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Large Plant SMR Is SMR better ?
(APR 1400) (i-SMR)
Size (Electric Power) 1400 MW (e) 680 MW (e) X
(170 Mwe x 4 units)
Power Density 100 W/cm?3 ~50 W/cm3 X
Discharge burnup 60 MWd/kgU 30 - 40 MWd/kgU X
(Energy density)
Core damage 2.25x10%/RY <1.0x10°/RY 0
frequency
Construction Heavy on-site Heavy Factory and modular O
method construction manufacturing
Target construction 48 months <24 months O
period (usually more delayed) (needs field testing)
Construction cost 5 Billion USD 3 Billion USD A
(~$3,600/kW) (~S4,000/kW)
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Space propulsion fuel particle in TRISO testing 'first'

15 March 2023

< Share

A coated particle fuel for nuclear thermal propulsion applications, fabricated by TRISO-X LLC, has
undergone testing in extreme conditions representing those experienced in space.

Outer Pyrolytic Carbon
Silicon Carbide
Inner Pyrolytic Carbon

Porous Carbon Buffer

Fuel Kernel (UCO, UO,)
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https://www.energy.gov/ne/our-budget

0| = of|L{X|’d (DOE) NEUP (Nuclear Energy University
Program) =44

[0 NEUP &4 (https://neup.inl.gov/), HZt Of| & 243022 (2F 3159)
NEUP Z213o| ojo|: n|2e| 74 £R3 Cfet FE AXIE HRIPY YO =M M-3h.ole] Hoz
A7t T E. DOECIM 7|2 k|= Top-down d4{o| MM 2 O] X AHAFL| A|IRE B0

NEU? =

U.S. Department of Energy

D DECP infras oviewers  Resour
FY 2022 Research and Development Awards 20 7H (52 - 6%)

187H(47.4%)

NEUP 2022 R&D Award Abstracts 1 8 B

Crosscutting Technologies
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https://neup.inl.gov/

0| = o4 X|’d (DOE) IRP (Integrated Research Projects) &4

] IRP M (https://neup.inl.gov/), HZt Of| & 24902t
IRP T2 10| o|9|: o|2o| 71& Q3 L&t FTE ChE YKt ALY AlPo =M AL
Top-down EAlo| TtH|Z 0|2 YAXIE Hpo| £ QMK 7|&7|

|7k TIWE. DOEAIM 7|2kl =

FY 2022 Integrated Research Projects Awards

Tount

2o (Million USD)
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12.0 Million USD (48.2%)
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https://neup.inl.gov/

0| = of| 1 X|“d (DOE) NEUP (Nuclear Energy University Program) 41°8
MSR ItH| &4

[] NEUP 24 (https://neup.inl.gov/),
=2 6d7E (2017 — 2022) A 7ZF MH™EE 447 MSR 7|71 IHH| &M
A EF 3 7 400K — 800K (5 - 109)
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20/31 of Material/Chemistry are experiment projects

Percentage (%)
8 & 8
| " | 1

N
o
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Material/  Thermal System Design/ Radiation/safeguards

Chemistry Fluids Reactor Physics
12


https://neup.inl.gov/

1
2
3
4
5
6
7
8
9

O0]= o|L{X|“d (DOE) NEUP (Nuclear Energy University Program) =44

Year

Title
2022 Functionally-graded Cermet Coatings for Molten Salt Technologies by High Throughput Finite Element Modeling and Additive Manufacturing
2022 A molten salt community framework for predictive modeling of critical characteristics
2022 Understanding the Interfacial Structure of the Molten Chloride Salts by in-situ Electrocapillarity and Resonant Soft X-ray Scattering (RSoXS)
2022 Materials Accountancy During Disposal and Waste Processing of Molten Salt Reactor Fuel Salts
2022 Optical Basicity Determination of Molten Fluoride Salts and its Influence on Structural Material Corrosion
2021 Total Mass Accounting in Advanced Liquid Fueled Reactors
2021 Design and intelligent optimization of the thermal storage and energy distribution for the TerraPower Molten Chloride Fast Reactor in an Integrated Energy System (IES)
2021 Probing Speciation of Light Elements in Molten Salts by Electrochemistry, High Temperature Liquid NMR, and Neutron Diffraction
2021 Plasma-Bubble Spectroscopy: A Method for Real-Time Material Quantification in Molten Salts
2021 Accelerating the development of reliable and robust machine learning-based interatomic potentials for the prediction of molten salt structure and properties
2021 Machine-Learning-Accelerated Molecular Dynamics Approaches for Molten Salts
2021 Enhancing Yellowjacket for Modeling the Impact of Radiation and Stress on the Corrosion of Molten-Salt-Facing Structural Components
2021 High temperature Molten salt reactor pump component development and testing
2020 Connecting Advanced High-Temperature X-ray and Raman Spectroscopy Structure/Dynamics Insights to High-Throughput Property Measurements
2020 High Throughput Computational Platform for Predictive Modeling of Thermochemical and Thermophysical Properties of Fluoride Molten Salts
2020 First-principles free energies by hybrid thermodynamic integration for phase equilibria and fission product solubility in molten salts
2020 Gallium Oxide Schottky Diode Detectors for Measurement of Actinide Concentrations from Measured Alpha Activities in Molten Salts
2020 Novel Diamond-Based Spectroelectrochemical Sensors for Advanced Understanding of Radioactive Molten Salt Chemistry
2020 Multicomponent Thermochemistry of Complex Chloride Salts for Sustain-able Fuel Cycle Technologies
2020 Improved Molten Salt Reactor Design with New Nuclear Data for the 35Cl(n,x) and 56Fe(n,n’) reactions.
2020 Extension of MSTDB to Provide a High-Quality, Validated Thermochemical Database for Predicting/Simulating Corrosion in Molten Salt Reactor Systems
2020 Investigation of Novel Nickel-Based Alloys for Molten Chloride Fast Reactor Structural Applications
2020 Development and Demonstration of Scalable Fluoride Salt Pump Seals and Bearings for FHRs
2020 Non-Intrusive Flow Monitoring for Liquid Metal and Molten Salt Cooled Reactors
2019 Modeling and Uncertainty Analysis of MSR Nuclear Material Accounting Methods for Nuclear Safeguards
2019 The Design and Investigation of Novel Mechanical Filters for Molten Salt Reactors
2019 Validated, Multi-Scale Molecular Dynamics Simulations to Predict the Thermophysical Properties of Molten Salts Containing Fuel, Fission, and Corrosion Products
2019 Ni-based ODS alloys for Molten Salt Reactors
2019 Learning-based Computational Study of the Thermodynamic, Structural, and Dynamic Properties of Molten Salts at the Atomic and Electronic Scale and Experimental Validations
2019 Understanding the Speciation and Molecular Structure of Molten Salts Using Laboratory and Synchrotron based In Situ Experimental Techniques and Predictive Modeling
2019 Innovative In-Situ Analysis and Quantification of Corrosion and Erosion of 316 Stainless Steel in Molten Chloride Salt Flow Loops
2019 Fuel Salt Sampling and Enriching System Technology Development
2018 Development of an MC&A Toolbox for Liquid-fueled Malten Salt Reactors with Online Reprocessing
2018 Evaluation of the Thermal Scattering Law for Advanced Reactor Neutron Moderators and Reflectors
2018 Corrosion Testing of New Alloys and Accompanying On-Line Redox Measurements in ORNL FLiNaK and FLiBe Malten Salt Flow Loops
2018 Determination of Molecular Structure and Dynamics of Molten Salts by Advanced Neutron and X-ray Scattering Measurements and Computer Modeling
2018 in situ Measurement and Validation of Uranium Molten Salt Properties at Operationally Relevant Temperatures
2018 Understanding Malten Salt Chemistry Relevant to Advanced Molten Salt Reactors through Complementary Synthesis, Spectroscopy, and Medeling
2018 Development of Corrosion Resistant Coatings and Liners for Structural Materials for Liquid Fueled Molten Salts Reactors
2018 Adwvanced Alloy Innovations for Structural Components of Malten Salt Reactors
2017 Methods to Predict Thermal Radiation and to Design Scaled Separate and Integral Effects Testing For Molten Salt Reactors
2017 Bimetallic Compaosite (Incoloy 800H/Ni-201) Development and Compatibility in Flowing FLiBe as a Molten Salt Reactor (MSR) Structural Material
2017 Radiative Heat Transport and Optical Characterization of High Temperature Molten Salts
2016 -
2015 -

2022 Bridging the gap between experiments and modeling to improve the design of molten salt reactors
2020 Molten Salt Reactor Test Bed with Meutron Irradiation

2019 -

2018 -

Amount (K) Material/Chemistry TH System Design/Reactor physics Radiation/safeguards

500 O
400 O
400 O
400 O
400 O
400

800

600 O
400 O
400 O
400 O
700 O
800 O
500 O
400 O
400 O
400 O
600 O
400 O
400

600 O
800 O
800

800

800

800 O
800 O
800 O
800 O
800 O
800

800

800

800 O
800 O
800 O
800 O
800 O
800 O
800

800 O
800

5000 ©
4800

3 4 3 2 3
0.720930233 0.09302 0.0698 0.046511628 0.069767442
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Number of Research Reactors

SE U AXE Y ZAS YRE TF, SHLE Yadols
[Dream vs Dream Enabler]

IAEA RRDB (Research Reactor Database):
Material Test/Irradiation Test including Planned, Under Construction, Operational

18 Research Reactors Worldwide
16 M Russia . 14 2 '
; . 14+ Others Desired Flux (5 x10'* # / cm®-sec) ———>!
- United States of America | 8 india for fast react(or ) O
]
14 1 2 12—/ @ Rep. of Korea p
1 o 1 (O Ukraine :
[ ]
o] Que :
] "g 7 @ Russian Federation '
10 o 8- @ United States of America '
@ i
o I
5 6 :
3 ] ;
E 4
3 -
oChina =z
] I
2 Ina B Korea, Republic of o France 0 |_| ' .' b |_| ! . b .
c S e 6\6\@%%@.@0.\\ .;\ fb.{b,{b,{b,\u B o 6
oCanada (ol‘ I‘E, 7| c!') Q/x (ox (Ox (ox Q/X Q/x Q/ Q/ Q/ Q/ @x @x ((/x Q/x Q/x Q/ ((/ Q/
S ° FF S
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. 2
Total Nuclear Capacity (GWe) Maximum Fast Neutron Flux (neutrons / cm~-sec)
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(Dream vs Dream Enabler)
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No one test facility
provides everything
needed, so multiple
existing facilities are B

leveraged to obtain needed | | o BELIEEE.
feasibility assessment ®
information

Compact Fuel Element Nuclear Thermal Rocket Element Environmental Transient Reactor Test Facility (TREAT)
Environmental Test (CFEET) Simulator (NTREES)

MEAT 7|4t HAHR ‘screening’ I} ‘Qualification’ 7153}

Out-of- -
Plan || design || Fabrication || ~pile f——p In'pfle' > Fu”'s.cale Seeing is believing...
testing testing testing

“Qualification”

Optimization

“Screening” Iteration .
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U.S Advanced Reactor
Deployment Time Line 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
and Framework | J | ‘
I E > ¢ E3 & L — D e s —— S X 3 e S 1
Pre-licensing Demonstration site Subn:ul confﬂ\{dlon NRC approves Submit op}aratlng Construction NRC approves
engagement with selected i permit application to t permit license Completed opevanr}g |IFQI‘|SQ
[Kemmerer, Wyoming NRC (PSAR) Application NRC (FSAR + OLA) (Oct, 2027) application
al (Nov, 2021) (June, 2023) (Mar, 2025) (Mar, 2026) i (Feb, 2028)
(attum) A delay Construction on the e 3
nnounces delay Construction on A
DOSEBOM = due to lack of fuel fuel fabrication o HALEU A Fuel‘;abflcatlon & a I:!Illal core load Dellvery of power Delayed o Dellv«ry of pow:;l
ARDP ‘ azvola‘r) availability facility el jlery requ;red egins eactor startup elivery l Gt gl
(Oct, 2020) (Dec, 2023) (June, 2023) (June, 2024) (Sep, 2025) (June, 2027) (Sep, 2028) (at east 2 year dnlay’
\J y— e - —— - - - Iseeoaoe-s-
1 Demonstration site Submit ISubmit conslructmm
Pre-licensing Y NRC approves Submit operaﬁng 5 NRC approves
engagement with selemad_ construction permit} ppermit application to} permit licanse Construction operating license
to NRC| [ NRC(ESAR) Application NRC (FSAR + OLA) Completed application
Advanced Seanergy, (Mar, 2021) (PSAR) _ mmpmb (dolayed to 2023) |
Xe-100)
Reactor . ( ) $80M Construction on the HALEU Fuel fabricati Initial oad Delivery of power
Demonstration DOE award fuel fabrication iy i 10 S E:: on Reactor startup do::v: ?;:" ‘:aled to commercial grid
(Oct, 2020) facility . 9 ty;comp (2028)
L i
Nucjear Ef""gy Nuclear Energy Energy International
L o Energy Act A
ey Leadership Act infrastructure Nuclear
activity Capabilities Act of 2020
(NEICA) (NELA) (20.12.29,) At Energy Act
(18. 9. 28, (19.3.27) (21.11.15) (22.12.7)
ARDP awards over
itial funding seven years (~ 2027)
Budgets ARDP Pathway 1 60 M $3200.0 M f‘;‘fg;";f&m)
ARDP Pathway2 [l 30m $1 R
e B 2p o
=]
.
Lessons learned:
Regulations and )
licensing
- s X|XHA] Ol= Al S s,>__|x|.§ 7HHI-_° O|-5Hk| '6'Ho:| al |:H7:Ho| A-|'6'HE|0-|0|: (=15 i
Potential oo 28 HE =22 T — (<) | O =
Customer
T ¥ )
[ 3 Year contract for HALEU Demonstration Program Contract for Cascade Construction and Produce HALEU Contract Options: For 9 additional years, scale up with additional cascades |
Completes
Centrus Energy, 3 Year $115M Application to NRC Completed assembly 3 Year Contract Constructionand  Contract goal #2: (After 2030)
American Centrifuge Contract to for License of all AC-100M gas  Ends (June 2022) Initial Testing Annual production Option: additional
Operating (ACO) D ; E i (9, Feb, 23) Production for a full Annual production rate increase rate of 6 MTU/year, enrichment from
(HALEU) HALEU Production fUranium enrichment (Mar, 2021) 1$150M Contract Contract goal #1: year at an annual of 1.8 MTUlyear within 42 months Gllobal Laser
(19.11.5)) 10% — 20% (22.12.1) 20 kg of HALEU production rate of Enrichment (GLE)
(20.6.23.) by 23428 900 kg of HALEU.
Fuel Application to NRC f s
plication to for
Supply URENCO USA License Expansion NRC approved for Contract for MMR fuel URENCO USA
(LEU+) 0 Uranium enrichment Ennchm.ent License of Ultra Safe Nuclear LEU+ production
(HALEU 55-410% (21.12.10,) 5.5-10% (22.5.23.) Corporation (23.3.1.) starts
/ LEU+ Department Of HALEU Availability DOE HALEU Nuclear Fuel Security NNSA: 41.6 MT Optlon Alternative HALEU Production
) Energy Program (21. 12. 14) consortium Program of excess ing of HEU, INL EBR-II, and
(DOE) ‘ °g S established (22.12.7.) (2023) HEU Savannah River Site)
———— T— 1
Legislative Energy Act of 2020 FY22 Omnibus Inflation Reduction FY.23 Omnibus
activity NELA(19:32:) (20.12. 29 spending Act (IRA) (22. 8. 16) | runten i aonionvare Act
recuced m Sesatl
$150 M Expecting $3,500 M Total $ 4,245 M
Budgets S1ICM $45M /IRA $700 M Until FY 31 = W 5.84 B (KRW)
S
= 50 ‘
ARDP +20 MTU (2024 - 2027) 2 45 !
+ 6 MTU / year (2028 ~) s 40 == Total HALEU demand (Cumulative) E -
Esti ted Demand : 35 === ARDP HALEU demand (Cumulative) AARDP, Annual reload 4'
stimate: £ 30 % " Begins 6 MTUlyear
HALEU DoD micro - 1~3 MTU / yoar (2028 ~) g 35 L] === DoD Microreactors HALEU demand (Cumulative) P
reactor & 20 Centrus Energy HALEU production (Cumulative) 15t HALEU delivery [}
Demands and E i
Productions R Alternative HALEU
0.9 MTU.’ yoer (2024) B 12 production is required
P . -
(Centrus Energy) 1.8 MTU/ year (2025~2027) § 0
* 6 MTU/ year (2028 -) 2020 2021 2022 2023 2024 your 2025 2026 2027 2028 2029 2030 2031
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Admiral Rickover’s (Father of Nuclear Navy) letter on academic

reactor and practical reactor

June 5, 1953

Important decisions about the future development of atomic power must
frequently be made by people who do not necessarily have an intimate
knowledge of the technical aspects of reactors. These people are, none-
theless, interested in what a reactor plant will do, how much it will
cost, how long it will take to build and how long and how well it will

“I believe that this confusion stems from a failure
to distinguish between the academic and the practica

III

between the academic and the practical. These apparent conflicts can
usually be explained only when the various aspects of the issue are
resolved into their academic and practical components. To aid in this
resolution, it is possible to define in a general way those character-
istics which distinguish the one from the other.

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 (“omnibus reactor”) (7) Very little development is required

On the other hand, a practical reactor plant 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. Corrosion, in particular, is a problem.

(4) It is very expensive. (5) It takes a long time to build because of

ry e
E22 Dol o oo AP R PRSI IR I N P Lo Th o 1o L2V Tt o

ideas in reports and orally to those who will listen. Since they are
innocently unaware of the real but hidden difficulties of their plans,
They speak with great facility and confidence. Those involved with

practical reactors, humbled by their experiences, speak less and worry

e € -

“It is requiring an immense amount of development on

apparently trivial items. Corrosion, in particular, is a problem

F it is incumbent on those in high places to make wise decisions, and
is reasonable and important that the public be correctly informed.

is consequently incumbent on all of us to state the facts as forth-
htly as possible. Although it is probably impossible to have reactor

take around his neck; it cannot be erased. Everyone can see it.

ideas labelled as "practical" or "academic" by the authors, it is worth
while for both the authors and the audience to bear in mind this

The academic-reactor designer is a dilettante. H
any real responsibility in connection with his pr
luxuriate in elegant ideas, the practical shortcor

reactor designer must live with these same techni

recalcitrant and awkw
until tomorrow. Their solutions require manpower

Unfortunately for those who must make far-reachin
benefit of an intimate knowledge of reactor techn

“...those involved with the academic reactors have more inclination and
relegated to the category of "mere technical detaf time to present their ideas in reports and orally to those who will listen.

ard, they must be solved and| Since they are innocently unaware of the real but hidden difficulties of their
plans, they speak with great facility and confidence. Those involved with
Practical reactors, humbled by their experiences, speak less and worry more..”

for the interested public, it is much easier to g

an issue than the practical side. For a large part those involved with
the academic reactors have more inclination and time to present their

21
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F(E3AZE U 5 E)

Fuel Assembly (17 x 17 type)
rods are bundled a -~ y | €A cladding tube

with grids, and
the fuel
assembly is
equipped with

top and bottom

nozzles.

Pressurized
walev lea(lov

>

contains about 400
pellets with both
ends plugged
Those pellets are
fixed with springs

AUranium
powder is baked
into the pellet
formin a
cylindrical shape.
About five grams
of the pellet can
produce
electricity that
could support a
normal
household life for
six months.

Weight: Approx. 700 kg |~
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2H| H|& (capital cost): 2T U 2| (O&M cost): SHHZ H| 2.
~48% ~37% ~15%

NuclearNewswire

FUEL
Nuclear fuel: The foundation of nuclear
power

Stephen P. Nesbit
president@ans.org

“the low cost of nuclear fuel compared to fossil
fuel alternatives is the only reason nuclear
power plants exist. Everything else—up-front
capital cost, operations and maintenance,
requlation, and decommissioning—is more
expensive with highly requlated nuclear
technology”
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0| = of| 4 X|“d (DOE) NEUP (Nuclear Energy University Program) &4

.I

[1 IRP (Integrated Research Project) &4 (https://neup.inl.gov/),

X2 6447t (2017 — 2022) MSR & 2Z49] |rp THH| MH

The project will develop along multiple tracks in order to complete a comprehensive assessment of the
role of impurities and FPs within the limited timeframe and resources available. The experimental
effort will focus on measurements of key properties identified together with the industrial partners both
for clean salt (if needed) and salt with added solutes (fission products as well as impurities and

5.0 million / 3 years

& N = U : NulfleurAEnergy
H r— University Program
U.S. Department of Energy
activation products). Molecular dynamics simulations in combination with machine learning

2 N- U, | Nudeor Energy
/ . . P o
2020 = University Program

U.S. Department of Energy

Molten Salt Reactor Test Bed with Neutron Irradiation

PI: Charles Forsberg Collaborators:

Massachusetts Institute of David M Carpenter—MIT onne

Technology (MIT) Ayman Hawari—North Carolina State University 4.8 mI"IOh / 3 yea rs
Raluca O. Scarlat—University of California at Berkeley

Program: Reactor Concepts Kevin Robb—Oak Ridge National Laboratory
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