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SUMMARY

This report provides the information presented at the Molten Salt Reactor (MSR)
Seminar held at DOE Headquarters in Germantown, MD on February 16, 2017.
DOE/NE-43 had requested an informational seminar to provide a detailed
technical background on the technology of molten salt reactors, the history of
molten salt reactor development, the current status of the technologies, and the
identified issues requiring R&D. To meet this need, the seminar had the
following objectives:

1. Provide information specifically for DOE/NE Federal managers on the
concepts, technologies, fuel cycles, and challenges associated with MSRs.

- Provide a review of various MSR technologies
- Domestic and international, historic and current

- Describe the reasons behind the recent interest in MSR technologies
- Potential advantages, disadvantages, and challenges

2. Provide a summary of the current status of MSRs and the major challenges to
development and deployment.

The MSR seminar consisted of a series of presentations mainly developed by
Oak Ridge National Laboratory, reviewed and coordinated by the Fuel Cycle
Options — Systems Analysis and Integration campaign to meet the seminar
objectives.
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FUEL CYCLE AND NUCLEAR TECHNOLOGY
SEMINARS FOR DOE/NE

MOLTEN SALT REACTORS

1. INTRODUCTION

A Molten Salt Reactor (MSR) Seminar held in Germantown, MD on February 16, 2017. DOE/NE-43 had
requested an informational seminar to provide a detailed technical background on the technology of
molten salt reactors, the history of molten salt reactor development, the current status of the technologies,
and the identified issues requiring R&D. To meet this need, the seminar had the following objectives:

1. Provide information specifically for DOE/NE Federal managers on the concepts, technologies, fuel
cycles, and challenges associated with Molten Salt Reactors (MSRs)

- Provide a review of various MSR technologies
- Domestic and international, historic and current

- Describe the reasons behind the recent interest in MSR technologies
- Potential advantages, disadvantages, and challenges

2. Provide a summary of the current status of MSRs and the major challenges to development and
deployment

This report contains all of the seminar slide presentation materials, along with a brief description of each
presentation. The presentations identify possible areas for R&D that may be used to inform the decision-
making process concerning MSRs and the supporting technologies, but this report does not make any
recommendations concerning MSR development or any directions for R&D.

2. MSR SEMINAR PRESENTATIONS

The seminar was organized into a series of modules, with each module providing information on specific
aspects of MSRs. Table 1 shows the MSR seminar agenda, with all of the presentations listed. The
following sections provide the slides presented at the seminar and a brief discussion of some of the
significant points discussed during each presentation.
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Table 1.  MSR Seminar Agenda
Introduction
9:00 - 9:25 AM |Opening Remarks BP Singh (NE-42)
Meeting Overview and Background R. Wigeland (INL)
History, Concepts, and Current Technologies
9:25-9:55 AM |Module 1: Brief History of the ORNL MSR Program G. Mays (ORNL)
9:55-11:25 AM |Module 2 — Part 1: Introduction to MSR Technologies and D. Holcomb (ORNL)

Variants
- Potential Advantages, Disadvantages, and Challenges

11:25 - 12:30 PM

Lunch

12:30 — 1:00 PM |Module 2 — Part 2: Status of Technologies Under D. Holcomb (ORNL)
Development; Domestic and International
MSR Basic Principles
1:00—2:00 PM | Module 3: Reactor Chemistry, Materials Compatibility, and Dave Williams
Separations (ORNL)
2:00-3:15PM |Module 4: Reactor Safety, Physics, and Associated Fuel Ben Betzler (ORNL)
Cycle Performance Florent Heidet (ANL)
3:15-3:30 PM Break
R&D Challenges
3:30-4:30 PM  [Module 5: Safeguards Considerations and Challenges G. Flanagan (ORNL)
4:30 -5:00 PM  |Module 6: Research, Development, and Deployment G. Mays (ORNL)
Challenges
5:00-5:15PM |Concluding Remarks and Seminar Close R. Wigeland (INL)

BP Singh (NE-42)
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2.1

Meeting Overview and Background

This presentation introduced the seminar and provided an overall perspective on MSRs in the context of
other nuclear reactors and nuclear fuel cycles. Among the significant points made during the presentation
are the following:

There are two distinct types of MSRs

e The molten salt is used as a coolant for traditional solid nuclear fuel, e.g., solid fuel with
cladding, solid fuel in graphite pebbles, etc. In this case, the molten salt is only a coolant
medium that carries the heat produced by the fuel to a heat exchanger. This is referred to as a
"salt-cooled" MSR.

e The molten salt also contains the nuclear fuel dissolved in the salt, i.e., the nuclear fuel is also
a salt, and the molten salt mixture is circulated through a region where nuclear fission occurs
to produce heat, which is then carried by the molten salt mixture to a heat exchanger. This is
referred to as a "liquid-fuel" MSR. Many MSR concepts are liquid-fuel MSRs.

Terminology for describing liquid-fuel MSRs is not the same as for traditional solid-fuel reactors,
so care must be exercised in discussing liquid-fuel MSRs.

Liquid-fuel MSRs are not just reactors, but entire recycle fuel cycles due to the separation of
volatile materials such as noble gas fission products during normal operation. While this doesn't
separate all fission products, this partial separation allows MSRs to use fuel to a higher burnup,
just as with a recycle fuel cycle.

o This is the same process that occurs with recycle fuel cycles using traditional solid fuels,
where fission products are separated from potentially useful fuel materials

e Itis also possible to use additional separations online with a liquid-fuel MSR to completely
separate fission products from the liquid fuel salt mixture.

Thermal, intermediate, and fast neutron spectrum versions of MSRs are possible in principle.

e Fast neutron MSRs may provide fuel cycle performance benefits associated with the use of a
fast neutron spectrum in recycle fuel cycles using traditional solid fuel.

MSRs may have potential advantages, disadvantages, and challenges compared to other types of
reactors and fuel cycles.

e Liquid-fueled MSRs circulate salt containing fuel and fission products through the core,
piping, and heat exchanger, resulting in a much larger area of high radiation requiring
shielding than for traditional solid-fueled reactors.
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Purpose of the Seminar

® Provide information specifically for DOE/NE Federal managers
on the concepts, technologies, fuel cycles, and challenges
associated with Molten Salt Reactors (MSRs)
e Provide a review of various MSR technologies
— Domestic and international, historic and current
¢ Describe the reasons behind the recent interest in MSR technologies
— Potential advantages, disadvantages, and challenges
B Provide a summary of the current status of MSRs and the major
challenges to development and deployment

February 16, 2017 Informational Seminar on Molten Sakt Reactors 2

Introduction Slide 2. Purpose of the Seminar.
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Introduction

P Opening Remarks BP Singh (NE-42)

9:00-9:25 AM Meeting Overview and Background R. Wigeland (INL)
History, Concepts, and Current Technologies

9:25-9:55 AM Meodule 1: Brief History of the ORNL MSR Program G. Mays (ORNL)

T Module 2 = Part 1: Introduction to MSR Technologies and Variants
9:35-11:25 AM - Potential Advantages, Disadvantages, and Challenges D. Holcomb (ORNL)
11:25-12:30 PM Lunch
12:30- 1:00 PM Module_E —Part 2: Sta_tus of Technologies Under Development; D. Holcomb (ONRL)

Domestic and International
MSR Basic Principles

A Module 3: Reactor Chemistry, Materials Compatibility, and -
1:00-2:00 PM Separations Dave Williams (ORNL)
2:00—3:15 PM Module 4: Reactor Safety, Physics, and Associated Fuel Cycle Ben Betzler (ORNL)

. ) Performance Florent Heidet [ANL)
3:15-3:30PM Break

RE&D Chall

3:30-4:30PM Module 5: Safeguards Considerations and Challenges G. Flanagan (ORNL)
4:30-5:00 PM Module 6: Research, Development, and Deployment Challenges G. Mays (ORNL)
5:00-5:15 PM Concluding Remarks and Seminar Close ZIPUEE::?SE[J?ZL})

February 16, 2017

Informational Seminar on Molten Salt Reactors

Introduction Slide 3.
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Introduction to “Molten Salt Reactors”
(MSRs)

@ ENERGY

Nuclear Energy

H Molten salt can be used as a coolant, like water or sodium, for use
with solid nuclear fuels (oxide, metal, carbide, nitride, etc.)
¢ Salt is liquid at operating temperature
e This MSR is like a traditional reactor

® Nuclear fuel can also be in a salt form (fluoride, chloride, etc.), and
mixed with other salts, with the fuel / salt mixture called “fuel salt”
e At normal operating temperatures, the fuel salt is a liquid, and is
circulated through a “core” region where most nuclear fission occurs
¢ When people discuss MSRs, they are most often referring to the
liquid fuel version
— The fuel salt containing the fuel is not really a coolant in this case since it
does not cool the fuel, but is part of the fuel “matrix”
— Coolant salt, if used, is another physically-separate salt
B Terminology for discussing liquid fuel MSRs is different from that
for more traditional solid-fueled reactors

Informational Seminar on Molten Salt Reactors

February 16, 2017

Introduction Slide 4.  Introduction to "Molten Salt Reactors" (MSRs).
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MSRs and Nuclear Fuel Cycles

H® The Nuclear Fuel Cycle Evaluation and Screening (E&S) Study
(October 2014, https://fuelcycleevaluation.inl.gov) identified fuel
cycles with the potential for significant improvements in
performance compared to the current U.S. once-through LWRs

e Technology-neutral descriptions of fuel cycles were used, e.g.,
— Thermal, intermediate, and fast neutron spectrum reactors
— For recycle fuel cycles, separations defined only by what is separated
H Fuel cycle descriptions
e Once-through - fuel is used once and then disposed
e Limited recycle — fuel is reprocessed and recycled at most a few
times, followed by disposal
e Continuous recycle — all spent fuel is reprocessed and recycled
H Fuel cycle waste generation characteristics
e Once-through fuel cycles only dispose of spent fuel
¢ Limited recycle fuel cycles dispose of spent fuel and HLW
¢ Continuous recycle fuel cycles only dispose of HLW

February 16, 2017 Informational Seminar on Molten Salt Reactors

Introduction Slide 5. MSRs and Nuclear Fuel Cycles.

U.S. DEPARTMENT OF
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Fuel Cycle Characterization of MSRs

m Due to the use of a liquid fuel salt, volatile fission products
automatically separate from the liquid fuel salt during operation
¢ Requires fission product capture, storage, and HLW production
e Further online separations can be added to remove other fission
products
— In principle, all fission products could be removed from the fuel salt
H What is the appropriate description of a liquid fuel MSR?
e Liquid fuel MSRs dispose of HLW in addition to any spent fuel (fuel
salt) due to online separation of volatile fission products
o [fthe salt is processed further to remove all fission products, only
HLW would be disposed

B As a result, the liquid fuel MSR itself is best described as a recycle
fuel cycle, either limited or continuous, not just a reactor
¢ Thermal, intermediate, and fast spectrum versions are possible
e The most promising fuel cycles from the E&S study all involved
continuous recycle and fast spectrum reactors

February 16, 2017 Informational Seminar on Molten Salt Reactors

Introduction Slide 6.  Fuel Cycle Characterization of MSRs.
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ENERGY GenlV lllustrating Terminology and the
Nuclear Energy Fuel Cycle

February 16, 2017 Informational Semninar on Molten Salt Reactors 7

Introduction Slide 7. Liquid Fuel MSR Diagram Used by GenlV Illustrating
Terminology and the Fuel Cycle.

U.S. DEPARTMENT OF
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Nuclear Energy

MSR Terminology and Fuel Cycles

H [tis very important to understand the terminology for MSRs, and
to recognize that liquid fuel MSRs are more than just reactors,
they are recycle fuel cycles based on their characteristics

¢ Replacing a once-through fuel cycle with a recycle fuel cycle can
provide performance advantages as identified in the E&S study

* However, any performance advantage for a specific system will
depend on the system characteristics, and there are also potential
disadvantages and challenges

— There are many possibilities

B The presentations in this seminar will discuss both kinds of
MSRs, but the focus is on the liquid fuel MSR

e Many current concepts use this type of MSR

* MSRs may have potential advantages, disadvantages, and
challenges, as the following presentations will explain

February 16, 2017 Informational Semninar on Molten Salt Reactors a

Introduction Slide 8.  MSR Terminology and Fuel Cycles.
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2.2 Module 1 — Brief History of the ORNL MSR Program

Gary Mays of ORNL assembled and gave this presentation that provided a review of the history of MSR
development, mainly at ORNL, and the perspective for considering the current proposals and
developments on MSRs. Among the significant points made during the presentation are the following:

— Development of MSRs in the U.S. began in the late 1940's at ORNL.

— ORNL designed, constructed, and operated two MSRs, the Aircraft Reactor Experiment (ARE,
1953-1954) and the Molten Salt Reactor Experiment (MSRE, 1960-1969).

— The original focus of MSR development was for aircraft nuclear propulsion, with civilian power
reactor development starting in about 1958.

— ORNL successfully demonstrated a number of the key technologies for MSRs using the MSRE
experiment.

— MSRE experience identified technical areas needing R&D for MSR development.
— Post-MSRE R&D made significant improvement on the identified MSR technical issues.

— Multiple international programs have been pursued, but at a smaller level of effort than the ORNL
R&D efforts.

Module 1:
Brief History of
Development of MSRs

Gary Mays

Group Leader
Advanced Reactor Systems and Safety
Reactor and Nuclear Systems Division
865-574-0394

maysgt@ornl.gov

Informational Seminar on Molten Salt Reactors
DOE Office of Nuclear Energy, Germantown, MD
February 161, 2017

ORNL is managed by UIT-Batlolle %O.‘\K RIDGE

for the LIS Depariment of Energy L

Module 1 — Slide 1. Title Slide.
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Previewing MSR History Topics

* Development at ORNL (late 1940’s - early 1980’s)

— Most experimental and development work done at ORNL prior to recent
renewed interest in MSRs

— Only two MSR reactors to operate were at ORNL - reactor experiments

* Limited development work done internationally prior to recent program
in China (to be covered in R&D challenges/needs presentation)

* Recent work done at ORNL since early 2000 on solid-fueled molten
salt-cooled reactors

*,OM( RIDGE

Narional Laboratory

Module 1 — Slide 2. Previewing MSR History Topics.

Molten salt reactor technology has a
long-term development history at ORNL

+ Originally proposed by Ed Bettis and Ray Briant of
ORNL in late 1940s

« Aircraft Nuclear Propulsion Program (1946—1961)
— Aircraft Reactor Experiment (1953—1954)*
—  Aircraft Reactor Test (1954-1957)

« Civilian Molten Salt Reactor Program (1958-1960)
» Molten Salt Reactor Experiment (1960-1969)* i

« Molten Salt Demonstration Reactor
« Molten Salt Breeder Experiment (1970-1976)
+ Molten Salt Breeder Reactor (1970-1976)

+ Denatured Molten Salt Reactor (1978-1980)
* ANP 1946-

* ORNL designed, constructed, and operated * ANP ended with advent of
the only two MSRs - ARE and MSRE ICBM":?n Earﬂ'w?u-’?" °

MSRE Core Assembly

*,OM( RIDGE

National Laboratory

Module 1 — Slide 3. Molten Salt Reactor Technology has a Long-Term Development History.
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1946 Nuclear Energy for Propulsion of Aircraft
(NEPA) Project Started followed by 1951 Aircraft
Nuclear Propulswn Program

* 1946 — 1961
» $1B Investment

* Pioneering work
— ZrH fuels
— Molten salt fuels
— Liquid metal heat transfer
— Light-weight metals
— Advanced 1&C

— High temperature
corrosion resistant
materials

+ 1947 - Feasibility study for molten salt
for ANP begun on “the initiative of V.P
Calkins, Kermit Anderson, and E.S. Bettis”

¢ 1949 — ORNL Selected as lead of AEC activities on
ANP program with Alvin Weinberg as Director ALK Ut

Module 1 — Slide 4. 1946 Nuclear Energy for Propulsion of Aircraft (NEPA) Project Started Followed by
the 1951 Aircraft Nuclear Propulsion (ANP) Program.

1950-1952 MSRs Emerge As Primary Technology for ANP

+ November 1949 - “No preferred reactor
type, coolant mechanism, or shielding

material for the nuclear airplane has yet
been definitely chosen by any agency”

+ August 1950 - “... studies have been
initiated to ascertain whether uranium-
bearing fused salt mixtures were of
possible value in this connection.”

« December 1951 — “The search for a
nonoxidative high-temperature fluid
other than sodium which would be
suitable as a reactor coolant has lead
to the proposed use of fused fluoride
salts containing uranium. “

+ March 1952- “Studies of the
performance and design of the
circulating-fuel air- craft reactor are
sufficiently encouraging that the first
Aircraft Reactor Experiment (ARE) to
be constructed by the Oak Ridge Cross section of ANP Reactor e ’
National Laboratory will be of this type.” % OAK RIDGE

National Laboratory

Fig 4.31. Miversft Power Plant (200 Wegssait)

Module 1 — Slide 5. 1950-1952 MSRs Emerge as Primary Technology for ANP.
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1954 Aircraft Reactor Experiment (ARE)
Successfully Demonstrated Liquid Salt Concept
* In order to test the liquid-fluoride reactor Aircraft Reactor Experiment
concept, a solid-core, sodium-cooled reactor
was converted into a proof-of-concept liquid-
fluoride reactor.
+ Aircraft Reactor Experiment Operations
— Operated from 11/03/54 to 11/12/54
- Liﬂuid-fluoride salt circulated through beryllium
reflector in Inconel tubes
— 25UF, dissolved in NaF-ZrF,
— 235U - 930/6
— Fuel system operated 241 hr before criticality
— Nuclear operation over 221 hour period
— Last 74 hours were in MW range
— Produced 96 MW-hr of nuclear energy
— Produced 2.5 MW of thermal power
— Heat transferred from He loop to finned tube heat S
exchanger cooled by water *'Qi}ffﬁ.flﬁf;
Module 1 — Slide 6. 1954 Aircraft Reactor Experiment (ARE) Successfully Demonstrated Liquid Salt
Concept.
1954 Aircraft Reactor Experiment (ARE) Successfully
Demonstrated Liquid Salt Concept
o + Demonstrated ability to build and operate a hi-temp (860 °C)
o '\_] | Y low power circulating fuel reactor
A & | = | S Tggitretyb )
——1 e o + Gaseous fission products were removed naturally through
N 3 ' pumping action
e Hleme
o { | e J'_' e + Very stable operation due to high negative reactivity coefficient
oz o _| ; 1 - + Demonstrated load-following operation without control rods
o o Bl + Low power experiments included
s s - .; — Reactor power calibration
. | — Rod calibration
- —  Prelim measurement of the temperature coefficient=> negative at
I . | both subcritical and at low power
sl 1 + High power experiments
o s RS | — Power levels: 10 kw, 100 kw, 500 kw, and 1MW
4 : ; - Temperature coefficient of reactivity
\ f — Reactor power calibration from process instrumentation
AVl St T TTIC: — 25 hr Xe buildup experiment — no build up in salt
Core height: 90.93cm  Pressure shell ID:123.3 cm — Rxtemperature cycling - 21 times hi->low power
Core diameter: 84.60 cm Pressure shell thickness: 513 cm R
Fueltube OD: 3.137 cm  Fuel tube wall thickness: 1.5 mm + Time lags - temp measurement responses - lon t8n5|ht|
66 fuel tubes of fuel & JAK RI
Pressure shell: Inconel National Laboratory

Module 1 — Slide 7. 1954 Aircraft Reactor Experiment (ARE) Successfully Demonstrated Liquid Salt

Concept.
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ORNL Ran Five Pumped Fuel Salt Loops at INL’s Materials
Test Reactor Prior to the Aircraft Reactor Experiment

Maximum Average Power Total Fission
Temperature (°C) Density (W/cm3®)  Power (kW)

Foote 3308

S comgu v
o

Molten-Salt Loop Nose Coil

Fuel Salt Loop Diagram

% OAK RIDGE
<<<<< National Laboratory

Module 1 — Slide 8. ORNL Ran Five Pumped Fuel Salt Loops at INL's Materials Test Reactor Prior to the
Aircraft Reactor Experiment.

1956 Low Power, Electrically Heated, High
Temperature Critical Experiment operates at 1200 °F

The mockup differed from the ART
principally in that the fuel was not
circulated and there was no sodium in
the reflector-moderator regions.

L G

Initial expt's at room temperature
+ Established critical concentrations
+ Measured temperature coefficients
g,OAK RIDGE

National Laboratory

Module 1 — Slide 9. 1956 Low Power, Electrically Heated, High Temperature Critical Experiment
Operates at 1200°F.
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1961 ART Facility Construction and Engineering Test
Unit Fabrication Were Near Completion When ANP
Program Was Cancelled

ART Program Included
Comprehensive Technology
Development Effort

» Fuel Salt Capsule Irradiations in MTR

* In-pile Circulating Fuel Salt Tests in
MTR and LITR

* Major Component Tests

« Engineering Test Unit Fabrication
— Exact ART clone
— Circulating non-fuel salt
— Heated by gas furnaces

Full-Scale ART Model

ART Building &0:‘&( RI []FI

Narional Laboratory

Module 1 —Slide 10. 1961 ART Facility Construction and Engineering Test Unit Fabrication were
near Completion when ANP Program was cancelled.

Civilian MSR Program Emerges ~1958

1958 Initial Civilian MSR Designs
Heavily Leveraged ANP concept

. U222
* UITh Fuel Cycle

» Two Region/batch
processing

Fig. 1.1, hometric View:

+ 640 MWt/260 MWe

i+ 1210 °F Exit Temperature

| 1959 Design began to
i | resemble what we now
R B recognize as MSRs

:j,Of\K RIDGE

al Laboratory

Module 1 —Slide 11.  Civilian MSR Program Emerges ~1958.
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ORNL successfully demonstrated key MSR technology
at the MSRE MSRE Reactor Cell

Salt chemistry was well behaved (almost no corrosion) =y
Nuclear performance closely paralleled predictions

Molten-salts stable under reactor conditions O 1 Fuel Salt Pump
+ 1965 (June) First Criticality 7
+ 1966 (Dec) First Full Power o T T, : Pressure Vessel
Operation : _ :
+ 1968 (Oct) First Operation on U-233 s ' il LT - NearEanger

+ 1969 (Dec) Shutdown
« Design features:

- 8 MWt

— Single region core - 33% U-235
« Graphite moderated

« Alloy N vessel and pipin
y PIpIng Image shows chemical compatibility

: thievements of the las with graphite. The shape
— First use of U-233 Fuel of this graphite rod is virtually
— First use of mixed U/Pu salt fuel identical in the leftimage from 1964

. . before operation and in right image
= On-line refueling from 1970 after shutdown.
— >13,000full power hours

*,OM( RIDGE

MNational Laboratory

Module 1 —Slide 12.  ORNL Successfully Demonstrated Key MSR Technology at the MSRE.

MSRE successfully demonstrated key MSR technologies

MSRE Schematic

'+ BLMOTE WO
CoaTics RO

+ Salt chemistry was well behaved (almost no corrosion
== Crincreased only 38-85 ppm - 3 yrs =>0.2 mil
layer of Hastelloy N)

+ Nuclear performance closely paralleled predictions

» Molten-salts stable under reactor conditions
- He cover gas, O, & moisture <10 ppm
- UF,to UF;maintained

+ Fission products

- Noble gases, Xe, and Kr efficiently stripped out in off gas
system

i3 ol
MSRE core - graphite
69 ft2

= Most other FP's remained in fuel sait

- Analysis of specimens==>half of noble metals FP's plated out
on graphite & metal surfaces exposed to salt

- 513 core blocks

» Hastelloy-N performed as expected
—  Little change: ultimate strength, yield strength, creep rate
- Rupture ductility & creep rupture life in specimens reduced

- Imp d sp wismall of titanium irradiated in
MSRE showed improved ductility creep life 1. Reoctor Vaisel, 2. Heot Exchanger, 3. Fusl Pump, 4. Freexs Flonge, 3. Thermal Shield,
6. Coolant Pump, 7. Rodiator, §. Coolont Drain Tank, #. Fani, 10. Fusl Droin Tanks,
+ Few grams of oil in off-gas line plugged fuel offgas V. Flush Tonk, 12, Conbalnment Vewsl, 13. Freezs Volve.
system => installed larger/more efficient filter resolving
problem Heatrejected via air-
blastradiators

% OAK RIDGE

Narional Laboratory

Module 1 —Slide 13. MSRE Successfully Demonstrated Key MSR Technologies.
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MSRE—First Reactor to operate solely on U-233 (1968)

% ) - After 6-month run MSRE shut down &
.‘3 uranium in fuel salt stripped via
fluorination

« U-233 added to carrier salt

+ MSRE operated over 2500 equivalent full-
power hours on U-233

« New U-233 fuel salt added with off-spec
chemical impurities (Fe, Cr)
— Operation of off-gas removal system
degraded by impurities
— Resultwas occasional bubbles in core and
associated localized power fluctuations

— Reducing fuel pump speed eliminated

Capsule by which fluctuations
U-233 was added

% .0AK RIDGE

National Laboratory

Module 1 —Slide 14.  MSRE — First Reactor to Operate Solely on U-233 (1968).

Molten Salt Demonstration Reactor (MSDR) Was
Designed for 300 MW(e) Prototype Power Station

+ Low Power Density Converter (breeding ratio = 0.8)
- 211ft.x 21 ft. core
— 2.5 ft. thick annular graphite reflector

+ Design Features:
— 3 fuel-salt circulation loops Vs \\

— Tertiary heat exchanger loop to
actas tritium trap

CRMNL 2001-1880C EFG.

#.OAK RIDGE

Narional Laboratory

Module 1 —Slide 15.  Molten Salt Demonstration Reactor (MSDR) was Designed for 300 MW(e)
Prototype Power Station.
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Significant Effort Was Expended on Molten Salt Breeder
Reactor Designs In the 1960’s n

MSBE —
* Molten Salt Breeder Experiment
— 65 MW(e) (150 MW/(t))
— Single region — one fluid system

— Fuel: LiF-BeF,-ThF, -UF,

* Molten Salt Breeder Reactor (MSBR)
1000 Mw(e) (2250 MWt)
2-region-one-fluid system MSBR U e e
Fuel: LiF +-BeF ,-UF, '
Blanket: LiF,-ThF,

— Breeding ratio: 1.06

Four fuel-salt circulation loops

Fuel salt separated from blanket salt
by graphite tubes

*,OM( RIDGE

MNational Laboratory

ORNL 2001-1881C EFG

Module 1 — Slide 16.

Significant Effort was expended on the Molten Salt Breeder Reactor Designs in

the 1960's.

Technical Issues Identified from MSRE Operations and
MSBR Studies

+ Reactor materials — Testing of Hastelloy N, Hastelloy N modified w/Niobium and
Titanium, Inconel 601, 316 SS in corrosion loops

— Radiation embrittlement (common for Ni based alloys)
— Te diffusion into grain boundaries => shallow cracking

+ Reactor materials — graphite

— Long-term radiation resistance — dimensional changes — some shrink/swell but
maintained chemical compatibility with salt

— Permeability to noble-gas and other volatile fission products (limited)
« Tritium management

— Li-neutron reactions produce large amounts

— Elemental 3H transported to steam system

+ MSRE small power fluctuations following a refueling (discussed earlier)

« Noble-metal fission products partially plated out on surfaces exposed to salt
&Q;\K RIDGE

MNational Laboratory

Module 1 —Slide 17.  Technical Issues Identified from MSRE Operations and MSBR Studies.
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Post-MSRE R&D Made Significant Progress Towards
Addressing WASH-1222 Identified Issues

MSR Technical Issue Comments - Post MSRE Advances ?3/9“ e
-

Structural material embrittlement Modified Alloy N developed
+ ~2 % Niobium — dispersed carbides
act as He sink - corrosion studies

+ Redox control - oxidation potential i< o
Limited graphite lifetime Lower power density designs — alternate T o maceaen

forms of graphite
Molten salt chemistry / actinide solubility Substantially improved understanding

Noble-metal FP plateout Understand mechanisms and design
impacts STt
Tritium management Acceptable solution demonstrated at . VIRTE
- . el
engineering scale o
MSRE power fluctuations Not significant issue — minor bubble e ---—A-S"—":'-"-"-“-T?'
= ecnnology Assessment o
fenmaion MSBR AEC for Federal
Equipment design immaturity Code rated heat exchanger designed for Councilon S&T R&D Goals
MSBR
Maintenance in high radiation areas Recognizedissue
% OAK RIDGE

MNational Laboratory

Module 1 —Slide 18.  Post-MSRE R&D made Significant Progress towards Addressing WASH-1222
Identified Issues.

ORNL’s Coolant Salt Technology Facility Provided Engineering-
Scale Experience with Molten Salts (Mid-1970’s)

+ Objective of CSTF — circulate coolant salt at temperatures &
pressures typical of MSBR operating conditions

—  Sodium fluroborate ( NaBF ;- NaF)
— Used coolant salt pump from MSRE v
+ Initial commissioning and testing from e
1972 - early 1973
— Salt circulated for 1060 hours
— Testing focused on
+ Observing/measuring cavitation at load orifice
+ BF3 content of BF3-He off-gas stream
+ Chemical composition of salt

LoD ORIFICll

+ Tritium experiments from 1974-1976 (MSBR to produce
2420 iy, ( P i T N
— Focus of exp'ts => determine if secondary salt s
would sequester tritium A T

— Salt circulated for 8240 hours

_ Conducted 5 tritium tests + Hastelloy N pump — max flow 850 gal/m;1790 rpm
+ 90% tritium trapped in chemically combined form « Piping - 10.7 m (35 ft) 5-in sched-40 Hastelloy N
’ grgegr:ﬁafl(l)s; {ﬁﬁﬁ}we components (hydroxyl groups) « Operating temp range 850-1100 F

+ Had containment and ventilation system
-#,OM( RIDGE

MNational Laboratory

Module 1 —Slide 19.  ORNL's Coolant Salt Technology Facility Provided Engineering-Scale
Experience with Molten Salts (Mid-1970's).
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Denatured MSR (DMSR) Developed in early 1980’s to
Address Proliferation Concerns of the 1970s

+ Online processing is not performed (other than Kr, Xe gas removal and noble
metal plate out)

« Enriched uranium (19.75%) for startup and as feed material (to make up for
limited processing)

 Operated as “once-through” system
+ Lower reactor power density (no graphite replacement)

* Fueling
— Thorium added only at initial loading
— Enriched uranium added as required to maintain criticality
— U-238 added as needed to maintain denatured state

% 0AK RIDGE

Narional Laboratory

Module 1 — Slide 20.  Denatured MSR (DMSR) Developed in Early 1980's to Address Proliferation
Concerns of the 1970's.

Multiple Smaller International MSR
Programs Have Been Pursued |

+ In 1970 — 1972, China built a zero-power cold state
dissolved fuel salt reactor and reached criticality

+ Russia has maintained a small-scale, broad-scope
MSR program since 1976 that has included
in-reactor test loops

+ UKAEA and Swiss Federal Institute of Reactor Research both had fast spectrum
chloride MSR design efforts in the 1960-70s with limited experimental programs

+ US and India were collaborating prior their nuclear first weapons test

- TSGRt cfncan hitase - [ioin e o AR | | FeErarFem e ieo |
73 ' :
— Has a current FHR program for hydrogen - (90% U enrichment)

production

% 0AK RIDGE

Narional Laboratory

Module 1 — Slide 21.  Multiple Smaller International MSR Programs have been pursued.
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ORNL Developed Both Large (Central Station) and Small
(Process Heat) Pre-conceptual Designs of FHR - 2000’s

Advanced High-Temperature SRR
Reactor (AHTR) Properties i
Thermal Power 3400 MW E

Electrical Power 1500 MW
Top Plenum 700°C

it
|
¥

- Mational Laborarory

Temperature
CoolantReturn 650 °C
=
Number of 3 Power (MWt) 125
Loops Primary Coolant 27LiF-BeF,
Primary Coolant 27LiF-BeF, Primary Pressure (atm) ~1
Fuel UCOTRISO Core Inlet Temperature (°C) 650
Uranium 9% Core Outlet Temperature (°C) 700 i
Enrichment Core coolant flow rate (kg/s) 1020 m
FuelForm E:;ast:mblies Operationa Heat Rerova 3 50% loops
. Passive Decay Heat Removal 3-0.25% loops
Rafueling g ?:;ﬁ?h Reactor Vessel Penetrations None DA RIDCE

Module 1 —Slide 22.  ORNL Developed both Large (Central Station) and Small (Process Heat) Pre-
conceptual Designs of FHR —2000's.

ORNL FHR Demonstration Point Desigh Completed in 2016 as part
of DOE-NE AT/DR Studies
vesse' Coyer Reactor Plant Power 10_0 MV\fi
High Bay Prmar cosat i
Core diameterheight 32m/35m
Cycle length 12to 18 months
Pump Drive Motor Eﬁ:ﬁ:‘; acolant Frice )
Qutlet temperature 700°C
\ = Heat transfer system Two loop system
Pump
Impeller \
\ R —
-
— b
Heat Exchange/ |
DRACS
Core Barrel
Guard Vessel % OAK RIDGE
{E MER Sominar—Fol 16, 2017 Vessel - Mational Laborarory

Module 1 —Slide 23. ORNL HR Demonstration Point Design Completed in 2016 as Part of DOE-NE
AT/DR Studies.
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2.3 Module 2 — Introduction to MSR Technologies and Variants

David Holcomb of ORNL assembled and gave this presentation that provided technical descriptions of
MSRs and the technologies, along with examples of MSRs that are currently under development. Among
the significant points made during the presentation are the following:

Potential Advantages

— For the two basic types of MSRs, salt-cooled and liquid-fueled (also known as salt-fueled), there
are variants for both a thermal and fast neutron spectrum.

e Thermal spectrum resembles an LWR or a high temperature gas reactor (HTGR), while the
fast spectrum resembles a sodium-cooled fast reactor as far as neutronic performance is
concerned.

e Fuel cycles based on U/Pu, U/TRU, and U/Th are all possible in MSRs.
o Fissile breeder, burner, and converter designs are all possible in principle.

e For salt-cooled, solid-fuel MSRs, once-through, limited recycle, and continuous recycle fuel
cycles are all possible, while all liquid-fueled MSRs are recycle systems due to the inherent
separation of volatile fission products from the molten fuel salt during operation.

— Molten salts are relatively stable under irradiation, have high boiling points, have excellent heat
transfer characteristics (large heat capacity, low viscosity), and are chemically inert with respect
to water and air.

e High boiling points allow high temperature operation and low pressure, facilitating high
thermal efficiency for electricity production.

e The possibility of online refueling with liquid-fueled MSRs could potentially enable higher
capacity factors, while online removal of volatile fission products allows slightly more
effective use of fuel since fission products are typically neutron absorbers.

e High boiling points and negative reactivity feedback for liquid-fueled MSRs facilitate
incorporation of passive safety concepts in reactor design, while the high freezing
temperature allows use of a freeze-plug concept to drain the liquid-fuel salt to a criticality-
safe vessel in the event of reactor over-temperature conditions, shutting down the reactor.

Potential Disadvantages and Challenges

— Moisture content of the salt must be limited to control corrosion.
— For liquid-fueled MSRs:
e Molten salts are initially transparent, but presence of fission products renders them opaque.

e The radiation environment associated with circulating liquid fuel salt requires shielding, and
maintenance activities are more challenging.

e Nickel-based alloys used with some MSRs rapidly embrittle in high neutron flux
environments at high temperature since neutron irradiation of nickel produces helium.

e Large scale isotope separations for halide elements, e.g., to obtain ’Li or *’Cl, is immature
and expensive.

e  Tritium production may be a significant issue especially when using lithium salts, and the
proposed higher MSR operating temperatures make tritium containment more difficult (above
300°C tritium rapidly diffuses through structural alloys).
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e The location of some fission products in the circulating liquid-fuel salt loop is uncertain.
e MSR modeling and simulation tools are immature and not well validated.

e High salt freezing temperatures mean that system temperatures must be managed to avoid
unintended salt freezing.

Module 2:
Introduction to MSR
Technologies and Variants

David Holcomb

Reactor and Nuclear Systems Division
865-576-7889
holcombde@ornl.gov

Informational Seminar on Molten Salt Reactors,
DOE Office of Nuclear Energy, Germantown, MD
February 16t 2017

ORNL is managed by UT-Batielle
for the: US Department of Energy

Module 2 — Slide 1. Title Slide.

Part 1: Potential Advantages,
Disadvantages, and Challenges

% 0OAK RIDGE
National Laboratory

Module 2 — Slide 2. Part 1: Potential Advantages, Disadvantages, and Challenges.
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What is an MSR?

« MSRs have two primary subclasses — salt-fueled and salt-cooled

— Both subclasses have fast and thermal spectrum variants (temporally and spatially
varying energy spectrums are also possible)

— Salt-fueled systems (e.g. molten salt in fuel rods) can be cooled by non-fuel salt MSR design
— Salt-fueled systems can employ non-salt coolants °pt',°ns are
possibly even
+ Fuel cycle of salt-fueled reactors is intimately connected with the reactor broader than
— U/Pu, Th/U, and TRU based fuel systems are all possible those for water
Breeding. burni er fuel evel I ibl reactors, which
— Breeding, burning, converter fuel cycles are all possible include aqueous
— Once-through (including denatured), limited, and continuous recycle are all possible homogeneous,
— Single and dual fluid systems are possible CANDUSs,
. RBMKs, and
+ Fuel cycle of salt-cooled reactors resembles that of other solid-fuel reactors =

— Fast spectrum fuel cycle resembles SFR
— Thermal spectrum fuel cycle similar to LWR or HTGR

« Tritium production is significantly larger in lithium salt systems than for LWRs

Any reactor that employs a molten salt to perform a significant function is a molten salt reactor.
# OAK RIDGE

OO EE SR Sarirar mop 2 st " National Laboratory

Module 2 — Slide 3. What is an MSR?

What is so special about salts
(versus water, liquid metals, gas)?

+ Large solubility for uranium, plutonium, and

thorium Physical Properties of Coolants®
+ Stable thermodynamically Coolant -
— Noradiolytic decomposition in liquid phase Li;BeF, (Flibe) 459 1430 1940 242 4670 1.0 29
+ Chemically inert (no chemical reactions with 59.5NaF-40.521F 4 500 1290 3140 117 3670 049 26
alr or Wafel') 26LiF-3TNaF-37ZsF, 436 2790 1.25 3500 0.53
2 E)(Ct?"el‘lt heat tranSfer 31LiF-31NaF-38BeF, 315 1400 2000 2.04 4080 1.0 25
- Forced and natural circulation SNaF-92NaBF, 385 700 1750 11 2680 05 05
- Lar.ge heat .c.apacrty . Sodium 978 883 820 127 1040 62 012
. Very hlgh bOIIIng po'nts Lead 328 1750 10540 016 1700 16 013
— Low vapor pressure at operating temperatures
X i X Helium, 7.5 MPa 38 52 20 0.29 110
» Compatible with nickel-based structural
alloys and Ql'aphlte Water, 7.5 MPa o 290 732 55 4040 056 013
* Compatible with chemical processing e e o e e e ey D s e ompeaa st
+ Transparent without fission products Gy ool bt el condeiiy, v s oty o HAPC forcompurion, Nomencau el p i denly
| Molten Salt Performance Stems From Materials Characteristics
# OAK RIDGE

OO EE SR Sarirar mop 2 st " National Laboratory

Module 2 — Slide 4. What is so Special about Salts?
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Liquid Fuel

Selection of Fuel Form Substantially Alters the Reactor

Solid Fuel (aka FHR)

+ More diverse fuel cycles possible
— Improved fissile resource utilization
— Decreased actinide wastes possible

+ Fuel qualification will be size and
radiation damage independent

+ Higher radiation dose to first wall
materials

+ Fission products are mobile

— Fewer available to release from core
accidents

— More complex containment (including ex-
core fission products) and decay cooling

» Closer analog to other reactor classes
— Licensing path closer to known process

— Safeguards resemble other solid fuel
reactors

« Lower neutron flux on reactor vessel
— Vessel embrittlement not an issue

» Lower cover gas handling
requirements

» No fission products or actinides in salt
* Fuel forms not yet fully qualified

» TRISO fabrication is expensive

% OAK RIDGE
National Laboratory

Module 2 — Slide 5. Selection of Fuel Form Substantially Alters the Reactor.

TRISO

Solid Fuel MSRs Have Fuel Format Options

Accident Tolerant LWR Fuel

+ Closer to qualification — AGR TRISO
program

* Proven salt compatibility

+ Can employ pebble format for on-line
refueling

+ Lower fissile loading
— Requires > 5% 235U enrichment

+ SIC-SiC composite or molybdenum
cladding possible

— Fluoride salt compatible

+ Enables higher fuel loading

— < 5% 235U enrichment

» Enables piggybacking on larger LWR
industry

+ FHR technology development roadmap was generated in 2013 under DOE-NE ART sponsorship
~ http://www.osti.gov/scitech/biblio/1107839 (ORNL/TM-2013/401)
~ Depth and fidelity is limited by technology immaturity

% OAK RIDGE
National Laboratory

Module 2 — Slide 6. Solid Fuel MSRs have Fuel Format Options.
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Molten Salts Have Attractive Heat Transfer Properties But
Significant Remaining Uncertainty

0.3
» Large heat capacity and low »
viscosity are key properties g . [ Laminar =9:-”§
* Heat transfer uncertainties G §°-2 p2c2s
affect operating margins and £ © B Turbulent = =57~
accident simulations T3
— Fuel salts have larger %ﬂ g0t
uncertainties g ¢
(O =
» More targeted, controlled 3 §
experimental data is required 5 ° " :
tO improve the Conﬁdence in 2LiF-BeF2  NaF-ZrF4 FLiNaKk  MNaCl-MgCl2 Na Pb
thermophysical property CoSMEIPe Gy
correlations T aymamic viscosty
ACULRIDCE

Module 2 — Slide 7. Molten Salts have Attractive Heat Transfer Properties but Significant Remaining
Uncertainty.

Potential Liquid-Fuel MSR Advantageous Features

* Enables high temperature at low pressure
— High temperature increases thermal efficiency - ! l_
+ Enables process heat products not economically feasible with LWRs "l 3
— High exergy increases MSR heat delivery compatibility :
+ Lower cooling water requirements increases siting flexibility \......,.m? _ o
— Low pressure removes primary driving force for radionuclide dispersal | " AR

- Decreases component cost and weight

+ Potential for readily apparent passive safety (reactivity, decay heat removal, and
radionuclide containment)

— Decreases licensing cost and uncertainties

Modular passive decay heat removal avoids core thermal size limit

— Lack of cliff-like phenomena (e.g. DNB) relaxes safety system performance requirements
No off-site power requirements

Strong negative reactivity feedback
+ Avoids coolant voiding issues

% OAK RIDGE
" National Laboratory

Module 2 — Slide 8. Potential Liquid-Fuel MSR Advantageous Features.
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Potential Liquid-Fuel MSR Advantageous Features (contd.)

* On-line refueling to maximize availability

 Potential to substantially reduce actinide waste production
— Can employ used LWR actinides and/or excess plutonium as fuel

* No fuel fabrication (in the classic sense) =4
— No cladding damage fuel burnup limits £ oy A

fri g ih
» Vendor proliferation resistance claims are key to commercial development efforts

— Breeder designs that include no separation of actinide materials (including no centrifuges)
except for first core

— Denatured designs that avoid on-site fissile material separations

~ Homogenized fuel results in an undesirable isotopic ratio a few months following initial startup
(no short cycling)

— Extreme radiation environment near fuel makes changes to plant configuration necessary for
fuel diversion very difficult

— High salt melting temperature makes ad hoc salt removal technically difficult
— Low excess reactivity prevents covert fuel diversion % OAK RIDGE

Module 2 — Slide 9. Potential Liquid-Fuel MSR Advantageous Features (contd.)

Liquid Fuel MSR Challenges

« Maintenance activities in high radiation environments are much more challenging
+ Some fuel cycles include on-site fissile materials separation (i.e. historic MSBR)

« Nickel based alloys rapidly embrittle in high neutron flux environments at high temperatures —
some new designs employ internal shielding

+ Clad alloys are largely unaddressed in high-temperature design code
+ Chloride fuel salt properties have never been demonstrated in-core

« Large-scale isotope separations are immature and expensive
— 37C| for some fast reactors and 7Li for some thermal reactors
— Tritium is a significant unresolved issue for high-temperature reactors that employ lithium salts

+ Large scale components for fuel salt and cover gas are immature
« Distribution of fission products has significant remaining unknowns
« MSR modeling tools are immature and not well validated

« No licensing basis for commercial fluid-fueled systems

« High salt freezing temperatures - % 0AK RIDGE

Module 2 — Slide 10.  Liquid Fuel MSR Challenges.
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Neutron Fluence Will Be a Significant Stressor For
C ontainer Materials Nickel Neutron Helium Generation

Cross Sections

* Nickel based alloys embrittle when
subjected to significant neutron fluxes at
high temperatures
— Neutron interactions with nickel generate helium

— At high temperatures helium migrates to grain
boundaries

+ MSRE was ~1 year from shutdown due to
decrease in vessel fracture toughness

* Modified Alloy N showed marked . e e
improvement up to ~700 °C 102 Creep test specimens

of Nb modified alloy N
— Formed finely dispersed carbide helium sinks

\ i
N '
-H""\ \

N\ H

prior to reactor insertion

+ Other radiation induced degradation
mechanisms remain important
" ¥,0AK RIDGE

Module 2 — Slide 11.  Neutron Fluence will be a Significant Stressor for Container Materials.

Isotope Separation Is a Significant Technical and Cost
Issue for Both Fluoride and Chloride MSRs

+ Some MSR design options call for tens of tons of separated lithium or chlorine

« Lithium enables optimal reactor physics
— Lithium-6 is a large cross section thermal neutron absorber that yields tritium
— Lithium isotope separation is also necessary for fusion and PWR chemistry control
— Mercury amalgam based lithium isotope separation was performed at industrial scale in the
1950s for defense purposes
* Chlorine

— Absorption reactions in 35Cl| both produces 3¢Cl (long lived radionuclide) and results in a
reactivity penalty

— Lack of chlorine isotope separation technology was a key element in U.S. decision in 1956 to
pursue thermal breeder MSR

* Modern organic chemistry techniques have the potential to enable large scale
separation of both lithium and chlorine at reasonable cost

% OAK RIDGE
" National Laboratory

Module 2 — Slide 12.  Isotope Separation is a Significant Technical and Cost Issue for Both Fluoride
and Chloride MSRs.
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Tritium is Significant Issue For Lithium Bearing Salts

10000
+ Tritium is produced by neutron reactions -
with lithium, beryllium, and fluorine as well 20 1
as being a ternary fission product ,
— Tritium production levels are similar to HWRs i .
+ Tritium chemical state in salt is determined ¢ o1
by redox conditions —
oot + | —— "Li(n,a) 11
— TF (oxidizing) or T* (reducing) — Li(nne) 'H
. — S ——"Be(na) "He - °Li
+ Above 300 °C tritium readily diffuses through : j
Stl‘UCtLll'al alloys 000001 00001 0001 001 01 1 gﬂﬂ;nw{gmmo 1000 10000 100000 1000000 10000000
— Heat exchangers represent largest surface Table 1. Sources and rates of
area for diffusion rreaho R o
« Escape through power cycle is potential Production rae
route for radionuclide release into "
env'ronment Ternary ilnlon 3
“Li(n,a)'n 1210
"Li(n,na) "H 1170
r(n, o) R 9
DOENEMER Semier—} —— 0 ACULRIDCE
' From Ref. 1.

Module 2 — Slide 13.  Tritium is a Significant Issue for Lithium Bearing Salts.

Reactor Neutron Spectrum is a Basic Design Decision

Time Spatially Fast

Thermal ;
Varying Varying
Much lower fissile Obtained by | Larger initial
loading .| Obtained by inserting employing fissile load
moderation over time moderated and
unmoderated core

sections Enables breeding

Compatible with Th/U e —{ using U/Pu fuel

cycle Decreases initial and cycle
—1  refueling fissile Improves actinide :
requirements ] burning

| Improved actinide

. management

— Requires moderator
Compensates for
—— fission product build .
up | Decreasesinitial . .
fissile load Avoids uranium
— enrichment for
| Neutron absorber refueling
based controls easier
% OAK RIDGE

S ” National Laboratory

Module 2 — Slide 14.  Reactor Neutron Spectrum is a Basic Design Decision.
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Fast Spectrum MSRs May Achieve Net Breedlng Wlthout
Actinide Separation From Fuel Salt :

+ Neutron absorption of fission products is dominated by thermal neutrons

« FS-MSRs have very few thermal neutrons
— Thorium can be used without protactinium separation

« Neutron yield per fission increases substantially with incident neutron
energy

\
s00x10" o |

STNAF-2780F ;15 LF-1(TRUIF,
20NaF-552F,-2000F - S(TRUIFy
s6.50a" 0-41.5M9" 0 20mR) e,
soMa” C141,5M"'C1-8.5(TRUY Oy
sona"' 033,39 016,70y 3,
62.6Ma" 037,400 0y,

Normakzed Newtron Flux (reutrons/cm -sec-uni lethargy)
=
{2} worTag 59 SuOANN O Squne Sy

Average Energy of Neutron Inducing Fission (eV)

10" 10’ 10’ 10’ w0’ w0’ 10’ w0 10’
Emergy (eV) 0

MEREE...  yourmor

— L -
Images from ORNLTM-2011/105

3

Module 2 — Slide 15.  Fast Spectrum MSRs may achieve Net Breeding Without Actinide Separation
from Fuel Salt.

Fluorine and Chlorine are the Leading Candidate Halides
for Nuclear Fuel Salts

Fluorides Chlorides
+ Much larger in-core experience base + Two isotopes 3°Cl| & ¥7Cl
— Two reactors, seven in-pile loops, many test — 35Cl has higher thermal neutron absorption
capsules and yields %¢Cl
« Corrosion control methods are well proven + Lack of efficient means for isotope separation
— Maintaining mildly reducing conditions key to was rational for focusing on fluorides by the
structural alloy compatibility U.S. MSR program following 1956

« More electronegative than oxygen preventing + Almost no in-core experience

use of protective oxide layers .
P y « Larger atomic mass promotes harder

+ Radiolytically stable when liquid spectrum = increased neutron yield

« FLiBe diluent enables maintaining negative + Dissolves larger quantities of fissile materials
temperature reactivity coefficient with graphite — Important for fast spectrum reactors
moderator

Requires isotosically selected lithium.7 « Larger number of potential oxidation states
— Requires isolopically selected lithium- results in more complex chemistry (-1, +1,
— Results in significant tritium generation +3, +4, +7) % OAK RIDGE

Module 2 — Slide 16.  Fluorine and Chlorine are Leading Candidate Halides for Fuel Salts.
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Fuel Cycle and Spectrum Have Significant Implications on
Plant Design and Security Requirements

Denatured Fast Chloride Thorium Thermal Fast Fluoride
Thermal Burner Breeder Breeder Breeder

No ready access to Substantial fissile loadin ite fissi - i i
P : | g of On-site fissile material On-site fissile material
. separated ﬁss!le materials initial core; LEU > 5% — separation separation
on-site
. _ ) Large fuel salt reprocessing
|| LEUand possibly thorium || Hardest spectrum - highest | | rate (MSBR had 10 day full Substantial fissile loading of

initial core; LEU > 5%

fuel for all fuel loads breeding ratio core reprocessing design
rate)

Periodic natural uranium fuel

Only physical separations el ires low=—
- tﬁeamyal gasegus and additions and bred fuel rl:{eqylrfs \rtlo1un1?°

| mechanical. No on-site removal r?etegréc:ﬂiz;p;;ian?{'dsslfé
fissile material separation - - plans 450 day full core

reprocessing rate)

Only physical separations —
thermal, gaseous, and
mechanical. No on-site

———  Smaller initial fissile load fissile material separation

% OAK RIDGE

" National Laboratory

Module 2 — Slide 17.  Fuel Cycle and Spectrum have Significant Implications on Plant Design and
Security Requirements.

MSRs Have Multiple Potential Passive Decay Heat
Rejection Methods

DRACS Freeze RVACS PRACS

Plug / Drain

i i Freeze plug at
i ﬁ:;%?laﬁg?:rl?ggg | bottom of vessel. | |Uninsulated reactor .| Reactor vesselin
dipped into fuel salt Melts when active vessel pool of buffer salt

PP cooling removed

Three coupled
- : Heat coupled to
| 'Et‘;"rzl_c'f[féilzta'ﬁn | Employed at | tube wall via | Salt pool includes
e . MSRE radiation and DRACS
DRACS salt, and convection
air

Lower vessel is

i ; Planned for (-
| | Pioneered by EBR- | passivelysafe to | || Similar to plans for
i criticality and deployment at | 7 PIUS reactor
provides cooling | { RIDGE

[ ~rvaerotial Laboratory

Module 2 — Slide 18. MSRs have Multiple Potential Passive Decay Heat Rejection Methods.
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MSR Passive Safety: The Freeze Plug

+ The reactor is equipped with a
“freeze plug'—an open line where
a frozen plug of salt is blocking
the flow.

wrmsse o The plug is kept frozen by an
external cooling fan.

SEul

FRLLCTE VALVE
Freeze Plug

« In the event of TOTAL loss of power, the : HER vibd
freeze plug melts and the core salt drains - [ [
into a passively cooled configuration where i
nuclear criticality is impossible. ;
o e e \ Drain Tank

&()M( RIDGE
National Laboratary

Module 2 — Slide 19.  MSR Passive Safety: The Freeze Plug.

MSRs Can Also Be Designed With Containerized, Non-
Circulating Fuel Salt
* Fuel pin configuration resembles vented “diving bell” SFR fuel pins

— Small diameter pins with wire wraps
— Initial Aircraft Reactor Experiment concept

* Avoids fuel pump — may avoid primary coolant pump

» Requires qualifying fuel tube (cladding)

— Very high neutron fluence (dpa damage) to cladding

— Helium embrittlement due to high neutron fluxes at high temperature
» Performance of chloride fuel salts remain unproven under in-core conditions
» Vented fuel has potential for blockage / pressurization

* Vented fuel does not provide containment

— Escaping fission gasses and volatile fuel contaminate coolant salt increasing complexity of

radionuclide distribution
% 0AK RIDGE

Module 2 — Slide 20.  MSRs can be designed with Containerized, Non-Circulating Fuel Salt.
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Part 2: Status of Technologies
Under Development: Domestic
and International

;g){\r( RIDGE

lational Laboratory

Module 2 — Slide 21.  Part 2: Status of Technologies Under Development: Domestic and International.

Multiple MSR Design Variants Have Been Considered

[T m | L
Ho Fissile
Fast Spectrum Chionide San Hatural Uranium Separation
2 n
E Moving Fuel ] 3at Cooled o O p—
L]
TRU
F:I:I_ a ed Onsite &
. ponde sa E fsie Fssile
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![ Liguid Fugl Fuel Salts
[ [T |
Thonum
L
Fixed Fuel Time Varying Lead Onsile Fissile
(Fued In Tubes) Spectum Separation
: (T
Liquid Metal LY
L
[ |
| — s -
Spectrum -— Separation
Non-Salt Coolants HEU
Spectrum Separations
Equilibrium Fuel
L
Fied Fuel LEU
Sod Fuel
L
Moving Fuet LEU+Th
FHR .. .

OAK RIDGE

- " National Laboratory

DOE-MNE MSR Seminar- Feb 16, 201

Module 2 — Slide 22.  Multiple MSR Design Variants have been considered.
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Terrestrial Energy USA

+ U.S. Company affiliated with Canadian Company Terrestrial
Energy Inc.

+ Design referred to as IMSR (Integral Molten Salt Reactor)
— Denatured U/Pu fuel cycle — LEU fuel
— Graphite moderator

— Sealed unit with integrated pumps, heat exchangers, and shutdown
rods

« Seven year reactor vessel, moderator, and fuel salt lifetime —
replaced as a unit

+ Twin reactor configuration
— Reactor swapped every seven years

* Most detailed public information available from IAEA ARIS
database

— https://aris.iaea.org/Publications/SMR-Book 2016.pdf

IMSR Salt Load

Image copyright CC-BY-SA

400 MWth/module

QAK RIDGE

tional Laboratary

Module 2 — Slide 23.  Terrestrial Energy USA.

Transatomic

* 5% LEU fuel salt — LiF-(Act)F,

« Zirconium hydride moderator in movable
rods

* 1250 MWth

* Most detailed information available in
Transatomic’s white paper (version 2.1)
— http://www.transatomicpower.com/wp-

content/uploads/2015/.../ TAP-White-Paper-
v2.1.pdf

* Employs liquid metal extraction process
(not described) to separate lanthanides
as well as mechanical filtration and
gaseous separations

Image from TAP white paper

Shutdown Rod

Vessel Wall

- Fuel Salt

Stationary Moderator Rods

Moveable Moderator Rods

% 0AK RIDGE

ional Laboratory

Module 2 — Slide 24.  Transatomic.



Fuel Cycle and Nuclear Technology Seminars for DOE/NE — Molten Salt Reactors
March 31, 2017 41

Thorcon Power

+ NaBe with 12% actinide loading
— 80% Th, 16% 238U, 4% 235U (19.7%)

* Fuel salt and moderator graphite
replaced every four years

— Twin reactor configuration

 Vessel life extended by interior neutron
shielding

* Fuel salt drain tanks for criticality safety
+ Wet cooling wall for decay heat rejection

« Thorconpower.com provides most

detalled information on reactor deSign Images Copyright Martingale Inc, licensed CC-BY-SA
(also in ARIS) 557 MWith/module
% OAK RIDGE
" National Laboratory

Module 2 — Slide 25.  Thorcon Power.

TerraPower

* U.S. company
* Fast spectrum molten chloride fuel salt - MCFR

* Employs reflector
— Reduce dose to containment
— Improve neutron economy _
— Reduces radiation level within shielding Image courtesy of TerraPower

* Integral heat exchangers

* Being developed in cooperation with Southern Company
— ORNL, EPRI, and Vanderbilt are providing support

* Additional information intended for release later in 2017

% OAK RIDGE
" National Laboratory

Module 2 — Slide 26.  TerraPower.
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FLiBe Energy

« U.S. Company

+ Liquid Fluoride Thorium Reactor (LFTR) - Thorium breeder fuel cycle

« Graphite moderated, thermal spectrum, LiF-BeF,-UF, fuel

« Freeze valve and drain tank based decay heat rejection

« Most detailed technical information available from EPRI technical report —

3002005460, October 2015

— http://www.epri.com/abstracts/Pages/ProductAbstract.aspx ?Productld=00000000
02005460

Reachs sd Primry Liny: Intcrmehute Ling [ Porwes Comverins

Q..
=]

| Reprocessing Flows |

'm‘h Power System |
== % OAK RIDGE
e 2162017 Images courtesy of FLiBe Energy ~— ™ot

Module 2 — Slide 27.  FLiBe Energy.

Elysium Molten Salt Reactor Concept E|l

Reactivity Control Mechanism Penetrations

+ Rated electric output 1000 MWe Closure
+ Chloride fuel salt support Flange
Expansion Up_per
+ Fast spectrum neutron flux Volume el
Outlet
+ Core outlet temperature of > 600 °C Nozzles . Rad
i ~ o Core F ' Reflectors
+ Core inlet temperature of ~ 500 °C Core Former o
* Structural components made from code qualified Lower Al Nozzles
materials hield
— Shield assemblies periodically replaced Drain Nozzle
+ Superheated Steam Rankine power cycle
« May employ active corrosion control
« Employs drain valve
ALLURIDCE

Module 2 — Slide 28.  Elysium Molten Salt Reactor Concept.
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= L
Kairos Power ) Kairos Power

L)
-
p=—ry

* Only solid-fuel commercial MSR concept in U.S.
— Aimed at demonstration by 2030
* Relies on the advanced gas reactor TRISO

qualification effort to provide salt-compatible
qualified fuel

* Plans to leverage DOE programmatic efforts

» Extensive use of simulant fluids for thermal and
hydraulic design validation

+ Based upon University of California at Berkeley
Pebble-Bed FHR concept

+ Coupled with a gas-turbine for peaking
— 100 MWe nuclear only
— 242 MWe with natural gas

xxxxxxxxxxxxxxxxx

Module 2 — Slide 29.  Kairos Power.

Moltex Energy

+ UK company - Stable Salt Reactor (SSR)

« NaCl-(Act)Cl, fuel salt (LEU < 15%)
— Redox stabilized with Zr/ZrCl couple

* NaF-ZrF4 coolant salt
— Redox buffer ZrF,/ZrF,

+ 750 MWth
. . . Image from Moltex Energy
* Vented fuel pins — natural circulation CC BY-SA 4.0

+ Steel cladding — used in Dounreay SFR
+ RVACS decay heat removal
* IAEAARIS database

% 0AK RIDGE

tional Laboratory

Module 2 — Slide 30.  Moltex Energy.
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* ATRC

Another U.S. Design Has Recently Been Proposed
Without Significant Publicly Available Information

;9:\[( RIDGE

ational Laboratory

Module 2 — Slide 31.  ATRC.

Spectrum Fluoride Salt MSRs

European Union and Russian Federation are Examining Fast

EU MSFR includes both fertile and
fissile salts in single fluid

Russian MOSART can be configured

as a burner or breeder

+ LiF-ThF4-UF4(TRU)F; with 77.7-6.7-12.3-3.3
mol%

— Uenrichedat 13%

— Melting point = 594 °C

— Reprocessing rate = 10-40 liters/day

separations

MSFR Core Cross-Section [

System burner / breeder
Fluid streams 1 2
Power capacity, MWt 2400 2400
Fuel salt infet/outlet 600/720 600/720
temperarure, °C
Fuel salt 72LiF 75LiF
composition, mole % 27BeF, 16.5Bef,
1TRUF, 6ThF,
2.5TRUF,
Blanket salt 75LIF
composftion, mole % no 556F2
20ThF,
Both designs employ on-site fissile material
% OAK RIDGE

" National Laboratory

Module 2 — Slide 32.  European Union and Russian Federation are Examining Fast Spectrum Fluoride

Salt MSRs.
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China is Pursuing Both Solid and Liquid Fueled MSRs
* Thorium utilization is a key program element

— Fuel Salt

w— Coolant Salt

e Cover Gas.

— = — Radisactive OF-Gas
.': Sampler

Remaval e | Oerflow Tank

Pyrochemical
processing

Figures from SINAP
presentation to IAEA-

[r— TR
I

| Thorium Molten Salt Reactor — Liquid Fuel 1 Schematic | | Thorium Molten Salt Reactor — Solid Fuel 1 Schematic

" National Laboratory

Module 2 — Slide 33.  China is Pursuing both Solid and Liquid Fueled MSRs.

Most U.S. MSR Technology Developers Have Recognized
MSR Issues

+ Avoid creating separated streams of fissile materials on-site
— Denatured or very hard spectrum
— FLiBe Energy sole publically acknowledged exception

« Minimize radiation embrittlement of reactor vessel
— Interior shielding
— Periodic replacement
— Use of cladding to separate chemical compatibility from structural requirements

« Minimizing maintenance within shielding
— Design for automated replacement years after shutdown or following flushing

+ Aqueous or organic chemistry routes to large scale, lower cost isotope separation
« Tritium management technology (albeit immature) is integrated into lithium bearing salt designs

— Stripping, absorbing, and blocking are all being considered

% OAK RIDGE
" National Laboratory

Module 2 — Slide 34.  Most U.S. MSR Technology Developers have recognized MSR Issues.
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2.4 Module 3 — Reactor Chemistry, Materials Compatibility, and
Separations

David Williams of ORNL assembled and gave this presentation that provided information on the
chemistry of molten salts, compatibility issues with structural materials, and the possible separations
when using liquid-fueled MSRs. Among the significant points made during the presentation are the
following:

Many fluoride- and chloride-based salts have been studied for use in liquid-fueled MSRs.

Choice of salt and the composition can affect properties, including actinide solubility for liquid-
fueled MSRs, vapor pressure, and freezing and melting points.

For liquid-fueled MSRs, fission leads to chemically oxidizing conditions in the salt, with free
halide available since while some fission products can form compounds with halide, others do
not. Control of the oxidizing condition is needed to avoid corrosion of structural materials,
although impurities (such as some fission products like tellurium with liquid-fueled MSRs) in the
salt can also cause corrosion.

Tritium production is primarily from °Li (which is why use of "Li is desirable for lithium-bearing
salts as mentioned for Module 2, although this requires isotopic separation of lithium).

There are significant materials corrosion issues with molten salts, particularly in liquid-fueled
MSRs due to the development of oxidizing conditions in the salt resulting from fission.
Structural materials also need to withstand exposure to air on outer surfaces for high
temperatures.

Online separations of fission products with liquid-fueled MSRs is described as being a "heavy-
lift", i.e., difficult, and the suggestion is made to consider designs with offline batch reprocessing
as is done with more traditional solid-fueled reactors, although volatile fission products will
always separate from the salt during operation and will need to be managed.

Waste Production and Management

Remediation activities related to the MSRE have resulted in several findings:

e Solid halide salts are damaged by radiation and darken, corresponding to the development of
metal regions and the release of halide gas.

e Maintain fuel salts above 150°C to prevent radiolysis.
e Some fission products were deposited in graphite porosity for the MSRE graphite.

o  Waste forms for the salts need to be developed.

Primary Research Issues

Understanding and managing salt radiolysis.

Understanding and managing "noble" fission products, i.e., those fission products that are not
soluble in salt, since they have the potential to precipitate from the salt at any location in the
circulating liquid-fuel salt loop.
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Module 3:

Reactor Chemistry,
Materials Compatibility,
and Separations

David F. Williams, PhD

Nuclear Security and Isotope Technology Division
865-574-8853
williamsdf2@ornl.gov

Informational Seminar on Molten Salt Reactors,
DOE Office of Nuclear Energy, Germantown, MD
February 16t 2017

ORNML is managed by UT-Battelle &Oﬁ\l'\' RIDGE
for the US Department of Energy National Laboratory

Module 3 — Slide 1. Title Slide

Presentation Outline

+ Categories of Molten Salts (1-2)
» Molten Salt Irradiation Response (3-6)

— chemical effect of fission
— fission and activation product behavior

+ Materials Compatibility (8-10)
— chemical compatibility
— irradiation compatibility

+ Separations (11-13)
« Solid Salt Irradiation Response (14-15)
+ Waste Forms (16-18)
* Primary R&D (19)

%.0AK R][)Gl;?
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Module 3 — Slide 2. Presentation Outline.
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Salt Categories for Reactor Application

Fluorides Chlorides
BeF,-based salts Actinide-rich eutectics
e.g., 'LiF-BeF,, NaF-BeF, e.g, KCI-UCl,
(MSRE / MSBR)
MgCl,-based salts
ZrF ;-based salts e.g., NaCl-MgCl,
e.g., NaF-ZrF,
Alkaline salts Coolant or Processing only

TLiF-NaF-KF (FLINAK) Fluoroborates

e.g., NaF-NaBF,

Alkaline chlorides
e.g., LICI-KCI

Nitrates

Actinide-rich eutectics
TLiF-ThF,
NaF-UF,

Halide salts are thermally stable and immune to radiation damage when molten. % OAK RIDGE
Na

tional Laboratory

Module 3 — Slide 3. Salt Categories for Reactor Application.

Salt composition influences speciation and

properties w
@,
Vapor Pressure Phase /\ N Trivalent Solubility
o [T ) Diagrams = ’

O~ OWG 645937

[y S—r—

CaFy OR PuFy M FILTRATES [mole %)

oo —q

Visconsty (eF)

|
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20 | |
1 Mglle 2HCI- MgC o

K Mgty Moi% 5Ch -

MgCly | |
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Module 3 — Slide 4. Salt Composition Influences Speciation Properties.
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The Chemical Effect of Fission in Molten Salts
is Typically Oxidizing

No net radiation damage has been observed in molten halides.

However after fission, halide anions from the parent actinide are not
completely accepted by the fission products.

This imbalance leads to free fluoride that seeks the most susceptible
specie to oxidize. In the MSRE this oxidation was accepted by the
small amount of UF, that accompanied UF, in the fuel salt.

Periodically small amounts of reductant (Be-metal) were added to the
MSRE fuel salt to counterbalance this oxidizing effect, maintain a UF;/UF,
redox ratio “window”, and reduce container corrosion.

More about corrosion later. Redox is also important to understand how
fission products distribute into three groups:

+ Gases
+ Salt seekers (halides)
+ Insoluble fission products (“noble” metals group)

% OAK RIDGE

National Laboratory

Module 3 — Slide 5. The Chemical Effect of Fission in Molten Salts is Typically Oxidizing.

Fission Gas Poison Removal
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Module 3 — Slide 6. Fission Gas Poison Removal.
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Tritium Production is primarily from SLi

Large source term only for salts with lithium
Little penetrating radiation, ~15y half-life
Potential to create steam-generator-water LLW

At high-temperatures tritium penetrates most metals:
+ same as in High Temperature Gas Reactors;
+ no possibility of barrier film on surfaces wet by salt.

+ Solution demonstrated for the
fluoroborate coolant: the
oxygen moiety in the salt
captured tritium.
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+ This approach might be used
with other molten salts, or
— tritium transport barriers/traps

could be external to the primary
salt-wetted surface.

G.T. Mays et al, ORNLTM-5759 (1977)
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Module 3 — Slide 7. Tritium

Production is Primarily from °Li.

Soluble Fission Products — “salt seeking fluorides”

(MSRE experience)

A few elements are very sensitive

to redox changes:

behavior changed during MSRE operation after addition of Be®

Transitional (soluble - gas 2 soluble) decay example:

fuel salt loop residence times
= loop volume / flow rate

6 % yield ool <4 minet

187) & 137Xe o 137Cs ypally < 1 minde
H et it He
Li | Be B]CIN[O[F][Ne
Na| Mg Allsi|p|s]|alar

K|Ca| Sc | Ti| V| Cr| Mn| Fe

Co|l| Ni| Cu|Zn| Ga| Ge| As| Se| Br| Kr

Rb|[ Sr| Y | Zr | Nb| Mo| Te| Ru

Rh| Pd| Ag| Cd | In | Sn| Sb| Te| | | Xe

Cs| Ba|Lla-lu| Hf| Ta| W | Re| Os

Ir [ Pt | Au|Hg| T/ | Pb| Bi| Po| At| Rn

Fr | Ra| Ac-Lr

soluble insoluble

% OAK RIDGE

National Laburatory

sometimes soluble

Module 3 — Slide 8. Soluble Fission Products.
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Insoluble Fission Products (“noble” metals)
(MSRE experience)

Behavior can change with redox state of salt:

is less “metallic” under reducing conditions (discussed ater in corrosion slide)

Transitional (soluble = insoluble = soluble = gaseous) decay chains:

y . s,
Howde Velsd rissien Predust surumesars (770 2wel

Cumuletive Tield Zhrean Tisld

LEAT o Presurocs oF Boble Memal Ual® Live LW B

wetal [ of Jreoursur 3 Mokl Metal

e . 0.2 Sl aln €5.5 kxa

Tz 5,00 0. 1.2 %e 3T fnye

-0z [ 0.z <1 =ir, 107 s
H 159my, c.qL 6. L6 e 3T dae He
Li Be I‘f";—, L 8. 2 rr T are B C N 0 F Ne

*an duie 0.8 £ W duye
Na| Mg - Al | Si| P S| Cl| Ar
K| Ca| Sc | Ti| V| Cr|Mn| Fe| Co| Ni|Cu| Zn| Ga| Ge| As| Se| Br | Kr
Rb| Sr| Y | Zr| Nb| Mo| Tc | Ru| Rh| Pd| Ag|[ Cd| In | Sn| Sb| Te| | | Xe
Cs| Ba|la-lu|l Hf| Ta| W| Re| Os| Ir | Pt| Au| Hg| Tl | Pb| Bi | Po| At| Rn
Fr | Ra| Ac-Lr

AORK RIGE

soluble insoluble sometimes soluble

Module 3 — Slide 9. Insoluble Fission Products.

Material Compatibility:

Balancing corrosion resistance and irradiation durability

« Graphite is chemically compatible with molten halides, but has limited
irradiation endurance.
+ Fast spectrum places additional constraints on candidate materials:

— Itis unlikely that MSRE Hastelloy-N alloy (or other nickel alloys) will
meet fast spectrum needs.

— Hypothesis: Iron alloys might be used in a very reducing salt. The
absence of alloying and other interactions needs to be proven.

+ Some improvement of Ni-alloy radiation-durability is needed for 30-year
life in thermal spectrum.

+ Container alloys should also withstand high-temperature air exposure on
outer surfaces.

% OAK RIDGE
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Module 3 — Slide 10.  Material Compatibility.
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Fundamental Salt Corrosion Process is
temperature-gradient-driven Redox Cycle

Oxidant + Cr = Reductant + CrF(d)
2UFy(d)+ Cr = 2UFs{d) + CrFa(d)

Impurity-driven corrosion will dominate if preparation/operation is haphazard.
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INCONEL

HOURS
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Module 3 — Slide 11.

Fundamental Salt Corrosion Process is Temperature-Gradient-Driven Redox

Cycle.

Tellurium corrosion effect was
uncovered in the MSRE

Fission Product Tellurium attack on Hastelloy-N
+ Similar to sulfur intergranular attack in turbines
« Eliminated in lab for reducing conditions in the salt

+ CrF,+ Te + 2UF, - 2UF, +“CrTe"
Nb-modified-alloy
reduced cracking

ATLD
I T 1 I T
900 - REDUCI:IG OXIDIZING | Fig. Bl. Composite Photographs of Heat Exchanger Tubing Before and
pvalninisiiind - - After Stressing. The width of the unstressed sample is 0.042 in.
- "-______-o—-.
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H
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883 300 |- . sl
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Salt Oxidation Potential [U[IVYU{IT)
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Module 3 — Slide 12.

Tellurium Corrosion Effect was Uncovered in the MSRE.
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MSBR Online Separations: a heavy lift

SALT PROCESSID SALT
PURIFICATION
H Fluoride
i fuel-salt loop
E‘" saLT -
I iy e
i Partition of |1
|—'—| Rare Earths '
[rescron | utetol |
I_f_J 1
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E Pa-recovery loop U§ MOETE )
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o - Consider Converter Reactors
with batch offine processing
F1G.19, Conceptugl flowsheet for processing a single~fluld MSER by flecrination-reductive extraction and
the metal-transfer process.
Rosenthal, M.W._ Atomic Energy Review 9(3), p.601 (1871) #O.F\K RIDGE
National Laboratory

Module 3 —Slide 13.  MSBR Online Separations: A Heavy Lift.

Time Scale for Fissile/Fertile Recycle driven by
Economics

Sllﬂﬂﬂ
UFg ABSORDIRS

« Fluoride volatility is favored for Hﬁ Uy rem ssonnon (/]

uranium recovery from fluoride salts.

» Reductive processing applicable to
halide flowsheets for fissile recovery: ...r oy
— Electro-metallurgical

— Other metallurgical extractions (e.g., = e |
EBR-Il process) A - __

— Electrodeposition oxide-precipitation :
(RIAR process)

SOME
CONTAMIMANT
FLUORIDES.

ABSORE ON

« Evaluate interim storage of “spent” i ) T -
barren salts for decay and integrated rutL sToRace Tanx causTI Scrvssen TacEs of
. car FLUORINE REACTS WITH FLUORINE REACTS WITH AND WOOINE
d]sposmon_ mmm“d ;or.rmu KOW. I0DINE 1S ABSORBED  ART REMOVED
« Intragroup alkaline and alkaline earth Pl 6. MR palt fluoriaation process.
element separations are the most
difficult (unlikely).
% OAK RIDGE
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Module 3 — Slide 14.  Time Scale for Fissile/Fertile Recycle Driven by Economics.
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Many New Pyrochemical and Hybrid
Separations are possible — but will need to be

screened

* New salts will require some separations development:
— as compared to existing pyroprocessing technology.

+ Chlorides afford option of aqueous processing:
— fluorides are much harder to dissolve in water,
— much higher resolution separations can be achieved in aqueous systems, but
at the cost of complexity.
* New processes can be compared to option of interim decay-
storage of “spent” salt, and then processing to a form for
disposition.

¥ OAK RIDGE

tional Laboratery

Module 3 — Slide 15. Many New Pyrochemical and Hybrid Separations are Possible.

Lessons Learned from MSRE Remediation
(1995-2000)

LIF+hv =2 Li°+ F* 2 % F2T Solid halide salts are damaged by

radiation and darken corresponding to
the production of metal centers and
halogen radicals = halogen gas.

UF,+F, > UFs

Storage of solid radioactive salt is an important issue:

+ Don't store solid fuel-salt
—remove UF, before allowing salt to freeze

» Provide reductant to counterbalance the generation of F, by p—y
radiolysis of the solid salt

» Maintain salts above 150°C to prevent radiolysis.

Williams, D.F. et al, Trans. of the American Nuclear Society, 8 89-00; 1999 R
IDGE

L M. Toth, L. K. Felker, “Radiation Effects and Defects in Solids, 112(4). 201-210 {1990) %OAI( k
National Laboratory

Module 3 — Slide 16.  Lessons Learned from MSRE Remediation (1995-2000).
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Solid Salt Irradiation Response - cont’d
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Measured liradiation response Most solid salt midures are
MSRE Salt G < 0.045 molecule F, /100 eV heterogeneous polycrystalline materials.
ThF, G < 0.015 molecule F,/ 100 eV Each phase exhibits ts own radiation
NacCl Cl, detected, but not quantified response that reflects — in part —its

crystal structure.

#.0AK RIDGE
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Module 3 — Slide 17.  Solid Salt Irradiation Response — cont'd.

Waste Form: Reactor Internals

+ MSRE graphite contained only tiny amount of salt after defueling:

— Fluoride flush salt worked well to reduce fission product levels in salt
adhering to internals

— For chloride systems graphite is unlikely, but aqueous leaches may provide a
way to reduce contamination of other reactor internals.

+ Some fission products (both noble metals and those with gaseous
precursors) were deposited in the graphite porosity.

Table 12.3. Indicated distribution of fission products in molten-salt reactors

i 5 Distribution (%)
Fission product group Example Botopes
In salt To metal Te graphite To off-gas Other

Stable salt seckers 2195, Ce-144, Nd-147 ~99 Negligible << | {fission recoils) Negligible Procesing?
Stable salt seekers (noble gas precursors) 5189, Cs-127, Ba-140, ¥-91 Vllill‘lkn”: of gas Negligible Low \'u'uble.l"l.'lngl gas

WNoble gasss Ke-89, Kr-91, Xe-]135, Xe-137 lﬂ"ﬁ.;; of gas WNegligitle Low Hi;hﬂ‘lﬂ of gs

Hoble metals WNb-95, Mo-99, Ru-106, Ag-111  1-20 5-30 5-30 Meglipible Processing®
Tellurium, antimany Te-129, Te-127, 5b-125 1-20 0-90 5= Meplipible Processing®
lodire 1130, 1135 5075 <1 <1 MNegligible Processing®

SFor example, trconlum tends 1o accumalate with protactinlum holdup in reductive extraction processing.

L ions suggest will appear in processing streams.,
| sodi 1d be removed if side-stream stripping is used to remove 1-1 35,

% OAK RIDGE

National Laboratory

Module 3 — Slide 18. Waste Form: Reactor Internals.
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Waste Form: Fission Gases putnotiodine)

» Reactor off-gas sorbent could also serve as the
ultimate disposal medium —

— The reactor off-gas sorbent must reject noble gas decay heat.

» Charcoal was used as sorbent during MSRE
operation, and was deemed the best choice for
MSBR development. This media could be ashed to
a small volume for long-term disposal.

% OAK RIDGE
Mational Laboratory

Module 3 — Slide 19. Waste Form: Fission Gases.

Salt Waste Form

* If radiolysis can be managed/mitigated, both
fluorides and chlorides are potential interim storage

forms, and for disposition:

— It has been proposed to make fluorides more refractory by conversion
of fluorides to a fluorophosphate.

— Chlorides are currently converted to a “salt-cake” waste form as part
of the ongoing EBR-II processing campaign.

« New chloride salt compositions may require additional developments

% OAK RIDGE
Mational Laboratory

Module 3 — Slide 20.  Salt Waste Form.
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Primary Research Issues

* Understanding and managing salt radiolysis.

* Understanding and managing “noble” metal fission
products in reactor.

» Understanding in depth any new salts proposed as
well as LiF-BeF, system was understood.

% OAK RIDGE

tional Laboratory

Module 3 — Slide 21.  Primary Research Issues.
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2.5 Module 4 — Reactor Safety, Physics, and Associated Fuel Cycle
Performance

Ben Betzler of ORNL and Florent Heidet of ANL assembled and gave this presentation that described the
reactor physics characteristics of MSRs, focusing on liquid-fueled MSRs, and discussed the associated
safety issues and fuel cycle performance. Among the significant points made during the presentation are
the following:

Low-pressure (atmospheric) system reduces stored energy, reducing the risk of energetic burst or
explosion

Pure salts do not react with moisture or air, reducing fire or explosion hazards.
Typical operating temperatures provide a very large margin to boiling

Salts have a high heat capacity, potentially slowing the progression of some accidents since the
volume of salt also affects the rate of temperature rise in the reactor.

Safety of solid-fueled, salt-cooled MSRs is likely to be similar to that of other solid-fuel reactors.

Liquid-Fueled MSRs

Potential Advantages

A temperature increase causes a reduction in density of the fuel salt, causing a rapid negative
reactivity insertion corresponding to the reduced fuel mass in the core as a result of the lower salt
density.

Liquid-fueled MSRs have potential for low excess reactivity with continuous or batch feed of
fissile and fertile material during operation and continuous removal of fission products to reduce
neutron absorption in the salt, providing better neutron economy leading to greater fuel
utilization.

e Less active reactivity control is needed and accidents associated with excess reactivity are
mitigated or avoided.

There is a potential reduction of the radioactive source term in the case that the circulating liquid-
fuel loop is breached due to the online removal of volatile components from the fuel loop during
operation, although the system for collecting and managing the volatile materials must also be
evaluated for safety concerns.

Potential Challenges

Undesired freezing of the salt must be prevented.

Managing waste forms from fission product and other material removals, since there are multiple
radioactive source terms in multiple locations.

Remote maintenance required due to high radioactivity of fuel salt flowing through the fuel loop.

A loss of coolant accident or coolant leak would result in fuel material leaking out of the fuel
loop, possibly into the containment building, depending on the design.

e A non-negligible fraction of delayed neutrons is emitted in the circulating liquid-fueled salt
loop instead of within the core. Depending on the fuel loop and core design, up to 50% of the
delayed neutrons may be emitted within the fuel loop outside of the core (from 90-300 pcm).
Testing with the MSRE determined that despite losing half of the delayed neutron margin, the
reactor remained stable and controllable (delayed neutrons provide a time-bottleneck that
limits the rate of the change in flux).
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— The fuel can be in contact with the reactor vessel, so that fissions occur near structural
components such as piping and the heat exchangers, areas that do not experience neutron
irradiation in designs with solid fuel.

— Analysis of the reactor physics is different than for solid-fueled reactors.

e There is movement of the delayed neutron precursors in flowing fuel, such that some emit
neutrons outside of the core region, changing the neutron source distribution within the core
from what it would be with solid fuel, as is typically modeled with standard reactor physics
computer codes.

e Asaresult, the fission source calculated by standard lattice physics codes is biased, where the
prompt neutrons and some delayed neutrons are emitted in the liquid fuel while it is in the
core (as with solid fuel), while some delayed neutrons are emitted after the liquid fuel leaves
the core (coolant loop, chemical processing, etc.), which does not happen with solid fuel.

e If online refueling is also used, then the changing composition from the fuel additions must
also be accounted for in the calculations.

e New reactor physics modeling capability is needed to accurately calculate MSR performance.

— Fast neutron spectrum MSRs may need to use chloride-based salts instead of the historical
fluoride-based salts used in thermal neutron spectrum MSRs to reduce the neutron moderating
effect. Much less is known about chloride-bases salts in MSR applications.
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Session Objectives
Safety, core physics, and fuel cycle performance

+ |[dentify safety features and challenges
— Features unique to liquid-fueled molten salt reactors
— Challenges with moving fuel

 Highlight major reactor physics characteristics and
challenges in modeling and simulation Fuesatauter | g Shieding

Reflector cooling

— Continuous material feed and removals cupportring  Refecer

— Delayed neutron precursor drift el
Distibution plate Fuel salt inlet

— Thermal and fast spectrum systems — Fuel salt

H Fuel salt inlet m
* Discuss fuel cycle performance o alilet frooom

- TRU burning Capabilities From: “A Technical Roadmap Update for
Generation IV Nuclear Energy Systems" {2014).

— Benefits from MSR technology

Argonne & e %OAK RIDGE

Module 4 — Slide 2. Session Objectives.

Solid Fuel Molten Salt Reactors
Key points, discussion focuses on liquid fuel systems

 Similar to traditional reactors, except salt is used as a coolant
— High temperature, low-pressure system

» Share some safety features and challenges with liquid fuel systems
— Identify some features of both at the beginning of talk

* Reactor physics is similar to traditional solid fuel systems
— Different coolant properties, neutron spectrum, and cross section sensitivities

* Fuel cycle outcomes are more similar to other solid fuel systems
— Some potential for low excess reactivity (pebble bed fuel forms)
— No continuous fission product removals

* Unless otherwise noted, discussion refers to liquid fuel MSRs

Argonne & %QAK RIDGE

HATIOMAL LABORATORY DOE-NEM na . 2007 T%National Laboratory

Module 4 — Slide 3. Solid Fuel Molten Salt Reactors.
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Reactor Safety Characteristics
MSR key features (solid and liquid fuel, fast and thermal)

* Low-pressure (atmospheric) system reduces stored energy
— Reduces risk of energetic burst or explosion

* Pure salts do not react with moisture or air, reducing fire or explosion hazards
+ Typical operating temperatures provide a very large margin to boiling

« Salts have a high heat capacity, slowing the progression of some accidents
— Volume of salt also effects rate of temperature rise

Operating Melting Boiling Volumetric heat
temp. (K) poml (K) | point (K) capacity" (kJ/m3K)
540

Solid fuel with 2LiF-BeF, coolant (FHR) 970 1700
Molten Salt Breeder Reactor 980 770 > 1500 4455
Molten Chloride Fast Breeder Reactor 1260 960 1770 2226
UF 4-LiF salt (27.5% UF, by moles) 900 770 1470 -
Argonne S *water - 4186, sodium - 1190 %0AK }E[D([

HATIOMAL LABORATORY

Module 4 — Slide 4. Reactor Safety Characteristics — MSR Key Features (Solid and Liquid Fuel, Fast and
Thermal).

Reactor Safety Characteristics
MSR key features (liquid fuel, fast and thermal)

» Temperature increases causes thermal expansion of the fuel salt, causing
a rapid negative reactivity insertion as fuel mass is removed from the core

— Provides an additional negative reactivity insertion due to increasing temperatures in
a potential accident scenario

— In addition to Doppler, results in a negative reactivity temperature coefficient

— Magnitude of total core reactivity coefficient dependent on core design: moderator,
Doppler, salt density reactivity coefficients, moderator-to-fuel ratio

— For example, single-fluid and two-fluid molten salt breeder reactor designs have
reactivity coefficients of -0.87 dk/k-dT-K and -4.34 dk/k-dT-K, respectively

* Potential designs for draining the fuel or coolant salt from the core or fuel
loop into a safe storage area under high temperature accident conditions

— Drained into a subcritical configuration (e.g., via freeze valve above 970 K)
Argonne S - %QAK RIDGE

MATIONALLABORATORY OAEMNEMSESeminar—Feb 16 2017 "T%National Laboratory

Module 4 — Slide 5. Reactor Safety Characteristics — MSR Key Features (Liquid Fuel).
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Reactor Safety Characteristics
MSR key features (liquid fuel, fast and thermal)

« When fuel is dissolved in the coolant, a loss of coolant removes the
reactor fuel limiting the potential for re-criticality

— Removes fuel material from the fuel loop
— May be caughtin an emergency tank

» Low excess reactivity due to online fuel feed and fission product removal
— Fuel salt contains only sufficient fissile material to maintain criticality
— Supercritical excursion not induced by excess fissile material
— Reduction of source term by removal of gaseous and volatile components from the
fuel loop, which are the most likely to disperse when containment is breached
» Coolant chemical reactions such as the sodium-water reaction in sodium
fast reactors (SFRs) are eliminated

Argonne & . | B UCRIDCE

HATIOMAL LABORATORY

Module 4 — Slide 6. Reactor Safety Characteristics — MSR Key Features (Liquid Fuel).

Reactor Safety Challenges
Key safety challenges to deploy MSR technology

* Undesired freezing of the salt must be prevented
— Frozen salt may cause unwanted blockages or masses in fuel loop

» Possible fluctuations of reactivity caused by density or concentration changes in
the fuel salt

— Fuel salt density changes due to fission gases
— Fission gases are continuously generated from fission (gas sparging for control)

— Potential for coalescence of dissolved gas into large bubbles and their collapse could cause a
reactivity insertion (e.g., bubbles collapsed with shockwave)

+ Postulated scenario has not been observed experimentally
* Managing waste forms from fission product and other material removals
— Multiple source terms in multiple locations
— Holdup tanks for material cleanup or processing

Argonne & . | B UCRIDCE

HATIOMAL LABORATORY

Module 4 — Slide 7. Reactor Safety Challenges — Key Safety Challenges to Deploy MSR Technology.
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Reactor Safety Challenges
Key safety challenges to deploy MSR technology

* Remote maintenance required due to high radioactivity of fuel salt flowing
through the fuel loop

* A'loss of coolant accident or coolant leak would result in fuel material
leaking out of the fuel loop

— Negative impact on reactivity, positive effect on source term outside of core
* Anon-negligible fraction of delayed neutrons is emitted in the coolant loop
instead of within the core

— Depending on the fuel loop and core design, up to 50% of the delayed neutrons may
be emitted within the fuel loop outside of the core (from 90-300 pcm)

— Testing with the MSRE determined that despite losing half of the delayed neutron
margin, the reactor remained stable and controllable (delayed neutrons provide a
time-bottleneck that limits the rate of the change in flux)

nnnnnnnnnnnnnnnn

Argonne & e B UCRIDCE
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Reactor Safety Challenges
Key safety challenges to deploy MSR technology

* Cold fuel slug injection resulting in power excursion
— Reactivity burst from insertion of cold fuel salt mitigated via pump design

* Fuel is in contact with the reactor vessel
— Fissions occur near structural components

» Early analysis shows accident categories are similar to liquid metal reactors
— Transients
— Loss of flow
— Loss of heat sink
— Loss of coolant (fuel)
— Qvercooling

nnnnnnnnnnnnnnnn

Argonne & e B UCRIDCE

Module 4 — Slide 9. Reactor Safety Challenges.
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Reactor Physics Characteristics
Material feeds and removals

+ Solid fueled-reactors typically exhibit a reactivity swing during operation

— Starting with excess positive reactivity compensates for the loss of fissile material over
the course of a cycle of operation (when conversion ratio (CR) is less than 1.0)

— Excess reactivity is mitigated via specific fuel loading, soluble boron in the coolant
(PWR), burnable absorbers (LWR), and/or control rods, which are gradually removed
and/or depleted (neutrons are effectively lost in absorbers and control rods)

— This swing is smaller when CR =1 or positive when CR > 1

¢ Liquid-fueled MSRs have potential for low excess reactivity

— Continuous or batch feed of fissile and fertile material during operation

— Continuous removal of fission products reduces neutron absorption

— Better neutron economy leads to greater fuel utilization

— Potential for lower initial fissile loadings and no out of core time enable a faster transition
Argonne & . %QAKRIDGE

HATIOMAL LABORATORY

Module 4 — Slide 10.  Reactor Physics Characteristics — Material Feeds and Removals.

Reactor Physics Analysis
Challenges in neutronic modeling and simulation

 Delayed neutron precursor drift in flowing fuel

— Delayed neutron precursors are radioactive fission products that release delayed
neutrons upon decaying

— In solid fuel systems, the movement of these delayed neutron precursors is negligible
— In liquid fuel systems, the precursors move away from their birth location and may
decay outside of the core, changing the neutron source distribution within the core
+ Fission source calculated by standard lattice physics codes is biased

— Prompt neutrons and some delayed neutrons are emitted in the liquid fuel while it is
in the core

— Some delayed neutrons are emitted after the liquid fuel leaves the core (coolant loop,
chemical processing, etc.)

Argonne & . | B UCRIDCE

HATIOMAL LABORATORY

Module 4 — Slide 11.  Reactor Physics Analysis — Neutronic Modeling and Simulation.
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Reactor Physics Analysis
Challenges in depletion modeling and simulation

 Depletion with continuous and batch feeds and removals

— Continuous processes in liquid fuel systems remove fission gases and potentially
other elements during operation

— In addition to continuous processes, material may be added to and removed from the
liquid in batches at specific times

» Set of depletion equations describing the rate of change of the nuclides

0
dN. & =~ &
e

= .

Decay rate Production rate Loss rate of nuclide i due
of nuclide j of nuclide i to decay, irradiation, or
into nuclide / fromirradiation other means
Argonne & %OAKRIDGE

HATIONAL LABORATORY DOE-NE MSR Semina ab 16, 201 2

Module 4 — Slide 12.  Reactor Physics Analysis — Depletion Modeling and Simulation.

Reactor Physics Analysis
Challenges in coupled transient modeling and simulation

* Delayed neutron precursor distribution must be tracked in time
— Dependent on fluid velocity field from thermal hydraulics (TH)
— Dependent on fission distribution from neutron transport
— Fuel loop characteristics are important

Neutron transport
module

Delayed neutron _ Power Salt density and
precursor modeling distribution temperature
module

module

Thermal hydraulics J

Argonne & e %QAK RIDGE

MATIONALLABORATORY OAEMNEMSESeminar—Feb 16 2017 "T%National Laboratory

Module 4 — Slide 13.  Reactor Physics Analysis — Challenges in Coupled Transient Modeling and
Simulation.
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Reactor Physics Analysis
Modeling and simulation requirements

L
®

xf;gg

infinite multiplication factor (k )
E

* Model the changing isotopic composition of an wa:éis..‘i .
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irradiated fuel salt ass i i
— Fuel cycle analysis S e
« Delayed neutron precursor distribution during Calculated k of an MSR unt eil with diforont

reductions to the initial thorium loading.

steady-state operation
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drift.

* Model chemical addition and removal capabilities
— Continuous and batch additions and removals

» Simulating MSR transients
— Delayed neutron precursor movement
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— Molten salt properties and movement of fuel salt stenl
Delayed P in the primary
_ Decay heat Calculatlons loop of a liquid-fueled MSR.
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Thermal Spectrum Reactors
General characteristics

* Thermal spectrum is achieved by incorporated
moderator materials into the core, for example:

— Graphite assemblies with holes for flowing fuel salt
— Zirconium hydride rods
* The fuel-to-moderator ratio may be varied

throughout the core to achieve desired
spectrum

— Converting fertile material
— Reduce fluence to structural or moderator materials

Breeder Reactors (1966).

HATIONAL LABORATORY NE MSR na I 7 P Netiona Laboratory

Argonne & % OAK RIDGE

Module 4 — Slide 15.  Thermal Spectrum Reactors — General Characteristics.
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Thermal Spectrum Reactor Performance
Effect of initial startup composition

_\éj ].0!:
» Composition of the initial (startup) fuel salt has a
significant effect on the viability of an MSR
— Non-fissile heavy metals loaded at startup reside in the B
reactor for long periods of time o]
— Neutron spectrum softens during operation MSR reactivity with dierent iital fissle
5 e { : ol
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[ o operation tme [y]
emergy [eV] Non-fissile % |
Spectral shift in a thorium MSR with plutonium as Fissile and fissil i i during op
the initial fissile material.
Argonne & . %MK RIDGE
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Thermal Spectrum Reactor Performance
Effect of different material removal rates

» Some elements have strong effect on reactivity and
reactor operation

infinite multiplication factor (k)

— Cycle times depend on the processing technology opeeaion me )
uuuuuuu a a
+ Defined as the time it takes to completely remove a given element volatle gases & noblemetals
. . . volatile gases, noble metals, & rare earth elememts &
— Continuous removal of highly absorptive elements has Calculated k of a unit cell with different removal
. roupings.
largest impact .
Effect of processing group removals on core lifetime for a thermal MSR. rates of di P ing groups.
E—
time[y] additional [+%] Xe, Kr 205

[None | 2.73 ;
2.93 7.5
2.92 71
3.12 14.4
314 15.1
Gases, noble metals, and rare

earth elements 3863 32.9

Se, Nb, Mo, Te, Ru, Rh, Pd, 20s
Ag, Sb, Te

2r,Cd, In, Sn 200d
Br.1 60d
Y, La, Ce, Pr, Nd, Pm, Sm, Gd 50d
Eu 500d
Rb, Sr, Cs, Ba 3435d

Noble metals

Rare earth elements

HATIOMAL LABORATORY
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Fast Spectrum MSRs
Basic physics differences

+ Fast spectrum is achieved by having little/none moderating materials
— No solid moderator materials (graphite, zirconium-hydride...)
— Salt with no moderating element

+ Typical “fast spectrum” physics applies to MSR:

Large neutron mean free path: large leakage probability and shielding needs

Lower neutron cross-sections

Reduced parasitic absorption (Fe-based materials; low reactivity penalty with fission products buildup)
Requires higher fissile concentration

Ability to create excess fissile material

Ability to consume minor actinides

Argonne & e B UCRIDCE
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Fast Spectrum MSRs
Chloride salt

* Most common salts considered for fast spectrum MSR are chloride- based salts
— UCI; and TRUCI; fuel bearing salts (high solubility)
— NacCl (and MgCl,) as the carrier salts
+ Lower melting temperature with 32 mol% UCI; in UCI;-NaCl
« Lower melting temperature with 51.5 mol% of NaCl in NaCI-MgCl,
— No tritium production

+ Natural chlorine has two stable isotopes:
75.8% 35Cl and 24.2% 3CI

Capture cross-section of 35Cl is larger than that of 37Cl, even in a fast spectrum system
— 3%Cl is also long-lived (301,000 years), especially compared to 3Cl (37 minutes)
Isotopic enrichment of chlorine is preferable but not required

|

Argonne & e B UCRIDCE
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Fast Spectrum MSRs
Capabilities overview

+ Similarly to sodium-cooled fast reactors, MSR can be configured to achieve
different goals

« MSR as burner:

— Most easily achieved as neutron economy is not important
— Large transuranics to heavy metal fraction favors burning

* MSR as breeder (or break-even)
— Neutron economy is important
— Need for low parasitic neutron absorption (may need chlorine enrichment)
— Breed-and-burn mode may be feasible

HATIOMAL LABORATORY

Argonne & . %MK RIDGE

Module 4 — Slide 20.  Fast Spectrum MSRs — Capabilities Overview.

Fast Spectrum MSRs
General Assumptions 0.0019% of flow

+ Salt composition affects the burning rate of transuranics in a
MSR operating in a continuous recycle fuel cycle.

— Study made possible by development of advanced modeling and
simulation tools for MSR

— Solubility limits and elements removed through salt processing may limit
which salt forms can be used

« Assumptions:

— 0.001% of salt routed through the processing loop

— Same core dimensions for all cases

iti %)

3.87

— 30 Wigram of salt 3.42

g 2.96

— Only partial fission products removal 565

~ Nolosses 237
Argonne & % OAK RIDGE
NATIONAL LABORATORY YE-} ISR Semina ab 16, 2017 - National Laboratory

Module 4 — Slide 21.  Fast Spectrum MSRs — General Assumptions.
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Fast Spectrum MSRs
Material Inventory

« Overall salt inventory depends on multiple factors: 10
— In-core residence time (seconds to minutes)
— Out of core time (seconds to minutes)

— Required treatment/processing time and salt fraction bled
to treatment/processing

—0.1% bleed fraction
—0.01% bleed fraction
—0.001% bleed fraction

=
(=]

+ Representative in-core inventories for a 1 GWy,
core:

— 30-50 tons of salt
— 15-25 tons of heavy metals

Total inventory / in-core inventory

« Total inventory (in-core, fuel loop, and processing) _ _ _
— Typically between 1.3x and 2.0x the in-core inventory 0 50 100 150 200

. . . Reprocessing time, days
— Asmallerinventory is preferable for economics, safety, and
safeguards considerations

Argonne & % OAK RIDGE

HATIONAL LABORATORY - National Laboratory

Module 4 — Slide 22.  Fast Spectrum MSRs — Material Inventory.

Fast Spectrum MSRs
TRU burner designs -

+ Net TRU consumption is observed in all cases.

Normalized fux.

+ As actinides represent a lower fraction of the salt:

060

— Feed material needs to contain a larger fraction of TRU o N/
— Fuelat equilibrium contains a larger fraction of TRU J\/t/
— Fuelat equilibrium contains a larger mass of TRU o 1000 Loon i e

Weutron Energy, MeV

| WTRUCLmol% ] 40 ] 30 ] 20 | 45 | 10 |
290 290 290

—_ P . 290 290 .
+ Equilibrium TRU composition in the salt varies 152 133 108 090 068

significantly between the different cases e e Rl 290 290 200 290 290
— From 55% fissile content to 25%, as the actinide mol% is b2] B9 9] 6] GG
decreased TRU fraction in fuel 200 268 407 554 857
- 445 1075 1944 2644 3534
— Impacts waste characteristics of the fuel salt (decay heat, TNl 370.9 3709 3709 3709 370.9
radiotoxicity) Conversion ratio 0.88 071 046 029 005
* For comparison, SFR fuel reprocessing equates to 0.1 g/s-GW,,
OAK RIDGE
Argonne a nar—Feb 16. 2017 *.'N.fim.all_-h,mmy

HATIOMAL LABORATORY
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Fast Spectrum MSRs
Breeding capabilities

* MSR can easily be configured as a break-even:
— Starting from the MSR burner using 40U/TRUCI;-35.1NaCl-24.9MgCl,
— Chlorine needs to be enriched to about 55% 37CI.

+ With 100% 37Cl, using the same core model:

— About 70 kg of plutonium could be produced from 1 GW,,-yr (SFR with blanket: 95 kg/GW,,-yr)
+ CR=1.19forthe MSR example (CR=1.25 for the SFR example)
+ Conversion ratio of the MSR could be slightly increased by optimizing the core design

— Neutron economy of the system is not optimized
- Use of blanket in MSR is not as straightforward as with solid fuel systems

HATIOMAL LABORATORY

Argonne & . | B UCRIDCE
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MSR in Recent DOE-NE Studies
Evaluation and screening groups

* “Nuclear Fuel Cycle Evaluation and Screening,” 2014 (FCRD-FCO)

— MSR used as the Analysis Example for two of the Evaluation Groups
+ Limited recycle of 22U/Th in MSR (thermal) — EG10
+ Continuous recycle of 233U/Th in MSR (thermal) — EG26
— MSRs could be used as the thermal or fast reactors for other limited or continuous

recycle fuel cycles
« Liquid-fueled MSRs are inherently recycle systems due to the removal of fission products

* Due to the continuous removal of volatile fission products, and the possible
addition of fuel during operation to achieve and maintain near zero excess
reactivity, MSRs have a favorable neutron economy

— Online processing is also possible to further clean the fuel/salt mixture of fission
products, but a significant amount of salt might have to be processed

— Material loss could be larger than for other reactor systems, but details are currently
uncertain

HATIOMAL LABORATORY

Argonne & . | B UCRIDCE
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Session Summary
Safety, core physics, and fuel cycle performance

+ Due to their nature, MSRs have a favorable safety behavior...but still need to
address a few key safety challenges.

+ By some aspects the reactor physics of MSR is simpler (no assemblies, no
spatial self-shielding...), but it also brings new phenomena (precursor drift, gas
bubbles) which are not yet well modeled.

» Determining accurate fuel and salt composition with burnup is essential to
performing analyses for MSRs:

— Need to improve state of modeling and simulation tools to appropriately represent unique
features of MSRs

Argonne & . | B UCRIDCE

HATIOMAL LABORATORY

Module 4 — Slide 26.  Session Summary — Safety, Core Physics, and Fuel Cycle Performance.

Session Summary
Safety, core physics, and fuel cycle performance

» The wide variety of MSRs (thermal/epithermal/fast, power density,
uranium/thorium, online/batch/no processing...) enables them to be considered
for almost any application where more mature reactor types are currently being
used.

— Similar passive safety features as SFRs, with similar burning/breeding capabilities when fast
spectrum is used;

— High salt temperature, somewhat similar to HTGRs, enabling process heat applications;

— Improved resource utilization compared to PWRs, even with thermal spectrum MSRs (e.g.,
LWR at ~0.6% compared to MSR concepts at ~1.0%).

Argonne & . | B UCRIDCE

HATIOMAL LABORATORY
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2.6 Module 5 — Safeguards Considerations and Challenges

George Flanagan of ORNL assembled and gave this presentation that provided an overview of the
question of safeguards and proliferation risk, and discussed the issues of implementing safeguards for
MSRs, focusing on liquid-fueled MSRs. Among the significant points made during the presentation are
the following:

— Proliferation risk is the risk that a state would obtain nuclear weapons. As stated by the IAEA,
"The objective of IAEA Safeguards is to deter the spread of nuclear weapons by the early
detection of the misuse of nuclear material or technology.”

— Proliferation risk has become a dominant concern for all fuel cycles. The potential contribution
to proliferation risk for MSRs has not yet been evaluated, and MSR designs until the mid-1970s
did not consider proliferation issues. The ability to implement international safeguards is key to
addressing proliferation risk

— The use of a liquid fuel may complicate application of traditional safeguards approaches and
technologies since it changes or removes some of the barriers to materials diversion. The lack of
discrete fuel elements combined with continuous transmutation and online processing prevents
traditional “item” accounting, although solid LEU fresh fuel salt in transport and storage
accountancy resembles LWR fuel. The ease of access to nuclear materials will depend on design
details for the plant, including any processing that is done on the liquid fuel/salt mixture.

— The path forward on how to approach the safeguards issues for MSRs is being developed at this
time. Current reactor safeguards implementation strategies do not address the implications of
fluid fuel forms, and MSRs will need the development and application of non-traditional
safeguards approaches.

Module 5:
Safeguards Considerations
and Challenges

George Flanagan

Distinguished Research Staff

Reactor and Nuclear Systems Division
865-574-8541

flanagangf@ornl.gov

Informational Seminar on Molten Salt Reactors
DOE Office of Nuclear Energy, Germantown, MD
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What are Safeguards and How are they Related to
Proliferation Resistance?

* “The objective of IAEA Safeguards is to deter the spread of nuclear weapons

by the early detection of the misuse of nuclear material or technology” - IAEA

— Safeguards are the technical means for the IAEA to verify that States are meeting their legally
binding undertaking not to use nuclear material or other items for illicit purposes

— Safeguards system was established by the Nuclear Non-Proliferation Treaty (NPT)

+ Proliferation resistance is a more recent concept intended to provide an
indication of the intrinsic (physical/technical) and extrinsic (institutional)
aspects of nuclear energy systems that can affect proliferation risk

— Proliferation resistance - the characteristics of a nuclear energy system that impede the
diversion of undeclared production of nuclear material or misuse of technology by states in order
to acquire nuclear weapons or other nuclear explosive devices (IAEA 2002)

— Evaluation methodologies for proliferation resistance are being developed, e.g., in GenlV
There is a necessity to safeguard facilities that involve nuclear material.

Does not consider the concept of proliferation resistance.

% OAK RIDGE
National Laboratory

Module 5 — Slide 2. Safeguards and How are They Related to Proliferation Resistance?

Proliferation Risk Has Become A Dominant Concern For
All Fuel Cycles

» The potential contribution to proliferation risk for MSRs has not been evaluated
— MSR designs until the mid-1970s did not consider proliferation issues
— Results may be design and technology dependent
— Ability to implement international safeguards is key to addressing proliferation risk

» The use of a liquid fuel may complicate application of traditional safeguards
approaches and technologies

Changes the barriers to materials diversion

Lack of discrete fuel elements combined with continuous transmutation and online processing
prevents traditional “item” accounting

Solid LEU fresh fuel salt in transport and storage accountancy resembles LWR fuel

Ease of access to nuclear materials will depend on design details for the plant, including any
processing that is done on the liquid fuel/salt mixture

I

% OAK RIDGE
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Module 5 — Slide 3. Proliferation Risk has become a Dominant Concern for All Fuel Cycles.
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Proliferation Resistance & Physical Protection (PRPP)
may Consider, but is NOT the Same as, Safeqguards

” “

« Often confusion between “material attractiveness”, “proliferation resistance”, and
“safeguardability”, etc.

* IAEA, GIF (and others) have developed guidelines for evaluating PRPP
— GIF has been developing a methodology for assessing PRPP

» These methods typically consider the “value” / "attractiveness” of the material and
the “access” / “barriers” to that material

* For GIF, that includes:
— Value: Fissile material type

— Barriers: Technical difficulty, proliferation cost and time, detection probability, and
detection resource efficiency

+ The latter two in particular take into account the safeguards or “safeguardability”
considerations

+ The remainder of this talk will focus on safeguards, and not PRPP

% OAK RIDGE
National Laboratory

Module 5 — Slide 4. Proliferation Resistance & Physical Protection (PRPP).

Fundamental Safeguards Concepts

+ ...the timely detection of diversion of significant quantities of nuclear
material from peaceful nuclear activities to the manufacture of nuclear
weapons or of other nuclear explosive devices or for purposes unknown,
and deterrence of such diversion by the risk of early detection.

+ ...use of material accountancy as a safeguards measure of fundamental
importance, with containment and surveillance as important
complementary measures.

« ...the Agency...may...verify the design information [of a facility]...”

Paragraphs 28, 29, and 48 model comprehensive safeguards agreement
(INFCIRC/153)

% OAK RIDGE
National Laboratory

Module 5 — Slide 5. Fundamental Safeguards Concepts.
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DOE’s National Nuclear Security Administration Has
Begun to Evaluate MSR Safeguards Issues

+ Develop path forward on how to approach the safeguards issues surrounding
MSRs

+ Effortleverages expertise in safeguards, proliferation resistance, and MSR
technologies

+ Scoping level study recently completed by a national laboratory team

— Draft white paper approved by NA-241 sponsor

— Detailed work products will have restricted access as they may reveal limitations/vulnerabilities
+ Assessing and developing approaches and technologies to support IAEA is

primary focus

— Material control and accountability

— Safeguards technology

— Inspection regimes

% OAK RIDGE
" National Laboratory

Module 5 — Slide 6. DOE's National Nuclear Security Administration has begun to Evaluate MSR
Safeguards Issues.

Significant Quantities, Form of Material and IAEA Detection
Timeliness Goals

Type of IAEA
Used _fqr Nuclear Form _of T T
determining Material Material Goals

frequency of
inspections

Classification Pu, HEU, U-233 Conversion time | Timeliness
Significant Quantity (SQ) *Direct use unless stated Goal
+ Pu:8 kg (<Bowt% Pu23)  IMMLEICSIIES
1m

.+ U-233:8kg 1* metal 7-10d
+ HEU: 25 kg (>20 wt% U235) 2" oxides, nitrates 1-3w 1m
+ LEU: 75 kg (<5 wt% U235) (D285 Lk230220%)
. Th 20t 3 irradiated fuels 1-3m 3m
4** <20% U-235+U- 3-12m 12m
233; Th
ALLURIDCE

Module 5 — Slide 7. IAEA Significant Quantities, IAEA Form of Material, and IAEA Detection
Timeliness Goals.
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Nuclear Material Accounting - Fundamental to
International Safeguards

* Nuclear material must be accounted for at each stage of operations

* Design of Material Balance Areas
— Allow a Mass Balance to be achieved
— Determine Material Unaccounted For (MUF)
— Allow Physical Inventory Verification

* Design of inventory and flow Key Measurement Points (KMPs) to
measure nuclear material

* Design of containment and surveillance systems

% OAK RIDGE
National Laboratory

Module 5 — Slide 8. Nuclear Material Accounting — Fundamental to International Safeguards.

Current Reactor Safeguards Implementation Strategies
Do Not Address the Implications of Fluid Fuel Forms

+ MSR fuel will be a homogenous mixture of actinide salt, solvent salt, and fission
products

+ Continuous variation over time of isotopic concentrations in the fuel salt

+ Challenging measuring environment
— High operating temperature, high neutron and gamma flux, corrosive environment

+ On-line fissile material separations possible, and hence associated diversion

« Fissile material present in piping, storage tanks, heat exchangers and salt cleanup
systems outside reactor vessel

— Fissile materials may accumulate in salt polishing systems or cover gas management systems
— Needs to be monitored in each area, and at all times

+ Unique refueling/breeding schemes
— Accumulating additional fissile material outside of vessel (breeder)

- Non-traditional solid fuel forms e.g., drums, capsules etc. (burner) % 0AK RIDGE

Module 5 — Slide 9. Current Reactor Safeguards Implementation Strategies do not address the
Implications of Fluid Fuel Forms.
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Safeguards Technology & Instrumentation Challenges Exist

- Safeguards goals for MSR designs must be developed because they
determine instrumentation requirements

» High material throughput, results in significant measurement uncertainty
« Will have to be factored into the overall performance requirements.

* Nuclear material signatures dictate the type of instruments that can be
applied

« Not all instruments measure the same signatures or give the same results.

+ High thermal & radiation environment, remote & unattended monitoring likely
required and different technologies will have to be developed.
« Reliability issues; consider lifetime of instruments in the reactor system.
« Access for maintenance, periodic upgrades of instruments & supporting software

+ Extensive assessment of current safeguards technology required

= Applicability to MSR safeguards & what further development, modifications, upgrades should occur
% 0AK RIDGE

tional Laboratory

Module 5 — Slide 10.  Safeguards Technology & Instrumentation Challenges Exist.

MSRs Blend Features From Bulk and Item Facilities

* MSRs share characteristics of both
reactors (transmutation) and spent fuel _ —
reprocessing plants (change in chemical “gat?”als.are f"ehpt in item form and
and physical material forms) the integrity of the item remains

Item Facilities: Reactors

unaltered
— With the added complication of the intense . .
heat and radiation arising from active nuclear Bulk Facilities: Conversion,
fissioning Enrichment, Fuel Fabrication,

Reprocessing
not be solid and fixed and would therefore Nuclear material can get held up,

Unlike reactors, the nuclear material may

considered as bulk facilities processed, or used in bulk form

» Unlike reprocessing plants, MSRs are not
throughput facilities, i.e., comparatively
little material is being added or withdrawn
- such that it can be considered a “closed

loop”
P 3 OAK RIDGE

||||||| Laboratory

Module 5 —Slide 11.  MSRs Blend Features from Bulk and Item Facilities.
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Approaches

Safeguards routinely applied
Reactor and fuel cycle facilities are distinct

Fuel assemblies are discrete items — with offline
refueling

Monitor transfers in/out: monitor core and power
level. Bar code reader |.D. and item counting of
individual units (fuel assemblies)

MSRs Will Require Non-Traditional Safeguards

LWR (Traditional) MSR (Non-Traditional)*

Traditional safeguards techniques may not be
applicable

Reactor and fuel cycle essentially may be
combined in a single facility

Fuel can be a mixture of fuel salt, coolant salt,
fission products, and actinides — some with
online refueling; continuous feed and removal of
salt

Additional monitoring will be required that
doesn't exist today. Item counting and visual
accountability of fuel may not be possible

% OAK RIDGE
National Laboratory

Module 5 — Slide 12.

MSRs will require Non-Traditional Safeguards Approaches.

noble metals

with fresh fissile or fertile material

to the liquid fuel
* Presence of fuel outside the vessel

+ High temperature/high radiation levels

« Potential for online reprocessing whereby some fraction of the inventory can
be removed while the reactor is operational

* Unique refueling schemes including the ability to continuously feed the core

Several technical factors will show departure from
conventional safeguards for liquid fueled MSRs
+ Homogeneous mixture of fuel, coolant, fission products, and actinides

» Continuous variation of isotopic concentrations in the fuel salt, including
removal (passive or active) of fission products, rare earth elements, and

* Presence of frozen fuel potentially requiring a different safeguards process

% OAK RIDGE
National Laboratory

Module 5 — Slide 13.
Liquid Fueled MSRs.

Several Technical Factors will shoe Departure from Conventional Safeguards for
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Molten Salt Reactor’s Unique Features Imply Designers
Should Consider Safeguards as Part of the Design:
Safeguards by Design (SBD)

» SBD: process of incorporating features to support international
safeguards into nuclear facility designs starting in its conceptual
design phase.

— Element of the design process for a new nuclear facility from initial planning
through design, construction, operation, and decommissioning.

— Similar to safety features for today’s reactor designs
» SBD includes use of design measures that make the implementation
of safeguards at such facilities more effective and efficient

— Will be less costly to introduce measures to address safeguards needs at the
beginning of the design process

* DOE/NNSA, NRC, and IAEA advocate SBD

% OAK RIDGE
" National Laboratory

Module 5 — Slide 14.  Molten Salt's Unique Features imply Designers should consider Safeguards as
Part of the Design.

Safeguards, Security, and Safety can Affect Each Other

* These should all be considered as part of the design process, e.g.,
using Safeguards-by-Design principles
— To ensure compatibility and proper functioning to meet design goals

Safety

Risks arising from
unintended events:

Natural occurrences

Safeguards

Detect the diversion of
nuclear materials for

Risks arising from
malicious acts with the
intent to steal material or
cause damage

nuclear weapons
purposes in a timely
manner

Hardware Failures
Internal Events
Human Error

(sabotage)

Host State

% OAK RIDGE
" National Laboratory

Module 5 —Slide 15.  Safeguards, Security, and Safety can affect each other.
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It Is Important that MSRs Consider Safeguards & Security
Early in the Design

- Difficulty/Expensive to retrofit the design

— Retrofits may interfere with operations, maintenance, radiation protection, or safety aspects of the design
— post design introduction may conflict with safety aspects already existing in design which has been
reviewed by regulatory body
+ Safeguards

— Designers/researchers need to work with the regulators to develop methods that make it easier to
implement safeguards in the design

+ monitoring - challenging in an advanced reactor (temperature, tritium, high radiation, inert
atmospheres, toxic materials)

+ remote sampling capability (counting and visual accountability won't work for MSR)
- reduce quantities of fuel outside the vessel IAEA activities and resources

e . . are determined by member
+ accessibility for inspections states. Member states need

- Design Security into the advanced reactors to indicate that MSR
- . . safeguards are of high
— Perform vulnerability studies early and as necessary as the design progresses BT Pt AV T QR =1
— Use modern technology to reduce the need for guards, guns and gates action.

% OAK RIDGE
National Laboratory

Module 5 — Slide 16. It is Important that MSRs consider Safeguards & Security Early.

Why Should Designers/ Vendors Take Note?

 |AEA Safeguards will be required if MSRs are deployed in non-
nuclear weapons states

— Safeguards are required by the NRC for U.S. deployment

* New technologies will stress the IAEA International Safeguards
system and this may have consequences on MSR deployment

» Strong negative impacts if MSRs are perceived to have safeguards/
proliferation issues

* Application of safeguards for MSRs may face technology challenges
and new safeguards approaches

— May require combination of bulk and item methods
— Environment in MSR significantly more severe than in reprocessing plant
— Fissile material location is distributed % OAK RIDGE

Module 5 —Slide 17.  Why should Designers / Vendors take note?
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Key Questions that Remain to be Addressed

+ Is the IAEA and international safeguards system ready for MSRs? If not, what
steps should be taken to prepare?

+ Are the safeguards inspection regimes of today valid for proposed MSR designs
and the associated fuel cycles?

» Have the appropriate safeguards approaches been determined for MSRs?
+ Are the safeguards approaches for one MSR design valid for another design?

+ Are the safeguards inspectors of today aware of and prepared for the challenges
presented by MSRs?

* |s the safeguards technology of today sufficiently mature to meet the verification
challenges posed by MSRs and their associated fuel cycles?

» Are non-destructive assay technologies and other measurement instruments
ready for deployment to meet these new verification challenges?

% OAK RIDGE
National Laboratory

Module 5 — Slide 18.  Key Questions that Remain to be Addressed.



Fuel Cycle and Nuclear Technology Seminars for DOE/NE — Molten Salt Reactors
March 31, 2017 83

2.7 Module 6 — Research, Development, and Deployment Challenges

Gary Mays and George Flanagan of ORNL assembled and gave this presentation that presented the
current status of R&D planning, and described paths forward for pursuing development of MSRs.
Among the significant points made during the presentation are the following:

— MSR R&D needs have been identified by a task force representing developers in industry, as well
as by DOE laboratory researchers.

— ORNL has prepared a draft MSR strategic plan and provided the plan to DOE/NE as input for
MSR R&D moving forward.

— ORNL identified 7 strategic objectives to support MSR development goals.

— The presentation listed specific MSR R&D areas that are recommended for DOE/NE
consideration, especially near term activities that have potential value to most or all MSR
developers.

Module 6:
Research, Development, and
Deployment Challenges

Gary Mays
Group Leader, Advanced Reactor Systems and Safety

865-574-0394
maysgt@ornl.gov

George Flanagan

Distinguished Research Staff

Reactor and Nuclear Systems Division
865-574-8541

flanagangf@ornl.gov

Informational Seminar on Molten Salt Reactors
DOE Office of Nuclear Energy, Germantown, MD
February 16t 2017

ORML is managed by UT-Battelle %O_.—'\K RIC

for the US Department of Energy MNational Laboratory

Module 6 — Slide 1. Title Slide.
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Previewing MSR R&D Challenges and Needs

+ MSR R&D underway includes private sector and government-private section
collaborations => not the traditional R&D approach by government only

* R&D areas identified by MSR Technical Working Group via GAIN

* Draft ORNL MSR Strategic Plan — R&D areas to consider for all MSRs
+ DOE-NE MSR actions/initiatives

+ ARC 2015 Award — Molten Chloride Fast Reactor

+ DOE/ORNL - CAS/SINAP CRADA

+ Two example areas — issues on materials development and fuel qualification

ional Laborator

% OAK RIDGE
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Module 6 — Slide 2. Previewing MSR R&D Challenges and Needs.

Challenges for Successful Development and
Commercial Deployment of of MSRs

« 50 years since US operated an MSR

Lower TRL vs other advanced reactors
+ Sustained RD&D effort required
"Different” reactor technology for NRC

.

+ Need for test and experimental facilities

« Need for mod-sim capabilities

Different safeguards approach

Commercial supply chain

Demonstrated economic performance

A % OAK RIDGE

Nation: al Laborator ¥

Module 6 — Slide 3. Challenges for Successful Development and Deployment of MSRs.
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New R&D Paradigm: Private R&D and Government -
Private Partnership Evolving to Develop MSRs

+ MSR TWG
- DOE Labs
>+ NEI & EPRI

& NRC

» Advanced
Reactor Tech
Program-ART

- IRP& NEUP 8

PRIVATE

+ Advanced & Companies

MSR-MCFR » Investors
. ?outh:rn- = Utilities
erraPower-
ORNL-EPRI LA

Module 6 — Slide 4. New R&D Paradigm.

MSR Technical Working Group Identifies R&D Needs from
6 MSR Companies

Separate effects test program highlighted in December
2016 letter to GAIN Director — provided to DOE-NE

+ Base Technology + Irradiation studies
— Salt synthesis and purification — Material coupon studies and PIE
— Physical properties and static corrosion studies — Saltcapsule testing (variety of salts and materials —

corrosion studies)

* Modeling and simulation — In-core salt flow loops (one fluoride and one
— Gap analysis chloride)

— Tool selection, development, and integration

+ Vendor development
— Verification and validation

— Pump development

* Flow loops - Heat exchanger development
— Small-scale forced convection (250-500 kW) - — Valve development
multiple materials and salts

— Medium-scale forced convection (2-3 MW)
— fluoride and chloride loops
P MSR TWG Request Profile:

FY18 FY19 FY20 FY21 TOTAL

$23M $77 M $62 M $207 &,O;\K RIDGE

Narional Laboratory

Module 6 — Slide 5. MSR Technical Working Group Identifies R&D Needs.
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DOE Mission for Nuclear Power

m mfl ance nuclear pott eras a resource capabh a,f'"mc'c'r.-'u;;: the

By 2050, advanced reactors ovide a significant and growing
component af the nuclear energy mix both .-."mm:m Iy and
globally, due to their advantages i 0

* Draft DOE report — “Vision and Strategy for Development and
Deployment of Advanced Reactors” - 2016

“End Goal” for Development of MSRs Derived from
DOE-NE’s For Nuclear Power and Advanced Reactors

Start with end in mind ...

The United States will establish and maintain the
leading position worldwide in designing,
Sfabricating, and demonstrating liquid-fueled
molten salt reactors (MSRs) with a goal of
meeting future electricity and process heat needs.
By the early 2030°s MSRs will have reached
technical maturity, demonstrated safety and

economic benefits, and completed licensing
reviews by the U.S. Nuclear Regulatory
Commission (NRC) sufficient to allow
construction to go forward through strong
engagement among the nuclear industry, DOE
and its national laboratories, and universities.

% OAK RIDGE

Narional Laboratory

Module 6 — Slide 6. "End Goal" for Development of MSRs.

« Follow-up to earlier MSR white paper

« Focused on liquid-fueled MSRs => elements
applicable to solid-fueled MSRs as well

+ Two parts
— Part 1: 7 strategic goals => gov't — private partnership
— Part2: Implementation plans => identifies R&D actions
+ Supporting objectives:
— Engage US nuclear industry => collaborate to retire
technical risk and increase TRL

defined pathway for licensing MSRs
— Establish options non-nuclear separate and integrated

reactors

— Engage US Nuclear Regulatory Commission => establish

effects test facilities, test reactors, and/or demonstration

ORNL Has Prepared an MSR Strategic Plan and
Provided as Input for MSR R&D Moving Forward

+ |nitiated and funded internally — no formal request

ORNL MSR
White Paper

ORNL Draft
MSR Strategic Plan

Next step: White Paper
and Plan provide basis for
developing Roadmap —
timeframes & $

MSR Roadmap

% OAK RIDGE

Narional Laboratory

Module 6 — Slide 7. ORNL has prepared an MSR Strategic Plan.
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ORNL Identified 7 Strategic Objectives to Support MSR Goal
4 . . . N )
1. Establish the technical and safety basis for liquid-fueled MSRs by retiring the technical
risks associated with MSR performance, safety, and licensing.
From draft ORNL
2. ldentify and establish the physical R&D infrastructure (loops, test stands, etc.) needed Lﬁﬁﬁﬁ,‘;ﬁﬁ%‘j to
to support the development of MSRs. John Herczeg
Jan 2017

3. Demonstrate the technology viability, component and system reliability, and safety of
MSRs by constructing and operating appropriate test and/or demonstration reactors to
support the ultimate deployment and licensing of MSRs.

4. Establish the technologies to enable a commercial MSR fuel cycle.

5. Incorporate modern modeling and simulation capabilities into the development of tools
and methods to support the design, operations, and licensing of MSRs.

6. Enable the NRC to achieve a well-defined and timely pathway for licensing by providing
the information needed to formulate a licensing framework and basis for MSRs.

7. Support and enable private sector development and deployment of MSRs by key
stakeholders via public-private partnerships.

\ _J %QAKRIDCE

Module 6 — Slide 8. ORNL Identified 7 Strategic Objectives to Support MSR Goal.

1
-

RD&D Technical Challenges for MSRs Presented Earlier Addressed

n MSR Strategic Plan
Maintenance activities in high radiation environments are much more challenging

Some fuel cycles include on-site fissile materials separation (i.e. historic MSBR)

« Nickel based alloys embrittle in high neutron flux environments at high temperatures — some new

designs employ internal shielding
Clad alloys are largely unaddressed in high-temperature design code
Chloride fuel salt properties have never been demonstrated in-core

Large-scale isotope separations are immature and expensive
— 37C| for some fast reactors and ’Li for some thermal reactors
— Tritium is a significant unresolved issue for high-temperature reactors that employ lithium salts

Large scale components for fuel salt and cover gas are immature
Distribution of fission products has significant remaining unknowns
MSR modeling tools are immature and not well validated

No licensing basis for commercial fluid-fueled systems

High salt freezing temperatures _ - ¥0AK RIDGE

Martional Laboratory

Module 6 — Slide 9. RD&D Challenges for MSRs Presented Earlier Addressed in MSR Strategic Plan.
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Strategic Objective 1: Establish technical and safety basis
for liquid-fueled MSRs by retiring the technical risks
associated with MSR performance, safety, and licensing.

Strategic Issues

+ Identify & qualify a liquid molten fuel and materials system (analogous to a solid
fuel and clad system) to understand and validate fission product behavior and
fuel salt interactions with primary system materials;

+ Qualify structural materials and fabrication methods, which is especially
challenging for complex structures such as heat exchangers, for both fluoride-
and chloride-based salts;

« Demonstrate passive decay heat removal systems and to validate models;

+ Obtain more knowledge of the properties and associated processes for chloride-
based salts, and the need to extend fluoride salt chemistry baseline information
that will also aid in further understanding of chloride saits;

+ Develop and demonstrate potential technology options for sequestering tritium
produced in MSRs that use fluoride salts;

+ Develop manufacturing capability for key commercial scale MSR components
such as pumps and valves;

+ Determine the availability of and potential options for separations processes for
industrial-scale production of chlorine and lithium isotopes, and knowledge of
the potential costs for such processes; and

+ Develop remote tooling, instrumentation, and control systems to perform
operational and maintenance activities within the highly radioactive containment

—

Example from MSR Strategic Plan Showing Structure &Content Detail

Strategy/Actions for First Issue under S50 1

1. Identify and rank the phenomena, variables, and parameters

associated with the fuel that dictate the safety and operations

of a liquid-fueled MSR, including

* introduction of fission products into the fuel, changing

composition of fissile/fertilematerial,

i ionof corrosion due to i with
fuel and structural materials or the chemical control system,
and

+ changes in flow rate and temperature associated with

operational adjustments.
Stability of salts, particularly chloride salts, under
irradiation must be confirmed.

ii. Devise capsule tests to be run at ORNL’s HFIR and/or
Advanced Test Reactor (ATR) to address the stability of
chloride salt solutions under irradiation.

iii. Develop the infrastructure to perform special effects tests to

determine the cl in physical properties d d
important from (i) above, including the ability to vary
position by introduci J:! ials covering

the range of composition changes anticipated and to vary

the salt temperature within the ranges anticipated.

iv. Based on the data and observations from iii above, develop
thermodynamic models could be used to provide phase
diagrams based on salt composition and temperature for use
by designers and safety analysts to ensure safe, efficient

MSR operations.

% OAK RIDGE
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Module 6 — Slide 10.

Example from MSR Strategic Plan Showing Structure and Content Detail.

required for traditional LWR technologies

in development of MSRs

+ Siting requirements and evaluations
— Co-location for process heat applications

Regular MSR technical exchanges

~ Provides opportunity for NRC engagement

Supporting MSR Goals to Aid Commercial
Deployment Complement Strategic Objectives

« Safeguards monitoring of liquid-fueled MSRs will be a departure from that

Expanded participation in Generation IV International Forum => |leadership role

— Use of non-steam based power conversion systems offers additional siting options

— Foster cooperation and communication on public-private partnership

% OAK RIDGE

Nartional Laboratory

Module 6 — Slide 11.
Objectives.

Supporting MSR Goals to Aid Commercial Deployment Complement Strategic
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Successful Deployment for MSRs Likely is Public-Private Partnership

Public
(Gov't — DOE)

MSR R&D
Multiple Designs
Generic Support

| — Identify MSR PublicFunding e
Public - Private Technology 7 MSR Technology Risk__ Public—Private Commercial
‘ MSR Partnership Gaps & Prioritize ; "Refirement— RD&D ‘ ‘MSRDemo MSR Reactor(s)

‘ Reactor(s) (il

Private Sector
(Industry/Vendors MSR R&D
/ Specific Design

Utilities)

Engage Prepare Design
US Nuclear stablis S Develop Demo Control
Regulatory i 1 Reactor Licensing Document(s)
Commission Application for NRC Approval

Phase 3

=DAK RIDGE
- National Laboratory

Module 6 — Slide 12.  Successful Deployment for MSRs Likely is Public-Private Partnership.

Notional Timeline - Key Activities To Be Ready for Early
2030’s for Deployment

Public-Private Collaborations via
DOE ART and GAIN MSR TWG

Develop Reg ary Licensing Process Commercial
Framewo Test/Demo Reactor Application

Design & Construct
PRl SR
Design for Construction & Operate
Commercial Reactor{s) Commercial Reactor(s)

B N N N N .

P . P—— - National Laboratory
DOE-NEMSR Seminar-Feb 16, 20

Module 6 — Slide 13.  Notional Timeline — Key Activities to be Ready for Early 2030's.




Fuel Cycle and Nuclear Technology Seminars for DOE/NE — Molten Salt Reactors
90 March 31, 2017

MSR R&D Areas Recommended for DOE-NE Consideration -
- Near Term - Potential Value to all/most MSR Developers

« Determine what the equivalent of a fuel qualification program looks like for a liquid-fueled reactor

« Develop a code qualified base structural alloy and coating (chemical compatibility) for both fluoride and chloride
systems

« Develop salt chemistry capability to perform thermal and physical property evaluations and measurements
(plans underway)

« Perform chloride salt capsule testing and loop testing

+ Address need for developing modern salt components (pumps and valves) needed for loops and scaling up to
commercial scale

+ Demonstrate passive decay heat removal systems and validate models => confirm for NRC

» Plan and conduct zero power critical experiments — develop international benchmark

« |ldentify and develop safeguards approach and I&C needed for safeguards measurements

« |dentify how automation effectively impacts maintenance for MSRs — high temp and rad areas

« Develop point designs for both fluoride and chloride MSRs to focus development of safety analysis tools and
experiments
% 0AK RIDGE

National Laboratory

Module 6 — Slide 14.  MSR R&D Areas Recommended for DOE-NE Consideration.

DOE-NE R&D Initiatives Shaping MSR R&D Plan

* Including a National Technical Director for MSRs in ART program

» Developing plans for April 10-12 Molten Salt Chemistry workshop at ORNL

— Objective: Identify potential science-based, technology-drive research opportunities to
facilitate and accelerate MSR technologies development

— DOE-NE lead: Stephen Kung ORNL lead: David Williams

* Providing MSR developers access to St e
MSR historical documents (~210 to date) via GAIN

Flusride Salt-Cooled High-Temperature
elopment and

» Planning MSR Roadmap => starting point
— MSR Strategic Plan (2017) %
-~ FHR Roadmap (2013) =

= %.0AK RIDGE

National Laboratory

Module 6 — Slide 15.  DOE-NE R&D Initiatives Shaping MSR R&D Plan.
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DOE ARC 2015 Awards - 2 New Investments in Advanced
Reactors Announced in 2016 - One is an MCFR

+ Southern Company leads team to develop fast
spectrum molten chloride salt-cooled reactor

— Team includes TerraPower, ORNL, EPRI, & Neutron
Vanderbilt University reflectors Heat

— ORNL principal roles include s’:ﬂ“;ﬁ;gg’;‘; _ Main fuel exchanger

« Reactor systems & technology development g i |

+ Safety assessmentand licensing strategy Vessel N

+ Materials assessment

+ Salt purification and property measurements
+ 5 year ARC R&D award to culminate in IET facility

+ TerraPower is reactor design lead
with 4 years R&D complete — new
facilities enable

— Salt synthesis
— Flow loops
— Separate effects % OARRIGE

TerraPower Test Facilities National Laboratory

Module 6 — Slide 16. DOE ARC 2015 Awards — 2 New Investments in Advanced Reactors Announced
in 2016 — One is an MCFR.

Phase 1 of SINAP-ORNL CRADA*
Completed June 2016

Successfully commissioned and operated ORNL's
Liquid Salt Test Loop

ORNL Liquid Salt
TestLoop —

configuration and
thermal image

Procured and set up experimental facility for salt flow
meter calibration

+ Updated SCALE 6.2 with salt property data e [

Operating pressune %2 bar 5 30 paig)

Reviewed salt pump history and completed initial P [

hydraulic and vibration modeling of LSTL pump =5y 110 pos]
Cross pipe 1D 267 em {105 in.)

. . . . Salt volume: 1201 {240 kg)

Held FHR safety and licensing workshop in Shanghai Trace heating 27k

for 270 CAS, SINAP, NNSA (regulator) staff members in  Zohnoe,

Dec 2015 r——

+ Phase Il awaiting approval by DOE-NE and DOE-NNSA
« LSTL operation and component testing
+ Materials roadmap support
+ PIRT exercise — FHR safety and performance issues
+ Reactor system modeling tool development

ORNL Flow Meter
Calibration Facility
% OAK RIDGE

* Does not include fuel development or fissile material separation technology <4 ’ \
FHR Safety & Licensing Workshop ™ Mavional Laboratary

Module 6 — Slide 17.  Phase 1 of SINAP-ORNL CRADA Completed June 2016.
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R&D Example 1: Materials Development Issues and
Approaches

« Harsh environments (radiation, chemical corrosion, and temperature) limit the
selection of materials for use in MSRs

« Currently high nickel based alloys appear to have the best high temperature and salt
compatibility
— Hastelloy-N (used in MSRE) - resistant to salt corrosion -not ASME nuclear code qualified ,
temperature limitations of T <704°C, and has poor neutron irradiation tolerance (He production)

+ All current high nickel alloys have poor irradiation resistance => results in design
penalties such as replacing components, systems and structures exposed to high
irradiation frequently (in the range of 6-8 years
=> However, some reactor designers appear to be willing to take this
replacement approach in order to get to market sooner while others are
expecting materials development to enhance their business case

+ Need for development of new irradiation tolerant structural alloys to allow 30 or more
years of operation without replacement (needed for both fluoride and chloride fueled
systems)

+ Alternative is to clad irradiation tolerant and temperature tolerant materials such as
SS with corrosion tolerant materials such as Mo or ceramics. % OAK RIDGE

National Laboratory

Module 6 — Slide 18.  R&D Example 1: Materials Development Issues and Approaches.

R&D Example 2: Fuel Qualification Issues for MSRs

* For heterogeneous reactors the fuel/cladding system is the principal
barrier to release of fission products

 Extensive effort has been placed by the industry and regulator (NRC)
on assuring that the behavior of the fuel is well understood under all
perceived operational conditions < fuel qualification

* Introduction of a new solid fuel type can be expected to take
hundreds of millions of dollars and up to 25 years for qualification

— Includes extensive irradiation and hot cell examinations

% OAK RIDGE

National Laboratory

Module 6 — Slide 19. R&D Example 2: Fuel Qualification Issues for MSRs.
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R&D Example 2: Fuel Qualification Issues for MSRs (cont’d)

* MSRs have no equivalent to the traditional fuel qualification process
+ MSRE indicates that the salt compounds are insensitive to irradiation damage

+ Major concern will be changing chemical behavior during dwell time in the
reactor and in storage
— No irradiation
- No hot cell examination
— Small samples/ no geometric requirements
— Should be less expensive and less time consuming

* Issue: there is no regulatory precedence for what are the controlling parameters.
% OAK RIDGE

National Laboratory

Module 6 — Slide 20. R&D Example 2: Fuel Qualification Issues for MSRs (cont'd).
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2.8

Concluding Remarks

This presentation provided the concluding remarks about the information provided in the seminar.
Among the significant points made during the presentation are the following:

Many MSR concepts are being developed today by industry, universities, and governments.

Most of the MSRs under development are liquid-fueled MSRs, which are not just reactors, but
represent either limited recycle or continuous recycle fuel cycles.

e The amount of R&D needed to bring a concept to maturity varies depending on the design.

e Some R&D appears to be common to many of the MSR concepts, while other R&D may be
specific to only one or just a few concepts.

The capability to analyze MSR performance needs to be improved to allow accurate assessment
of MSR potential.

Possible R&D plans need to be developed to inform the DOE/NE decision-making process
concerning nuclear energy R&D.

U.S. DEPARTMENT OF

["”j ENERGY Nuclear Energy

Informational Seminar on
Molten Salt Reactors -
Concluding Remarks

Roald Wigeland
National Technical Director
Fuel Cycle Options — Systems Analysis and Integration Campaign
Idaho National Laboratory
roald.wigeland@inl.gov

February 16, 2017

Conclusion — Slide 1. Title Slide.
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£ U.S. DEPARTMENT OF

D ENERGY

Nuclear Energy

Seminar Summary

B The presentations have provided a review of MSR technology,
including possible variations

History of MSR development
MSR characteristics
Potential MSR benefits, disadvantages, and challenges
e Recommended R&D
H There are many MSR concepts being promoted today
e For liquid fuel MSRs, both limited and continuous recycle
e Some concepts are being promoted as possible for demonstration
and deployment in the near term

e Other concepts appear to have more R&D needs, especially with
respect to structural materials, that will likely require more time

February 16, 2017 Informational Semninar on Molten Salt Reactors

Conclusion — Slide 2. Seminar Summary.

SN U.S. DEPARTMENT OF

DENERGY

Nuclear Energy

Next Steps

B Some R&D needs may be common to all MSRs, while others may
apply only to specific concepts
¢ R&D recommendations have been obtained by DOE/NE from both
the ORNL draft R&D plan and from the industry-led MSR
Technology Working Group
H A next step would be to develop R&D plan proposals, along with
time and funding estimates, facility needs, etc., supported by the
needs for the specific MSR concepts
e Common R&D
¢ Concept-specific R&D
H At the same time, improving analysis capability to provide
accurate assessment of MSR potential should proceed
¢ Evaluation of the performance potential of MSR concepts
H Both the R&D plans and the potential MSR performance benefits
would be input to the DOE/NE R&D decision-making process
e The same approach supported by the E&S study

February 16, 2017 Informational Semninar on Molten Salt Reactors

Conclusion — Slide 3. Next Steps.
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3.  Summary

This report has documented the presentations given at the MSR seminar, DOE Headquarters,
Germantown, MD, on February 16, 2017. The presentations represent the history and state of knowledge
about MSRs at that time, and were provided to the DOE Federal managers as background information.
The identified R&D may be used to inform the decision-making process concerning MSRs and the
supporting technologies, but this report does not make any recommendations concerning MSR
development or any directions for R&D.
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