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2023 HOUSE STANDING COMMITTEE MINUTES

Energy and Natural Resources Committee
Coteau AB Room, State Capitol

HCR 3034
3/2/2023

A concurrent resolution directing the Legislative Management to consider studying
sustainable energy policies to maximize the economic viability of existing energy sources,
assess future demands on electricity in the state, and determine the feasibility of
advanced nuclear energy development and transmission in the state.

2:48 PM

Chairman Porter opened the hearing. Members present: Chairman Porter, Vice Chairman
D. Anderson, Representatives Bosch, Conmy, Dockter, Hagert, Heinert, Ista, Marschall,
Novak, Olson, Roers Jones, and Ruby. Absent: Rep Kasper.

Discussion Topics:
e Advanced nuclear power generation
Energy security
Stable power
Existing transmission lines
System reliability
Advanced geothermal
Zero-carbon fuels

Rep Cory Mock, District 18, introduced HCR 3034, Testimony 21777, 21778, 21779, 21780

Tony Brenberg, State Manager, XCEL Energy, oral testimony

Pam Gorman Prochaska, Director of Neuclear Regulatory Policy & Strategy for Xcel
Energy, Testimony 21612, 21766

Carly McCloud, Executive Director, Utility Shareholders of ND, oral testimony

Marcus Nichol, Senior Director, New Reactors, Nuclear Energy Institute, Testimony 21646

Additional written testimony:
Melissa Amarawardana, Testimony 21627
3:35 PM  Vice Chairman D Anderson closed the hearing.

Kathleen Davis, Committee Clerk



2023 HOUSE STANDING COMMITTEE MINUTES

Energy and Natural Resources Committee
Coteau AB Room, State Capitol

HCR 3034
3/9/2023

A concurrent resolution directing the Legislative Management to consider studying
sustainable energy policies to maximize the economic viability of existing energy sources,
assess future demands on electricity in the state, and determine the feasibility of
advanced nuclear energy development and transmission in the state.

10:41 AM Chairman Porter opened the meeting.

Members present: Chairman Porter, Vice Chairman D. Anderson, Representatives Bosch,
Conmy, Dockter, Hagert, Heinert, Ista, Kasper, Marschall, Novak, Olson, and Roers Jones.
Absent: Rep Ruby.

Discussion Topics:
e Committee action

Rep Heinert, Testimony 23379, Amendment 23.3090.01001

Representative Heinert moved to adopt Amendment 23.3090.01001, seconded by Rep Ista.
Voice vote. Motion carried.

Rep Ista moved a Do Pass as Amended to HCR 3034 and Place on the Consent Calendar,
seconded by Rep Roers Jones. Roll call vote:

Representatives Vote
Representative Todd Porter Y
Representative Dick Anderson Y
Representative Glenn Bosch Y
Representative Liz Conmy Y
Representative Jason Dockter Y
Representative Jared Hagert Y
Representative Pat D. Heinert Y
Representative Zachary Ista Y
Representative Jim Kasper AB
Representative Andrew Marschall Y
Representative Anna S. Novak N
Representative Jeremy Olson Y
Representative Shannon Roers Jones Y
Representative Matthew Ruby AB

Motion carried: 11-1-2 Rep Ista will carry the bill.
10:54 AM meeting adjourned.

Kathleen Davis, Committee Clerk



23.3080.01001 Prepared by the Legislative Council staff for |

Title.02000 Representative Heinert
March 2, 2023

)

PROPOSED AMENDMENTS TO HOUSE CONCURRENT RESOLUTION NO. 3034
Page 1, remove lines 5 and 6

Page 1, line 15, remove "climate and carbon reduction policies that are technology-neutral or
include"”

Page 1, line 16, replace "nuclear energy are key components to decarbonizing the
transportation and industrial sectors" with "the nuclear power industry supports many
jobs throughout the United States and contributes to the local and national economy"

Page 1, line 18, remove "through the creation of official energy policy, the state can capture
future"

Page 1, remove line 19

Page 1, line 20, replace "base; and ready access to clean energy" with "nuclear power plants
operate safely and at a higher capacity than renewable energy sources and fossil
fuels"

Renumber accordingly

Page No. 1 23.3080.01001
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Com Standing Committee Report Module ID: h_stcomrep_40_007
March 9, 2023 1:22PM Carrier: Ista
Insert LC: 23.3080.01001 Title: 02000

REPORT OF STANDING COMMITTEE
HCR 3034: Energy and Natural Resources Committee (Rep. Porter, Chairman)
recommends AMENDMENTS AS FOLLOWS and when so amended, recommends
DO PASS and BE PLACED ON THE CONSENT CALENDAR (11 YEAS, 1 NAY, 2
ABSENT AND NOT VOTING). HCR 3034 was placed on the Sixth order on the
calendar.

Page 1, remove lines 5 and 6

Page 1, line 15, remove "climate and carbon reduction policies that are technology-neutral or
include"

Page 1, line 16, replace "nuclear energy are key components to decarbonizing the
transportation and industrial sectors" with "the nuclear power industry supports many
jobs throughout the United States and contributes to the local and national economy"

Page 1, line 18, remove "through the creation of official energy policy, the state can capture
future"

Page 1, remove line 19

Page 1, line 20, replace "base; and ready access to clean energy" with "nuclear power
plants operate safely and at a higher capacity than renewable energy sources and
fossil fuels"

Renumber accordingly

(1) DESK (3) COMMITTEE Page 1 h_stcomrep_40_007
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2023 SENATE STANDING COMMITTEE MINUTES

Energy and Natural Resources Committee
Peace Garden Room, State Capitol

HCR 3034
3/23/2023

A resolution directing the Legislative Management to consider studying sustainable
energy policies to maximize the economic viability of existing energy sources, assess
future demands on electricity in the state, and determine the feasibility of advanced
nuclear energy development and transmission in the state.

3:26 PM Chairman Patten opened the meeting.

Chairman Patten and Senators Kessel, Kannianen, Beard, Boehm and Magrum are
present.

Discussion Topics:
e Energy research
e Energy development
e Reactors
e Infrastructure

3:27 PM Representative Mock introduced the resolution and provided written testimony
#26507.

3:34 PM Tony Grindberg, Principal Manager, Xcel Energy, introduced Marcus Nichol and
Pamala Gorman Prochaska.

3:36 PM Carlee McLeod, President, Utility Shareholders of North Dakota, spoke in favor of
the resolution.

3:37 PM Mark Nickel, Senior Director of New Reactors, Nuclear Energy Institute, testified in
favor of the resolution and provided written testimony #26383.

3:47 PM Pamala Gorman Prochaska, Director of Nuclear Policy and Strategy, Xcel Energy,
testified in favor of the bill and provided written testimony #26356.

4:00 PM Chairman Patten closed the public hearing.
4:00 PM Chairman Patten closed the meeting.

Rick Schuchard, Committee Clerk



2023 SENATE STANDING COMMITTEE MINUTES

Energy and Natural Resources Committee
Peace Garden Room, State Capitol

HCR 3034
3/24/2023

A resolution directing the Legislative Management to consider studying sustainable
energy policies to maximize the economic viability of existing energy sources, assess
future demands on electricity in the state, and determine the feasibility of advanced
nuclear energy development and transmission in the state.

9:50 AM Chairman Patten opened the meeting.

Chairman Patten and Senators Kessel, Kannianen, Boehm, Beard and Magrum are
present.

Discussion Topics:
e Committee action

9:50 AM Senator Magrum moved to Do Pass the resolution. Motion seconded by Senator
Kannianen.

9:50 AM Roll call vote was taken.

Senators V
Senator Dale Patten
Senator Jeffery J. Magrum
Senator Todd Beard
Senator Keith Boehm
Senator Jordan L. Kannianen
Senator Greg Kessel

(1]

<< =<=<=<<|g

Motion passes 6-0-0.

Senator Boehm will carry the bill.

This bill does not affect workforce development.
9:51 AM Chairman Patten closed the meeting.

Rick Schuchard, Committee Clerk



Com Standing Committee Report Module ID: s_stcomrep_51_001
March 24, 2023 10:38AM Carrier: Boehm

REPORT OF STANDING COMMITTEE
HCR 3034, as engrossed: Energy and Natural Resources Committee (Sen. Patten,
Chairman) recommends DO PASS (6 YEAS, 0 NAYS, 0 ABSENT AND NOT
VOTING). Engrossed HCR 3034 was placed on the Fourteenth order on the
calendar. This resolution does not affect workforce development.

(1) DESK (3) COMMITTEE Page 1 s_stcomrep_51_001
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#21612

23.3080.01000

Sixty-eighth
Legislative Assembly HOUSE CONCURRENT RESOLUTION NO. 3034
of North Dakota

Introduced by
Representatives Mock, D. Anderson, Ista, Roers Jones, M. Ruby

Senators Burckhard, Rummel

A concurrent resolution directing the Legislative Management to consider studying sustainable
energy policies to maximize the economic viability of existing energy sources, assess future
demands on electricity in the state, and determine the feasibility of advanced nuclear energy
development and transmission in the state.

WHEREAS, electricity demand is forecasted to increase through 2050, as consumers turn
to electric vehicles and other carbon-free infrastructure; and

WHEREAS, a review of existing state regulations is necessary in order to enable the
construction and operation of advanced nuclear reactors; and

WHEREAS, evaluating the economic feasibility, siting, and development for new advanced
nuclear reactors and the safety and waste stream resulting from the construction and operation
of advanced nuclear reactors would be valuable information for the development of energy
industries in the state; and

WHEREAS, maintaining the reliability of the electric grid includes evaluating the reliability
and potential benefits of nuclear energy; and

WHEREAS, climate and carbon reduction policies that are technology-neutral or include
nuclear energy are key components to decarbonizing the transportation and industrial sectors;
and

WHEREAS, through the creation of official energy policy, the state can capture future
benefits of an enhanced industry, including long-term, quality jobs; tax revenue; a manufacturing
base; and ready access to clean energy;

NOW, THEREFORE, BE IT RESOLVED BY THE HOUSE OF REPRESENTATIVES OF
NORTH DAKOTA, THE SENATE CONCURRING THEREIN:

That the Legislative Management consider studying sustainable energy policies to

maximize the economic viability of existing energy sources, assess future demands on

Page No. 1 23.3080.01000
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Sixty-eighth
Legislative Assembly

electricity in the state, and determine the feasibility of advanced nuclear energy development
and transmission in the state; and
BE IT FURTHER RESOLVED, that the Legislative Management report its findings and

recommendations, together with any legislation required to implement the recommendations, to

the Sixty-ninth Legislative Assembly.

Page No. 2 23.3080.01000
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March 1, 2023

Committee on Energy and Natural Resources
North Dakota Legislature

RE: HCR 3034 — A concurrent resolution directing Legislative Management to consider studying
sustainable energy policies to maximize economic viability of existing energy sources, assess future
demands on electricity in the state, determine the feasibility of advanced nuclear energy development and
transmission

Dear Chairperson and Respected Members of the Committee,

On behalf of the 2,000 members in Audubon Dakotas, a state office of the National Audubon Society, we
support HCR 3034 and request this be included as a part of the public hearing record.

The National Audubon Society is a conservation organization focused on birds and their conservation and
seeks to bring awareness to the condition of our environment and how changes impact birds, natural
resources, our economy, and communities.

The National Audubon Society considers climate change to be a significant threat to birds and therefore
supports actions that reduce our dependence on fossil fuels.

We enthusiastically support further research into sustainable energy policies, especially with regards to
careful siting of renewable energy projects and economic viability for local stakeholders. This should be
thoroughly investigated to understand the benefits and challenges to renewable energy generation.

Thank you for your consideration,

£ e Ao

istal Stoner

Kristal.stoner@audubon.org
Executive Director, Audubon Dakotas
3002 Fiechtner Dr S. Suite A

Fargo, ND 58103

Audubon protects birds and the places they need, today and tomorrow.



Advanced
Nuclear Energy

North Dakota House Energy &
Natural Resources Committees

Chairman Todd Porter & Members of
the Committee

March 2, 2023

Marc Nichol

Senior Director, New Reactors
©2023 Nuclear Energy Institute
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Nuclear Provided Over 50% of Emissions-Free Electricity

Nuclear
generated 19%
of electricity in
the U.S.

From 92 reactors
at 53 plant sites
across the
country

KEY

® Nuclear power reactor

©2023 Nuclear Energy Institute 2
Updated: May 2022 for the Year 2021



Lowest System Cost Achieved by Enabling Large
Scale New Nuclear Deployment

Lowest Cost System Energy System with Nuclear Constrained

!@’ Nuclear is 43% of %‘{ Wind and Solar are 77%
) generation (>300 GW of J_[ _“_ of generation
new nuclear)

£ Nuclearis 13% (>60 GW

Jl Jl Wind and solar are 50% of new nuclear)

Increased cost to

@ customers of $449 Billion

Both scenarios are successful in reducing electricity grid GHG emissions by over 95%
by 2050 and reducing the economy-wide GHG emissions by over 60%

& . . . )
S}VCE Source: Vibrant Clean Energy: https://www.vibrantcleanenergy.com/media/reports/ ©2023 Nuclear Energy Institute 3
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https://www.vibrantcleanenergy.com/media/reports/

Expanding Versatility through Advanced Technology

LWR SMRs
<300MW

Micro Reactors
(< 20MW)

Oklo (shown)
Approximately a dozen in
development

NuScale (shown)
GEH X-300

NIA Technology Primer: https://nuclearinnovationalliance.org/sites/default/files/2022-07/ANRT-APrimer-July2022.pdf

Holtec SMR-160 " Several in development

High Temp
Gas Reactors
Molten Salt Reactors

Liquid Metal Reactors

[
ke

TerraPower Natrium (shown)
Several in development

The Xe-100

A Different Kind of Nuclear Reactor

Terrestrial (shown)
Several in development

J

X-energy (shown)

!

Non-Water Cooled
Most <300MW, some as large as 1,000 MW

©2023 Nuclear Energy Institute 4



https://nuclearinnovationalliance.org/sites/default/files/2022-07/ANRT-APrimer-July2022.pdf

System Benefits of Advanced Reactors

 Low fuel and operating costs

. f2a4c/t7o’r§6>59 g?/oy)s per year, years between refueling (Capacity
 Paired with heat storage and able to quickly change power

. I{szaggi/gra\}\i/%r)\ <0.1 acre/TWh (Wind =1,125 acre/TWh; Solar
S e S deana i o o o i

Black-start and operate « Resilience for mission critical activities
independent from the grid * Protect against natural phenomena, cyber threats and EMP

i i ©2023 Nuclear Energy Institute 5
Source: SMR Start, SMRs in Integrated Resource Planning



https://smrstart.org/wp-content/uploads/2020/02/SMR-Start-Public-SMRs-in-IRPs-APPROVED-2020-02-28.pdf

Strong Federal Support for Advanced Reactors

« DOE funding 12 different designs, >$5B over 7 years

Septemoer 2022

Current Federal Policy Tools to Support New Nuclear

* |Infrastructure Bill

nuciear,

could potentially indirectly supp
2upport the deployment of new nuciear.
Programs that Could Directly Support Deployment of New Nuclear

$2.5B funding for two demonstration projects u——

The Infiation Reguct:

Y
202301

power upe ?
fer. The bill does rot change the existing Aovanced Nudear Procuction Tax Crecit but precluces
credits from being cisimed uncer both programs. The value of the crecit will be at leazt $30 per

* |nflation Reduction Act B

2 ik to the statutery langusge.

— PTC: At least $30/MWh for 10 years e
— ITC: 30% of investment B
— Both can be monetized, include 10% bonus for siting in T -

certain energy communities e

— Loan Guarantees — up to $40B in expanded authority
HALEU Fuel - $700M

. CHIPS Act
— Financial assistance to States, Tribes, local governments and Universities

©2023 Nuclear Energy Institute 6
Current Federal Policies: https://www.nei.org/CorporateSite/media/filefolder/advantages/Current-Policy-Tools-to-Support-New-Nuclear.pdf



https://www.nei.org/CorporateSite/media/filefolder/advantages/Current-Policy-Tools-to-Support-New-Nuclear.pdf

State Action for Advance Reactors

2022

e 19 States introduced bills

e 11 States passed legislation
2023

e Dozens of bills introduced Incentives

Studies and
Commissions

®
Remove Barriers

State Policy Options: https://www.nei.org/resources/reports-briefs/policy-options-for-states-to-support-new-nuclear ©2023 Nuclear Energy Institute 7



https://www.nei.org/resources/reports-briefs/policy-options-for-states-to-support-new-nuclear

Advanced Nuclear Deployment Plans

Projects in planning or under consideration in U.S. and Canada >20; Globally >30

. State action or stakeholder interest
in advanced reactors

@ Planned or considered project

@ Under construction

Updated 2/28/2023 i ©2023 Nuclear Energy Institute 8
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#21766

@ Xcel Energy- s 8105
March 2, 2023

House Concurrent Resolution 3034 Testimony in Support
House Energy and Natural Resources Committee
Chairman Porter & Committee Members
March 2, 2023

Chairman Porter, members of the committee, | am Pam Gorman Prochaska, Director of Nuclear
Regulatory Policy & Strategy for Xcel Energy. We support the North Dakota Legislatures interest
in studying HCR 3034.

As we look beyond 2030, we need carbon-free technologies that are dispatchable—available
anytime or 24/7—to maintain system reliability while operating high-levels of variable wind and
solar energy resources. New low and carbon-free dispatchable technologies on the horizon
include:

Advanced nuclear energy, both fission and fusion
Natural Gas Peaking Plants

Carbon capture, utilization, and storage

Advanced wind and solar energy systems
Long-duration storage and advanced demand efficiency
Advanced geothermal

Zero-carbon fuels, such as hydrogen and ammonia

As the only utility in Minnesota operating nuclear power plants, we understand the important
role that our existing nuclear fleet plays in our carbon free vision. Our nuclear fleet operates at
a greater than 95% capacity factor and we have been able to reduce operation and maintenance
costs by more than 30% since 2013, while maintaining the highest safety standards. As we look
to future technology, the addition of advanced nuclear energy resources has the potential to
provide similar dispatchable energy to our portfolio.

We also believe it is important to examine the back end of the fuel cycle as part of a North
Dakota study. Our current nuclear Minnesota host communities did not agree to be the host
site for the indefinite storage of spent nuclear fuel. We should better understand the work by



the Department of Energy on a consent-based siting program as well as private initiatives to
build and operate consolidated interim storage.

As the second-largest energy-producing state in the nation, North Dakota offers opportunities
for a wide range of energy production. As a proactive producer and a model state for energy
policy and innovation, advancing this study will support North Dakota’s future and development
of the energy sector while meeting the need for energy security.

Xcel Energy aspires to provide our customers 100 percent reliable, carbon-free electricity in the
coming decades as we transition from our current resource mix. To fulfill this aspiration, we will
continue to increase renewable energy resources along with technologies that enable
renewable integration.

Filling a gap for carbon-free dispatchable energy is important to our company, our customers,
and our communities. For these reasons we support this advanced nuclear study and its
potential impacts on North Dakota jobs, community impacts and the environment. Also, please
know that if a North Dakota nuclear study is selected, Xcel Energy would welcome an interim
committee tour at one of our nuclear plants.

On behalf of Xcel Energy, we thank you for the opportunity to provide testimony.
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great plains energy corridor

The Great Plains Energy Corridor, housed at Bismarck State College’s National Energy Center of
Excellence, works with partners in government, education, and the private sector to promote and enhance

North Dakota’s energy development. Together we provide information, education, outreach programs and
special events on a wide range of energy topics.

www.energyND.com
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Thank you for picking up the
2021 edition of the Great Plains
Energy Corridor’s Spotlight on
North Dakota Energy! This report is
a statistical overview of all forms of
energy in North Dakota for the year
2021. lt's updated annually and
usually distributed at the end of the
first quarter of the following year.

Here's a quick look at some of
the highlights from 2021:

P A sixth 45-megawatt
generating unit at the Lonesome
Creek Station west of Watford City,
N.D., was placed in operation in
2021. It is fueled with natural gas
and is owned and operated by
Basin Electric Power Cooperative.

» In July of 2021 Great River
Energy, based in Maple Grove,
Minn., announced that Bismarck-
based Rainbow Energy Marketing
Corp. would purchase the Coal
Creek Station near Underwood,
N.D.

» In a move to increase
carbon dioxide storage in North
Dakota, the state’s Public Service
Commission approved a pipeline
to transport carbon dioxide from
the Great Plains Synfuels Plant near
Beulah to a series of proposed wells
where the gas would be injected
underground and stored.

NORTH

editor’s
COMMENTS

» In August of 2021, Basin
Electric Power Cooperative signed a
letter of intent with Bakken Energy
to sell the Great Plains Synfuels
Plant near Beulah, N.D. If the sale
goes forward, it is expected to close
in 2023.

» The North Dakota Public
Service Commission approved the
testing of a new material called
foamed sand to fill the voids left
from abandoned underground
mines in the state. Foamed sand
resembles shaving cream and
is composed of sand, water and
foaming agent. After it dries, only
the sand remains.

» The North Dakota Clean
Sustainable Energy Authority met
for the first time in 2021 after it was
created by the state legislature. The
energy authority could fund projects
submitted to it for review ranging
from fossil fuels to renewable
energy projects.

» A milestone for carbon
capture technology was achieved
when state regulators permitted a
project at Red Trail Energy facility
near Richardton, N.D., to capture
and store underground carbon
emissions from its ethanol plant.

» No new wind projects were
placed in service in 2021.

P It's anticipated that North
Dakota’s natural gas production
will exceed 4 billion cubic feet
per day. The development and
expansion of natural gas processing
plants will continue which allows
North Dakota to catch up on
processing capacity through 2021,
but additional plants or expansions
will be needed in the future.

| would like to thank Daryl
Hill, who assisted with gathering
the information you find in this
document. Together, with our
industry partners and the EmPower
North Dakota Commission, we
are able to provide up-to-date
information for this year’s report.

Thank you for your continued
readership!

Alicia Uhde
Director
Great Plains Energy Corridor

Dakota | EMPOWER

Be Legendary.”

North Dakota is one of the only states with a multi-resource energy policy, guided by the EmPower North
Dakota Commission. Through the EmPower North Dakota Commission, leaders from all major energy

industries in North Dakota meet with one common goal: to be critical thinkers for the development of the
state’s energy resources.

www.EmPowerND.com

www.energynd.com 3




energy sites of

NORTH DAKOTA

® ®

Lignite Mine

@ Wind Farm Synfuels Plant Ethanol Plant Petroleum Refinery
R dE
Solar Farm Biodiesel Plant ecovered Energy @ Peaking Station
N N

Generation

Natural Gas Processing @ Coal-Based Generation Hydro Power

(D)

Renewable Diesel Refinery Bakken Formation Oil Fields

+ Map courtesy of Bismarck State College National Energy Center of Excellence.

A View From Above

According to the North Dakota Commerce Department, North Dakota ranks second in the nation for total
energy production from all sources including coal, natural gas, oil, hydro, and renewables.

North Dakota Electricity Production North Dakota Total Energy Production
Coal-Fired 2% Crude Ol
Non-hydro Renewables Natural Gas
Hydro (@feYe]
M Natural Gas-Fired B Renewables
M Petroleum

Sources: U.S. Energy Information Administration, North Dakota State Energy Profile
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North Dakota produces
electricity from a wide variety of
sources, including coal baseload
power plants, the hydroelectric
turbines at Garrison Dam, a
growing statewide network of
wind turbines, natural gas and
fuel oil peaking plants, heat
recovery units, and even a small
amount of solar power. There is
also work being done to explore
the potential of geothermal
generation in western North
Dakota.

According to the website
chooseenergy.com, North
Dakota had the eighth (ranking
42nd) lowest-cost electricity for
residential use in 2021, at 11.61
cents/KWh. This compares to
the national average of 14.11
cents/KWh. The highest cost for
residential electricity among the
50 states is Hawaii at 34.28
cents/KWh.

An 80-year weather event
in February 2021 caused an
unprecedented energy crisis.
The extreme weather conditions
covered a vast geographic area
from Canada to Texas, including
North Dakota. It prompted
controlled power interruptions
with little or no notice provided. A
resource alert was issued by the
Southwest Power Pool to prevent
the transmission system from
collapsing.

Electricity is very unique. It
is an “instant-use product,”
which means that the moment
it is produced (generated), it's
being used. It is not stored (on
a regional or commercial basis)
or warehoused for use at a later
time. Electricity that we use in our
homes, businesses, and schools
is generated as needed and when

north dakota

GENERATION

needed. The demand for electricity
varies considerably during the
day, during the different seasons,
etc. Regardless, a power plant has
to be operating to produce the
electricity needed.

There are many different ways
to produce electricity such as:

= Coal-based power plants
= Nuclear plants

= Wind projects

= Natural gas plants

= Solar projects

= Geothermal

= Hydroelectric

Power plants can be
classified as baseload, peaking,
infermediate, and intermittent.
Baseload plants are designed to
run all the time. These would be
the coal-based, combined-cycle
natural gas, and nuclear plants
(North Dakota does not have any
nuclear power plants). Peaking
stations are usually fired with
natural gas. These are designed
to start operating if the demand
for electricity outstrips the capacity
of the baseload plants, and can
be started on a moment’s notice,
while coal-based plants require
several hours from start to full
load. Coal-based and nuclear
plants operate most efficiently
at full load and are usually the
“backbone” of a generating mix.
An intermediate plant can be used
as a peaking station or baseload.
These plants are usually fueled
with natural gas. There aren’t
any intermediate plants in North
Dakota. Intermittent plants are
typically comprised of renewable
energy sources such as wind
or solar, and operate when the
resource is available and can
supplement the other sources.

The most common sources in
North Dakota are coal-based
plants and wind projects. It makes
no difference how electricity
is produced, it's all the same
product. It just comes from
different sources.

Every establishment that uses
electricity is connected or “hard
wired” to a power generation
source — someplace — through the
electric grid. That source may be
around the corner, down the block
or several hundred miles away.

All the generating sources
are interconnected through
a power pool and a regional
transmission operator. There are
two power pools that operate
in North Dakota — one is the
Southwest Power Pool (SPP); the
other is Midcontinent Independent
System Operator (MISO). These
power pools connect generating
sources from many utilities, so if
one source isn't able to produce
electricity, the other sources can
“cover” for the source that isn’t
producing. It also allows for
utilities to purchase power from
less expensive sources (when
available) in an effort to maintain
stable rates. (There's a more
detailed description of power
pools on page 20).

The fact of the matter is,
electricity must be produced
instantly, 24 hours a day, 7 days a
week, 365 days a year. It must be
produced even when temperatures
range from below zero, or above
100 degrees.

www.energynd.com 5
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+ Shown above is Missouri Quest, one of three draglines at the Freedom Mine, about eight miles north of Beulah,
N.D. It has a bucket capacity of 123 cubic yards. In an open pit coal mine, draglines are used to remove the
overburden that covers a seam of coal after topsoil and subsoil have been removed and stockpiled. Draglines
operate 24 hours a day, seven days a week. The Freedom Mine is owned and operated by North American Coal
Corporation. Photo courtesy of Lights Out Images.

MINING

North Dakota has the second-largest known

reserves of lignite in the world (behind only
Australia) with an estimated 25 billion tons of
recoverable resources. It is estimated that the state’s
reserves would last more than 800 years at the

current rate of consumption.

North Dakota lignite mines produced 26.6
million tons in 2021. Nearly 80 percent of lignite is
used to generate electricity. The other 20 percent is
used to make fertilizers, synthetic natural gas, and
other products at the Great Plains Synfuels Plant.

Coyote Creek
Mine

Annual
Production

12.6 million tons

2 million tons

Location

8 miles northwest
of Beulah

5 miles southwest
of Beulah

4 miles southeast
of Center

5 miles south of
Beulah

*Owned by North American Coal Corporation
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Facilities Served

Antelope Valley Station
and Great Plains
Synfuels Plant, Beulah;
Leland Olds Station,
Stanton

Owner/
Operator

The Coteau
Properties
Company*

Dakota

Westmoreland

Corporation

Milton R. Young Station,

Coal Creek Station,
Underwood; Spiritwood
Station, Spiritwood

Coyote Station, Beulah

BNI Coal Ltd.

Falkirk Mining
Company*

Coyote Creek

Mining Company*



+ The Falkirk Mining Company was granted a permit to excavate lignite coal in an area that included Coal Lake,
southeast of Underwood. After mining, Falkirk Mining Company reclaimed the mined land and returned it to its
original use and production. Photo courtesy of North American Coal Corporation.

There are also two Leonardite mines in North
Dakota — the American Colloid Mine near Scranton
and the Leonardite Products Mine near Williston.
Leonardite is a highly oxidized form of lignite that
is used as a soil amendment and by the oil industry
as a drilling additive. Both mines have a processing
plant associated with them.

Lignite coal and commercial leonardite are taxed
at a flat rate of 37.5 cents per ton by the state of
North Dakota. An additional 2-cent per ton tax is
levied for the Lignite Research Fund.

More than $1 billion in tax revenue has gone
to the state of North Dakota since 1975 from the
lignite severance and coal conversion taxes.

RECLAMATION

North Dakota lignite mines practice
contemporaneous reclamation, which means
simultaneously mining and reclaiming land.

Mining companies typically have three years to
reclaim mined land by grading and respreading the
soil and seeding the land. After that, mines keep
reclaimed land under performance bond for at least
10 years to prove reclaimed land produces crops or
forages as good as or better than before mining.

Between 1,500 and 2,000 acres of land are
disturbed by coal mining and reclaimed each year.
Mining companies spend an average of $30,000 to
reclaim one acre of land, but costs can be as high
as $60,000 an acre in some instances.

More than 28,500 acres of permitted land in the
state have gone through final bond release - the
equivalent of about 44 square miles.

The Falkirk Mine was the nation’s first
surface coal mine to operate a survey drone for
reclomation. Pre-mining surveys are used to plan
for water management and to determine elevation
and placement of topsoil and subsoil. Drones
provide an innovative way to retrieve topographical
maps of large areas. Time is saved in the field
because the drone surveys around 400 acres per
50-minute flight. The data is downloaded to a
computer and can be interpreted in a few hours.

Source: Lignite Energy Council, Great River Energy, Basin
Electric Power Cooperative, MDU Resources Group, Inc., Otter
Tail Power Company, Minnkota Power Cooperative, Falkirk
Mining Company
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GENERATION

+ The Milton R. Young Station is located near Center, N.D. It has two generating units. Unit 1, with a generating
capacity of 250,000 kilowatts (KW), began operating in 1970. It is owned and operated by Minnkota Power
Cooperative, Grand Forks, N.D. Unit 2 has a generating capacity of 455,000-KW and began producing electricity in
1977. It is owned by Square Butte Electric Cooperative and operated by Minnkota. Coal for the station is provided
from the nearby Center Mine, owned and operated by BNI Coal. Photo courtesy of Levi Nelson.

COAL-BASED

One megawatt-hour (MWh) is North Dakota is currently one Lignite industry companies
enough electricity to serve more of only 17 states that meet all of (power plants and coal mines)
than 800 homes with an hour's the U.S. Environmental Protection contribute more than $125 million
worth of power. Agency’s federal ambient air annually through total annual

quality standards. taxes, including sales, personal,

North Dakota’s power plants and corporate income taxes.
have invested around $2 billion The lignite industry employs
in technology to reduce emissions 3,388 workers directly and
and increase efficiencies. These another 11,000 indirect workers.

investments account for 20 to 30
percent of a power plant’s costs.

Plant ‘ Operating Company ‘ Capacity by MW
Coal Creek Station Rainbow Energy Marketing Corp. 1,146
Antelope Valley Station Basin Electric Power Cooperative 900

Milton R. Young Station Minnkota Power Cooperative 705

Leland Olds Station Basin Electric Power Cooperative 666

Coyote Station Otter Tail Power Company 432

Heskett Station* Montana-Dakota Utilities Co. 100
Spiritwood Station** Great River Energy 99

Total 4,048

* The Heskett Station is scheduled to be retired in March 2022.
** Spiritwood Station is a combined heat and power plant. Its primary product is steam, which is sold to the Dakota Spirit
Ethanol biorefinery at Spiritwood Energy Park near Jamestown. The plant also produces some electricity for the regional grid.
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+ The Lonesome Creek Station, a natural gas-based peaking station west of Watford City, N.D., is owned and
operated by Basin Electric Power Cooperative, Bismarck, N.D. The station consists of six units, each with a
capacity of 45 megawatts (MW). Photo courtesy of Basin Electric Power Cooperative.

@ PEAKING PLANTS

Peaking plants provide power
generation companies with rapid
response to regional “peaks” to
meet the demand for electricity.
The additional generating
capacity that these smaller
facilities provide can be used in
extreme weather conditions when
demand for electricity exceeds the
capacity of baseload facilities.
They are also used to provide
power when other resources
are not available. They can be
powered up from stand-by status
to full load very quickly and, in
most cases, are operated from
a remote site. In North Dakota,
the peaking plants are fueled by
either natural gas or fuel oil.

Basin Electric Power
Cooperative, Bismarck, operates
two natural gas-fired peaking
stations to help provide electrical
stability in western North Dakota.

» Lonesome Creek Station,
located west of Watford City,
has six, 45-MW units, for a
total generating capacity of
270 MW. A sixth, identical
unit was placed in operation
in 2021. Lonesome Creek
started commercial operation
in 2013. The plant was
built to serve the increasing
demand for electricity by
member cooperatives in
northwest North Dakota.
Lonesome Creek is used
primarily to support the local
transmission system and
serve loads developing in the
area.

= Pioneer Generation Station is
located northwest of Williston,
and has a total generating
capacity of 241.8 MW.

= Both stations employ General
Electric LM 6000 combustion
turbine generators.

Montana-Dakota Utilities has
an 88-MW natural gas-fired unit,
Heskett 3, located next to its
coal-based Heskett Station near
Mandan. The unit uses a General
Electric 7EA combustion turbine.

A new, 88-MW combustion
turbine will be constructed
adjacent to Heskett 3. It is
expected to be online in 2023.

Otter Tail Power Company has
two fuel oil combustion turbines
in Jamestown that have a total

capacity of 41.5 MW.

Sources: Basin Electric Power
Cooperative, MDU Resources Group,
Inc., Otter Tail Power Company

www.energynd.com 9



+ This is the 106-MW Glen Ullin Energy Center wind farm in Morton and Mercer counties. It is operated by ALLETE
Clean Energy. The electricity produced is supplied to Xcel Energy under a power purchase agreement. Photo
courtesy of ALLETE Clean Energy.

@ wiND

North Dakota has more
than 4,000 MW of wind energy
capacity installed throughout the
state, consisting of more than
2,200 wind turbines.

Wind developers have
expressed an interest in building
more than 6,200 MW of
additional wind generation in
North Dakota in the next several
years. While these projects have
not been approved or permitted,
it is an expression of interest to
the transmission system operators
of potential projects.

An additional 2,290 MW of
wind generation is listed in the
MISO quevue, all requesting to be
in service by the end of 2026.

While the national wind
capacity factor averaged 41
percent in 2019, North Dakota
wind projects typically see higher
rates between 40-50 percent.

North Dakota ranks 7th for
installed wind capacity, getting
31 percent of its net electricity
generation from wind resources.

In 2017, the North Dakota
legislature passed a law requiring
wind projects to install new
lighting technology to protect
aircraft while keeping night skies
dark. The technology activates
lights only when radar is detected,
alerting aircraft as they approach
the project area. The system
helps keep skies in the rural area
dark while also keeping pilots
and passengers safe. The New
Frontier Wind Energy Project was
the first wind project in the state
to incorporate this technology in
December 2018.

In December 2021, the
North Dakota Public Service
Commission granted a waiver to
Basin Electric Power Cooperative
for incorporating lighting
technology at its Prairie Winds
1 project near Minot, N.D. The
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wind project is close to the Minot
Air Force Base. The Air Force was
concerned that radar-based light
mitigation technology could pose
security and safety threats around
the intercontinental ballistic
missile sites in the northwest part
of the state.

The economic impact of wind
energy development in North
Dakota in 2020 included $12
million in state and local taxes;
$20-30 million in extra income to
landowners; $37 million in state
and local taxes; and provided
between 3,000-4,000 jobs.

The 2018 federal wind energy
Production Tax Credit (PTC)
provides wind developers a credit
of 2.4 cents per KWh (the PTC
has now been adjusted to 2.5
cents/KWh to adjust for inflation)
for the production of electricity
from utility-scale turbines during
the project’s first 10 years of
operation, for projects qualified
in year 2016. The PTC was



phased down in future years to more year. As before, the law Sources: North Dakota Public Service

80 percent of its present value allows wind projects to qualify for g;’mmiESIO”f N/a{”-:m E”erg% ALLETE
for projects qualified in 2017, the PTC in the year that they start ean Energy, Minnesofa Power,

. . . Acciona Wind Energy, Iberdrola
60 percent for those qualified in construction. Renewables, MDU Resources Group,
2018, and 40 percent for those Inc., Basin Electric Power Cooperative,
quoliﬂed in 2019, then it was Minnkota Power Cooperative, American

. Wind Energy Association, U.S. National
pr0|ec’red fo go fo zero. The Tax Renewable Energy Laboratory, Wind

Extender and Disaster Relief Act Powering America, U.S. Energy
of 2019 extended the PTCs at the Information Administration
2018 level of 60 percent for one

CAPACITY FACTOR:

Capacity factor is the actual electricity output of a power generating facility, divided by the maximum

output it could provide if it ran at full output 100 percent of the time for a full year. In other words, if
the capacity factor of a wind farm averages 38 percent, that means the total generating capacity of
that wind farm is available 38 percent of the time on average.

Installed Wind Capacity 2021

Installed Wind Capacity
B 10,000+ MW
M 5,001-10,000 MW
M 1,001-5,000 MW
101-1,000 MW
0-100 MW

+ Map created by Bismarck State College National Energy Center of Excellence using data from the American
Clean Power Association, current through the fourth quarter of 2021.
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Wind Facility

Ashtabula Wind Energy Center | (2008)
Ashtabula Wind Energy Center Il (2009)

Ashtabula Wind Energy Center Il (2010)
Ashtabula Wind Farm (2008)

Aurora Wind Project (2021)

Baldwin Wind Energy Center (2010)

Bison Wind Energy Center 1 (2012, 81.8 MW)
Bison 2 and 3 (2013, 210 MW)
Bison 4 (2015, 204.8 MW)

Border Winds Project (2016)

Brady Wind | Energy Center (2016, 150 MW)
Brady Wind Il Energy Center (2016, 150 MW)

Cedar Hills Wind Farm (2010)
Courtenay Wind Project (2016)
Emmons/Logan (2019)

Foxtail Wind Energy Center (2019)
Glen Ullin Energy Center (2019)
Langdon Wind Energy Center (2007)

Langdon Wind Energy Center | (2007, 118.5 MW)
Langdon I (2009, 40.5 MW)

Lindahl Wind Project (2017)

Luverne Wind Farm (2009)

Merricourt Wind Energy Center (2020)
New Frontier Project (2019)

North Dakota Wind Energy Center — Edgeley (2003)

Northern Divide Wind Energy (2020)

Oliver Wind Energy Center | (2006, 50.6 MW);
Oliver Il (2007, 48 MW)

Oliver Wind Ill Project (2016-2017)

Petersburg Wind Project (Infinity Wind Energy) (2002)
PrairieWinds 1 (2009)

Rugby Wind Power Project (2009)

Sunflower Wind Project (2016)

Tatanka Wind Farm

Turbines span across two counties in N.D. (90 MW) and one county in S.D. (180 MW).

Thunder Spirit Wind (2015-2018)
Valley City Wind Project (Infinity Wind Energy) (2002)
Velva Wind Farm (2005)

Wilton Wind Energy Center | (2006, 49.5 MW);
Wilton 11 (2009, 49.5 MW)

Statewide demonstration and privately owned projects

County

Barnes
Griggs, Steele

Barnes

Barnes
Williams

Burleigh
Oliver, Morton

Rolette
Stark, Hettinger

Bowman
Stutsman
Emmons, Logan
Dickey

Mercer, Morton

Cavalier
Cavalier

Williams

Steele

Mclntosh, Dickey
McHenry

LaMoure
Burke
Oliver

Oliver, Morton
Nelson

Ward

Pierce

Morton, Stark

Dickey

Adams
Barnes

McHenry

Burleigh

Total
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Owner Comban Power Purchaser Capacity
pany (if other than project owner) (by MW)
NextEra Energy Minnkota Power 148.5
Great River Energy (51 MW),
N Ee (BT Minnkota Power (69 MW) 2
NextEra Energy Otter Tail Power Company 62.4
Otter Tail Power Company 48
g Basin Electric Power Cooperative (142 MW),
Tradewind Energy Gap, Inc (90 MW) 299.4
NextEra Energy Basin Electric Power Cooperative 100
Minnesota Power 496.6
Xcel Energy 150
NextEra Energy Basin Electric Power Cooperative 300
Montana-Dakota Utilities Co. 19.5
Xcel Energy 200.5
NextEra Energy Great River Energy 216.1
Xcel Energy 150
Allete Clean Energy Xcel Energy 106
Otter Tail Power Company 40.5
Minnkota Power Cooperative (139.5 MW),
NedlErel Zmere)y Otter Tail Power Company (19.5 MW) e
Tradewind Energy Basin Electric Power Cooperative 150
Otter Tail Power Company 49.5
Otter Tail Power Company 150
Meadowlark Wind |, LLC 100
Basin Electric Power Cooperative (40 MW),
NSS! SnEE; Otter Tail Power Company (21 MW) cl
NextEra Energy Basin Electric Power Cooperative 197.9
NextEra Energy Minnesota Power 98.6
NextEra Energy Minnkota Power Cooperative 100
Minnkota Power Cooperative 0.9
Basin Electric Power Cooperative 122.6
Iberdrola Renewables 149.1
Novatus Energy Basin Electric Power Cooperative 104
Acciona Wind Energy Midwest Independent System Operator (MISO) 90
Montana-Dakota Utilities Co. 155.5
Minnkota Power Cooperative 0.9
Acciona Wind Energy Xcel Energy 12
NextEra Energy Basin Electric Power Cooperative 99
N/A Approx. 3
4,260.5
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+ The generator deck of the Garrison Dam, shown above, houses the five generators that produce electricity. The
pressure of the water behind the dam drives the generators that have a total capacity of 583,000 KW. The dam is
located near Riverdale, N.D., and was constructed by the U.S. Army Corps of Engineers from 1947 to 1953. The
reservoir impounded by the dam is Lake Sakakawea. Photo courtesy of Kris Oyen, U.S. Army Corps of Engineers.

HYDROELECTRIC

The only producer of Garrison Dam has five turbines The electricity from Garrison
hydroelectric power in North with a total installed capacity of Dam is marketed by the Western
Dakota is Garrison Dam, operated 583 MW. The first unit began Area Power Administration
by the U.S. Army Corps of operating in January 1956. (WAPA). Customers in North
Engineers — Omaha District. Dakota include municipal utilities,

In fiscal year 2021, the dam Native American tribes, state
produ.cgd 2 million MWh of agencies, the two Air Force bases,
electricity. educational institutions, irrigation

districts and rural water entities,
and electric power cooperatives.
Much of the electrical power
generated at Garrison Dam
serves customers in North Dakota
and customers in the states of
Minnesota, lowa, Montana, South
Dakota and Nebraska. WAPA

is one of four power-marketing
administrations within the U.S.
Department of Energy whose role
is to market and transmit electricity
from multi-use water projects.

Lake Sakakawea, created by
the Garrison Dam, is the third
largest reservoir in the United
States by volume.

. . . o Sources: U.S. Army Corps of Engineers,
+ This hydropower electric generating plant graphic is courtesy of Western Area Power Administration

Bismarck State College National Energy Center of Excellence.
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GENERATION

+ This geothermal electrical generation system graphic is courtesy of Bismarck State College National Energy Center
of Excellence.

@ GEOTHERMAL

According to the National The University of North Dakota Sources: National Renewable Energy
Renewable Energy Laboratory, Petroleum Research Center Laboratory, University of North Dakota
. o Department of Geology and Geological
western North Dakota has continues to study the feasibility of Engineering
favorable locations for deep using oil well sites in the Bakken
enhanced geothermal systems to generate up to 300 MW of
(EGS). EGS is a technology that electricity using geothermal energy.

uses heat from the earth to turn
water into steam, which drives
a turbine generator to produce
electricity.

www.energynd.com 15



+ Verendrye Electric Cooperative, Velva, N.D., has the largest solar program in the state with more than 300 solar-
powered water pumps throughout its service territory. The pumps are primarily used in pasture wells in remote
areas where building power lines is cost prohibitive. Photo courtesy of Verendrye Electric Cooperative.

€ SOLAR

Solar energy technology
is based on two main types —
photovoltaics (PV), which is the
most common way of producing
solar electricity in North Dakota,
and concentrated solar power
(CSP). CSP typically uses mirrors

to concentrate the sun’s rays and
create heat that, in turn, drives a

heat or steam engine. PV power
uses the sun’s rays to create
direct current electricity.

A 300-kilowatt capacity solar
project on the Standing Rock

Sioux Reservation was placed into

service in July 2019.

Bismarck State College has an

8-KW PV solar array on campus
composed of both crystalline
and thin panel solar systems so
students have the opportunity to
study both.

Northern Plains and Dakota
Valley Electric Cooperatives
installed a 16-panel solar system
at Northern Plains’ Carrington
office in 2015. The total rated
output is 6.56 KW, and the

16  Spotlight on North Dakota Energy

cooperatives monitor real time
data from the system as a
demonstration of what might be
used on a small farm, residence,
or business.

+ Photo courtesy of Bismarck State College.



Annual Solar Output (kWh)
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+ Cass County Electric Cooperative in Fargo, N.D., installed a 102-KW solar array in 2016, called Prairie Sun

Community Solar. It is the first community solar project in the state and consists of 324 solar panels located on
land owned by the City of Fargo. In 2021, it produced 146,125 KWh, which would give it a capacity factor of
16.5 percent. Graph created by Bismarck State College National Energy Center of Excellence using Prairie Sun

Community Solar data.

Whiting Petroleum uses PV in
North Dakota for some systems
in the petroleum extraction
process, like automation controls,
programmable logic controllers,
flare igniters, and combustor

controls. These systems allow an
operator to start up, monitor, and
shut down operations as needed.

Another solar project, still in
development by National Grid

+ Photo courtesy of Northern Plains Electric Cooperative.

Renewables, formerly known as
Geronimo Energy, is the Harmony
Solar Project. The Harmony Solar
Project is located in Cass County,
N.D., and is estimated to produce
up to 200 MW, making it the
largest utility-scale solar project

in the state. It's anticipated the
project will provide over $20
million in economic benefits during
the first 20 years of operation,
including new tax revenue,
construction jobs, new full-time
jobs, landowner income and
charitable giving.

Sources: National Renewable Energy
Laboratory, Verendrye Electric
Cooperative, Bismarck State College,
Cass County Electric Cooperative,
Minnkota Power Cooperative, Whiting
Petroleum, Dakota Valley Electric
Cooperative, Northern Plains Electric
Cooperative
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@ RECOVERED ENERGY

Recovered energy generation
(REG), also known as heat-
recovery generation or waste heat
energy, is a process of capturing
the heat from hot exhaust to drive
a turbine and create electricity.

There are four REG sites in
North Dakota. Basin Electric
Power Cooperative purchases
the electricity from three sites
near Manning, St. Anthony, and
Zeeland (5.5 MW each); and
Montana-Dakota Utilities owns

one site near Glen Ullin (5.3 MW).

The sites produce electricity
using exhaust from compressor
stations on the Northern
Border Pipeline. The Northern
Border Pipeline is a natural gas
transportation system of 1,398
miles that links the Midwest with
reserves in Canada.

A subsidiary of Ormat
Technologies developed the

recovered energy generation.

This is the first use of this
technology on a natural gas
pipeline in the United States.

WORKING
FLUID

CONDENSER
~

+ The heat recovery graphic above is courtesy of Bismarck State College National Energy Center of Excellence.

Sources: Basin Electric Power
Cooperative, MDU Resources Group, Inc.
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+ Map courtesy of Bismarck State College National Energy Center

of Excellence.
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+ The transmission line shown above is a single circuit alternating current (AC) transmission line. Photo courtesy of

EERC.

€ TRANSMISSION & DISTRIBUTION

The North Dakota Transmission
Authority was established by
the state legislature in 2005 to
facilitate, finance, and develop
transmission in North Dakota
to accommodate new energy
development.

Approximately 50 percent of
the state’s total electricity supply
is provided to the interstate
electricity trade.

The exported electricity is
delivered into a power pool where
it can be delivered to markets
beyond a utility’s normal service
territories. By joining a power
pool, a utility has the ability to
sell and buy electricity from other
generating sources and utilities.

There are two power pools
in North Dakota: Southwest
Power Pool and Midcontinent
Independent System Operator (see
map on page 20).

According to
americasgenerators.com, a
power pool is described as such:
When a power utility enters a
power pool, it is joining and
communicating with a coalition of
other power generation facilities.
This cooperation leads to less
expensive and more reliable
energy throughout the power
pool’s region. The World Bank
describes the benefits of these
agreements, explaining, “Regions
with low-cost generation resources
could become net exporters of
power, while electricity customers
in high-cost areas could benefit
from cheaper imports.”

The basic function of a power
pool or regional transmission
operator, is to ensure electricity is
delivered reliably and affordably
to the millions of people within a
defined service territory.

A power pool can be likened
to “air traffic controllers” of
the electric power grid. Power
pool operators do not own the
power grid; they independently
operate the grid minute-by-minute
to ensure that power gets to
customers and to eliminate power
shortages. Operators “balance”
electricity supply and demand,
ensuring there is sufficient
generation to meet the demand
for electricity.

Regional Transmission
Operators (RTOs) and
Independent System Operators
(ISOs) ensure that transportation
of traded power is open and fair
for all parties. These organizations
are independent and non-profit,
which aids them in planning and
developing current and future
transmission that benefits all
members of an energy pool.
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United States Power Pools Map

+ Map courtesy of Federal Energy Regulatory Commission.

In power pools, communication
and joint planning can include
sharing of reserves and using the
lowest-cost energy option within
the power pool first. These joint
ventures come with positives, as
discussed above. There are also
negatives. These include the time
required to come to joint decisions
and the loss of autonomy or
flexibility for individual utilities.

North Dakota is poised to
have significant load growth. This
has the potential to necessitate
additional generation and
corresponding transmission to
serve the load. North Dakota
has a very stable and adequate
generation and transmission
system. Because of the
interconnections within a power
pool, occurrences in other parts
of the pool (other states) can have
a dramatic effect on other areas.
There may be weaknesses — as in
inadequate transmission capacity

— well beyond the borders of
North Dakota that will cause
disruptions for electric consumers
in other parts of the power pool.

Engineering models of
the power grid are revealing
weakness in the grid and lack of
capacity to meet the changing
generation resources for which
developers are asking for access
to the grid. These additions to
the grid must be well planned
to efficiently meet the needs.
Average transmission line costs
easily reach $1.5 million to
$2 million per mile. Estimate
of the future needs within the
independent system operators
that serve North Dakota are in
the tens of billions of dollars.
From planning to operation often
takes 8-10 years. Cost allocation
for new transmission is also not
clearly defined at this time.
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Sources: North Dakota Transmission
Authority, Otter Tail Power Company,
MDU Resources Group, Inc., ALLETE
Clean Energy, Minnkota Power
Cooperative, Basin Electric Power
Cooperative, americasgenerators.com



€ MODES OF HIGH-VOLTAGE
ELECTRIC TRANSMISSION

4+ The transmission line above is a 400,000-volt DC
transmission line. It carries electricity from the Coal

Creek Station, Underwood, N.D., to a delivery point
in Minnesota. Notice there are only two conductors,
as opposed to three for an AC line. As with an AC
line, this DC line has two over head ground wires
to dissipate energy from a lightning strike. Photo
courtesy of Great River Energy.

North Dakota has more than 65,000 miles of
transmission and distribution lines. Transmission
lines are high-voltage lines that carry large volumes
of electricity long distances. Distribution lines carry
lower-voltage electricity from a local substation to
nearby homes.

The electricity that we use in our homes, offices
and factories is alternating current (AC). It is named
as such because the voltage goes from positive
to negative 60 times per second. Transformers
can easily be used to change to high voltage
for efficient transmission and then back to lower
voltages that are useful for our houses, offices and
factories. Transmission of electricity is more efficient
at higher voltages. Voltages of 115,000, 230,000,
and 345,000, are typical in North Dakota. In other
areas, 500,000 and even 750,000 volts are used
to meet needs. These lines operate in a three-phase
mode so you will see sets of three wires on high-
voltage transmission lines. At the home and office,
120 volts and 240 volts are most common.

The other type of high-voltage transmission
that is becoming more common in long distance
lines is direct current (DC). Those lines operate
with one wire at positive voltage and the other
wire at negative voltage. Therefore, DC lines
are characterized by sets of two wires. There are
only two DC transmission lines in North Dakota.
Voltages for DC transmission can also vary. One of
the DC lines in North Dakota operates at 250,000
volts, while the other operates at 400,000 volts.

A DC line requires a converter station at each
end to convert the power from AC current to DC
current and then back to AC at the other end. It

is expensive to build the converter stations, but
the line construction is less expensive. The lines
are much more efficient than AC transmission of
an equivalent amount over an equal distance,
meaning there’s less line loss. The higher efficiency
pays for the expense of building the converters if
the distance is over about 300 miles. DC voltage
cannot be changed easily without converting back
to AC. DC transmission has been demonstrated in
uses over 4,000 miles.
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PETROLEU

4+ Located near Dickinson, N.D.,

According to the North
Dakota Department of Mineral
Resources, the price of sweet
crude oil was $65.46 a barrel in
December 2021, as compared
to the all- time high price in July
2008 of $136.29 per barrel.
Throughout 2021, the private
and public sectors have slowly
been recovering from the 2020
pandemic and spring-2020 price
collapse.

The Bakken formation is
now considered “mature” by
industry — meaning that many
of the operators in the state are
dedicated to producing their
acreage on a consistent and
steady pace but that radical

growth in production is less likely.

Much of the new investments will
be in value added industries to
capture by-products from the oil
and gas production.

= North Dakota is now the
third-largest oil producer in
the nation behind Texas and
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OIL & GAS PRODUCTION

New Mexico. North Dakota
held rank as the second-

largest oil producer from
2012 to mid-2021.

In December 2021, gas
production was 93,857,331
million cubic feet or
3,027,656 MCF/day. Oil
production was 35,494,960
barrels or 1,144,999 barrels
per day.

» Average rig count in 2021

was 22 rigs, a increase of

2 rigs from the previous
year in large part due to

the slow recovery from the
2020 pandemic and oil price
collapse. The all-time high
was 218 rigs in May 2012.
Newer, more advanced rigs
operating today are able to
drill about twice as many
wells in a year compared to
2012. More than 98 percent
of drilling takes place in

the Bakken and Three Forks
formations.

= e

the refinery shown above is a renewable diesel facility with a capacity of 12,000
barrels per day. It is owned and operated by Marathon Petroleum Corporation and processes corn oil and soybean
oil to produce renewable diesel and naphtha, primarily for the California market. Photo courtesy of Marathon.

= There were 17,200

producing wells in December
2021, with 87 percent

of those in the Bakken
Formation and the remaining
13 percent from legacy
conventional pools.

Leasing activity for new
drilling sites is extremely low
in North Dakota. Any activity
consists of renewals and top
leases in the Bakken-Three
Forks area. Focus as prices
recover will be less about
adding new wells and more
about completing wells that
have been sitting waiting for
frac crews. Completing DUC
— “Drilled but Uncompleted
Wells” — is more cost efficient
for some operators at this
time.



+ The above map shows the placement of shale plays around the Lower 48 states.
Map courtesy of U.S. Energy Information Administration.

A typical North Dakota Bakken
well will produce for more than
30 years. However, favorable
economic conditions, enhanced
oil recovery efforts, and other
factors can extend the life of
the well. Based on an average
oil price of $50 per barrel, the
average Bakken well:

» Produces approximately
1,170,683 barrels of oil.

= Generates about $31 million
net profit.

* Pays approximately
$5,083,579 in taxes.

-$2,796,340 gross
production taxes

- $2,094,794 extraction tax
— $192,445 sales tax

* Pays royalties of $9,487,516
to mineral owners.

* Pays salaries and wages of
$2,128,669.

» Pays operating expenses of
$1,900,977.

= Costs $7,072,184 to drill
and complete.

After a well has stopped
producing economically, state law
requires the operator to plug the
well or get it back into production
within six months.

Plugging the well involves
cementing the production
and surface casing at several
different depths to ensure no
hydrocarbons or saltwater may

+ Photo courtesy of EERC.

pass to the surface, in addition

to cutting off the surface casing
about four feet below the ground.
Topsoil and subsoil that were
removed during the initial well
construction are returned to the
site and the land is returned

to its pre-drilling contours and
reclaimed as close as practicable
to the way it was prior to drilling.
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+ Horizontal drilling in the Bakken allows companies to drill down two miles into the Bakken formation, turn at
a 90-degree angle and drill horizontally for as far as four miles. Diagram courtesy of North Dakota Petroleum

Council and North Dakota Department of Mineral Resources.

SHALE ENERGY TECHNO

The Bakken shale play Hydraulic fracturing (also
was previously undeveloped called “fracking”) is a process
because conventional drilling that pumps a specially blended
methods were not able to liquid into a well under high
access the trapped oil and pressure, creating fractures in
gas. Technological advances, the underground rock to allow
including horizontal drilling the flow and recovery of oil and
and the process of hydraulic natural gas.

fracturing have made it possible ) ) )
for companies to economically The'flmd used n the hydraulic
drill for oil in the Bakken fracturing process is a 98-99.5

Formation. percent water and sand mixture.
Varieties of chemical additives
With horizontal drilling, are used, depending on the well
operators are able to drill more conditions, to limit the growth
wells from a single location, of bacteria, prevent corrosion
thereby accessing more of the of well casing, and increase
oil and gas resources in the efficiencies.

Bakken while using as much as
90 percent less surface area than
with traditional vertical drilling.
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The state of North Dakota
requires disclosure of the
additives that companies use via
FracFocus.org, a website that
provides public access to reported
chemicals used in fracking and
to provide information on the
fracking process.

The amount of water needed
to hydraulically fracture a well
continues to increase. In 2006,
the average Bakken well required
2-4 million gallons of water for
hydraulic fracturing. In 2018, that
average increased to nearly 8-10
million gallons per well, with
a small handful of wells using
a technique that required 20
million gallons.

Sources: North Dakota Petroleum
Council, North Dakota Department

of Mineral Resources, U.S. Energy
Information Association, FracFocus,
Energy & Environmental Research Center
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+ Oil from the Bakken is a light, “sweet” oil, which means that it is a high-quality oil containing little or no

hydrogen sulfide. Refiners prefer sweet crude oil because it yields high-value products such as gasoline, diesel
fuel, jet fuel, and heating oil. This diagram of a typical refinery’s distillation tower shows how the petroleum
is heated and separated into different product streams. Graphic courtesy of Bismarck State College National

Energy Center of Excellence.

REFINING

There are two oil refineries in
North Dakota — one in Mandan,
the other is near Dickinson.

The Mandan refinery is now
owned by Marathon Petroleum
Corp. (It was previously owned
by Tesoro, and then Andeavor)
Marathon purchased the refinery
from Andeavor in April 2018.

It began operations in 1954

and is the largest refinery in the
state. The refinery has a crude

oil processing capacity of 71,000
barrels per day (bpd). One barrel
is equal to 42 gallons.

Because of high demand for
diesel fuel in the region, in 2012
the Mandan refinery expanded
its Distillate Desulfurization Unit
capacity by 5,000 barrels of diesel
per day to bring the plant’s total
diesel hydrotreating capacity to
22,000 bpd.

Marathon processes Williston
Basin crude oil from North Dakota
to refine into gasoline, diesel
fuel, jet fuel, heavy fuel oils and

liquefied petroleum gas. Products
are trucked and railed from
Mandan and also shipped east via
pipeline to eastern North Dakota
and Minnesota.

Marathon employs about
290 people in the Bismarck-
Mandan area and more than
100 employees in western North
Dakota and eastern Montana
with the Tesoro High Plains Crude
pipeline system.

Marathon purchased its
Dickinson Refinery in 2018 from
Andeavor (its original name
was Dakota Prairie Refining).
That refinery was constructed by
WBI Energy, and subsequently
purchased by Andeavor in 2016.
It was the first greenfield diesel
refinery to be built in the U.S.
since the late 1970s and came
online in May 2015. Located
near Dickinson, the refinery was
converted to produce renewable
diesel from refined soy oil
and other organically derived

feedstocks in late 2020 and
became a 100 percent renewable
diesel facility by reaching the
design production capacity of
184 million gallons a year in the
second quarter of 2021.

The refinery has about 90
employees.

Source: Marathon
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Truck to Canadian Pipelines

+ Transportation of Williston Basin crude oil changes depending on the Brent — WTI (West Texas Intermediate)

price spread. With additional pipeline capacity and market conditions, the region has seen increased use of
pipelines over rail transportation. Data courtesy of the North Dakota Pipeline Authority.

PIPELINES

The North Dakota Pipeline
Authority was created by the state
legislature in 2007 to assist with
development of pipeline facilities
to support energy-related
commodities.

There are more than
30,000 miles of gathering and
transmission pipelines in North
Dakota. The United States has
the largest network of pipelines in
the world.

North Dakota makes use of
three product types of pipelines:
17 major crude oil pipelines, nine
major natural gas pipelines, and
one carbon dioxide pipeline.

A 100,000 BPD pipeline would
be equal to 500 truckloads per
day or about 140 rail cars.

Several additional pipeline
expansion projects to transport
the increased oil and gas
production in the state have been
proposed or are in the planning
stages.

Bakken natural gas has a high
content of natural gas liquids
(NGL), such as ethane, propane,
butane, and natural gasoline.
Updated forecast calculations
from the North Dakota Pipeline
Authority estimate a potential
of 1.2-1.3 million BPD of NGL
production from North Dakota
during the coming decades.

Pipelines remain the safest
mode of energy transportation
according to the U.S. Department
of Transportation, with more than
99.99 percent of all petroleum
and natural gas products safely
reaching their destinations.
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During construction of a
pipeline, topsoil and subsoil are
removed and stockpiled nearby.
After pipeline installation, the
topsoil and subsoil are returned
to the site, and the land is
returned to its pre-construction
contours and production. This
includes getting land into
condition for crop production or
grazing, or working with wildlife
groups to plant native grasses
or other vegetation for wildlife
forage or habitat.

Sources: North Dakota Pipeline
Authority, North Dakota Petroleum
Council
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+ The above photo shows the Great Plains Synfuels Plant in the foreground. The plant is owned by Dakota Gasification
Company, a subsidiary of Basin Electric Power Cooperative, and is located north of Beulah, N.D. In the background

(blue buildings) is the Antelope Valley Station, a 900-MW capacity coal-based electric generating station. The two plants
represent a $4 billion investment in North Dakota’s energy development. Photo courtesy of Basin Electric Power Cooperative.

SYNTHETIC NATURAL GAS

The Dakota Gasification
Company’s Great Plains Synfuels
Plant, north of Beulah, N.D., is
the only commercial-scale coal
gasification plant in the United
States that manufactures synthetic
natural gas from lignite coal. It
produces up to 170 million cubic
feet of natural gas a day, which is
shipped via the Northern Border
Pipeline to market.

The plant uses about 18,000
tons of lignite coal each day,
supplied via the Freedom Mine.
Besides synthetic natural gas,
it produces many additional
products that are marketed
throughout the United States and
worldwide, including fertilizers
and petrochemicals.

The Synfuels Plant is part of
one of the largest carbon dioxide
sequestration projects in the
world delivering approximately
2 million metric tons of carbon
dioxide per year that it pipes
to the aged Weyburn oil fields
in Canada for use in enhanced
oil recovery. The Synfuels Plant

has captured approximately 41
million metric tons of carbon

dioxide since 2000.

Weyburn oil field operators
in Saskatchewan predict that
injecting carbon dioxide can
extend the life of the Weyburn
field by about 30 years.

Contractors broke ground on
a urea facility in July 2014 at
Dakota Gasification Company’s
Great Plains Synfuels Plant. The
project was completed in early
2018 and produces about 1,100
tons of urea a day. The plant has
the capability to produce up to 64
million gallons of diesel exhaust
fluid a year. Up to 200 tons per
day of food-grade liquid carbon
dioxide can also be produced.

In August of 2021, Basin
Electric Power Cooperative signed
a letter of intent with Bakken
Energy to sell the Great Plains
Synfuels Plant near Beulah,

N.D. If the sale goes forward,
it is expected to close in 2023.
Plans include making the plant
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part of a hydrogen “hub” that
would harness and process the
abundant natural gas resources
in the state.

Urea is the 13th product
produced at the gasification
plant. Besides natural gas and
urea, these products include:

= Cresylic acid
= Phenol
= Tar oil

= Ammonium sulfate
(agricultural fertilizer)

» Anhydrous ammonia
(agricultural fertilizer)

= Carbon dioxide and liquefied
carbon dioxide

= Krypton/xenon gases
= Nitrogen
* Naphtha

= Diesel exhaust fluid

Sources: Basin Electric Power Cooperative,
Dakota Gasification Company
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+ Two operators monitor operations at the Tioga Gas Plant in Williams County. The plant is owned and operated
by Hess Corporation. Hess employs 480 people in North Dakota. Photo courtesy of Hess Corporation.

NATURAL GAS PROCESSING

The North Dakota Pipeline
Authority recently updated its
natural gas forecast which
estimates North Dakota could be
producing 5.5-6.5 billion cubic
feet of natural gas each day in
the late 2030s. This is up from
the 2020 natural gas production
of roughly 2.9 billion cubic feet
per day.

North Dakota currently has
32 natural gas processing plants
operating in western North
Dakota, with many additional

expansion projects being planned

or under construction.

A challenge of the petroleum
industry is capturing the natural
gas co-produced with oil. As
of November 2021, 6 percent
of the natural gas produced
in North Dakota was being
burned off, or “flared,” due to
lack of pipelines or challenges
on existing infrastructure. In
September 2015, the North
Dakota Industrial Commission
revised the 2014 natural gas
targets for Bakken and Three
Forks production as follows:

= 74% Capture:
Oct. 1, 2014 - Dec. 31, 2014

= 77% Capture:
Jan. 1, 2015 - Mar. 31, 2016

» 80% Capture:
Apr. 1, 2016 - Oct. 31,2016

= 85% Capture:
Nov. 1, 2016 - Oct. 31,2018

= 88% Capture:
Nov. 1, 2018 - Oct. 31, 2020

» 91% Capture:
Nov. 1, 2020 - Present

According to the North
Dakota Department of Mineral
Resources, private industry has
invested more than $20 billion in
additional natural gas gathering
and processing infrastructure to
reduce flaring, and another $10-
$15 billion will be needed in the
coming years.

Since 2010, natural gas
processing capacity in North
Dakota has grown nearly 722
percent, increasing from 491
MMCEFD to 4,037 MMCFD in
year-end 2021. Additional
capacity is planned for 2023 and
later.

The state’s first liquefied
natural gas plant is near Tioga.
Liquefied natural gas is natural
gas that has been converted to a
liquid form for easier storage and
transportation.

Source: North Dakota Pipeline Authority
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Owner Company

Processing Capacity -

Natural Gas Million Cubic Feet Per

Facility Day (MMCFD)

1804 Ltd Spring Brook Williams 70
Andeavor Robinson Lake Mountrail 150
Andeavor Belfield Stark 35
Arrow Field Services Arrow McKenzie 150
Aux Sable — Chicago, IL Prairie Rose Mountrail 126*
Caliber Midstream Hay Butte McKenzie 10
Hess Tioga Williams 415
Kinder Morgan Norse Divide 25
Kinder Morgan Badlands Bowman 40
Kinder Morgan Roosevelt McKenzie 200
Kinder Morgan Wattord City McKenzie 90
Liberty Midstream Solutions County Line Williams 30
Ooasis Wild Basin McKenzie 320
ONEOK Lonesome Creek | McKenzie 240
ONEOK Stateline | Williams 120
ONEOK Stateline Williams 120
ONEOK Garden Creek | McKenzie 120
ONEOK Garden Creek Il McKenzie 120
ONEOK Garden Creek lll | McKenzie 120
ONEOK Grasslands McKenzie 90
ONEOK Bear Creek Dunn 130
ONEOK Bear Creek Il Dunn 200
ONEOK Demicks Lake McKenzie 200
ONEOK Demicks Lake Il McKenzie 200
ONEOK Demicks Lake Il McKenzie 0
Outrigger Energy Il Williams 250
Petro Hunt Little Knife Billings 27
Steel Reef Lignite Burke 6
Targa/Hess JV LM4 McKenzie 200
Targa Resources Badlands McKenzie 90
True Oil Red Wing Creek McKenzie 15
USG Midstream Bakken DeWitt Divide 3
Whiting Oil & Gas Ray Williams 25
XTO - Nesson Ray Williams 100
Total 4,037

*Aux Sable facility has the capacity to transport and process up to 110 MMCFD of North Dakota natural gas at its Chicago facility.
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+ There are more than 400 petroleum marketers in North Dakota.

) PETROLEUM MARKETING / PROPANE

According to the North Dakota
Petroleum Marketers Association,
there are more than 400
petroleum marketers in North
Dakota. The list includes service
station dealers, convenience
stores and truck stops. These
operations deal in every aspect of
refined petroleum and renewable
fuel products, ranging from
wholesale and supply to the
numerous retail outlets scattered
across the state.

In 2019, retail petroleum
dealers sold 423,652,068 gallons
of taxable gasoline in the state,
as well as 579,439,196 gallons
of taxable special fuels other than
propane (mostly diesel). North
Dakota petroleum marketers
continue to support research and
development of renewable fuels
as viable sources of alternate
energy.

North Dakota petroleum
marketers also supply another
fuel critical to the state — propane.
Propane is a 100-percent
domestic fuel, serving to fortify
national and energy security.
Propane supplies have grown
dramatically in recent years
because of the numerous oil shale
plays in the United States. Propane
serves a variety of residential,
commercial and industrial needs.
It is used as the prime heating
source in 14 percent of homes in
North Dakota. In 2021, the state’s
propane marketers sold almost
118.0 million gallons of propane.

Source: North Dakota Petroleum
Marketers Association, North Dakota
State Tax Commission, EERC

www.energynd.com 31



L

e
£ 3%
5

+ The Dakota Spirit ethanol plant, owned by Midwest AgEnergy, is co-located with Great River Energy’s Spiritwood
Station near Spiritwood, N.D. Steam from the Spiritwood Station is used to power the refining process. Photo

courtesy of Midwest AgEnergy.

North Dakota’s six ethanol directly employs more than 275
plants have an annual production  workers in rural communities
capacity of more than 550 across the state.

million gallons.
North Dakota ethanol plants

The state’s ethanol industry process approximately 50
contributes $623 million in percent of the state’s annual corn
economic activity each year and production (160-180 million

Ethanol
Capacity
(million
gallons)

Location Employees

bushels) into a high-quality
fuel and valuable co-products,
including corn oil and distiller’s
grains. In addition, more than
550,000 tons of byproduct,
including sugar beet tailings

Corn
Used
(million
bushels)

DDG
(tons)

and potato processing waste,

Corn Oil
(million
gallons)

Midwest Ag Energy — |\ 4o\ ood 42 73 25 200,000 2.5
Blue Flint Ethanol

NEISITEEM [AMREIAS | e e o 52 154 52 450,000 6.0
Energy, LLC

Red Trail Energy, LLC Richardton 48 63 23 180,000 2.4
Tharaldson Ethanol Casselton 60 175 59 450,000 6.3
Midwest Ag Energy — .

Seleia St Spiritwood 40 75 25 200,000 2.5
Red River Biorefinery Grand Forks 35 16.5 * * *
Totals 277 556.5 184 1,480,000 20

*Red River Biorefinery uses 550,000 tons of byproduct, including sugar beet tailings and potato processing waste, as feedstock.

In addition to ethanol, it produces 100,000 tons of livestock feed.
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is purchased from processing
facilities across the region.

One-third of every bushel of
grain used for ethanol production
returns to the animal feed market
in the form of dried distillers
grains (DDGs). Nearly 1.5 million
tons of DDGs are produced in the
state annually.

North Dakota’s ethanol
industry is a national leader in
efforts to decrease its carbon
footprint and that of other
industries as well. Corn-ethanol’s
carbon footprint is currently a
third less than gasoline and
continues to decrease with
increased carbon-conscious
efforts from corn growers and
ethanol plants, such as carbon
sequestration and storage
projects underway at two North
Dakota ethanol plants. In

addition, the corn oil produced
is used in the production of
renewable diesel to lower the
carbon intensity of that product.

Approximately 10 percent of
the ethanol produced annually
in North Dakota is blended with
gasoline and sold within the
state. The remaining 90 percent
is shipped primarily to the east or
west coasts.

In a modern ethanol facility,
one bushel of corn produces 3
gallons of ethanol, 15 pounds of
livestock feed (DDGs), 18 pounds
of carbon dioxide, and up to one
pound of corn oil.

Unleaded 88 (E15) is
approved for use in all 2001
and newer cars and light-duty
vehicles, as well as flex-fuel
vehicles. These vehicles make up

more than 95 percent of the light
duty vehicles on the road today.

North Dakota is a national
leader in the installation of flex-
fuel blender pumps, which allow
most vehicle owners the option of
a 15 percent ethanol blend, and
higher percentage ethanol blends
for owner/operators of flex-fuel
vehicles. State fleet vehicles are
authorized to use Unleaded88
(E15) when cost effective and
available. There are more than
40 locations statewide that offer
E15-E85 fuel blends, with nearly
25 of those locations offering E15
fuel specifically. Nearly all retail
gasoline dealers offer E10 fuel.

Source: North Dakota Ethanol Council

BIOMASS / BIODIESEL

Biomass includes all plant
and animal matter, such as
wood waste, energy crops,
crop residues, and other forms
of organic waste. Harvested
biomass can be used to generate
various forms of energy, such as
heat, electricity and biofuels.

Biodiesel is a domestically
produced, renewable fuel that
can be manufactured from
new and used vegetable oils,
animal fats, and recycled
restaurant grease. Biodiesel’s
physical properties are similar
to those of petroleum diesel,
but with significantly reduced
greenhouse gas emissions and
toxic air pollutants. Biodiesel can

be blended and used in many
different concentrations. The most
common biodiesel blend is B20
(20 percent biodiesel, 80 percent
petroleum diesel), which qualifies
for fleet compliance under the
federal Energy Policy Act of 1992.

North Dakota’s only biodiesel
production facility is located near
Velva. The ADM plant has the
potential to produce 85 million
gallons of biodiesel per year.

The facility is currently producing
biodiesel with canola oil provided
by an adjacent crushing plant.
Because of low in-state usage,
most of the produced biodiesel

is shipped to other states or to
Canada.

Research is being done on
biomass availability from crop
residues, and the potential use
of oilseed crops like carinata,
canola, and camelina to
produce jet fuel for military and
commercial aviation uses. The
field research is being conducted
at the USDA Northern Great
Plains Research Laboratory in
Mandan.

Sources: Great River Energy, Clean Cities
(DOE), City of Bismarck, USDA Northern
Great Plains Research Laboratory,
Marathon
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+ The Project Tundra facility is designed to capture CO2 at a rate of about 90 percent from either unit at the Milton R.
Young Station located in Center, N.D. The CO2 would then be stored more than a mile underground. If the project
moves forward, North Dakota would be a world leader in the development of next-generation energy technologies.
Graphic courtesy of Project Tundra.

ENERGY RESEARCH

North Dakota energy industry partners are
working with officials from the state and the U.S.
Department of Energy on carbon solutions for the
electric generation industry. The Lignite Energy
Council, BNI Energy, Minnkota Power Cooperative,
and the Energy & Environmental Research Center are
collaborating to develop these technologies for both
electricity generation and carbon dioxide capture.

The vision for Project Tundra is a carbon-dioxide-
capture retrofit to equip the coal-based Milton R.
Young Station with next-generation technologies to
capture approximately 4 million tons of the facility’s
carbon dioxide (CO2) emissions. The CO2 would
then be safely and permanently stored in deep
geologic formations more than a mile underground.
State and federal grant funding was utilized in 2020
to support a Front-End Engineering and Design
(FEED) study, research of the underground storage
facility and the refinement of project economics. It is
anticipated that the research and evaluation process
will be completed in 2021 and a decision will be
made on whether to move forward with the project
later that year.
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The Energy & Environmental Research Center’s
(EERC) North Dakota CarbonSAFE Initiative (Carbon
Storage Complex Feasibility Study) is assessing
permanent, commercial-scale geologic storage of
carbon dioxide to manage CO2 emission from coal-
based energy facilities. In 2020, researchers drilled a
10,000-foot exploratory hole at the Milton R. Young
Station to extract rock samples (cores) and other
data from the target formations and the overlying
seals. These samples will be tested to determine if
they meet the criteria for safe, permanent geologic
storage of CO2. The CarbonSAFE Initiative is
working in conjunction with Project Tundra.

A carbon capture project that was started at the
Coal Creek Station has now been transferred to the
EERC.

The EERC was designated as the State Energy
Research Center by the North Dakota legislature in
2019.

Several other projects underway at EERC include:

= The Intelligent Pipeline Integrity Program

(iPIPE) is an industry-led consortium focusing
on emerging technologies to prevent and
detect and ultimately eliminate leaks from
underground pipelines. iPIPE was recognized
by the American Petroleum Institute with its
Industry Innovation award. iPIPE is managed
by the EERC, and its consortium members



include Dakota Access Pipeline, DCP Midstream,
Enbridge, Equinor, Goodnight Midstream, Hess,
MPLx, Oasis Midstream, ONEOK, TC Energy,
and Whiting Petroleum.

* The Plains CO2 Reduction (PCOR) Partnership
Initiative (established in 2003) addresses
regional capture, transport, use, and storage
challenges facing commercial carbon capture,
utilization, and storage (CCUS) deployment.
The partnership is led by the EERC, and
funded by the U.S. Department of Energy, the
North Dakota Industrial Commission, and
participating member organizations.

» The Bakken Production Optimization Program
(BPOP) is to improve Bakken system oil recovery
and reduce its environmental footprint. Led
by the EERC, the program is funded by its
members, the U.S. Department of Energy
and the North Dakota Industrial Commission
(NDIC). The results of the program have
increased well productivity and the economic
output of North Dakota’s oil and gas resources,
decreased environmental impacts of wellsite
operations, and reduced the demand for
infrastructure construction and maintenance.

Red Trail Energy (RTE), which owns an ethanol
plant near Richardton, N.D., and the EERC began
investigating CCUS as a way to reduce the
carbon dioxide emissions associated with ethanol
production. Reducing emissions at an ethanol facility
makes the produced fuel more valuable through
low-carbon fuel programs and federal tax credits
for capturing and storing CO2 in deep geologic
formations. In partnership with the North Dakota
Industrial Commission (NDIC) through the North
Dakota Renewable Energy Program and with the
U.S. Department of Energy (DOE), research has
been ongoing since 2016. Following successful
demonstration of technical and economic feasibility,
a carbon storage permit application was developed
and submitted to the North Dakota Department of
Mineral Resources in February 2021. This permit was
subsequently approved in October 2021. Approval
brings RTE closer to becoming the first North Dakota
commercial CCUS facility.

In other research studies, the University of
North Dakota’s Department of Civil Engineering is
teaming up with Great River Energy and two regional
construction firms to determine whether fly ash from
lignite-based power plants can be used as a mineral
filler in asphalt pavement.

The Williston Basin CORE-CM (WB CORE-
CM) project is focused on future expansion and
transformation of Williston Basin coal use to include
the production of rare-earth elements (REEs), critical
minerals (CMs), and nonfuel carbon-based products.
The Williston Basin has a long history of developing
and accelerating the production of critical resources
for our nation, as most recently evidenced by Bakken
oil recovery. REEs and CMs have special properties
that make them essential for the manufacture of
high-technology products, such as smart phones,
catalysts, hard drives, hybrid and plug-in electric
vehicles, lasers, magnets, medical devices, wind
turbines, solar panels, and televisions. What makes
these materials critical is that the supply chain is
vulnerable to disruption; the United States is currently
100 percent reliant on imports of REEs. WB CORE-
CM is laying the groundwork for extracting REEs and
CMs from the Williston Basin’s coal resources and
energy-generation byproducts.

EERC is also conducting research on extracting
rare earth elements from lignite coal. While 90
percent of rare earth elements are produced in
China, EERC has received more than $3.5 million
in funding to find a way to extract those elements
from lignite. Rare earth elements include europium,
dysprosium, erbium, terbium, neodymium, holmium,
scandium, lutetium, and yttrium, among others.
They're used in everyday items, such as computer
memory chips, rechargeable batteries, DVDs, cell
phones, catalytic converters, magnets, fluorescent
lighting, electronics and more. Critical for defense,
they are used by the military in night-vision goggles,
precision-guided weapons, GPS, and electronics.
They are also essential for green energy applications
such as wind turbines and hybrid/electric vehicles.
Project sponsors include the U.S. Department of
Energy, the North Dakota Industrial Commission
Lignite Research Program, BNI Energy, Great River
Energy, North American Coal, Minnkota Power, and
Great Northern Properties.

Sources: Basin Electric Cooperative, Energy and Environmental
Research, Great River Energy, Minnkota Power, Project Tundra
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ELECTRIC VEHICLES

According to the North Dakota Department of
Transportation, more than 180 electric vehicles are
registered in North Dakota, and another 150 plug-in
hybrids. Recent developments have provided EV owners
options to charge their vehicles across the state.

There are four levels of charging stations commonly
used in homes, public places and the workplace. It is
important to note that charging speeds are dependent
upon several factors including kilowatts per hour, type
of connection and battery being charged.

= Level 1 (NEMA 14-50) — These are your standard
wall outlets or 220v connections. These can be
found in homes, RV parks and campgrounds.
Level 1 charging will “fill” an EV battery in about
24 hours.

Level 2 (J1772) — There are approximately 30
Level 2s in North Dakota. A Level 2 charger will
top off an average EV battery in about 12-14
hours. Many EV owners have a Level 2 installed
in their home.

Level 3 (DC Fast Charger) — Level 3 charging
stations are commonly found in public places like
shopping malls and other gathering spaces. DC
Fast Chargers take only 2 hours to charge up a
standard EV battery.

IN NORTH DAKOTA

= Tesla Superchargers — These charging stations are
for Tesla car owners exclusively. Typically, it takes
less than an hour to fully charge a Tesla vehicle
using a Supercharger.

In late 2019, the Department of Environmental
Quality announced that grants stemming from the
federal 2017 Volkswagen settlement have been
awarded to construct 17 Level 3s (DC Fast Chargers)
across the state. Currently about half of those have
been energized. Tesla has activated a total of 32
Tesla Superchargers online in 2020, with eight each
in Fargo, Jamestown, Bismarck and Dickinson. Tesla
chargers are also planned for Grand Forks in 2021.

In response to the growing electric vehicle interest
in North Dakota, the 2019 State Legislature attached
a $120 additional registration fee on EVs registered
in North Dakota. This is approximately equivalent to
the amount of state gasoline tax paid by automobiles
driving 12,000 miles annually. The Interim Agriculture
& Transportation Committee conducted a study of
charging infrastructure in North Dakota to help
determine if any involvement by the State is needed to
further EV growth in North Dakota.

Sources: DriveElectric ND, Laventure
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+ Electric vehicle drivers in North Dakota have numerous options to charge their
vehicle away from home. Major cities like Bismarck, Mandan, Fargo, Grand Forks,
Williston and Jamestown all have public charging stations.
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NORTH DAKOTA TAXES

North Dakota is experiencing an upward trend
in economic growth, showing the strength of our
economy. Qil prices continue to rise from the
unprecedented negative levels in the early summer
months of 2020 to over $90 per barrel in late
February 2022. The impacts of the coronavirus
pandemic and statewide drought continue in the
state, though taxable sales and purchases are
steadily growing. In the third quarter of 2021,
taxable sales and purchases increased 12.1 percent,
compared to the same timeframe in 2020. The
unemployment rate in the state is 3.1 percent as
of December 2021, decreasing by one percent
since December 2020. Income tax collections for
corporate and individual income have increased in
the last year.

The Legacy Fund was established in 2010 as the
state’s “nest-egg” and is funded by 30 percent of
the state oil and gas taxes. At the end of December
2021, the Legacy Fund'’s value was $8.735 billion.
In the 2019-21 biennium, earnings transferred to the
General Fund from the Legacy Fund totaled $871
million. Legislators can spend the principal of the
fund with a two-thirds majority vote in each house.
There is an additional limitation restricting any
expenditure of Legacy Fund principal to a maximum
of 15 percent in any biennium.

Sources: North Dakota Tax Department, North Dakota
Retirement and Investment Office

NORTH DAKOTA JOBS

The North Dakota Department of Mineral
Resources estimates that, depending on the pace it
takes for the price of oil to rebound, an additional
40,000-45,000 wells will be drilled over the next
30 years or so. The state could see a peak of about
87,000 oil related jobs near 2030, with about
70,000 of those jobs being long term.

+ Wayne Bentz, lead lineman from Basin Electric Power
Cooperative’s Menoken Transmission System Maintenance
outpost, is a graduate of Bismarck State College’s Lineman
program. Photo courtesy of Basin Electric.

Job Service North Dakota (JSND) data (Quarterly
Census of Employment & Wages 2021) shows that
in 2020 an estimated 20,280 workers were in direct
or support positions for the industries of oil and
gas extraction, coal mining, support activities for
mining, utilities and pipeline transportation, with an
estimated annual wage of approximately $115,805.
These statistics do not reflect employment or wages
in ancillary businesses or industries working in
the energy field, such as trucking, construction,
engineering, manufacturing, and repair services.

There continue to be numerous job opportunities
in the state. Data from JSND’s Online Job Openings
Report showed a total of 16,618 openings in
January 2022. The two occupational groups most
closely associated with opportunities in the oil patch
(Construction & Extraction and Transportation &
Material Moving) accounted for 1,681 of those
openings statewide. These figures reflect a year-
over-year increase in total openings across the state
and a year-over-year increase in the 17 oil and gas
producing counties. The 17 oil and gas producing
counties saw a 39 percent increase in total job
openings over-the-year and a 20.1 percent increase
over the past five years.

Sources: Job Service North Dakota, North Dakota Department
of Mineral Resources
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+ The National Energy Center of Excellence at Bismarck State College challenges students enrolled in energy programs with
state of the art learning labs, interactive learning tools and automations.

EDUCATION / WORKFORCE TRAINING

Energy Hawks is a premier research program
for students to better understand North Dakota’s
current energy landscape and focus on future
energy challenges and opportunities. Established in
2018, the University of North Dakota Energy Hawks
is a group of graduate and undergraduate students
from a wide range of disciplines focused on adding
value to North Dakota’s energy industry through
a broad range of concepts. Through research,
interviews, and travel in North Dakota, these
students study the opportunities and challenges
of the energy industry and develop a series of
initiatives for further research and consideration.

Bismarck State College, a Polytechnic Institution,
has been training the current and future workforce
for the energy industry since 1970. BSC offers
certificates, associate and bachelor degree options
in 13 disciplines expanding from facility operations
and technicians to managers and supervisors. The
education and training within the 13 disciplines
include industrial operations, mechanical,
instrumentation, automation, and energy service
technicians to support traditional power stations,
wind and solar facilities, electrical transmission,
distribution, linework, system operations, petroleum
production, oil & gas processing, refining facilities,
ethanol, biofuels, and water and wastewater
technology. As learners pursue these highly
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technical skilled programs, they engage in hands-
on learning grounded in the principles of STEAM
(Science, Technology, Engineering, Arts and Science)
preparing them to solve complex social, economic
and community problems and achieve success in
the real world.

= Approximately 750 students are enrolled in
a BSC energy program either on campus or
online every semester, utilizing world-class lab
equipment, online simulations and animations,
and real-time lab sessions.

= In 2021, 305 students earned a degree or
certificate in one of the BSC NECE programs.

» Of those graduates that replied to a BSC
Career Services survey, 98 percent were
continuing their education or were employed.
Recent graduates who were employed reported
salaries ranging from $20 — $40 or more per
hour.

» BSC’s NECE also provides customized training
for regional, national and international energy
companies and training academies to maintain
certification/training requirements, educate
new hires and to supplement existing training
programs.



» In FY 2021, BSC provided non-credit training
to 744 individuals representing 180 unique
companies and hosted 141 training events.

The Harold Homm School of Geology and
Geological Engineering at the University of North
Dakota provides education and research in
petroleum geology and related fields.

Lake Region State College in Devils Lake offers a
wind energy technician program that utilizes a 1.6
MW wind turbine near the campus.

North Dakota State University in Fargo offers
a number of programs in engineering, geology,
agriculture and other degrees that prepare students
for career paths in many fields, including energy.
Other state higher education institutions, including
Williston State College, Minot State University
and the North Dakota State College of Science at
Wahpeton, provide a variety of degree programs
that prepare graduates for careers in energy fields.

Bismarck State College, Williston State College,
Lake Region State College and North Dakota State
College of Science are partners in TrainND, which
works with businesses to provide tailored training
programs in a variety of energy fields, including oil
and gas operations, lease operators, well servicing,
wind energy, welding, etc.

e

KDstudies.gov

+ ENERGY: Powered by North Dakota provides 4th and
8th grade energy curriculum for North Dakota students.

The Energy & Environmental Research Center
(EERC), located at the University of North Dakota
in Grand Forks, is a global leader in providing
solutions to energy and environmental challenges.
The EERC has a multidisciplinary team of 200 highly
skilled engineers, scientists and support personnel.
The EERC employs and mentors students in many
disciplines. lts core research priorities include
coal utilization, carbon dioxide management, oil
and gas, alternative fuels and renewable energy,
and energy-water management. The EERC was
legislatively designated as the state energy research
center in 2019.

Via a partnership between the energy industry,
the North Dakota Industrial Commission, the State
Historical Society of North Dakota, and the Great
Plains Energy Corridor at BSC, energy curriculum
was added to the 4th and 8th grade North Dakota
Studies courses. The two-week curriculum offers
photos, videos, maps and animations related to
North Dakota’s energy resources and is available
online at www.ndstudies.gov.

Sources: Bismarck State College, University of North Dakota
Energy & Environmental Research Center

+ During a Confined Space Rescue lesson, Bismarck State
College students measure and record whether a confined
space shows the presence of toxic gasses.
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EXECUTIVE SUMMARY

North Dakota’s current energy production far exceeds the energy consumption ability
of our current population. As industry and likely population continue to expand within
the state, use of electricity, natural gas, and oil will grow. In the following report, the
EmPower ND Commission makes recommendations to support continued affordable,
reliable, and sustainable energy production, while working with other sectors to add
value in our state. EmPower ND has considered both public and private interests in
advising state support for programs and strategic funding which will help address
infrastructure, workforce, research, and development challenges.

Enacting policy conducive to an energetic business-friendly atmosphere will attract new
value-added interests to the state, leveraging state resources to increase manufacturing
and agriculture, further diversifying North Dakota’s economy. EmPower ND intends

to promote growth for the benefit of not only our businesses but our consumers

and residents. Environmental, social, and corporate governance (ESG) will be a major
consideration in the growth plan, in turn attracting investment into our infrastructure.

Funding opportunities within the state, along with substantial increased federal funding
aimed at the energy sector, makes state energy planning imperative to continue moving
our economic growth. Combining state and federal incentives to create hubs for
mutually benefit businesses will create jobs and use natural resources efficiently.

The Empower ND Commission and the North Dakota Department of Commerce

work concurrently to assist the education efforts for public and major stakeholders to
continue industry growth in a sustainable manner with affordability and reliability at
the foundation. The Empower ND Commission and Commerce will also work with the
Executive Branch and North Dakota Legislature to advance the key initiatives outlined in
this report.

VOTING MEMBERS: EX OFFICIO

Josh Teigen — Chair MEMBERS:

Jason Bohrer - Lignite Energy Council Brent Sanford — Lt. Governor

Al Christianson — Retired and Industry Leader Gerald Bachmeier — Red Trail
Stacey Dahl — Minnkota Power Cooperative Biorefinery

Justin Dever — Montana Dakota Utilities Wade Boeshans — Summit

Tyler Hamman - Basin Electric Power Cooperative Carbon

Ron Ness — ND Petroleum Council Brent Brannan — ND Qil and Gas
David Ripplinger - NDSU Julie Voeck — NextEra

Mike Rud — ND Petroleum Marketers Association
David Straley — North American Coal Corporation
Danette Welsh — ONEOK

Jeff Zueger — Midwest AgEnergy Group



PUBLIC EDUCATION AND COMMUNICATION

The EmPower ND Commission has a great opportunity to develop a cohesive message
and educate stakeholders, as well as the general public, on the state’s efforts to grow
the energy sector. In addition, focusing on how the entire state connects to the energy
industry is paramount to the success of this education effort. Examples include, but are
not limited to, synergies between agriculture and energy, affordable access to energy,
and the number of direct and indirect jobs and industries that are interconnected with
the sector. Equally important, it is critical that the public and legislators understand
the value chain associated with energy production. A collaborative approach to
communication will further the public’'s understanding of energy’s beneficial impact on
North Dakota.

This effort will be particularly critical going into the 2025 legislative session and beyond.
As the energy industry prepares its legislative engagement strategy, it should also focus
on transitioning to public education in the spring of 2023. Below is a timeline:

Oct.—Dec. 2022 Jan.—Apr. 2023 Oct.-Dec. 2023
‘ \ ﬁ;;re ‘ @:nal \
Prepare for Execute / approach visits to
Legislative Legislative and talking ~ educate

Session Strategy points public on
for public policy

FUNDING OPPORTUNITIES

State Sponsored

North Dakota has several existing programs for both research and development and
funding of commercial ready technology. The Clean and Sustainable Energy Authority
(CSEA) along with the Renewable Energy Council (REC) are two examples of successful
programs attracting new technology to the state. Continued funding of each of these
programs is essential to continue growth of new and existing facilities.

Continued support for lignite, oil and gas, in addition to renewable energy is needed as
growth and advancements continue to move production. The EmPower ND Commission
suggests increasing funding as appropriate for each council along with consideration of
hub infrastructure investments, where appropriate and logical, to increase local use of
North Dakota’s conventional and alternative fuel resources.



Federally Sponsored

The federal government is focused on lowering carbon emissions, increasing renewable
energy production, electrifying transportation, increasing energy efficiency, and the
diversification of energy sources to include nuclear energy.

Energy Act of 2020 (H.R. 133 - Signed January 2021).

o Research programs created for carbon dioxide removal and carbon utilization.

« Large-scale carbon capture, utilization and storage (CCUS) pilots and demonstrations.
« Renewed and expanded support for carbon storage development.

« Improvements to Department of Energy loan program.

CHIPS & Science Act (H.R. 4346 signed August 2022).

« $1B for CDR R&D program for Energy Act signed in 2020.

« $10B for regional innovation and technology hubs.

« Significant support for basic science and supply chain deployment.

Infrastructure Investment & Jobs Act.
o Creates Office of Clean Energy Demonstration (OCED).
« Over $12B for carbon management infrastructure over five years.
$8B — Hydrogen Hubs.
$1B — Carbon Dioxide Removal (CDR) R&D Program.
$3.615B — Direct Air Capture.
$3.474B - Carbon Capture Equipment.
$2.2B - CO, Transport.
« $2.575B - Underground Storage.
+  *New CO, pipeline loan program (CIFIA).
e Regional Hubs Programs for Direct Air Capture (DAC) and Hydrogen.

Inflation Reduction Act.
o Carbon Capture Production Tax Credit (PTC) .
« Extends commenced construction deadline to 2033.
« Increased values.
« Underground storage was $50/ton moving to $85/ton for point source and $180 for
DAC.
« Utilization (including EOR) was $30/ton moving to $60/ton for point source and
$130/ton for DAC.
o Decreased threshold values.
o Clean Hydrogen PTC.
« New, 10 year incentive for clean hydrogen production.
« Not stackable with 45Q.
« Four tiers of carbon intensity.
o Clean Electricity Production Tax Credit (PTC) / Investment Tax Credit (ITC) (45Y/48E).
« Tech neutral credit with choice of:
« $0.015 / kWh produced (PTC) or
o 30% investment credit (ITC).
o CCUS s eligible for the credit.
« Natural phase out when emissions targets are made.
« Advanced Energy Projects ITC (48C).
o Extends 30% ITC for clean energy projects, including CCUS equipment.

Nuclear Energy Opportunities (FOA-0001817).
« Modular nuclear applications.
o Nuclear coupled with hydrogen production.



POLICY RECOMMENDATIONS FOR AFFORDARBLE,
RELIABLE, AND SUSTAINABLE ENERGY IN THE STATE

North Dakota is a strong exporter of all types of energy. As a large producer of gas,
oil and electricity, with a small statewide population, the majority of customers reside
outside of the state’s border. Providing affordable, reliable, and sustainable energy is
essential for all customers.

Affordable energy is best described as the power produced with existing, low-cost
infrastructure. Utilizing currently operating plants eliminates the need for capital
expense of new facilities. Empower ND suggests strengthening our existing assets by
encouraging the applicable upgrades required to increase reliability and sustainability
while also investing in promising new technologies with research and development
assistance.

1. Continue investment via grants and funding options for efficiency upgrades for
existing infrastructure.

2. Fund renewable and new generation where opportunities exist in the state.
Examples include geothermal, wind and solar, along with energy storage
research.

3. Develop means for using our resources within our borders, decreasing reliance
on pipeline and transmission buildout, and bringing jobs to the state.

4. Data centers for benefit to the local grid. Consider adding large loads which may
increase flexibility in times of limited production while increasing our use within
the state’s borders.

5. Develop strategies to prioritize energy use and dispatch in the event of
catastrophic shortages (February 2021 example).



MAJOR PROJECTS

North Dakota and its industries can benefit even further by developing underutilized
existing natural resources. The federal government recently passed the Inflation
Reduction Act (IRA) which brings significant opportunity for more funding for this
purpose. Carbon capture, utilization, storage (CCUS) and transportation can be
incentivised with prices per ton varying based on technology. Rare earth mineral
extraction uses for manufacturing of battery storage for both electric vehicle
production and electrical generation storage is also an opportunity. The state can
also use federal funding as grants for commercial and residential energy efficiency
upgrades. Each of these funding mechanisms can be maximized through a
comprehensive approach to state energy development and use planning, combined
with open communication with industry leaders.

The establishment of energy parks can reduce development time, costs, and
uncertainty, and provide long-run competitive advantages to existing and new
energy and agriculture value-add businesses. Projects can be developed more
quickly with use permits and water, gas, power, CO,, communications, and
transportation infrastructure in place. Infrastructure costs can be shared and are
likely lower due to economies of scale. They also allow the sale of intermediate
products “over-the-fence” to other businesses in the park.
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EMPOWER ND COMMISSIONERS INPUT

Infrastructure

Water, oil, and natural gas pipelines, roads, railroads, electric transmission lines, power
generation, biofuel production, carbon capture, transportation and sequestration,
hydrogen production, transportation, and storage are all key infrastructure needs for
the continued development of North Dakota’s energy resources. Infrastructure provides
the backbone for North Dakota’s energy industry to export products to the rest of

the world. Industry will continue to coordinate with the state on key issues and to site
projects in the necessary and economically feasible locations. In addition, this vital
infrastructure is critical to the growth of communities, including the minimization of
development impacts and the enhancement of public safety.

Considering the issues facing infrastructure related to energy development in the state,
the EmPower ND Commission urges the State of North Dakota to:

o Preserve the state's framework that facilitates the buildout of infrastructure
projects.

« Work to identify the most sound economic routing for infrastructure
development.

« Provide innovate solutions to support financing of this infrastructure.

« Establish methods for state and industry to partner and share risk of
development.

+ Define CO, as a viable co-product of petroleum, coal and biorefinery industries.

+ Establish CO, capture, transportation, utilization and sequestration as a viable
infrastructure utility accessible to various industries located in parks or hubs
of industrial activity. Essentially, treat and manage the CO, industry similarly
to other utilities.

+ Support the development of a viable transport system for CO,.

« Support research and development of CO, separation, capture and
sequestration.

+ Continue to support the utilization of CO, in enhanced oil recovery (EOR) to
continue to produce the cleanest barrels of oil.

« Support securing federal tax credits for carbon sequestration.

« Support industries’ reduction, capture and sequestration of CO, to achieve the
state’s carbon neutrality goal of 2030.

« Support legislation to maintain mineral and pore space rights.

« Establish support for the development of industrial parks/hubs.

o The concept of industrial parks/hubs represents an efficient way to develop
synergistic infrastructure that avoids redundancy.

o Focus parks/hubs in different regions of the state based upon industry
concentration.

« Establish parks/hubs which provide infrastructure advantages to compete with
other geographic locations.



NORTH DAKOTA NATURAL GAS PIPELINES
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Continue strategic partnerships to establish economies around both CO, and

hydrogen.

« Define and work towards solutions to move towards a hydrogen economy in
North Dakota.

« Develop storage solutions (underground and above ground).

« Work to solve challenges in the handling and transportation of hydrogen.

Continue to evolve the electrical transmission system in the state to support

industry.

« This will enhance electrical reliability in North Dakota.

« Relieve congestion that currently negatively affects generation.

« Enhance import and export capability.

Work with industry to proactively plan for generation development in the state.

« Understand and prioritize the needs in the state and match those with the
generation companies plans for development.
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Work to evolve the biorefineries in the state and assure their ongoing future
viability.

Support research and projects to progress towards lower carbon scores for
each facility.

Work with companies to engage in sustainable aviation fuel production
projects.

Support the North Dakota Pipeline Authority to meet the evolving pipeline needs.

Expand pipeline capacity to meet ever growing needs for interstate and
intrastate transport and storage of oil and gas.

Extend the North Dakota Pipeline Grant program funding and amend it to

be used for pipeline infrastructure grants to allow for the transportation of
natural gas related to expanding economic development opportunities in the
state and increasing takeaway capacity.

Amend the North Dakota Pipeline Authority statute to allow for a portion of a
project be financed by selling bonds that include the moral obligation of the
state, similar to the North Dakota Transmission Authority.

Striving for future energy reliability in North Dakota.

North Dakota has always supported the “all of the above” approach to assure
a reliable energy supply within the state to serve its citizens and industries.
This approach currently utilizes coal, oil, natural gas, biomass, wind, solar and
hydroelectric energy supplies.

Future reliability may require the state to embrace additional energy options
in the future for continued reliability. These sources could include hydrogen,
geothermal and eventually nuclear.



RESEARCH AND DEVELOPMENT

Research and Development or R&D is a key component for reliable energy production
and sustainable use or our natural resources. The State of North Dakota works

directly with private industries and research organizations to facilitate continued R&D

enhancing our energy production while adding value to various stages of our energy,

agricultural, and manufacturing industries.

North Dakota uses our internal return on investment in the form of tax revenue from
existing energy production from oil, gas, and coal, along with exported electricity

to further add value to both fossil fuel production along with agricultural uses and
alternative and renewable energy opportunities. The international call for reducing net
carbon emissions along with North Dakota’s goal of carbon neutrality further calls for
increased R&D in the energy and agriculture sectors.

R&D in both energy production and value-added agriculture plays an essential role to
strengthen North Dakota’'s economy. As federal funding opportunities diminish for R&D
for traditional energy production, we must invest in our own economy for value-added
production of reliable and sustainable energy. If there are opportunities to explore, we
must have the urgency to begin the R&D now. The following programs are suggested
for future funding to continue our reliable and sustainable energy production:

1. Lignite Research Council (LRC)

« Independently work with industry to identify opportunities and challenges
and undertake research to address and facilitate the hand off of work
completed under the auspices of the Lignite Research Program to the Clean
Sustainable Energy Council.

« Study and leverage opportunities created by federal legislation and rule
making.

2. Oil and Gas Research Council (O&G RC)
+ Increase ability to produce more oil.
« Expand the Bakken/Three Forks Core.
« New technologies to develop fringe acreage (Tier 3 & 4).
« Explore for more oil — additional plays (Red River, Madison, Spearfish, Tyler).
« Continue support for enhanced oil recovery through carbon dioxide use and
storage.
« Collaborate with other industries utilizing bi-products from oil and gas
production.
o Petrochemical production.
+ Fertilizer production.
« Secondary impacts to other industries:
« Unmanned Aerial Systems (UAS), automation, transportation and
environmental.
« Continued revenue to the state through O&G taxes.

11
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3. Renewable Energy Council (REC)

The mission of the REC is to promote growth in North Dakota’s renewable
energy industries through research, development, marketing, and education.
The REC intends to foster the development of various technologies:

« Wind

« Solar

« Biofuels and biomass

« Hydroelectric

« Geothermal

o Green hydrogen

« Energy storage

Investment in the REC is intended to bring alternative energy sources to
fruition, creating a more diverse production and assisting in the goal of
carbon neutrality for the state of North Dakota. The REC is also intended to
add wealth to landowners and agriculture producers to build and maintain a
robust rural economy.

The REC may support alternative energy storage methods to increase the
sustainability of intermittent renewable energy sources such as wind or solar.
Sustainable renewable energy production will encourage further investment
which in turn creates more jobs for North Dakota.

The Empower ND Commission suggests continued financial support in

the REC to continue progress within the above listed fields. It may also

be beneficial to increase individual project funding limits to enable more
capability in this research.



4. Clean and Sustainable Energy Authority (CSEA)
o The purpose of CSEA is to support research, development and technological
advancements through partnerships and financial support for large scale
development and commercialization of projects, processes, activities, and

technologies that reduce environmental impacts and increase sustainability of

energy production and delivery. Examples include:

o Carbon capture and
sequestration technology

« Carbon transportation

« Synergy of the many
resources in ND

« Other area of consideration
is in agriculture. Consider
investing in new technologies
to produce fertilizers to

further assist the carbon FRESHWATER
neutrality goal. AQUIFER
5. Energy and Environmental Research
Center (EERC)

« Intend to assist in all of the
above research and funding
programs to further their success
in bringing new concepts to
commercialization.

« Provide practical, pioneering
solutions to energy and
environmental challenges.

« Consider removal of the sunset
provision for the State Energy
Research Center (SERC) to
maintain an adequate budget for
sustainable project R&D in the
future.

d33d .0009

SHALE

The Empower ND Commission SANDSTONE

suggests mutual effort from each of

the programs above to layout sufficient

funding opportunities to various R&D proposed projects. We suggest a transparent

communication of which funds are being utilized within the application process for each

of the programs above. Funding program leadership may choose to fund or not based
on other aid from adjacent programs on a case-by-case basis.
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WORKFORCE-AUTONOMY

Workforce remains the energy sector’s largest impediment to growth. North Dakota
must make significant investments as well as examine unconventional options to
ensure that the state’s largest industry meets its full potential. The energy industry is
also evolving. Historically focused on raw production, North Dakota must now support
workforce programming that enables value-added companies to realize their full
potential. Given this healthy competition for human capital, North Dakota remains

well positioned to achieve the nation’s highest GDP per capita by 2030. As such, the
EmPower ND Commission requests that the legislature support the following initiatives:

CTE and Funding the Requirement

In 2021, the North Dakota legislature approved a combined total of $88 million in

COVID-19 relief money to be used for Career and Technical Education (CTE) centers.

The CTE board has been hard at work granting money to communities throughout the
state that have major workforce
needs as well as a match. In
effect, the new CTE facilities align
the statewide workforce needs
with what students are desiring.
Also, courses will be offered both
in-person and online ensuring
that CTE programming achieves
optimization and can serve people
throughout the state.

Empower ND recommends that
this funding approach continue,
to include sources beyond the
federal government, e.g., State

of North Dakota. Following the
initial investments, CTE must
continue to receive adequate
funding to ensure operations and
maintenance needs are met. Local
institutions coupled with input
from industry and decisions by the
CTE board will continue to focus
on the job training programs with
the highest needs. EmPower ND
will advocate both in the interim
as well as during the legislative
session.
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Recruitment of People

North Dakota’s population trajectory does not meet job vacancy needs for
employers across the state, various industries, and of all wage levels. Put simply,
North Dakota must develop an in-migration strategy that works, is precise, and does
not overwhelm existing infrastructure or community capacity; think from a housing
perspective. As such, the EmPower ND Commission recommends that the State of
North Dakota invests in a program that balances workforce needs with migration
access. This also includes determining more effective use of immigration and visa
types. Areas that would require investment include, but are not limited to:

1. Short-term recruitment of skilled labor

« Identify the state’s greatest needs and determine what groups across
the nation have a high concentration of skilled labor. For example, in the
past five years 60% of immigrants and refugees coming into the U.S. are
college educated, yet 2.3 million are under- or unemployed. This is just an
example of why it is important to invest in researching which Americans
meet these categories so North Dakota can strategically invite workforce
that meets the state’s greatest needs.

« Some groups have decades of experience working with the U.S.
government overseas including those that supported American
contingency operations in conflict zones. Many of these skilled laborers
are cleared by U.S. security agencies and offer skillsets in areas such as
truck driving or welding. They also speak English, given their experience
with the U.S. Armed Forces.

o Create full-scale assimilation program with consideration of related
societal challenges. In areas where new Americans are identified, consider
a match program from employer, employee (many of these jobs pay well),
as well as the state to accelerate assimilation into the state; think about
housing needs, severity of winters, etc.

2. TN Visa — the secret weapon

« Go big and bold on this program. The energy sector in both Mexico and
Canada offers thousands of skilled laborers that can meet North Dakota's
needs. The key is that the applicants must possess a degree.

o EmPower ND could work with members of the congressional
delegation to relax this standard as it will require congressional
adjustments as well as changes to the United States Code.

« State should adequately fund the requirement of 1,000 TN workers at a
minimum with an emphasis on Canada given proximity to the state (600
miles) and similarity in climate.

o Tackle support services to industries but also find unemployed engineers
and other critical skilled employees.



Funding State Branding to Help Identify Employee to Employer
Opportunities

The State of North Dakota requires a major branding, and adequately funded, branding
campaign to attract and recruit workforce. In fact, the State of North Dakota should
consider opening offices in places such as Edmonton, South Texas and the Imperial
Valley (California and Arizona). These areas offer high concentrations of unemployed
workers or frequent volatility in the jobs market, even in today’'s economic environment.
In addition to branding the state as a great place to live, work, play, and raise a family,
North Dakota could offer a full range of recruitment and placement services.

Branding should be nationwide and targeted on high areas of unemployment as well as
areas where there are high concentrations of the North Dakotan diaspora. These areas
include, but are not limited to:

Denver
Minneapolis-St. Paul
Sioux Falls

Bozeman

Chicago

Boise

Emerging areas

NN W=

Retail Jobs Require Assistance

Historically, the State of North Dakota has focused exclusively on jobs that required
precise skill sets. Moving forward, the jobs problem should focus on all types of
employees, to include human capital with lower levels of experience and education.
The retail sector for the energy industry, e.g. those who sell energy products such as
propane, continues to suffer. This has a major impact up and down the supply chain
vertical and is not limited to front-line or consumer facing staff.

The retail sector is further plagued by transportation challenges because of truck driver
shortages. As such, the state branding campaign should also focus on retail workers,
transportation professionals, and support staff. EmPower ND endorses a full-scale
recruitment and retention campaign.

Advocate for State Employee Retention

In addition to focusing on private industry, the EmPower ND Commission fully supports
improving conditions for state employees. Put simply, high turnover, lack of continuity
in leadership, as well as other issues are impacting regulatory stability/consistency and
private industry’s ability to conduct business and grow industry throughout the state.
As such, the EmPower ND Commission endorses investments in employees; this can be
reflected in higher compensation rates or total packages, more training opportunities,
and advancements for growth.
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North Dakota enjoys unique permitting authorities, such as Class VI well primacy.
These unique strengths must be augmented by quality state personnel. Therefore,
it is recommended that the legislature take a serious look at the appropriate levels
of compensation that would create continuity in leadership, recruitment of quality
employees, and staff retention.

Without a major investment in people, the state faces slower permitting as well as losses
in industrial output.

Auvutomation

Workforce challenges can be somewhat mitigated by investments in automation. As a
result, the EmPower ND Commission endorses programs that enable higher productivity
rates per employee, invests in automation in industries that optimize efforts while
paying higher wages, and efforts that augment energy development.

1. Worker training with sectors that have automation

« EmPower ND endorses educational programs or funds that augment private
industry’s approach to automating functions. This could include but is not
limited to CTE, higher education, private sector led training, on-the-job
training efforts, etc.

2. Accelerating automation to grow sectors

o The Automated Tax Credit was a good start to inspiring industry to invest
in automation. However, the funds were highly inadequate and presented
a one-size-fits-all approach. For example, agriculture has been automating
and mechanizing for a century whereas the energy sector is nowhere close
to this level of automation. If the ND legislature would be more precise in
terms of their investments in automation, the energy industry could accelerate
automation, improve energy production as well as value-added activities.

3. Unmanned Systems

« Continued investment in unmanned systems would be highly beneficial. This
includes but is not limited to aerial applications to support energy production,
terrestrial based transportation initiatives that reduce dependence on
transportation employees and other activities that support these endeavors.

« Empower ND continues to support the unmanned systems industry and hopes
to continue leveraging these technologies via the Vantis system. As such,
continued investment as well as operational and maintenance investments will
be required to support energy operations.

Other Areas of Importance to EmPower ND

1. Child care — Put simply, child care is a workforce issue. Families have
purposefully discontinued their participation in the workforce due to rising costs
and/or unavailability of slots for children. As such, the EmPower ND Commission
supports efforts to reduce North Dakota's workforce burden through well
thought out and targeted investments in child care.
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2. Workforce housing — Throughout the state, workforce recruitment is frequently
inhibited by lack of housing options. This issue is particularly acute in energy
country where costs for homes and/or rent are high and units that are affordable
tend to not offer the requisite quality or amenities that relocating families would
expect. As a result, the EmPower ND Commission endorses programs that would
increase the supply of available housing as well as offer the types of quality
amenities that energy sector employees and their families would require.

3. Quality of life improvements — North Dakota must compete against other
energy communities with more favorable climates, fewer obstacles for growth,
and more amenities. In addition to energy-driven regions, North Dakota must
also compete for talent with regional areas such as Bozeman, Denver, Omaha and
the Twin Cities. Regions that are doing well have several consistent themes:

« Communities with amenities that help to attract and retain talent.

« Vibrant business districts that serve as a hub where the community can come
together.

« Walkable neighborhoods where residents can live, work, shop, learn and play
and raise their families.

« Smart, efficient infrastructure with mixed-use city centers and neighborhoods
that create diverse retail, restaurant, and housing opportunities.

The EmPower ND Commission endorses strategic investments in these areas to ensure
that we can recruit and retain people to live, work, and raise families in North Dakota.

REGULATORY CHAPTER FOR EMPOWER ND

North Dakota prides itself on being a business-friendly state. For the most part, it
strives to achieve the very best for its private sector partners, investors, and companies
that conduct business in the state. At a very high level, EmPower ND supports going
the extra mile in areas that other states cannot. Put simply, given its low population,
abundant resources, and can-do attitude, North Dakota is agile and can accomplish
what other regions cannot. As such, the EmPower ND Commission endorses the
following regulatory adjustments and/or research:

Insurance for CDL Drivers

CDL drivers must be experienced for a certain period before becoming insurable. As
such, many companies have trained employees, or those considering training, that are
unable to access the tools needed to hit the road.

It is recommended that the State of North Dakota explore a pooled or self-insurance
fund (much like recent lignite research) to enable new CDL drivers to be insured. Having
a self-insured group of drivers would alleviate shortfalls in drivers thereby improving
conditions for industries across the energy sector.
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Federal

The federal government continues to legislate or enact regulations that are anti-growth
for several industries within the energy sector. It is important that EmPower ND and the
State of North Dakota develop a cadre of highly knowledgeable people to educate law
makers on their impact to state growth and the national economy.

Good examples include but are not limited to working with regulators to reduce CDL
requirements, e.g. hazmat and road experience requirements, especially in sparsely
populated North Dakota areas. Perhaps an education campaign would result in
improved conditions for industry growth.

State of North Dakota

As mentioned in the previous chapter, the Empower ND Commission fully supports
improving conditions for state employees, with an emphasis on leadership continuity.
Industry needs more employees in order to serve the public in a more timely manner.
The legislature should consider improving conditions for employees, adding additional
personnel where required, consider the 10x-20x in energy projects in the value-added
space versus current headcounts, and working with the executive branch to extend
autonomy to employees at all levels. This way, projects aren’t delayed due to the
regulatory backlogs that have begun to develop.

Retaining A Regulatory Environment That Industry Can
Count On

The Empower ND Commission fully endorses reducing as much red tape as possible

to ensure the energy sector has what it needs to be successful. As such, retaining this
environment and finding new areas where North Dakota could achieve accelerated
growth is of the utmost importance to this group. The North Dakota Legislature should
work with industry to reduce bureaucracy wherever it is stunting energy sector growth.

Stable And Low Tax Environment

Much like the regulatory environment that industry has come to depend on, North
Dakota should continue its stable and low tax environment. This is very favorable to
future growth and development and has served the state well with respect to project
recruitment.
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CONCLUSION

The EmPower ND Commission fully endorses reducing as much red tape as possible
to ensure the energy sector has what it needs to be successful. As such, retaining this
environment and finding new areas where North Dakota could achieve accelerated
growth is of the utmost importance to this group. North Dakota should work

with industry to reduce bureaucracy wherever it is stunting energy sector growth.
Continued innovation over regulation policy is essential to sustain our business-
friendly environment.

Much like the regulatory environment that industry has come to depend on, North
Dakota should continue its stable and low tax environment. This is very favorable to
future growth and development and has served the state well with respect to project
recruitment.

North Dakota must focus on education along with research and development of

our existing and future energy sources to keep our state energy supply reliable,
sustainable, and environmentally friendly for years to come. Affordable energy for
both state residents and the many customers surrounding our borders maintains our
robust and growing economy.
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North Dakota Geological Survey

Mineral Resources of North Dakota:

Uranium

Western North Dakota contains several areas of known radioactive mineral deposits. Investigations done from
the late 1940s to the late 1970s discovered several large areas of increased radioactivity in Bowman, Slope,
Stark, Billings, and Golden Valley counties. Uranium and other radioactive elements were often found associated
with beds of lignite. These low grade ore deposits often ranged from 0.005 to 0.2 percent uranium. It is theorized
by many geologists that these radioactive elements were released during the alteration of volcanic glass. These
radioactive elements were then leached by groundwater into the underlying rocks until a change in pH and or Eh
caused them to precipitate, often in a coal or organic-rich lenses in sandstone. Early on it was noted that
radioactive lignites often were overlain by sandstones.

Beginning in 1956, a few hundred tons of uraniferous lignite was shipped from North Dakota to processing
plants. The mills were set up to process uraniferous sandstones and had difficulty processing the low grade ore
lignites. Beginning in 1962, this problem was rectified by burning the uraniferous lignite in pits at the mine site,
often by burning the bed in place after the overburden had been removed. The process reportedly took from 30
to 60 days and diesel fuel and old tires were often mixed with the lignite to assure that it would burn sufficiently.
The ash from the mines was then sent to Belfield or Griffith where it was further reduced by burning in kilns. The
resulting ash was then shipped to mills in South Dakota, Colorado, and New Mexico. At least seven, and possibly
as many as fourteen uraniferous lignite mines operated in the state. Records were poorly kept for a number of
reasons including national security and most were relatively small short lived operations. Mining was
discontinued in 1967 after total production of approximately 85,000 tons of ore resulting in 270 tons of "yellow
cake" (U308). Renewed interest in uranium in the mid 1970s resulted in a number of uranium investigations
centered in the Chalky Buttes (Slope County) and Gascoyne (Bowman County) areas. The accident at the Three
Mile Island nuclear plant in 1979 effectively halted all uranium exploration in the United States. It has been
estimated that North Dakota contains a mineable reserve of 480,000 pounds of U308 at an $8.00 per pound
market price. The uranium reserves of North Dakota represent far less than 1 percent of the total U.S. reserves.



In recent years, the uranium deposits of North Dakota have been investigated as potential health hazards rather
than as potential mineable commaodities. Concern has been expressed for human or livestock consumption of
moderate to high levels of uranium in groundwater in some areas of southwestern North Dakota. Elevated radon
levels near these deposits is also a concern. These mines operated without any reclamation laws and the open
pits were left when the sites were abandoned. In the 1980's and early 1990's, the North Dakota Public Service
Commission reclaimed these sites for health reasons by burying the most radioactive material in the bottom of
the pits and leveling the surface. Studies have also been conducted by the Department of Energy into the spread
and potential health risks of radioactive dust that spread from the uraniferous lignite burn sites, both at the mines
and the Belfield and Bowman kiln sites.

ll'

Known areas of uranium occurrence within 200 feet of the surface in western North Dakota. This information was
plotted from radioactive spikes on gamma logs on file with the North Dakota Geological Survey.

Conglomerates, sandstone, and bentonite of the Chadron Formation in the Chalky Buttes, Slope County.
Geologists speculate that these volcanic-rich rocks were the source for the uranium found concentrated in the
underlying strata. Alteration of the glass shards to clay is thought to be responsible for releasing uranium to
groundwater which leached the radioactive elements into the underlying rocks.

(Photo by E. Murphy, NDGS).

Open burning near Belfield (Slope County) of uraniferous lignite to produce an ash concentrate.



A portion of the old Fritz uraniferous mine located southwest of Belfield in Slope County. The photograph was
taken in 1991, shortly before the mine site was reclaimed by the North Dakota Public Service Commission.
Water with a low pH and high uranium content has ponded at the base of one of the mine pits.

(Photo by E. Murphy, NDGS).
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Authors Note: Unfortunately, little or no information was recorded at the state level
regarding uranium exploration and mining due to national security and the lack of state oversight.
In 1990, Ken Karsmizki compiled a 79 page report for UNDAR-West entitled U;O4 Uranium
Industry Context Statement, a good source of information for early uranium mining in North
Dakota. For this presentation, | supplemented Karsmizki’s report and information from the
Abandoned Mine Lands Division of the North Dakota Public Service Commission with information
garnered from discussions with geologists involved in the uranium mining in North Dakota in the
1960s as well as those involved in uranium exploration in the state during the 1970s.

Variations on this PowerPoint were presented to 1,100 people in Belfield, Bismarck,

Bowman, Dickinson, and Mandan between 2008 - 2012.

Uranium in North Dakota, North Dakota Geological Society, Bismarck, February 22, 2008.

The Proposed ISL Uranium Rules for North Dakota, Public Informational Meeting, Belfield, March 10, 2008.

Uranium in North Dakota, Golden Kiwanis, Bismarck, April 30, 2008.

Uranium in Western North Dakota, Dickinson Rotary Club, July 9, 2008.

Uranium in Western North Dakota, EmPower Group, Bismarck, December 12, 2008.

Uranium in Western North Dakota, Bismarck Rotary Club, January 12, 2009.

Uranium development in Western North Dakota, North Dakota Chapter of the Wildlife Society, Mandan, February

11, 20009.

Uranium in Southwestern North Dakota, North Dakota Earth Science Teachers Conference, Bismarck State

College, March 6, 20009.

Uranium in North Dakota, Bowman County Economic Development Association, December 14, 2010.

Mineral Potential of Southwestern North Dakota, Bowman, January 23, 2012.

Energy Resources of the Williston Basin, Soil Conservation Districts Annual mtg, Bismarck, November 19, 2012.
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The Arikaree and White River rocks are typically only found preserved on the major
buttes in western North Dakota. Chadron rocks overlie this massive sandstone (Golden
Valley Formation) at Bullion Butte in Billings and Golden Valley counties.
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Chadron claystones and conglomerates overlie the 75-foot-thick sandstone
caprock (Golden Valley Formation) on Square Butte, Golden Valley County.




Fifty feet of Chadron claystone overlies the sandstone caprock (Golden Valley
Fm) on Sentinel Butte in Golden Valley County. 6



Uranium exploration in North
Dakota, South Dakota, Montana, or Wyoming
in the 1940s and 1950s.
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An old uranium test pit east of the Kinley Plateau in Billings County. A
number of test pits were excavated in North Dakota during the 1950s. The
uraniferous lignite was sent to processing sites in New Mexico and Colorado to
determine the best means of removing the uranium from the coal.
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An old uranium test pit in north-central Billings County




URANIUM MINES IN NORTH DAKOTA

Mining took place in North Dakota between 1962 — 1967.

Mine records were poor to nonexistent.

No state agency had jurisdiction over the mines at the time — the
ND Geological Survey subsurface minerals program did not come
Into existence until 1968.

ND had somewhere between 9 — 14 uranium mines.
Some of these sites may have been large test pits.

Mining was centered in the Belfield area and included:
Billings County
Stark County
Slope County
Golden Valley County 11



Uraniferous lignite was burned in the mine pit or in a rotary kiln in Belfield. The
uraniferous lignite was placed in piles, covered with old tires, doused in diesel fuel,
ignited, and left to smolder for a couple of months. This is believed to be the Fritz Mine

and is the only photograph of a burn that | have been able to locate.
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MINERAL COMPANIES ACTIVE IN
NORTH DAKOTA: 1950s and 60s

e Union Carbide Corporation

e Kerr-McGee

« Kermac Nuclear Fuels Corporation

e Susquehanna-Western Incorporated

« Geo Resources Exploration Incorporated
« Manidon Mining Company

« Uranco Mining and Exploration Company

e Minerals Mining Company

 Westinghouse

e Ohio OIl Company

e Landis-Gress-McCann-Getting Uranium Association
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URANIUM PROCESSING PLANTS

 Rifle, Colorado

¢ AmbI’OSIa Lake, NeW MeX|CO (Kermac Nuclear Fuels

Corp.)

i Edgemont, SOUth DakOta (Mines Development Inc.)

i R|Ve rtOn, Wy0m|ng (only a small amount believed to be sent to

this plant from North Dakota)

The uraniferous lignite was burned in the mine or in a kiln to
reduce it to uraniferous ash -- a volume reduction of approximately
90%. The ash was then sent to one of these four plants where it was
processed into uranium oxide (yellow cake).
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ND ROTARY KILNS

1964 -- 1967
Union Carbide Corporation’s plant at Belfield — one rotary kiln.
Kermac Nuclear Fuels Corporation's plant at Griffin — three rotary kilns.

One of the Giriffin rotary kilns was moved to Lehigh in Stark County to make
clay aggregate. Today, this equipment still contains elevated levels of radioactivity.
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URANIUM MINES IN NORTH DAKOTA

+ Abandoned Uranium Mine

.DICKiNSON

A Rotary Kiln
6 Uranium Deposit

.HETT!NGER

Nine to 14 uranium mines operated in North Dakota in the 1960s. A
half dozen or more of the sites plotted here may have been test pits rather than
mines. .
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Susquehana-Western mined this site from 1967-1968. Mined about
25,000 tons of uraniferous lignite. Reportedly burned lignite on site and

shipped the ash.
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Union Carbide produced about 50,000 tons of uraniferous lignite from
the Frank Mine. This production figure may also include the Luptak, Palaniuk,
Safratowich, Hecker, Rodowski, and Lindo mines. 19



In the distance, a portion of the reclaimed Frank Mine in Stark County. The
mine was reclaimed in 1989. Photograph taken in 2007.
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The Church or Fritz Mine in Slope County operated from 1962-1967 with
test pits as early as 1956. The mine site covered approximately 155 acres. This is
an oblique aerial photograph of the Frtiz Mine taken by the ND Public Service
Commission in 1990.
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URANIUM ALLOCATIONS

1952-1962: The Atomic Energy Commission (AEC) grants U;Og4 allocations on
Individual properties in the western U.S.

Late 1950s: The original allocations in North Dakota are granted on leased
properties drilled by Ohio Oill.

Early 1960s: Marathon Oil proves properties in North Dakota.

1963: Marathon drops most of the leases (allotments remain with the mineral
owners).

1963: Union Carbide and the other companies lease a number of the
properties that contain allocations.

1967: The AEC allows companies to consolidate their allocations. Companies
leave ND to locate closer to processing centers.
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ATOMIC ENERGY COMMISSION CHANGES RULES IN
THE MIDDLE OF THE GAME

In 1967, AEC allowed companies to obtain their allotted amount of
uranium from any deposit. As a result, companies immediately stopped mining
their more expensive holdings that were further from the uranium processing
centers.

UNION CARBIDE SUSOUEHANA WESTERN
e Frank Mine (Luptak, Palaniuk, * FritzMine o
Safratowich, Hecker, Rodokowski, and — 40,000 tons of lignite
Lindo)
— 50,000 tons of lignite e Klym Mine
e QOthers — 25,000 tons of lignite

Talkington, Smith, Johnson,
mil,;]rlel(srles, and Howie (GeoResources) 85,000 tons reported
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ND Total Uranium Production
.03% of US Production

US Yellow Cake Production
1962-1967

592,288 (ND) vs 1,800,000,000 (US) pounds of yellow cake
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Some of the uranium exploration that was conducted in the 1970s focused on the

Chalky Buttes in Slope County.
27



MINERAL COMPANIES ACTIVE IN
NORTH DAKOTA: 1976-1980

Minatome Corporation

North American Coal

Power Resources Corporation

Urex, Incorporated

Framco

BurWest (Burlington Northern Minerals)
H&H Services

Uranerz USA, Incorporated

Rocky Mountain Energy Company
Erda-Bendix Field Engineering Corporation
John J. Simmons

Gulf Mineral Resources Company
Exxon Minerals Company, USA

28



Today, only a handful
of people know what it means...
Soon you will know.

JANE
JACK FONDA MICHAEL
LEMMON DOUGLAS

JANE
JACK FONDA MICHAEL
LEMMON DOUGLAS
THE CHIMA SYNDROMI

ICE GILBERT

- BRUCE GILBE]
by JAMESRRIDGES

The accident at the Three Mile Island nuclear power plant in
Pennsylvania and the release of the movie The China Syndrome in 1979
brought uranium exploration to a standstill in the US. 29



%

Because neither the federal government nor the state of North Dakota had
reclamation laws in effect at the time of uranium mining, more than 450 acres of uranium
mine pits and spoils were left unreclaimed in Billings, Slope, and Stark counties in 1967.

This photograph of the old unreclaimed Fritz Mine was taken 1986.
30



FRITZ MINE

The Fritz Mine (center of photograph) was reclaimed in 1992 with funds
from the Abandoned Mine Lands Program of the North Dakota Public Service
Commission.




A photograph looking north-northeast to the reclaimed Howie or Schwartz Mine
that had been operated by GeoResources in Billings County. The mine was reclaimed in
1981.
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GRIFFIN AND BELFIELD URANIUM ROTARY KILN SITES

The sites operated from 1964 — 1967.

In 1978, the Uranium Mill Tailings Radiation Control Act (UMTRCA) was created to
cleanup inactive uranium processing sites and in 1979, the U.S. Department of
Energy (DOE) developed the Uranium Mill Tailings Remedial Action project (UMTRA).

In 1979, the Belfield and Griffin sites were placed on the UMTRA list of sites to be
cleaned up.

In the 1980s, the radioactivity and potential health risks of both of these sites were
studied by DOE contractors.

The DOE studies concluded there are approximately 186,400 cubic yards of
radioactive ash-contaminated soils between the two sites (31.7 acres containing
58,000 yd? at Belfield and 71.1 acres containing 128,400 yd3 at Griffin).

There are no stockpiles of contaminated sediment at either site. The average depth
of contaminated soil at Belfield is 1.1 feet and 1.2 feet deep at the Griffin site (DOE
reports refer to Griffin site as the Bowman site).

EA-1206 & GAO/RCED-96-37
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GRIFFIN AND BELFIELD URANIUM ROTARY KILN SITES

DOE concluded contamination was the result of the dispersion of the radioactive
smoke and dust from the kilns as well as the spilling of radioactive ash during
handling between the kiln and railroad cars. Radioactive dust and ash were further
dispersed at these sites by wind and water. In addition, pore water in the
unsaturated zone beneath the sites contained elevated levels of uranium and
associated metals.

DOE proposed removing the 58,000 yd? of contaminated soil from Belfield, hauling
it to Griffin, and constructing a cell at the Griffin site that would hold all 186,400 yd3
of contaminated soil. Total cleanup was estimated at $44.23 million (in 1995
dollars). Under UMTRCA, the state of North Dakota was responsible for 10% of
project costs or $4.423 million.

In 1995, the state of North Dakota requested both sites be dropped from UMTRCA
because the state did not believe the low health risks the sites posed warranted the
$4.4 million the state would have to pay for their cleanup.

DOE agreed to remove the sites from UMTRCA in 1995 because; 1) the sites posed

a low risk to the public and the environment, 2) North Dakota declined to pay the

10% cost share because of the low risk, and 3) neither the Nuclear Regulatory
Commission nor the Environmental Protection Agency objected to the sites being
taken off the list. 34
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Throughout the 1960s the price for yellow cake was around $7 per
pound. The price hit $40 in the 1970s while North Dakota was undergoing a
surge in uranium exploration and dropped in 1979 as a result of the accident at
the Three Mile Island nuclear power plant. The price for yellow cake peaked at
$134 per pound in 2007 as higher volumes of fuel generated from recycled
nuclear warheads and uranium stockpiles adverted a tightening of worldwide fuel

stocks that had been predicted for nuclear power plants. .



Formation Resources geologists collecting drill samples in an area just to
the north of the old Fritz mine in Billings County. This 2008 photograph was taken
looking to the southeast with West Rainy Butte in the background.
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2013 URANIUM PRODUCTION

70,000 Tonnes of U304

W Kazakhstan (38%)
M Canada (16%)
W Australia (11%)
m Niger (est)
m Namibia
W Russia (5%)
m Uzbekistan (est)
mUSA (3%)

China (est) (3%)

W Other

World Nuclear Association
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NUCLEAR REACTORS BY COUNTRY
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The United States has 100 nuclear reactors, 26% of the operational

reactors in the World. China has 21, with another 26 or so under construction.
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Major U.S. Uranium Reserves
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URANIUM TIMELINE IN NORTH DAKOTA

1948 Uranium exploration begins in North Dakota.
1950s — 1960s Uranium exploration continues, uranium test pits dug.
1962 - 1967 Uranium mining takes place in western North Dakota.
1968 Rules for Subsurface Minerals Program adopted (this program would

have required uranium mine reclamation had mining not halted in 1967).
1976 - 1981 Companies drill 1,400 uranium exploration holes in North Dakota.

1980s U.S. Dept of Energy evaluates Griffin and Belfield uraniferous
lignite rotary kiln sites.

1980 -- 2004 North Dakota Public Service Commission Abandoned Mine Lands
Fund pays for the reclamation of eight abandoned uranium mine sites
involving 454 acres and costing approximately $3.2 million.

2008 DMR-Geological Survey creates 58 pages of in situ leach
uranium mining rules.

2008 Formation Resources, Inc. (PacMag Metals) drills 400 exploration
holes in Slope and Billings counties looking for uranium, molybdenum,
and germanium,



IN SITU LEACH URANIUM MINING
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IN SITU LEACH URANIUM MINING

Oxygen, hydrogen peroxide, or potassium permanganate, etc are added to the
injected water to encourage uranium to go into solution.
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[ 2ah B .

An in situ leach uranium well field at Cameco Corporation’s Crow Butte
operation near Crawford, Nebraska. Scientists from three North Dakota agencies
(Dept of Mineral Resources, Public Service Commission, and Health Department)
toured this site in 2007 so they would be better prepared to regulate ISL uranium
mining if it were to come to North Dakota. 43



URANIUM RESOURCES IN NORTH DAKOTA

The North Dakota Geological Survey has published a number of uranium
maps that can be downloaded for free from https://www.dmr.nd.gov/ndgs/
Slides 44 - 47 are examples of these publications.
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Uranium Concentrations in Groundwater
Southwestern North Dakota

Edward C. Murphy
2011
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Edward C. Murphy, State Geologist

Uranium Deposits In Southwestern North Dakota

Edward C. Murphy
2007

North Dakota Geological Survey
Geologic Investigations No. 40

10 — - . B e _ _ _ e _ Introduction Exploration in the 1970s
i i i i —— i There are at least 21 areas in western North Dakota that contain uranium, primarily within lignites, sandstones, or carbonaceous In 1976, mineral companies renewed uranium exploration activities in western North Dakota when uranium prices reached $40
mudstones. These deposits encompass an area of approximately 250,000 acres. Seven of these deposits cover more than 10,000 per pound. More than 1,300 exploration holes were drilled between 1976 and1978. Most of these holes were drilled in Slope,
acres and one of these, a deposit north of Belfield, extends over an area of more than 83,000 acres. These deposits have been Bowman, Adams, Billings, and Stark counties. An accident at the Three Mile Island nuclear power plant in Pennsylvania in March of
delineated primarily by plotting the locations of gamma logs that contain spikes (high gamma counts). The majority of these gamma logs 1979, coinciding with the release of the movie China Syndrome (a movie critical of nuclear power plant safety) turned many people in this
Sl : i L e s ; e 1+ A Ay ; ey b, ; g e ; come from exploratory drill holes generated by mineral companies exploring for uranium in the 1970s. Gamma logs from mineral country against nuclear power. Asaresult, orders for new power plants ceased and most uranium exploration in the region came to a halt
; "G s /i L e el ok o L e o gt : e e . : ' A Sl ; companies exploring for coal in western North Dakota have also been useful in defining the extent of these deposits. Additional as many energy companies disbanded their mineral divisions.

o s

A information was also obtained from uranium analyses published in US Geological Survey reports from the 1950s and 1960s.
T

In the 1950s and 60s, scientists suggested several depositional models for predicting the occurrence of uranium in western North
Dakota. Amongst those suggested was that uranium is always found within 200 feet of the White River unconformity, that the first lignite

-

Exploration and Mining in the 1950s and 1960s beneath the White River unconformity contains the most uranium, that uranium content within uraniferous lignites decreases from top to
The scientists exploring for uranium in southwestern North Dakota in the 1950s and 1960s came to several important bottom within the bed, and uranium is generally found . o . o

conclusions early in their studies. Inthe mid-1950s, the volcanic-rich White River and Arikaree strata were identified as likely source concentrated in lignites that are overlain by sandstone I A i Eﬂ T
rocks for the uranium found in carbonaceous rocks and sandstones in Hell Creek to Golden Valley strata (Late Cretaceous to Eocene) (Densonetal., 1959; Moore etal., 1959). Aspreviously - - ) R [T
in southwestern North Dakota and northwestern South Dakota (fig. 1) (Hager, 1954; Denson et al., 1959; Denson and Gill, 1965). noted, we now know zones of uranium are present much / E;‘-% 5 B
The White River and Arikaree rocks sit unconformably on . deeper below the estimated position of the White River N AITTID
progressively older rocks from north to south (Killdeer o unconformity than was initially reported (fig. 3). Inareas S

w3 Mountains to Medicine Pole Hills) (fig. 2) across western E08 pemon ok ROCK UNIT such as Bullion Butte, Square Butte, and Sentinel Butte, the L
North Dakota. The lack of concentration of uranium il EPacH - first lignite beneath the White River unconformity does \\% . "“’0391 o
within one stratigraphic unit, along with the apparent fact ol B ” contain the most uranium. In other areas, such as near N )
that uranium was restricted to rocks that occurred within B | E (SIS T Fairfield, the seventh lignite from the surface is the most N\ L
200 feet of the White River unconformity, led scientists to = | Z B o uraniferous, occurring some 200 feet beneath the . / \
conclude that White River and Arikaree strata were the 25— o I stratigraphically highest lignite. Although the uraniferous ‘ # A
source rocks (Denson et al., 1959; Moore et al., 1959). | Micesnef T T T 1T lignite in this area isimmediately overlain by a sandstone,
Although extensive drilling by mineral companies in the o B [emteene]  ATKGrTee this example still serves to demonstrate how unpredictable
1970s generated gamma logs that indicate zones of e E e b the occurrence of uranium can be in some areas of western |
uranium are present more than 800 feet below the & | - Hrule North Dakota. 0 "
probable position of the White River unconformity, the 18— =] i
White River and Arikaree source rock theory is still valid 5k =% 9z OChodron ool _ _ . \ - Y
(Murphy, 2005; 2006a-c; 2007). The general $ EEmwm——— oo o Potential Health Problems Associated with
appearance of White River and Arikaree strata (light vl L—ﬂ. ValleY  “Begr Den Uranium || &
colors, lack of organics, lack of iron, etc) suggests these = . : - o The health effects to miners in western North .
rocks have been heavily oxidized and leached, further = —— : Dakota due to exposure to increased levels of radiation, ™ L
validating this theory (Murphy et al., 1993). Denson and E e Eﬂlf - = radioactive smoke and dust, and radon has not been %
others (1959) noted, by way of a written communication 5 & B e - u__ studied. Increased levels of radioactivity are present in and \
with Farrington Daniels, that the uranium content was =i e e o around the old processing sites at Griffin and Belfield s
relatively uniform throughout White River and Arikaree O P el — (DOE, 1989). None of the uranium mines were reclaimed Y .
strata. Daniels’ study area was not identified, but it may S F—+——"-1 Bulion O at the time that they were abandoned in the 1960s and later
have been Nebraska or another state where there are E et Cree 5 studies indicated that those sites also contained increased 0 50 km 50 miee

extensive deposits of these rocks. Inwestern North levels of radioactivity. However, over the last twenty years

Figure 3. Contour map of the White River unconformity in western North

Dakota, the remnants of White River and Ar_|karee strata slope q_ or so, the North Dakota Publ_lc Sgwlce Comm_lssmn has Dakota. Modified from Murphy et al., 1993.
are, for the most part, only preserved on major buttes that s i reclaimed several of these mine sites under their Abandoned
are typically scattered 20 to 30 miles apart. 1t would be - Mine Lands Program. Inaddition to increased
difficultto say anything meaningful about the homogeneity A ~Ldiow == radioactivity, these abandoned mines may also pose a threat to livestock due to molybdenosis (molybdenum poisoning). Itwas
or heterogeneity of these rocks in relation to uranium given £ ] L Crenk documented in the 1950s that increased concentrations of uranium were generally accompanied by increases in molybdenum and other
the lack of outcrop control. Although most of the uranium o Tt e et d trace metals (Zeller and Schopf, 1959). There have been at least three documented cases of molybdenosis in livestock that had been
deposits depicted on this map are either beneath or 5 T .”-., _ foraging around abandoned uranium mines or processing sites in the 1960s and 1970s. Any future uranium mining in North Dakota would
~ immediately adjacent to White River strata, others, such ; b —— i —:-__ Fox Hits likely involve in-situ leaching of sandstone. Mining and processing of uraniferious lignites in an environmentally sound manner would prove
7 as the deposits southeast of Golva and north of Belfield, [ : - I difficult.
are not. These latter deposits may be the result of E B Fierre
increased uranium concentrations in White River strata 72— _— = — The mobility of uranium and associated trace metals in groundwater within these settings is another area for concern. Between
long since leached and eroded, a reflection of the _ 1975 and 1992, three separate studies analyzed about 3,600 water samples from southwestern North Dakota for uranium. Three t014%
topography on the White River unconformity (ie., EE - Carbonate D - Sandstone *—| - Mudstone of the samples collected in these studies exceeded uranium concentrations of 100 micrograms per liter (Roberts, 1992). The U.S.
topographic lows), areas where uranium-bearing Environmental Protection Agency’s maximum contaminant level for uranium is 30.
sediments derived from the erosion of White River strata ; - Lignite |' _| - Siltstone |'?'—T - Claystone/Shale
were concentrated and later leached into the underlying )
rocks, or acombination of these three factors. 77 - Sond & Gravel E| _Til Current Market for Uranium
In January, 2007, the spot market price for U,O, was $72 per pound as compared to $21 in January of 2005 and $9.60 in
Figure 1. Generalized stratigraphic column for western North Dakota. January, 2002. This dramatic price increase is a result of the shortfall of uranium between what the 435 nuclear reactors operating in the
= : This column is color coordinated with the map and figure 2. world need and what is currently being produced. The shortfall, which equates to 70 million pounds of uranium per year, has been made
g North E % South up by depleting stockpiles that were built up during the last boom cycle and by conversion of nuclear weapons, both of which are
- & o ) _ _ o o diminishing (Mathews, 2006). Projections show this shortfall steadily increasing in the future. Asaresult, for the first time in 28 years,
g ko 8 - Uranium Discovery of uraniferous lignite deposits in western North there is renewed interest in North Dakota’s uranium deposits.
ﬁ 4 @ é Dakota by federal scientists led several energy companies to
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Even the phrase “advanced nuclear” can be intimidating. But you don’t need a Ph.D. to understand

the basic differences between the various advanced reactors under development in this burgeoning

part of the clean energy sector. In this primer, we offer some background on the advanced reactor

space and explain the differences between the nine different types of advanced reactors currently

under development. We provide the basic information that policymakers need to understand the

various coolants, fuels, reaction types, and sizes that could provide many paths to a single

destination: clean, affordable, and reliable electricity.

What is Advanced Nuclear?

#21779
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If you are following emerging clean energy technologies in the United States or the energy and
climate hearings on Capitol Hill, terms like “molten salt reactor” get thrown around a lot. And
that’s just the beginning—how much do you know about “pebble bed reactors” or “lead-cooled
fast reactors”? Fear not. Third Way has put together this primer on the nine emerging reactor
types, with background on where this new industry came from, why it’s important, what

differentiates each new technology, and how to judge their relative benefits.

This industry is real, and it is growing. In our June 2015 report, “Introducing the Advanced Nuclear

Industry,” we identified nearly 50 advanced reactor projects backed by well over $1 billion in private
capital. ! The industry is, however, in urgent need of help from Washington. If it gets it, we could
see a set of breakthrough technologies that can power the world and address the climate crisis. But
that won’t happen unless policymakers understand something about this technology and the

promise that it holds.
The Birth of an Industry

When looking out on the dry desert plain of Idaho or down a long valley in Tennessee, you might
see something you don’t expect: a smattering of buildings and structures that housed advanced
nuclear reactors cooled with liquid metals, molten salts, and high temperature gasses. These so-
called Generation I reactors, long retired and decommissioned, serve as a reminder of the promise
advanced nuclear reactors once held for producing zero-carbon electricity and the opportunity they

offer to address the energy and climate challenges we are facing today.

Today’s development of a new generation of advanced reactors, often referred to as Generation IV,
builds on the government-funded R&D that gave us those reactors (and others) in the 1950s and
60s. In the golden age of nuclear innovation, the U.S. established the National Reactor Testing
Station in Idaho, a predecessor of Idaho National Laboratory, and built more than 50 nuclear
reactors. 2 Additionally, a number of reactors were built at other national laboratories and sites
including Argonne, Oak Ridge, Los Alamos, Brookhaven, Hanford, and Savannah River. As we

described in a Brookings Essay on advanced reactors, U.S. policymakers were “locked in what they

thought of as a life-or-death race with the Soviet Union, and they aimed to be first in every aspect

of scientific inquiry, especially those that involved atom splitting.” 3

The age of nuclear innovation slowed to a halt, however, when the head of the U.S. Navy’s nuclear
fleet, Admiral Hyman Rickover, decided that the Navy should exclusively use light water reactors
(LWR) to power submarines and aircraft carriers. The commercial sector followed the Admiral’s lead.
From the late 1960s through today, almost every nuclear power plant we built (and most built
worldwide) uses light water (that is, normal water) pumped under high pressure to both keep the
nuclear reactor cool and to transfer heat from the reactor to the steam turbines that generate
electricity. Because of their high operating pressure and ever-increasing size, these reactors require

enormous steel pressure vessels that can only be purchased from a tiny number of global producers,


http://www.nytimes.com/2013/09/25/business/energy-environment/atomic-goal-800-years-of-power-from-waste.html?_r=0
https://www.bostonglobe.com/business/2014/05/10/nuclear-startups-reimagine-atomic-energy/mOyUYCwTYrTr7h5kSPRBmL/story.html
http://www.technologyreview.com/news/534366/resurrecting-a-meltdown-proof-reactor-design/
http://blogs.wsj.com/experts/2015/04/29/the-reactors-that-will-revolutionize-nuclear-energy/
https://science.house.gov/legislation/hearings/energy-subcommittee-future-nuclear-energy
https://science.house.gov/legislation/hearings/subcommittee-energy-hearing-review-nuclear-regulatory-commission-s-licensing
http://www.thirdway.org/report/the-advanced-nuclear-industry
http://www.world-nuclear.org/info/Nuclear-Fuel-Cycle/Power-Reactors/Nuclear-Power-Reactors/
http://www.amacad.org/pdfs/nuclearreactors.pdf
http://www.brookings.edu/research/essays/2014/backtothefuture
http://www.world-nuclear.org/Nuclear-Basics/Glossary/#L
http://www.world-nuclear.org/Nuclear-Basics/Glossary/#P

all outside the U.S. As a result of this and other complexities, constructing these large reactors is a

slow and very costly process. 4

Today, the U.S. relies on almost 100 LWRs to generate 20% of our electricity and 63.3% of our
carbon-free electricity. > These reactors, located individually or combined in a group of two or three
as part of a larger power plant, generate between 500 and 1,400 megawatts (MW) of electricity

each. ©

But in an era of advanced materials, supercomputing, and modular construction, different options
are emerging. A new generation of engineers is picking up the mantle of innovation from their 60s-
era forebears, and, motivated by climate change, is developing advanced reactor designs that can
provide affordable, clean, safe power. They are considering how to use coolants other than light
water; how to operate at normal atmospheric pressure; how to use physics in addition to
engineering to keep reactors safe; and how to make reactors small enough (from 3 to 250 MW) to

be mass-produced in factories, significantly slashing construction costs and saving time.

How to Use This Paper

This paper provides policymakers a basic introduction to the different technologies under
development and illustrates the need for further private and public sector research into next
generation nuclear energy. For ease of use, we've linked to the definition of key words related

to nuclear energy.

The reactors being designed by individual companies or institutions will differ, even if they
use the same coolant or basic design. Because of these differences, many of which are
proprietary and unavailable for public evaluation, this paper was not developed to assess the

feasibility of any of these reactor types or predict the likelihood for commercialization.

What Types of Technologies Are There?

The Basic Differences

The 48 North American companies and entities that we identified are working on nine distinct
types of advanced reactor designs. Today’s reactors, and eight of the nine advanced reactors

detailed below, use fission reactions: splitting an isotope to release neutrons that create heat

energy, which can be harnessed to generate electricity. 7 This can be done in two basic ways:


http://www.world-nuclear.org/Nuclear-Basics/Glossary/#F

» Thermal reactors use moderators like water to slow down neutrons, which allows fission to
happen more easily. 8 Most commercial reactors today are thermal and the vast majority of the
16,000 cumulative reactor-years of experience in operating commercial nuclear power comes

from thermal reactors. 9

» Fast breeder or neutron reactors, collectively known in this paper as fast reactors, keep the
neutrons moving quickly, which makes the fission reaction more efficient and in some cases can
actually breed more nuclear fuel. These reactors can consume the most dangerous waste of light

water reactors thereby reducing the total quantity of waste requiring deep geologic disposal. 1°

Of the nine advanced nuclear technologies we review, the main difference between five of the
reactor types in this primer is the coolant used to keep the reactor operating safely. Two others are
distinguished by their size relative to modern, light water reactors. One is distinguished by

temperature. And, finally, fusion would use a completely different physical reaction to produce

power.
The Common Benefits

To succeed, the next generation of advanced reactors must do some things better or cheaper than

their light water predecessors. Here are the benefits that most of them offer:

Increased Safety: Because many advanced reactor designs do not use high pressure, or even water
as a coolant, they can rely on the passive physics of the reactor system (rather than active safety
systems) to shut the reactor down and remove residual heat in the event of an accident or
malfunction. An example is the “plug and drain” system. If a fluid-filled molten salt reactor gets
too hot, it will melt a plug located at the bottom of the reactor, and the molten salt will drain down
to a catch basin where it will cool on its own. This all happens because of gravity—no pumps,

external power, or human intervention is required.

Decreased Proliferation Risk: Most advanced reactor designs would lower the risk of proliferation
by consuming the plutonium they produce or simply not producing it in significant amounts. These
reactors can also take the plutonium stockpiles from countries that have nuclear weapons programs
and use that plutonium for power production instead. This would continue the momentum of the
Megatons to Megawatts program that ended in 2013, where the U.S. purchased approximately
20,000 nuclear bombs worth of excess highly enriched uranium from Russia and used it as fuel for
American civilian nuclear reactors. 1! Other advanced designs can use depleted uranium, the waste
remnants of the uranium enrichment process. This would eliminate the need for centrifuges—also
required for the production of highly enriched, weapons-grade uranium—and would dramatically
reduce the proliferation risk from countries like Iran that might use a civilian nuclear program as
cover for military ambitions. In fact, allowing Iran to maintain these centrifuges was a central

sticking point in the nuclear negotiations with the U.S.
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Plug & Go: Most civilian reactors currently in operation around the globe need to be refueled every
18 to 24 months. This process requires significant infrastructure to ensure that the refueling is done
safely and the spent fuel is secured against accident or theft. Reactors also go offline for about 40
days during the refueling process, costing their operators money and temporarily eliminating a
reliable and major source of electricity. Some advanced reactors are being developed to be “plug
g0,” meaning that once the reactor is installed on site, it doesn’t need to be refueled for up to
twenty years. This extended fuel cycle is a significant benefit to countries that don’t want or cannot
afford to build the necessary infrastructure, such as enrichment, fuel fabrication, or nuclear waste

facilities. It also protects against nuclear fuel being diverted for weapons development.

Managing Nuclear Waste: Spent fuel, a type of nuclear waste, is a challenge for today’s reactor
operators and the federal government. While operators are locally storing spent fuel safely, the
process is costly and the public remains concerned about the continued production of this type of
nuclear waste that lasts for thousands of years. Many advanced reactor designs would address these
concerns by actually consuming spent fuel, dramatically reducing the amount of waste requiring
storage. Other advanced reactors, breeder reactors, would help manage nuclear waste by using fuel
much more efficiently than current reactors and by actually creating new nuclear fuel. This could
significantly reduce the real, but manageable environmental challenges caused by trying to store

spent nuclear fuel for centuries.

Bridging Technology: It would be a significant leap to go from the large, light water reactors in use
today to smaller, advanced reactors that use liquid metal or high temperature gas as a coolant.
There are technologies under development that bridge the gap by using light water as a coolant and
applying it to smaller, modular reactors. In the near term, this would be easier for regulators to
evaluate and utilities to deploy and operate, while addressing some of the cost, scaling, and safety

challenges of large light water reactors operating today.

Industrial Applications: Today, fossil fuels create the very high temperatures needed for industrial
furnaces, which are used in sectors such as iron and steel, chemicals, and cement. This results in a
portion of the approximately 1,400 megatons of direct greenhouse gas emissions annually in the
U.S. alone. 12 Renewables and existing nuclear reactors cannot efficiently produce the high
temperatures needed to replace these furnaces. Some advanced reactors would safely operate at
temperatures high enough to supplant fossil fuels in industrial processes and to produce electricity

as well.

Scaling Size: Some reactors are classified as advanced simply because of the size. Today, most
reactors are built to generate between 1000 and 1200 MW of electricity. The majority of markets in
the developed world do not need additional electricity at that scale. Advanced nuclear developers are
designing small modular reactors and micro-reactors, which are designed to generate between 10
and 200 MW per reactor. These small modular and micro-reactors could be built in a factory and

then shipped to the construction site for a relatively quick installation. Because of their modular
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design, operators can scale the power plant to meet their changing needs, adding new reactors
more quickly, cost effectively, and in smaller generation increments as demand grows. The modular
design also has the potential to reduce the security demands on the operator, as the footprint of the
site could be much smaller than today’s power plants. Many of the advanced reactor designs are
also intended to be installed underground, making them smaller, harder targets for a terrorist or
other attack.

Less Cost: Developers are working to create reactors with simpler designs, modular construction,
scaling, and other innovations to be cost competitive with fossil fuels. A number of the benefits we
list here also contribute to lower overall costs, including passive safety systems, increased time

between refueling, and improved reliability.

Remote Power: Some micro-reactors are being designed specifically for the most remote locations
—think mining operations, military installations, or isolated villages. These reactors are completely
self-contained, generate relatively small amounts of electricity (around 2 to 5 MW), and can be
easily brought to remote locations, installed, and left to operate for years at a time without
intervention. Such a reactor could power a defense facility, avoiding the costly and often dangerous
practice of transporting millions of gallons of liquid fuels over inhospitable terrain, or relying on a

vulnerable public grid.

Unlimited Power: While existing reactors need to be refueled every 18 to 24 months and some
advanced reactors can operate for as many as 20 years between refueling, there is the potential to
develop a reactor that could run essentially in perpetuity. These designs would use innovative fuel
cycles or simply the physics of the reactors to re-use the waste produced from the reaction process
to operate for as long as a century without having to go offline for a sustained period of time. A
handful of developers are working on fusion, rather than fission, reactors. While much more
complicated and still far off from commercialization, fusion reactors, which use hydrogen as fuel,
could have fuel that is nearly unlimited and inexpensive to produce, without the problem of spent

fuel waste to manage, recycle, or secure. 13

What Will Happen Next?

The Race for the Next Generation of Nuclear

The dozens of companies and research centers working on advanced reactors must resolve real
materials, design, and financing challenges before they are ready to build test reactors, let alone
commercialize their technology. It is too early in the process, and there are too many technical and
financial hurdles to overcome for us to predict exactly when or which technology might find
commercial success. But we do know that the global demand for cleaner, affordable, and reliable
energy is spurring innovation in nuclear energy unseen since the 1960s. With the right combination
of research, private funding, and federal policies, advanced nuclear technology has the potential to

play a major role in addressing climate change and growing energy demand in the 21st century.



The Federal Government's Role

The federal government must partner with the private sector to help develop this potentially
world-changing technology. This includes providing access to federal facilities to
demonstrate new designs and a straightforward pathway for licensing approval to operate

advanced reactors.

Developers are moving from “paper reactors” —that is, designs on computer hard drives—to
testing materials and building prototypes or demonstration reactors. To do this, they need
access to test reactors technical expertise, and sites to safely construct and operate non-
commercial versions of their reactors. The Department of Energy and U.S. national labs have
the facilities, expertise, and at several locations, the secure land, to help developers move
their designs forward. In fact, more than 50 reactor designs were built and tested at U.S.
federal facilities in the 196 0s. The model for private-public partnerships, however, should be
streamlined. We need to make it easier for small businesses to work with the government on

nuclear innovation, clarify regulations, and provide some federal funding for the facilities.

At the same time, the Nuclear Regulatory Commission (NRC) should modernize the pathway
for licensing approval for companies seeking to commercialize advanced reactors. Start-ups
and even large companies with first-of-a-kind reactors cannot raise the hundreds of millions
of dollars in private capital needed today to pay for licensing or engage in a decade or longer
review process. The NRC should not have to begin planning how to evaluate dozens of
different designs of paper reactors, many of which will never get to the licensing process. The
NRC recognizes these challenges and convened a conference in September 2015 with DOE to
consider options for regulating advanced technologies that provide a reasonable path to
licensing while meeting its mission to ensure the safety of civilian nuclear operations in the
U.S. 14 Time, however, is of the essence. The longer the U.S. goes without a timely,
predictable, affordable, and safe licensing path for the companies that emerge and are ready
to commercialize their advanced reactors, the more likely it is that another country will be the

home to this technology.
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BEGAN AS AN OPTION TO U.S. AIR FORCE

Developers: Flibe Energy, GEMSTAR, MIT, Oak Ridge National Lab

Terrestrial Energy, Thorcon, Thorenco, Transatomic Power, UC-
Berkeley

Highlighted Benefits: Increased Safety, Managing Nuclear Waste, Less
Cost

Molten salt might not sound like the ideal substance to keep a nuclear reactor cool. But don’t think

really hot table salt. Instead, the primary coolant in the core of a molten salt reactor (MSR) is a

fluoride salt heated by the nuclear reaction to a liquid state at around 650 degrees Celsius. The
ability of the molten salt to remain stable at high temperatures helps the reactors get more energy
per ounce of fuel than our current reactors. The uranium or thorium fuel for an MSR—which can be
a fast or thermal reactor, depending on design—can either be placed in a solid rod, just as it is in
reactors operating today, or it can be dissolved directly into the molten salt itself to flow through
the core of the reactor where the fission takes place. A key challenge is the corrosive nature of
molten salt. Modern reactor designers will need to test new materials to determine if they can safely
withstand the salt, as well as the radiation and high temperatures that every nuclear reactor

generates.

The idea of using molten salt as a coolant in a nuclear reactor is not new. In the wake of the
Manhattan Project, each branch of the U.S. military researched how to harness the atom for more
peaceful purposes. The U.S. Air Force first developed the Molten Salt Reactor in the 1950s. 1> While
that reactor was never used in flight, research continued under non-defense projects such as the
Molten Salt Reactor Experiment (MSRE) at Oak Ridge National Lab in the 1960s.1® Oak Ridge
scientists actually built and operated an MSR for 20,000 hours, though they never connected it to a
turbine to make electricity. This experiment yielded four years of extremely valuable data, proving
the physics of how these reactors operate. Modern developers are now using these data to build a

21st century version of this technology.
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INDUSTRIAL APPLICATIONS

FIRST REACTOR TO GENERATE ELECTRICITY

Developers: Advanced Reactor Concepts, Argonne National
Laboratory, GE-Hitachi, TerraPower

Benefits: Decreased Proliferation Risk, Managing Nuclear Waste, Less
Cost, Industrial Applications

Sodium-cooled fast reactors (SFR) use a liquid metal as a coolant, similar to how the molten salt
reactor (MSR) uses molten salt to keep the nuclear reactor core at a constant temperature. The
metal in these reactors is not a red-hot, glowing piece of iron; it is actually liquid sodium. SFRs use
only sodium as a coolant, rather than the fluoride salts used by MSRs and, also unlike MSRs, the
fuel is placed in rods and cannot be dissolved into the sodium coolant. SFRs are fast reactors
because the neutrons that they use to create a nuclear reaction have more energy than the
neutrons used in today’s light water reactors. The design also enables SFRs to use the uranium and
plutonium from spent fuel as its fuel. Today, Russia operates an SFR known as BN-600 and it is
constructing BN-800, which had its first measurable and controllable reaction on June 27, 2014;
both reactors use liquid sodium as a coolant. 7 Bill Gates has invested in a company, TerraPower,
which is developing an SFR 18 and is currently conducting a wide range of tests in the U.S., Korea,

and even Russia, which has some testing facilities that are not available in the U.S. 19

The world’s first electricity-generating nuclear power plant was an SFR. Electricity generated by the
SFR known as Experimental Breeder Reactor No. 1 (EBR-I), located at the Idaho site, powered four
light bulbs in 1951. 29 EBR-I operated for nearly 15 years, providing extensive experimental data to
the nuclear research community. 2! Sodium reactors were not commercialized, in part, because
while sodium excels at keeping a reactor cool, it has some unique challenges in everyday operating
situations: it reacts badly with water (it explodes) and air (it burns). Fortunately, the United States
has been operating research SFRs for decades. This experience has taught us more about how to

manage chemical reactions between sodium and water or air. 22
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Developers: Argonne National Laboratory, Gen4 Energy, LakeChime,
Westinghouse

Highlighted Benefits: Increased Safety, Managing Nuclear Waste, Less
Cost, Industrial Applications, Plug & Go

Most people are familiar with lead’s interaction with radiation, even if they don’t know it. That’s
because most of us have worn a lead-lined vest to protect vital organs when getting an x-ray. Lead
stops or reflects radiation, such as x-rays or neutrons, from traveling where we don’t want it to go.
In the case of a lead-cooled fast reactor (LFR), liquid lead flows through the reactor and reflects
neutrons away from the outside of the reactor and back into the core. LFRs are also able to use the
uranium and plutonium from spent fuel as its fuel. Many of these reactors are small and modular
with natural convection using the reactors’ own heat to move the coolant through the reactor,
rather than requiring pumps to circulate the coolant in the case of an emergency as light water
reactors do. Developers believe that, by using lead as a coolant, an LFR could be built in factories,
shipped to the operating location, and buried underground to operate for as long as 20 years

without needing to be shut down for refueling.

LFRs date back to the 1950s and were most widely used deep below the ocean. 23 In the 1970s, the
Soviet Union used LFRs for its nuclear submarines because the reactors were comparatively light. 24
Lawrence Livermore National Laboratory recently researched LFRs because these reactors could
generate electricity without producing spent fuel that could be turned into weapons-grade
materials that posed a proliferation risk. One reason LFRs have not been commercialized is that it is
hard to monitor the state of a reactor core surrounded by lead. Today, companies researching this
technology are working on ways to “see” through the lead for maintenance of the reactor and the

natural convection patterns of lead in a reactor.
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GENERALLY COOLED WITH HELIUM

Developers: General Atomics, Hybrid Power Technologies

Highlighted Benefits: Decreased Proliferation Risk, Managing Nuclear
Waste, Less Cost, Plug & Go

Gas-cooled fast reactors (GFR) are generally cooled with helium. Unlike in balloons, the helium
circulating through the reactor is between 650 and 850 degrees Celsius. This process enables a GFR
to use fast neutrons to power the fission reaction, releasing more of the energy in the fuel than
many other advanced reactors and today’s light water reactors. The design also enables GFRs to use
the uranium and plutonium from spent fuel as its fuel. As with other advanced reactor designs, GFR
developers are seeking to ensure that the materials used to construct the reactor can hold up over
long periods of time to the extremely hot gasses moving inside. There are advanced materials that
could be the answer to this challenge, but more testing is required. GFRs are also safer than today’s
LWRs because they rely on passive safety features that use physics, rather than active safety

systems that are more susceptible to human error or failure.

The U.S. first began operating gas-cooled reactors in 1967. 2> The two units, which were not fast
reactors, were used to help find new ways to make reactor operations more efficient and use newly

developed materials to improve reactor operation. The reactors remained in operation until 1989.
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SUPERCRITICAL WATER-COOLED REACTORS

“SCWR concepts combine the design and
operation experiences gained from hun-
dreds of water-cooled reactors with those
experiences from hundreds of fossil-fired
power plants operated with supercritical
water (SCW).”

— Generation IV Forum

BRIDGES GEN 111 & GEN IV

Developers: Atomic Energy of Canada Limited (AECL)
Highlighted Benefits: Managing Nuclear Waste, Bridging Technology

Supercritical water-cooled reactors (SCWR) are similar to today’s light water reactors but operate at
a higher temperature and at a higher pressure, enabling them to generate electricity at a higher
efficiency. This process is known as “supercritical,” where water is above the critical temperature
and pressure point where liquids and gases are distinctly different. This makes the transfer of heat
—and therefore the operation of the turbines generating electricity—more efficient. This concept
would combine the decades of experience from supercritical coal plants with the decades of
experience from operating light water reactors. 26 An SCWR could be a fast reactor or a thermal

reactor.

Experiments to develop an SCWR first began in the 1950s and 1960s. The design is viewed by some
as bridging the gap between today’s light water reactors, known as Generation III+ reactors, and
the next generation of technologies that use coolants other than water (many of which we discuss
in this paper). The challenge, however, is that the costs to build an SCWR are likely to be higher
than today’s reactors because of the additional materials needed to manage operations and higher
temperatures and pressures. Additionally, SCWRs include many of the problems of LWRs, such as
inefficient fuel use and safety concerns. During the early 2000s, the Generation IV Forum, a
collaboration of 13 countries interested in developing advanced nuclear reactors, developed

reference designs for an SCWR, but little commercial interest has emerged for this concept. 27
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PRODUCED ELECTRICITY FOR THE AMERICAN PUBLIC IN THE 19608, 70S, AND 80S

Developers: Areva, General Atomics, MIT, Next Generation Nuclear
Plant, Northern Nuclear, X-Energy, Starcore Nuclear

Highlighted Benefits: Increased Safety, Decreased Proliferation Risk,
Industrial Applications, Remote Power

The Very High Temperature Reactor (VHTR), also called a High Temperature Gas Reactor (HTGR), is
a concept designed around a specific purpose—creating high temperatures for industrial heat
processes—rather than a technical coolant difference. As noted above, the vast majority of
industrial processes needing heat rely on fossil fuels, which contribute to U.S. greenhouse gas
emissions. This cannot be replaced by renewables, which do not produce sufficient heat for

industrial processes.

The VHTR, a thermal reactor, uses graphite (yes, just like pencils) as a moderator to slow the

neutrons down. (This distinguishes the VHTR from most other advanced nuclear designs, which are

fast reactors, such as GFRs.) Typically using low enriched uranium fuel, sometimes in the form of
“pebbles” or in a hexagon shaped block called a “prismatic block”, the reactor heats the helium gas
coolant to temperatures typically between 800 and 1,000 degrees Celsius, higher than temperatures
used by GFRs. This heat is then used by industrial furnaces to produce hydrogen, desalinate water,

or refine petrochemicals. 28

In 1947, Oak Ridge National Laboratory began considering the need for a high temperature gas
reactor. This helped lead to the development of the HTGRs that generated electricity at Fort St.
Vrain in Colorado, which operated from 1979-1989, 29 and Peach Bottom in Pennsylvania, which
operated from 1967-1974. 3° Both the Chinese and U.S. governments remain interested in HTGR
technology, with China developing a pebble-bed version of the reactor. In 2007, the U.S.

government launched the Next Generation Nuclear Program (NGNP), in conjunction with an
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industry alliance of partners, to commercialize an HTGR. 3! NGNP, however, has faced management

and leadership challenges that have delayed funding for a demonstration reactor.
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BEST CHANCE FOR IMMEDIATE CONSTRUCTION

Developers: Holtec, mPower, NuScale, RADIX, Westinghouse

Highlighted Benefits: Increased Safety, Less Cost, Industrial
Applications, Bridging Technology, Scaling Size and Cost

Not all advanced reactor developers are relying on exotic coolants or fast neutrons to compete in
the commercial market. Some are using tried and true light water technology but putting it into
reactors that are far smaller and simpler than those operated by utilities today. These small reactors
would be built as modular units in factories, not custom built on-site at the power plant,
significantly reducing the cost of manufacturing and construction. These small modular reactors
(SMR) would generate less than 300 MW, 32 compared with the typical reactor operating in the U.S.
today that have an average capacity of 1,000 MW, and could be either thermal or fast. 33 SMRs
would also be safer than today’s LWRs by utilizing passive physics to shut down the reactor, rather
than active engineered systems. There is a need for SMRs from utilities in the U.S. and abroad that
could not afford or do not have the electricity demand to justify a large, modern light water reactor.
NuScale recently published costs for their SMR design in the range of $1to $3 billion, compared to
$14 to $16 billion for current large plants. 34

The history of SMRs spans back to one of the original goals of nuclear innovation in the U.S.: the
use of nuclear power to propel and power submarines. But since then, the size of civilian reactors
has only gone one direction: up. In fact, according to the World Nuclear Association, reactors have
grown from around 60 MW when the first civilian nuclear reactors came online in the 1950s to more
than 1,600 MW for reactors coming online today, because this enables reactor manufacturers to
take advantage of economies of scale in construction and operation. 3> The challenge is that even

with economies of scale, only a handful of utilities in the U.S. or even nationally owned utilities



around the world can afford to finance the massive cost of constructing a 1,000 or more MW

reactor. 30

MICRO-REACTORS
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.

g | REMOTE POWER

PROJECT “ICEWORM™

Developers: CityLabs, Dunedin, Gen4 Energy, LakeChime, Toshiba,
UPower, Widetronix

Highlighted Benefits: Increased Safety, Less Cost, Remote Power

Today, military bases, mining facilities, and villages in remote locations rely on carbon-emitting
fossil fuels, often diesel or fuel oil, to be transported to them at extremely high cost (as much as 30
cents per kilowatt hour) to provide all of their energy needs. 37 For military bases, this supply chain
is a very real risk to operations. Micro-reactors, generating as little as 2 MW of electricity, sufficient
to power up to 2,000 homes, or as much as 50 MW, are being designed with an eye toward meeting
these locations’ power needs at a lower operating cost than fossil generation. 33 Most micro-
reactors use water as a coolant, though some of the advanced reactors with unique coolants can also
be scaled down to a micro size; micro-reactors can also be either thermal or fast. The advantage
these reactors could offer is that they, like SMRs, would be manufactured at a factory and shipped,
with fuel, to remote locations where they could operate for sustained periods of time without the
need for refueling. And instead of being refueled onsite, the entire reactor would be removed and

replaced with a new unit.

The U.S. military has been one of the most vocal proponents of micro-reactors to power small and
remote installations. In fact, from 1959 to 1966, the Army operated a two MW reactor to power a
semi-secret military installation in northern Greenland known as Project Iceworm. 39 More
recently, the town of Galena, Alaska, which is 270 miles north of Fairbanks, considered installing a
small reactor to provide electricity to its 600 residents. 4° The project in Galena stalled due to cost

and regulatory issues, but the state of Alaska and many individual communities in the state, along



with military bases, mines, and other remote communities, continue to look at the technology as a

way to provide cost-effective, zero-emissions power. 41

FUSION REACTORS

INCREASED SAFETY

DECREASED PROLIFERATION RISK

MANAGING NUCLEAR WASTE

NEARLY UNLIMITED POWER

Developers: General Atomics, General Fusion, Helion, HyperV
Technologies, ITER, Lockheed-Martin, NIF, NumerX, Tri Alpha

Highlighted Benefits: Unlimited Power, Increased Safety, Managing
Nuclear Waste

All of the nuclear reactors in operation around the world, as well as the majority of advanced reactor
technologies under development, rely on fission—breaking atoms apart—to produce heat and
generate electricity. This is a well-understood process that has been in use for more than half a
century. A handful of companies are pursuing the so-far elusive goal of producing heat and
generating electricity by fusing two atoms together, a process not surprisingly known as fusion.
Fusion uses hydrogen (found in water) as fuel and is the process that powers our Sun and all stars in
the universe. Described by the New Yorker as a “star in a bottle,” fusion produces temperatures so
high (from 150 million to billions of degrees Celsius) no known material can contain it. 42 This
fundamental obstacle has prevented researchers from achieving fusion in a lab, let alone a
commercial reactor. But the potential for unlimited energy that produces almost no radioactive

waste is too great to ignore.

There are two main approaches for trying to accomplish this feat that literally powers the sun. One
is to use very high-powered magnets to confine a superheated mixture called a plasma where the
atoms fuse and produce energy. The second way is by using an intense set of lasers fired at a target
of atoms, compressing them to the point of fusing, called inertial confinement. 43 Developers are

now looking at some hybrid options between these two approaches as well.

Fusion research technically began in the 1920s. 44 By the 1950s, the needs of the Cold War shifted

the research focus away from energy and towards weapon implications. 4> Modern research, driven



by the need to produce zero-carbon electricity and concerns about radiation, proliferation, and
nuclear waste, has returned to trying to harness fusion for electricity generation, though the

timeframe for achieving such a scientific breakthrough remains unknown.

In 2007, ITER was organized to build a large fusion plasma facility, called a tokamak, in France. 40
ITER is supported by the U.S., China, the EU, India, Japan, Korea, and Russia. This multi-decade,

multi-billion dollar project is expected to have first plasma in the late 2020s.
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o There is strong interest in small and simpler units for generating electricity from nuclear power, and for process heat.

o This interest in small and medium nuclear power reactors is driven both by a desire to reduce the impact of capital costs
and to provide power away from large grid systems.

o The technologies involved are numerous and very diverse.

As nuclear power generation has become established since the 1950s, the size of reactor units has grown from 60 MWe to
more than 1600 MWe, with corresponding economies of scale in operation. At the same time there have been many hundreds of
smaller power reactors built for naval use (up to 190 MW thermal) and as neutron sources?, yielding enormous expertise in the
engineering of small power units and accumulating over 12,000 reactor years of experience.

The International Atomic Energy Agency (IAEA) defines 'small' as under 300 MWe, and up to about 700 MWe as 'medium’ -
including many operational units from the 20th century. Together they have been referred to by the IAEA as small and medium
reactors (SMRs). However, 'SMR' is used more commonly as an acronym for 'small modular reactor’, designed for serial
construction and collectively to comprise a large nuclear power plant. (In this information page the use of diverse pre-fabricated
modules to expedite the construction of a single large reactor is not relevant.) A subcategory of very small reactors — vSMRs -
is proposed for units under about 15 MWe, especially for remote communities.

Small modular reactors (SMRs) are defined as nuclear reactors generally 300 MWe equivalent or less, designed with modular
technology using module factory fabrication, pursuing economies of series production and short construction times. This
definition, from the World Nuclear Association, is closely based on those from the IAEA and the US Nuclear Energy Institute.
Some of the already-operating small reactors mentioned or tabulated below do not fit this definition, but most of those
described do fit it. PWR types may have integral steam generators, in which case the reactor pressure vessel needs to be larger,
limiting portability from factory to site. Hence many larger PWRs such as the Rolls-Royce UK SMR have external steam
generators.

This information page focuses on advanced designs in the small category, i.e. those now being built for the first time or still on
the drawing board, and some larger ones which are outside the mainstream categories dealt with in the Advanced Nuclear
Power Reactors page. Some of the designs described here are not yet actually taking shape, others are operating or under
construction. Four main options are being pursued: light water reactors, fast neutron reactors, graphite-moderated high
temperature reactors and various kinds of molten salt reactors (MSRs). The first has the lowest technological risk, but the
second (FNR) can be smaller, simpler and with longer operation before refuelling. Some MSRs are fast-spectrum.

Today, due partly to the high capital cost of large power reactors generating electricity via the steam cycle and partly to the need
to service small electricity grids under about 4 GWe 2 there is a move to develop smaller units. These may be built independently
or as modules in a larger complex, with capacity added incrementally as required (see section below on Modular construction
using_small reactor units). Economies of scale are envisaged due to the numbers produced. There are also moves to develop
independent small units for remote sites. Small units are seen as a much more manageable investment than big ones whose
cost often rivals the capitalization of the utilities concerned.
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An additional reason for interest in SMRs is that they can more readily slot into brownfield sites in place of decommissioned
coal-fired plants, the units of which are seldom very large — more than 90% are under 500 MWe, and some are under 50 MWe. In
the USA coal-fired units retired over 2010-12 averaged 97 MWe, and those expected to retire over 2015-25 average 145 MWe.

SMR development is proceeding in Western countries with a lot of private investment, including small companies. The
involvement of these new investors indicates a profound shift taking place from government-led and -funded nuclear R&D to
that led by the private sector and people with strong entrepreneurial goals, often linked to a social purpose. That purpose is
often deployment of affordable clean energy, without carbon dioxide emissions.

A 2011 report for the US Department of Energy by the University of Chicago Energy Policy Institutel® said that small reactors
could significantly mitigate the financial risk associated with full-scale plants, potentially allowing small reactors to compete
effectively with other energy sources.

Generally, modern small reactors for power generation, and especially SMRs, are expected to have greater simplicity of design,
economy of series production largely in factories, short construction times, and reduced siting costs. Most are also designed for
a high level of passive or inherent safety in the event of malfunction®. Also many are designed to be emplaced below ground
level, giving a high resistance to terrorist threats. A 2010 report by a special committee convened by the American Nuclear
Society showed that many safety provisions necessary, or at least prudent, in large reactors are not necessary in the small
designs forthcoming. This is largely due to their higher surface area to volume (and core heat) ratio compared with large units. It
means that a lot of the engineering for safety including heat removal in large reactors is not needed in the small reactorsd. Since
small reactors are envisaged as replacing fossil fuel plants in many situations, the emergency planning zone required is
designed to be no more than about 300 m radius. The combined tables from this report are appended, along with notes of some
early small water-, gas-, and liquid metal-cooled reactors.

Licensing is potentially a challenge for SMRs, as design certification, construction and operation licence costs are not
necessarily less than for large reactors. Several developers have engaged with the Canadian Nuclear Safety Commission's
(CNSC's) pre-licensing vendor design review process, which identifies fundamental barriers to licensing a new design in Canada
and assures that a resolution path exists. The pre-licensing review is essentially a technical discussion, phase 1 of which
involves about 5000 hours of staff time, considering the conceptual design and charged to the developer. Phase 2 is twice that,
addressing system-level design.

A World Nuclear Association 2015 report on SMR standardization of licensing and harmonization of regulatory
requirements said that the enormous potential of SMRs rests on a number of factors:

e Because of their small size and modularity, SMRs could almost be completely built in a controlled factory setting and
installed module by module, improving the level of construction quality and efficiency.

¢ Their small size and passive safety features lend them to countries with smaller grids and less experience of nuclear
power.

« Size, construction efficiency and passive safety systems (requiring less redundancy) can lead to easier financing
compared to that for larger plants.

e Moreover, achieving ‘economies of series production’ for a specific SMR design will reduce costs further.

The World Nuclear Association lists the features of an SMR, including:

e Small power and compact architecture and usually (at least for nuclear steam supply system and associated safety
systems) employment of passive concepts. Therefore there is less reliance on active safety systems and additional
pumps, as well as AC power for accident mitigation.

e The compact architecture enables modularity of fabrication (in-factory), which can also facilitate implementation of
higher quality standards.

o Lower power leading to reduction of the source term as well as smaller radioactive inventory in a reactor (smaller
reactors).

o Potential for sub-grade (underground or underwater) location of the reactor unit providing more protection from natural
(e.g. seismic or tsunami according to the location) or man-made (e.g. aircraft impact) hazards.

e The modular design and small size lends itself to having multiple units on the same site.

o Lower requirement for access to cooling water — therefore suitable for remote regions and for specific applications such
as mining or desalination.

 Ability to remove reactor module or in-situ decommissioning at the end of the lifetime.

In 2020 the IAEA published an update of its SMR book, Advances in Small Modular Reactor Technology Developments, with
contributions from developers covering over 70 designs.
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The IAEA has a programme assessing a conceptual multi-application small light water reactor (MASLWR) design with integral
steam generators, focused on natural circulation of coolant, and in 2003 the US DOE published a report on this MASLWR
conceptual design. Several of the integral PWR designs below have some similarities.

There are a number of small modular reactors coming forward requiring fuel enriched at the top end of what is defined as low-
enriched uranium (LEU) — 20% U-235. The US Nuclear Infrastructure Council (NIC) has called for some of the downblending of
military HEU to be only to about 19.75% U-235, so as to provide a small stockpile of fuel which would otherwise be very difficult
to obtain (since civil enrichment plants normally cannot go above 5%). A reserve of 20 tonnes of high-assay low-enriched
uranium (HALEU) has been suggested. The NIC said that the only supply of fuel for many advanced reactors under development
would otherwise be foreign-enriched uranium. “Without a readily available domestic supply of higher enriched LEU in the USA, it
will be extremely difficult to conduct research on advanced reactors, potentially driving American innovators overseas.” In 2019
the DOE contracted with Centrus Energy to deploy a cascade of large centrifuges to produce HALEU fuel for advanced reactors.
Urenco USA has announced its readiness to supply HALEU from a dedicated production line at its New Mexico plant.

US support for SMRs

In January 2012 the DOE called for applications from industry to support the development of one or two US light-water reactor
designs, allocating $452 million over five years through the SMR Licensing Technical Support (LTS) programme. Four
applications were made, from Westinghouse, Babcock & Wilcox, Holtec, and NuScale Power, the units ranging from 225 down to
45 MWe. The DOE announced its decision in November 2012 to support the B&W 180 MWe mPower design, to be developed
with Bechtel and TVA. Through the five-year cost-share agreement, the DOE would invest up to half of the total project cost, with
the project's industry partners at least matching this. The total would be negotiated between the DOE and B&W, and the DOE had
paid $111 million by the end of 2014 before announcing that funds were cut off due to B&W shelving the project. However B&W
is not required to repay any of the DOE money, and the project, capped at $15 million per year, is now under BWX Technologies.
The company had spent more than $375 million on the mPower programme to February 2016.

In March 2012 the DOE signed agreements with three companies interested in constructing demonstration small reactors at its
Savannah River site in South Carolina. The three companies and reactors are: Hyperion (now Gen4 Energy) with a 25 MWe fast
reactor, Holtec with a 160 MWe PWR, and NuScale with its 45 MWe PWR (since increased to 60 MWe and then to 77 MWe - see
below). The agreements concerned the provision of land but not finance. The DOE was in discussion with four further small
reactor developers regarding similar arrangements, aiming to have in 10-15 years a suite of small reactors providing power for
the DOE complex. (Over 1953-1991, Savannah River was where a number of production reactors for weapons plutonium and
tritium were built and run.)

In March 2013 the DOE called for applications for second-round funding, and proposals were made by Westinghouse, Holtec,
NuScale, General Atomics, and Hybrid Power Technologies, the last two being for EM2 and Hybrid SMR, not PWRs. Other (non-
PWR) small reactor designs will have modest support through the Reactor Concepts RD&D programme. A late application "from
left field" was from National Project Management Corporation (NPMC) which includes a cluster of regional partners in the state
of New York, South Africa’s PBMR company, and National Grid, the UK-based grid operator with 3.3 million customers in New
York, Massachusetts and Rhode Island.*

* The project is for an HTR of 165 MWe, apparently the earlier direct-cycle version of the shelved PBMR, emphasising its ‘deep burn’ attributes in
destroying actinides and achieving high burn-up at high temperatures. The PBMR design was a contender with Westinghouse backing for the US Next-
Generation Nuclear Power (NGNP) project, which has stalled since about 2010.

In December 2013 the DOE announced that a further grant would be made to NuScale on a 50-50 cost-share basis, for up to
$217 million over five years, to support design development and NRC certification and licensing of its initially 45 MWe small
reactor design, subsequently increased to 60 MWe and then 77 MWe. In mid-2013 NuScale launched the Western Initiative for
Nuclear (WIN) - a broad, multi-western state collaboration — to study the demonstration and deployment of multi-module
NuScale SMR plants in the western USA. WIN includes Energy Northwest (ENW) in Washington and Utah Associated Municipal
Power Systems (UAMPS). It is now called the Carbon-Free Power Project. A demonstration NuScale SMR built as part of Project
WIN was projected to be operational by 2024, at the DOE’s Idaho National Laboratory (INL), with UAMPS as the owner and ENW
the operator. This would be followed by a full-scale (originally 12- but now six-module) plant there owned by UAMPS, run by
Energy Northwest, and costing $5000/kW on an overnight basis, hence about $3.0 billion, with an expected levelized cost of
electricity (LCOE) of $58/MWh from 2030.

In January 2014 Westinghouse announced that was suspending work on its small modular reactors in the light of inadequate
prospects for multiple deployment. The company said that it could not justify the economics of its SMR without government
subsidies, unless it could supply 30 to 50 of them. It was therefore delaying its plans, though small reactors remain on its
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agenda. In 2016 however, the company was much more positive about SMRs. See also UK Support subsection below. However,
in March 2017 BWXT suspended work on the mPower design, after Bechtel withdrew from the project.

The Small Modular Reactor Research and Education Consortium (SmrREC) has been set up by Missouri University of Science
and Technology to investigate the economics of deploying multiple SMRs in the country. SmrREC has constructed a
comprehensive model of the business, manufacturing and supply chain needs for a new SMR-centric nuclear industry.

Early in 2016 developers and potential customers for SMRs set up the SMR Start consortium to advance the commercialization
of SMR reactor designs. Members of the consortium include Bechtel, BWX Technologies, Dominion, Duke Energy, Energy
Northwest, Fluor, GE Hitachi Nuclear Energy, Holtec, NuScale, Ontario Power, PSEG Nuclear, Southern Nuclear, Tennessee Valley
Authority (TVA) and UAMPS. The organization will represent the companies in interactions with the US Nuclear Regulatory
Commission (NRC), Congress and the executive branch on small reactor issues. US industry body the Nuclear Energy Institute
(NEI) is assisting in the formation of the consortium, and is to work closely with the organization on policies and priorities
relating to small reactor technology.

SMR Start has called for the DOE’s LTS programme for SMRs to be extended to 2025 with an increase in funding. It pointed out:
"Private companies and DOE have invested over $1 billion in the development of SMRs. However, more investment, through
public-private partnerships is needed in order to assure that SMRs are a viable option in the mid-2020s. In addition to
accomplishing the public benefit from SMR deployment, the federal government would receive a return on investment through
taxes associated with investment, job creation and economic output over the lifetime of the SMR facilities that would otherwise
not exist without the US government's investment.”

In February 2016 TVA said it was still developing a site at Oak Ridge for a SMR and would apply for an early site permit (ESP,
with no technology identified) for Clinch River in May with a view to building up to 800 MWe of capacity there. TVA has
expanded discussions from B&W to include three other light-water SMR vendors. The DOE is supporting this ESP application
financially from its SMR Licensing Technical Support Program, and in February 2016 DOE said it was committed to provide
$36.3 million on cost-share basis to TVA.

In February 2021 TVA published a notice of intent to prepare a programmatic environmental impact statement on the potential
effects of the construction, operation and decommissioning of an advanced nuclear reactor technology park at Clinch River. The
park would contain one or more advanced nuclear reactors with a total electrical output of up to 800 MWe.

Another area of small reactor development is being promoted by the DOE’s Advanced Research Projects Agency — Energy
(ARPA-E) set up under a 2007 act. This focuses on high-potential, high-impact energy technologies that are too early for private-
sector investment. ARPA-E is now beginning a new fission programme to examine microreactor technologies, below 10 MWe.
This will solicit R&D project proposals for such reactors, which must have very high safety and security margins (including
autonomous operations), be proliferation resistant, affordable, mobile, and modular. Targeted applications include remote sites,
backup power, maritime shipping, military instillations, and space missions.

The DOE in 2015 established the Gateway for Accelerated Innovation in Nuclear (GAIN) initiative led by Idaho National
Laboratory (INL) "to provide the new nuclear energy community with access to the technical, regulatory and financial support
necessary to move new nuclear reactor designs toward commercialization. GAIN is based on feedback from the nuclear
community and provides a single point of access to the broad range of capabilities — people, facilities, infrastructure, materials
and data — across the Energy Department and its national laboratories." In January 2016 the DOE made grants of up to $40
million to X-energy for its Xe-100 pebble-bed HTR, and to Southern Company for the molten chloride fast reactor (MCFR) project
being developed with TerraPower and Oak Ridge National Laboratory (ORNL).

In mid-2016 the DOE made GAIN grants of nuclear energy vouchers totalling $2 million including to Terrestrial Energy with
Argonne National Laboratory, Transatomic Power with ORNL, and Oklo Inc with Argonne and INL for their respective reactor
designs. A second round of GAIN voucher grants totalling $4.2 million was made in mid-2017, including to Terrestrial and
Transatomic Power both with Argonne, Holtec’s SMR Inventec for the SMR-160 at ORNL, Oklo Inc with Sandia and Argonne, and
Elysium with INL and Argonne.

In April 2018, the DOE selected 13 projects to receive $60 million of cost-shared R&D funding for advance nuclear technologies,
including the first awards under the US Industry Opportunities for Advance Nuclear Technology Development initiative.

In September 2018 the Nuclear Energy Innovation Capabilities Act and the Department of Energy Research and Innovation Act
passed Congress. The first enables private and public institutions to carry out civilian research and development of advanced
nuclear energy technologies. Specifically, the Act established the National Reactor Innovation Center to facilitate the siting of
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privately=funded advanced reactor prototypes at DOE sites through partnerships between the DOE and private industry. The
second Act combines seven previously passed science bills to provide policy direction to the DOE on nuclear energy research
and development.

In October 2018 the DOE announced that it was proposing to convert metallic high-assay low-enriched uranium (HALEU), with
enrichment levels between 5% and 20% U-235, into fuel for research and development purposes. This would be at Idaho
National Laboratory's Materials and Fuels Complex and/or the Idaho Nuclear Technology and Engineering Center, to support the
development of new reactor technologies with higher efficiencies and longer core lifetimes.

The US Nuclear Regulatory Commission (NRC) has released a draft white paper on its strategy for reviewing licensing
applications for advanced non-light water reactor technologies. The NRC said it expects to finalize the draft paper by November,
with submission of the first non-LWR application expected by December 2019. By mid-2019 the NRC had been formally notified
by six reactor designers of their intention to seek design approval. These included three MSRs, one HTR, one FNR, and the
Westinghouse eVinci heatpipe reactor. In December 2019 the Canadian Nuclear Safety Commission (CNSC) and the US NRC
selected Terrestrial Energy's Integral Molten Salt Reactor (IMSR) for the first joint technical review of an advanced, non-light
water nuclear reactor.

In May 2020 the DOE launched the Advanced Reactor Demonstration Program (ARDP) offering funds, initially $160 million, on a
cost-share basis for the construction of two advanced reactors that could be operational within seven years. The ARDP will
concentrate resources on designs that are "affordable" to build and operate. The programme would also extend to risk reduction
for future demonstrations, and include support under the Advanced Reactor Concepts 2020 pathway for innovative and diverse
designs with the potential to be commercial in the mid-2030s. Testing and assessing advanced technologies would be carried
out at the Idaho National Laboratory's National Reactor Innovation Center (NRIC). The NRIC started up in August 2019 as part of
the DOE's Gateway for Accelerated Innovation in Nuclear (GAIN) initiative, which aims to accelerate the development and
commercialization of advanced nuclear technologies. In October 2020 grants of $80 million each were made to TerraPower and
X-energy to build demonstration plants that can be operational within seven years.

In December 2020 the DOE announced initial $30 million funding under the ARDP for five US-based teams developing affordable
reactor technologies to be deployed over 10-14 years: Kairos Power for the Hermes Reduced-Scale Test Reactor, a scaled-down
version of its fluoride salt-cooled high temperature reactor (KP-FHR); Westinghouse for the eVinci microreactor; BWXT
Advanced Technologies for the BWXT Advanced Nuclear Reactor (BANR); Holtec for its SMR-160; and Southern Company for its
Molten Chloride Reactor Experiment, a 300 kWt reactor project to provide data to inform the design of a demonstration molten
chloride fast reactor (MCFR) using TerraPower's technology.

The DOE plans to build the Microreactor Applications Research Validation and Evaluation (MARVEL) reactor, a 100 kWt
microreactor at Idaho. It is designed to perform research and development on various operational features of microreactors to
improve their integration with end-user applications and is described in the Research Reactors information page.

In November 2021, among other advanced reactor projects, the DOE funded the second phase of a study on the potential for
small reactors in Puerto Rico, at two suggested sites.

NuScale has announced that the DOE in 2022 would fund Ukraine's State Scientific and Technical Center for Nuclear and
Radiation Safety to conduct an independent review of NuScale Power's safety analysis report for its SMR technology. The review
will be accessible to any Ukrainian utility interested in deploying an SMR.

In August 2022 DOE Nuclear Energy University Program granted funds to CORE POWER and INL to research the economic and
environmental benefits of floating advanced nuclear power generation.

In January 2023 NRC issued a final rule for the last stage in the design certification process, certifying NuScale Power's SMR,
and allowing a utility to reference the design when applying for a combined licence to build and operate a nuclear power plant
anywhere in the USA.

UK support for SMRs

The UK government in 2014 published a report on SMR concepts, feasibility and potential in the UK. It was produced by a
consortium led by the National Nuclear Laboratory (NNL). Following this, a second phase of work is intended to provide the
technical, financial and economic evidence base required to support a policy decision on SMRs. If a future decision was to
proceed with UK development and deployment of SMRs, then further work on the policy and commercial approach to delivering
them would need to be undertaken, which could lead to a technology selection process for UK generic design assessment
(GDA).
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In March 2016 the UK Department of Energy & Climate Change (DECC) called for expressions of interest in a competition to
identify the best value SMR for the UK. This relates to a government announcement in November 2015 that it would invest at
least £250 million over five years in nuclear R&D including SMRs. DECC said the objective of the initial phase was "to gauge
market interest among technology developers, utilities, potential investors and funders in developing, commercializing and
financing SMRs in the UK." It said the initial stage would be a "structured dialogue" between the government and participants,
using a published set of criteria, including that the SMR design must “be designed for manufacture and assembly, and ... able to
achieve in-factory production of modular components or systems amounting to a minimum of 40% of the total plant cost.”

In December 2017, the Department for Business, Energy & Industrial Strategy (BEIS), DECC's successor department, announced
that the SMR competition had been closed. Instead, a new two-phase advanced modular reactor competition was launched,
designed to incorporate a wider range of reactor types. Total funding for the Advanced Modular Reactor (AMR) Feasibility and
Development (F&D) project is up to £44 million, and 20 bids had been received by the initial deadline of 7 February 2018. In
September 2018 it was announced that the following eight organisations were awarded contracts up to £300,000 to produce
feasibility studies for the first phase of the AMR F&D project: Advanced Reactor Concepts (ARC-100); DBD (representing China's
Institute of Nuclear and New Energy Technology's HTR-PM); LeadCold (SEALER-UK); Moltex Energy (Stable Salt Reactor);
Tokamak Energy (compact spherical modular fusion reactor); U-Battery Developments (U-Battery); Ultra Safe Nuclear (Micro-
Modular Reactor); and Westinghouse (Westinghouse LFR).

In July 2020, under its AMR programme, BEIS awarded £10 million to each of: Westinghouse, for its 450 MWe LFR; U-Battery
consortium for its 4 MWe HTR; and Tokamak Energy for its compact fusion reactor project. A further £5 million will be for British
companies and start-ups to develop new ways of manufacturing advanced nuclear parts for modular reactor projects both at
home and abroad. Another £5 million is to strengthen the country’s nuclear regulatory regime as it engages with advanced
nuclear technologies such as these.

In March 2019 BEIS released a 2016 report on microreactors that defined them as having a capacity up to 100 MWt/30 MWe,
and projecting a global market for around 570 units of an average 5 MWe by 2030, total 2850 MWe. It notes that they are
generally not water-moderated or water cooled, but "use a compact reactor and heat exchange arrangement, frequently
integrated in a single reactor vessel." Most are HTRs.

In 2015 Westinghouse had presented a proposal for a “shared design and development model" under which the company would
contribute its SMR conceptual design and then partner with UK government and industry to complete, license and deploy it. The
partnership would be structured as a UK-based enterprise jointly owned by Westinghouse, the UK government and UK industry.
In October 2016 the company said it would work with UK shipbuilder Cammell Laird as well as the UK’s Nuclear Advanced
Manufacturing Research Centre (NAMRC) on a study to explore potential design efficiencies to reduce the lead times of its SMR.

NuScale has said that it aims to deploy its SMR technology in the UK with UK partners, so that the first of its units could be in
operation by the mid-2020s. In September 2017 the company released its five-point UK SMR action plan. Rolls-Royce submitted
a detailed design to the government for a 220 MWe SMR unit.

In November 2021 the UK government announced that it would contribute £210 million in grant funding to Rolls-Royce SMR to
match private investment in this venture. Rolls-Royce Group, BNF Resources UK and Exelon Generation will invest £195 million
over about three years in it. Rolls-Royce said the SMR business, which will continue to seek further investment, will now
"proceed rapidly with a range of parallel delivery activities, including entry to the UK generic design assessment (GDA) process
and identifying sites for the factories which will manufacture the modules that enable onsite assembly of the power plants.” The
reactor is designed for hydrogen and synthetic fuel manufacturing as well as electricity generation. The Rolls-Royce SMR
consortium, involving many of the major UK engineering firms, aims to build 16 reactors, each a pressurized water type of 470
MWe.

In November 2022, Rolls-Royce announced that it has identified four priority locations to build SMR-based power stations in the
UK, including Trawsfynydd, Wylfa, and Oldbury. The locations are all on land owned by the UK Nuclear Decommissioning
Authority (NDA). Before NDA commits to the SMR development, approval must first be granted by the Department of Business,
Energy, and Industrial Strategy.

Canadian support for SMRs

A June 2016 report for the Ontario Ministry of Energy focused on nine designs under 25 MWe for off-grid remote sites. All had a
medium level of technology readiness and were expected to be competitive against diesel. Two designs were integral PWRs of
6.4 and 9 MWe, three were HTRs of 5, 8 and 16 MWe, two were sodium-cooled fast reactors (SFRs) of 1.5/2.8 and 10 MWe, one
was a lead-cooled fast reactor (LFR) of 3-10 MWe, and one was an MSR of 32.5 MWe. Four were under 5 MWe (an SFR, LFR, and
two HTRs). Ontario distinguishes ‘grid scale’ SMRs above 25 MWe from these (very) small-scale reactors.
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The Canadian Nuclear Safety Commission (CNSC) has been conducting pre-licensing vendor design reviews — an optional
service to assess a nuclear power plant design based on a vendor's reactor technology — for ten* small reactors with capacities
in the range of 3-300 MWe. Two further agreements for design review are being negotiated for StarCore's HTR and
Westinghouse's eVinci. In May 2021 it commenced a formal licence review of the 15 MWt MMR-5 for Global First Power (a joint
venture between Ultra Safe Nuclear Corporation and Ontario Power Generation).

* Terrestrial Energy’s IMSR; USNC's MMR-5 and MMR-10; LeadCold Nuclear's SEALER; ARC Nuclear's ARC-100; Moltex’s Stable Salt Reactor; SMR'’s
SMR-160; NuScale’s Power Module; U-Battery's U-Battery, GE Hitachi's BWRX-300; X-energy's Xe-100.

In June 2017 Canadian Nuclear Laboratories (CNL) invited expressions of interest in SMRs. This resulted in many responses,
including 19 for siting a demonstration or prototype reactor at a CNL-managed site. CNL aims to have a new SMR at its Chalk
River site by 2026. Global First Power with its partners Ontario Power Generation and Ultra-Safe Nuclear Corporation was the
first to get to the third stage of CNLs siting evaluation, with its MMR, a 5 MWe HTR. In February 2019 CNL announced that
StarCore Nuclear and Terrestrial Energy had qualified to enter the due diligence (second) stage of its siting evaluation for their
14 MWe HTR and 195 MWe IMSR respectively.

In November 2019 CNL announced that Kairos Power, Moltex Canada, Terrestrial Energy and Ultra Safe Nuclear Corporation
(USNC) had been selected as the first recipients of support under its Canadian Nuclear Research Initiative (CNRI). This is
designed to accelerate SMR deployment by enabling research and development on particular projects and connecting global
vendors of SMR technology with the facilities and expertise within Canada's national nuclear laboratories. Recipients are
expected to match the value contributed by CNL either in monetary or in-kind contributions.

In November 2018 the Canadian government released its SMR Roadmap, a 10-month nationwide study of SMR technology. The
report concludes that Generation IV SMR development is a response to market forces for "smaller, simpler and cheaper" nuclear
energy, and the large global market for this technology will be "driven not just by climate change and clean energy policies, but
also by the imperatives of energy security and access." In October 2020 the Minister for Innovation, Science & Industry
announced a C$20 million investment in Terrestrial Energy to accelerate development of its Integral Molten Salt Reactor (IMSR),
the first grant from Canada'’s Strategic Innovation Fund.

In December 2019 Saskatchewan and New Brunswick agreed to work with Ontario in promoting SMRs to "unlock economic
potential across Canada, including rural and remote regions” in line with the national SMR Roadmap. In August 2020 Alberta
joined in, flagging the potential for SMRs to be used for the province's northern oil sands industry. The agreement is to also
address key issues for SMR deployment including technological readiness, regulatory frameworks, economics and financing,
nuclear waste management and public and indigenous engagement. In 2021 Alberta’s largest oil sands producers formed an
alliance to consider ways to achieve net zero greenhouse gas emissions by 2050, with SMRs being part of the means.

In October 2020 Ontario Power Generation (OPG) announced that it would take forward engineering and design work with three
developers of grid-scale SMRs — GE Hitachi (GEH), Terrestrial Energy and X-energy — to support remote area energy needs. The
focus is on GEH’s 300 MWe BWRX-300, Terrestrial's 192 MWe Integral Molten Salt Reactor, and X-energy’s 80 MWe Xe-100 high-
temperature SMRs. All three are in phase 2 of the CNSC's vendor design review process. GEH is setting up a Canadian supply
chain for its BWRX-300.

In November 2020 New Brunswick Power and Moltex Energy were joined by ARC Canada in setting up an SMR vendor cluster at
Point Lepreau, and in March 2021 the Canadian government announced C$56 million support for this, mostly for the Moltex
Stable Salt Reactor — Wasteburner (SSR-W) project.

Chinese support for SMRs

The most advanced small modular reactor project is in China, where Chinergy is starting to build the 210 MWe HTR-PM, which
consists of twin 250 MWt high-temperature gas-cooled reactors (HTRs) which build on the experience of several innovative
reactors in the 1960s to 1980s.

CNNC New Energy Corporation, a joint venture of CNNC (51%) and China Guodian Corp, is promoting the ACP100 reactor. A
preliminary safety analysis report for a single unit demonstration plant at Changjiang was approved in April 2020.

However, China is also developing small district heating reactors of 100 to 200 MWt capacity which may have a strong potential
evaluated at around 400 units. The heat market is very large in northern China, now almost exclusively served by coal, causing
serious pollution, particularly by dust, particulates, sulfur, and nitrogen oxides.

Overall SMR research and development in China is very active, with vigorous competition among companies encouraging
innovation.
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Other countries

Urenco has called for European development of very small — 4 MWe - 'plug and play' inherently-safe reactors based on graphite-
moderated HTR concepts. It is seeking government support for a prototype "U-Battery" which would run for 5-10 years before
requiring refuelling or servicing.

Already operating in a remote corner of Siberia are four small units at the Bilibino co-generation plant. These four 62 MWt
(thermal) units are an unusual graphite-moderated boiling water design with water/steam channels through the moderator. They
produce steam for district heating and 11 MWe (net) electricity each, remote from any grid. They are the world’s smallest
commercial power reactors and have performed well since 1976, much more cheaply than fossil fuel alternatives in the severe
climate of this Arctic region, but are due to be retired by 2023.

Looking ahead, and apart from its barge-mounted ones, Rosatom is not positive about small reactors generally.

Also in the small reactor category are the Indian 220 MWe pressurized heavy water reactors (PHWRs) based on Canadian
technology, and the Chinese 300-325 MWe PWR such as built at Qinshan Phase | and at Chashma in Pakistan, and now called
CNP-300. The Nuclear Power Corporation of India (NPCIL) is now focusing on 540 MWe and 700 MWe versions of its PHWR,
and is offering both 220 and 540 MWe versions internationally. These small established designs are relevant to situations
requiring small to medium units, though they are not state of the art technology.

Another significant line of development is in very small fast reactors of under 50 MWe. Some are conceived for areas away from
transmission grids and with small loads; others are designed to operate in clusters in competition with large units.

Other, mostly larger new designs are described in the information page on Advanced Nuclear Power Reactors.

In December 2019 CEZ in the Czech Republic said it was focusing on 11 SMR designs including these seven: Rosatom's RITM-
200, GE Hitachi Nuclear Energy's BWRX-300, NuScale Power's SMR, China National Nuclear Corporation's ACP100, Argentina's
CAREM, the South Korean SMART, and Holtec International's SMR-160.

Small reactors operating

Name Capacity Type Developer

CNP-300 300 MWe PWR SNERDI/CNNC, Pakistan & China
PHWR-220 220 MWe PHWR NPCIL, India

EGP-6 11 MWe LWGR at Bilibino, Siberia (cogen, soon to retire)
KLT-40S 35MWe PWR OKBM, Russia

RITM-200 50 MWe Integral PWR, civil marine OKBM, Russia

Small reactor designs under construction

Name Capacity Type Developer

CAREM25 27 MWe Integral PWR CNEA & INVAP, Argentina
HTR-PM 210 MWe Twin HTR INET, CNEC & Huaneng, China
ACP100/Linglong One 125 MWe Integral PWR CNNC, China

BREST 300 MWe Lead FNR RDIPE, Russia

Small reactors for near-term deployment — development well advanced

Name Capacity Type Developer

VBER-300 300 MWe PWR OKBM, Russia

NuScale Power Module 77 MWe  Integral PWR NuScale Power + Fluor, USA
SMR-160 160 MWe PWR Holtec, USA + SNC-Lavalin, Canada
SMART 100 MWe Integral PWR KAERI, South Korea

BWRX-300 300 MWe BWR GE Hitachi, USA

PRISM 311 MWe Sodium FNR GE Hitachi, USA
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Name Capacity Type Developer

Natrium 345 MWe Sodium FNR TerraPower + GE Hitachi, USA
ARC-100 100 MWe Sodium FNR ARC with GE Hitachi, USA
Integral MSR 192 MWe MSR Terrestrial Energy, Canada
Seaborg CMSR 100 MWe MSR Seaborg, Denmark

Hermes prototype

35 MWt  MSR-Triso

Kairos, USA

RITM-200M 50 MWe Integral PWR OKBM, Russia
RITM-200N 55MWe Integral PWR OKBM, Russia
BANDI-60S 60 MWe PWR Kepco, South Korea
Xe-100 80 MWe HTR X-energy, USA
ACPR50S 60 MWe PWR CGN, China
Moltex SSR-W 300 MWe MSR Moltex, UK

Small reactor designs at earlier stages (or shelved)
Name Capacity Type Developer
EM2 240 MWe HTR, FNR General Atomics (USA)
FMR 50 MWe HTR, FNR General Atomics + Framatome
VK-300 300 MWe BWR NIKIET, Russia
AHWR-300 LEU 300 MWe PHWR BARC, India
CAP200 LandStar-V 220 MWe PWR SNERDI/SPIC, China
SNP350 350 MWe PWR SNERDI, China
ACPR100 140 MWe Integral PWR CGN, China
IMR 350 MWe Integral PWR Mitsubishi Heavy Ind, Japan*
Westinghouse SMR 225 MWe Integral PWR Westinghouse, USA*
mPower 195 MWe Integral PWR BWXT, USA*
UK SMR 470 MWe PWR Rolls-Royce SMR, UK
PBMR 165 MWe HTR PBMR, South Africa*
HTMR-100 35MWe HTR HTMR Ltd, South Africa
MCFR large? MSR/FNR Southern Co, TerraPower, USA
SVBR-100 100 MWe Lead-Bi FNR AKME-Engineering, Russia*
Westinghouse LFR 300 MWe Lead FNR Westinghouse, USA
TMSR-SF 100 MWt  MSR SINAP, China
PB-FHR 100 MWe MSR UC Berkeley, USA
Moltex SSR-U 150 MWe MSR/FNR Moltex, UK
Thorcon TMSR 250 MWe MSR Martingale, USA

Leadir-PS100

36 MWe Lead-cooled

Northern Nuclear, Canada

Very small reactor designs being developed (up to 25 MWe)

Name Capacity Type Developer

U-battery 4 MWe HTR Urenco-led consortium, UK
Starcore 10-20 MWe  HTR Starcore, Quebec
MMR-5/-10 50r 10 MWe HTR UltraSafe Nuclear, USA

Holos Quad 3-13 MWe HTR

HolosGen, USA

Gen4 module 25 MWe

Lead-bismuth FNR Gen4 (Hyperion), USA
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Name Capacity Type Developer
Xe-Mobile 1-5 MWe HTR X-energy, USA
BANR 50 MWt HTR BWXT, USA

Sealer 3-10 MWe Lead FNR LeadCold, Sweden
eVinci 0.2-5MWe  Heatpipe FNR Westinghouse, USA
Aurora 1.5 MWe Heatpipe FNR Oklo, USA

NuScale micro 1-10 MWe Heatpipe NuScale, USA

See also IAEA Advances in Small Modular Reactor Technology Developments, A Supplement to: IAEA Advanced Reactors
Information system (ARIS), 2020 Edition.

* Well-advanced designs understood to be on hold or abandoned.

Military developments of small power reactors from 1950s

US experience and plans

About five decades ago the US Army built eight reactors, five of them portable or mobile. PM1 successfully powered a remote
air/missile defence radar station on a mountain top near Sundance, Wyoming for six years to 1968, providing 1 MWe. At Camp
Century in northern Greenland the 10 MWt, 1.56 MWe plus 1.05 GJ/hr PM-2A was assembled from prefabricated components,
and ran from 1960-64 on high-enriched uranium fuel. Another was the 9 MWt, 1.5 MWe (net) PM-3A reactor which operated at
McMurdo Sound in Antarctica from 1962-72, generating a total of 78 million kWh and providing heat. It used high-enriched
uranium fuel and was refuelled once, in 1970. MH-1A was the first floating nuclear power plant operating in the Panama Canal
Zone from 1968-77 on a converted Liberty ship. It had a 45 MW1t/10 MWe (net) single-loop PWR which used low-enriched
uranium (4-7%). It used 541 kg of U-235 over ten years and provided power for nine years at 54% capacity factor.

ML-1 was a smaller and more innovative 0.3 MWe mobile power plant with a water-moderated HTR using pressurized nitrogen
at 650°C to drive a Brayton closed cycle gas turbine. It used HEU in a cluster of 19 pins, the core being 56 cm high and 56 cm
diameter. It was tested over 1962-66 in Idaho. It was about the size of a standard shipping container and was truck-mobile and
air-transportable, with 12-hour set-up. The control unit was separate, to be located 150 m away.

All these were outcomes of the Army Nuclear Power Program (ANPP) for small reactor development — 0.1 to 40 MWe — which
ran from 1954-77. ANPP became the Army Reactor Office (ARO) in 1992. More recently (2010) the DEER (Deployable Electric
Energy Reactor) was being commercialized by Radix Power & Energy for forward military bases or remote mining sites. See |ater
subsection.

A 2018 report from the US Army analysed the potential benefits and challenges of mobile nuclear power plants (MNPPs) with
very small modular reactor (vSMR) technology. This followed a 2016 report on Energy Systems for Forward/Remote Operating
Bases. The purpose is to reduce supply vulnerabilities and operating costs while providing a sustainable option for reducing
petroleum demand and consequent vulnerability. MNPPs would be portable by truck or large aircraft and if abroad, returned to
the USA for refuelling after 10-20 years. They would load-follow and run on low-enriched uranium (<20%), probably as TRISO
(tristructural-isotropic) fuel in high-temperature gas-cooled reactors (HTRs).

In January 2019 the Department of Defense (DOD) Strategic Capabilities Office solicited proposals for a 'small mobile reactor'
design which could address electrical power needs in rapid response scenarios — Project Pele. These would make domestic
infrastructure resilient to an electrical grid attack and change the logistics of forward operating bases, both by making more
energy available and by simplifying fuel logistics needed to support existing, mostly diesel-powered, generators. They would
also enable a more rapid response during humanitarian assistance and disaster relief operations. "Small mobile nuclear
reactors have the potential to be an across-the-board strategic game changer for the DOD by saving lives, saving money, and
giving soldiers in the field a prime power source with increased flexibility and functionality." The reactors need to be designed to
be operated by a crew of six, with one fully qualified engineer and a single operator on duty at all times.

Each reactor should be an HTR with high-assay low-enriched uranium (HALEU) TRISO fuel and produce a threshold power of 1-
10 MWe for at least three years without refuelling. It must weigh less than 40 tonnes and be sized for transportability by truck,
ship, and C-17 aircraft. Designs must be "inherently safe", ensuring that a meltdown is "physically impossible" in various
complete failure scenarios such as loss of power or cooling, and must use ambient air as their ultimate heat sink, as well as
being capable of passive cooling. The reactor must be capable of being installed to the point of "adding heat" within 72 hours
and of completing a planned shutdown, cool down, disconnect and removal of transport in under seven days. The DOD
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announced its preparation of an environmental impact statement for the reactor in March 2020, and awarded $12-14 million
contracts to three companies for initial design work. Then BWXT Advanced Technologies and X-energy were selected in March
2021 to develop a final engineering design by March 2022. Westinghouse has dropped out, and one of the two companies may
be commissioned in 2022 to build a prototype reactor.

The DOD in March 2021 said Project Pele is on track for full power testing of a mobile reactor in 2023, with outdoor mobile
testing of a prototype microreactor built at Idaho National Laboratory or Oak Ridge National Laboratory in 2024. The programme
is also intended to spur commercial development of HTRs. In September 2021 the DOD issued a draft environmental impact
statement for the construction and demonstration operation of a prototype mobile microreactor.

In October the US Air Force announced that its first microreactor would be at Eielson air force base in Alaska, near Fairbanks, to
be operational in 2027. This does not appear to be part of Project Pele. The base has its own 15 MWe coal-fired power station
already, with a railway to supply it with fuel.

Russian experience

The Joint Institute for Power Engineering and Nuclear Research (Sosny) in Belarus built two Pamir-630D truck-mounted small
air-cooled nuclear reactors in 1976, during the Soviet era. The entire plant required several trucks. This was a 5 MWt/0.6 MWe
HTR reactor using 45% enriched fuel with zirconium hydride moderator and driving a gas turbine with dinitrogen tetroxide
through the Brayton cycle. After some operational experience the Pamir project was scrapped in 1985-86. It had been preceded
by the 1.5 MWe TES-3, a PWR mounted on four heavy tank chassis, each self-propelled, with the modules (reactor, steam
generator, turbine, control) coupled onsite. The prototype started up in 1961 at Obninsk, operated to 1965, and was abandoned
in 1969.

Since 2010 Sosny has been involved with Luch Scientific Production Association (SRI SIA Luch) and Russia's N.A. Dollezhal
Research and Development Institute of Power Engineering (NIKIET or RDIPE) to design a small transportable nuclear
reactor. The new design will be an HTR concept similar to Pamir but about 2.5 MWe.

A small Russian HTR which was being developed by NIKIET is the Modular Transportable Small Power Nuclear Reactor
(MTSPNR) for heat and electricity supply of remote regions. It is described as a single circuit air-cooled HTR with closed cycle
gas turbine. It uses 20% enriched fuel and is designed to run for 25 years without refuelling. A twin unit plant delivers 2 MWe
and/or 8 GJ/h. It is also known as GREM. No recent information is available, but an antecedent is the Pamir, from Belarus. More
recently NIKIET has described the ATGOR - a transportable HTR with up to six parallel commercial gas-turbine engines with two
independent heat sources (a nuclear reactor and a start-up diesel fuelled combustor).

Another NIKIET project is the 6 MWt, 1 MWe Vityaz modular integral light water reactor with two turbine generators, which is
transportable as four modules of up to 60 tonnes.

In 2015 it was reported that the Russian defence ministry had commissioned the development of small mobile nuclear power
plants for military installations in the Arctic. A pilot project being undertaken by Innovation Projects Engineering Company
(IPEC) is a mobile low-power nuclear unit to be mounted on a large truck, tracked vehicle or a sledged platform. Production
models will need to be capable of being transported by military cargo jets and heavy cargo helicopters, such as the Mil Mi-26.
They need to be fully autonomous and designed for years-long operation without refuelling, with a small number of personnel,
and remote control centre. It is assumed but not confirmed that these reactors will be the MTSPNR.

Temperatures of small reactors

Many small reactors are designed for industrial heat applications as well as power generation. So, while light water reactors are
constrained by pressure limitations and thus operate in the 300-400°C range, others are higher temperature. Liquid metal fast
reactors are in the 400-600°C range, molten salt reactors are around 600-700°C, and high-temperature reactors are 600-900°C.

Light water reactors

These are moderated and cooled by ordinary water and have the lowest technological risk, being similar to most operating
power and naval reactors today. They mostly use fuel enriched to less than 5% U-235 with no more than a six-year refuelling
interval, and regulatory hurdles are likely least of any small reactors.

US experience of small light water reactors (LWRs) has been of small military power plants, mostly PWRs — see above.

Some successful small reactors from the main national programme commenced in the 1950s. One was the Big Rock Point BWR
of 67 MWe which operated for 35 years to 1997.
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The US Nuclear Regulatory Commission is starting to focus on small light-water reactors using conventional fuel, such as B&W,
Westinghouse, NuScale, and Holtec designs including integral types (B&W, Westinghouse, NuScale). Beyond these in time and
scope, “the NRC intends to take full advantage of the experience and expertise” of other nations which have moved forward with
non light-water designs, and it envisages “having a key role in future international regulatory initiatives.”

Of the following designs, the KLT, VBER and Holtec SMR have conventional pressure vessels plus external steam generators
(PV/loop design). The others mostly have the steam supply system inside the reactor pressure vessel (‘integral' PWR design). All
have enhanced safety features relative to current LWRs. All require conventional cooling of the steam condenser.

In the USA major engineering and construction companies have taken active shares in two projects: Fluor in NuScale, and
Bechtel in B&RW mPower.

Three new concepts are alternatives to conventional land-based nuclear power plants. Russia's floating nuclear power plant
(FNPP) with a pair of PWRs derived from icebreakers is well on the way to commissioning, with the KLT-40S reactors described
below and in the Nuclear Power in Russia information page. The next generation is expected to use RITM-200M reactors. China
has a similar project for its ACP100 SMR as a FNPP, whilst MIT is developing a floating plant moored offshore with a reactor of
about 200 MWe in the bottom part of a cylindrical platform. France's submerged Flexblue power plant, using a 50-250 MWe
reactor, was an early concept but is now cancelled.

KLT-40S

Russia's KLT-40S from OKBM Afrikantov is derived from the KLT-40 reactor well proven in icebreakers and now — with low-
enriched fuel — on a barge, for remote area power supply. Here a 150 MWt unit produces 35 MWe (gross) as well as up to 35
MW of heat for desalination or district heating (or 38.5 MWe gross if power only). Burn-up is 45 GWd/t. Units are designed to run
3-4 years between refuelling with on-board refuelling capability and used fuel storage. All fuel assemblies are replaced in each
such refuelling. At the end of a 12-year operating cycle the whole plant is taken to a central facility for overhaul and storage of
used fuel. Operating plant lifetime is 40 years. Two units are mounted on a 21,500 tonne barge.

Although the reactor core is normally cooled by forced circulation (four-loop), the design relies on convection for emergency
cooling. Fuel is uranium aluminium silicide with enrichment levels of 18.6%, giving three-year refuelling intervals. A variant of
this is the KLT-20, specifically designed for floating nuclear plants. It is a two-loop version with the same enrichment but with a
ten-year refuelling interval.

The first floating nuclear power plant, the Akademik Lomonosov, commenced construction in 2007, and was grid connected at
Pevek in December 2019. (See also Floating nuclear power plants section in the information page on Nuclear Power in Russia.)

RITM-200M, RITM-200N

The RITM series is Russia's 'flagship' SMR design. The compact RITM-200M will replace the KLT reactors to serve in floating
nuclear power plants, or optimized floating power units (OFPUs) as they are now called by OKBM. It is derived from the OKBM
Afrikantov's RITM-200 reactor units in the LK-60 icebreakers and is an integral 175 MWt/50 MWe PWR with 12 steam

generator cassettes inside the pressure vessel and four coolant loops with external main circulation pumps. It has inherent
safety features, using low-enriched (<20%) fuel in 241 fuel assemblies (compared with 199 in the icebreaker version). OFPUs will
be returned to base for servicing every 10 or 12 years and no onboard used fuel storage is required. Operational lifetime is 60
years. Each reactor can supply 730 GJ/h thermal power. Twin reactor units in containment have a mass of 2600 tonnes and
occupy 6.8 mx 14.6 m x 16.0 m high, requiring only a 12,000 tonne barge — much smaller than the KLT-40S units. A major
challenge is the reliability of steam generators and associated equipment which are much less accessible when inside the
reactor pressure vessel.

Rosatom is planning three OFPUs each with twin RITM-200M reactors at Cape Nagloynyn to supply 330 MWe to the Baimskaya
copper mining project south of Bilibino and Pevek.

Onshore installation of the similar RITM-200N is also envisaged, with one or more modules of 190 MW1t/55 MWEe, fuel enriched
to almost 20% and 5-6 year fuel cycle. Reactor containment dimensions are 6 m x 6 m x 15.5 m. The first plant is to be in Ust-
Kuyga in Yakutia. Rostechnadzor licensed this in August 2021, with construction to begin in 2024 and operation expected in
2028. This will be a reference plant for export sales.

The RITM-200B is a 209 MWt version and the RITM-400 is a 315 MWt version, both for icebreaker use.

CNP-300
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This is based on the early Qinshan 1 reactor in China as a two-loop PWR, with four operating in Pakistan. It is 1000 MWt, 325
MWe with a design operating lifetime of 40 years. Fuel enrichment is 2.4-3.0%, with refuelling at 12-month intervals. It was
designed by Shanghai Nuclear Energy Research & Design Institute (SNERDI).

SNP350

The SNP350 is SNERDI's development of the CNP-300, upgraded in many respects to meet latest performance, economy, and
safety requirements. It is 1035 MWt, 350 MWe gross, with design operating lifetime of 60 years and digital I&C systems.

NuScale

The NuScale Power Module is a 250 MW, 77 MWe gross integral PWR with natural circulation.* In December 2013 the US
Department of Energy (DOE) announced that it would support accelerated development of the design for early deployment on a
50-50 cost share basis. An agreement for $217 million over five years was signed in May 2014 by NuScale Power. In September
2017, following acceptance of the company's design certification application (DCA) by the US Nuclear Regulatory Commission
(NRC) earlier in the year, NuScale applied for the second part of its loan guarantee with the US DOE.

* In November 2020, it was announced that "further value engineering efforts" had resulted in the capacity of the NuScale Power Module being 25%
higher than its previous value of 200 MWt, 60 MWe gross.

It will be factory-built with a three-metre diameter pressure vessel and convection cooling, with the only moving parts being the
control rod drives. It uses standard PWR fuel enriched to 4.95% in normal PWR fuel assemblies (but which are only 2 m long),
with 24-month refuelling cycle. Installed in a water-filled pool below ground level, the 4.6 m diameter, 23 m high cylindrical
containment vessel module weighs 640 tonnes and contains the reactor with steam generator above it. A standard power plant
would have 12 modules together giving about 924 MWe, though four-module and six-module plants are now envisaged also. The
multi-unit plants are called VOYGR. An overhead crane would hoist each module from its pool to a separate part of the plant for
refuelling. Design operational lifetime is 60 years. It has full passive cooling in operation and after shutdown for an indefinite
period, without even DC battery requirement. The NRC concluded in January 2018 that NuScale's design eliminated the need for
class 1E backup power - a current requirement for all US nuclear plants. It claims good load-following capability, in line with
EPRI requirements and also black start capability.

The UK’s National Nuclear Laboratory (NNL) has confirmed that the reactor can run on MOX fuel. It also said that a VOYGR-12
plant with full MOX cores could consume 100 tonnes of reactor-grade plutonium in about 40 years, generating 200 TWh from it.
This would be in line with Areva’s proposal for using the UK plutonium stockpile, especially since Areva is already contracted to
make fuel for the NuScale reactor.

NuScale Power Module (NuScale)
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The company had estimated in 2010 that overnight capital cost for a 12-module, 540 MWe plant would be about $4000 per
kilowatt, this in 2014 had risen to $5078/kWe net, with the levelized cost of electricity (LCOE) expected to be $100/MWh for first
unit (or $90 for 'nth-of-a-kind"). In June 2018, the company announced that its reactor can generate 20% more power than
originally planned. Subject to NRC approval, this would lower the overnight capital cost to about $4200 per kilowatt, and lower
the LCOE by 18%. With a further power increase late in 2020 the company quoted a capital cost of $2850/kWe (for a 12-module
924 MWe plant).

The NuScale Power company was spun out of Oregon State University in 2007, though the original development was funded by
the US Department of Energy. After NuScale experienced problems in funding its development, Fluor Corporation paid over $30
million for 55% of NuScale in October 2011. In May 2022 NuScale Power announced that it had merged with Spring Valley
Acquisition Corp. The combined company, NuScale Power Corporation, is listed on the NYSE. Fluor continues to hold a majority
interest in the company, and provide it with engineering services, project management, and administration and supply chain
support.

In April 2012 ARES Corporation agreed to assist in design and licensing. March 2014 Enercon Services became a partner to
assist with design certification and licence applications. In October 2015 Ultra Electronics agreed to contribute technical
expertise. In July 2019 Doosan Heavy Industries brought its pressure vessel manufacturing ability to the project and followed
this with $104 million equity. Also in July 2019 Sargent & Lundy agreed to support the plant design. In April 2021 Japan's JGC
Holdings agreed to invest $40 million and, as EPC contractor, to partner with Fluor in deployment of NuScale SMRs. In May 2021
Japan's IHI invested $20 million cash and became a strategic partner. In June 2021 GS Energy North America joined them, as
did Samsung in July. All these contributed equity to NuScale, though leaving Fluor as majority and lead strategic investor.

NuScale lodged an application for US design certification in January 2017, and in July 2017 the NRC confirmed that its highly
integrated protection system (HIPS) architecture was approved. NuScale has been engaged with the NRC since 2008, having
spent some $130 million on licensing to November 2013. In September 2020 the NRC issued a standard design approval for the
earlier 50 MWe version.* NuScale said it would apply in 2022 for the same approval for the 60 MWe version, although later, in
November 2020, the company announced that each module would now be 77 MWe. It is the first SMR to receive NRC design
approval. In October 2022 the NRC said it agreed with NuScale’s methodology for calculating the emergency planning zone
(EPZ) acceptable for use with NuScale’s design.

* The standard design approval (SDA) allows the NuScale standard design to be referenced in an application for a construction permit or operating
licence, or an application for a combined construction and operating licence (COL) under NRC regulations. Site-specific licensing procedures must also
be completed before any construction can begin.

In September 2018 NuScale selected BWX Technologies as the first manufacturer of its SMR after an 18-month selection
process. The demonstration unit in Idaho will have dry cooling for the condenser circuit, with a 90% water saving while
sacrificing about 5% of its power output to drive the cooling. In mid-2021 Doosan said it was preparing to start the forging
fabrication for UAMPS reactor modules in 2022 and Samsung said that NuScale, Fluor and Samsung C&T Corporation would
work together to deliver NuScale plants globally.

In December 2019 NuScale submitted its 60 MWe (now 77 MWe) SMR design to the Canadian Nuclear Safety Commission
(CNSC) for pre-licensing vendor design review. Phase 2 of this commenced in January 2020.

Earlier in March 2012 the DOE signed an agreement with NuScale regarding constructing a demonstration unit at its Savannah
River Site in South Carolina.

In mid-2013 NuScale launched the Western Initiative for Nuclear (WIN) — a broad, multi-western state collaboration* - to study
the demonstration and deployment of a multi-module NuScale SMR plant in western USA. This became the Carbon-Free Power
Project led by Utah Associated Municipal Power Systems (UAMPS) at the DOE’s Idaho National Laboratory (INL). With the unit
power to increase to 77 MWe, the overnight capital cost of a six-module plant would be about $3 billion, hence $6500/kW.
UAMPS has 27 public utilities participating in the project. UAMPS is targeting $58/MWh generation cost (LCOE) for a six-module
plant. The first unit is expected to be online in 2029.

WIN includes Energy Northwest (ENW) in Washington and Utah Associated Municipal Power Systems (UAMPS). A
demonstration NuScale SMR built as part of Project WIN is projected to be operational in 2029, at the DOE’s Idaho National
Laboratory (INL), with UAMPS as the owner and ENW the operator. This would be followed by a full-scale (originally planned as
12- but now six-module) plant owned by UAMPS and run by Energy Northwest. With the unit power to increase to 77 MWe, the
cost of a 12-module plant would be about $2850/kW on an overnight basis. Energy Northwest comprises 27 public utilities, and
had examined small reactor possibilities before choosing NuScale and becoming part of the UAMPS Carbon-Free Power
Project. UAMPS is targeting $55/MWh generation cost (LCOE).
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* Washington, Oregon, ldaho, Wyoming, Utah and Arizona.
In Poland, NuScale is exploring with Unimot and KGHM possibilities for its reactors to replace coal-fired power plants.

NuScale is investigating cogeneration options including desalination (with Aquatech), oil recovery from tar sands and refinery
power (with Fluor), hydrogen production by high-temperature steam electrolysis (with INL) and flexible back-up for a wind farm
(with UAMPS and Energy Northwest). Doosan is cooperating on hydrogen production and desalination.

NuScale and Prodigy Clean Energy are developing a floating version of NuScale’s SMR that could be deployed at sea close to
shorelines.

In December 2022 NuScale announced it had completed the standard generic plant design for the VOYGR plant that will serve
as a starting point for deploying site-specific designs.

Holtec SMR-160

Holtec International and its subsidiary SMR Inventec are developing a 160 MWe (525 MW?t) factory-built reactor called the SMR-
160. An integral pressurized light water reactor design with a single straight tube steam generator, the SMR-160 incorporates 57
uranium dioxide fuel assemblies with rod control assemblies and boron shim. The SMR-160 is passively cooled in operation and
after shutdown for an indefinite period, with a negative temperature coefficient. The whole reactor system would be installed
below ground level, with used fuel storage. A 24-month construction period is envisaged for each $600 million unit
(83750/kWe). The operational lifetime is at least 80 years.

The design passed the first phase of the Canadian Nuclear Safety Commission’s (CNSC's) three-phase pre-licensing vendor
design review in August 2020. Pre-licensing activities with the US Nuclear Regulatory Commission (NRC) are under way.

Holtec had earlier developed a concept design called the Holtec Inherently Safe Modular Underground Reactor (HI-SMUR). Pre-
application discussions regarding the 145 MWe (469 MWt) design with the NRC took place at the end of 2010. The design had
two external horizontal steam generators. The 32 full-length PWR fuel assemblies were in a fuel cartridge, which would be
loaded and unloaded as a single unit from the 31-metre high pressure vessel.

Major revisions by 2012 led to the initial design of the SMR-160. The detailed design phase was from August 2012, and In March
2012 the US DOE signed an agreement with Holtec regarding the construction of a demonstration SMR-160 unit at its Savannah
River Site in South Carolina. In 2013 NuHub, a South Carolina economic development project, and the state itself supported
Holtec's bid for DOE funding for the SMR-160, as did partners PSEG and SCE&G - which would operate the demonstration plant
- but DOE funding was eventually refused. However, in December 2020 the DOE selected Holtec for a $147.5 million
development programme for the SMR-160 (DOE share $85.3 million under its Advanced Reactor Demonstration Program).

In August 2015 Mitsubishi Electric Power Products and its Japanese parent became a partner in the project, to undertake the
digital instrumentation and control (I&C) design* and help with licensing. In January 2016 Holtec said that development
continued with support from Mitsubishi and PSEG Power and in July 2017 a partner agreement with SNC-Lavalin based in
Ontario was formalised, involving engineering support and licensing.

* All of Japan’s PWRs and 14 Chinese PWRs use Mitsubishi Electric’s I1&C technology.

In 2017, Holtec began operation of a 500,000 sq ft (4.6 ha) weldment factory in Camden, NJ, designed to manufacture SMR
components and equipment. The facility is currently manufacturing ASME pressure vessels and spent fuel storage and
transport casks, and is capable of fabricating both SMR-160 and other SMR designs.

In April 2020 Holtec selected Framatome to supply its GAIA fuel assemblies for the reactor.

In November 2021 Holtec finalized an agreement with Hyundai Engineering & Construction of South Korea for the turnkey supply
of the SMR-160 plant worldwide. Holtec will serve as the overall architect engineer for the plant and provide the major nuclear
components through its US manufacturing facilities and international supply chain, and will provide the instrumentation and
control systems through its partnership with Mitsubishi. Hyundai will contribute EPC and construction management capabilities
for major projects.

In February 2019 Holtec announced new agreements with Exelon - to join the support team with Mitsubishi and SNC-Lavalin —
and Ukraine’'s Energoatom, with which it had signed an agreement in 2018 with a view to building the SMR-160 in Ukraine. In
June 2019 Holtec signed a partnership agreement with Energoatom and Ukraine's national nuclear consultant, State Scientific
and Technical Centre for Nuclear and Radiation Safety (SSTC-NRS), to establish a consortium to explore the environmental and
technical feasibility of qualifying a 'generic' SMR-160 system that can be built and operated at any candidate site in the country.
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This would establish a reactor design capability in Ukraine, with a view to it becoming a regional hub for selling such reactors in
Europe, Asia and Africa. In October 2020 Holtec signed an agreement with a subsidiary of Czech utility CEZ to evaluate
deployment of the SMR-160 there.

In November 2021 Holtec said it aims to secure a US construction licence in 2025 and is "actively exploring the possibility" of
deploying an SMR-160 at Oyster Creek — a decommissioning site which it acquired from Exelon in 2019 following the plant's
closure — and at two other sites in southern USA.

mPower

In mid-2009, Babcock & Wilcox (B&W) announced its mPower reactor, a 500 MWt, 180 MWe integral PWR designed to be
factory-made and railed to sitel. It was a deliberately conservative design, to more readily gain acceptance and licensing. In
November 2012 the US Department of Energy (DOE) announced that it would support accelerated development of the design for
early deployment, with up to $226 million, and it paid $111 million of this.

The reactor pressure vessel containing core of 2x2 metres and steam generator is thus only 3.6 metres diameter and 22 m high,
and the whole unit 4.5 m diameter and 23 m high. It would be installed below ground level, have an air-cooled condenser giving
31% thermal efficiency®, and passive safety systems. The power was originally 125 MWe, but by about 2014, 195 MWe was
quoted when water-cooled. A 155 MWe air-cooled version was also planned. The integral steam generator is derived from
marine designs, as is the control rod set-up. Convection would be assisted by eight small canned-motor coolant pumps. It has a
"conventional core and standard fuel" (69 fuel assemblies, each standard 17x17, < 20 t)! enriched to almost 5%, with burnable
poisons, to give a four-year operating cycle between refuelling, which will involve replacing the entire core as a single cartridge.
Core power density is lower than in a large PWR, and burn-up is about 35 GWd/t. (B&W draws upon over 50 years of experience
in manufacturing nuclear propulsion systems for the US Navy, involving compact reactors with long core life.) A 60-year service
life is envisaged, as sufficient used fuel storage would be built onsite for this.

The mPower reactor is modular in the sense that each unit is a factory-made module and several units would be combined into
a power station of any size, but most likely a 380 MWe twin-unit plant and using approx 200 MWe turbine generators (also
shipped as complete modules), constructed in three years. BWXT Nuclear Energy's present manufacturing capability in North
America could produce these units.

B&W Nuclear Energy Inc set up B&W Modular Nuclear Energy LLC (now BWXT mPower Inc) to market the design, in
collaboration with Bechtel which joined the project as a 10% equity partner to design, license and deploy it. The company
expects both design certification and construction permit in 2018, and commercial operation of the first two units in
2022. Overnight cost for a twin-unit plant was put by B&W at about $5000/kW.

In November 2013 B&W said it would seek to bring in further equity partners by mid-2014 to take forward the licensing and
construction of an initial plant.* B&W said it had invested $360 million in Generation mPower with Bechtel, and wanted to sell up
to 70% of its stake in the joint venture, leaving it with about 20% and Bechtel 10%. In April 2014 B&W announced that it was
cutting back funding on the project to about $15 million per year, having failed to find customers or investors. DOE then
terminated further funding. B&W planned to retain the rights to manufacture the reactor module and nuclear fuel for the mPower
plant. In December 2014 B&W finished laying off staff working on the project, and early in 2016 reduced funding further.

With more than $375 million having been spent on the mPower programme, in March 2016 BWXT and Bechtel reached
agreement on “accelerated development” of the mPower project, so that Bechtel would take over leadership of the project
and attempt for a year to secure funding for SMR development from third parties, including the DOE. If Bechtel succeeded in
this, then BWXT and Bechtel would negotiate and execute a new agreement, with Bechtel taking over management of the
mPower programme from BWXT. If Bechtel decided to terminate the project, it would be paid $30 million by BWXT, which is
what happened in March 2017. The project was then shelved, leaving both BWXT and Bechtel free to be involved in the supply
chain or management of other SMR projects.

* When B&W launched the mPower design in 2009, it said that Tennessee Valley Authority (TVA) would begin the process of evaluating Clinch River at
Oak Ridge as a potential lead site for the mPower reactor, and that a memorandum of understanding had been signed by B&W, TVA and a consortium
of regional municipal and cooperative utilities to explore the construction of a small fleet of mPower reactors. It was later reported that the other
signatories of the agreement were FirstEnergy and Oglethorpe Power2. In February 2013 B&W signed an agreement with TVA to build up to four units
at Clinch River, with design certification and construction permit application to be submitted to NRC in 2015. In August 2014 the TVA said it would file
an early site permit (ESP) application instead of a construction permit application for one or more small modular reactors at Clinch River, possibly by
the end of 2015. In February 2016 TVA said it was still developing a site at Oak Ridge for a SMR and would apply for an early site permit (ESP, with no
technology identified) in May with a view to building up to 800 MWe of capacity there.
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BWRX-300

GE Hitachi Nuclear Energy has a 300 MWe small BWR design, envisaged as single units. GEH has announced this as the BWRX-
300 “which further simplifies the NRC-licensed ESBWR" from which it is derived. The BWRX-300 incorporates a range of cost-
saving features, including natural circulation systems, smaller, dry containment, and more passive operational control systems.
The estimated capital cost is $2250/kWe for series production after initial units are built. The design aims to limit onsite
operational staff numbers to 75 employees to achieve an estimated O&M cost of $16/MWh. In May 2018 the US utility Dominion
Energy agreed to help fund the project.

In July 2018 GEH announced $1.9 million in funding from the US Department of Energy to lead a team including Bechtel, Exelon,
Hitachi-GE Nuclear Energy and the Massachusetts Institute of Technology to examine ways to simplify the reactor design,
reduce plant construction costs, and lower operation and maintenance costs for the BWRX-300. In particular the team aims to
identify ways to reduce plant completion costs by 40-60% compared with other SMR designs in development and to be
competitive with gas. "As the tenth evolution of the boiling water reactor, the BWRX-300 represents the simplest, yet most
innovative BWR design since GE began developing nuclear reactors in 1955." In May 2021 GEH said that if the design was
selected by Ontario Power Generation it planned to bring the BWRX-300 to commercial readiness in partnership with OPG, and
that it would be manufactured and constructed in Ontario, with the first unit built at Darlington. In October 2021 GEH engaged
BWXT Canada for detailed engineering and design.

In May 2019 the BWRX-300 was submitted to Canada’s CNSC for a pre-licensing vendor design review. Phase 2 of this
commenced in January 2020. After initiating discussion with the US Nuclear Regulatory Commission early in 2019, in January
2020 GE Hitachi announced it had submitted the first licensing topical report for the BWRX-300 SMR to the NRC, using the Part
50 two-step approach and leveraging the ESBWR design certification. GEH expects to have the first unit operating in the USA or
Canada about 2028.

In October 2019 GEH signed an agreement with Estonia’s Fermi Energia and another agreement with Synthos SA in Poland to
examine the economic feasibility of constructing a single BWRX-300 reactor in each country. In December 2020 Exelon in the
USA completed a feasibility study for Synthos on deploying the BWRX-300. In June 2021 petrochemical company PKN Orlen
joined Synthos in assessing the possibilities.

IRIS

Westinghouse's IRIS (International Reactor Innovative & Secure) is a reactor design which was developed over more than two
decades. A 1000 MW, 335 MWe capacity was proposed, although it could be scaled down to 100 MWe. IRIS is a modular
pressurized water reactor with integral primary coolant system and circulation by convection. Fuel is similar to present LWRs
and (at least for the 335 MWe version) fuel assemblies would be identical to those in AP1000. Enrichment is 5% with burnable
poison and fuelling interval of up to four years (or longer with higher enrichment and MOX fuel). US design certification was at
the pre-application stage, but is now listed as 'inactive', and the concept has evolved into the Westinghouse SMR.

Westinghouse SMR

The Westinghouse small modular reactor is an 800 MW1/225 MWe class integral PWR with passive safety systems and reactor
internals including fuel assemblies based closely on those in the AP1000 (89 assemblies 2.44m active length, <5% enrichment).
The steam generator is above the core fed by eight horizontally-mounted axial-flow coolant pumps. The reactor vessel will be
factory-made and shipped to site by rail, then installed below ground level in a containment vessel 9.8 m diameter and 27 m
high. The reactor vessel module is 25 metres high and 3.5 metres diameter. It has a 24-month refueling cycle and 60-year
service life. Passive safety means no operator intervention is required for seven days in the event of an accident. Daily load
following can be performed from 100% to 20% power at a rate of 5% change per minute; in continuous load following, the plant
can perform load changes of +10% power at a rate of 2% per minute.

In May 2012 Westinghouse teamed up with General Dynamics Electric Boat to assist in the design and Burns & McDonnell to
provide architectural and engineering support. A design certification application was expected by NRC in September 2013, but
the company has stepped back from lodging one while it re-assesses the market for small reactors. The company has started
fabricating prototype fuel assemblies.

The DOE earlier saw this as a "near-term LWR design". In March 2015 Westinghouse announced that the NRC had approved its
safety evaluation report for the SMR design, which it said was a significant step towards design certification. However, while the
company continues efforts to seek customer interest, it is not proceeding with the NRC yet.
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In April 2012 Westinghouse set up a project with Ameren Missouri to seek DOE funds for developing the design, with a view to
obtaining design certification and a combined construction and operation licence (COL) from the Nuclear Regulatory
Commission (NRC) for up to five SMRs at Ameren's Callaway site, instead of an earlier proposed large EPR there. The initiative -
NexStart SMR Alliance — had the support of other state utilities and the state governor, as well as Savannah River, Exelon and
Dominion. However, this agreement expired about the end of 2013, and both companies stepped back from the project as DOE
funds went to other SMR projects.

In May 2013 Westinghouse announced that it would work with China’s State Nuclear Power Technology Corporation (SNPTC) to
accelerate design development and licensing in the USA and China of its SMR. SNPTC would ensure that the Westinghouse
SMR design met standards for licensing in China and would lead the licensing effort in that country. The status of this
collaboration is uncertain.

In October 2015 Westinghouse presented a proposal for a “shared design and development model" under which the company
would contribute its SMR conceptual design and then partner with UK government and industry to complete, license and deploy
it. This would engage UK companies such as Sheffield Forgemasters in the reactor supply chain.

VVER-300 (V-478)
This is a 850 MWt, 300 MWe two-loop PWR design from Gidropress, based on the VVER-640 (V-407) design. It is little reported.

VBER-150, VBER-300

A larger Russian factory-built and barge-mounted unit (requiring a 12,000 tonne vessel) is the VBER-150, of 350 MWt, 110 MWe.
It is modular and is derived by OKBM from naval designs, with two steam generators. Uranium oxide fuel enriched to 4.7% has
burnable poison; it has low burn-up (31 GWd/t average, 41.6 GWd/t maximum) and eight-year refuelling interval.

OKBM Afrikantov's larger VBER-300 PWR is a 917 MWt, 325 MWe unit, the first of which is planned to be built in Kazakhstan. It
was originally envisaged in pairs as a floating nuclear power plant, displacing 49,000 tonnes. As a cogeneration plant it is rated
at 200 MWe and 1900 GJ/hr. The reactor is designed for 60-year life and 90% capacity factor. It has four external steam
generators and a cassette core with 85 standard VVER fuel assemblies enriched to 4.95% and 50 GWd/tU burn-up with a 72-
month fuel cycle. Versions with three and two steam generators are also envisaged, of 230 and 150 MWe respectively. Also,
with more sophisticated and higher-enriched (18%) fuel in the core, the refuelling interval can be pushed from two years out to
five years (6 to 15 years fuel cycle) with burn-up to 125 GWd/tU. A 2006 joint venture between Atomstroyexport and
Kazatomprom set this up for development as a basic power source in Kazakhstan, then for exports. It is also envisaged for use
in Russia, mainly as cogeneration unit. It is considered likely for near-term deployment.

The company also offers 200-600 MWe designs based on a standard 100 MWe module and explicitly based on naval units.

VK-300

Another larger Russian reactor with completed detailed design is NIKIET’s VK-300 integral boiling water reactor of 750 MWt, 250
MWe, being developed specifically for cogeneration of both power and district heating or heat for desalination (150 MWe plus
1675 GJ/hr) by the N.A. Dollezhal Research and Development Institute of Power Engineering (RDIPE or NIKIET) together with
several major research and engineering institutes. It has evolved from the 50 MWe (net) VK-50 BWR at Dimitrovgrad®, but uses
standard components wherever possible, and has 313 fuel elements similar to the VVER. Cooling is passive, by convection, and
all safety systems are passive. Fuel enrichment is 4% and burn-up is 41 GWd/tU with a 72-month refuelling interval. It is capable
of producing 250 MWe if solely electrical. Design operating lifetime is 60 years.

In September 2007 it was announced that six would be built at Kola or Archangelsk and at Primorskaya in the far east, to start
operating 2017-20,4 but no more has been heard of this plan. A feasibility study was undertaken for Arkhangelsk nuclear
cogeneration plant with four units. As a cogeneration plant it was intended for the Mining & Chemical Combine at
Zheleznogorsk, but MCC is reported to prefer the VBER-300. The design was completed in 2013.

VKT-12

A smaller Russian BWR design is the 12 MWe transportable VKT-12, described as similar to the VK-50 prototype BWR at
Dimitrovgrad, with one loop. It has a ceramic-metal core with uranium enriched to 2.4-4.8%, and 10-year refuelling interval. The
reactor vessel is 2.4m inside diameter and 4.9 m high. This is reported to be shelved.

ABV, ABV-6M
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A smaller Russian PWR unit under development by OKBM Afrikantov is the ABV multipurpose power source. It is readily
transported to the site, with rapid assembly and operation for 10-12 years between refuelling, which is carried out offsite at
special facilities. There is a range of sizes from 45 MWt (ABV-6M ) down to 18 MWt (ABV-3), giving 4-18 MWe outputs. (The
IAEA 2011 write-up of the ABV-6M quotes 14 MWt or 6 MWe in cogeneration mode.) The units are compact, with integral steam
generator and natural circulation in the primary circuit. They will be factory-produced and designed as a universal power source
for floating nuclear plants — the ABV-6M would require a 3500 tonne barge; the ABV-3, 1600 tonne for twin units. The Volnolom
FNPP consists of a pair of reactors (12 MWe in total) mounted on a 97-metre, 8700 tonne barge plus a second barge for reverse
osmosis desalination (over 40,000 m3/day of potable water).

The smallest land-based version has reactor module 13 m long and 8.5 m diameter, with a mass of 600 t. The land-based ABV-
6M module is 44 m long, 10 m diameter and with mass of 3000 t. The core is similar to that of the KLT-40 except that
enrichment is 16.5% or 19.7% and average burn-up 95 GWd/t. It would initially be fuelled in the factory. The service lifetime is
about 40 years.

CAREM

The CAREMZ25 reactor prototype being built by the Argentine National Atomic Energy Commission (CNEA), with considerable
input from INVAPS, is an older design modular 100 MWt (27 MWe gross) integral pressurized water reactor, first announced in
1984. It has 12 steam generators within the pressure vessel and is designed to be used for electricity generation or as a
research reactor or for water desalination (with 8 MWe in cogeneration configuration). CAREM has its entire primary coolant
system within the reactor pressure vessel (11m high, 3.5m diameter), self-pressurized and relying entirely on convection (for
modules less than 150 MWe). The final full-sized export version will be 100 MWe or more, with axial coolant pumps driven
electrically. Fuel is standard 3.1 or 3.4% enriched PWR fuel in hexagonal fuel assemblies, with burnable poison, and is refuelled
annually.

How a CAREM plant would look (CNEA)

The 25 MWe prototype unit is being built next to Atucha, on the Parana River in Lima, 110 km northwest of Buenos Aires, and the
first larger version (probably 100 MWe) is planned in the northern Formosa province, 500 km north of Buenos Aries, once the
design is proven. Some 70% of CAREM25 components will be local manufacture. The pressure vessel is being manufactured by
Industrias Metalurgicas Pescarmona SA (IMPSA).

The IAEA lists it as a research reactor under construction since April 2013, though first concrete was poured in February 2014. It
is proceeding slowly and was originally due online in 2019.

In March 2015 Argentina’s INVAP and state-owned Saudi technology innovation company Tagnia set up a joint venture company,
Invania, to develop nuclear technology for Saudi Arabia's nuclear power programme, apparently focused on CAREM for
desalination.

SMART from KAERI, Korean SMR
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On a larger scale, South Korea's SMART (System-integrated Modular Advanced Reactor) is a 330 MWt pressurized water reactor
with integral steam generators and advanced safety features. It is designed by the Korea Atomic Energy Research Institute
(KAERI) for generating electricity (up to 100 MWe) and/or thermal applications such as seawater desalination. Design operating
lifetime is 60 years, fuel enrichment 4.8%, with a three-year refuelling cycle. It has 57 fuel assemblies very similar to normal PWR
ones but shorter, and it operates with a 36-month fuel cycle. All the active safety features of the original design were substituted
by early 2016 with passive versions. Residual heat removal is passive. It received standard design approval (SDA) from the
Korean regulator in mid-2012. A single unit can produce 90 MWe plus 40,000 m®/day of desalinated water.

In March 2015 KAERI signed an agreement with Saudi Arabia’s King Abdullah City for Atomic and Renewable Energy (KA-CARE)
to assess the potential for building SMART reactors in that country, and in September 2015 further contracts were signed to that
end. The cost of building the first SMART unit in Saudi Arabia was estimated at $1 billion. Through to November 2018 pre-
project engineering was to be undertaken jointly including FOAK engineering design and preparations for building two units.

In April 2021 Korea Hydro & Nuclear Power (KHNP) announced that it was working with KAERI to improve the economics of the
SMART design, with an aim of obtaining a licence for a new Korean SMR of 170 MWe with good load-following ability by 2028,
with a view to exports.

BANDI-60S

The BANDI-60S is a two-loop PWR being developed since 2016 by South Korea's Kepco Engineering & Construction company. It
is a 200 MWt/60 MWe reactor designed for niche markets, particularly floating nuclear power plants. It is described as ‘block
type’ with the external steam generators connected directly nozzle-to-nozzle. Initially the steam generators are conventional U-
tube, but Kepco is working on a plate and shell design which will greatly reduce their size. Apart from steam generators, most
main components including control rod drives are within the pressure vessel. Primary pumps are canned motor, and decay heat
removal is passive. There are 52 conventional fuel assemblies, giving 35 GWd/t burn-up with 48-60 month fuel cycle. Burnable
absorbers are used instead of soluble boron. Design operating lifetime is 60 years. The pressure vessel is 11.2 m high and 2.8 m
diameter. In September 2020 Kepco signed an agreement with Daewoo Shipbuilding & Engineering to develop offshore nuclear
power plants using the reactor.

MRX

The Japan Atomic Energy Research Institute (JAERI) designed the MRX, a small (50-300 MWt) integral PWR reactor for marine
propulsion or local energy supply (30 MWe). The entire plant would be factory-built. It has conventional 4.3% enriched PWR
uranium oxide fuel with a 3.5-year refuelling interval and has a water-filled containment to enhance safety. Little has been heard
of it since the start of the Millennium.

Nuward NP-300

TechnicAtome with Naval Group and CEA in France have developed the NP-300 PWR design from naval power plants and aimed
it at export markets for power, heat and desalination. It is a PWR with passive safety systems and could be built for applications
of 100 to 300 MWe or more with up to 500,000 m®/day desalination. As of mid-2018, a 570 MWt/170 MWe version was
proposed, in a metallic compact containment submerged in water. In September 2019 twin 170 MWe units were proposed to
comprise a 340 MWe power plant, with two reactors sharing a pool. A partnership with Westinghouse was being considered.
EdF plans to enter the basic design pre-licensing phase with ASN in 2022. Some €1 billion state funding is promised for the
project.

EDF is "targeting replacing ageing coal plants of the 300 to 400 MW range" with two-unit Nuward plants, as well as at supplying
remote municipalities and energy intensive industrial sites and powering small grids.

TechnicAtome makes the K15 naval reactor of 150 MWt, running on low-enriched fuel. A land-based equivalent — Réacteur
d'essais a terre (RES) — was built at Cadarache from 2003 with several delays and achieved criticality in October 2018. It is
essentially a PWR test reactor for the Navy.

It earlier seemed that some version of this reactor might be used in the Flexblue submerged nuclear power plant being
proposed by DCNS in France, but now cancelled. The concept eliminated the need for civil engineering, and refuelling or major
service could be undertaken by refloating it and returning to the shipyard.

NHR-200
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The Chinese NHR-200 (Nuclear Heating Reactor), developed by Tsingua University's Institute of Nuclear Energy Technology (now
the Institute of Nuclear and New Energy Technology), is a simple 200 MWt integral PWR design for district heating or
desalination. It is based on the NHR-5 which was commissioned in 1989, and heated the INET campus for three wintersh.

It has convection circulation at 2.5 MPa in primary circuit pressure to produce steam at 127°C. Used fuel is stored around the
core in the pressure vessel. The first NHR-200 plants are proposed for Daging city in Heilongjiang province and Shenyang in
Liaoning province.

The NHR200-II with design and verification tests concluded in 2016 operates at 8 MPa primary circuit pressure to produce
steam at over 200°C and can also be used for power generation, seawater desalination or heat for mineral processing.

ACP100/Linglong One

The Nuclear Power Institute of China (NPIC), under China National Nuclear Corporation (CNNC), has designed a multi-purpose
small modular reactor, the ACP100 or Linglong One. It has passive safety features, notably decay heat removal, and will be
installed underground. Seismic tolerance is 300 Gal. It has 57 fuel assemblies 2.15m tall and integral steam generators (320°C),
so that the whole steam supply system is produced and shipped a single reactor module. Its 385 MWt produces about 125
MWe, and power plants comprising two to six of these are envisaged, with 60-year design operating lifetime and 24-month
refuelling. Or each module can supply 1000 GJ/hr, giving 12,000 m3/day desalination (with MED). Industrial and district heat
uses are also envisaged, as well as floating nuclear power plant (FNPP) applications. Capacity of up to 150 MWe is envisaged.
In April 2016 the IAEA presented CNNC with its report from the Generic Reactor Safety Review process.

In October 2015 the Nuclear Power Institute of China (NPIC) signed an agreement with UK-based Lloyd's Register to support the
development of a floating nuclear power plant (FNPP) using the ACP100S reactor, a marine version of the ACP100. Following
approval as part of the 13th Five-Year Plan for innovative energy technologies, CNNC signed an agreement in July 2016 with
China Shipbuilding Industry Corporation (CSIC) to prepare for building its ACP100S demonstration floating nuclear plant.

The Linglong One Demonstration Project* at Changjiang on Hainan Island involves a joint venture of three main companies:
CNNC as owner and operator; the Nuclear Power Institute of China (NPIC) as the reactor designer; and China Nuclear Power
Engineering Group (CNPE) being responsible for plant construction. The preliminary safety analysis report for a single unit
demonstration plant was approved in April 2020. In May 2022 pouring of concrete for the reactor's basemat was completed.
Construction time is expected to be 58 months.

* Hainan Changjiang Multi-purpose Small Modular Reactor Technical Demonstration Project is the full name.

CNNC signed a second ACP100 agreement with Hengfeng county, Shangrao city in Jiangxi province, and a third with Ningdu
county, Ganzhou city in Jiangxi province in July 2013 for another ACP100 project costing CNY 16 billion. Further inland units are
planned in Hunan and possibly Jilin provinces. Export potential is considered to be high, with full IP rights. In 2016 CNPE
submitted an expression of interest to the UK government based on its ACP100+ design.

CAP200/LandStar-V, CAP150, CAP50, LandStar-|

CAP200 or LandStar-V multiple application SMR is a PWR, with SNPTC provenance, being developed from the CAP1000 in
parallel with the CAP1400 by SNERDI, using proven fuel and core design. It is 660 MWt/220 MWe and has two external steam
generators (301°C). It is pitched to replace coal plants and supply process heat and district heating, with a design operating
lifetime of 60 years. With 24-month refuelling, burn-up of 42 GWd/t is expected, the 89 fuel assemblies being the same as those
of the CAP1400 but shorter. It has both active and passive cooling, and natural circulation is effective for up to 20% power. In an
accident scenario, no operator intervention is required for seven days. It will be installed below grade in a 32 m deep caisson
structure, with seismic design basis 600 Gal, even in soft ground. In 2017 the first-of-a-kind cost was estimated at $5000/kW
and $160/MWh, dropping to $4000/kW in series.

The OceanStar-V version would be on a barge, as a floating nuclear power plant.

The CAP150 is an earlier version, 450 MW1t/150 MWe, with eight integral steam generators. It is claimed to have “a more
simplified system and more safety than current third generation reactors.” Seismic design basis is 300 Gal. In mid-2013 SNPTC
quoted approximately $5000/kW capital cost and 9 c¢/kWh, so significantly more than the CAP1400.

A related SNERDI project is the CAP50 reactor for floating nuclear power plants. This is to be 200 MWt and relatively low-
temperature (250°C), so only about 40 MWe with two external steam generators and five-year refuelling.

SPIC’s LandStar-l is an integral pressure-vessel reactor of 200 MWt with convection circulation at 9 MPa producing hot water for
district heating. At SPIC’s Jiamusi demonstration project in Heilongjiang province, two 200 MW LS-I reactors are being built.
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ACPR100, ACPR50S

China General Nuclear Group (CGN) has two small ACPR designs: an ACPR100 and ACPR50S, both with passive cooling for
decay heat and 60-year design operating lifetime. Both have standard type fuel assemblies and fuel enriched to <5% with
burnable poison giving 30-month refuelling. The ACPR100 is an integral PWR, 450 MWt, 140 MWe, having 69 fuel assemblies.
Reactor pressure vessel is 17m high and 4.4 m inside diameter, operating at 310 °C. It is designed as a module in larger plant
and would be installed underground. The applications for these are similar to those for the ACP100.

CGN's floating reactor concept

The offshore ACPR50S is 200 MWt, 60 MWe with 37 fuel assemblies and four external steam generators. Reactor pressure
vessel is 7.4m high and 2.5 m inside diameter, operating at 310 °C. It is designed for mounting on a barge as a floating nuclear
power plant (FNPP). Following approval as part of the 13th Five-Year Plan for innovative energy technologies, CGN announced
the construction start on the first FNPP at Bohai Shipyard in Huludao, southwestern Liaoning province, in November 2016. No
further announcements on the project have since been made.

HHP25

China Shipbuilding Industry Corporation (CSIC) is developing FNPPs powered by 100 MWt (25 MWe) HHP25 reactors, derived
from a submarine reactor by CSIC's No. 719 Research Institute. At the Dalian Maritime Exhibition in October 2018, CSIC said the
"offshore nuclear power platform" would be 163 m long, 29 m wide with a displacement of 29,800 t. It is powered by two HHP25
reactors and can supply up to 200 t/d of desalinated water.

Flexblue

This was a conceptual design from DCNS (now Naval Group, state-owned), Areva, EdF and CEA from France. It is designed to be
submerged, 60-100 metres deep on the sea bed up to 15 km offshore, and returned to a dry dock for servicing. The reactor,
steam generators and turbine-generator would be housed in a submerged 12,000 tonne cylindrical hull about 100 metres long
and 12-15 metres diameter. Each hull and power plant would be transportable using a purpose-built vessel. Reactor capacity
ranged 50-250 MWe, derived from DCNS's latest naval designs, but with details not announced. In 2011 DCNS said it could start
building a prototype Flexblue unit in 2013 in its shipyard at Cherbourg for launch and deployment in 2016, possibly off
Flamanville, but the project has been cancelled.

UNITHERM

This is an integral 30 MWt, 6.6 MWe PWR conceptual design from Russia’s Research and Development Institute of Power
Engineering (RDIPE or NIKIET). It has three coolant loops, with natural circulation, and claims self-regulation with burnable
poisons in unusual metal-ceramic fuel design, so needs no more than an annual maintenance campaign and no refueling during
a 25-year life. The mass of one unit with shielding is 180 tonnes, so it can be shipped complete from the factory to site.
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SHELF

This is a Russian 6 or 10 MWe, 28 MWt integral PWR concept with turbogenerator in a cylindrical pod about 15 m long and 8 m
diameter, sitting on the sea bed like Flexblue. The SHELF module uses an integral reactor with forced and natural circulation in
the primary circuit, in which the core, steam generator, motor-driven circulation pump and control and protection system drive
are housed in a cylindrical pressure vessel. It uses low-enriched fuel of UO, in aluminium alloy matrix. Fuel cycle is 56 months.
The reactor is based on operating prototypes, and would be serviced infrequently. It is intended as energy supply for oil and gas
developments in Arctic seas, and land-based versions have been envisaged. It is at concept design stage with NIKIET which
estimates that a further five years would be required in order to finalize the design, licensing, construction and commissioning.
Completion of the technical design is envisaged in 2024.

KARAT-45

This is a 45 MWe tank-type BWR as a stand-alone cogeneration plant. The design includes natural circulation in its core cooling
system for heat removal in all operational modes and incorporates passive safety systems. A larger version is 100 MWe.

IMR

Mitsubishi Heavy Industries has a conceptual design of the Integral Modular Reactor (IMR), a PWR of 1000 MWt, 350 MWe. It
has design operating lifetime of 60 years, 4.8% fuel enrichment and fuel cycle of 26 months. It has natural circulation for primary
cooling. The project has involved Kyoto University, the Central Research Institute of the Electric Power Industry (CRIEPI), and the
Japan Atomic Power Company (JAPC), with funding from METI. The target year to start licensing was 2020 at the earliest, but
the design appears to have been dropped.

Rolls-Royce SMR

Rolls-Royce has been working since 2015 on a design that was originally 220 MWe, but the focus has changed to a medium-
sized reactor of 400-440 MWe (1200-1350 MWt), and from 2021 was referred to as "at least 470 MW". It is a three-loop PWR
with close-coupled external steam generators. It is to be factory-built, with major components transportable to site (RPV: 11.3 m
high, 4.5 m diameter, SG: 4.95 m diameter, about 25 m high) and assembled in 500 days. It has a 60-year design operating
lifetime. It would use 4.95% enriched fuel with 55-60 GWd/t burn-up in 121 standard PWR fuel assemblies with active fuelled
length of 2.8 m and using burnable poison in 40 out of 264 fuel rods in each. The refuelling cycle would be 18-24 months. One
such unit would comprise a stand-alone power plant.

Early in 2016 Rolls-Royce submitted a detailed design to the UK government for a 220 MWe SMR unit and also a paper to the
Department of Business, Energy and Industrial Strategy, outlining its plan to develop a fleet of 7 GWe of SMRs in the UK with a
new consortium, plus 9 GWe of exported units. In 2020 the partners with Rolls-Royce were: Assystem, Atkins, BAM Nuttall, Laing
O'Rourke, National Nuclear Laboratory, Nuclear AMRC, Jacobs and The Welding Institute; and in November 2020 it added US
utility Exelon with a view to it operating Rolls-Royce SMRs in the UK and abroad. Its focus is on existing licensed nuclear sites in
the UK, notably Trawsfynydd in north Wales, the site of a former Magnox nuclear power station. It is hoping to have the first unit
operating in 2030.

In May 2021 the cost of a 470 MWe unit was put at about £1.8 billion, so $5100/kW, and levelized cost of electricity (LCOE) at
£35-50/MWh. The company submitted the design for the UK generic design assessment (GDA) process in November 2021, and
in March 2022 the ONR began the GDA.

In November 2017, Rolls-Royce signed a memorandum of understanding (MoU) with the Jordan Atomic Energy Commission to
conduct a technical feasibility study for the construction of a Rolls-Royce SMR in the Middle Eastern country. In March 2020,
Turkey's state-owned EUAS International ICC signed an MoU with Rolls-Royce to evaluate the technical, economical and legal
applicability of SMRs. In addition, the companies will consider the possibility of joint production of such reactors. In November
2020 Rolls-Royce announced an agreement with Czech utility CEZ to assess potential deployment there.

Rolls-Royce has designed three generations of naval reactors since the 1950s and also operates a small test reactor. It led the
design of a small integral reactor (SIR) of 330 MWe in the late 1980s.
TRIGA

The TRIGA Power System is a PWR concept based on General Atomics' well-proven research reactor design. It is conceived as a
64 MWt, 16.4 MWe pool-type system operating at a relatively low temperature. The secondary coolant is perfluorocarbon. The
fuel is uranium-zirconium hydride enriched to 20% and with a little burnable poison and requiring refuelling every 18 months.
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Used fuel is stored inside the reactor vessel.

FBNR

The Fixed Bed Nuclear Reactor (FBNR) is an early conceptual design from the Federal University of Rio Grande do Sul, Brazil. It is
an integral PWR of 218 MWt, 70 MWe, with 15 mm pebble fuel.

The reactor consists of an active core (1.7 m diameter, 2 m height) and integral upper steam generator within a 6 m high vessel,
and a fuel chamber located beneath the core. The fuel is carried up from the fuel chamber into the core by the coolant, which
absorbs the core heat and continues into the steam generator. The coolant then returns to the fuel chamber via the coolant
pump, forming a closed loop. Cutting the power to the pump shuts down the reactor by causing the fuel pebbles to fall from the
core into the fuel chamber.

The Triso fuel particles comprise 5% enriched 0.5 mm diameter UO, fuel kernels within a single 0.1 mm thick carbon shell. Each
15 mm fuel pebble consists of fuel particles within a silicon carbide matrix (60% fuel and 40% SiC) enclosed in a 0.5 mm thick
stainless steel outer layer.

SMART from Dunedin

The SMART (Small Modular Adaptable Reactor Technology) from Dunedin Energy Systems in Canada is a 30 MWt, 6 MWe
battery-type unit, installed below grade. It is replaced by a new one when it is returned to a processing facility for refuelling; at
83% capacity factor this would be every 20 years. It drives a steam turbine. Emergency cooling is by convection. Cost is about
29c¢/kWh, according to Dunedin.

DEER from Radix

The DEER (Deployable Electric Energy Reactor) was being developed by Radix Power & Energy Corporation in the USA, in
collaboration with Brookhaven Technology Group, Brookhaven National Laboratory, Parsons Corporation, Dunedin Energy
Systems, and University of California, Berkeley. The DEER is a PWR and would be portable and sealed, able to operate in the
range of 10-50 MWe. DEER-1 was to use fuel based on that in Triga research reactors, with a ten-year cycle, and DEER-2 was to
use TRISO fuel, for forward military bases or remote mining sites. No recent information is available.

Chinese district heat reactors

Three Chinese designs are solely for district heat at 90-110°C, for northern provinces, especially Heilongjiang. Reducing winter
air pollution is the main driver of their development. CGN’s NHR-200 passed regulatory review in the 1990s; CNNC’s DHR-400 or
'Yanlong' is a 400 MWt pool-type reactor; and SPIC’s LandStar- is similar to the Yanlong but 200 MWt.

Heavy water reactors

PHWR-220

These are the oldest and smallest of the Indian pressurized heavy water reactor (PHWR) range, with a total of 16 now online,
800 MW, 220 MWe gross typically. Rajasthan 1 was built as a collaborative venture between Atomic Energy of Canada Ltd
(AECL) and the Nuclear Power Corporation of India (NPCIL), starting up in 1972. Subsequent indigenous PHWR development
has been based on these units, though several stages of evolution can be identified: PHWRs with dousing and single
containment at Rajasthan 1&2, PHWRs with suppression pool and partial double containment at Madras, and later standardized
PHWRs from Narora onwards having double containment, suppression pool, and calandria filled with heavy water, housed in a
water-filled calandria vault. They are moderated and cooled by heavy water, and the natural uranium oxide fuel is in horizontal
pressure tubes, allowing refuelling online (maintenance outages are scheduled after 24 months). Burn-up is about 15 GWd/1.

AHWR-300 LEU

The Advanced Heavy Water Reactor developed by the Bhaba Atomic Research Centre (BARC) is designed to make extensive use
of India’s abundant thorium as fuel, but a low-enriched uranium fuelled version is pitched for export. This will use low-enriched
uranium plus thorium as a fuel, largely dispensing with the plutonium input of the version for domestic use. About 39% of the
power will come from thorium (via in situ conversion to U-233, cf two-thirds in domestic AHWR), and burn-up will be 64 GWd/1.
Uranium enrichment level will be 19.75%, giving 4.21% average fissile content of the U-Th fuel. It will have vertical pressure tubes
in which the light water coolant under high pressure will boil, circulation being by convection. Nominal 300 MWe, 284 MWe net.
It is at the basic design stage.

https://world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-reactors/small-nuclear-power-reactors.aspx 24/54


http://www.dunedinenergy.ca/

3/2/23, 11:51 AM Small nuclear power reactors - World Nuclear Association

High-temperature gas-cooled reactors

These use graphite as moderator (unless fast neutron type) and either helium, carbon dioxide or nitrogen as primary coolant.
The experience of several innovative reactors built in the 1960s and 1970sX, notably those in Germany, has been analyzed,
especially in the light of US plans for its Next Generation Nuclear Plant (NGNP) and China's launching its HTR-PM project in
2011. Lessons learned and documented for NGNP include the use of TRISO fuel, use of a reactor pressure vessel, and use of
helium cooling (UK AGRs are the only HTRs to use CO2 as primary coolant). However US government funding for NGNP has
now virtually ceased, and the technology lead has passed to China.

New high-temperature gas-cooled reactors (HTRs) are being developed which will be capable of delivering high temperature
(700-950°C and eventually up to about 1000°C) helium either for industrial application via a heat exchanger, or to make steam
conventionally in a secondary circuit via a steam generator, or directly to drive a Brayton cycle* gas turbine for electricity with
almost 50% thermal efficiency possible (efficiency increases around 1.5% with each 50°C increment). One design uses the
helium to drive an air compressor to supercharge a CCGT unit. Improved metallurgy and technology developed in the last
decade makes HTRs more practical than in the past, though the direct cycle means that there must be high integrity of fuel and
reactor components. All but one of those described below have neutron moderation by graphite, one is a fast neutron reactor.

* There is little interest in pursuing the direct Brayton cycle for helium at present due to higher technological risk. Attrition of fuel tends to give rise to
graphite dust with radioactivity in the coolant circuit. Also the helium needs to be very pure to avoid corrosion.

Fuel for these reactors is in the form of TRISO (tristructural-isotropic) particles less than a millimetre in diameter. Each has a
kernel (ca. 0.5 mm) of uranium oxycarbide (or uranium dioxide), with the uranium enriched up to 20% U-235, though normally
less. This is surrounded by layers of carbon and silicon carbide, giving a containment for fission products which is stable to over
1600°C.

There are two ways in which these particles are arranged: in blocks — hexagonal 'prisms' of graphite, or in billiard ball-sized
pebbles of graphite, each with about 15,000 fuel particles and 9g uranium. There is a greater volume of used fuel (20 times)
than from the same capacity in a light water reactor, due to the fact that the fuel pebbles are mainly graphite - less than one
percent is uranium. However, the used fuel is overall less radiotoxic and produces less decay heat due to higher burn-up. The
HTR moderator is graphite.

There are several designs for gas-cooled fast reactors, mostly large. One small design is General Atomics EMZ, with helium
cooling. Another - th supercritical direct cycle gas fast reactor — is based on the UK’s AGR, cooled by carbon dioxide. Both are
described below.
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A High-Temperature Reactor (HTR)
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With negative temperature coefficient of reactivity (the fission reaction slows as temperature increases) and passive decay heat
removal, the reactors are inherently safe. HTRs therefore are put forward as not requiring any containment building for safety.
They are sufficiently small to allow factory fabrication, and will usually be installed below ground level.

Three HTR designs in particular — PBMR, GT-MHR and Areva's SC-HTGR - were contenders for the Next Generation Nuclear
Plant (NGNP) project in the USA (see Next Generation Nuclear Plant section in the information page on US Nuclear Power
Policy). In 2012 Areva's HTR was chosen. However, the only commercial-scale HTR project currently proceeding is the Chinese
HTR-PM.

Hybrid Power Technologies have a hybrid-nuclear Small Modular Reactor (SMR) coupled to a fossil-fuel powered gas turbine.

HTTR, GTHTR-300C, HTR50S

Japan Atomic Energy Agency's (previously Japan Atomic Energy Research Institute's) High-Temperature Test Reactor (HTTR) of
30 MW started up at the end of 1998 and first reached full power with a reactor outlet coolant temperature of 850°C in
December 2001. In 2004 it achieved 950°C outlet temperature, and in 2009 it ran at 950°C for 50 days. Its fuel is TRISO particles
with low-enriched (average 6%) uranium in prisms and its main purpose is to develop a thermochemical means of producing
hydrogen from water.

Based on the HTTR, JAERI is developing the Gas Turbine High Temperature Reactor 300 for Cogeneration (GTHTR-300C) of up
to 600 MWt per module. It uses improved HTTR fuel elements with 14% enriched uranium achieving high burn-up (120 GWd/t).
Helium at 850-950°C drives a horizontal turbine at 47% efficiency to produce up to 300 MWe. The core consists of 90 hexagonal
fuel columns 8 metres high arranged in a ring, with reflectors. Each column consists of eight one-metre high elements 0.4 m
across and holding 57 fuel pins made up of fuel particles with 0.55 mm diameter kernels and 0.14 mm buffer layer. In each two-
yearly refuelling, alternate layers of elements are replaced so that each remains for four years. It is being developed with
Mitsubishi Heavy Industries (MHI), Toshiba/IHI and Fuji, and target for commercialization is about 2030.
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JAEA's small HTR50S reactor based on the HTTR is a conceptual design for industrial process and heat and/or power
generation. This is 50 MWt with dual reactor outlet temperatures of 750°C and 900°C with maximum use of conventional
technologies in order to deploy them in developing countries in the 2020s. Initially this would use a steam cycle for power
generation, then improve the fuel, and then Increase the reactor outlet temperature to 900°C and install an intermediate heat
exchanger (IHX) to demonstrate helium GT and hydrogen production using the IS process.

Early in 2019 the Japan Atomic Energy Agency (JAEA) formed a joint venture with Penultimate Power UK to build a 10 MWe
SMR there based on the HTTR - referred to as the EH HTGR - for power and process heat in industrial clusters. Plans include
scaling up the design to 100 MWe and building a factory in the UK for multiple plants. Penultimate Power claims the first reactor
will cost about £100 million ($140 million), with reductions for future units. It expects the first reactor to be operating by 2029.

HTR-10

China's HTR-10, a 10 MWt high-temperature gas-cooled experimental reactor at the Institute of Nuclear & New Energy
Technology (INET) at Tsinghua University north of Beijing started up in 2000 and reached full power in 2003. It has its fuel as a
'pebble bed' (27,000 elements) of oxide fuel with average burn-up of 80 GWday/tU. Each pebble fuel element has 5g of uranium
enriched to 17% in around 8300 TRISO-coated particles. The reactor operates at 700°C (potentially 900°C) and has broad
research purposes. Eventually it will be coupled to a gas turbine, but meanwhile it has been driving a steam turbine.

In 2004, the small HTR-10 reactor was subject to an extreme test of its safety when the helium circulator was deliberately shut
off without the reactor being shut down. The temperature increased steadily, but the physics of the fuel meant that the reaction
progressively diminished and eventually died away over three hours. At this stage a balance between decay heat in the core and
heat dissipation through the steel reactor wall was achieved, the temperature never exceeded a safe 1600°C, and there was no
fuel failure. This was one of six safety demonstration tests conducted then. The high surface area relative to volume, and the
low power density in the core, will also be features of the full-scale units (which are nevertheless much smaller than most light
water types.)

HTR-PM

Construction of a larger version of the HTR-10, China's HTR-PM, was approved in principle in November 2005, with preparation
for first concrete in mid-2011 and full construction start intended in December 2012. It is also based on the German HTR-Modul
design of 200 MWi. Originally envisaged as a single 200 MWe (450 MWt) unit, this will now have twin reactors, each of 250 MWt
driving a single 210 MWe steam turbine.*

* The size was reduced to 250 MWt from earlier 458 MWt modules in order to retain the same core configuration as the prototype HTR-10 and avoid
moving to an annular design like South Africa's PBMR (see section on PMBR below)

Each reactor has a single steam generator with 19 elements (665 tubes). The fuel as 60 mm diameter pebbles is 8.5% enriched
(520,000 elements in the two reactors) giving 90 GWd/t discharge burn-up. Core outlet temperature is 750°C for the helium,
steam temperature is 566°C and core inlet temperature is 250°C. It has a thermal efficiency of 40%. Core height is 11 metres,
diameter 3 min a 25 m high, 5.7 m diameter reactor vessel. There are two independent reactivity control systems: the primary
one consists of 24 control rods in the side graphite reflector, the secondary one of six channels for small absorber spheres
falling by gravity, also in the side reflector. Pebbles are released into the top of the core one by one with the reactor operating.
They are correspondingly removed from the bottom, broken ones are separated, the burn-up is measured, and spent fuel
elements are screened out and transferred to storage. A 40-year operating lifetime is expected.

China Huaneng Group, one of China's major generators, is the lead organization involved in the demonstration unit with 47.5%
share; China Nuclear Engineering & Construction (CNEC) has a 32.5% stake and Tsinghua University's INET 20% — it being the
main R&D contributor. Projected cost is $430 million (but later units falling to $1500/kW with generating cost about 5 ¢/kWh).
The HTR-PM rationale is both eventually to replace conventional reactor technology for power, and also to provide for future
hydrogen production. INET is in charge of R&D, and was aiming to increase the size of the 250 MWt module and also utilize
thorium in the fuel.

The 210 MWe Shidaowan HTR-PM demonstration plant at Rongcheng in Shandong province is expected to start up late in 2021,
having started construction at the end of 2012. It is to pave the way for commercial 600 MWe reactor units (6x250 MW, total
655 MWe) with a single heat exchanger and turbine, also using the steam cycle at 43.7% thermal efficiency. Plant operating
lifetime is envisaged as 40 years with 85% load factor. The capital cost per kW is expected to be 75% of the small HTR-PM, and
for subsequent units, 50%. Meanwhile CNEC is promoting the technology for HTR-PM 600 plants using six 250 MWt modules.
Eventually a series of HTRs, possibly with Brayton cycle directly driving the gas turbines, would be factory-built and widely
installed throughout China.
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Performance of both this and South Africa's PBMR design includes great flexibility in loads (40-100%) without loss of thermal
efficiency, and with rapid change in power settings. Power density in the core is about one-tenth of that in a light water reactor,
and if coolant circulation ceases the fuel will survive initial high temperatures while the reactor shuts itself down - giving
inherent safety. Power control is by varying the coolant pressure, and hence flow. (See also section on Shidaowan HTR-PM in
the information page on Nuclear Power in China and the Research and development section in the information page on China's
Nuclear Fuel Cycle).

Urenco U-Battery

Urenco with others commissioned a study by TU-Delft and Manchester University on the basis of which it has called for
European development of a very small 'plug and play' inherently-safe reactor called the U-Battery. This is based on graphite-
moderated, helium cooled HTR concepts such as the UK's Dragon reactor (to 1975). The fuel block design is based on that of
the Fort St Vrain reactor in the USA. It would use TRISO fuel with 17-20% enriched uranium and possibly thorium with a beryllium
oxide reflector. The 10 MWt design can produce 750°C process heat or up to 4 MWe back-up and off-grid power. The consortium
envisages up to six U-Batteries at one site.

This micro-SMR U-battery would run for five years before refuelling and servicing, a larger 20 MWt one would run for 10 years.
The 10 MWt/4 MWe design, 1.8 m diameter, may be capable of being returned to the factory for refuelling. The U-Battery
consortium, led by Urenco, has gained UK government support for a prototype, with target operation in 2028. Wood, Laing
O’Rourke, Cammell Laird and Kinectrics are involved.

In mid-2018 the consortium was one of eight organisations to be awarded a contract to produce a feasibility study as part of the
UK government's Advanced Modular Reactor Feasibility and Development project, and in July 2020 it was selected for phase 2
of this. It has been accepted for pre-licensing vendor design review with the Canadian Nuclear Safety Commission (CNSC), from
2017. In July 2019 it became the first design to complete the first of the four phases of Canadian Nuclear Laboratories’ review
process for siting an SMR at Chalk River Laboratories in Ontario.

Russian HTR for Indonesia

In 2015 a consortium of Russian and Indonesian companies led by Nukem Technologies had won a contract for the preliminary
design of the multi-purpose 10 MWe HTR in Indonesia, which would be “a flagship project in the future of Indonesia’s nuclear
program”. It will be a pebble-bed HTR at Serpong. Atomproekt is architect general, and OKBM Afrikantov the designer. SRI

Luch is also involved with fuel design. The conceptual design was completed in December 2015. In March 2018 Batan said that
it aimed to complete the detailed engineering design by the end of the year, and then to call for bids to construct the reactor, for
both electricity and process heat.

X-energy Xe-100

X-energy founded in 2009 in the USA is designing the Xe-100 pebble-bed HTR of 200 MWt, 80 MWe, and has been in talks with
utilities, stressing that a plant will fit on a 4 ha site, below grade for electricity and/or process heat. The initial TRISO fuel in the
mid-2020s will utilize uranium oxycarbide (UCO) made from high-assay low-enriched uranium (HALEU), but longer-term thorium
is intended as the primary fuel. Unlike other pebble bed HTRs, the fuel will only pass through once, with high 160 GWd/t burn-up.
Fairly rapid load-following from 25% to 100% is a feature of the helium-cooled design running at 750 °C. Factory-made units with
60-year operational life would be transported to the site by road and installed.

The company has been in discussion with several utilities, including South Carolina Electricity & Gas (SCEG), regarding replacing
coal-fired capacity with the four-pack installations. Industrial process heat is also a likely application. X-energy is working in
partnership with BWX Technology, Oregon State University, Teledyne-Brown Engineering, SGL Group, Idaho National Laboratory
(INL), and Oak Ridge National Laboratory (ORNL) on the design. In January 2016 the US DOE awarded a Gateway for
Accelerated Innovation in Nuclear (GAIN) grant to the project, worth $53 million. In September 2016 Burns & McDonnell
Engineering joined the project as architectural and engineering partner, in parallel with the DOE five-year award. The Xe-100 is a
candidate for the US Advanced Reactor Demonstration Program (ARDP). In 2020 the Xe-100 received an initial grant of $80
million under the programme.

In April 2021 X-energy signed an agreement with Energy Northwest and a public utility to set up the Tri Energy Partnership with a
view to building an Xe-100 plant near the Columbia nuclear power plant in Washington state. The $2.4 billion project would be
half funded by the ARDP and take seven years.
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In November 2017 the company signed an agreement with Jordan Atomic Energy Commission to consider building the Xe-100
in Jordan. In August 2020 the company initiated a vendor design review with the Canadian Nuclear Safety Commission.
Kinetrics is leading X-energy’s Canadian regulatory affairs and licensing efforts. The company hopes to deploy the first units by
2027.

In August 2016 X-energy signed an agreement to work with Southern Nuclear Operating Company to collaborate on
development and commercialization of their respective small reactor designs. Southern is developing an MSR, the Molten
Chloride Fast Reactor (MCFR). In September 2018, X-energy said that its design was about 50% complete, and that it hoped the
full design would be finalized by 2022 or 2023.

X-energy has a TRISO pilot fuel fabrication facility at Oak Ridge National Laboratory, Tennessee and in November 2019 it agreed
with Global Nuclear Fuel (GNF) to set up commercial HALEU TRISO production at GNF's Wilmington plant. X-energy also has
agreements with Centrus Energy in the USA to develop TRISO fabrication technology for uranium carbide fuel, and with NFI at
Tokai in Japan, where NFI has 400 kgU/yr HTR fuel capacity.

X-energy Xe-Mobile

In March 2020 the US Department of Defense awarded a $14.3 million contract for further development of the design as a
microreactor under 5 MWe — the Xe-Mobile, with all components housed in a standard shipping container. It is to be able to
operate at full power — at least 1 MWe - for at least three years. In March 2021 the DOD selected this as one of two candidates
to proceed to final engineering design in 2022 under the $30 million second phase of the Project Pele programme (see Military
developments section above).

BWXT Advanced Nuclear Reactor

BWXT Technologies was commissioned in December 2020 by the US Department of Energy to lead a $106.6 million
microreactor project under its Advanced Reactor Demonstration Program (ARDP), over seven years. It was already under a
$13.5 million contract to the Department of Defense to develop a design for a transportable HTR microreactor with TRISO fuel.
This is the 50 MWt BANR (BWXT Advanced Nuclear Reactor) about which few details have been released. In March 2021 the
DOD selected this as one of two candidates to proceed to final engineering design in 2022 under the second phase of the
Project Pele program. BWXT was awarded $28 million for this (see Military developments section above).

StarCore HTR

This is a small (20 MWe) concept design of helium-cooled reactor from StarCore Nuclear in Quebec, designed for remote
locations (displacing diesel and propane) and with remote control system via satellite. It is expandable to 100 MWe. The units
would be installed below grade and in pairs. They are truck-transportable, with reactor vessels 2.5 m diameter and 6 m high.
Fuel is TRISO in carbon prismatic matrix. Each reactor has a five-year refuelling schedule. The secondary cooling circuit is
nitrogen, to a steam generator driving a turbine. The company offers a build-own-operate-decommission concept with a power
purchase agreement for the life of the reactor, mentioning C$0.18 per kWh. The units are designed to deliver both electricity and
potable water.

The company has applied to the CNSC to start the pre-licensing vendor design review process.

In April 2018, Canadian Nuclear Laboratories (CNL) launched its SMR review — a separate process to licensing — with a view to
having an SMR constructed on its Chalk River site by 2026. In February 2019 CNL announced that StarCore had completed the
prequalification stage and been invited to enter the due diligence stage.

USNC Micro Modular Reactor

Ultra Safe Nuclear Corporation (USNC), an American company with subsidiaries in Canada and elsewhere, has the Micro
Modular Reactor (MMR) HTR with the TRISO fuel in pellets in prismatic graphite blocks in a sealed transportable core. Two
versions operate at 15 MWt/5 MWe or 30 MWt/10 MWe with flexible output and they require no refuelling in a 20-year operating
lifetime, after which the module becomes waste. Heat is transferred from the core by helium to a molten salt system. Larger
versions are envisaged.

Phase 1 of a pre-licensing vendor design review by the Canadian Nuclear Safety Commission (CNSC) was completed in
February 2019, and Global First Power (GFP, jointly owned by USNC and Ontario Power Generation, OPG) then submitted a site
preparation licence application for Chalk River. CNSC's environmental assessment began in July 2019. GFP, based in Ottawa,
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describes itself as an energy provider specializing in project development, licensing, ownership and operation of small nuclear
power plants to supply clean power and heat to remote industrial operations and residential settlements. Formal licence review
by the CNSC for the 15 MWt MMR began in May 2021.

In June 2020 a joint venture was formed between USNC and OPG to build, own and operate the proposed MMR project at Chalk
River, Ontario. The joint venture - the Global First Power Limited Partnership — is owned equally by OPG and USNC-Power, the
Canadian subsidiary of USNC. GFP said it would "provide project development, licensing, construction and operation” services
for the project. The MMR would provide 15 MWt of process heat via molten salt, and have an operating lifetime of 20 years.

In August 2020 USNC signed an agreement with Hyundai Engineering and Korea Atomic Energy Research Institute for
development and deployment of HTR technology for supplying power as well as process heat.

In November 2020 USNC signed an agreement with Poland’s Synthos and applied to the Polish government for financing
industrial-scale hydrogen projects.

In June 2021 the University of lllinois announced plans to install a USNC MMR as both a power source and research reactor at
its Urbana-Champaign campus.

In April 2018, Canadian Nuclear Laboratories (CNL) launched its SMR review — a separate process to licensing — with a view to
having an SMR constructed on its Chalk River site by 2026. GFP/OPG/USNC completed the first and second stages of CNLs
process, and was invited to participate in the third and penultimate stage. Construction of the first 5 MWe demonstration reactor
at Chalk River is expected to start in 2023, for 2025 commissioning. This will be followed by one at Idaho National Laboratory
and one at the University of lllinois.

In 2020 USNC proposed an integrated solar, wind and nuclear plant providing 120 MWe of generation and 1 TWh per year for a
remote defence base using ten 10 MWe MMR units. Projected power cost is 10 ¢/kWh.

(USNC is also developing an accident-tolerant shutdown system for NASA in nuclear thermal propulsion systems.)

Holos-Quad HTR

HolosGen is designing a 22 MWt micro-modular HTR in collaboration with the US military, to fit into a ISO standard 40 ft (12.2
m) shipping container. It is essentially a closed-loop jet engine (Brayton cycle) with the combustor replaced by a nuclear heat
source comprising four subcritical power modules (SPMs) that are actively positioned in relation to one another, eliminating
control rod mechanisms and enabling rapid load following from 3 MWe to 13 MWe. Placing the SPMs close together allows
sufficient neutron transfer to reach criticality.

It uses 15% enriched TRISO fuel in graphite hexagonal blocks with 6 mm helium channels and core outlet temperature of 650-
850 °C. Burnable poison is in the graphite blocks, not the fuel. Heat exchangers are embedded with the compressor
components to recover waste heat for an independent organic Rankine cycle. The turbo-machinery is magnetically levitated to
eliminate mechanical couplings and bearings in the core. When set up, the plant is shielded by a prefabricated structure.

Core lifetime relates to mass, and a 15-tonne core can operate for about 3.5 years, while a 27 t one can run for over eight years.

In June 2018, the HolosGen transportable reactor project was awarded $2.3 million by the Advanced Research Projects Agency-
Energy (ARPA-E) of the US Department of Energy (DOE) to demonstrate the viability of the concept. An October 2018 study
commissioned by the US Army put the estimated cost of a first-of-a-kind 13 MWe unit at $140 million, reducing to $75 million for
later units.

HolosGen is working with Argonne National Laboratory.

Hybrid SMR concept

The hybrid-nuclear Small Modular Reactor (SMR) design from Hybrid Power Technologies LLC produces massive quantities of
compressed air, while the gas turbine, able to burn a variety of fossil fuels, generates electrical power. Helium from the 600 MWt
graphite-moderated reactor drives a primary turbine coupled to an air compressor. The very high pressure air then supercharges
a combined cycle gas turbine (CCGT) driving an 850 MWe generator at 85% efficiency. The reactor and compressor are in a full
containment structure. (The actual HTR is equivalent to less then 300 MWe output, so that component is still ‘small’.) The
company applied for the second round of DOE funding in 2013.

Supercritical CO, direct cycle fast reactor concept
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This is a Generation IV design based partly on the well-proven UK advanced gas-cooled reactors (AGRs). The supercritical direct
cycle gas fast reactor (SC-GFR) uses the supercritical CO, coolant at 20 MPa and 650°C from a fast reactor of 200 to 400 MW
thermal in Brayton cycle. A small long-life reactor core could maintain decay heat removal by natural circulation. A 2011 paper
from Sandia Laboratories describes it. (S-CO2 is applicable to many different heat sources, including concentrated solar. It
claims high efficiency with smaller and simpler power plants. With a helium-cooled HTR or sodium-cooled fast reactor, it would
be the secondary circuit.)

Antares — SC-HTGR

Another full-size HTR design is being put forward by Framatome (formerly Areva). It is based on the GT-MHR and has also
involved Fuji. The reference design is 625 MWt with prismatic block fuel like the GT-MHR. Core outlet temperature is 750°C for
the steam-cycle HTR version (SC-HTGR), though an eventual very high temperature reactor (VHTR) version is envisaged with
1000°C and direct cycle. The present concept uses an indirect cycle, with steam in the secondary system, or possibly a helium-
nitrogen mix for the VHTR, removing the possibility of contaminating the generation, chemical or hydrogen production plant with
radionuclides from the reactor core. It was selected in 2012 for the US Next Generation Nuclear Plant, with two-loop secondary
steam cycle, the 625 MWt probably giving 285 MWe per unit, but the primary focus being the 750°C helium outlet temperature
for industrial application. It remains at the conceptual design stage.

Adams Engine

A small HTR concept is the Adams Atomic Engines' 10 MWe direct simple Brayton cycle plant with low-pressure nitrogen as the
reactor coolant and working fluid, and graphite moderation. The reactor core is a fixed, annular bed with about 80,000 fuel
elements each 6 cm diameter and containing approximately 9 grams of heavy metal as TRISO particles, with expected average
burn-up of 80 GWd/t. The initial units would provide a reactor core outlet temperature of 800°C and a thermal efficiency near
25%. Power output is controlled by limiting coolant flow. A demonstration plant was proposed for completion after 2018, but the
design is shelved. The Adams Engine is designed to be competitive with combustion gas turbines.

An antecedent was the ML-1 nitrogen-cooled reactor with closed cycle gas turbine, designed to be air-portable and part of the
US Army Nuclear Power Program (ANPP). It was water-moderated, with high-enriched fuel and from 1961 worked for several
hundred hours up to two-thirds of its designed 300 kW, but various problems caused the project to be shut down in 1965. The
high-pressure gas cycle with nitrogen at 910 kPa was one problem.

PBMR and derivatives

South Africa's pebble bed modular reactor (PBMR) was being developed by the PBMR (Pty) Ltd consortium led by the utility
Eskom, latterly with involvement of Mitsubishi Heavy Industries, and drew on German expertise, notably the HTR-Modul design.
It aimed for a step change in safety, economics and proliferation resistance. Full-scale production units had been planned to be
400 MWt (165 MWe) but more recent plans were for 200 MWt (80 MWe)Z. Financial constraints led to delays® and in September
2010 the South African government confirmed it would stop funding the project2 and closed it down.

The earlier plans for the 400 MWt PBMR following a 2002 review envisaged a direct cycle (Brayton cycle) gas turbine generator
and thermal efficiency about 41%, the helium coolant leaving the bottom of the core at about 900°C and driving a turbine. Power
would be adjusted by changing the pressure in the system. The helium is passed through a water-cooled pre-cooler and
intercooler before being returned to the reactor vessel. The PBMR Demonstration Power Plant (DPP) was expected to start
construction at Koeberg in 2009 and achieve criticality in 2013, but after this was delayed it was decided to focus on the 200
MWt design6.

The 200 MWt (80 MWe) later design announced in 2009 was to use a conventional Rankine cycle, enabling the PBMR to deliver
super-heated steam via a steam generator as well as generate electricity. This design "is aimed at steam process heat
applications operating at 720°C, which provides the basis for penetrating the nuclear heat market as a viable alternative for
carbon-burning, high-emission heat sources."12 An agreement with Mitsubishi Heavy Industries to take forward the R&D on this
design was signed in February 2010. MHI had been involved in the project since 2001, having done the basic design and R&D of
the helium-driven turbogenerator system and core barrel assembly, the major components of the 400 MWt direct-cycle design.

The PBMR has a vertical steel reactor pressure vessel which contains and supports a metallic core barrel, which in turn
supports the cylindrical pebble fuel core. This core is surrounded on the side by an outer graphite reflector and on top and
bottom by graphite structures which provide similar upper and lower neutron reflection functions. Vertical borings in the side
reflector are provided for the reactivity control elements. Some 360,000 fuel pebbles (silicon carbide-coated 9.6% enriched
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uranium dioxide particles encased in graphite spheres of 60 mm diameter) cycle through the reactor continuously (about six
times each) until they are expended after about three years. This means that a reactor would require 12 total fuel loads in its
design lifetime.

A pebble fuel plant at Pelindaba was planned. Meanwhile, the company produced some fuel which was successfully tested in
Russia.

The PBMR was proposed for the US Next Generation Nuclear Plant project and submission of an application for design
certification reached the pre-application review stage, but is now listed as 'inactive’ by the NRC. The company was part of the
National Project Management Corporation (NPMC) consortium which applied for the second round of DOE funding in 2013. This
2013 application for federal funds appeared to revive the earlier direct-cycle PBMR design, emphasising its ‘deep burn’ attributes
in destroying actinides and achieving high burn-up at high temperatures.

In 2016 Eskom revived consideration of a reactor based on the PBMR, with a view to developing a design that is simpler and
more efficient than the original, and also looking at applications for process heat that were not fully explored by the original R&D
programme. However, most of the scientific and engineering staff had emigrated, many of them to the USA and many joined X-
energy’s similar project.

A new concept was for an advanced high-temperature reactor of 150 MWe to be deployed in the 2030s, with a 50 MWe pilot
plant built in the mid-2020s. It would be a combined-cycle plant with gas flow now from bottom to top, and the temperature will
be much higher. The pressure vessel would be concrete, and it would have a pebble bed reactor core. Helium would exit the
reactor to a gas turbine at 1200°C, and the exhaust gas from this at 600°C would drive a steam cycle, using a molten salt circuit,
with overall 60% thermal efficiency. The gas turbine would produce 40% of the power, the steam cycle 60%.

A further conceptual design is the HTMR-100, a 35 MWe (100 MWt) pebble bed HTR for electricity or process heat. The
conceptual design, commenced in 2012, from Steenkampskraal Thorium Limited (STL) in South Africa, was completed in 2018.
Also known as the Th-100, it is derived from the Jiilich and PBMR designs. For electricity, single units have load-following
capability, or four can comprise a 140 MWe power plant. There are a range of fuel options involving LEU, thorium and reactor-
grade plutonium, with burn-up of 80-90 GWd/t of TRISO fuel pebbles. It has a graphite moderator and helium coolant at 750°C,
and a single pass fuel cycle. The reactor vessel is 15 m high, 5.9 m diameter and primary loop pressure is relatively low at 4
MPa.

GT-MHR

In the 1970s General Atomics developed an HTR with prismatic fuel blocks based on those in the 842 MWt Fort St Vrain reactor,
which ran 1976-89 in the USA. Licensing review by the NRC was underway until the projects were cancelled in the late 1970s.

Evolved from this in the 1980s, General Atomics' Gas Turbine — Modular Helium Reactor (GT-MHR), would be built as modules of
up to 600 MW, but typically 350 MWt, 150 MWe. In its electrical application each would directly drive a gas turbine at 47%
thermal efficiency. It could also be used for hydrogen production (100,000 t/yr claimed) and other high temperature process
heat applications. The annular core, allowing passive decay heat removal, consists of 102 hexagonal fuel element columns of
graphite blocks with channels for helium coolant and control rods. Graphite reflector blocks are both inside and around the core.
Half the core is replaced every 18 months. Enrichment is about 15.5%, burn-up is up to 220 GWd/t, and coolant outlet
temperature is 750°C with a target of 1000°C.

The GT-MHR was being developed by General Atomics in partnership with Russia's OKBM Afrikantov, supported by Fuji (Japan).
Areva was formerly involved, but it then developed the basic design itself as Antares. Initially the GT-MHR was to be used to burn
pure ex-weapons plutonium at Seversk (Tomsk) in Russia. A burnable poison such as Er-167 is needed for this fuel. The
preliminary design stage was completed in 2001, but the programme to construct a prototype in Russia then came to a halt.

General Atomics said that the GT-MHR neutron spectrum is such, and the TRISO fuel is so stable, that the reactor could be
powered fully with separated transuranic waste (neptunium, plutonium, americium and curium) from light water reactor used
fuel. The fertile actinides would enable reactivity control and very high burn-up could be achieved with it — over 500 GWd/t — the
'Deep Burn' concept. Over 95% of the Pu-239 and 60% of other actinides would be destroyed in a single pass.

A smaller version of the GT-MHR, the Remote-Site Modular Helium Reactor (RS-MHR) of 10-25 MWe was proposed by General
Atomics. The fuel would be 20% enriched and the refuelling interval would be 6-8 years.

EM?2
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In February 2010, General Atomics announced its Energy Multiplier Module (EM2) fast neutron design, superseding its GT-MHR.
The EM2 is a 500 MWt, 265 MWe helium-cooled fast-neutron HTR operating at 850°C to achieve 53% net thermal efficiency with
a variety of fuels and using the Brayton cycle. It has several passive safety features and in particular the fuel rod cladding is
manufactured from GA's proprietary SiGA silicon-carbide composite, a high-tech ceramic matrix composite that can withstand
more than twice the temperatures of the metal components used in most reactors. Decay heat removal is entirely passive.

The EM? may be fuelled with 20 tonnes of used PWR fuel or depleted uranium, plus 22 tonnes of low-enriched uranium (~12% U-
235, HALEU) as starter. Used fuel from this is processed to remove fission products (about 4 tonnes) and the balance is
recycled as fuel for subsequent rounds, each time topped up with 4 tonnes of further used PWR fuel. Each refuelling cycle may
be as long as 30 years. With repeated recycling the amount of original natural uranium (before use by PWR) used goes up from
0.5% to 50% at about cycle 12. High-level waste is about 4% of that from PWR on open fuel cycle. EM2 would also be suitable for
process heat applications. The main pressure vessel can be trucked or railed to the site, and installed below ground level, and
the high-speed (gas) turbine generator is also truck-transportable. The company expects a four-unit EM? plant to be built in 42
months. The means of reprocessing to remove fission products is not specified, except that it is not a wet process. The
company applied for the second round of DOE funding in 2013.

The company anticipates a 12-year development and licensing period, which is in line with the 80 MWt experimental technology
demonstration gas-cooled fast reactor (GFR) in the Generation IV programmel. GA has teamed up with Chicago Bridge & Iron,
Mitsubishi Heavy Industries, and Idaho National Laboratory to develop the EM2.

GA-Framatome Fast Modular Reactor

General Atomics Electromagnetic Systems Group (GA-EMS) in the USA is collaborating with Framatome Inc. (the US branch of
Framatome) to develop a new helium-cooled 50 MWe design, the Fast Modular Reactor (FMR), primarily for electricity using the
Brayton cycle at 45% thermal efficiency. The refuelling cycle would be nine years, apparently using GA’s proprietary SiGA silicon-
carbide composite fuel cladding, though no information about fuel has been announced. It will be dry-cooled regarding waste
heat, with passive safety. It will have fast-response load-following capability of about 20% per minute ramping while maintaining
reactor temperature to mitigate thermal cycle fatigue in components. It will be factory-built and assembled onsite. Framatome’s
US engineering team will be responsible for designing several critical structures, systems and components for the FMR. A
demonstration unit is expected to operate in early 2030s. Operating temperature is expected to be over 700 °C (cf 850 °C for
EM? at higher thermal efficiency)

GA-EMS is separate from General Atomics' Energy Group, which is developing the Energy Multiplier Module (EM?). GE-EMS is
best known for the electromagnetic aircraft launch and recovery systems fitted to the latest US aircraft carriers, as well as rail
guns and hypervelocity projectiles.

Fast neutron reactors

Fast neutron reactors (FNR) are smaller and simpler than light water types, they have better fuel performance and can have a
longer refueling interval (up to 20 years), but a new safety case needs to be made for them, at least in the west. They are
designed to use the full energy potential of uranium, rather than about one percent of it that conventional power reactors use.
They have no moderator, a higher neutron flux and are normally cooled by liquid metal such as sodium, lead, or lead-bismuth,
with high conductivity and boiling point. They operate at or near atmospheric pressure and have passive safety features (most
have convection circulating the primary coolant). Automatic power regulation is achieved due to the reactivity feedback - loss
of coolant flow leads to higher core temperature which slows the reaction. Fast reactors typically use boron carbide control
rods.

Fuels are mostly 15-20% enriched and may be uranium nitride — UN, (U,Pu)N, (U,transuranic)N, or (U,Pu)Zr. In the USA no
enrichment plant is designed for more than 10% enrichment, but the government has 26 tonnes of HEU unallocated, and this
might be blended down for fast reactors.

Most coolants are liquid metal, either sodium, which is flammable and reacts violently with water, or lead/lead-bismuth, which is
corrosive but does not react with air or water. It eliminates the need and associated expense of extra components and
redundant safety systems required by other technologies for protection against coolant leakages. Both coolants can be used at
or near atmospheric pressure, which simplifies engineering and reduces cost. Their high-temperature operation benefits
thermodynamic efficiency.

There are two exceptions to liquid metal cooling: gas and salt.
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Two gas-cooled fast reactor (GFR) concepts — the Energy Multiplier Module (EM?2) and Fast Modular Reactor (FMR) — have been
announced by General Atomics and are described in the HTR section above. The concept is also being pursued in the
Generation IV programme, with Allegro (50-100 MW?t) being developed by the V4G4 Centre in Eastern Europe with French
support. In May 2021 the Czech nuclear research institute, UJV Rez, announced its Hefasto project based on Allegro, to develop
a 200 MWt reactor operating at up to 900°C. Three versions will be pitched to heating, cogeneration and the chemical industry.

Salt cooling is in the molten chloride fast reactor (MCFR) concept being developed by Southern Company Services in the USA
with TerraPower, Oak Ridge National Laboratory (ORNL) and EPRI. The pilot version of this will be built at Idaho National
Laboratory. Also the lead version of the Moltex stable salt reactor is fast. These are described in the Molten salt reactors section
below.

Small FNRs are designed to be factory-built and shipped to site on truck, train or barge and then shipped back again or to a
regional fuel cycle centre at end of life. They would mostly be installed below ground level and with high surface area to volume
ratio they have good passive cooling potential. Disposal is envisaged as entire units, without separate spent fuel storage, or
after fuel removed for reprocessing.

See also Fast Neutron Reactors paper.

Sodium-cooled fast reactors

Several US companies are developing sodium-cooled fast reactor designs based on the 62.5 MWt Experimental Breeder Reactor
Il (EBR-11). The EBR-Il was a significant fast reactor prototype, a fuel recycle reactor at Idaho National Laboratory (formerly
Argonne National Laboratory - West) which produced 19 MWe over about 30 years. It used the pyrometallurgically-refined used
fuel from light water reactors as fuel, including a wide range of actinides. After operating from 1963 to 1994 it is now
decommissioned. EBR-Il was the basis of the US Integral Fast Reactor (IFR) programme (originally the Advanced Liquid Metal
Reactor program), and that IFR term is again in use. An EBR-II of 200-300 MWe was proposed but not developed (see also
information page on Fast Neutron Reactors).

PRISM, Natrium

GE with the US national laboratories had been developing a modular liquid metal-cooled inherently-safe reactor — PRISM (Power
Reactor Innovative Small Module) — under the Advanced Liquid Metal Reactor/Integral Fast Reactor (ALMR/IFR) program
funded by the US Department of Energy. The design is based on EBR-Il and the original IFR. Another antecedent was GE's fast
reactor power plant for USS Seawolf 1957-58. The ALMR/IFR program was cancelled in 1994 and no US fast neutron reactor has
so far been larger than 66 MWe and none has supplied electricity commercially. However, the 1994 pre-application safety
evaluation report]3 for the original PRISM design concluded that "no obvious impediments to licensing the PRISM design had
been identified."

Today's PRISM is a GE Hitachi (GEH) design for compact modular pool-type reactors with passive cooling for decay heat
removal. After 30 years of development it represents GEH's Generation IV solution to closing the fuel cycle in the USA. Each
PRISM power block consists of two modules of 311 MWe (840 MWt) each, (or, earlier, three modules of 155 MWe, 471 MWH),
each with one steam generator, that collectively drive one turbine generator. The pool-type modules below ground level contain
the complete primary system with sodium coolant at about 500°C. An intermediate sodium loop takes heat to steam
generators. The metal Pu & DU fuel is obtained from used light water reactor fuel. All transuranic elements are removed together
in the electrometallurgical reprocessing so that fresh fuel has minor actinides with the plutonium and uranium.
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A cutaway of the PRISM design (GE Hitachi)

The reactor is designed to use a heterogeneous metal alloy core with 192 fuel assemblies in two fuel zones. In the version
designed for used LWR fuel recycle, all these are fuel, giving peak burnup of 122 GWd/1. In other versions for breeding or
weapons plutonium consumption, 42 of them are internal blanket and 42 are radial blanket, with 108 as driver fuel, and peak
burnup of 144 GWd/t. For the LWR fuel recycle version, fuel stays in the reactor four years, with one-quarter removed annually,
and 72 kg/yr net of fissile plutonium consumed. In the breeder version fuel stays in the reactor about six years, with one-third
removed every two years, and net production of 57 kg/yr of fissile plutonium. Breeding ratio depends on purpose and hence
configuration, so ranges from 0.72 for used LWR recycle to 1.23 for breeder. Used PRISM fuel is recycled after removal of fission
products, though not necessarily into PRISM units.

The commercial-scale plant concept, part of an 'Advanced Recycling Center', would use three power blocks (six reactor
modules) to provide 1866 MWe. In 2011 GE Hitachi announced that it was shifting its marketing strategy to pitch the reactor
directly to utilities as a way to recycle excess plutonium while producing electricity for the grid. GEH bills it as a simplified
design with passive safety features and using modular construction techniques. Its reference construction schedule is 36
months. In October 2016 GEH signed an agreement with Southern Nuclear Development, a subsidiary of Southern Nuclear
Operating Company, to collaborate on licensing fast reactors including PRISM. In June 2017 GEH joined a team led by High
Bridge Energy Development Co. and including Exelon Generation, High Bridge Associates and URS Nuclear to license PRISM.

GEH is promoting to UK government agencies the potential use of PRISM technology to dispose of the UK's plutonium
stockpile. Two PRISM units would irradiate fuel made from this plutonium (20% Pu, with DU and zirconium) for 45-90 days,
bringing it to 'spent fuel standard' of radioactivity, after which it would be stored in air-cooled silos. The whole stockpile could be
irradiated thus in five years, with some by-product electricity (but frequent interruptions for fuel changing) and the plant would
then proceed to re-use it for about 55 years solely for 600 MWe of electricity generation, with one-third of the fuel being changed
every two years. For this UK version, the breeding ratio is 0.8. No reprocessing plant (Advanced Recycling Center') is envisaged
initially, but this could be added later.

In March 2017 GEH and Advanced Reactor Concepts (see below) signed an agreement to collaborate on licensing an SMR
design based on the ARC-100, but drawing on the extensive intellectual property and licensing experience of the GEH PRISM
programme. Initial deployment is envisaged in Canada, at Point Lepreau in New Brunswick. ARC will seek a preliminary
regulatory review with the CNSC through its Vendor Design Review process.
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In February 2019 the US DOE launched its Versatile Test Reactor (VTR) programme, set up under the Nuclear Energy Innovation
Capabilities Act 2017 and run by Idaho National Laboratory. The programme aims to provide the capability for testing advanced
nuclear fuels, materials, instrumentation, and sensors. The VTR, which is intended to be operational at INL by the end of 2025,
would be an adapted PRISM reactor to provide accelerated neutron damage rates 20 times greater than current water-cooled
test reactors. (The only other fast research reactor operating is the BN-60 in Russia, to be replaced after 2020 by MBIR there.) In
January 2020 GEH and TerraPower announced a collaboration to pursue a public-private partnership to design and construct
the VTR for the DOE. They would be supported by the Energy Northwest utility consortium.

A further collaboration between GE Hitachi and Terrapower is the Natrium concept. This is based on a PRISM reactor of 345
MWe and uses molten salt to store heat so that the output could be increased to about 500 MWe for up to five hours for load-
following. The primary coolant is sodium, the secondary coolant is molten salt which can store heat or use it to make steam in a
heat exchanger, switching between the two as required so that plant output can vary between 30% and 150% of reactor power. It
would “help customers capitalize on peaking opportunities driven by renewable energy fluctuations.” Natrium is part of the DOE
Advanced Reactor Demonstration Program (ARDP) offering funds on a cost-share basis and in October 2020 was awarded an
initial grant of $80 million. In October 2020 Bechtel joined the consortium to provide design, licensing, procurement and
construction services to the project.

In June 2021 TerraPower announced plans to build a demonstration Natrium unit in Wyoming at a retired coal plant site. It plans
to submit a construction permit application in 2023 and an operating licence application in 2026. The plant is expected to cost
under $1 billion apart from financing.

See also Electrometallurgical pyroprocessing’section in the information page on Processing_of Used Nuclear Fuel.

Integral Fast Reactor, ARC-100

Advanced Reactor Concepts LLC (ARC) set up in 2006 has developed a 260 MWt/100 MWe sodium-cooled fast reactor based
on the 62.5 MWt Experimental Breeder Reactor Il (EBR-II). It will be factory-produced, with components readily assembled
onsite, and with 'walk-away' passive safety. Installation would be below ground level.

The ARC-100 system comprises a uranium alloy metal core cartridge submerged in sodium at ambient pressure in a stainless
steel tank. The liquid sodium is pumped through the core where it is heated to 510°C, then passed through an integral heat
exchanger (within the pool) where it heats sodium in an intermediate loop, which in turn heats working fluid for electricity
generation. It would have a refuelling interval of 20 years for cartridge changeover, with 20.7 tonnes of fuel. Initial fuel will be
low-enriched uranium (10.1% inner zone, 12.1% middle zone, 17.2% outer zone among 92 fuel assemblies over 1.5 m fuelled
height) but it will be able to burn wastes from light water reactors, or plutonium. Reprocessing its used fuel will not separate
plutonium. ARC-100 has load-following capability. Thermal efficiency is about 40% and it and could be paired with a supercritical
carbon dioxide tertiary circuit to drive a turbine at high efficiency. Operating cost is expected to be $50/MWh.

In March 2017 GEH and ARC signed an agreement to collaborate on licensing an SMR design based on ARC-100, which will
leverage extensive intellectual property and licensing experience of the GEH PRISM programme. A further agreement in August
2017 licensed PRISM technology to ARC, and provided GEH engineering and design expertise to ARC. Initial deployment is
envisaged in Canada by ARC Canada, and in October 2019 the CNSC completed phase 1 pre-licensing vendor design review for
the ARC-100.

In July 2018 ARC and New Brunswick Power announced that they were exploring the potential deployment of the ARC-100
reactor at New Brunswick's Point Lepreau nuclear plant, and in November 2020 the two companies were joined by Moltex in
setting up an SMR vendor cluster there. In February 2021 the New Brunswick government announced $20 million funding for
ARC Canada and in April 2021 plans for the first unit at Point Lepreau were confirmed. In 2021 ARC offered the design to
Energoatom in Ukraine.

CEFR

The China Experimental Fast Reactor of 65 MW is basically that, rather than a power reactor, though it can incidentally generate
20 MWe. It is an important part of China's reactor development, and details are in the R&D section of the China Fuel Cycle paper.
It is sodium-cooled at 530°C and has been operating since 2010.

Rapid-L

A small-scale design developed by Japan's Central Research Institute of Electric Power Industry (CRIEPI) in cooperation with
Mitsubishi Research Institute and funded by the Japan Atomic Energy Research Institute (JAERI) is the 5 MWt, 200 kWe Rapid-L,
using lithium-6 (a neutron poison) as control medium. It would have 2700 fuel pins of 40-50% enriched uranium nitride with
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2600°C melting point integrated into a disposable cartridge or ‘integrated fuel assembly'. The reactivity control system is
passive, using lithium expansion modules (LEMs) which give burn-up compensation, partial load operation as well as negative
reactivity feedback. During normal operation, lithium-6 in the LEM is suspended on an inert gas above the core region. As the
reactor temperature rises, the lithium-6 expands, moving the gas/liquid interface down into the core and hence adding negative
reactivity. Other kinds of lithium modules, also integrated into the fuel cartridge, shut down and start up the reactor. Cooling is
by molten sodium, and with the LEM control system, reactor power is proportional to primary coolant flow rate. Refuelling would
be every 10 years in an inert gas environment. Operation would require no skill, due to the inherent safety design features. The
whole plant would be about 6.5 metres high and 2 metres diameter.

The larger RAPID reactor delivers 1 MWe and is U-Pu-Zr fuelled and sodium-cooled.

4S

The Super-Safe, Small & Simple (4S) 'nuclear battery' system is being developed by Toshiba and the Central Research Institute of
Electric Power Industry (CRIEPI) in Japan in collaboration with SSTAR work and Westinghouse (owned by Toshiba) in the USA. It
uses sodium as coolant (with electromagnetic pumps) and has passive safety features, notably negative temperature
coefficient of reactivity. The whole unit would be factory-built, transported to site, installed below ground level, and would drive a
steam cycle via a secondary sodium loop. It is capable of three decades of continuous operation without refuelling. Metallic fuel
(169 pins 10mm diameter) is uranium-zirconium enriched to less than 20% or U-Pu-Zr alloy with 24% Pu for the 30 MWt (10
MWe) version or 11.5% Pu for the 135 MWt (50 MWe) version. Steady power output over the core lifetime in 30 MWt version is
achieved by progressively moving upwards an annular reflector around the slender core (0.68m diameter, 2m high in the small
version; 1.2m diameter and 2.5m high in the larger version) at about one millimetre per week. After 14 years a neutron absorber
at the centre of the core is removed and the reflector repeats its slow movement up the core for 16 more years. Burn-up will be
34 GWday/t. In the event of power loss the reflector falls to the bottom of the reactor vessel, slowing the reaction, and external
air circulation gives decay heat removal. A further safety device is a neutron absorber rod which can drop into the core. After 30
years the fuel would be allowed to cool for a year, then it would be removed and shipped for storage or disposal.

Both versions of 4S are designed to automatically maintain an outlet coolant temperature of 510-550°C - suitable for power
generation with high temperature electrolytic hydrogen production. Plant cost is projected at USS 2500/kW and power cost 5-7
cents/kWh for the small unit — very competitive with diesel in many locations. The design has gained considerable support in
Alaska and toward the end of 2004 the town of Galena granted initial approval for Toshiba to build a 10 MWe (30 MWt) 4S
reactor in that remote location. A pre-application Nuclear Regulatory Commission (NRC) review was under way to 2008 with a
view to application for design certification in October 2010, and combined construction and operating licence (COL) application
to follow. Its review is now listed as ‘inactive’ by NRC. Its design is sufficiently similar to PRISM — GE's modular 150 MWe liquid
metal-cooled inherently-safe reactor which went part-way through the NRC approval process (see section above on PRISM) -
for it to have good prospects of licensing. Toshiba planned a worldwide marketing program to sell the units for power
generation at remote mines, for extraction of tar sands, desalination plants and for making hydrogen. Eventually it expected
sales for hydrogen production to outnumber those for power supply.

The L-4S is a Pb-Bi cooled version of the 4S design.

Travelling wave and standing wave reactors

This is not a small reactor, and details are in the information page on Fast Neutron Reactors and at TerraPower.

Lead- and lead-bismuth cooled fast reactors

Lead or lead-bismuth eutectic in fast neutron reactors are capable of high temperature operation at atmospheric pressure. Pb-
208 - 54% of naturally-occurring lead - is transparent to neutrons. This means that efficiency is better due to greater spacing
between fuel pins which then allows coolant flow by convection for decay heat removal. Also since they do not react with water
the heat exchanger interface is safer. They do not burn when exposed to air. However, they are corrosive of fuel cladding and
steels, which originally limited temperatures to 550°C. With today's materials 650°C can be reached, and in future 800°C is
envisaged with the second stage of Generation IV development, using oxide dispersion-strengthened steels. Lead and Pb-Bi
have much higher thermal conductivity than water, but lower than sodium.

While lead has limited activation from neutrons, a problem with Pb-Bi is that it yields toxic polonium (Po-210) activation product,
an alpha-emitter with a half-life of 138 days. Pb-Bi melts at a relatively low 125°C (hence eutectic) and boils at 1670°C, Pb melts
at 327°C and boils at 1737°C but is very much more abundant and cheaper to produce than bismuth, hence is envisaged for
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large-scale use in the future, though freezing must be prevented. In 1998 Russia declassified a lot of research information
derived from its experience with Pb-Bi in submarine reactors, and US interest in using Pb generally or Pb-Bi for small reactors
has increased subsequently.

BREST-300

Russia has experimented with several lead-cooled reactor designs, and gained 70 reactor-years experience with lead-bismuth
cooling to 1990s in submarine reactors. A significant new Russian design from NIKIET is the BREST fast neutron reactor, of 700
MWt, 300 MWe, with lead as the primary coolant, at 540°C, supplying supercritical steam generators. The core sits in a pool of
lead at near atmospheric pressure. It is inherently safe and uses a U+Pu nitride fuel. Effective enrichment is about 13.5%. Fuel
cycle is quoted at 5-6 years with partial refuelling at about 10 months. No weapons-grade plutonium can be produced (since
there is no uranium blanket), and used fuel can be recycled indefinitely, with on-site facilities.

The pilot demonstration unit is being built at Seversk for completion in 2026, and 1200 MWe units are planned. The BREST
reactor is an integral part of the Pilot Demonstration Energy Complex (PDEC) which comprises three elements: a mixed
uranium-plutonium nitride fuel fabrication/re-fabrication module; a nuclear power plant with BREST-300 reactor; and a used
nuclear fuel reprocessing module (for 2024 operation). The combination enables a fully closed fuel cycle on one site.

SVBR-100

A smaller and newer Russian design as a small modular reactor was to be the lead-bismuth fast reactor (SVBR) of 280 MWt,
100 MWe, being developed by AKME-engineering and involving Gidropress in the design. It is an integral design, with 12 steam
generators and two main circulation pumps sitting in the same Pb-Bi pool at 340-490°C as the reactor core. It is designed to be
able to use a wide variety of fuels, though the pilot unit would initially use uranium oxide enriched to 16.3%. With U-Pu MOX fuel
it would operate in closed cycle. Refuelling interval would be 7-8 years and 60-year operating lifetime was envisaged. The
melting point of the Pb-Bi coolant is 123.5°C, so it is readily kept molten during shutdown by decay heat supplemented by
external heat sources if required.

The SVBR-100 unit of 280 MWt would be factory-made and transported (railway, road or waterway) as a 4.5m diameter, 8.2m
high module. A power station with such modules was expected to supply electricity at lower cost than any other new technology
with an equal capacity as well as achieving inherent safety and high proliferation resistance. (Russia built seven Alfa-class
submarines, each powered by a compact 155 MWt Pb-Bi cooled reactor, and 80 reactor-years' operational experience was
acquired with these.) In October 2015 Rosatom reported: "Experts have confirmed there are no scientific or technical issues that
would prevent completion of the project and obtaining a construction licence." Then in November 2016 Rosatom said it
expected to work out the main specifications for construction of the SVBR-100 by mid-2017, but in 2018 the project was
dropped. Overnight capital cost was earlier estimated as $4000-4500/kW and generating costs 4-5 c/kWh on 90% load factor.

In December 2009, AKME-engineering, a 50-50 joint venture, was set up by Rosatom and the En+ Group (a subsidiary of Basic
Element Group) as an open joint stock company to develop and build a pilot SVBR unit2. En+ is an associate of JSC
EuroSibEnergo and a 53.8% owner of Rusal, which had been in discussion with Rosatom regarding a Far East nuclear power
plant and Phase Il of the Balakovo nuclear plant. It was to contribute most of the capital, and Rosatom is now looking for
another investor. In 2011 the EuroSibEnergo 50% share passed to its subsidiary JSC Irkutskenergo. The main project
participants are OKB Gidropress at Podolsk, VNIPIET OAO at St Petersburg, and the RF State Research Centre Institute of
Physics & Power Engineering (IPPE or FEI) at Obninsk.

The plan was to complete the design development and put online a 100 MWe pilot facility by 2019, with total investment of
RUR36 billion ($550 million). The site was to be the Research Institute of Atomic Reactors (RIAR or NIIAR) at Dimitrovgrad —
Russia's largest nuclear research centre — though earlier plans were to put it at IPPE/FEI at Obninsk. The SVBR-100 would have
been the first reactor cooled by heavy metal to generate electricity. It is described by Gidropress as a multi-function reactor for
power, heat or desalination.

An SVBR-10 was also envisaged, with the same design principles, a 20-year refuelling interval and generating capacity of 12
MWe, and it too is a multi-purpose unit.

(Link to SVBR brochure)

Gen4 (Hyperion) Power Module

The Gen4 Module is a 70 MW1t/25 MWe lead-bismuth cooled reactor concept using 19.75% enriched uranium nitride fuel,
from Gen4 Energy. The reactor was originally conceived as a potassium-cooled self-regulating 'nuclear battery' fuelled by
uranium hydride™. However, in 2009, Hyperion Power changed the design to uranium nitride fuel and lead-bismuth cooling to
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expedite design certification2. This now classes it as a fast neutron reactor, without moderation. The company claims that the
ceramic nitride fuel has superior thermal and neutronic properties compared with uranium oxide. Enrichment is 19.75% and
operating temperature about 500°C. The lead-bismuth eutectic is 45% Pb, 55% Bi. The unit would be installed below ground
level.

The reactor vessel housing the core and primary heat transfer circuit is about 1.5 metres wide and 2.5 metres high. It is easily
portable, sealed and has no moving parts. A secondary cooling circuit transfers heat to an external steam generator. The reactor
module is designed to operate for electricity or process heat (or cogeneration) continuously for up to 10 years without refuelling.
Another reactor module could then take its place in the overall plant. The old module, with fuel burned down to about 15%
enrichment, would be put in dry storage at site to cool for up to two years before being returned to the factory.

In March 2010, Hyperion (as the company then was) notified the US Nuclear Regulatory Commission that it planned to submit a
design certification application in 2012. The company said then that it has many expressions of interest for ordering units. In
September 2010, the company signed an agreement with Savannah River Nuclear Solutions to possibly build a demonstration
unit at the Department of Energy site there. Hyperion planned to build a prototype by 2015, possibly with uranium oxide fuel if
the nitride were not then available. In March 2012 the US DOE signed an agreement with Hyperion regarding constructing a
demonstration unit at its Savannah River site in South Carolina.

In 2014 two papers on nuclear marine propulsion were published arising from a major international industry project led by
Lloyd's Register. They describe a preliminary concept design study for a 155,000 dwt Suezmax tanker that is based on a
conventional hull form with a 70 MW Gen4 Energy power module for propulsion.

In March 2012 Hyperion Power Generation changed its name to Gen4 Energy, and the name of its reactor to Gen4 Module
(G4M). It pitched its design for remote sites having smaller power requirements.

Westinghouse LFR

The Westinghouse Lead-cooled Fast Reactor (LFR) programme originated from an investigation performed in 2015 aimed at
identifying the technology that would best support addressing the challenges of nuclear power, for global deployment. It is at
the conceptual design stage for up to 450 MWe as a modular pool-type unit, simple, scalable and with passive safety. It will have
flexible output to complement intermittent renewable feed to the grid. Its high temperature — eventually 650°C — capabilities will
allow industrial heat applications. Westinghouse expects it to be very competitive, having low capital and construction costs
with enhanced safety.

Because lead coolant operates at atmospheric pressure and does not exothermically react with air or with power conversion
fluids (such as supercritical carbon dioxide and water), LFR technology also eliminates the need and associated expense of
extra components and redundant safety systems required by other plant designs for protection against coolant leakages.
Further operational and safety enhancements are also achieved by adoption of a fuel/cladding combination with high
temperature capability based on those under development by Westinghouse in the accident tolerant fuel programme.

In February 2017 the company signed an agreement with the Italian National Agency for New Technologies, Energy and
Sustainable Economic Development (ENEA) and Ansaldo Nucleare to develop the design. The development also involves
several UK companies and initial licensing is envisaged with the UK Office for Nuclear Regulation (ONR). In April 2021 an
Ansaldo subsidiary was contracted to design, provide, install and test key components of the reactor at the Versatile Lead Loop
Facility and Passive Heat Removal Facility, which are to be designed and installed at Ansaldo Nuclear's site in Wolverhampton in
the UK. A prototype LFR will be about 300 MWe, running at 500 °C.

Beyond base-load electricity generation, the high-temperature operation of the LFR will allow for effective load-following
capability enabled by an innovative thermal energy storage system, as well as delivery of process heat for industrial applications
and water desalination. A supercritical carbon dioxide power conversion system that uses air as the ultimate heat sink
significantly reduces water utilization and eliminates the need for siting the plant near large water bodies.

Encapsulated Nuclear Heat-Source

The Encapsulated Nuclear Heat-Source (ENHS) is a liquid metal-cooled reactor concept of 50 MWe being developed by the
University of California, Berkeley. The core is at the bottom of a metal-filled module sitting in a large pool of secondary molten
metal coolant which also accommodates the eight separate and unconnected steam generators. There is convection circulation
of primary coolant within the module and of secondary coolant outside it. Outside the secondary pool the plant is air-cooled.
Control rods would need to be adjusted every year or so and load-following would be automatic. The whole reactor sitsina 17
metre deep silo. Fuel is a uranium-zirconium alloy with 13% enrichment (or U-Pu-Zr with 11% Pu) with a 15-20 year life. After this
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the module is removed, stored on site until the primary lead (or Pb-Bi) coolant solidifies, and it would then be shipped as a self-
contained and shielded item. A new fuelled module would be supplied complete with primary coolant. The ENHS is designed for
developing countries and is highly proliferation-resistant but is not yet close to commercialization.

The heatpipe ENHS has the heat removed by liquid-metal heatpipes. Like the SAFE-400 space nuclear reactor core, the HP-
ENHS core comprises fuel rods and heatpipes embedded in a solid structure arranged in a hexagonal lattice in a 3:1 ratio. The
core is oriented horizontally and has a square rather than cylindrical cross-section for effective heat transfer. The heatpipes
extend from the two axial reflectors in which the fission gas plena are embedded and transfer heat to an intermediate coolant
that flows by natural circulation. (The SAFE-400 space fission reactor — Safe Affordable Fission Engine — was a 400 kWt
heatpipe power system of 100 kWe to power a space vehicle using two Brayton power systems (gas turbines driven directly by
the hot gas from the reactor.)

STAR-LM, STAR-H2, SSTAR

The Secure Transportable Autonomous Reactor (STAR) project at Argonne National Laboratory was developing small, multi-
purpose systems that operate nearly autonomously for the very long term. The STAR-LM is a factory-fabricated fast neutron
modular reactor design cooled by lead-bismuth eutectic, with passive safety features. Its 300-400 MWt size means it can be
shipped by rail. It uses uranium-transuranic nitride fuel in a 2.5 m diameter cartridge which is replaced every 15 years. Decay
heat removal is by external air circulation. The STAR-LM was conceived for power generation with a capacity of about 175 MWe.

The STAR-H2 is an adaptation of the same reactor for hydrogen production, with reactor heat at up to 800°C being conveyed by
a helium circuit to drive a separate thermochemical hydrogen production plant, while lower grade heat is harnessed for
desalination (multi-stage flash process). Its development is further off.

A smaller STAR variant is the Small Sealed Transportable Autonomous Reactor (SSTAR) which was being developed by
Lawrence Livermore, Argonne and Los Alamos National Laboratories in collaboration with others including Toshiba. It has lead
or Pb-Bi cooling, 564°C core outlet temperature and has integral steam generator inside the sealed unit, which would be
installed below ground level. Conceived in sizes 10-100 MWe, main development was focused on a 45 MW1t/20 MWe version as
part of the US Generation IV effort. After a 20- or 30-year operating lifetime without refuelling, the whole reactor unit is then
returned for recycling the fuel. The reactor vessel is 12 metres high and 3.2 m diameter and the core one metre high and 1.2 m
diameter (20 MWe version). SSTAR would eventually be coupled to a Brayton cycle turbine using supercritical carbon

dioxide with natural circulation to four heat exchangers. A prototype was envisaged for 2015, but development has apparently
ceased.

LSPR

A lead-bismuth-eutectic (LBE) cooled fast reactor of 150 MWt/53 MWEe, the LSPR (LBE-Cooled Long-Life Safe Simple Small
Portable Proliferation-Resistant Reactor), is under development in Japan. Fuelled units would be supplied from a factory and
operate for 30 years, then be returned. The concept is intended for developing countries.

SEALER

LeadCold Reactors (Blykalla Reaktorer) was founded in 2013 as a spin-off company from the Royal Institute of Technology
(KTH) in Stockholm. It has a subsidiary in Canada. Its SEALER-3 (Swedish Advanced Lead Reactor) is a lead-cooled fast reactor
designed with the smallest possible core that can achieve criticality in a fast spectrum using 20% enriched uranium oxide fuel.
The basic reactor is 8 MWt, with a peak electric power of 3 MWe, leading to a core life of 30 full power years (at 90% availability
with no refuelling) with coolant below 450°C to minimise corrosion. The company has developed novel aluminium-steel alloys
that are highly corrosion-resistant in contact with liquid lead up to 450°C. The reactor vessel is designed to be small enough to
permit transportation by aircraft.

As the regulatory framework for licensing of small reactors in Canada is better established than in most other countries,
Nunavut and the Northwest Territories are likely to become the first markets for SEALER units. The Canadian Nuclear Safety
Commission (CNSC) commenced phase 1 of a 15-month pre-licensing vendor design review in January 2017, but the review is
now on hold at the vendor's request. In 2016 an Essel Group Middle East subsidiary agreed to invest in the Swedish-Canadian
project, and in January 2017 a $200 million investment agreement was signed to license and construct "the world's first
privately funded lead-cooled nuclear power plant.” The funding will enable LeadCold to complete the pre-licensing review with
the CNSC, complete a detailed engineering design of the reactor, carry out the R&D necessary for licensing the design in Canada,
and construct a full-scale 3 MWe demonstration unit by about 2025. In April 2018 the company began collaboration on safety
analysis with Netherlands-based NRG, which operates the Petten high-flux research reactor.
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In February 2021 Uniper Sweden signed a joint venture agreement, creating Swedish Modular Reactors AB, with LeadCold and
KTH aimed at constructing a demonstration SEALER-3 by 2030 at Oskarshamn. In February 2022 the Swedish Energy Agency
awarded the joint venture funding of $10.6 million.

SEALER-5 is a 5 MWe reactor design. Replacing the standard uranium oxide fuel with uranium nitride (UN), the same core can
host 40% more fissile material. This allows the core to operate at 40% higher thermal power for the same duration as SEALER-
3, i.e. 30 years.

SEALER-10 is the waste management system. After 30 years of operation, the early SEALER units will be transported back to a
centralised recycling facility. The plutonium and minor actinides present in the spent fuel will then be separated and converted
into nitride fuel for recycle in a 10 MWe SEALER reactor. One such reactor will be sufficient to manage the used fuel of ten
smaller SEALER units.

Chinese Hedianbao

A small research institute at Hefei, Anhui province in China is doing some conceptual work on a “portable nuclear battery pack”
designed to fit inside a standard shipping container. The lead-cooled fast reactor would be able to generate 10 megawatts
thermal, and is based on a Russian submarine reactor design.

Korean fast reactor designs

In South Korea, the Korea Atomic Energy Research Institute (KAERI) has been working on sodium-cooled fast reactor designs,
but a second stream of fast reactor development there is via the Nuclear Transmutation Energy Research Centre of Korea
(NUTrECK) at Seoul University (SNU). It is working on a lead-bismuth cooled design of 35 MW which would operate on pyro-
processed fuel. It is designed to be leased for 20 years and operated without refuelling, then returned to the supplier. It would
then be refuelled at the pyro-processing plant and have a design life of 60 years. It would operate at atmospheric pressure,
eliminating major concern regarding loss of coolant accidents.

Molten salt reactors

These mostly use molten fluoride salts as primary coolant, at low pressure. Lithium-beryllium fluoride and lithium fluoride salts
remain liquid without pressurization up to 1400°C, in marked contrast to a PWR which operates at about 315°C under 150
atmospheres pressure. Fast-spectrum MSRs use chloride salt coolant. In most designs the fuel is dissolved in the primary
coolant, but in some the fuel is a pebble bed.

During the 1960s, the USA developed the molten salt breeder reactor concept as the primary back-up option for the fast breeder
reactor (cooled by liquid metal) and a small prototype 8 MWt Molten Salt Reactor Experiment (MSRE) operated at Oak Ridge
over four years to 1969 (the MSR programme ran 1957-1976). U-235 tetrafluoride enriched to 33% was in molten lithium,
beryllium and zirconium fluorides at 600-650°C which flowed through a graphite moderator. A second campaign used U-233
fuel, but the program did not progress to building a MSR breeder utilising thorium. There is now renewed interest in the concept
in Japan, Russia, China, France and the USA, and one of the six Generation IV designs selected for further development is the
molten salt reactor (MSR).

In the normal MSR, the fuel is a molten mixture of lithium and beryllium fluoride (FLiBe) salts with dissolved enriched uranium -
U-235 or U-233 fluorides (UF4). The core consists of unclad graphite moderator arranged to allow the flow of salt at some 700°C
and at low pressure. Much higher temperatures are possible but not yet tested. Heat is transferred to a secondary salt circuit
and thence to steam?®. The basic design is not a fast neutron reactor, but with some moderation by the graphite, may be
epithermal (intermediate neutron speed) and breeding ratio is less than 1.

Thorium can be dissolved with the uranium in a single fluid MSR, known as a homogeneous design. Two-fluid, or heterogeneous
MSRs would have fertile salt containing thorium in a second loop separate from the fuel salt containing fissile uranium and
could operate as a breeder reactor (MSBR). In each case secondary coolant salt circuits are used.

The fission products dissolve in the fuel salt and may be removed continuously in an on-line reprocessing loop and replaced
with fissile uranium or, potentially, Th-232 or U-238. Actinides remain in the reactor until they fission or are converted to higher
actinides which do so.

The liquid fuel has a negative temperature coefficient of reactivity and a strong negative void coefficient of reactivity, giving
passive safety. If the fuel temperature increases, the reactivity decreases. The MSR thus has a significant load-following
capability where reduced heat abstraction through the boiler tubes leads to increased coolant temperature, or greater heat
removal reduces coolant temperature and increases reactivity. Primary reactivity control is using the secondary coolant salt
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pump or circulation which changes the temperature of the fuel salt in the core, thus altering reactivity due to its strong negative
reactivity coefficient. The MSR works at near atmospheric pressure, eliminating the risk of explosive release of volatile
radioactive materials.

Other attractive features of the MSR fuel cycle include: the high-level waste comprising fission products only, hence shorter-lived
radioactivity (actinides are less-readily formed from U-233 than in fuel with atomic mass greater than 235); small inventory of
weapons-fissile material (Pu-242 being the dominant Pu isotope); high temperature operation giving greater thermal efficiency;
high burn-up of fuel and hence low fuel use (the French self-breeding variant claims 50kg of thorium and 50kg U-238 per billion
kWh); and safety due to passive cooling up to any size. Several have freeze plugs so that the primary salt can be drained by
gravity into dump tanks configured to prevent criticality. Control rods are actually shut-down rods.

Lithium used in the primary salt must be fairly pure Li-7, since Li-6 produces tritium when fissioned by neutrons. Li-7 has a very
small neutron cross section. This means that natural lithium must be enriched, and is costly. Pure Li-7 is not generally used in
secondary coolant salts. But even with enriched Li-7, some tritium is produced and must be retained and recovered.

The MSR concept is being pursued in the Generation IV programme with two variants: one a fast neutron reactor with fissile
material dissolved in the circulation fuel salt, and with solid particle fuel in graphite and the salt functioning only as coolant.

MSRs would normally operate at much higher temperatures than LWRs — up to at least 700°C, and hence have potential for
process heat. Molten fluoride salts (possibly simply cryolite — Na-Al fluoride) are a preferred interface fluid in a secondary circuit
between the nuclear heat source and any chemical plant. The aluminium smelting industry provides substantial experience in
managing them safely.

One MSR developer, Moltex, has put forward a molten salt heat storage concept (GridReserve) to enable the reactor to
supplement intermittent renewables. When electricity demand is low, the heat from a 300 MWe Stable Salt Reactor (SSR, see
below) can be transferred to a nitrate salt held in storage tanks for up to eight hours, and later used to drive a turbine when
demand rises. This heat storage technology is already used with concentrated solar power (CSP) but isn't suitable for
conventional nuclear reactors, which produce heat at around 300°C; however, the SSR outlet temperature of about 600°C is high
enough to be used with this system and give 900 MWe peaking capacity.

While MSR technology has been researched in many countries for decades, it is generally perceived that licensing MSRs is a
major challenge and that in general there is so far very limited experience in design or operation of MSRs.

See also Molten Salt Reactors information paper for more detail of the designs described below.

MSRs with fuel in the primary salt coolant

Liquid Fluoride Thorium Reactor (LFTR)

The Liquid Fluoride Thorium Reactor (LFTR) is a heterogeneous MSR design which breeds its U-233 fuel from a fertile blanket of
lithium-beryllium fluoride (FLiBe) salts with thorium fluoride. Some of the neutrons released during fission of the U-233 salt in
the reactor core are absorbed by the thorium in the blanket salt. The resulting U-233 is separated from the blanket salt and in
FLiBe becomes the liquid core fuel. LFTRs can rapidly change their power output, and hence be used for load-following.

Flibe LFTR

Flibe Energy in the USA is studying a 40 MW two-fluid graphite-moderated thermal reactor concept based on the 1960s-'70s US
molten-salt reactor programme. It uses lithium fluoride/beryllium fluoride (FLiBe) salt as its primary coolant in both circuits. Fuel
is uranium-233 bred from thorium in FLiBe blanket salt. Fuel salt circulates through graphite logs. Secondary loop coolant salt is
sodium-beryllium fluoride (BeF,-NaF). A 2 MWt pilot plant is envisaged, and eventually 600 MWt/250 MWe commercial plants.

Fuji MSR

The Fuji MSR is a graphite-moderated design to operate as a near-breeder with ThF4-UF, fuel salt and FLiBe coolant at 700°C. It
can consume plutonium and actinides, and be from 100 to 1000 MWe. It is being being developed internationally by a Japanese,
Russian and US consortium: the International Thorium Molten Salt Forum (ITMSF) based in Japan. Several variants have been
designed, including a 10 MWe mini Fuji. Thorium Tech Solutions (TTS) plans to commercialize the Fuji concept, and is working
on it with the Halden test reactor in Norway.

Integral MSR
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Canada-based Terrestrial Energy set up in 2013 has designed the Integral MSR (IMSR). This simplified MSR integrates the
primary reactor components, including primary heat exchangers to secondary clean salt circuit, in a sealed and replaceable core
vessel that has a projected life of seven years. The IMSR will operate at 600-700°C, which can support many industrial process
heat applications. The moderator is a hexagonal arrangement of graphite elements. The fuel-salt is a eutectic of standard-assay
(5%) low-enriched uranium fuel (UF4) and a fluoride carrier salt at atmospheric pressure. Secondary loop coolant salt is ZrF4-KF
at atmospheric pressure. Tertiary steam is at 600°C for power generation, process heat, or to back up wind and solar.
Emergency cooling and residual heat removal are passive. Each plant would have space for two reactors, allowing a seven-year
changeover, with the used unit removed for offsite reprocessing when it has cooled and fission products have decayed.
Terrestrial Energy hopes to commission its first commercial reactor in the 2020s.

The IMSR is scalable but from 2016 the company has been focused on a 440 MW1t/195 MWe unit. The total levelized cost of
electricity from the largest is projected to be competitive with natural gas. The smallest is designed for off-grid, remote power
applications, and as prototype. Industrial heat at 600°C is also envisaged in 2016 plans. In September 2021 the company
announced its 390 MWe IMSR400 upgraded power plant with twin reactors and generators.

Compared with other MSR designs, the company deliberately avoids using thorium-based fuels or any form of breeding, due to
“their additional technical and regulatory complexities.” In September 2021 the company contracted Orano for full fuel services
worldwide for the IMSR and in October it awarded contracts to BWXT Canada for steam supply systems.

In November 2017 Terrestrial Energy completed phase 1 of the Canadian Nuclear Safety Commission's (CNSC's) pre-licensing
vendor design review of the IMSR-400, and in October 2018 it entered phase 2 of the review. In January 2019 the company
notified the US Nuclear Regulatory Commission (NRC) of its intention to seek design approval for the IMSR-400. In December
2019 the CNSC and the US NRC selected Terrestrial Energy's IMSR for the first joint technical review of an advanced, non-light
water nuclear reactor. Terrestrial Energy hopes to commission its first commercial reactor in the 2020s. The IMSR is a candidate
for the US Advanced Reactor Demonstration Program but did not get a grant for early (seven-year) development.

In February 2019 the project progressed to stage 2 of site evaluation by Canadian Nuclear Laboratories — a separate process to
licensing — in relation to possibly siting a commercial plant at Chalk River by 2026. Since November 2019 IMSR development
has been supported by Canadian Nuclear Laboratories' Canadian Nuclear Research Initiative (CNRI). In October 2020 a C$20
million grant from Canada's Strategic Innovation Fund was announced, to accelerate development of the IMSR.

In January 2015 the company announced a collaborative agreement with US Oak Ridge National Laboratory (ORNL) to advance
the design over about two years, and in May a similar agreement with the Dalton Nuclear Institute in the UK. In March 2017 the
company entered into a contract with the University of New Brunswick for validation and verification work for the IMSR. In
August 2021 the company signed an agreement with Westinghouse in the UK for fuel development and supply. The company
has applied for a US loan guarantee of up to $1.2 billion to support financing of a project to license, construct and commission
the first US IMSR, a 190 MWe commercial facility. In November 2021 the DOE made a $3 million grant to support licensing and
commercialization of the IMSR.

Terrestrial Energy reviewed four potential US sites for the reactor, including one at Idaho National Laboratory (INL), and an
agreement was signed with Energy Northwest in March 2018 for the first IMSR to be built here. The other three sites are located
east of the Mississippi.

MicroNuclear molten salt battery

MicroNuclear LLC is developing what it calls a molten salt nuclear battery (MsNB). This is a concept for a small nuclear fission
source providing heat by molten salt with no pumps or valves to power a commercial gas turbine of 5-10 MWe. No refuelling
would be required for about ten years. The whole MsNB would be 3m diameter and 3m high. No other details. Idaho National
Laboratory and Idaho University are involved.

Transatomic Power

Transatomic Power (TAP) is a US company partly funded by Founders Fund that initially aimed to develop a single-fluid MSR
using very low-enriched uranium fuel (1.8%) or the entire actinide component of used LWR fuel. However, the company had to
withdraw some exaggerated claims concerning actinide burn-up made in MIT Technology Review in 2016 and revised the design
to using 5% enriched uranium. The revised TAP reactor design has a very compact core consisting of an efficient zirconium
hydride moderator and lithium fluoride (LiF) based salt bearing uranium tetrafluoride (UF4) fuel as well as the actinides that are
generated during operation. The secondary coolant is FLiNaK (LiF-KF-NaF) salt to a steam generator. The neutron flux is greater
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than with a graphite moderator, and therefore contributes strongly to burning of the generated actinides. Fission products would
be continuously removed while small amounts of fresh fuel added, allowing the reactor to remain critical for decades. Decay
heat removal is by natural convection via a cooling stack.

A commercial reactor would be 1250 MW1t/550 MWe running at 44% thermal efficiency with 650°C in the primary loop, using a
steam cycle.

In September 2018 the company announced that it would cease operations and make its intellectual property freely available
online.

ThorCon

Martingale in the USA is designing the ThorCon MSR (TMSR), which is a 250 MWe scaled-up Oak Ridge MSRE. It is a single-fluid
thorium converter reactor in the thermal spectrum, graphite moderated. It uses a combination of U-233 from thorium and low-
enriched U-235 (19.7% enriched) from mined uranium. Fuel salt is sodium-beryllium fluoride (BeF,-NaF) with dissolved uranium
and thorium tetrafluorides (Li-7 fluoride is avoided for cost reasons). Secondary loop coolant salt is also sodium-beryllium
fluoride. It operates at 700°C. There is no online processing — this takes place in a centralized plant at the end of the core life -
with off-gassing of some fission products meanwhile.

Several 550 MWt, 250 MWe TMSR modules would comprise a power station. Each module contains two replaceable reactors in
sealed 'cans'. Each can contains a reactor ‘pot’, a primary heat exchanger and a primary loop pump. Each can is 11.6m high,
7.3m diameter and weighs 360 tonnes. The cans sit in silos below grade (30 m down). Below each is a 32-cylinder fuel salt drain
tank, under a freeze valve.

At any one time, just one of the cans of each module is producing power. The other can is in cool-down mode. Every four years
the can that has been cooling is removed and replaced with a new can. The fuel salt is transferred to the new can, and the can
that has been operating goes into cool-down mode. In October 2015 Martingale signed an agreement with three Indonesian
companies to commission a 500 MW ThorCon plant (TMSR-500) there. In 2020 Thorcon International was working with South
Korea’s Daewoo Shipbuilding and Marine Engineering to build the TMSR500 as the first nuclear power plant (PLTN) in Indonesia.

In July 2020 Thorcon International signed a cooperation agreement with Indonesia’s Defence Ministry to evaluate developing a
small TMSR (under 50 MW) for either power generation or marine propulsion. Thorcon will provide technical support for the
ministry’s R&D.

Moltex SSR

Moltex Energy’s Stable Salt Reactor (SSR) is a conceptual UK MSR reactor design that relies on convection from static vertical
fuel tubes in the core to convey heat to the reactor coolant. Because the nuclear material is contained in fuel assembilies,
standard industrial pumps can be used for the low radioactivity coolant salt. Core temperature is 500-600°C, at atmospheric
pressure. Decay heat is removed by natural air convection.

Fuel tubes three-quarters filled with the molten fuel salt are grouped into fuel assemblies which are similar to those used in
standard reactors, and use similar structural materials. The fuel salt is about 60% NaCl, 20% PuCl,, 20% UCl3, with almost any
level of actinide & lanthanide trichlorides mixed in depending on the spent oxide fuel used in reprocessing — about 16% fissile
overall. The individual fuel tubes are vented so that noble fission product gases escape into the coolant salt, which is a ZrF4-KF-
NaF mixture, the radionuclide accumulation of which is managed. lodine and caesium stay dissolved in the fuel salt. Other
fission product gases condense on the upper fuel tube walls and fall back into the fuel mixture before they can escape into the
coolant. The fuel assemblies can be moved laterally without removing them. Refuelling is thus continuous online, and after the
fuel is sufficiently burned up the depleted assemblies are stored at one side of the pool for a month to cool, then lifted out so
that the salt freezes. Reprocessing is straightforward, and any level of lanthanides can be handled.

SSR factory-produced modules are 150 MWe containing fuel, pumps, primary heat exchanger, control blades and
instrumentation. Several, up to gigawatt-scale, can share a reactor tank, half-filled with the coolant salt which transfers heat
away from the fuel assemblies to the peripheral steam generators, essentially by convection, at atmospheric pressure. There are
three variants of the SSR: the Stable Salt Reactor — Wasteburner (SSR-W) fast reactor; about two years behind developmentally,
the SSR-U thermal-spectrum reactor for a variety of applications; and the SSR-Th with thorium fuel. The GridReserve version has
heat storage.

The SSR-W is the simplest and cheapest, due to compact core and no moderator. The primary fissile fuel in this original fast
reactor version was to be plutonium-239 chloride with minor actinides and lanthanides, recovered from LWR fuel or from an
SSR-U reactor. In 2020 the SSR-W fuel was 25% reactor-grade PuClz with 30% UCI3 and 45% KCI. Primary coolant salt is ZrF4-KF
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at a maximum temperature of 590°C. Secondary coolant is nitrate salt buffer. Burn-up is 120-200 GWd/t. A 750 MWt/300 MWe
demonstration plant is envisaged, the SSR-W300. An agreement has been signed with New Brunswick Power for initial
deployment at Point Lepreau in Canada and in March 2021 the Canadian government announced a C$50.5 million investment
towards this. In April 2021 plans were confirmed for this plus a plant for recycling used Canadian nuclear fuel for it. In
November 2020 the two companies were joined by ARC Canada in setting up an SMR vendor cluster there. The Canadian
Nuclear Safety Commission pre-licensing vendor design review of the SSR-W has completed the first phase. The first operating
reactor is envisaged after 2030.

The company has announced the physically larger and more expensive SSR-U ‘global workhorse version’ of its design, with a
thermal neutron spectrum running on LEU fluorides (up to 7% enriched) with graphite built into the fuel assemblies, which
increases the size of the core. It runs at a higher temperature than the fast version — minimum 600°C - with ZrF,-NaF coolant
salt stabilized with ZrF,. As well as electricity, hydrogen production is its purpose. It is designed to be compatible with thorium
breeding to U-233. It is seen as having a much larger potential market, and initial deployment in the UK in the 2030s is
anticipated, with potential for replacing CCGT and coal plants.

The SSR-Th is a thorium breeder version of the SSR-U, with thorium in the coolant salt and the U-233 produced is progressively
dissolved in bismuth at the bottom of the salt pool. This contains U-238 to denature it and ensure there is never a proliferation

risk. Once the desired level of U-233 is achieved (under 20%), the bismuth with uranium is taken out batch-wise, and the mixed-
isotope uranium is chlorinated to become fuel. If the fuel is used in a fast reactor, plutonium and actinides can be added.

Moltex has also put forward its GridReserve molten nitrate salt heat storage concept to enable the reactor to supplement
intermittent renewables.

Molten Chloride Fast Reactor

Southern Company Services in the USA is developing a molten chloride fast reactor (MCFR) with TerraPower, Oak Ridge
National Laboratory (ORNL) — which hosts the work - the Electric Power Research Institute (EPRI) and Vanderbilt University. No
details are available except that fuel is in the salt, and there is nothing in the core except the fuel salt. As a fast reactor it can
burn U-238, actinides and thorium as well as used light water reactor fuel, requiring no enrichment apart from initial fuel load
(these details from TerraPower, not Southern). It is reported to be large. The only other reactors using chloride fuel salts are the
Elysium MCSFR and Moltex SSR.

In January 2016 the US DOE awarded a Gateway for Accelerated Innovation in Nuclear (GAIN) grant to the project, worth up to
$40 million. In August 2016 Southern Nuclear Operating Company signed an agreement to work with X-energy to collaborate on
development and commercialization of their respective small reactor designs. With TerraPower and ORNL, X-energy is designing
the Xe-100 pebble-bed HTR of 48 MWe and the small Xe-Mobile microreactor.

In December 2020 the DOE selected Southern Company for a cost-share project of $113 million over seven years (DOE share
$90 million) to develop the Molten Chloride Reactor Experiment (MCRE). This is a project to build a 300 kWt pool-type reactor to
provide data and operational experience to inform the design, licensing, and operation of a demonstration MCFR based on
TerraPower’s technology. In November 2021 Southern and DOE signed an agreement to construct the MCRE at Idaho National
Laboratory (INL). Collaborators in the MCRE project are TerraPower, INL, Core Power, Orano Federal Services, EPRI and 3M
Company. The MCRE is expected to be operational in 2026.

The MCFR is being promoted by Core Power in the UK for marine use. It will not require refuelling during its operational life. Core
Power aims to partner with technology developers to enable deployment of the marine MSR, including amending maritime
regulations for wide acceptance of m-MSR powered ships worldwide.

In November 2020 it announced an agreement to work with TerraPower, Southern Company and Orano USA to develop MSR
technology in the USA under the Advanced Reactor Demonstration Program.

Elysium MCSFR

Elysium Industries in the USA and Canada has the Molten Chloride Salt Fast Reactor (MCSFR) design with fuel in the chloride
salt. It operates below grade at near atmospheric pressure. Primary fuel salt and secondary salt convey heat to steam
generators at 650°C. It is designed to load-follow. A range of sizes from 125 to 3000 MWt (50 MWe to 1200 MWe) are under
consideration. Used fuel from light water reactors or depleted uranium with some plutonium can fuel it though in 2020 fuel was
shown as PuCl3 with fission products, or 15% HALEU. Selected fission products are removed online. Passive safety includes a
freeze plug. It has negative temperature and void coefficients.

MOSART
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Russia’s Molten Salt Actinide Recycler and Transmuter (MOSART) is a larger fast reactor fuelled only by transuranic (TRU)
fluorides from uranium and MOX LWR used fuel. The 2400 MWt design has a homogeneous core of Li-Na-Be or Li-Be fluorides
without graphite moderator.

See also information page on Molten Salt Reactors.

Seaborg Compact Molten Salt Reactor

Seaborg Technologies in Denmark (founded 2015) has a thermal-epithermal single fluid reactor design for a 50 MWt pilot unit
Compact Molten Salt Reactor (CMSR) with a view to 250 MWt commercial modular units fuelled by spent LWR fuel and thorium.
Fuel salt is Li-7 fluoride initially with uranium as fluoride. Later, thorium, plutonium and minor actinides as fluorides are
envisaged as fuel, hence the reactor being called a waste burner. This is pumped through the graphite column core and heat
exchanger. Fission products are extracted online. Secondary coolant salt is FLiNaK, at 700°C. Spent LWR fuel would have the
uranium extracted for recycle, leaving plutonium and minor actinides to become part of the MSR fuel, with thorium. The
company claims very fast power ramp time. High temperature output will allow application to hydrogen production, synthetic
fuels, etc.

In March 2017 the public funding agency Innovation Fund Denmark made a grant to Seaborg to "build up central elements in its
long-term strategy and position itself for additional investments required to progress towards commercial maturity." This is the
first Danish investment into nuclear fission research since the country introduced a ban on nuclear power in 1985. In

December 2020 the American Bureau of Shipping (ABS) issued a feasibility statement regarding the reactor’s use on barges,
with 200-800 MWe per barge. This is the first stage in the ABS's five-phase New Technology Qualification process. Seaborg aims
to deploy the first full-scale prototype power barge by 2025.

MSRs with solid fuel (fluoride high-temperature reactors)

Mark 1 Pebble Bed FHR

This was a pre-conceptual US design completed in 2014 to evaluate the potential benefits of fluoride high-temperature reactor
(FHR) technology. A consortium including University of California Berkeley, Oak Ridge National Laboratory and Westinghouse
designed it as a 236 MWt/100 MWe pebble-bed FHR, with annular core, operating at 700°C. It is designed for modular
construction, and from 100 MWe base-load it is able to deliver 240 MWe with gas co-firing for peak loads. Fuel pebbles are 30
mm diameter, much less than gas-cooled HTRs. The project looked at how FHRs might be coupled to a Brayton combined-cycle
turbine to generate power, design of a passive decay heat removal system, and the annular pebble bed core. The PB-FHR has
negative void reactivity and passive decay heat removal.

AHTR/FHR

Research on molten salt coolant has been revived at Oak Ridge National Laboratory (ORNL) in the USA with the Advanced High-
Temperature Reactor (AHTR).18 This is a larger reactor using a coated-particle graphite-matrix TRISO fuel like that in the GT-
MHR (see above section on the GT-MHR) and with molten fluoride (FLiBe) salt as primary coolant. While similar to the gas-
cooled HTR it operates at low pressure (less than 1 atmosphere) and higher temperature, and gives better heat transfer than
helium. The FLiBe salt is used solely as primary coolant, and achieves temperatures of 750-1000°C or more while at low
pressure. This could be used in thermochemical hydrogen manufacture.

A small version of the AHTR/FHR is the SmAHTR, with 125 MWt thermal size matched to early process heat markets, or
producing 50+ MWe. Operating temperature is 700°C with FLiBe primary coolant and three integral heat exchangers. It is truck
transportable, being 9m long and 3.5m diameter. Fuel is 19.75% enriched uranium in TRISO particles in graphite blocks or fuel
plates. Refuelling interval is 2.5 to 4 years depending on fuel configuration. Secondary coolant is FLiNaK to Brayton cycle, and
for passive decay heat removal, separate auxiliary loops go to air-cooled radiators. Later versions are intended to reach 850-
1000°C, using materials yet to be developed.

Reactor sizes of 1500 MWe/3600 MWt are envisaged, with capital costs estimated at less than $1000/kW.

Kairos Power FHR and Hermes

Kairos Power in the USA has designed a 320 MW1t/140 MWe fluoride (FLiBe) salt-cooled high temperature reactor (KP-FHR)
which it plans to build at the East Tennessee Technology Park at Oak Ridge, Tennessee, in collaboration with Oak Ridge National
Laboratory. The reactor uses 19.75% enriched TRISO fuel in pebble form with online refuelling and operates at up to 650°C.
Secondary circuit salt is ‘solar’ nitrate, feeding a steam generator. It has passive shutdown and decay heat removal. The
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prototype is the Hermes reduced-scale test reactor of 35 MWt, selected by the DOE in December 2020 for a $629 million
programme over seven years (DOE share $303 million). In May 2021 the Tennessee Valley Authority (TVA) agreed to provide
engineering, operations, and licensing support for the Hermes project. TVA holds an early site permit for the Clinch River site. In
October 2021 Kairos submitted its preliminary safety analysis report to the NRC as part of its construction licence application
for the $100 million Hermes demonstration unit which it plans to bring online in 2026.

Thorium Molten Salt Reactor

China is planning a 10 MWe thorium-breeding molten-salt reactor (Th-MSR or TMSR), essentially an LFTR, with 2025 target for
operation at the Shanghai Institute of Nuclear Applied Physics (SINAP, under the China Academy of Sciences). This is also
known as the fluoride salt-cooled high-temperature reactor (FHR). It has low-enriched TRISO fuel as pebble bed, FLiBe primary
coolant at 650°C and FLiNaK secondary coolant. A 100 MWt demonstration pebble-bed plant with open fuel cycle is planned by
about 2025. SINAP sees this design having potential for higher temperatures than MSRs with fuel salt.

China claims to have the world's largest national effort on these and hopes to obtain full intellectual property rights on the
technology. The US Department of Energy is collaborating with the China Academy of Sciences on the programme, which had a
start-up budget of $350 million. The target date for TMSR deployment is 2032. See also US AHTR section above and information
page on China's Nuclear Fuel Cycle.

Aqueous homogeneous reactors

Aqueous homogeneous reactors (AHRs) have the fuel mixed with the moderator as a liquid. Typically, low-enriched uranium
nitrate is in aqueous solution. About 30 AHRs have been built as research reactors and have the advantage of being self-
regulating and having the fission products continuously removed from the circulating fuel. A 1 MWt AHR operated in the
Netherlands 1974-77 using Th-HEU MOX fuel. Further detail is in the Research Reactors paper.

A theoretical exercise published in 2006 showed that the smallest possible thermal fission reactor would be a spherical
aqueous homogenous one powered by a solution of Am-242m(NOQ3)3 in water. Its mass would be 4.95 kg, with 0.7 kg of Am-
242m nuclear fuel, and diameter 19 cm. Power output would be a few kilowatts. Possible applications are space program and
portable high-intensity neutron source. The small size would make it easily shielded.

Heatpipe microreactors

Distinct from other small reactor designs, heatpipe reactors use a fluid in numerous sealed horizontal steel heatpipes to
passively conduct heat from the hot fuel core (where the fluid vapourises) to the external condenser (where the fluid releases
latent heat of vapourisation) with a heat exchanger. No pumps are needed to effect continuous isothermal vapour/liquid internal
flow at less than atmospheric pressure. The principle is well established on a small scale, but here a liquid metal is used as the
fluid and reactor sizes up to several megawatts are envisaged. There is a large negative temperature reactivity coefficient. There
is very little decay heat after shutdown.

Experimental work on heatpipe reactors for space has been with very small units (about 100 kWe), using sodium as the fluid.
They have been developed since 1994 at Los Alamos National Laboratory (LANL) as a robust and low technical risk system for
space exploration with an emphasis on high reliability and safety, the Kilopower fast reactor being the best-known design.

Heatpipe microreactors may have thermal, epithermal or fast neutron spectrums, but above 100 kWe they are generally fast
reactors.

It is generally perceived that licensing heatpipe reactors is a major challenge and that there is very limited or no experience in
design or operation of them.

Westinghouse eVinci

The eVinci microreactor of 1 MWe to 5 MWe, but typically 1.6 MWe in present plans, would be fully factory built and fuelled. As
well as power generation, process heat to 600°C would be available. Units would have a 40-year lifetime with three-year
refuelling interval. They would be transportable, with setup under 30 days. The units would have 'walk-away' safety due to
inherent feedback diminishing the nuclear reaction with excess heat, also effecting load-following. There are multiple fuel
options for the eVinci, including uranium in oxide, metallic and silicide form. LANL and INL are researching the fuel.
Westinghouse is aiming to complete the design, testing, analysis and licensing to build a demonstration unit by 2022, test by
2023, and have the eVinci ready for commercial deployment by 2025. In March 2020 the US Department of Defense awarded a
contract for further development of the design (see Military developments section above), possibly using TRISO fuel, as the

https://world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-reactors/small-nuclear-power-reactors.aspx 47/54


https://world-nuclear.org/information-library/country-profiles/countries-a-f/china-nuclear-fuel-cycle.aspx#TMSR
https://world-nuclear.org/information-library/non-power-nuclear-applications/radioisotopes-research/research-reactors.aspx
http://www.westinghousenuclear.com/new-plants/evinci-micro-reactor
http://www.westinghousenuclear.com/new-plants/evinci-micro-reactor

3/2/23, 11:51 AM Small nuclear power reactors - World Nuclear Association

defense-eVinci (DeVinci), but $11.9 million DOD funding went only to March 2021. In December 2020 the DOE selected
Westinghouse for a cost-share project of $9.3 million over seven years (DOE share $7.4 million) to develop the eVinci
microreactor with a view to having a demonstration unit by 2024.

From October 2020 an agreement with Bruce Power in Ontario will assess the potential for off-grid deployment in Canada,
where it has been submitted for CNSC pre-licensing vendor design review.

In March 2022 the Canadian government, through Innovation, Science and Economic Development Canada’s (ISED's) Strategic
Innovation Fund, announced investment of US $21.6 million in the eVinci reactor.

Oklo Aurora

Oklo Inc (formerly UPower) is a Californian company founded in 2013. It is developing a 1.5 MWe fast reactor using HALEU U-Zr
metal fuel based on that in the EBR-II, but with lower burn-up. It is a heatpipe reactor with sealed heatpipes to convey heat from
the reactor core to a supercritical carbon dioxide power conversion system to generate electricity. It is designed to operate for
up to 20 years before refuelling. It is inherently safe, with a large temperature negative reactivity coefficient and does not require
water cooling. It will be installed below grade. Idaho National Laboratory is working with the company on fuel and has agreed to
host the prototype unit, for which the DOE has issued a site use permit. In June 2020 the US Nuclear Regulatory Commission
accepted an application from Oklo for a combined construction and operating licence.

NuScale microreactor

In April 2019 NuScale announced that it was developing a 1-10 MWe "simple and inherently safe compact heat pipe cooled
reactor" that "requires little site infrastructure, can be rapidly deployed, and is fully automated during power operation." Partners
include Additech, INL, and Oregon State University. The project follows solicitation of ideas and designs from the US Department
of Defense and the Department of Energy.

Others

LEADIR-PS100

This is a new design from Northern Nuclear Industries in Canada, combining a number of features in unique combination. The
100 MWHt, 36 MWe reactor has a graphite moderator, TRISO fuel in pebbles, lead (Pb-208) as primary coolant, all as integral pool-
type arrangement at near atmospheric pressure. It delivers steam at 370°C, and is also envisaged as an industrial heat plant.
The coolant circulates by natural convection. The fuel pebbles are in four cells, each with graphite reflectors, and capacity can
be increased by adding cells. Shutdown rods are similar to those in CANDU reactors. Passive decay heat removal is by air
convection. The company presents it as a Gen IV design

Modular construction using small reactor units

Westinghouse and IRIS partners have outlined the economic case for modular construction of their IRIS design (about 330
MWe), and the argument applies similarly to other similar or smaller units. They pointed out that IRIS with its size and simple
design is ideally suited for modular construction in the sense of progressively building a large power plant with multiple small
operating units. The economy of scale is replaced here with the economy of serial production of many small and simple
components and prefabricated sections. They expected that construction of the first IRIS unit would be completed in three
years, with subsequent reduction to only two years.

Site layouts have been developed with multiple single units or multiple twin units. In each case, units will be constructed so that
there is physical separation sufficient to allow construction of the next unit while the previous one is operating and generating
revenue. In spite of this separation, the plant footprint can be very compact so that a site with, for instance, three IRIS single
modules providing 1000 MWe capacity would be similar or smaller in size than one with a comparable total power single unit.

Many small reactors are designed with a view to serial construction and collective operation as modules of a large plant. In this
sense they are 'small modular reactors' — SMRs - but not all small reactors are of this kind (e.g. the Toshiba 4S), though the
term SMR tends to be used loosely for all small designs.

Eventually plants comprising a number of SMRs are expected to have a capital cost and production cost comparable with larger
plants. But any small unit such as this will potentially have a funding profile and flexibility otherwise impossible with larger
plants. As one module is finished and starts producing electricity, it will generate positive cash flow for the next module to be
built. Westinghouse estimated that 1000 MWe delivered by three IRIS units built at three-year intervals financed at 10% for ten
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years require a maximum negative cash flow less than $700 million (compared with about three times that for a single 1000
MWe unit). For developed countries, small modular units offer the opportunity of building as necessary; for developing countries
it may be the only option, because their electric grids cannot take 1000+ MWe single units.

Notes & references

Notes

a. In USA, UK, France, Russia, China, and India, mostly using high-enriched fuel. Reactors built as neutron sources are not
designed to produce heat or steam, and are less relevant here. [Back

b. A very general rule is that no single unit should be larger than 15% of grid capacity [Back

c. Traditional reactor safety systems are 'active' in the sense that they involve electrical or mechanical operation on command.
Some engineered systems operate passively, e.g. pressure relief valves. Both require parallel redundant systems. Inherent or full
passive safety depends only on physical phenomena such as convection, gravity or resistance to high temperatures, not on
functioning of engineered components. Because small reactors have a higher surface area to volume (and core heat) ratio
compared with large units, a lot of the engineering for safety (including heat removal in large reactors) is not needed in the small
ones. [Back

d. In 2010, the American Nuclear Society convened a special committee to look at licensing issues with SMRs in the USA, where
dozens of land-based small reactors were built since the 1950s through to the 1980s, proving the safety and security of light
water-cooled, gas-cooled, and metal-cooled SMR technologies. The committee had considerable involvement from SMR
proponents, along with the Nuclear Regulatory Commission, Department of Energy laboratories and universities — a total of
nearly 50 individuals. The committee's interim report! includes the following two tables, which highlight some of the differences
between the established US reactor fleet and SMRs.

Comparison of current-generation plant safety systems to potential SMR design

Current-generation safety-related systems SMR safety systems
High-pressure injection system. No active safety injection system required. Core
Low-pressure injection system. cooling is maintained using passive systems.

No safety-related pumps for accident mitigation;
therefore, no need for sumps and protection of
their suction supply.

Emergency sump and associated net positive suction head (NPSH)
requirements for safety-related pumps.

Passive design does not require emergency
alternating-current (AC) power to maintain core
cooling. Core heat removed by heat transfer
through vessel.

Emergency diesel generators.

None required because of passive heat rejection

Active containment heat systems. .
out of containment.

Spray systems are not required to reduce steam
Containment spray system. pressure or to remove radioiodine from
containment.

Emergency core cooling system (ECCS) initiation, instrumentation and
control (I&C) systems. Complex systems require significant amount of
online testing that contributes to plant unreliability and challenges of safety
systems with inadvertent initiations.

Simpler and/or passive safety systems require
less testing and are not as prone to inadvertent
initiation.
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Current-generation safety-related systems SMR safety systems

Ability to remove core heat without an
emergency feedwater system is a significant
safety enhancement.

Emergency feedwater system, condensate storage tanks, and associated
emergency cooling water supplies.

Comparison of current-generation plant support systems to potential SMR design

Current LWR support systems SMR support systems

Reactor coolant pump seals. Leakage of seals has been a safety
concern. Seal maintenance and replacement are costly and time- Integral designs eliminate the need for seals.
consuming.

Ultimate heat sink and associated interfacing systems. River and SMR designs are passive and reject heat by conduction
seawater systems are active systems, subject to loss of function and convection. Heat rejection to an external water heat
from such causes as extreme weather conditions and bio-fouling.  sink is not required.

Closed cooling water systems are required to support safety- No closed cooling water systems are required for
related systems for heat removal of core and equipment heat. safety-related systems.

The plant design minimizes or eliminates the need for
safety-related room cooling eliminating both the HVAC
system and associated closed water cooling systems.

Heating, ventilating, and air-conditioning (HVAC). Required to
function to support proper operation of safety-related systems.

Some of the early (1950s-1980) small power reactors were developed so as to provide an autonomous power source (ie not
requiring continual fuel delivery) in remote areas. The USA produced eight such experimental reactors 0.3 to 3 MWe, deployed in
Alaska, Greenland and Antarctica. The USSR produced about 20, of many kinds, and one (Gamma) still operates at the
Kurchatov Institute. Another is the Belarus Pamir, mentioned in the HTR section above. [Back]

e. The first two-unit VBER-300 plant was planned to be built in Aktau city, western Kazakhstan, with completion of the first unit
originally envisaged in 2016, and 2017 for the second. The Kazakhstan-Russian Nuclear Stations joint stock company (JSC) was
established by Kazatomprom and Atomstroyexport (on a 50:50 basis) in October 2006 for the design, construction and
international marketing of the VBER-300. See page on the VBER-300 on the Kazatomprom website

(www.kazatomprom.kz) [Back]

f. The 200 MWt (50 MWe net) Melekess VK-50 prototype BWR in Dimitrovgrad, Ulyanovsk commenced operation in 1965. [Back

g. Central Argentina de Elementos Modulares (CAREM). See the Invap website (www.invap.com.ar). [Back]

h. The page on the NHR-5 on the website of Tsingua University's Institute of Nuclear Energy Technology (now the Institute of
Nuclear and New Energy Technology, www.inet.tsinghua.edu.cn) describes the NHR-5 as "a vessel type light water reactor with
advanced features, including integral arrangement, natural circulation, hydraulic control rod driving and passive safety systems.
Many experiments have been conducted on the NHR-5, such as heat-electricity cogeneration, air-conditioning and seawater
desalination." [Back]

i. See the page on Modular Nuclear Reactors on the Babcock & Wilcox website (www.babcock.com). [Back]

j- The 69 fuel assemblies are identical to normal PWR ones, but at about 1.7 m long, a bit less than half the length. [Back

k. Between 1966 and 1988, the AVR (Arbeitsgemeinschaft VersuchsReaktor) experimental pebble bed reactor at Jiilich,
Germany, operated for over 750 weeks at 15 MWe, most of the time with thorium-based fuel (mixed with high-enriched
uranium). The fuel consisted of about 100,000 billiard ball-sized fuel elements. Maximum burn-ups of 150 GWd/t were achieved.
It was used to demonstrate the inherent safety of the design due to negative temperature coefficient: reactor power fell rapidly
when helium coolant flow was cut off.

The 300 MWe THTR (Thorium HochTemperatur Reaktor) in Germany was developed from the AVR and operated between 1983
and 1989 with 674,000 pebbles, over half containing Th/HEU fuel (the rest graphite moderator and some neutron absorbers).
These were continuously recycled and on average the fuel passed six times through the core. Fuel fabrication was on an
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industrial scale. The reactor was shut down for sociopolitical reasons, not because of technical difficulties, and the basic
concept with inherent safety features of HTRs was again proven. It drove a steam turbine.

The 200 MWt (72 MWe) HTR-modul was then designed by Siemens/Interatom as a modular unit to be constructed in pairs, with
a core height three times its diameter, allowing passive cooling for removal of decay heat, eliminating the need for emergency
core cooling systems. It was licensed in 1989, but was not constructed. This design was part of the technology bought by
Eskom in 1996 and is a direct antecedent of the pebble bed modular reactor (PBMR).

During 1970s and 1980s Nukem manufactured more than 250,000 fuel elements for the AVR and more than one million for the
THTR. In 2007, Nukem reported that it had recovered the expertise for this and was making it available as industry support.

In addition to these pebble bed designs, the 20 MWt Dragon reactor ran in UK 1964-75, the 115 MWt Peach Bottom reactor in
USA ran 1966-74, and 8432 MWt Fort St Vrain ran 1976-89 — all with prismatic fuel, and the last two supplying power
commercially. In the USA the Modular High-Temperature Gas-cooled reactor (MHTGR) design was developed by General
Atomics in the 1980s, with inherent safety features, but the DOE project ended in 1993. [Back]

|. The 80 MWt ALLEGRO demonstration GFR is planned by Euratom to incorporate all the architecture and the main materials
and components foreseen for the full-sized GFR but without the direct (Brayton) cycle power conversion system. It is being
developed in a French-led project, and its preparatory phase is planned to 2026. [Back]

m. The Hyperion Power Module was originally designed by Los Alamos National Laboratory as a 70 MWt 'nuclear battery' that
uses uranium hydride (UH3) fuel, which also functions as a moderator. UH3 stores vast quantities of hydrogen, but this stored
hydrogen dissociates as the temperature rises above the operating temperature of 550°C. The release of hydrogen gas lowers
the density of the UH3, which in turn decreases reactivity. This process is reversed as the core temperature drops, leading to the
reabsorption of hydrogen. The consequent increase in moderator density results in an increase in core reactivitylX. All this is
without much temperature change since the main energy gain or loss is involved in phase change. [Back]

n. In October 2010, GEH announced it was exploring the possibility with Savannah River Nuclear Solutions of building a
prototype PRISM reactor at the Department of Energy’s Savannah River Site.

0. As MSRs will normally operate at much higher temperatures than LWRs, they have potential for process heat. Another option
is to have a secondary helium coolant in order to generate power via the Brayton cycle. [Back

p. Most Air Cooled Condenser (ACC) technology has a limitation in that the tubes carrying the steam must be made of carbon
steel which severely limits the service life of the ACC. Holtec has developed an ACC with stainless steel tubes bonded to
aluminum fins and thus with much longer service life. [Back
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Postscript/Appendix

Some of the developments described in this paper are fascinating and exciting. Nevertheless it is salutary to keep in mind the
words of the main US pioneer in nuclear reactor development. Admiral Hyman Rickover in 1953 — about the time his first test
reactor in the USA started up — commented on the differences between an "academic reactor" and a "practical reactor". See:
http://en.wikiquote.org/wiki/Hyman_G._Rickover for the full quote:

An academic reactor or reactor plant almost always has the following basic characteristics: (1) It is simple. (2) It is small. (3) It
is cheap. (4) It is light. (5) It can be built very quickly. (6) It is very flexible in purpose. (7) Very little development will be required.
It will use mostly off-the-shelf' components. (8) The reactor is in the study phase. It is not being built now.

On the other hand a practical reactor can be distinguished by the following characteristics: (1) It is being built now. (2) It is
behind schedule. (3) It is requiring an immense amount of development on apparently trivial items. (4) It is very expensive. (5) It
takes a long time to build because of the engineering development problems. (6) It is large. (7) It is heavy. (8) It is complicated.

The tools of the academic-reactor designer are a piece of paper and a pencil with an eraser. If a mistake is made, it can always
be erased and changed. If the practical-reactor designer errs, he wears the mistake around his neck; it cannot be erased.
Everyone can see it.
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« Improved designs of nuclear power reactors are constantly being developed internationally.

o The first so-called Generation Il advanced reactors have been operating in Japan since 1996. These have now evolved
further.

« Newer advanced reactors now being built have simpler designs which are intended to reduce capital cost. They are more
fuel efficient and are inherently safer.

o Many new designs are small — up to 300 MWe. These are described in a separate information paper.*

* For smaller advanced reactors see the companion page on Small Nuclear Power Reactors.

The nuclear power industry has been developing and improving reactor technology for more than five decades and is starting to
build the next generation of nuclear power reactors to fill new orders.

Several generations of reactors are commonly distinguished. Generation | reactors were developed in 1950-60s, and the last one
shut down in the UK in 2015. Generation Il reactors are typified by the present US and French fleets and most in operation
elsewhere. So-called Generation Il (and Ill+) are the advanced reactors discussed in this paper, though the distinction from
Generation Il is arbitrary. The first ones are in operation in Japan and others are under construction in several countries.
Generation 1V designs are still on the drawing board and will not be operational before the 2020s.

Over 85% of the world's nuclear electricity is generated by reactors derived from designs originally developed for naval use.
These and other nuclear power units now operating have been found to be safe and reliable, but they are being superseded by
better designs.

Reactor suppliers in North America, Japan, Europe, Russia, China and elsewhere have a dozen new nuclear reactor designs at
advanced stages of planning or under construction, while others are at a research and development stage. Fourth-generation
reactors are at the R&D or concept stage.

So-called third-generation reactors have:

o A more standardised design for each type to expedite licensing, reduce capital cost and reduce construction time.

o A simpler and more rugged design, making them easier to operate and less vulnerable to operational upsets.

¢ Higher availability and longer operating life — typically 60 years.

o Further reduced possibility of core melt accidents.*

e Substantial grace period, so that following shutdown the plant requires no active intervention for (typically) 72 hours.
o Stronger reinforcement against aircraft impact than earlier designs, to resist radiological release.

o Higher burn-up to use fuel more fully and efficiently, and reduce the amount of waste.

« Greater use of burnable absorbers (‘poisons’) to extend fuel life.

* The US NRC requirement for calculated core damage frequency (CDF) is 1x104, most current US plants have about 5x10-5 and Generation Il plants
are about ten times better than this. The IAEA safety target for future plants is 1x10°°. Calculated large release frequency (for radioactivity) is generally
about ten times less than CDF.
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The greatest departure from most designs now in operation is that many incorporate passive or inherent safety features* which
require no active controls or operational intervention to avoid accidents in the event of malfunction, and may rely on gravity,
natural convection or resistance to high temperatures.

* Traditional reactor safety systems are 'active’ in the sense that they involve electrical or mechanical operation on command. Some engineered
systems operate passively, eg pressure relief valves. They function without operator control and despite any loss of auxiliary power. Both require
parallel redundant systems. Inherent or full passive safety depends only on physical phenomena such as convection, gravity or resistance to high
temperatures, not on functioning of engineered components, but these terms are not properly used to characterise whole reactors.

Another departure is that most will be designed for load-following. European Utility Requirements (EUR) since 2001 specify that
new reactor designs must be capable of load-following between 50 and 100% of capacity. While most French reactors are
operated in that mode to some extent, the EPR design has better capabilities. It will be able to maintain its output at 25% and
then ramp up to full output at a rate of 2.5% of rated power per minute up to 60% output and at 5% of rated output per minute up
to full rated power. This means that potentially the unit can change its output from 25% to 100% in less than 30 minutes, though
this may be at some expense of wear and tear.

A feature of some new designs is modular construction. The means that many small components are assembled in a factory
environment (offsite or onsite) into structural modules weighing up to 1000 tonnes, and these can be hoisted into place.
Construction is speeded up.

Many are larger than predecessors. Increasingly they involve international collaboration.
However, certification of designs is on a national basis, and is safety-based - see section below.

Another feature of some new designs is modular construction. Large structural and mechanical sections of the plant of up to
1000 tonnes each are manufactured in factories or on site adjacent to the plant and lifted into place, potentially speeding
construction.

A contrast between the 1188 MWe Westinghouse reactor at Sizewell B in the UK and the modern Westinghouse AP1000 of
similar power illustrates the evolution from 1970-80 types. First, the AP1000 footprint is very much smaller — about one-quarter
the size, secondly the concrete and steel requirements are lower by a factor of five*, and thirdly it has modular construction. A
single unit has 149 structural modules broadly of five kinds, and 198 mechanical modules of four kinds: equipment, piping &
valve, commodity, and standard service modules. These comprise one-third of all construction and can be built offsite in parallel
with the onsite construction.

* Sizewell B: 520,000 m® concrete (438 m3/MWe), 65,000 t rebar (55 t/MWe);
AP1000: <100,000 m? concrete (90 m3/MWe, <12,000 t rebar (11 t/MWe).

At Sanmen and Haiyang in China, where the first AP1000 units were grid connected in August 2018, the first module lifted into
place weighed 840 tonnes. More than 50 other modules used in the reactors' construction weigh more than 100 tonnes, while
18 weigh in excess of 500 tonnes.

US, EU and UK design certification

In the USA, the federal Department of Energy (DOE) and the commercial nuclear industry in the 1990s developed four advanced
reactor types. Two of them fell into the category of large 'evolutionary' designs which build directly on the experience of
operating light water reactors in the USA, Japan and Western Europe. These reactors are in the 1300 megawatt range.

One was an advanced boiling water reactor (ABWR) derived from a General Electric design and then promoted both by GE
Hitachi and Toshiba as a proven design, which is in service in Japan and was being built in Taiwan. Four are planned in the UK.

The other type, System 80+, was an advanced pressurised water reactor, which was ready for commercialisation but was never
promoted for sale. It was the basis of the Korean Next Generation Reactor programme and many of its design features are
incorporated into eight South Korean reactors, specifically the APR1400, which is operating in South Korea and being built in
South Korea and the UAE and marketed worldwide.

The US Nuclear Regulatory Commission (NRC) gave final design certification for both in May 1997, noting that they exceeded
NRC "safety goals by several orders of magnitude". The ABWR has also been certified as meeting European utility requirements
for advanced reactors and is undergoing the generic design assessment process in the UK (see below).
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Another, more innovative US advanced reactor was smaller - 600 MWe - and had passive safety features (its projected core
damage frequency is more than 100 times less than NRC requirements). The Westinghouse AP600 gained NRC final design
certification in 1999 (AP = Advanced Passive).

These NRC approvals were the first such generic certifications to be issued and were valid for 15 years. As a result of an
exhaustive public process, safety issues within the scope of the certified designs were fully resolved and hence are not open to
legal challenge during licensing for particular plants. Using such certified designs, US utilities are able to obtain a single NRC
licence to both construct and operate a reactor before construction begins.

Both GE Hitachi and Toshiba in 2010 submitted separate applications to renew the US design certification for their respective
versions of the ABWR (Toshiba's incorporating design changes already submitted to the NRC in connection with the South Texas
Project combined construction and operating licence application). The Japanese version of it differs in allowing modular
construction, so is not identical to that licensed in the USA. In mid-2016 Toshiba withdrew its design certification renewal
application, and in August 2017 GE Hitachi put its review by the NRC on hold.

Separate from the NRC process and beyond its immediate requirements, the US nuclear industry selected one standardised
design in each category — the large ABWR and the medium-sized AP600, for detailed first-of-a-kind engineering (FOAKE) work.
The US$ 200 million program was half funded by DOE and meant that prospective buyers then had fuller information on
construction costs and schedules.

The 1100 MWe-class Westinghouse AP1000, scaled-up from the AP600, received final design certification from the NRC in
December 2005 - the first Generation 11+ type to do so. It represented the culmination of a 1300 man-year and $440 million
design and testing program. In May 2007 Westinghouse applied for UK generic design assessment (GDA, pre-licensing
approval) based on the NRC design certification, and expressing its policy of global standardisation. The application was
supported by European utilities, and was granted in 2017.

Overnight capital costs were projected to be very competitive with older designs, and modular design is expected to reduce
construction time eventually to 36 months. The AP1000 generating costs are also expected to be very competitive and it has a
60-year operating life. It is being built in China (four units under construction, with many more to follow) and in the USA (initially
four units at two sites). It is planned for building in the UK. It is capable of running on a full MOX core if required.

In February 2008 the NRC accepted an application from Westinghouse to amend the AP1000 design, and this review was
completed with revised design certification in December 2011. The NRC chairman said that the revised AP1000 design is one
that seems to most fully meet the expectations of the commission’s policy statement on advanced reactors. "The design
provides enhanced safety margins through use of simplified, inherent, passive or other innovative safety and security functions,
and also has been assessed to ensure it could withstand damage from an aircraft impact without significant release of
radioactive materials." This design change increased the capital cost.

In December 2016 Westinghouse requested the NRC to extend the design certification of its AP1000 reactor for five years from
2021 to 2026. In the light of operational experience of the first few reactors it would then apply for renewal of US design
certification.

The ESBWR from GE Hitachi received US design certification in September 2014.
The South Korean APR1400 received US design certification in August 2019.

In January 2017 NuScale submitted its small modular reactor design to the NRC for design certification. The application
consisted of nearly 12,000 pages of technical information. The certification process is expected to take 40 months. See
information page on Small Nuclear Power Reactors for reactor details.

Longer term, the NRC expected to review the Next Generation Nuclear Plant (NGNP) for the USA (see US Nuclear Power Policy
information page) — essentially the Very High Temperature Reactor (VHTR) among the Generation IV designs. It will also focus
on small reactor designs.

In Europe there are moves towards harmonised requirements for licensing. Here, since 1991, reactors may also be certified
according to compliance with European Utility Requirements (EUR) of 12 generating companies, which have stringent safety
criteria. The EUR are essentially a utilities' wish list of some 5000 items needed for new nuclear plants. Designs certified as
complying with EUR include Westinghouse's AP1000, Gidropress's AES-92 and VVER-TOI, Areva's EPR, Mitsubishi's EU-APWR
and in 2017 KHNP's APR1400 (EU-APR). GE's ABWR, Areva's Kerena, and Westinghouse's BWR 90 also have some measure of
EUR approval. China's Hualong One — EU HPR1000 - joined them in 2020 in meeting EUR.
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European regulators are increasingly requiring large new reactors to have some kind of core catcher or similar device, so that in
a full core-melt accident there is enhanced provision for cooling the bottom of the reactor pressure vessel or simply catching
any material that might melt through it. The EPR and VVER-1200 have core-catchers under the pressure vessel, the AP1000 and
APWR have provision for enhanced water cooling.

The UK’s Office for Nuclear Regulation (ONR) undertakes generic design assessment (GDA) of nuclear reactors. A GDA of each
type can then be followed by site- and operator-specific licensing. ONR made initial assessments of four designs which were
submitted in 2007: UK EPR for Areva, AP1000 for Westinghouse, ESBWR for GE Hitachi, and ACR-1000 for AECL in Canada. The
latter two were withdrawn from the process in 2008 and in 2013 the GE Hitachi ABWR was added. The ONR and Environment
Agency jointly issued design acceptance confirmations (DAC), and statements on design acceptability (SODA) for the EPR
December 2012, and for the AP1000 in March 2017. In 2013 Hitachi-GE applied for UK generic design approval for the ABWR,
and after some design changes this is likely to be granted at the end of 2017.

As the GDA for the EPR design proceeded, issues arose which were in common with new capacity being built elsewhere,
particularly the EPR units in Finland and France. This led to international collaboration and a joint regulatory statement on the
EPR instrumentation and control among ONR, US NRC, France's ASN and Finland's STUK. More broadly it relates to the
Multinational Design Evaluation Programme and will help improve the harmonization of regulatory requirements internationally.

In 2012 Rosatom announced that it intended to apply for design certification for its VVER-TOI reactor design of 1200 MWe, with
a view to Rusatom Overseas building them in UK.

In 2016 China General Nuclear Power Group (CGN) applied for GDA for the 1150 MWe Hualong One (HPR1000) reactor design,
with a view to building it at Bradwell. General Nuclear Systems, a joint venture with EDF holding 33.5% and CGN 66.5%, was
formed for progressing the GDA, which commenced in January 2017 and moved to its fourth and final stage in February 2020.

Small modular reactors (SMRs) are a further GDA task impending for the ONR.

Joint initiatives and collaboration

Three major international initiatives have been launched to define future reactor and fuel cycle technology, mostly looking
further ahead than the main subjects of this paper:

The Multinational Design Evaluation Programme (MDEP) was launched in 2006 by the US NRC and the French Nuclear Safety
Authority (ASN) to develop innovative approaches to leverage the resources and knowledge of national regulatory authorities
reviewing new reactor designs. It is led by the OECD Nuclear Energy Agency and involves the IAEA. Ultimately it aims to develop
multinational regulatory standards for design of Gen IV reactors. The US Nuclear Regulatory Commission (NRC) has proposed a
three-stage process culminating in international design certification for new reactor types, notably Generation IV types. Twelve
countries are involved so far: Canada, China, Finland, France, India (from 2012), Japan, Korea, Russia, South Africa, Sweden
(from 2013), UK, USA, and others which have or are likely to have firm commitments to building new nuclear plants may be
admitted — the UAE is an associate member.

The MDEP pools the resources of its member nuclear regulatory authorities for the purpose of: 1) co-operating on safety
reviews of designs of nuclear reactors that are under construction and undergoing licensing in several countries; and 2)
exploring opportunities and potential for harmonisation of regulatory requirements and practices. It also produces reports and
guidance documents that are shared internationally beyond the MDEP membership.

The Generation IV International Forum (GIF) is a US-led grouping set up in 2001 which has identified six reactor concepts for
further investigation with a view to commercial deployment by 2030. See Generation IV Nuclear Reactors information page.

The IAEA's International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) is focused more on developing country
needs, and initially involved Russia rather than the USA, though the USA has now joined it. It is now funded through the IAEA
budget.

At the commercial level, by the end of 2006 three major Western-Japanese alliances had formed in the world reactor supply
market, and since then another has become prominent:

« Areva with Mitsubishi Heavy Industries (MHI) in a major project and subsequently in fuel fabrication.

o General Electric with Hitachi as a close relationship: GE Hitachi Nuclear Energy (GEH), 60% GE; and Hitachi-GE Nuclear
Energy based in Japan, 80% Hitachi.

e Westinghouse had become a 77%-owned subsidiary of Toshiba (with The Shaw Group 20%). Toshiba is now an 87%
owner, having sold 10% to Kazatomprom and bought the 20% share.
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Ten years later, in 2016, Westinghouse has collaborated with China’s State Nuclear Power Technology Corporation (SNPTC) in
developing the AP1000 design to a CAP1000 and also a larger CAP-1400, and China is gaining a high profile as reactor vendor
alongside Russia’'s Rosatom. Areva was substantially restructured due to huge cost overruns on two EPR projects, and
Electricite de France (EDF) took over the nuclear power plant part. Japanese vendors are overshadowed by the after-effects of
the Fukushima accident. South Korea's KEPCO through KHNP is building its APR1400 on budget and schedule in the United
Arab Emirates, but faces new political challenges at home.

There have also been a number of other international collaborative arrangements initiated among reactor vendors and
designers, but it remains to be seen which will be most significant.

Who is marketing what?

Apart from small reactors, the following are the main models actively being marketed:

e EDF (Framatome): EPR2, Atmea1, Kerena

e Westinghouse: AP1000
e GE Hitachi: ABWR, ESBWR, PRISM
o KHNP: APR1400, EU-APR

o Mitsubishi: APWR, Atmea’

¢ Rosatom: AES-92, AES-2006, VVER-TOI

e SNC-Lavalin: EC6
¢ CNNC & CGN: Hualong One
e SNPTC: CAP1400

Advanced power reactors operational

Size -
Developer Reactor MWe Design progress, notes
gross
Commercial operation in Japan since 1996-7.
GE H_|tach|, ABWR 1380 us des!gn cert{ﬁcat{on 1997. _
Toshiba UK design certification application 2013.
Active safety systems.
Operating at Shin Kori 3&4 in South Korea and at Barakah in UAE. Under
KHNP APR1400 1450 construction: Shin Hanul 1&2 in South Korea.
(PWR) Korean design certification 2003.
US design certification August 2019.
VVER-1200 Operating at Novovoronezh Il and Leningrad Il in Russia, and at Ostrovets in
Gidropress (PWR) 1200 Belarus. Under construction at Akkuyu in Turkey and Rooppur in
Bangladesh.
OKBM BN-800 880 Beloyarsk 4, demonstration fast reactor and test plant.
Westinghouse AP1000 (PWR) 1250 Four units operating in China; two under construction in the USA; many units
inghou planned in China (as CAP1000).
El;lir)]atome (& EPR (PWR) 1750 Two units operating in China, under construction in Finland, France and UK.
CNNC & CGN Hualong One 1170 Malp Chinese export design, operating at Fuging in China, and at Karachi in
(PWR) Pakistan.

Other advanced power reactors under construction

Developer

Gidropress

Reactor

VVER-TOI (PWR)

Size = MWe Design progress, notes
gross 'gn prog ’
1255 Under construction at Kursk II, planned for Nizhny Novgorod

and many more in Russia.
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lNET & CNEC HTR-PM, HTR-200 2x105 (one Demonstration plant being built at Shidaowan.
(China) module module)
SNPTC CAP1400/Guohe One 1500 Demonstration plant being built at Shidaowan.

Advanced power reactors ready for deployment

Developer Reactor Size — MWe gross Design progress, notes
Planned for Fermi and North Anna in USA.
GE Hitachi ESBWR 1600 Developed from ABWR, but passive safety systems.

Design certification in USA Sept 2014.

Planned for Tsuruga in Japan.
Mitsubishi APWR 1530 US design certification application for US-APWR, but delayed.
EU design approval for EU-APWR Oct 2014.

Originally designed for Sinop in Turkey.
Areva & Mitsubishi Atmeal (PWR) 1150 French design approval Feb 2012.
Canadian design certification in progress.
Improved CANDU-6 model.
Canadian design certification June 2013.

Candu Energy EC6 (PHWR) 750

OKBM VVER-600 600 Planned for Kola.

Light water reactors

(Power reactors moderated and cooled by water)

EPR

Areva NP (formerly Framatome ANP) developed a large (4590 MWt, typically 1750 MWe gross and 1630 MWe net) European
pressurised water reactor (EPR), which was accepted in mid-1995 as the new standard design for France and received French
design approval in 2004. It is a four-loop design derived from the German Konvoi types with features from the French N4, and
was expected to provide power about 10% cheaper than the N4. It will operate flexibly to follow loads, have fuel burn-up of 65
GWd/t and a high thermal efficiency, of 37%, and net efficiency of 36%. It is capable of using a full core load of MOX. Availability
is expected to be 92% over a 60-year service life.

It has double containment with four separate, redundant active safety systems, and boasts a core catcher under the pressure
vessel. The safety systems are physically separated through four ancillary buildings on the same concrete raft, and two of them
are aircraft crash protected. The primary diesel generators have fuel for 72 hours, the secondary back-up ones for 24 hours, and
tertiary battery back-up lasts 12 hours. It is designed to withstand seismic ground acceleration of 600 Gal without safety
impairment.

The first EPR unit commenced construction at Olkiluoto in Finland, the second at Flamanville in France, the third European one
was to be at Penly in France. However the first EPR to be grid connected was at Taishan in China. It entered commercial
operation at the end of 2018. The EPR has undergone UK generic design assessment, with some significant changes to
instrumentation and control systems being agreed with other national regulators, and two are being built at Hinkley Point C in
the UK.

Questions arose regarding the steel quality in the top and bottom reactor pressure vessel heads for Flamanville, forged by
Areva's Creusot Forge plant. The pressure vessel for Olkiluoto was forged in Japan, and those for Taishan by MHI and Dongfang
Electric.

A US version, the US-EPR quoted as 1710 MWe gross and about 1580 MWe net, was submitted for US design certification in
December 2007, but this process is suspended. The first unit (with 80% US content) was expected to be grid connected by 2020.
It is now known as the Evolutionary PWR (EPR). Much of the one million man-hours of work involved in developing this US EPR
was said to be making the necessary changes to output electricity at 60 Hz instead of the original design's 50 Hz. The main
development of the type was to be through UniStar Nuclear Energy.
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Areva NP with EdF developed a ‘new model’ EPR, the EPR NM or EPR2, “offering the same characteristics” as the EPR but with
simplified construction and significant cost reduction — about 30%. The basic design was to be completed in 2020, and in mid-
2019 the French regulator ASN said it was happy with most aspects of the design. Emergency core cooling is significantly
different to the EPR. EdF said that it, not the complex EPR being built at Flamanville, would be the model that replaced the
French fleet from the late 2020s. Poland appears to be a candidate for the demonstration plant.

AP1000

The Westinghouse AP1000 is a two-loop PWR which has evolved from the smaller AP600, one of the first new reactor designs
certified by the US NRC. Simplification was a major design objective of the AP1000, in overall safety systems, normal operating
systems, the control room, construction techniques, and instrumentation and control systems provide cost savings with
improved safety margins. It has a core cooling system including passive residual heat removal by convection, improved
containment isolation, passive containment cooling system to the atmosphere and in-vessel retention of core damage (corium)
with water cooling around it. No safety-related pumps or ventilation systems are needed. The AP1000 gained US design
certification in 2005, and UK generic design assessment approval in 2017. However, the structural design for the USA and UK
was significantly modified from 2008 to withstand aircraft impact.

It has been built in China at Sanmen and Haiyang, and is under construction at Vogtle in the USA. The units are being assembled
from modules. It is 1250 MWe gross and 1110-1117 MWe net in the USA, 1157 or 1170 MWe net in China (3415 MWt).
Westinghouse earlier claimed a 36-month construction time to fuel loading. The first ones being built in China were on a 57-
month schedule to grid connection, but took about 110 months. Progress was delayed, particularly by the need to re-engineer
the 91-tonne coolant pumps, of which each rector has four. After the first four units in China, the design is known as the
CAP1000 there.

CAP1400

SNPTC and SNERDI in China have jointly developed a passively safe 1500 MWe (4040 MWt) two-loop design from the AP1000,
the CAP1400, or Guohe One, with 193 fuel assemblies and improved steam generators, operating at 323°C outlet temperature,
60-year design lifetime, and 72-hour non-intervention period in event of accident. Average discharge burn-up is about 50 GWd/t,
maximum 59.5 GWd/t. Operation flexibility includes extra control rods for MOX capability, 18 to 24-month cycle, and load-
following. Seismic rating is 300 gal. The CAP1400 project may extend to a larger, three-loop CAP1700 or CAP2100 design if the
passive cooling system can be scaled to that level. Westinghouse has agreed that SNPTC will own the intellectual property
rights for any AP1000 derivatives over 1350 MWe. Construction of the first unit at Shidaowan started without public
announcement in 2019. Exports are intended.

ABWR

The advanced boiling water reactor (ABWR) is derived from a General Electric design in collaboration with Toshiba. Two
examples built by Hitachi and two by Toshiba have been in commercial operation in Japan (1315 MWe net), with another two
under construction there and two in Taiwan. More are planned in Japan and four are planned in the UK.

The ABWR has been offered in slightly different versions by GE Hitachi, Hitachi-GE and Toshiba, so that 'ABWR' is now a generic
term. It is basically a 1380 MWe (gross) unit (3926 MWt in Toshiba version), though GE Hitachi quotes 1350-1600 MWe net.
Toshiba outlines development from its 1400 MWe class to a 1500-1600 MWe class unit (4300 MWt). Tepco was funding the
design of a next generation BWR, and the ABWR-Il is quoted as 1717 MWe.

Toshiba was promoting its EU-ABWR of 1600 MWe with core catcher and filtered vent, developed with Westinghouse Sweden.
The Hitachi UK-ABWR may have similar features but be similar size to Japanese units.

The first four ABWRs were each built in 39-43 months on a single-shift basis. Though GE and Hitachi have subsequently joined
up, Toshiba retains some rights over the design, as does Tepco. The design can run on full-core mixed oxide (MOX) fuel, as for
the Ohma plant being built in Japan. Design operating lifetime is 60 years. Unlike previous BWRs in Japan the external
recirculation loop and internal jet pumps are replaced by coolant pumps mounted at the bottom of the reactor pressure vessel.
Safety systems are active — GEH describes it as “the pinnacle of the evolution of active safety.”

Both Toshiba and GE Hitachi have applied separately to the NRC for design certification renewal, though these are respectively
withdrawn or on hold. The initial certification in 1997 was for 15 years and in 2011 the NRC certified for GE Hitachi an evolved
version which allows for aircraft impacts. UK generic design assessment approval for Hitachi's version of the ABWR is expected
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at the end of 2017.

GE Hitachi was also designing a 600-800 MWe version of the ABWR, with five instead of ten internal coolant pumps, aiming
at Southeast Asia. In addition, a 400 MWe version was envisaged.

ESBWR

GE Hitachi Nuclear Energy's ESBWR is an improved design "evolved from the ABWR" but that utilizes passive safety features
including natural circulation principles. It is the ninth evolution of the original BWR design licensed in 1957, and was developed
from a predecessor design, the SBWR at 670 MWe. GEH says it is safer and more efficient than earlier models, with 25% fewer
pumps, valves and motors, and can maintain cooling for seven days after shutdown with no AC or battery power. The
emergency core cooling system has eliminated the need for pumps, using passive and stored energy. The used fuel pool is
below ground level.

The ESBWR (4500 MW?1) will produce approximately 1600 MWe gross, and 1520 MWe net, depending on site conditions, and has
a design operating lifetime of 60 years. It is more fully known as the Economic Simplified BWR (ESBWR) and leverages proven
technologies from the ABWR. GE Hitachi gained US NRC design certification for the ESBWR in September 2014, following
design approval in March 2011. It was submitted for UK generic design assessment in 2007, but withdrawn a year later.

GEH is selling this alongside the ABWR, which it characterises as more expensive to build and operate, but proven. The ESBWR
is more innovative, with lower building costs due to modular construction, lower operating costs, 24-month refuelling cycle and
a 60-year operating lifetime. In the USA plans to build as Detroit Edison’s Fermi 3 and Dominion’s North Anna 3 are not
proceeding.

APWR

Mitsubishi's large APWR — advanced PWR of 1538 MWe gross (4451 or 4466 MWt) — was developed in collaboration with four
utilities (Westinghouse was earlier involved). The first two are planned for Tsuruga, originally to come online from 2016. It is a
four-loop design with 257 fuel assemblies and neutron reflector, is simpler, combines active and passive cooling systems in a
double containment, and has over 55 GWd/t fuel burn-up. It is the basis for the next generation of Japanese PWRs. The planned
APWR+ is 1750 MWe and has full-core MOX capability.

The US-APWR is 4451 MW, about 1600 MWe net, due to longer (4.3m instead of 3.7m) fuel assemblies, higher burn-up (62
GWd/t) and higher thermal efficiency (37%) (2013 company description). It has 24-month refuelling cycle. Its emergency core
cooling system (ECCS) has four independent trains, and its outer walls and roof are 1.8 m thick. US design certification
application was in January 2008 with certification expected in 2016, but halted. In March 2008 MHI submitted the same design
for EUR (European Utility Requirements) certification, as the EU-APWR, and this certification of compliance was granted in
October 2014. MHI planned to join with Iberdrola Engineering & Construction in bidding for sales of this in Europe. Iberdrola
would be responsible for building the plants.

The Japanese government was expected to provide financial support for US licensing of the US-APWR. Washington Group
International was to be involved in US developments with Mitsubishi Heavy Industries (MHI). The US-APWR was selected by
Luminant for Comanche Peak, Texas, a merchant plant.

APR1400, EU-APR, APR+, APR1000

South Korea's APR1400 advanced PWR design has evolved from the US System 80+ with enhanced safety and seismic
robustness and was earlier known as the Korean Next Generation Reactor. Design certification by the Korean Institute of
Nuclear Safety was awarded in May 2003. It is 1455 MWe gross in Korean conditions according to an IAEA status report, 1350-
1400 MWe net (3983 - nominal 4000 MWt) with two-loop primary circuit. The first of these are operating in Korea — Shin Kori
3&4 - with Shin Hanul 1&2 under construction. It was chosen for the United Arab Emirates (UAE) nuclear programme on the
basis of cost and reliable building schedule, and four units are under construction there, with the first expected online in 2020.

Fuel in 241 fuel assemblies has burnable poison and will have up to 55 GWd/t burn-up, refuelling cycle around 18 months, outlet
temperature 324°C. It is designed "not only for the base-load full power operation but also for a part load operation such as the

load following operation. A standard 100-50-100% daily load follow operation has been considered in the reactor core design as
well as in the plant control systems." Ramp up and down between 100% and 50% takes two hours. Plant operating lifetime is 60

https://world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-reactors/advanced-nuclear-power-reactors.aspx 8/18


https://nuclear.gepower.com/build-a-plant/products/nuclear-power-plants-overview/esbwr
http://www.iaea.org/NuclearPower/Downloadable/aris/2013/10.APWR%28Mitsubishi%29.pdf
http://aris.iaea.org/PDF/APR1400.pdf

3/2/23, 11:52 AM Advanced Nuclear Power Reactors | Generation IlI+ Nuclear Reactors - World Nuclear Association

years, seismic design basis is 300 Gal. A low-speed (1800 rpm) turbine is used. An application for US design certification was
lodged in 2013 and a revised version accepted in March 2015. The NRC confirmed its safety in September 2018 and design
certification was approved in May 2019 and formally awarded in August.

Based on this, KOPEC has developed an EU version (APR1400-EUR or EU-APR) with double containment and core-catcher which
was given EUR approval in October 2017. It is 4000 MWt, 1520 MWe gross, with a design lifetime of 60 years and 250 Gal
seismic rating.

KHNP is also developing a more advanced 4308 MWt, 1560 MWe (gross) version of the APR1400, the APR+, which gained
design approval from NSSC in August 2014. It was “developed with original domestic technology”, up to 100% localized, over
seven years since 2007, with export markets in view. It has modular construction which is expected to give 36-month
construction time instead of 52 months for the APR1400. It has 257 fuel assemblies of a new design, 18- to 24-month fuel cycle,
and passive decay heat removal. Also it is more highly reinforced against aircraft impact than any earlier designs. Seismic rating
is 300 Gal.

In addition some of the APR features are being incorporated into an exportable APR-1000 intended for overseas markets,
notably Middle East and Southeast Asia, and will be able to operate with an ultimate heat sink of 40°C, instead of 35°C for the
OPR-1000. Improved safety and performance will raise the capital cost above that of the OPR, but it this will be offset by
reduced construction time (40 months instead of 46) due to modular construction.

Atmeal

The Atmeal has been developed by the Atmea joint venture established in 2007 by Areva NP and Mitsubishi Heavy Industries to
produce an evolutionary 1100-1150 MWe net (3150 MWt) three-loop PWR using the same steam generators as EPR. This has
37% net thermal efficiency, 157 fuel assemblies 4.2 m long, 60-year operating lifetime, and the capacity to use mixed-oxide fuel
for full core load. Fuel cycle is flexible 12 to 24 months with short refuelling outage and the reactor has load-following (100-25%
range) and frequency control capability. The first units are likely to be built at Sinop in Turkey.

Following an 18-month review, the French regulator ASN approved the general design in February 2012. The reactor is regarded
as mid-sized relative to other modern designs and will be marketed primarily to countries embarking upon nuclear power
programs. It has three active and passive redundant safety systems and an additional backup cooling chain, similar to EPR. It
has a core-catcher, and is available for high-seismic sites. Canadian design certification is under way.

Kerena

Together with German utilities and safety authorities, Areva NP has also developed another evolutionary design, the Kerena, a
1290 MWe gross, 1250 MWe net (3370 MWt) BWR with 60-year design life formerly known as SWR 1000, The design, based on
the Gundremmingen plant built by Siemens, was completed in 1999 and US certification was sought, but then deferred. It has
not yet been submitted for certification anywhere, but is otherwise ready for commercial deployment.

It has two redundant active safety systems and two passive safety systems, including a core-catcher, similar to EPR. The reactor
is simpler overall and uses high-burnup fuels (to 65 GWd/t) enriched to 3.54%, giving it refuelling intervals of up to 24 months. It
can take a 50% MOX load, and uses flow variation to improve fuel usage. It has 37% net efficiency and can load-follow down to
70% using recirculation pumps only, and down to 40% with control rods.

AES-92, V-392

Gidropress late-model VVER-1000/V-392 units with enhanced safety (AES-92 & -91 power plants) have been built in India and
China. Two more (V-466B variant) were planned for Belene in Bulgaria. The AES-92 is certified as meeting EUR. The V-392 has
four coolant loops, 163 fuel assemblies, and is rated 3000 MWt.

AES-2006, MIR-1200

The third-generation AES-2006 plant with VVER-1200 (V-392M or V-491) reactors of 3212 MWt is an evolutionary development
of the AES-92 and AES-91 plants with the VVER-1000, with longer operating lifetime (60 years for non-replaceable equipment),
greater power, and greater efficiency (34.8% net instead of 31.6%) and 60 GWd/t burn-up. Cogeneration heat supply capacity is
300 MWHt. It retains four coolant loops and has 163 FA-2 fuel assemblies, each with 534 kg of UO, fuel enriched to 4.95%. Core
outlet temperature is 329°C.
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The lead units were being built at Novovoronezh Il (V-392M) and Leningrad Il (V-491), the first one starting operation in 2016.
The first of two V-491 units at Ostrovets in Belarus commenced operation in 2020. Units based on the V-392M are being built
Akkuyu in Turkey (V-509) and Rooppur in Bangladesh (V-523). The single V-522 in AES-2006E at Hanhikivi in Finland is based on
the V-491.The Novovoronezh units provide 1114 MWe net each, and the Leningrad Il units 1085 MWe net each, with a capacity
factor of 90%. Two steam turbines are offered: Power Machines (Silmash) full-speed; and Alstom Arabelle half-speed, as
proposed for MIR-1200 and Hanhikivi in Finland.

Overnight capital cost was said to be $1200/kW (though the first contract was about $2100/kW) and serial construction time 54
months. They have enhanced safety including that related to earthquakes and aircraft impact (V-392M especially) with some
passive safety features, double containment, and core-catcher.

While OKB Gidropress is responsible for the actual 1200 MWe reactor, Moscow AEP and Atomproekt St Petersburg are going
different ways on the cooling systems, and the V-392M version is the basis of the VVER-TOI. Passive safety systems prevail in
Moscow's V-392M design, while St Petersburg's V-491 design focuses on active safety systems based on the Tianwan V-428
design. In both, long-term decay heat removal does not rely on electrical power or ultimate heat sink. (Details in the information
page on Nuclear Power in Russia.) Atomenergoproekt says that the AES-2006 conforms to both Russian standards and
European Utilities Requirements (EUR). In Europe the V-491 technology is being called the Europe-tailored reactor design, MIR-
1200 (Modernised International Reactor) or AES-2006E, with some Czech involvement. Those bid for Temelin are quoted as
1158 MWe gross, 1078 MWe net. That for Hanhikivi is 1250 MWe gross, due to cold water.

VVER-TOI

In 2010 Atomenergoproekt announced the VVER-TOI (typical optimised, with enhanced information) design based on V-392M.
The basic Gidropress reactor is V-510. It has upgraded pressure vessel, increased power to 3312 MWt and 1255 MWe gross
(nominally 1300, hence VVER-1300), improved core design still with 163 fuel assemblies to increase cooling reliability, larger
steam generators, further development of passive safety with 72-hour grace period requiring no operator intervention after
shutdown, lower construction and operating costs, and 40-month construction time. It will use a low-speed turbine-generator
and can undertake daily load-following down to 50% of power. The project was initiated in 2009 and the design was completed
at the end of 2012. In June 2012 Rosatom said it would apply for design certification in UK through Rusatom Overseas, with the
VVER-TOI version. The first units are being built at Kursk Il and planned for Smolensk Il in Russia.

Details of MIR-1200 and VVER-TOI are in the Nuclear Power in Russia information page.

VVER-600

Gidropress has developed the VVER-600/V-498 for sites such as Kola, where larger units are not required. It is a two-loop design
based on the V-491 St Petersburg version of the VVER-1200 and using the same basic equipment but without core-catcher
(corium retained within RPV). It will have 60-year life and is capable of load-following. Export potential is anticipated. It
supercedes the VVER-640/V-407 design.

Hualong One, HPR1000

In China, there are two indigenous designs based on a French predecessor but developed with modern features. CNNC
developed the ACP1000 design, with 1100 MWe nominal power and load-following capability, and 177 fuel assemblies. In
parallel but somewhat ahead, China Guangdong Nuclear Power Corporation, now China General Nuclear Power (CGN) led the
development of the 1100 MWe ACPR-1000, with 157 fuel assemblies (same as the French M-310 predecessor), and about 30 of
these have been built. However, due to rationalisation over 2011-13, this design has been dropped in favour of the Hualong One,
essentially the ACP1000 with some features from the ACPR.

The Hualong One thus has 177 fuel assemblies 3.66 m long, 18-24 month refuelling interval. It has three coolant loops delivering
3050 MWHt, 1170 MWe gross, 1090 MWe net (CNNC version). It has double containment and active safety systems with some
passive elements, and a 60-year design lifetime. Average burnup is 45,000 MWd/tU, thermal efficiency is 36%. Seismic
shutdown is at 300 gal. Instrumentation and control systems will be from Areva-Siemens. Estimated cost in China is
$3500/kWe. The first units under construction are Fangchenggang 3&4 (CGN) and Fuging 5&6 (CNNC). It is also being built in
Pakistan.
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CNNC and CGN in December 2015 formed a 50-50 joint venture company — Hualong International Nuclear Power Technology
Co - to market it. The version promoted on the international market, is called HPR1000 (Hualong Pressurized Reactor 1000),
based on the CGN version, with Fangchenggang as the reference plant. In October 2015 CGN submitted the HPR1000 for
certification of compliance with European Utility Requirements (EUR).

Fuller details of the situation are in the Nuclear Power in China information page.

VBER-300

OKBM's VBER-300 PWR is a 295-325 MWe unit (917 MWt) developed from naval power plants and was originally envisaged in
pairs as a floating nuclear power plant. It is designed for 60 year life and 90% capacity factor. It now planned to develop it as a
land-based unit with Kazatomprom, with a view to exports, and the first unit will be built in Kazakhstan.

The VBER-300 and the similar-sized VK300 are more fully described in the Small Nuclear Power Reactors information page.

Heavy water reactors
(Moderated and mostly cooled by heavy water)

In Canada, the government-owned Atomic Energy of Canada Ltd (AECL) had two designs under development which are based
on its reliable CANDU-6 reactors, the most recent of which are operating in China. In 2011 the reactor division of AECL was sold
and became Candu Energy Inc, a subsidiary of SNC-Lavalin. One of these earlier designs continues, with associated fuel cycle
innovation.

The CANDU-9 (925-1300 MWe) was developed from the CANDU-6 also as a single-unit plant. It had flexible fuel requirements
which have been taken forward to the EC6. A two year licensing review of the CANDU-9 design was successfully completed
early in 1997, but the design has been shelved.

EC6

Some of the innovation of the CANDU-9, along with experience in building recent Korean and Chinese units, was then put back
into the Enhanced CANDU-6 (EC6). This is to be built as twin units — with power increase to 740-750 MWe gross (690 MWe net,
2084 MWt) and flexible fuel options, plus 4.5 year construction and 60-year plant life (with mid-life pressure tube replacement).
EC6 is presented as a third-generation design based on Qinshan Phase Il in China, and is under consideration for new build in
Ontario and overseas. Phase 2 of CNSC's vendor pre-project design review was completed in April 2012, with phase 3 on target
for 2013.

Versatility of fuel is a claimed feature of the EC6 and its derivatives. As well as natural uranium, it can use direct
recovered/reprocessed uranium (RU) from used PWR fuel, natural uranium equivalent (NUE — DU + RU), MOX (DU + Pu), fertile
fuels such as LEU + thorium and Th with Pu, and closed cycle fuels (Th + U-233 + Pu). The NUE fuel cycle with full-core NUE is
being demonstrated at Qinshan in China in CANDU-6 units*. There is also a program for the Advanced Fuel Candu Reactor
(AFCR) - an adaptation of EC6 - on direct use of RU, and also LEU + thorium-based CANDU fuel. Finally a CANMOX fuel is
proposed with EC6 for disposal of the UK's plutonium stock.

* RU with 0.9% U-235 plus DU gives 0.7% NUE, which is burned down to about 0.25% U-235.

The EC6 has design features, notably its automated refuelling, which enable third-party process monitoring in relation to non-
proliferation concerns.

AFCR

The Advanced Fuel CANDU Reactor (AFCR) is a 740 MWe development of the EC6, designed to use recycled uranium and also
thorium-based fuels. It has been developed by Candu Energy with CNNC’s Third Qinshan Nuclear Power Corp, which plans to
convert the two Qinshan CANDU-6 PHWR units to AFCRs. Then new-build AFCRs are envisaged in China. One AFCR can be fully
fuelled by the recycled uranium from four LWRs' used fuel. Hence deployment of AFCRs will greatly reduce the task of managing
used fuel and disposing of high-level waste, and could reduce China’s fresh uranium requirements. Late in 2014 a joint venture
framework agreement between CNNC and Candu Energy was signed to build AFCR projects domestically and develop
opportunities for them internationally. In September 2016 an agreement among SNC-Lavalin, CNNC and Shanghai Electric Group
was to set up a joint venture in mid-2017 to develop, market and build the AFCR, with NUE fuel.
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AHWR

India is developing the Advanced Heavy Water Reactor (AHWR) as the third stage in its plan to utilise thorium to fuel its overall
nuclear power program. The AHWR is a 300 MWe gross (284 MWe net, 920 MWt) reactor moderated by heavy water at low
pressure. The calandria has about 450 vertical pressure tubes and the coolant is pressurised light water boiling at 285°C and
circulated by convection. A large heat sink — ‘gravity-driven water pool' — with 7000 cubic metres of water is near the top of the
reactor building. Each fuel assembly has 30 Th-U-233 oxide pins and 24 Pu-Th oxide pins around a central rod with burnable
absorber. Burn-up of 24 GWd/t is envisaged. It is designed to be self-sustaining in relation to U-233 bred from Th-232 and have a
low Pu inventory and consumption, with slightly negative void coefficient of reactivity. It is designed for 100-year plant life and is
expected to utilise 65% of the energy of the fuel, with two-thirds of that energy coming from thorium via U-233. A co-located fuel
cycle facility is planned, with remote handling for the highly-radioactive fresh fuel. At the end of 2016 the design was complete
and large-scale engineering studies were validating innovative features of the design. No site or construction schedule had been
announced for the demonstration unit.

Once it is fully operational, each AHWR fuel assembly will have the fuel pins arranged in three concentric rings:

Inner: 12 pins Th-U-233 with 3.0% U-233.
Intermediate: 18 pins Th-U-233 with 3.75% U-233.
Outer: 24 pins Th-Pu-239 with 3.25% Pu.

The fissile plutonium content will decrease from an initial 75% to 25% at equilibrium discharge burn-up level.

As well as U-233, some U-232 is formed, and the highly gamma-active daughter products of this confer a substantial
proliferation resistance.

In 2009 an export version of this design was announced: the AHWR-LEU. This will use low-enriched uranium plus thorium as a
fuel, dispensing with the plutonium input. About 39% of the power will come from thorium (via in situ conversion to U-233), and
burn-up will be 64 GWd/t. Uranium enrichment level will be 19.75%, giving 4.21% average fissile content of the U-Th fuel. While
designed for closed fuel cycle, this is not required. Plutonium production will be less than in light water reactors, and the fissile
proportion will be less and the Pu-238 portion three times as high, giving inherent proliferation resistance. The AEC says that
"the reactor is manageable with modest industrial infrastructure within the reach of developing countries."

In the AHWR-LEU, the fuel assemblies will be configured:
Inner ring: 12 pins Th-U with 3.555% U-235,

Intermediate ring: 18 pins Th-U with 4.345% U-235,
Outer ring: 24 pins Th-U with 4.444% U-235.

High-temperature gas-cooled reactors
(Graphite-moderated)

These reactors use helium as a coolant at up to 950°C, which either makes steam conventionally (Rankine cycle) or directly
drives a gas turbine for electricity and a compressor to return the gas to the reactor core (Brayton cycle). Fuel is in the form of
TRISO particles less than a millimetre in diameter. Each has a kernel of uranium oxycarbide, with the uranium enriched up to
17% U-235. This is surrounded by layers of carbon and silicon carbide, giving a containment for fission products which is stable
to 1600°C or more. These particles may be arranged: in blocks as hexagonal 'prisms' of graphite, or in billiard ball-sized pebbles
of graphite encased in silicon carbide.

HTR-PM, HTR-PM 600

The first commercial version will be China's HTR-PM, being built at Shidaowan in Shandong province. It has been developed by
Tsinghua University's INET, which is the R&D leader and China Nuclear Engineering & Construction Group (CNEC), with China
Huaneng Group leading the demonstration plant project. This will have two reactor modules, each of 250 MWt/105 MWe
(equivalent), with a single steam generator, and using 8.5% enriched fuel (245,000 elements) giving 90 GWd/t discharge burnup.
With an outlet temperature of 750°C the pair will produce steam at 566°C to drive a single steam cycle turbine at about 40%
thermal efficiency.
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This 210 MWe Shidaowan demonstration plant is to pave the way for commercial 600 MWe reactor units using the twin reactor
modules (3x210 MWe), also using the steam cycle. These are being promoted by CNEC. Plant life is envisaged as 40 years with
85% load factor.

Fuller descriptions of HTRs is in the Small Nuclear Power Reactors paper.

Fast neutron reactors
(Not moderated, cooled by liquid metal)

Fuller description of fast neutron reactors is in that information page.

Several countries have research and development programs for improved fast breeder reactors (FBR), which are fast neutron
reactors (FNR) configured with a conversion or breeding ratio of more than 1 (i.e. more fissile nuclei are produced than are
fissioned). These use the uranium-238 in reactor fuel as well as the fissile U-235 isotope used in most reactors, and can readily
use the world’s 1.5 million tonnes of depleted uranium as fuel. They are now often designed to burn actinides as well.

About 20 liquid metal-cooled FBRs have already been operating, some since the 1950s, and some have supplied electricity
commercially. About 400 reactor-years of operating experience have been accumulated. Today Russia and India have FNRs high
profile in their nuclear programs, with Japan, China and France also significant. See also Fast Neutron Reactors page.

India's 500 MWe prototype fast breeder reactor at Kalpakkam is expected to be operating in 2018, fuelled with uranium-
plutonium oxide (the reactor-grade Pu being from its existing PHWRs) and with a thorium blanket to breed fissile U-233. This will
take India's ambitious thorium program to stage 2, and set the scene for eventual full utilisation of the country's abundant
thorium to fuel reactors.

The Russian BN-600 fast breeder reactor at Beloyarsk has been supplying electricity to the grid since 1981 and has the best
operating and production record of all Russia's nuclear power units. It uses uranium oxide fuel and the sodium coolant delivers
550°C at little more than atmospheric pressure. The core is 0.88 metres active height and 0.75 m diameter. The BN-350 FBR
operated in Kazakhstan for 27 years and about half of its output was used for water desalination. The BN-600 is configured to
burn the plutonium from its military stockpiles.

BN-800

The first (and probably only Russian) BN-800, a new more powerful (789 MWe, 880 MWe gross, 2100 MWt) fast neutron reactor
from OKBM with Atomenergoproekt at St Petersburg with improved features, was grid-connected at Beloyarsk in December
2015. It is designed to have considerable fuel flexibility — U+Pu nitride, MOX, or metal, and with breeding ratio up to 1.3, though
only 1.0 as configured at Beloyarsk. The core is a similar size to that of the BN-600. Initially it is being run with one-fifth MOX
fuel, but will have a full MOX core from about 2020. It does not have a breeding blanket, though a version designed for Sanming
in China has up to 198 DU fuel elements in a blanket. Its main purpose is to provide operating experience and technological
solutions, especially regarding fuels, that will be applied to the BN-1200. Further details in the information paper on Fast Neutron
Reactors.

BN-1200

The BN-1200 is being designed by OKBM for operation with MOX fuel initially and dense nitride U-Pu fuel subsequently, in closed
fuel cycle. It is significantly different from preceding BN models, and Rosatom plans to submit the BN-1200 to the Generation IV
International Forum (GIF) as a Generation IV design. The BN-1200 has a capacity of 2900 MWt (1220 MWe gross), a 60-year
design life, and burn-up of up to 120 GWd/t. The capital cost is expected to be much the same as that of the VVER-1200. Its
breeding ratio is quoted as 1.2 to 1.4, using oxide or nitride fuel. OKBM envisages about 11 GWe of such plants by 2030,
including South Urals nuclear plant. The detailed design was completed in May 2017, and the first unit is to be built at Beloyarsk
possibly from 2020. This is part of a federal Rosatom program, the Proryv (Breakthrough) Project for large fast neutron reactors.

BREST

Russia has experimented with several lead-cooled reactor designs, and used lead-bismuth cooling for 40 years in reactors for its
seven Alfa class submarines. Pb-208 (54% of naturally-occurring lead) is transparent to neutrons. A significant new Russian
design from NIKIET is the BREST-300 fast neutron reactor, of 300 MWe (700 MWt) with lead as the primary coolant, at 540°C,
and supercritical steam generators. It is inherently safe and uses a high-density U+Pu nitride fuel with no requirement for high
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enrichment levels. No weapons-grade plutonium can be produced (since there is no uranium blanket - all the breeding occurs in
the core. Used fuel can be recycled indefinitely, with on-site reprocessing and associated facilities. A demonstration unit is
planned at Seversk by 2022, and 1200 MWe (2800 MW?1) units are proposed. Both designs have two cooling loops. BREST-300
has 17.6 tonnes of fuel, BREST-1200 about 60 tonnes. See information page on Nuclear Power in Russia for further details.

PRISM

Today's PRISM is a GE Hitachi design for compact modular pool-type reactors with passive cooling for decay heat removal.
After 30 years of development it represents GEH's Generation IV solution to closing the fuel cycle. Each PRISM Power Block
consists of two modules of 840 MWt, 311 MWe each, operating at high temperature — over 500°C. The pool-type modules below
ground level contain the complete primary system with sodium coolant. PRISM is suited to operation with dry cooling towers
due to high thermal efficiency and small size.

The Pu & DU fuel is metal, and obtained from used light water reactor fuel. However, all transuranic elements are removed
together in the electrometallurgical reprocessing so that fresh fuel has minor actinides with the plutonium. Fuel stays in the
reactor about six years, with one-third removed every two years. Breeding ratio depends on purpose and hence configuration, so
ranges from 0.72 for used LWR recycle to 1.23 for breeder. Used PRISM fuel is recycled after removal of fission products. The
commercial-scale plant concept, part of an 'Advanced Recycling Center', uses three power blocks (six reactor modules) to
provide 1866 MWe. See also Electrometallurgical pyroprocessing’section in Processing Used Nuclear Fuel information paper.

A variant of this is proposed to utilise the UK's reactor-grade plutonium stockpile. A pair of PRISM units built at Sellafield would
be operated initially so as to bring the material up to the highly-radioactive 'spent fuel standard' of self-protection and
proliferation resistance. The whole stockpile could be irradiated thus in five years, with some by-product electricity and the plant
would then proceed to re-use that stored fuel over perhaps 55 years solely for 600 MWe of electricity generation. GEH has
launched a web portal in support of its proposal.

Westinghouse LFR

Westinghouse is developing a lead-cooled fast reactor (LER) design with flexible output to complement intermittent renewable
feed to the grid. Its high temperature capabilities will allow industrial heat applications. Westinghouse expects it to be very
competitive, having low capital and construction costs with enhanced safety. Further operational and safety enhancements are
also achieved by adoption of a fuel/cladding combination with high temperature capability based on those under development
by Westinghouse in the Accident Tolerant Fuel program.

Japan

Japan plans to develop FBRs, and its Joyo experimental reactor which has been operating since 1977 is now being boosted to
140 MWt. The 280 MWe Monju prototype commercial FBR was connected to the grid in 1995, but was then shut down for 15
years due to a sodium leak. It restarted in 2010 before closing down again due to an ancillary mechanical problem and is now
being decommissioned. Mitsubishi Heavy Industries (MHI) is involved with a consortium to develop a Japan Standard Fast
Reactor (JSFR) concept, though with breeding ratio less than 1:1. This is a large unit which would burn actinides with uranium
and plutonium in oxide fuel. It could be of any size from 500 to 1500 MWe.

See also information page on Fast Neutron Reactors.

Generation IV designs

See information page on six Generation |V Reactors.

Small reactors

See also information page on Small Nuclear Power Reactors for other advanced designs, mostly under 300 MWe. This paper
includes some designs which have become significantly larger than 300 MWe since first being described, but which are outside
the mainstream categories dealt with here.

Accelerator-driven systems (ADS)
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A related development has been the merging of accelerator and fission reactor technologies to generate electricity and
transmute long-lived radioactive wastes.

A high-energy proton beam hitting a heavy metal target produces neutrons by spallation. The neutrons cause fission in the fuel,
but unlike a conventional reactor, the fuel is subcritical, and fission ceases when the accelerator is turned off. The fuel may be
uranium, plutonium or thorium, possibly mixed with long-lived wastes from conventional reactors.

Many technical and engineering questions remain to be explored before the potential of this concept can be demonstrated. See
also ADS briefing_paper.
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Appendices

Appendix 1: US Nuclear Regulatory Commission draft policy, May 2008

The Commission believes designers should consider several reactor characteristics, including:

Highly reliable, less complex safe shutdown systems, particularly ones with inherent or passive safety features;
Simplified safety systems that allow more straightforward engineering analysis, operate with fewer operator actions and
increase operator comprehension of reactor conditions;

Concurrent resolution of safety and security requirements, resulting in an overall security system that requires fewer
human actions;

Features that prevent a simultaneous breach of containment and loss of core cooling from an aircraft impact, or that
inherently delay any radiological release, and;

Features that maintain spent fuel pool integrity following an aircraft impact.

Appendix 2: Other advanced PWR ventures and concepts
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RMWR, RBWR

The Reduced-Moderation Water Reactor (RMWR) is a light water reactor, essentially as used today, with the fuel packed in more
tightly to reduce the moderating effect of the water. Considering the BWR variant (resource-renewable BWR — RBWR), only the
fuel assemblies and control rods are different. In particular, the fuel assemblies are much shorter, so that they can still be
cooled adequately. Ideally they are hexagonal, with Y-shaped control rods. The reduced moderation means that more fissile
plutonium is produced and the breeding ratio is around 1 (instead of about 0.6), and much more of the U-238 is converted to Pu-
239 and then burned than in a conventional reactor. Burn-up is about 45 GWd/t, with a long cycle. Initial seed (and possibly all)
MOX fuel needs to have about 10% Pu. The void reactivity is negative, as in a conventional LWR. A Hitachi RBWR design based
on the ABWR-II has the central part of each fuel assembly (about 80% of it) with MOX fuel rods and the periphery uranium oxide.
In the MOX part, minor actinides are burned as well as recycled plutonium.

The main rationale for RMWRs is extending the world's uranium resource and providing a bridge to widespread use of fast
neutron reactors. Recycled plutonium should be used preferentially in RMWRs rather than as MOX in conventional LWRs, and
multiple recycling of plutonium is possible. Japan Atomic Energy Research Institute (JAERI) started the research on RMWRs in
1997 and then collaborated in the conceptual design study with the Japan Atomic Power Company (JAPCO) in 1998. Hitachi
has also been closely involved, with its RBWR concept which has a major aim of burning actinides.

A new reprocessing technology is part of the RMWR concept. This is the fluoride volatility process, developed in 1980s, and is
coupled with solvent extraction for plutonium to give the Fluorex process. In this, 90-92% of the uranium in the used fuel is
volatalised as UF6, then purified for enrichment or storage. The residual is put through a Purex circuit which separates fission
products and minor actinides as high-level waste, leaving the unseparated U-Pu mix (about 4:1) to be made into MOX fuel.

Hitachi conducted joint research on RBWRs with MIT, University of Michigan, and UC Berkeley from 2007 to 2011, on the burning
of transuranic elements. In a further stage of joint research from 2014, and applying the more accurate analysis methods
developed by the three American universities, Hitachi will continue to evaluate the safety and performance of the new reactor
concepts, and will study plans for tests with a view towards practical applications.

Norway’s Thor Energy is exploring the operation of U-233 - thorium oxide (Th-MOX) fuel in an advanced reduced-moderation
BWR (RBWR). This reactor platform, designed by Hitachi Ltd and JAEA, should be well-suited for achieving high U-233
conversion factors from thorium due to its epithermal neutron spectrum and flexible uranium-plutonium fuels in which high
conversion or actinide destruction can be achieved. It is based on the ABWR architecture but has a shorter, flatter pancake-
shaped core and a tight lattice to ensure sufficient fast neutron leakage and a negative void reactivity coefficient.

Areva-EdF-CGNPC project

Early in 2012 Areva and EdF agreed in principle with China Guangdong Nuclear Power group (CGN) to develop a mid-size PWR
on the basis of CGNPC’s CPR-1000, with third-generation safety features. A further three-way agreement was signed in
September, with a view to having an outcome by mid-2013. It is not clear whether Mitsubishi Heavy Industries might be involved,
though Areva has said that it wants the design "to have the highest possible technical convergence” with Atmea1. If a new
reactor design results, it would be a competitor for Atmeal. However, Areva says that the talks are not aimed at joint
development of a 1000 MWe reactor, so much as "to see if the three companies can converge on specifications for such a
design that would allow deeper collaboration”. This appears to have been overtaken by Hualong One.

IRIS

Another US-origin but international project which is a few years behind the AP1000 is the IRIS (International Reactor Innovative &
Secure). Westinghouse is leading a wide consortium developing it as an advanced third generation project. IRIS is a modular
335 MWe pressurised water reactor with integral steam generators and primary coolant system all within the pressure vessel. It
is nominally 335 MWe but can be less, e.g. 100 MWe. Fuel is initially similar to present LWRs with 5% enrichment and burnable
poison, in fact fuel assemblies are "identical to those ... in the AP1000". These would have burn-up of 60 GWd/t with fuelling
interval of 3 to 3.5 years, but IRIS is designed ultimately for fuel with 10% enrichment and 80 GWd/t burn-up with an eight-year
cycle, or equivalent MOX core. The core has low power density. US design certification was at pre-application review stage, but
the concept appears to have evolved into the Westinghouse SMR. Estonia once expressed interest in building a pair of IRIS.
Some consortium partners were interested in desalination, one in district heating.
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The VVER-1500 model was being developed by Gidropress. It will have enhanced safety, giving 1500 MWe gross from 4250
MWt. Design was expected to be complete in 2007 but the project was shelved in 2006 in favour of the evolutionary VVER-1200.
It remains a four-loop design, with increased pressure vessel diameter to 5 metres, 241 fuel assemblies in core enriched to 4.4%,
burn-up 45-55 and up to 60 GWd/t and life of 60 years. If revived, it will meet EUR criteria.

Appendix 3: Other advanced PHWR designs and concepts

ACR

The Advanced Candu Reactor (ACR), a third generation reactor design, was a more innovative concept, but has now been
shelved. While retaining the low-pressure heavy water moderator, it incorporates some features of the pressurised water reactor.
Adopting light water cooling and a more compact core reduces capital cost, and because the reactor is run at higher
temperature and coolant pressure, it has higher thermal efficiency.

The ACR-700 design was 700 MWe but is physically much smaller, simpler and more efficient as well as 40% cheaper than the
CANDU-6. But the ACR-1000 of 1080-1200 MWe (3200 MWt) became the focus of attention by AECL (now Candu Energy, Inc). It
has more fuel channels (each of which can be regarded as a module of about 2.5 MWe). The ACR will run on low-enriched
uranium (about 1.5-2.0% U-235) with high burn-up, extending the fuel life by about three times and reducing high-level waste
volumes accordingly. It will also efficiently burn MOX fuel, thorium and actinides.

Regulatory confidence in safety is enhanced by a small negative void reactivity for the first time in CANDU, and utilising other
passive safety features as well as two independent and fast shutdown systems. Units will be assembled from prefabricated
modules, cutting construction time to 3.5 years. ACR units can be built singly but are optimal in pairs. They will have 60-year
design life overall but require mid-life pressure tube replacement.

ACR-1000 was moving towards design certification in Canada, and a three-phase vendor pre-project design review was
completed in 2010. In 2007 AECL applied for UK generic design assessment (pre-licensing approval) but then withdrew after the
first stage. All licensing progress has ceased.

The CANDU X or SCWR is a variant of the ACR, but with supercritical light water coolant (e.g. 25 MPa and 625°C) to provide 40%
thermal efficiency. The size range envisaged is 350 to 1150 MWe, depending on the number of fuel channels used.
Commercialisation envisaged after 2020.

The Advanced Fuel CANDU Reactor (AFCR) is being developed in China as a Generation Ill 700 MWe class reactor which
essentially runs on the used fuel from four PWRs.

Appendix 4: Other advanced HTR designs and concepts

PBMR

South Africa's Pebble Bed Modular Reactor (PBMR) was being developed by a consortium led by the utility Eskom, with
Mitsubishi Heavy Industries from 2010. It drew on German expertise and aimed for a step change in safety, economics and
proliferation resistance. Production units would be 165 MWe. The PBMR would ultimately have a direct-cycle (Brayton cycle) gas
turbine generator and thermal efficiency about 41%, the helium coolant leaving the bottom of the core at about 900°C and
driving a turbine. Power is adjusted by changing the pressure in the system. The helium is passed through a water-cooled pre-
cooler and intercooler before being returned to the reactor vessel. (In the demonstration plant it would transfer heat in a steam
generator rather than driving a turbine directly.) However, development has ceased due to lack of funds and customers.

GT-MHR

A larger US design, the Gas Turbine - Modular Helium Reactor (GT-MHR), is planned as modules of 285 MWe each directly
driving a gas turbine at 48% thermal efficiency. The cylindrical core consists of 102 hexagonal fuel element columns of graphite
blocks with channels for helium and control rods. Graphite reflector blocks are both inside and around the core. Half the core is
replaced every 18 months. Burn-up is about 100,000 MWd/1. It is being developed by General Atomics in partnership with
Russia's OKBM Afrikantov, supported by Fuji (Japan). Initially it was to be used to burn pure ex-weapons plutonium at Seversk
(Tomsk) in Russia. The preliminary design stage was completed in 2001, but the program has stalled since. In February 2010
General Atomics announced its Energy Multiplier Module (EM?) design, superseding the GT-MHR.
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23.3080.01001
Sixty-eighth
Legislative Assembly HOUSE CONCURRENT RESOLUTION NO. 3034
of North Dakota
Introduced by
Representatives Mock, D. Anderson, Ista, Roers Jones, M. Ruby

Senators Burckhard, Rummel

A concurrent resolution directing the Legislative Management to consider studying sustainable
energy policies to maximize the economic viability of existing energy sources, assess future
demands on electricity in the state, and determine the feasibility of advanced nuclear energy

development and transmission in the state.

WHEREAS

WHEREAS, a review of existing state regulations is necessary in order to enable the
construction and operation of advanced nuclear reactors; and

WHEREAS, evaluating the economic feasibility, siting, and development for new advanced
nuclear reactors and the safety and waste stream resulting from the construction and operation
of advanced nuclear reactors would be valuable information for the development of energy
industries in the state; and

WHEREAS, maintaining the reliability of the electric grid includes evaluating the reliability
and potential benefits of nuclear energy; and

WHEREAS,

seetorsthe nuclear power industry supports many jobs throughout the United States and

contributes to the local and national economy; and

WHEREAS throvahthe-croatinm of Affiaial eRerav-policv—the ctata nmm ~omi e £ e
y OOy - Crea oot orHeiat ETgYPEnCy e S C-Cai-CaptireTuidre-

base%aﬁd—Feadﬁraeeess—&a-elean_eﬁngynuclear power plants operate safely and at a higher

capacity than renewable energy sources and fossil fuels;
NOW, THEREFORE, BE IT RESOLVED BY THE HOUSE OF REPRESENTATIVES OF
NORTH DAKOTA, THE SENATE CONCURRING THEREIN:

Page No. 1 23.3080.01001
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Sixty-eighth
Legislative Assembly

That the Legislative Management consider studying sustainable energy policies to
maximize the economic viability of existing energy sources, assess future demands on
electricity in the state, and determine the feasibility of advanced nuclear energy development
and transmission in the state; and

BE IT FURTHER RESOLVED, that the Legislative Management report its findings and
recommendations, together with any legislation required to implement the recommendations, to

the Sixty-ninth Legislative Assembly.

Page No. 2 23.3080.01001
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House Concurrent Resolution 3034 Testimony in Support
Senate Energy and Natural Resources Committee
March 23, 2023

Chairman Patten, members of the committee, | am Pam Gorman Prochaska, Director of Nuclear
Regulatory Policy & Strategy for Xcel Energy. We support the North Dakota Legislatures interest
in studying HCR 3034.

As we look beyond 2030, we need clean energy technologies that are dispatchable—available
anytime or 24/7—to maintain system reliability while operating high-levels of variable wind and
solar energy resources. Clean energy dispatchable technologies on the horizon include:

Advanced nuclear energy, both fission and fusion
Natural Gas/Hydrogen capable Peaking Plants

Carbon capture, utilization, and storage

Advanced wind and solar energy systems

Long-duration storage and advanced demand efficiency
Advanced geothermal

Fuels, such as hydrogen and ammonia

As the only utility in Minnesota operating nuclear power plants, we understand the important
role that our existing nuclear fleet plays in our Clean Energy vision. Our nuclear fleet operates
at a greater than 95% capacity factor and we have been able to reduce operation and
maintenance costs by more than 30% since 2013, while maintaining the highest safety
standards. As we look to future technology, the addition of advanced nuclear energy resources
has the potential to provide similar dispatchable energy to our portfolio.

We also believe it is important to examine the back end of the fuel cycle as part of a North
Dakota study. Our current nuclear Minnesota host communities did not agree to be the host
site for the indefinite storage of spent nuclear fuel. We should better understand the work by
the Department of Energy on a consent-based siting program as well as private initiatives to
build and operate consolidated interim storage.

As the second-largest energy-producing state in the nation, North Dakota offers opportunities
for a wide range of energy production. As a proactive producer and a model state for energy
policy and innovation, advancing this study will support North Dakota’s future and development
of the energy sector while meeting the need for energy security.



Xcel Energy aspires to provide our customers 100 percent reliable, clean energy electricity in the
coming decades as we transition from our current resource mix. To fulfill this aspiration, we will
continue to increase renewable energy resources along with technologies that enable
renewable integration.

Filling a gap for clean energy dispatchable energy is important to our company, our customers,
and our communities. For these reasons we support this advanced nuclear study and its
potential impacts on North Dakota jobs, community impacts and the environment. Also, please
know that if a North Dakota nuclear study is selected, Xcel Energy would welcome an interim
committee tour at one of our nuclear plants.

On behalf of Xcel Energy, we thank you for the opportunity to provide testimony.



#26383

Advanced
Nuclear Energy
North Dakota Senate Energy & !\ . *
Natural Resources Committee S ﬁ% |
Chairman Dale Patten & Members of = X
the Committee
March 23, 2023 = ‘ E
Marc Nichol i b = T
Senior Director, New Reactors ] & & g
©2023 Nuclear Energy Institute ; 3 ; 3



Nuclear Provided Over 50% of Clean Electricity

Nuclear
generated 19%
of electricity in
the U.S.

From 92 reactors
at 53 plant sites
across the
country

KEY

® Nuclear power reactor
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Lowest System Cost Achieved by Enabling Large
Scale New Nuclear Deployment

Lowest Cost System Energy System with Nuclear Constrained
"6" Nuclear is 43% of % Q Wind and Solar are 77%
(<) generation (>300 GW of Jl of generation

new nuclear)

é( .46’ Nuclear is 13% (>60 GW
)JTJI Wind and solar are 50% P of new nuclear)
= Increased cost to
°© Qo customers of $449 Billion

Both scenarios are successful in achieving 95% clean electricity grid by over 95% by
2050 and economy-wide GHG by over 60%

- .
, )VCE Source: Vibrant Clean Energy: https://www.vibrantcleanenergy.com/media/reports/ ©2023 Nuclear Energy Institute 3

VIBRANT CLEAN ENERGY



https://www.vibrantcleanenergy.com/media/reports/

Expanding Versatility through Advanced Technology

High Temp

Micro Reactors LWR SMRs Gas Reactors

(< 20MW) <300MW

Liquid Metal Reactors  Molten Salt Reactors

TerraPower Natrium (shown)
Several in development

The Xe-100

Ok|o (Shown) Nuscale (Shown) A Different Kind of Nuclear Reactor L Terrestrial (Shown)
Approximately a dozen in GEH X-300 X-energy (shown) Several in development
development Holtec SMR-160 ‘ Several in development )

T

Non-Water Cooled

Most <300MW, some as large as 1,000 MW
NIA Technology Primer: https://nuclearinnovationalliance.org/sites/default/files/2022-07/ANRT-APrimer-July2022.pdf ©2023 Nuclear Energy Institute 4
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System Benefits of Advanced Reactors

Long term price stability « Low fuel and operating costs

» 24/7, 365 days per year, years between refueling (Capacity

Reliable dispatchable generation factors >929%)
Integration V\g;[(f)lr;zr:aewables and » Paired with heat storage and able to quickly change power

 Land utilization <0.1 acre/TWh (Wind =1,125 acre/TWh; Solar

Efficient use of transmission 144 acre/TWh)

* Clean energy
* Many SMRs are being designed with ability for dry air cooling

Environmentally friendly

Black-start and operate « Resilience for mission critical activities
independent from the grid « Protect against natural phenomena, cyber threats and EMP

. . ©2023 Nuclear Energy Institute
Source: SMR Start, SMRs in Integrated Resource Planning
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Strong Federal Support for Advanced Reactors

« DOE funding 12 different designs, >$5B over 7 years

Septemder 2022

. Infrastructure Bil oo B8
$2.5B funding for two demonstration projects :::.,"ma,.,m i

« Inflation Reduction Act
— PTC: At least $30/MWh for 10 years

ive to the clesn eiectricity PTC, the Infiati Son Act provided the option of cisiming
izsi i into service in 2025 or

— ITC: 30% of investment N
— Both can be monetized, include 10% bonus for siting in SR I
certain energy communities momsrea e

ofrzetting taxsole income o cisim the credit or transter
ing iz 2 fink to the tatutory language.

— Loan Guarantees — up to $40B in expanded authority
HALEU Fuel - $700M

. CHIPS Act

— Financial assistance to States, Tribes, local governments and Universities

©2023 Nuclear Energy Institute 6
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State Action for Advance Reactors

2022

e 19 States introduced bills

e 11 States passed legislation
2023

* Dozens of bills introduced

Incentives

Studies and
Commissions

)
Remove Barriers

State Policy Options: https://www.nei.org/resources/reports-briefs/policy-options-for-states-to-support-new-nuclear ©2023 Nuclear Energy Institute 7
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Advanced Nuclear Deployment Plans

Projects in planning or under consideration in U.S. and Canada >20; Globally >30

. State action or stakeholder interest
in advanced reactors

@ Planned or considered project

@ Under construction

Updated 2/28/2023 : ©2023 Nuclear Energy Institute 8



QUESTIONS?
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o North Dakota
— House of Representatives
Legislative Assembly oo

BISMARCK, ND 58505-0360

Representative Corey Mock COMMITTEES:
District 18 Appropriations
P.O. Box 12542

Grand Forks, ND 58208-2542

C: 701-732-0085
crmock@ndlegis.gov

March 23, 2023

Chair Dale Patten and Senate Energy & Natural Resources Committee

North Dakota State Capitol — Peace Garden Room
HCR 3034 — LM Study, Sustainable Energy Policies and Advanced Nuclear Feasibility

Chairman Patten and Members of the Senate ENR Committee —

North Dakota is undeniably a leading energy producer within the United States. We're blessed with abundant
resources. We've created a responsible, stable regulatory environment that makes North Dakota an attractive

location for energy research and development.

Most importantly, we have adopted an “all-of-the-above” energy strategy. And we are perpetually evaluating
technology, improving legacy infrastructure, and laying the groundwork for future generational investments.

HCR 3034 is a legislative management study that builds upon our past work.

With an emphasis in maximizing the use of legacy energy production, this study is designed to bring public and
private stakeholders to the table — including state agencies, researchers, energy experts, utilities, community

and business leaders, policy makers, and members of the public.



What would be studied? In addition to energy demand projections and market trends, the study would include

(but would not be limited to):

« Developments in advanced nuclear energy technology, including differences between legacy nuclear
energy facilities (what most of us imagine today) and advanced nuclear reactors beginning to emerge at
scale;

e Aging analysis and capital investment needs of existing power facilities;

e Transmission line locations, capacity, and siting for new, baseload power facilities;

» Economic incentives and viability for advanced nuclear related research and development;

e Access to nuclear energy fuel :sources, including feasibility of mining and enriching uranium deposits
within North Dakota;

o Assessment of necessary ancillary investments, including infrastructure and workforce development;

» Evaluation of health and safety impacts, including waste transmission and storage

Most people fail to recognize the complexities surrounding energy development and transmission. Small actions

today are critical as we prepare for generational investments made in 10, 20, or 30 years.

Numerous other states are taking similar steps and exploring advanced nuclear energy development,
understanding nuclear energy generators range in scale from <20MW to 300-1000MW. South Dakota adopted
a similar study with the passage of SCR 601 of February 7, 2023. It is expected to be selected as part of their
interim study portfolio as early as March 27, 2023.

Utility and nuclear energy experts are testifying after me.
If you are like me, you have more questions than can be answered in a single hearing. And that is great! Ask
as many as you can while thinking about who else should be part of this conversation. Our natural curiosity is

precisely the reason why HCR 3034 is a timely and fitting addition to our 2023-25 interim study catalogue.

| strongly encourage we give HCR 3034 a do pass recommendation. Thank you.
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2023 South Dakota Legislature
Senate Concurrent Resolution 601

ENROLLED

AN AcT

A CONCURRENT RESOLUTION, Encouraging the Executive Board of the Legislature
to authorize and form an interim legislative committee on nuclear power in
South Dakota.

WHEREAS, nuclear power is a source of energy that protects air quality by producing

carbon-free electricity and is therefore one of the cleanest energy sources available; and

WHEREAS, the nuclear power industry supports many jobs throughout the United States

and contributes locally and nationally to the economy; and

WHEREAS, nuclear power plants operate safely and at a higher capacity than renewable

energy sources and fossil fuels; and

WHEREAS, there are no nuclear power plants located in South Dakota but the state relies

on nuclear power produced in Minnesota:

NOW, THEREFORE, BE IT RESOLVED, by the Senate of the Ninety-Eighth Legislature of
the State of South Dakota, the House of Representatives concurring therein, that the
Executive Board of the Legislative Research Council consider establishing an interim legislative
committee to examine the potential use of nuclear power in South Dakota, to include a nuclear

power plant, for the establishment of a safe, clean, and reliable source of energy for South

Dakota.

BE IT FURTHER RESOLVED that this legislative study is recommended to be under the
supervision of the Executive Board of the Legislative Research Council, staffed and funded as
an interim legislative committee, and that the interim legislative committee report to the
Legislature and the Governor before the beginning of the Ninety-Ninth Legislative Session.
The report may include draft legislation; policy recommendations; an abbreviated summary
of state and federal legislation on nuclear power; information on nuclear power structure,

design, and operation; relevant stakeholder information; and citizen feedback.
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Adopted by the Senate,

Concurred in by the House of Representatives,

SCR601 ENROLLED

Larry Rhoden
President of the Senate

Hugh Bartels
Speaker of the House

SCR601

January 30, 2023
February 7, 2023

Kay Johnson
Secretary of the Senate

Patricia Miller
Chief Clerk



	House Energy and Natural Resources
	HCR 3034 030223 Meeting  
	HCR 3034 030223 Minutes

	HCR 3034 030923 Meeting
	HCR 3034 030923 Minutes
	23.3080.01001 Initialed amendment
	HCR 3034 Standing Committee Report


	Senate Energy and Natural Resources
	HCR 3034 032323 Meeting
	HCR 3034 032323 Minutes

	HCR 3034 032423 Meeting
	HB 3034 032423 Minutes
	HB 3034 Standing Committee Report


	Testimony
	HNATRES-3034-20230302-21612-F-GORMAN PROCHASKA_PAMELA
	HNATRES-3034-20230302-21627-F-AMARAWARDANA_MELISSA
	HNATRES-3034-20230302-21646-F-NICHOL_MARCUS
	HNATRES-3034-20230302-21766-F-PROCHASKA_PAMELA
	HNATRES-3034-20230302-21777-F-MOCK_COREY
	HNATRES-3034-20230302-21778-F-MOCK_COREY
	HNATRES-3034-20230302-21779-F-MOCK_COREY
	HNATRES-3034-20230302-21780-F-MOCK_COREY
	HNATRES-3034-20230309-23379-F-HEINERT_PAT
	SNATRES-3034-20230323-26356-F-PROCHASKA_PAMELA_J
	SNATRES-3034-20230323-26383-F-NICHOL_MARCUS
	SNATRES-3034-20230323-26507-F-MOCK_COREY


