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The Addition of Wind and Solar Create Times of Very Low
and High Prices and the Incentive for Electricity Storage
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TerraPower is Constructing the Natrium Nuclear Reactor in
Wyoming: First Reactor with Nitrate-Salt Heat Storage

« Base-load reactor heats salt. Steam turbine with variable electricity output
— Base-load reactor: 345 MWe
— Peak: 500 MWe
— Minimum output: 100 MWe
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Peak Power: Hourly New England Electricity Demand Curve
Over One Year: 20 Simulations for the Year 2050
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We Add Gas Turbine to Base-Load Reactor with Heat Storage:

Hot Gas-Turbine Exhaust Heats Salt for Full Generation Capacity
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System Provides Ancillary Services to Prevent Grid Collapse

* Frequency control
» Wind/solar do not provide frequency
control—highest need for frequency
control when high wind/solar
» At same time low output (100 MWe),
system has 500 MWe turbine generator
Inertia at part load for frequency control

« Backup capacity if loose other electric
generators on grid: Power block
operating part load most of the time

« Black-start capacity, reactor operating
even if grid down with heat to storage

Cold

(Natrium
Salt

Example:
345 MWe)

Kerosene, Natural Gas, I—'D
Cellulosic Hydrocarbons,

Ammonia, H,, Renewable

Natural Gas, etc.

""" Conventional
Base | Non-Nuclear
Load L Addition
Nuclear o
Reactor B
or Other Hot Salt

Heat Storage Tank
Source

Cold Salt
Storage Tank

Simple Gas Turbine

Hot Gas Valve

Hot Turbine Exhaust Ar
Heats Cold Salt;
Assure 155 MWe Even If
Heat Storage Depleted

Steam

Block

100to

Power !

500 MWe

300 MWe
Peaking Gas
Turbine

Assured Peak Power
Output 800 MWe =
300 + 155 + 345:
Min. Power = 100 MWe

155 MWe Peaking

Capability (Nuclear
Stored Heat or Heat
fromGas Turbine)

345 MWe Assured:
Reactor
Base-Load

I I I -
I I Massachusetts Institute of Technology

Ancillary Services are 25 to 50% of Battery Revenue 6



Fast-Build Gas Turbine, Then Non-Nuclear Steam Plant Can
Produce Dispatchable Electricity Before Nuclear Plant Is
Complete (300 +155 MWe + Low-Price Electricity to Heat)
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Design Creates Staged Generating Capacity Options
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Functional Goals of Each System Component
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There Is Related Work on
Alternative Power Cycle Configurations
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Conclusions: Require Solutions for All Events

System designed for
any level of wind or
solar (buy If cheap)
Simple gas turbine
operates as efficient
combined-cycle gas
turbine with heat
storage steam cycle
Full power when heat
storage Is depleted
Minimizes use of
combustible fuels
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Three Reactors With Salt Intermediate Loops That Can
Couple With Nitrate Salt Heat Storage Systems

Sodium Cooled Fluoride salt cooled Salt-Cooled Fusion
Metallic Euel Triso Solid Fuel Reactor

Under Construction Under Construction
TerraPower Natrium Kairos Power
Reactor With Nitrate-Salt 35 MWt FHR Commonwealth

. _ Fusion
Heat Storage, Wyoming Hermes, Oak Ridge
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INTRODUCTION

We propose a new system design of nuclear reactors
with heat storage systems and a gas turbine that enable a
baseload reactor to provide assured dispatchable electricity
to the grid. In our example, we use the TerraPower Natrium
reactor with a base-load output of 345 MWe that is designed
provide dispatchable electricity from 100 to 500 MWe using
heat storage. We propose adding a gas turbine provides an
additional 300 MWe with its hot exhaust providing heat to
enable the Natrium turbine to produce its peak 500 MWe
when heat storage is fully depleted. The gas turbine, burning
a combustible fuel, operates a limited number of hours per
year. The system can provide the 800 MWe for any length of
time. The system is a low-carbon replacement of the natural-
gas fired turbine.

The system provides ancillary services to the electricity
grid to control frequency and provide assured generating
capacity. Historically, the value of ancillary services was low
because the massive rotating inertia of turbine-generators
provided these services at low cost. However, neither solar
or wind can provide such services and thus other
technologies such as batteries provide ancillary services.
Today, a quarter to halfthe revenue of utility batteries is from
ancillary services—revenue this system can capture.

Last, the system can trap and recover trittum for those
future fusion and fission systems that generate large
quantities of tritium and need a tritium trapping capability.

We describe the market, the system, and its capabilities
to enable base-load nuclear plants to functionally replace
natural-gas-fired turbines and provide other grid services.

THE ELECTRICTY MARKET

Electricity markets are changing. The addition of large
amounts of wind and solar result in times of low or negative
electricity prices and times of very high prices when low
wind and solar outputs. Because wind and solar operate as
fuel savings technologies [1], they must be backed up with
dispatchable electricity generating technologies that may
include nuclear, hydroelectricity, geothermal and fossil.
Furthermore, wind and solar technologies do not provide
ancillary services such as frequency control or assured
generating capacity. This requires other technologies to
provide these services.

Separately, the demand profile for electricity is
changing. Applications such as use of electric heating create
larger swings in electricity demand over periods of hours,
days and seasonally. High winter loads occur at times of low
solar output and often low wind output in the U.S., Canada
and Europe. Many of these peaks in dispatchable electricity
demand are infrequent multi-day events. Such times are less
than 5% of the year but today impose very high costs to
assure reliable electricity supplies at all times.

These changes require new technologies. Renewables
plus batteries are not a solution [2] because the battery costs
are measured in hundreds of trillions at the required scale to
address longer duration storage including seasonal. They are
a technology for short-term ener gy storage. The geographical
availability of pumped hydro sites limits storage capacity.
Geothermal energy is also geographically limited by
geothermal resources. This paper describes a nuclear option
to address the changing electricity grid requirements.

HEAT STORAGE FOR
ELECTRICITY

DISPATCHABLE

Heat storage was developed for Concentrated Solar
Power (CSP) plants where the plant heats cold oil or nitrate
salt and sends it to a hot-fluid storage tank. The power
conversion system converts the heat to dispatchable
electricity with the resulting cold fluid sent to a cold fluid
storage tank. The system is shown in Figure 1. All existing
such heat storage systems have the heat source, hot and
cold storage tanks, and the power block. We identified
three additional options that can be added to the simple heat
storage system as is also shown in the Figure 1.

The first nuclear reactor to be coupled to large-scale
heat storage will be the TerraPower Natrium nuclear
reactor that is under construction in Wyoming [3]. It will
store heat in the form of hot and cold nitrate salt in two
tanks based on the existing heat storage technology
developed for CSP. The power plant is coupled by
transmission lines to the California electricity grid with its
large variations in electricity prices. The base-load power
plant output is 345 MWe. The power plant output can be
varied from 100 MWe to 500 MWe with about 5.5 hours
of heat storage. We use it herein as an example system

Base- Hot Salt Storage Tank
Load Power Block:
Nuclear oo e e Converts
onal: 1onal: 1onal:
Renctar Added Assupred Peak lslajnr " Hoat to
or Other Price Generating Ancillary —>| Dispatchable
Heat Arbitrage Capacity Services Electricity
Source »
T 1 (Natrium: 100
(Natrium: to 500 MWe)
345 MWe) Cold Salt Storage Tank

Fig. 1. Base-Load Nuclear Power Plant Producing Dispatchable Electricity with Two-Tank Heat Storage System and
Optional Capabilities

There are engineering constraints. First, the minimum
stable output of the power block is about 20% of its peak
capacity. Steam turbines can operate from 20% to 100%
power with some loss of efficiency at very high and low
power levels. If the power block is operating at 20% load, it
can rapidly increase its power level. In the case of the
Natrium reactor, it can increase power oulput at 50
MWe/minute—that is the power block output can go from
100 to 500 MWe in eight minutes. If the power block is shut
down and cold, it may take several hours to bring it up to full
power. If the utility wants the capability to quickly increase
electricity output, it needs to operate the power block at 20%
of full power so equipment is hot and running. If a utility buys
a Natrium reactor and has a need to meet a higher peak power
demand, it could buy a 700 MWe turbine with a minimum
power level of 140 MWe with the same size reactor.

In an electricity grid with large quantities of wind and
solar, there will be times of low or negative wholesale
electricity prices. At such times it may be economically
preferable to buy electricity to heat cold salt to hot salt to
provide added peak electricity generation at later times with
higher electricity prices. If the turbine is operating at
minimum load due to low prices, its electricity may be used
to heat salt. Siemens Energy [4] and others are developing
systems to enable economic heating of cold salt to hot salt.

For the electricity grid, preventing blackouts is a high
priority. If large-scale deployment of wind and solar, the
major challenges are long periods of low wind and solar
electricity output. Using the Natrium example, the peak
power is 500 MWe; but, when heat storage is depleted, the
output matches the base-load reactor output of 345 MWe with
155 MWe of steam turbi ne-generator capacity left unused.

We examined adding a simple gas turbine (Fig. 2) that
produces about 300 MWe of peak electricity integrated into
heat storage. The hot exhaust heat from that gas turbine heats
cold salt to hot salt to allow the production of 155 MWe of
electricity--the difference between base load (345 MWe) and
peak electricity production with stored heat (500 MWe) by

the steam plant. Total plant output is 800 MWe. One has
created a high-efficiency combined cycle gas turbine by
adding a simple low-cost gas turbine to the pre-existing steam
plant associated with the reactor and heat storage system. The
assured generating capacity more than twice the base-load
reactor. The gas turbine enables base-load output of 455
megawatts (155 MWe + 300 MWe) and dispatchable
electricity when the reactor is shut down for refueling and
plant output before reactor constructionis complete. The gas
turbine can burn natural gas, kerosene or low-carbon fuels
(biofuels, e-fuels, ammonia and hydrogen). There have been
limited studies [5] with stand-alone combined cycle plants
using nitrate storage between the gas turbine and the Rankine
steam cycle to provide more dispatchable electricity.

Most dispatchable electricity is from the stored heat
produced by the reactor. The size of storage depends upon the
demands of the local grid. Limited studies typically have
peak discharge using heat from storage of about 10 hours per
day. The gas turbine is used a limited number of hours per
year. There is a tradeoff between the size of the heat storage
system and the hours per year the gas turbine is used. The
larger the heat storage capacity, the fewer hours per year the
gas turbine operates. The gas turbine addresses multiday
times of low wind, low solar or very high electricity demand
from extreme weather events such as very long cold spells.

ANCILLIARY SERVICES

Electricity grids require ancillary services to assure grid
stability, thatis, avoid grid collapse. Historically, the value of
ancillary services has been low because almost all electricity
was generated by massive rotating turbine-generators. The
rotating inertia helps to control frequency. It is a nearly free
service provided by the generating technology. Solar and
wind do not provide such services; thus, other technologies
such as batteries are required to provide these services. A
quarter to half of the revenue of utility lithium-ion batteries
is from providing ancillary services.
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Fig. 2. Providing Assured Peak Generating Capacity Twice Base-Load Reactor Capacity: Natrium Example

Reactors with heat storage can provide these services and
receive revenue for providing these services [6]. Using the
Natrium reactor example, a 500 MWe steam power system
operating at 100 MWe has large capabilities to provide
ancillary services. While operating at 100 MWe, the turbine
generator has a capacity of 500 MWe and the massive
rotating mass of a 500 MWe turbine generator that can help
stabilize grid frequency—an ancillary service. If the
frequency begins to drop, the rotational inertia of the turbine
generator resists frequency changes that would change the
rotating speed of that equipment. Equally important is when
this ancillary service is available. The need for frequency
stabilization increases as the fraction of electricity from wind
and solar increases and the number of plants with turbine
generators decreases. It is at exactly these times that
correspond to times of lower electricity prices when the

Steam to Turbine Generator

Steam Accumulators: 1929
Charlottenberg Power Station, Berlin

Natrium power plant output is 100 MWe with 500 MWe of
rotating inertia.

The second ancillary service is providing assured
generating capacity—the ability to provide more electrical
generation when demand goes up or other generating units
drop off line. Inseveral grid markets [ 7], this requires assured
added generating capacity for 10 hours—that may define heat
storage requirements. Separately, there are requirements for
rapid ramp rates. The competition for this assured generating
capacity includes batteries, diesel engines (15 seconds), fast-
response hydro facilities (90 seconds), gas turbines on hot
standby, and other technologies. As described above, the
existing design cango from 100 to 500 MWe in 8 minutes. It
may be viable to reduce this to as little as 15 seconds if a
demand for such a capability using steam accumulators for
very fast ramp speeds as shown in Figure 3.

Total Steamn to Turbine

L o
Accumulator »

Steam _ g
’
’
,
s
e

Steam from Salt-Steam Boiler

Time (8 Minute Transient for Natrium)

Fast Ramp Speed with Accumulator

Fig. 1929 Steam Accumulators and Steam Supply to Steam Turbine Generator with Steam from (1) Slow-Response Salt-
Steam Boiler and (2) Fast-Response Steam Accumulator

The power ramp speed is limited by the steam boilers
that convert heat from hot salt into high-temperature high-
pressure steam. If the amount of steam produced is increased
rapidly, the thermomechanical stresses generated during the
transient cause the hot salt-steam boiler tubes to fail. The
technical solution for fast ramp rates is the steam accumulator
[6], a second storage device that injects steam into the steam
turbine to accelerate it to fully power while the salt-steam
boiler output increases more slowly over time. In the case of
the TerraPower Natrium reactor, the steam accumulator
would provide added steam stored in accumulators for eight
minutes. Steam accumulators are an old technology. In 1929
a set of steam accumulators were built in Berlin to quickly
provide steam to a steam turbine to enable rapid increases in
electricity production. In that case, the steam accumulators
were charged with heat from a coal plant at times of lower
electricity demand. The accumulators and its turbine operated
independently of the coal plant turbines. The best-known
application of steam accumulators is accelerating aircraft off
the decks of aircraft carriers. Detailed studies by the turbine-
generator original equipment suppliers are required to
determine limits to ramp rates from 100 to 500 MWe.

TRITIUM REMOVAL

Several types of fission reactors produce sufficient tritium
that its release to the environment must be controlled. This
includes the Fluoride-salt-cooled High-temperature Reactor
being built in Oak Ridge, Tennessee with a nitrate salt
intermediate loop by Kairos Power [8] and most molten salt
reactors with fuel dissolved in the salt. All fusion reactors
produce orders of magnitude more tritium that is also their fuel
where there are real challenges in controlling tritium.

Nitrate salt storage systems provide a method to capture
this trittum. Tritium escapes reactors by diffusing through
metal heat exchangers as atomic hydrogen. However, if tritium
escapes into the nitrate salt it is oxidized to water that can’t
diffuse through metals. The solubility of water in molten salts
is extremely low [9] and thus the tritiated water migrates to the
cover gas where it can be recovered.

If very low inventories of tritiated water in the salt are
desired, the salt canbe sparged with aninert gas that moves the
tritium to the gas space [10] to be captured. Alternatively,
steam can be added to the nitrate salt where the non-tritium-
containing water in the salt displaces tritiated water and moves
that tritium into the cover gas zone for removal.

CONCLUSIONS

The markets and technologies for the electricity grid are
changing. That requires rethinking of the design of nuclear
power plants to match requirements. This may require base-
load nuclear reactors going from supplying base-load
electricity to the grid to base-load nuclear reactors providing
fully dispatchable electricity to the grid under all conditions—
including rare events requiring peak generating capacity for

extended periods of time. Going forward, major engineering
studies are required of the system that is proposed herein. Grid
economic models that are currently based on price arbitrage
must be updated to include economic benefits such as ancillary
services and grid requirements to address extreme weather and
other events [11].
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Added Information on Power Block Options

Heat storage applicable to most reactor types

Many alternative heat storage technologies
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Electricity Grid Is Changing: Creates Massive Uncertainties

 Historical grid
— High-capital-cost low-operating-
cost base-load power plants
— Low-capital-cost higher-operating-
cost dispatchable power plants
(gas turbines)

* New grid
— Non-dispatchable (electricity Gas Turbine Combined
sometimes) wind and solar Cycle Mitsubishi 501J

— Gas turbines and nuclear Grand River Dam Authority
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Two Changes to the Grid: Rapidly Varying Wholesale
Electricity Prices and Grid is Brittle Against Failure

* Rapidly changing wholesale electricity prices

— When wind and solar output exceeds demand, wholesale price of
electricity may go to zero or be negative—no fuel cost

— When low wind and solar, electricity prices are higher because other
power plants operate fewer hours per year (not operate when high solar /
wind output)—pay for these plants over less electricity output

 Electricity gird stability against failure decreases

— Old electricity grid stabilized with massive rotating inertia of turbine-
generators that control frequency—"free” service from the intrinsic
characteristic of the technology. Solar does not stabilize grid against
failure. If frequency not controlled (60 cycles per second), grid collapses

— Non-dispatchable wind and solar do not provide assured generating
capacity. Must build other systems to provide assured capacity

18



TerraPower is Constructing the Natrium Nuclear Reactor in
Wyoming: First Reactor with Nitrate-Salt Heat Storage

« Base-load reactor heats
Hot Salt Storage salt. Steam turbine with

Tank variable electricity output
— Base-load: 345 MWe

— Peak: 500 MWe

— Minimum output: 100 MWe

« Deliver electricity at times
of highest prices

 Reactor assures a
minimum of 345 MWe to
grid all times (vs non-
dispatchable wind & solar)

Salt'Storage
Tanks and ™=

Base-
| oad Block:

Reactor 100 to
345 MWe]]|500 MWe

Cold Salt Storage Tank

L [T Dispatchable Electricity 19



There Is The Potential of Major Reductions

In the Cost of Heat Storage with New Technologies

Cold Salt —————— Hot Salt =———
« Base-case two-tank

Hotsalt paselaad I tond || Power hot and cold nitrate
Storage Tank Reactor Block Block
B salt system

« Second generation

lzase(; Power ] ]
02 Block single tank thermocline
Reactor

system

* Third generation:

3 |

Cold Salt
Storage Tank Crushed Rock Ultra-
Thermocline Single-Tank Liquid  Building with Fill and | arge Stored Heat

Two-Tank LiC_IUidS: With (Reduced Liquid) or ~ Gravity Trickle of Heat
Commercial Without Fill Material Transfer Fluid (C RUS H)

I I Massachusetts Institute of Technology




Next-Generation Thermocline Heat Storage Capital
Cost Potential 60 to 70% of Two-Tank System

* Single tank with hot salt on top and cold | g, ca.| 0ad Reactor
salt on bottom

— Reactor dumps hot salt into top of tank
— Power cycle gets hot salt from top of tank

— Hot-cold interface goes up and down with
iInventory of hot salt with size control

« Major capital cost reductions
— One tank full versus two tanks partly full

— Option for low-cost fill material to replace
up to 60% of salt for storing heat

Interface Zone

_I
-
=]
S
@D
L
D

A. Mathur, Terrafore Technologies — Automatic Restoration of Degradation of Thermocline for Thermal Energy
Storage, 2025 Thermal Mechanical Chemical Energy Storage Workshop. San Antonio, Texas, July 30-31, 2025. 21
https://www.swri.org/events/proceedings-of-the-2025-thermal-mechanical-chemical-energy-storage-tmces-workshop



3¢d Generation Crushed Rock Ultra-Large Stored Heat
(CRUSH) Systems Enables Long Duration Heat Storage

Heat Transfer by Hot Fluid Trickling

 Reduce storage costs by ;
Downward Through Self-Supporting

factor of three to five Crushed Rock Pile

* TRL=4+ Liquid (Hot or Cold) Spray System
« Two tank system costs A A

Iy YYYY!

— Expensive tanks 7 oma Liquid Drains one
« CRUSH N Through Crushed Rock  N+2

— Replace salt with crushed rock

— Replace tank with insulated Collection pan (Segmented)

bu"d'ng Liquid Out

C. W. Forsberg, Low-cost Crushed Rock Heat Storage with Oil or Salt Heat Transfer, Applied
Energy 335 (10). 120753, April 2023. https://doi.org/10.1016/j.apenergy.2023.120753 22



If Third-Generation Heat Storage (CRUSH) Meets Goals, Yearly
Heat Storage: Stored Heat Inventory Over One Year in Texas

Peak electricity: 80 GWe

Nuclear

— Base-load: 30 GW(e)

— Turbines: 63 GW (e)

— Heat Storage Capacity:

6000

o~
—
—
—

Simulation: 2021

in Storage

200 GWh(e) per GW(e) 2000
base-load nuclear
« Solar: 58 GW(e) 0

Gigawatt Hours Electricity

Wind: 38 GW(e)

* No fossil fuels

Preston E. and C. Forsberg, Decarbonize ERCOT with Large Thermal Energy Storage, 2025 IEEE Power and Energy
Society: Achieving Deep Decarbonization in the Electric Power System, 25PESGM-000433, Austin, Texas, 27-31
July 2025. https://egpreston.com/ERCOT22C . xlsx 23
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There Are Analog Options for Other Heat Storage Systems

CSP with Sand Heat Storage

Nuclear with Salt Heat Storage

Massachusetts Institute of Technology

Sandia National p | Kerosene, Natural Gas, Simple Gas Turbine 300 MWe
v - Particle Elevator ! H
Laboratory "5‘.“ ;l Xmﬁf I;ydlrf;aerxge Hot Gas Valve Pe:l;;:?ngas
A y Iy,
i " » eceiver stem P ’ ;
| Electric Heaters | “!i; | R Sy | Natural Gas, efc. Hot Turbine Exhaust Air vl P B
EI&\V/“ ii « Concentrated solar = m m m = oo | SIS 00000 e
T heat cold sand Base | | Nortucea Aﬁ:: Sltf)fal\?\l;eeElﬁ:dlf 300 + 155+ 345
: ‘ o ‘H * Hot/Cold Sand Load Additon — Min. Power = 100 MWe
Hot Particle Storage > "v\“' U Storage for power Nuclear - O O .| .. - N BN BN N BN B BN B B
VAL T
| Particle Heat Exchanger > !Fl[%i f'J CyCIe ReaCtOI' e X
oAy - Could add external | or Other Hot Salt Steam | | 155 MWe Peaking
| <oz riow toop h—SNENRY gas turbine for Heat Storage Tank Power || Csﬁgraegl}l{lgt(gru;ie;r
g7 N4 added power Source Block | | “fomGas Turbig
[ cold Particie storage p * Hot turbine exhaust -
convert COId Sand éNatl'lulm Cold Salt k 500 MWe L 345 MRwe l:ssured:
: Xample: Storage Tan eactor
Into hot sand 345 Mg Base-Load
13
i 24



Added Options for Base-Load Nuclear with Heat Storage
Natrium Reactor Includes Storage Tanks But Not Other Options

- It Storag _

Base- Optional: Optional: Burn Optional:
Load Convert Combustible Steam Power Block:

Nuclear Low-Price Fuel for Accumulator Converts
Electricity Assured Peak for Fast Heat to

to Heat for Generating Ramp Speed Dis patchable
Electricity

Reactor

or Other Added Capacity all (Ancillary
Heat Revenue Year Services)
Source

Cold Salt Storage Tank

Applicable to Many Other Two-Tank Heat Storage Options (Oil, Sand, etc.) 25



Option to Provide Most Ancillary Services

« Grid pays for ancillary services
to assure grid stability against

. Hot Salt Storage Tank
failure (frequency control,
assured generating capacity) _L
: : : Base- Optional: | |Optional: Burn ] Optional:
* Historically low prices because Load | | Comert || Combusible | Stean [\ [Power Block:
rotating generators provided Nuclear | [ LowPrice | | Fuclfor Jf f Accumlior y |~ Converts
Reactor Electricity | | Assured Peak for Fast Heat to ‘
nearly free frequency control or Other to Heat for | | Generating § | Ramp Speed Dispatchable
o - - Added Capacity all (Ancillary -
Wind and solar do not provide Heat | | poome || ver N Semicey 4 | Electicits
grid stability services Source T’ 7
« Up to half battery revenue to
provide these services ColdSaltStorage Tank

I I Massachusetts Institute of Technology



Ancillary Benefits Create Economic Incentives for Electricity
Output at 20% at Times of Low Electricity Prices

 Electricity grid pays for services to stabilize
against grid collapse: Frequency stabilization
and capacity to provide added electricity

* Minimum power output of turbine for stable
operation is 20% with several grid benefits
(Natrium: 100 to 500 MWe)

— Can accelerate to full power (8 minutes) versus 1- |
2 hours from cold start—qrid capacity payments %

— Add steam accumulator for fast start and may
accelerate to full power in 15 seconds

— Rotating inertia of 500 MW turbine generator to
control frequency rather than buy expensive

if Very Low Electricity Prices, 100 MWe Heats Salt for Later Use 27

Salt Storage Tanks.
and PoweF&ioc




Steam Accumulators:
1929 Charlottenberg Power Station, Berlin: 67 MWh

» Steam accumulator technology

— Heat water in pressurized vessel
with steam

— Release pressure and flashing of
steam sent to turbine, most energy
stored In the hot water (Can also
store just steam)

 With salt storage system, add small

steam accumulator to quickly ramp
up turbine power while the salt- Sources: 1. Kanakaris-Wirtl via
steam boiler more S|OW|y ramps up Structurae, Science News Letter, A.

G. Ter-Gazarian

I I I H . 2
I I Massachusetts Institute of Technology 8



Option to Increase Arbitrage Capability: Buying Low-
Price Electricity to Heat Nitrate Salt

« May run turbine (Natrium) at
minimum electricity (20%) and Hot Salt Storage Tank
heat cold salt with electricity |
when low electricity prices. Base- M oviont |

Optional;
— Obtain ancillary services payments | Load Steam | (Power Block:
with turbine on line Nuclear

Optional: | YOptional: Burn
Convert

Low-Price

Fuel for Accumulator Converts

o Raagtor Electricity | | Mssured Peak forFast =  Heatto *
— Value of more hot salt is higher or Other [\ [ ©fcetfor [ [ Geteratne -} Ramp Speed - pignateape
: e .. Added Capacity all (Anctllary .
than selling low p.rlce elect.rlc.:lty Heat i Vear i Electricity
— Buy added low-price electricity Source | -

from the grid

Market may favor incrementally Cold Salt Storage Tank

larger tank and turbine forthe —
benefits of added revenue 29




Siemens Is Developing Salt Heating System
That May Cut Salt Heater Capital Cost in Half

* Boosts

" ' New Technology: MW-Scale Induction Heater SIEMENS

Incentives to Enables electrification of high temperature industrial heat, and cNnercyY

convert |OW— scalable thermal energy storage

I TaY  Highly scalable due to Medium Voltage Characteristics |
prl Ce e IeCtrI Clty 11kV-22 kV, applying well-proven tech. Igéhfirggfc
* Electrical components are.. o
to hOt Salt - .maintained below 150 °C *;m:i‘;z“yw
- + ..not exposed to fluid (non-contacting) >99%

* N Om I nal 60 - Heats fluids, gases and two-phase flows | say i r™

MWG InpUt A o | Single Phase of a

™ Q’F 60 MW Molten Salt
. E I T S module

* 99% electricity /B

tO heat f - “ "  ,‘ "*,w Ex. Use Cases: Brownfield
: -

decarbonization & industrial heat storage

500kW Demonstrator used to successfully

eﬁl CI ency heat Air and Oil

" J. VanKampen, Siemens, Proceedings of the 2025 Thermal-Mechanical-Chemical Energy Storage (TMCES) Workshop, 30-31 July 2025.
https://www.swri.org/events/proceedings-of-the-2025-thermal-mechanical-chemical-energy-storage-tmces-workshop 30



https://event-proceedings.s3.us-east-1.amazonaws.com/tmces/2025/tmces-jaap-vankampen.pdf

Options to Enable Full Power Output With Depleted
Storage for Assured Peak Electricity Production

« Two options

— Heat cold salt with combustible fuel
If out of stored heat

— Buy gas turbine to produce added
electricity with hot exhaust to heat
cold salt if out of stored heat

¢ System minimizes use of
combustion fuel for disputable
electricity production

Base-
Load
Nuclear
Reactor
or Other
Heat
Source

Hot Salt Storage Tank

Optional: Optional;
Convert Combustible Steam
Low-Price Fuel for Accumulator
Electricity | Assured Peak for Fast =
to Heat for 4| Generating | ¥ Ramp Speed
Added Capacity all (Ancillary
Revenue Year Services)

Cold Salt Storage Tank

Power Block:
Converts
Heat to
Dispatchable
Electricity

I I I -
I I Massachusetts Institute of Technology

31



We Added Gas Turbine & Salt Heater to Base-Load Reactor with Heat
Storage: Hot Gas-Turbine Exhaust Heats Salt for Full Generation Capacity

Kerosene, Natural Gas, Simple Gas Turbine 300 MWe EIeCtriCity
Cellulo§1c Hydrocarbons, ot s Talue Peaklng Gas Output:
Ammonia, H,, Renewable Turbine 100 to 800

Natural Gas, etc. Hot Turbine Exhaust Air T ——
—_ _ Heats Cold Salt: Output 800 MWe = MWe
— == = Conventional | ,_ 155 MWe Even If uLpu €=
Non-Nuclear SULC SabveEl 300 + 155 + 345;
Base- I s Heat Storage Depleted Min. Power = 100 MWe Capacit

Load Addition : - P y

Nuclear When

Reactor el = T Depleted

or Other Hot Salt e bl Heat
Storaae Tank Power Capability (Nuclear

Heat g Block Stored Heat or Heat Storage

Source e from Gas Turbine) More than

(Natrium Cold Salt 100 to 345 MWe Assured: Twice
Example: Storage Tank S0 Nixke Reactor Reactor
345 MWe) Base-Load

Output

Heat Storage Operates 70% of the Time, Gas Turbine 5 to 10% of the Time 32



Gas Turbine Addresses Peak Electricity Demands

Hourly New England Electricity Demand Curve
over One Year: Highest to Lowest 20

* Long-duration Simulations for the Year 2050
cold spells 60,000 —
o Long_dura’[ion Peak Load: 10% TOp HOUYS; E o 2
heat waves %’ 50,000 § Small Fraction of Total Electricity —
A\ — s
- Extreme events = | Under the Demand Curves — wario
40 , OOO - ar 12
such as Level 4
hur.ricaneS, need g 30,000 - o EEE
option to operate _1 e— e
1000s of hours at 20,000 1
peak power while .
repair 10’000 _0 im'm o - Basel::;od: 364 da;bsolyr
Hours

Armstrong et al., 2024. The role of fusion energy in a decarbonized electricity system. Report by MIT Energy 33
Initiative, see section B.2.2.



Base-Load Nuclear with Heat Storage and Gas Turbine Can
Eliminate Most Combustible Fuel Use in Electricity Grid

5 G & : 93, B Lawrence Livermore
United States Energy Consumption in 2023: 93.7 Quads National Laboratory

Net Electricity
Imports
0.01

13.21

Electricity
Storage s

Today: Coal
Piles,

= 33
0.87 it 6.13
Natural Gas

eothe al / ‘
/048
. //
3377 : :
(| Industrial 1
‘ 26.02 ner
' . Services

Coal
8.14

34
Biomass - [
4.92 Transportation
' 28.03

Underground

Natural Gas

Facilities and
O1l Tanks

L [T R ttps://tlowcharts.1llnl. gov/commodities/energy



With Gas Turbine Coupled to Bottoming Steam Cycle with
Storage, Unique Versatile Operating Modes

° M ay Ope rate gaS tu rbl ne (GT) Kerosene, Natural Gas, L-P 300 MWe
Cellulosic Hydrocarbons, Peaking Gas
when do not need full power s i Hot Gas Valve L
output and charge heat Natural G, et TETreeres —
Sto ra.g e W = mm mm o= Conventional Heats Cold Salt OUtpUt 800 MWe =
e O te GT at k Base- | Non-Nuclear AIs{sureSISS MV\S Elvendlf 300 + 155 + 345;
perate al pea o Addition cat Storage Depeted 1 Min. Power = 100 MWe
efficiency vear | === == m -
o React
Power wh e n needed ore g‘t:hz:' Hot Hot Salt Steam 155 MWe Peaking
 Operate as d |SpatChab le Heat =l Storage Tank Power |! Capability (Nuclear
Stored Heat or Heat
generator when reactor or Source I Block | "fromas Turbine
other heat source (CS P) 1S (Natrium |(&2 Cold Salt 100to 345 MWe Assured:
shutdown including start-up Example: | 2 JSERSRCIYQU [ 300 MWe [ Regctor
345 MWe) Base-Load

power cycle while reactor Is
under construction 35




Studies are Underway to Add Nitrate Salt Heat Storage to
Combined Cycle Plants Between Turbine and Steam Plant

 Incentives include:
* Greater peak power from steam plant
* Operate gas turbine at maximum efficiency—Iless operating time
In hot standby
« Faster ramping response

« Our case with nuclear heat
* Minimize greenhouse gas emissions
« Build combined cycle gas plant with storage on shorter time
schedule with added time for nuclear plant construction
* Phased construction

L. J. CAO, J. YU, L. WANG and X. XU, 2025. Combined Cycle Gas Turbine System with Molten Salt Energy
Storage: Peak Regulation and Flexibility, Process, 13 (604). https://doi.org/10.3390/pr13030604 36



https://doi.org/10.3390/pr13030604

Production of Combustible Turbine Fuel

Need Long-Duration Energy Storage for Grid

37



Options for Long-Duration Stored Energy for Grid
Lowest Cost to Highest Cost

« Underground storage of natural gas (Current, Lowest Cost)
« Geological constraints—need right types of rock
* Low-carbon versions are renewable natural gas and hydrogen
 Liquid hydrocarbons in tanks: Low-cost transport
* Currently jet fuel or diesel mostly made from crude oll
« Same hydrocarbons can be produced from many other feed
stocks including cellulosic biomass to replace all crude oll
« Stored heat: Non-transportable over long distances

* Electrochemical cells (batteries)
» Costs several times gross national product—unaffordable
« Non-transportable at scale

38



Requirements for Combustible Turbine Fuel

* Requirement 1: Low-cost long-term storage on site to assure
availability under all conditions

* Requirement 2: Low-cost transportation of combustion fuel to
power plant site to enable resupply if required for long periods of
time (Hurricanes, etc.)

* Requirements met by (1) existing fossil fuels and (2) cellulosic
liquid hydrocarbon fuels (jet, diesel, etc.) that are available at
required scale in a low-carbon economy.

* Recent studies indicate sufficient cellulosic biomass to globally
replace all crude oil—the competition to other long-duration storage
technologies

I I I -
I I Massachusetts Institute of Technolo gy
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System for Cellulosic Drop-In Hydrocarbon Biofuels Replacing All
Crude OlIl Products: Including Fuel for Combustion Turbines

Gasoline, diesel
and jet fuel can be
made from any
carbon feedstock
If there was no
crude oil, we would
have invented
diesel and jet fuel
made from other
feed stocks
Cellulosic liquid
hydrocarbons are
the competition to
other storage
technologies

Local Depots Convert Raw Recycle Soil
Cellulosic Biomass into Nutrients &
Shippable Commodity and Carbon to

Recycle Soil Nutrients Soil

(Negative
Carbon
Emissions)

Hydrogen (Multiple
Options)

Burn Liquid Fuels (cl:H o e My R
& Chemical Feed A ‘ 43 7 Lot Heat ""ffelear Heat
Stocks

Low-Carbon Strategy Using Domestic Resources 40



Replacing All Crude Oil with Cellulosic Hydrocarbon Biofuels with
Sustainable Agriculture and Negative Carbon Emissions

Based on studies and workshops, we conclude that there is sufficient cellulosic biomass
(corn stover, forest debris, kelp, etc.) to replace all crude oil with cellulosic liquid
hydrocarbons (gasoline, diesel, jet fuels and chemical feed stocks) provided the
cellulosic biomass Is used as a carbon source—not primarily as an energy source. This Is
without major impacts on food and fiber prices, improving long-term soil productivity
and negative carbon emissions. Cellulosic biomass contains about one oxygen per
carbon atom. There is sufficient cellulosic biomass if add massive quantities of external
heat and hydrogen for the chemical conversion process to hydrocarbon liquids. There is
not sufficient biomass if use the biomass as a carbon source in the final product and an
energy source to produce the hydrogen and heat for the conversion process. In the near-
term if the goal Is a low-carbon world, the economic hydrogen source is natural gas
converted to hydrogen with sequestration of the byproduct carbon dioxide and heat from
nuclear reactors. There is the potential to economically competitive with crude olil

I Massachusetts Institute of Technology



Summary of Cellulosic Biofuels Production Option

1. Cellulosic liguid hydrocarbons (gasoline, diesel, jet fuel, chemical feed stocks, etc.) produced using
massive external sources of hydrogen and some external sources of heat can fully replace all liquid
hydrocarbons made from crude oil and most chemical feed stocks

2. Hydrogen is the largest cost followed by cellulosic biomass. In the near term, the economic source
of hydrogen for large-scale deployment will be primarily from low-price natural gas with wind and
other sources depending upon location. Nuclear energy may become the primary heat source

3. The system design is carbon-negative with (1) recycle of soil nutrients incorporated in refractory
carbon forms from the production process to improve long-term soil productivity and sustainability
and (2) sequestering of carbon dioxide from the production of hydrogen by the auto-thermal
process when using natural gas.

4. There is the potential to be economically competitive with crude oil with major economic benefits for
the U.S. economy enabled by the strengths of American agriculture and the oil/gas industry
(refineries, natural gas, etc.).

C. Forsberg and B. Dale, What is the Future of Liquid Hydrocarbon Fuels and Feedstocks, Chemical Engineering
Progress, 121 (4), 48-53, April 2025. https://www.aiche.org/sites/default/files/cep/202504048.pdf

I I I o -
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