Reports,”
California ISO (Apr. 9, 2017); http://www.caiso.com/mar
ket/Pages/ReportsBulletins/RenewablesReporting.aspx
(current as of June 20, 2018).

8. V. SIVARAM, “ATale of TwoTechnologies,”Breakthrough J.,
8 (Winter 2018).

9. MIT ENERGY INITIATIVE, The Future of Solar Energy:
An Interdisciplinary MIT Study, Massachusetts Institute of
Technology, Cambridge, Massachusetts (2015).

10. L. HIRTH, “The Market Value of Variable Renewables, the
Effect of Solar Wind Power Variability on Their Relative
Prices,” Energy Econ., 38, 218 (2013); https://doi.org/10.
1016/j.eneco.2013.02.004.

11. L. HIRTH, “The Optimal Share of Variable Renewables:
How the Variability of Wind and Solar Power Affects Their
Welfare-Optimal Development,” Energy J., 36, 1 (2015);
https://doi.org/10.5547/01956574.36.1.6.

12.,“Polar Vortex Review,” North American Electric Reliability
Corporation (2014); https://www.nerc.com/pa/rrm/January%
202014%20Polar%20Vortex%20Review/Polar_Vortex_
Review_29_Sept_2014_Final.pdf (current as of June 20,
2018).

13. P. JOSKOW, “Capacity Payments in Imperfect Electricity
Markets: Need and Design,” Utilities Policy, 16, 3, 159
(2008); https://doi.org/10.1016/j.jup.2007.10.003.

14. “Promoting Wholesale Competition Through Open Access
Non-Discriminatory Transmission Services by Public
Utilities: Recovery of Stranded Costs by Public Utilities
and Transmitting Utilities,” Order 888, 75 FERC 61,080,
Federal Regulatory Commission (Apr. 24, 1996); https://
www.gpo.gov/fdsys/pkg/FR-1996-05-10/pdf/96-10694.pdf
(current as of June 20, 2018).

15. “PJM State of the Market—2017, Section 10, Ancillary
Service Markets,” PJM (2017); http://www.monitoringana
lytics.com/reports/PJM_State_of_the_Market/2017/2017-
som-pjm-sec10.pdf (current as of June 20, 2018).

16. C. FORSBERG and R. VARRIN, “Light Water Reactors
with Heat Storage and Auxiliary-Combustion Steam
Generation to Maximize Electricity and Capacity
Payment Revenue,” Trans. Am. Nucl. Soc., 118, 700
(2018).

17. C. FORSBERG et al., “Converting Excess Low-Price
Electricity into High-Temperature Stored Heat for
Industry and High-Value Electricity Production,” Electric.
J., 30, 42 (Jul. 2017); https://doi.org/10.1016/j.tej.2017.06.
009.

VARIABLE AND ASSURED PEAK ELECTRICITY PRODUCTION FROM BASE-LOAD LWRs · FORSBERG 393

NUCLEAR TECHNOLOGY · VOLUME 205 · MARCH 2019

https://doi.org/10.1038/nenergy.2017.110
https://doi.org/10.1038/nenergy.2017.110
https://doi.org/10.1016/j.tej.2018.03.008
http://energy.mit.edu/2017-canes-light-water-reactor-heat-storage-for-peak-power-and-increased-revenue
http://energy.mit.edu/2017-canes-light-water-reactor-heat-storage-for-peak-power-and-increased-revenue
http://energy.mit.edu/2017-canes-light-water-reactor-heat-storage-for-peak-power-and-increased-revenue
http://www.eia.gov/forecasts/aeo/electricity_generation.cfm
http://www.eia.gov/forecasts/aeo/electricity_generation.cfm
http://www.caiso.com/market/Pages/ReportsBulletins/RenewablesReporting.aspx
http://www.caiso.com/market/Pages/ReportsBulletins/RenewablesReporting.aspx
https://doi.org/10.1016/j.eneco.2013.02.004
https://doi.org/10.1016/j.eneco.2013.02.004
https://doi.org/10.5547/01956574.36.1.6
https://www.nerc.com/pa/rrm/January%202014%20Polar%20Vortex%20Review/Polar_Vortex_Review_29_Sept_2014_Final.pdf
https://www.nerc.com/pa/rrm/January%202014%20Polar%20Vortex%20Review/Polar_Vortex_Review_29_Sept_2014_Final.pdf
https://www.nerc.com/pa/rrm/January%202014%20Polar%20Vortex%20Review/Polar_Vortex_Review_29_Sept_2014_Final.pdf
https://doi.org/10.1016/j.jup.2007.10.003
https://www.gpo.gov/fdsys/pkg/FR-1996-05-10/pdf/96-10694.pdf
https://www.gpo.gov/fdsys/pkg/FR-1996-05-10/pdf/96-10694.pdf
http://www.monitoringanalytics.com/reports/PJM_State_of_the_Market/2017/2017-som-pjm-sec10.pdf
http://www.monitoringanalytics.com/reports/PJM_State_of_the_Market/2017/2017-som-pjm-sec10.pdf
http://www.monitoringanalytics.com/reports/PJM_State_of_the_Market/2017/2017-som-pjm-sec10.pdf
https://doi.org/10.1016/j.tej.2017.06.009
https://doi.org/10.1016/j.tej.2017.06.009


18. J. D. JENKINS et al., “The Benefits of Nuclear Flexibility
in Power System Operations with Renewable Energy,”
Appl. Energy, 222, 872 (2018); https://doi.org/10.1016/j.
apenergy.2018.03.002.

19. “Non-Baseload Operation in Nuclear Power Plants: Load
Following and Frequency Control Modes of Flexible
Operation,” NP-T-3.23, International Atomic Energy Agency
(2018).

20. C. FORSBERG and S. AUMEIER, “Nuclear-Renewable
Hybrid System Economic Basis for Electricity, Fuel, and
Hydrogen,” INL/CON-13-30973, Idaho National Laboratory
(Apr. 2014).

21. S. M. BRAGG-SITTON and R. D. BOARDMAN,
“Overview of U.S. DOE Research and Development of
Nuclear Renewable Hybrid Systems,” Trans. Am. Nuc.
Soc., 112, 113 (2015).

22. J. S. KIM, R. D. BOARDMAN, and S.M. BRAGG-SITTON,
“Dynamic Performance Analysis of a High-Temperature
Steam Electrolysis Plant Integrated Within Nuclear-
Renewable Hybrid Energy Systems,” Appl. Energy, 228,
2090 (2018); https://doi.org/10.1016/j.apenergy.2018.07.060.

23. C. W. FORSBERG, “Base-Load Nuclear Reactors with
Heat Storage to Buy and Sell Electricity: Integrating
Nuclear and Renewables,” Proc. 4th GIF Symposium,
Paris, France, October 16–17, 2018.

24. C. FORSBERG, “Heat Storage for Variable Electricity
Production from Base-Load Reactors with Sodium or Salt
in the Secondary Loops,” Proc. 2018 Int. Cong. Advances
in Nuclear Power Plants (ICAPP 2018), Charlotte, North
Carolina, April 8–11, 2018.

25. C.W. FORSBERG et al., “MIT-Japan Study: Future of Nuclear
Power in a Low-Carbon World: The Need for Dispatchable
Energy,” MIT-ANP-TR-171, Center for Advanced Nuclear
Energy, Massachusetts Institute of Technology (Sep. 2017);
http://energy.mit.edu/wp-content/uploads/2017/12/MIT-Japan-
Study-Future-of-Nuclear-Power-in-a-Low-Carbon-World-
The-Need-for-Dispatchable-Energy.pdf (current as of June 20,
2018).

26. C. ANDREADES et al., “Reheating Air-Brayton Combined
Cycle Power Conversion Design and Performance Under
Normal Ambient Conditions,” J. Eng. Gas Turbines Power,
136, 062001 (Jun. 2014); https://doi.org/10.1115/
1.4026506.

27. C. W. FORSBERG and P. F. PETERSON, “Basis for
Fluoride-Salt-Cooled High-Temperature Reactors with
Nuclear Air-Brayton Combined Cycles and Firebrick
Resistance-Heated Energy Storage,” Nucl. Technol., 196,
1, 13 (Oct. 2016); https://doi.org/10.13182/NT16-28.

28. N. FATHI et al., “Power Cycle Assessment of Nuclear
Systems, Providing Energy Storage for Low Carbon Grids,”
J. Nucl. Eng. Radiat. Sci., 4, ASME 020911 (Apr. 2018);
https://doi.org/10.1115/1.4037806.

29 “Advances in Thermal Energy Storage Systems, Methods
and Applications,” L. F. CABEZA (Ed.), Woodhead
Publishing Series in Energy: Number 66, Elsevier
(2015).

30. E. GONZALEZ-ROUBAUD, E. PEREZ-OSORIO, and C.
PRIETO, “Review of Commercial Thermal Energy Storage
in Concentrated Solar Power Plants: Steam Vs. Molten
Salt,” Renew. Sustain. Energy Rev., 80, 133 (2017);
https://doi.org/10.1016/j.rser.2017.05.084.

31. “Concentrating Solar Power Projects [Online],” National
Renewable Energy Laboratory (2017); https://www.nrel.
gov/csp/solarpaces/index.cfm (current as of June 20,
2018).

32. V. D. STEVANOVIC, B. MASLOVARIC, and S. PRICA,
“Dynamics of Steam Accumulation,” Appl. Thermal Eng.,
37, 73 (2012); https://doi.org/10.1016/j.applthermaleng.
2012.01.007.

33. W. STEINMANN and M. ECK, “Buffer Storage for Direct
Steam Generation,” Sol. Energy, 80, 1277 (2006); https://
doi.org/10.1016/j.solener.2005.05.013.

34. P. V. GILLI and K. FRITZ, “Nuclear Power Plants with
Integrated Steam Accumulators for Load Peaking,” WB-KE-
2015, IAEA Symp. Economic Integration of Nuclear Power
Stations in Electric Power Systems, Vienna, Austria, October
5–9, 1970.

35. P. V. GILLI, G. BECKMANN, and F. E. SCHILLING,
“Thermal Energy Storage Using Prestressed Cast Iron
Vessels (PCIV),” COO/2886-2, Energy Research and
Development Administration (June 1977).

36. M. T. DANIELS, “Integration of Large-Scale Steam
Accumulators for Energy Storage in Nuclear Hybrid
Energy Systems,” MS Thesis (Mechanical Engineering),
North Carolina State University (2017).

37. R. E. LANE III, “Modeling and Integration of Steam
Accumulators in Nuclear Steam Supply Systems,” MS
Thesis, University of Texas at Austin (Dec. 2016).

38. W. N. MANN, “Construction of Hybrid Nuclear Thermal
Energy Storage Systems Under Electricity Market
Uncertainty,” MS Thesis, University of Texas alt Austin
(May 2017).

39. Y. L. DING et al., “A Peak-Shaving Method for Nuclear
Power Plants Through Integration with Cryogenic Energy
Storage,” CN201310279616.2 (2013).

40. “Liquid Air Energy Storage (LAES),” High Power Storage
(2018); http://www.highview-power.com/ (current as of
June 20, 2018).

41. X. SHE et al., “Enhancement of Roundtrip Efficiency of
Liquid Air Energy Storage Through Effective
Utilization of Heat of Compression,” Appl. Energy,
206, 1632 (Nov. 15, 2017); https://doi.org/10.1016/j.ape
nergy.2017.09.102.

394 FORSBERG · VARIABLE AND ASSURED PEAK ELECTRICITY PRODUCTION FROM BASE-LOAD LWRs

NUCLEAR TECHNOLOGY · VOLUME 205 · MARCH 2019

https://doi.org/10.1016/j.apenergy.2018.03.002
https://doi.org/10.1016/j.apenergy.2018.03.002
https://doi.org/10.1016/j.apenergy.2018.07.060
http://energy.mit.edu/wp-content/uploads/2017/12/MIT-Japan-Study-Future-of-Nuclear-Power-in-a-Low-Carbon-World-The-Need-for-Dispatchable-Energy.pdf
http://energy.mit.edu/wp-content/uploads/2017/12/MIT-Japan-Study-Future-of-Nuclear-Power-in-a-Low-Carbon-World-The-Need-for-Dispatchable-Energy.pdf
http://energy.mit.edu/wp-content/uploads/2017/12/MIT-Japan-Study-Future-of-Nuclear-Power-in-a-Low-Carbon-World-The-Need-for-Dispatchable-Energy.pdf
https://doi.org/10.1115/1.4026506
https://doi.org/10.1115/1.4026506
https://doi.org/10.13182/NT16-28
https://doi.org/10.1115/1.4037806
https://doi.org/10.1016/j.rser.2017.05.084
https://www.nrel.gov/csp/solarpaces/index.cfm
https://www.nrel.gov/csp/solarpaces/index.cfm
https://doi.org/10.1016/j.applthermaleng.2012.01.007
https://doi.org/10.1016/j.applthermaleng.2012.01.007
https://doi.org/10.1016/j.solener.2005.05.013
https://doi.org/10.1016/j.solener.2005.05.013
http://www.highview-power.com/
https://doi.org/10.1016/j.apenergy.2017.09.102
https://doi.org/10.1016/j.apenergy.2017.09.102


42. “Crescent Dunes (Web),” SOLARRESERVE (2018); http://
www.solarreserve.com/en/global-projects/csp/crescent-dunes
(current as of June 20, 2018).

43. J. EDWARDS, H. H. BINDRA, and P. SABHARWALL,
“Exergy Analysis of Thermal Energy Storage Options with
Nuclear Power Plants,” Ann. Nucl. Energy, 96, 104 (2016);
https://doi.org/10.1016/j.anucene.2016.06.005.

44. R. L. FITZHUGH et al., “Preliminary Design of a Thermal
Energy Storage System for a Light Water Reactor,” Int.
Cong. Advanced Nuclear Power Plants (ICAPP 2016),
San Francisco, California, April 17–20, 2016.

45. K. FRICK et al., “Thermal Energy Storage Configurations
for Small Modular Reactor Load Shedding,” Nucl.
Technol., 201, 53 (Apr. 2018); https://doi.org/10.1080/
00295450.2017.1420945.

46. K. FRICK, J. M. DOSTER, and S. M. BRAGG-SITTON,
“Design and Operation of a Sensible Heat Peaking Unit for
Small Modular Reactors,” Nucl. Technol., 205, 415 (2019);
https://doi.org/10.1080/00295450.2018.1491181.

47. S. KURAVI et al., “Thermal Energy Storage Technologies
and Systems for Concentrating Solar Power Plants
(Review),” Prog. Energy Combust. Sci., 39, 285 (2013);
https://doi.org/10.1016/j.pecs.2013.02.001.

48. S. M. HASNAIN, “Review on Sustainable Thermal Energy
Storage Technologies, Part I: Heat Storage Materials and
Techniques,” Energy Convers. Manag., 39, 11, 1127
(1998); https://doi.org/10.1016/S0196-8904(98)00025-9.

49. D. LAING and S. ZUNFIT, “Using Concrete and Other
Solids Storage Media in Thermal Energy Storage (TES)
Systems,” Advances in Thermal Energy Storage Systems,
L. F. CABEZA, Ed., Woodhead Publishing Series in
Energy: Number 66, Elsevier (2015).

50. D. LAING et al., “High-Temperature Solid Media Thermal
Energy Storage for Solar Thermal Power Plants,” Proc.
IEEE, 100, 2, 516 (2012); https://doi.org/10.1109/JPROC.
2011.2154290.

51. H. BINDRA et al., “Thermal Analysis and Exergy
Evaluation of Packed Bed Thermal Storage Systems,”
Appl. Thermal Eng., 52, 255 (2013); https://doi.org/10.
1016/j.applthermaleng.2012.12.007.

52. J. EDWARDS and H. BINDRA, “An Experimental Study
on Storing Thermal Energy in Packed Beds with Saturated
Steam as Heat Transfer Fluid,” Sol. Energy, 157, 456
(2017); https://doi.org/10.1016/j.solener.2017.08.065.

53. C. W. FORSBERG, D. CURTIS, and D. STACK, “Light
Water Reactors with Crushed Rock Thermal Storage for
Industrial Heat and High-Value Electricity,” Nucl. Technol.,
198, 70 (2017); https://doi.org/10.1080/00295450.2017.
1294426.

54. N. R. McLACHLAN, “Crushed Rock Thermal Energy
Storage & Nuclear Technology: Option Space &
Economics,” SM Thesis, Department of Nuclear Science

and Engineering, Massachusetts Institute of Technology
(June 2018).

55. “Siemens Gamesa Starts Construction of Heat Rock-Fill
Storage for Wind Energy,” CleanTechnica, Siemens (Dec.
1, 2017); https://cleantechnica.com/2017/12/01/siemens-
gamesa-starts-construction-heat-rock-fill-storage-wind-
energy/ (current as of June 20, 2018).

56. W. D. STEINMANN, D. LAING, and C. ODENTHAL,
“Development of the CellFlux Storage Concept for
Sensible Heat,” J. Sol. Energy Eng., 136, 10111 (2014);
https://doi.org/10.1115/1.4024921.

57. C. ODENTHAL et al., “The CellFlux Storage Concept for
Increased Flexibility in Sensible Heat Storage,” 9th Int.
Renew. Energy Storage Conf. IRES 2015 Energy Proc.,
73, 244 (2015).

58. A. SCHRODER PEDERSEN et al., “High-Temperature
Thermal Energy Storage for Electrification and District
Heating,” Proc. Conf. Sustainable Development of Energy
Water and Environment Systems (SDEWES), Rio de
Janeiro, Brazil, January 2018.

59. Red Leaf Resources, Inc. (2018); http://redleafinc.com/
(current as of June 20, 2018).

60. K. ALLEN et al., “Rock Bed Storage for Solar Thermal
Power Plants: Rock Characteristics, Suitability, and
Availability,” Sol. Energy Mater. Sol. Cells, 126, 170
(July 2014); https://doi.org/10.1016/j.solmat.2014.03.030.

61. A. KOEKEMOER and A. LUCKOS, “Effect of Material
Type and Particle Size Distribution on Pressure Drop in
Packed Beds of Large Particles: Extending the Ergun
Equation,” Fuel, 158, 232 (Oct. 2015); https://doi.org/10.
1016/j.fuel.2015.05.036.

62. N. G. BARTON, “Simulations of Air-Blown Thermal
Storage in a Rock Bed,” Appl. Thermal Eng., 55, 43 (June
2013); https://doi.org/10.1016/j.applthermaleng.2013.03.002.

63. G. ZANGANEH et al., “Packed-Bed Thermal Storage for
Concentrated Solar Power—Pilot-Scale Demonstration and
Industrial-Scale Design,” Sol. Energy, 86, 3084 (2012);
https://doi.org/10.1016/j.solener.2012.07.019.

64 M. HÄNCHEN, S. BRÜCKER, and A. STEINFELD,
“High-Temperature Thermal Storage Using a Packed Bed
of Rocks—Heat Transfer Analysis and Experimental
Validation,” Appl. Thermal Eng., 31, 10, 1798 (2011);
https://doi.org/10.1016/j.applthermaleng.2010.10.034.

65. Y. JEMMAL, N. ZARI, and M. MAAROUFI,
“Thermophysical and Chemical Analysis of Gneiss Rock
as Low Cost Candidate Material for Thermal Energy
Storage in Concentrated Solar Power Plants,” Sol. Energy
Mater. Sol. Cells, 157, 377 (Dec. 2016); https://doi.org/10.
1016/j.solmat.2016.06.002.

66. K. G. ALLEN, T. W. VON BACKSTROM, and D. G.
KROGER, “Rock Bed Pressure Drop and Heat Transfer:
Simple Design Correlations,” Sol. Energy, 115, 525

VARIABLE AND ASSURED PEAK ELECTRICITY PRODUCTION FROM BASE-LOAD LWRs · FORSBERG 395

NUCLEAR TECHNOLOGY · VOLUME 205 · MARCH 2019

http://www.solarreserve.com/en/global-projects/csp/crescent-dunes
http://www.solarreserve.com/en/global-projects/csp/crescent-dunes
https://doi.org/10.1016/j.anucene.2016.06.005
https://doi.org/10.1080/00295450.2017.1420945
https://doi.org/10.1080/00295450.2017.1420945
https://doi.org/10.1080/00295450.2018.1491181
https://doi.org/10.1016/j.pecs.2013.02.001
https://doi.org/10.1016/S0196-8904(98)00025-9
https://doi.org/10.1109/JPROC.2011.2154290
https://doi.org/10.1109/JPROC.2011.2154290
https://doi.org/10.1016/j.applthermaleng.2012.12.007
https://doi.org/10.1016/j.applthermaleng.2012.12.007
https://doi.org/10.1016/j.solener.2017.08.065
https://doi.org/10.1080/00295450.2017.1294426
https://doi.org/10.1080/00295450.2017.1294426
https://cleantechnica.com/2017/12/01/siemens-gamesa-starts-construction-heat-rock-fill-storage-wind-energy/
https://cleantechnica.com/2017/12/01/siemens-gamesa-starts-construction-heat-rock-fill-storage-wind-energy/
https://cleantechnica.com/2017/12/01/siemens-gamesa-starts-construction-heat-rock-fill-storage-wind-energy/
https://doi.org/10.1115/1.4024921
http://redleafinc.com/
https://doi.org/10.1016/j.solmat.2014.03.030
https://doi.org/10.1016/j.fuel.2015.05.036
https://doi.org/10.1016/j.fuel.2015.05.036
https://doi.org/10.1016/j.applthermaleng.2013.03.002
https://doi.org/10.1016/j.solener.2012.07.019
https://doi.org/10.1016/j.applthermaleng.2010.10.034
https://doi.org/10.1016/j.solmat.2016.06.002
https://doi.org/10.1016/j.solmat.2016.06.002


(May 2015); https://doi.org/10.1016/j.solener.2015.02.
029.

67. H. F. LAUBSCHER, T. W. VON BACKSTRÖM, and F.
DINTER, “Developing a Cost Effective Rock Bed Thermal
Energy Storage System: Design and Modelling.” AIP Conf.
Proc., 1850:08001, American Institute of Physics (2017);
https://doi.org/10.1063/1.4984436.

68. Y. LEE et al., “Options for Nuclear Geothermal Gigawatt-
Year Peak Electricity Storage Systems,” Proc. ICAPP’10,
San Diego, California, June 13–17, 2010.

69. Y. LEE, “Conceptual Design of Nuclear-Geothermal Energy
Storage Systems for Variable Electricity Production,” MS
Thesis, Department of Nuclear Science and Engineering,
Massachusetts Institute of Technology (Jun. 2011).

70. F. J. RUIZ-CABANAS et al., “Materials Selection of
Steam-Phase Change Material (PCM) Heat Exchanger for
Thermal Energy Storage Systems in Direct Steam
Generation Facilities,” Sol. Energy Mat. Sol. Cells, 159,
526 (2017); https://doi.org/10.1016/j.solmat.2016.10.010.

71. “Q1 2018 Report on Market Issues and Performance,”
California ISO (July 10, 2018).

72. “Aspen Process Economic Analyzer,” Computer Software
Version. 9, Aspen Technology; https://www.aspentech.com/
en/products/pages/aspen-process-economic-analyzer (cur-
rent as of June 20, 2018).

73. X. LUO et al., “Overview of Current Development in
Electrical Energy Storage Technologies and Application
Potential in Power System Operation,” Appl. Energy, 137,
511 (2015); https://doi.org/10.1016/j.apenergy.2014.09.081.

74. K. DAWSON and P. SABHARWALL, “A Review of Light
Water Reactor Costs and Cost Drivers,” INL/EXT-17-
43273, Idaho National Laboratory (2017).

75. “Estimated U.S. Energy Consumption in 2017,” Lawrence
Livermore National Laboratory (Apr. 2018); https://flow
charts.llnl.gov/content/assets/images/energy/us/Energy_
US_2017.png (current as of June 20, 2018).

76. E. M. HERD and L. J. LOMMERS, “HTGR Strategies to
Meet Process Heat Reliability and Availability Needs,”

Proc. Int. Cong. Adv. in Nuclear Power Plants
(ICAPP’10), San Diego, California (2010).

77. E. HERD, L. LOMMERS, and F. SOUTHWORTH,
“Impact of Demand Load Size on Strategies for
Reliable Process Heat Supply,” Nucl. Eng. Des., 251,
282 (2012); https://doi.org/10.1016/j.nucengdes.2011.10.
031.

78. J. SEEL, A. MILLS, and R. WISER, “Impacts of High
Variable Renewable Energy (VRE) Futures on
Wholesale Electricity Prices, and on Electric Sector
Decision Making,” Lawrence Berkeley National
Laboratory (May 2018); https://emp.lbl.gov/publica
tions/impacts-high-variable-renewable (current as of
June 20, 2018).

79. W. N. MANN et al., “Technoeconomic Modeling of Heat
Storage with Assured Capacity for Steam-Cycle Nuclear
Power Plants,” UTEXAS/ME–2018-04-1, MIT-ANP-TR-
173, Framatome 38-9284432-000 (2018).

80. S. R. GREENE, “Are Current U.S. Nuclear Power Plants
Grid Resilience Assets?” Nucl. Technol., 202, 1, 1 (2018);
https://doi.org/10.1080/00295450.2018.1432966.

81. S. R. GREENE, “The Key Attributes, Functional
Requirements, and Design Features of Resilient Nuclear
Power Plants (rNPPs),” Nucl. Technol., 204, 131 (2018);
https://doi.org/10.1080/00295450.2018.1480213.

82. S. R. GREENE, “Enhancing Electric Grid, Critical
Infrastructure, and Societal Resilience with Resilient
Nuclear Power Plants (rNPPs),” Nucl. Technol., 205,
397 (2019); https://doi.org/10.1080/00295450.2018.
1505357.

83. S. R. GREENE, “Nuclear Power: Black Sky Liability or
Black Sky Asset?” Int. J. Nucl. Security (Dec. 2016);
https://doi.org/10.7290/V78913SR.

84. “Program on Technology Innovation: Approach to
Transition Nuclear Power Plants to Flexible Power
Operations,” Final Report 3002002612, Electric Power
Research Institute (Jan. 2014); https://www.epri.com/
#/pages/product/000000003002002612/ (current as of June
20, 2018).

396 FORSBERG · VARIABLE AND ASSURED PEAK ELECTRICITY PRODUCTION FROM BASE-LOAD LWRs

NUCLEAR TECHNOLOGY · VOLUME 205 · MARCH 2019

https://doi.org/10.1016/j.solener.2015.02.029
https://doi.org/10.1016/j.solener.2015.02.029
https://doi.org/10.1063/1.4984436
https://doi.org/10.1016/j.solmat.2016.10.010
https://www.aspentech.com/en/products/pages/aspen-process-economic-analyzer
https://www.aspentech.com/en/products/pages/aspen-process-economic-analyzer
https://doi.org/10.1016/j.apenergy.2014.09.081
https://flowcharts.llnl.gov/content/assets/images/energy/us/Energy_US_2017.png
https://flowcharts.llnl.gov/content/assets/images/energy/us/Energy_US_2017.png
https://flowcharts.llnl.gov/content/assets/images/energy/us/Energy_US_2017.png
https://doi.org/10.1016/j.nucengdes.2011.10.031
https://doi.org/10.1016/j.nucengdes.2011.10.031
https://emp.lbl.gov/publications/impacts-high-variable-renewable
https://emp.lbl.gov/publications/impacts-high-variable-renewable
https://doi.org/10.1080/00295450.2018.1432966
https://doi.org/10.1080/00295450.2018.1480213
https://doi.org/10.1080/00295450.2018.1505357
https://doi.org/10.1080/00295450.2018.1505357
https://doi.org/10.7290/V78913SR
https://www.epri.com/#/pages/product/000000003002002612/
https://www.epri.com/#/pages/product/000000003002002612/

	Abstract
	I.  INTRODUCTION
	II.  ELECTRICITY MARKETS (HEAT STORAGE AND CAPACITY REQUIREMENTS)
	II.A.  Energy Markets
	II.B.  Capacity Markets
	II.C.  Ancillary/Auxiliary Service Markets

	III.  SYSTEM DESCRIPTION: HEAT STORAGE WITH ASSURED GENERATING CAPACITY
	IV.  HEAT STORAGE AND ASSURED CAPACITY TECHNOLOGIES
	IV.A.  Heat Storage with Steam Input
	IV.A.1.  Liquid-to-Gas Latent Heat Storage
	IV.A.2.  Sensible Heat Systems
	IV.A.3.  Other Options

	IV.B.  Heat Storage with Electricity Input
	IV.C.  Assured Peak Electricity Capacity
	IV.D.  Matching Storage Options to Markets

	V.  INDUSTRIAL HEAT MARKETS
	VI.  MARKET IMPACTS
	VII.  RESILIENT NUCLEAR POWER PLANTS
	VIII.  CONCLUSIONS
	Acknowledgments
	References

