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S History of Molten Salt Reactor (MSR) Hustration, not MR
started at Oak Ridge National Laboratory.
1950s  Aircraft Reactor Experiment (ARE)" ‘s L
1960s  Molten Salt Reactor Experiment (MSRE)”
¥970s « Molten Salt Breeder Reactor (MSBR)”

1970s ¢ EIR (PSI) study (report nr. 411, 1975)
fast spectrum, chlorides

1980s ¢ Denatured Molten Salt Reactor (DMSR)”
* ORNL

RADIAL REFLECTOR

i
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(=)= History of MSR: revival
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2000s » Generation IV, Amster, Sphinx, ... o
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2010s « MSFR, Mosart, ... fast spectrum, fluorides £ )
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2015+ « MCFR, Breed & Burn (TerraPower, PSI, ...) 10
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(== Classification of MSR

MSR is a
class of reactors

with two groups
Type of: \
Molten salt Application Molten salt
fueled reactors cooled reactors

7/ Y4

Reactor
Thermal reactors Fast reactors Fission reactors Fusion reactors
1 | iy | . | i
Fluorides Fluorides or Chlorides Fluorides Fluorides
_ Core
Graphite moderated “Empty” cylinder Graphite based fuel Blanket of the core
(ZrH, H,0, D,0, Be, ... (TRISO particles) (coolant and/or

needs barrier) tritium production)
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Total XS [b]
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(=)= Anions in the salts

Fluorides Chlorides

100% 19 F 76% + 24% 37C|

1000 - 1
35¢I —37CI ——19F S
B 0.1
e
100 2
= 001
]
o
10 £ 0.001
ie)
\ g
o
\  0.0001
1 o
=}
j £ 0.00001
S 351 —37¢I —19F
0.1 0.000001
0.001 0.1 10 1000 100000 10000000 0.001 0.1 10 1000 100000 10000000
Incident neutron energy [eV] Incident neutron energy [eV]

Number of collision to slow-down fast neutron (2MeV->1eV)

19 F 37C|
142 (+big inelastic XS) 258 273

For instance: lodine as the fission product is the next possible anion.
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(=)= Cations in the salts

Lithium
- = - 1
6 V4 =
596 OL_ | + o506 / L1 5
g \
' < 001
Beryllium 5
9] B f; 0.001
100% = s
5 0.0001 ]
[J) —7Li |
] o N
Sodium £ 0.00001 9Be
© 23Na
0.000001
100% 0.001 0.1 10 1000 100000 10000000

Incident neutron energy [eV]
Potassium, Rubidium, ...

Number of collision to slow-down fast neutron (2MeV->1eV)

6Li Li °Be
49 56 70 172

For instance: Cesium as the fission product is the next possible cation.
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(== What are the salt mixtures

Typically eutectic mixture of carrier salts (LiF, BeF,, =F, LiCl, N2Cl, ...)
and actinides salts (ThF,, UF,, PuF;, PuCl;, ThCl,, ...)

MSRE salt, T.._.. =432°C

melt. PuF,

65%LiF-29.1BeF,-5%ZrF,-0.9%UF,

MSBR , Th-U equilibrium cycle, T, =500°C
71.7%LiF-16%BeF,-12%ThF, 0.3%UF,

MSFR, Th-U equilibrium cycle, T, =560°C
78%LiF - 17.6%ThF, - 4%UF, - 0.2%PuF,

MSFR, Pu-started Th-Ueyele, T__, =625°C ./
78%LiF - 16%ThF, - 6%PUF, offLN

MCFR, Pu started U-Pu cycle, T_,, =565°C '
60%!/-Cl - 35%UCl, - 5%PuCl, .

LiF T
MCEFR, Pu started Th-U cycle, T, =425°C LiF-TChF4-IEuF3 ternary phase diagram
559 C| - 39%ThC|4 _ 6%PuCI3 w/ fixed 1% mol UF, concentration

E. CAPELLI et al., “Thermodynamic Assessment of the

LiF-ThF4—PuF3-UF4 System,” J. Nucl. Mater., 462, 43 (2015).
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E

1.

Il.

V.

5 Why MSR? Motivation & appealing features

Neutronics advantages, excellent neutron efficiency.
(parasitic absorptions of carrier salt (and graphite) are small;
in U-Th cycle also the capture of 233U is low)

Fuel in liquid state does not need fabrication.
(it enables TRU recycling, on-line refueling, on-line gaseous
and volatile fission products removal)

MSR can be operated with flexible fuel cycle.
(as thermal, epithermal, or fast breeder and/or burner in Th-U cycle
and as fast breeder (breed & burn) and/or burner in U-Pu cycle)

MSR can be designed as an inherently

safe reactor with reduced risk.
(low inventory of gaseous and volatile fission products,
negative temperature feedbacks, possibility to “reshape”
the liquid fuel for decay heat removal - passive fuel drainage)
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E

5 Key MSR challenges

.

Il.

V.

Structural materials temperature, corrosion, and embrittlement.
(redox potential must be controlled to prevent corrosion,
nickel alloys suffer from irradiation embrittlement.)

Thermal-Hydraulics, dynamics, and limited graphite lifespan.
(molten salt is specific volumetrically heated medium,
delayed neutrons are drifted out of the core, and
if applied, graphite mechanical stability suffers by irradiation)

Missing safety guidelines, complicated reprocessing techniques.
(combined regulations for reprocessing plants and reactors?,
fluoride volatilization techniques, Electro-separation processes,
Molten salt / liquid metal reductive extraction)

Fuel salt selection, chemical treatment, and proliferation risk.
(melting temp., tritium production, solubility of PuF,, on-line refueling,
He bubbling to remove gaseous and volatile fission products,
proliferation risk related to 233Pa or 233U relatively easy separation)
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(== WHho is interested in MSR

Russia (LWR->SFR->MSR strategy, fluorides MA burner but also breeder),

USA (coolant for FHR, graphite moderated or chlorides fast MSR),

China (TMSR program with a plan to rebuild MSRE like demonstrator),

India is considering MSR Th breeder, but the program is at initial stage,

The EU research is
coordinated by

a Horizon 2020
project SAMOFAR
(MSFR safety)

Evolution in Europe
in last few years =>
(Russia, France, and
even Czechia had

national programs.)

2001

“ ISTC # 1606
2002 gonfimation of MSR potential, ( Observer I
ogo3 [dentification of key issues (vs MSBR)

2004
2005

Zﬂﬂﬁ_
ZﬂﬂT—
2008
2““9_
2“1U'_
201'1_
2012

2013

EU Russia Czechia

National projects financed by
Ministry of Industry and Trade

Consumption of fransuranic elements
while extracting their energy

Strengthening of Eurcpean network l,.1—| e,
\\[—Pm_ E il s :

Fallow-up of R&D progress Test facilities and experimental

____ database for assessment of liquid salt
ALISIA Goheakoties

Review of liquid salts for various
applications, preparation of roadmap ISTC # 3749 {

Test and select molten salt and metallic
e structural materials

EVOL (Euratom-Rosatom) |

Optimization of MSFR ’ 'ﬁ‘--}. Minor Actinides Recycling in Malten
{remaining weak points) B Salt

PYROSMANY

2014
2015

2016
Adopted

SAMOFAR (H2020) Cooperation with the EU FPT project
SACSESS2013-16 (PSI participated)
MSFR safety (PS| participates)

Partner

artly from: C. Renault, FISA 2010, The Molten Salt Reactor; RED Status and Perspectives in Europa
party 2 ' P P Page 11
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== MSR national programs today

; rtl;u?rlnst. of Tech.
le UNIST
SINAP (CAS)

8 TMSR Center (CAS)
e TMf\R Program

.\’:;
Vo

UC Berkeley

ANSTO

" (w/ smﬁ‘f
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o= MSR start-ups field illustration
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—=

Company name

Transatomic Power

Terrestrial Energy

TerraPower

FLiBe Energy

ThorCon Power

Elysium Industries

Copenhagen
Atomics

Seaborg
Technologies

Moltex Energy

IFK Berlin

Thorium Tech
Solutions

Location

Boston, USA

Toronto, Canada

Washington, USA

Alabama, USA

Florida, USA

Boston, USA

Copenhagen,
Denmark

Copenhagen,
Denmark

London, UK

Berlin, Germany

Tokyo, Japan

Reactor name

Waste-Annihilating Molten Salt

Reactor (WAMSR)

Integral Molten Salt Reactor

(IMSR)

Molten Chloride Fast Reactor

(MCFR)

Liquid Fluoride Thorium
Reactor (LFTR)

ThorCon

TBA

Copenhagen Atomics Waste
Burner

Seaborg Technologies
Wasteburner (SWaB)

Stable Salt Reactor (SSR)

Dual Fluid Reactor (DFR)

FUII, miniFUJI

MSR start-ups field illustration

Description of design

ZrH-moderated SNF/LEU burner

Graphite-moderated integral LEU burner

Chloride-based fast U-Pu cycle reactor

Graphite-moderated two-fluid Th breeder

Graphite-moderated Th+LEU burner, deployed
by ship

TBA

Graphite-moderated Pu+MA+Th burner

Graphite-moderated Pu+MA+Th burner
Chloride-fuelled Pu breeder, internal fluoride
salt cooling

Chloride or metallic-fuelled Pu breeder,
internal lead cooling

Graphite-moderated single-fluid Thorium
breeder

Summary: Predominance of graphite-moderated burners (simple!)
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(=)= Justification of the MSR research at PSI

O MSR technology bears many innovative and multidisciplinary features that
could be used in the frame of the division-level project and provide
framework for PhDs and PostDocs projects and for funding from alternative
financial sources, e.g. SNF, KTI, and attract the students.

O MSR may be acceptable for public: high resources utilization, low waste
production, and risk reduction and/or exclusion of severe accidents.
In long term it can have a potential to be cheaper that current technology.

O MSR allows for cooperation with international partners:
* In 2015, Switzerland joined the GIF Molten Salt Reactor Project.
e Bilateral cooperation with ITU, POLIMI, CTU Prague, Terrestrial Energy, ...
* NES Division Project on Gen-IV MSR (umbrella for several project).

* There are already 5 financed national and international projects
related to MSR at NES.
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=)= Sustainability = natural resources utilization

O lllustrative size (
of actinides
reserves:

Om 235U

O 1 neutron for fission

O 1 neutron for breeding
0 0.5-0.9 neutrons remain
for leakage & absorption

o) 238U

fissile nucleus
{Pu23g or U233)

catalyzer
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BS Ideal reactor burns 238U or 232Th

Works only if emissions (FPs) O Catalyzer is not in nature
O Initial fuel only 233U..?
O FPs removal
= fuel reprocessing
outside of the core

are (continuously) removed

Fuel: 238U or 232Th

Efficient reactor
(“catalyzed” by 23°Pu or 233U)

Page 18



PAUL SCHERRER INSTITUT
| - —

Natural uranium

0.72% of *°U

100%

[]
D,O@ or C

CANDU
Burn-up of the

Any 23°U fueled reactor has low sustainability

Depleted uranium
0.25% of U 238 | .235u

Enriched U Depleted U Enriched U
90% 5% of U 0.25%o0f “*U  20% of “*U

» . + m» 6 -:- 24

H.,O @ or other none

S

PWR, BWR SFR, LFR, GFR
fuel in FIMA % (GWd/,,,):

0.65-0.75 (6.5-7.5) 3.3-7.0 (33-70) 10-15 (100-150)

Burn-up in % of the original mass of natural uranium:

0.65-0.75
Sustainability:

0.33-0.7 0.24-0.36

Any 235U fueled reactor has low fuel utilization.
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5 Initial fuel & open versus closed cycle

Uranium-Plutonium cycle

Initial stage: 235U based Secondary stage: MOX based

U
”""f,“r“"" e G i u Reactor with
enriched U . _ Uranium fuel _
Uranium ranium fuel ~— VA | A
cycle e e o e
Nat. U utilization: ~0.75% Nat. U utilization: ~1.5%
Partly closed cycle / Pu multi-recycling Fully closed cycle

Reactor with
Uranium fuel
cycle

Reactor with
Uranium fuel
cycle

Recycling

Recycling

Nat. U utilization: 80+% Nat. U utilization: 90+%
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(=)= Higher utilization without reprocessing?

O Higher 23°U enrichment and deeper burn-up in current reactors
does not really improve natural uranium utilization.

O Only in Breed-and-Burn (B&B) cycle up to 20+% of natural uranium
utilization can be achieved without reprocessing.

O It requires supreme neutron economy: in open breeding cycle the
discharged fuel is not recycled.

O Mass of discharged fissile fuel should be equal to the mass of discharged
fission products multiplied by breeding gain.

Breed-and-Burn reactor

Natural
or
depleted

Auto-catalized
reactor

Uranium

Nat. U utilization: 20+%
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(/=)= Closed fuel cycle => equilibrium state

Repetitive fuel recycling
(90+% fuel utilization)

U 509

Minor actinides build-up
(Ac waste = reprocessing losses)

1

Equilibrium fuel composition
(depends on spectrum)

il ;
1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07
Neutron energy (eV)

© o o o
o o N 0
|

o o
w b
!

Capture probability by interacti

o o
= N
|

Eql. fuel parasitic neutron capture
(determines reactivity)

ﬂ Capture on 233U and 2*°Pu is the main source of
Equilibrium reactivity secondary fertile elements #3*U and 24°Pu and
(determines closed fuel cycle capability) later also of Minor Actinides (MA) build-up.
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(== Closed cycle evaluation for 16 reactors
FHR . HTR MSFR MSFR-
1920 . |96.8 FLIBE
Wigm Wigim 41.1 41.1
WiGum WigHm
RBMK PHWR LFR SFR
13.7 321 54.8 48.8
Wigum Wigim Wigu i WiGhm
MSR- MSR GFR § MFBR S
. wi W R
Wighm Wigim o - A it
NaCl-
AcCl4
HPLW i AcCl4 ot
R salt
253 o 54.8 g
Wigsm Wigh Wigim Wigim

0 The simplified designs were adopted as is without optimization.
O If the core consists of assemblies with identical geometry but
different fuel composition only assembly was simulated.

o If the geometry differs, only one selected case is presented. N
Page
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5 Excess reactivity for Th-U cycle

0 Excess reactivity of the equilibrium fuel quantifies the closed cycle capability.
0 Comparison of 16 reactors on the basis of eql. reactivity for infinite lattice (no FPs).

O It includes also isotope-wise break-down of the parasitic captures.

Reactivity (PCM)

24000
22000 — T ] — M Hypoth. p
= — 0 0" e o3y
2 1 | | —
0000 10 s
18000 B H ED233U
16000 1| — — = |m234U
= |m235-238U
0T —| | (mallPu
12000 N | 2 2%
10000 = W = HE |m233ra
_ — B B E HE |motherAc
S0 — &= &= & & =™ Structural
6000 - = H H H H B H [Btxcese
4000 = mHE = =5 5 5 E
2000 = = 5 H B H HB H
0 - — — —] — — — — — —
-2000 -
_4000 I 1 1 1 1 1 1 1 1 1 1 T T T T T
F L& &F & FFLP® F£KELLKFE >
< > Qg,Q & Q:QQ A\ Qg\' S Q~’<<\> R\ S [ <& \y& &
¥ & S
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5 Excess reactivity for U-Pu cycle

0 Only fast spectrum system capable to close the U-Pu cycle.
0 Low %3°Pu fission probability: 23°Pu: 65-75% x 233U: 90%
O Excess reactivity is higher than for Th-U cycle: 23°Pu: v=2.9 x 233U:v=2.5

0 U-Pu cycle has better neutron economy, Th-U cycle better neutron efficiency.

Reactivity (PCM)

40000 —
36000 — T e ) S L, EE— | M Hypoth. p
M M = M — [ | |D0239Pu
32000 L —t T [ [ = |m(v-2)/v*les
28000 - - | -{00239Pu
n ! —{ |[0240Pu
24000 - Hem= — E{E—.241-242PU
20000 T - — = = & {mAm
= H B H H [wom
16000 — B B B &E | |wOtherAc
12000 — = &= & & & W Structural
= BH B HBH B HE |Btxcesp
8000 - = H BH H B E
4000 - =5 5 &5 5 8 B
0 - =H BH BH BH H H E
'4000 . T T T T T T T T
T R & QK XL LR SRR E S v
X
NS & N
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(== Closed cycle capability of MSR systems

FHR (salt cooled HTR, ’LiF-BeF,):
excess reactivity is negative, no closed cycle capability. Neutron economy
even worse than He cooled HTR. (higher specific power = higher 233Pa capture)

MSBR (graphite moderated, Th-U cycle, ’LiF-BeF, or ’LiF)

excess reactivity is small, needs intensive reprocessing (FPs removal)
to provide closed cycle capability. Graphite has limited lifespan.
Other moderators (ZrH, etc.) have no closed cycle capability.

MSFR (fast reactor, “LiF)

Excess reactivity is acceptable. Reprocessing: on-line or in batch. Th-U cycle is
possible, unclear initial fuel? U-Pu cycle not possible (limited PuF; solubility ).
Core wall structural material will have limited lifespan.

MCEFR (fast reactor, Na3’Cl)

High excess reactivity. Reprocessing: on-line, in batch, or breed-and-burn.
Th-U and U-Pu cycles possible, e.g. Pu as initial fuel.

Core wall structural material will have limited lifespan.
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= New feature, sustainability,
may conflict with others

. Sustainability

e

“ Resources utilization."
= (breeding)-

)

" Waste reduction -

< Reactors with high ™
. Neutron economy
(fast spectrum)
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SAFETY
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(=J» MSR safety = liquid fuel safety

Liquid fuel, similarly as the UO, solid fuel,
retains: uranium, TRU, and soluble FPs.

On the other hand, it provides
zero confinement for mobile FPs!
(volatile and gaseous FPs)

Not only that the mobile FPs are not confined,
they must be removed from the fuel.

Decoupling of mobile FPs from major heat sources
may strongly change the safety philosophy.

MSR operates at atmospheric pressure with low mobile FPs content
and may be designed with negative feedback coefficients.

Liquid fuel enables re-shaping for ultimate decay heat removal.

Off-gas system can be possibly designed to handle also accidental situations.
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—=

MSR

If the mobile FPs would be
decoupled from the major
heat sources, the risk
would be strongly
reduced.

Absence of driving forces.

Potential for deterministic
reduction of serious
hazard and consequences.

Regulation for
reprocessing plants may
be applicable to the
removed FPs.

Radiotoxicity
especially of
mobile FPs

Fission chain reaction

criticality &
recriticality

No
pressure

No wild
exothermic
reactions

P

~_

Safety philosophy: decoupling from heat sources

/ No
pressure

No
pressure
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RS Deterministic reduction of hazards?

O Technological requirement of volatile FPs continuous removal may,
together with the negative temperature feedbacks (criticality safety)
and possible passive fuel drainage, provide “deterministic” safety.

Consequences

Very

] serious
Solid-fuel reactors:

Liquid-fuel reactors:| (.2 _
Authorized area

Slight

( Forbidden area )

Very rare Very frequent
Probability

http://www.iaea.org/ns/tutorials/regcontrol/assess/assess3212.htm

* Online removal of highly mobile gaseous and volatile FP
(Ac and remaining FP are embedded in the salt)

=p Daily removal = possibly higher frequency of accidents
(safety standards for reactor X reprocessing plant )
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=== Online FPs removal as a pseudo barrier?

O The removal may increase the frequency of small localized incidents.

In the same time, it significantly reduces the hazard and may act as
the strongest pseudo-barrier for FPs releases by severe accidents.

Hazard

reduced by Encapsulated

decoupling hazard
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MSR RESEARCH AT NES
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(== Ongoing project and involved staff

O Euratom Horizon2020 project
1) SAMOFAR - Safety Assessment of the MOlten salt FAst Reactor.

O 4 national projects fully or partly related to MSR:
2) SNF PhD: Modular MSR Designing for Low Waste Production.
3) SNF PhD: Nuclear Data Assimilation in Reactor Physics (Pu & Th).
4) Swiss Electricity Producers & ETHZ financed project:
Feasibility and plausibility of innovative reactor concepts (HTR & MSR).
5) Swiss Nuclear financed project:
Chemical thermodynamic aspects of LWR Pu and MA burning in MSR.

O Involved labs: LRSY2:345, LTHY45, AHLY>, LEA14, LES>.

O Status of MSR Research at Nuclear Energy Division of PSI:
e 7 accomplished, 1 ongoing, and several proposed MSc theses.
e 2 ongoing PhD theses financed by SNF at PSI and EPFL Lausanne.
e 3 accomplished and 1 ongoing PhD theses in cooperation with PSI.

e 2 Scientist and 3 PostDoc working partly on MSR.
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= H2020 SAMOFAR

=N
/ The way forward
#SAMOFAR to the ultimate safe nuclear
reactor
O SAMOFAR is a 5M£ 4-year project of EU H2020 program.
It Started in August 2015 and the consortium has 11 partners: CNRS, JRC,
CIRTEN, IRSN, CINVESTAV, AREVA, CEA, EDF, PSI, KIT and TU Delft.

0 Goals:
e prove innovative safety concepts of MSFR by
advanced experimental and numerical techniques

e deliver a breakthrough in nuclear safety and
optimal waste management

e create a consortium of stakeholders to
demonstrate MSFR beyond SAMOFAR.

Molten Salt Fast Reactor Concept
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BS NES Division Project as an umbrella

0 4 working packages are proposed for the NES project to group similar
research topics.

O WHP1: core designing is ongoing in the frame of SNF PhD and PSEL project,
but it should not be the main priority of the project at this stage.

O WP4: safety of MSR should be the main long term

aim of the project.
WP1: core

design
& fuel cycle

WP4: safety,
limits,

O However, knowledge from WP1-3 will be
necessary for WP4 and only selected task
can be done independently.

0 WP2 and WP3 include many
design-independent topics.

& fuel stream

O Especially WP2 has the potential
to involve all PSI/NES laboratories.

WP2: fuel
behavior
(nominal &
accidental)

WP3: thermal-
hydraulics
& DHR
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(== WP1: MSR core design and fuel cycle

OInitial studies were based mainly on fluoride salts MSR.
O Later on the chlorides MSR were accessed.

0 Main applied tools are EQLOD and EQL3D developed at PSI:
e EQL3D?! - ERANOS based procedure for core level simulation.
e EQLOD vl MATLAB-ERANOS ECCO, reaction rates based, cell level.
e EQLOD v2 MATLAB-SERPENT, reaction rates based, cell or core level.

e EQLOD? v3 MATLAB-SERPENT, adopts directly the SERPENT burn-up
matrix, cell or core level, includes fission products (v1 and v2 not).

2013 2014 2015 2016 2017
WP1: MSR designing | 1 Il v I Il 11 I\ | I 11 I\ | I I I\ | Il

Parametric spectral study ger

Design option evaluation

Optimal design identification

Its detailed NK & TH analisis

Evaluation of inovative ideas J. Krepel

PSEL - fuel cycle simplification J. Krepel
Pool type MSR with cold jet | J. Bao

1) Krepel, J. et al., 2013. Fuel Cycle Advantages and Dynamics 2) Hombourger, B. et al., 2015. Parametric Lattice Study of a
Features of Liquid Fueled MSR. Annals of Nuclear Energy. vol. 6 Graphite-Moderated Molten Salt Reactor. Journal of Nuclear
pp. 380-397. Engineering and Radiation Science. Vol. 1, JANUARY 2015.
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== WHP1: EQLOD v3 routine

O MATLAB-SERPENT based routine.
O Burn-up matrix adopted from SERPENT

[ i issi Gen EQLOD
including fission products. '“;“‘?EE:“ b;r::::sa
new matrix fmom
0 Chebyshev Rational Approximation composition Serpent

Method (CRAM) as in SERPENT.
O Multi-medial coupled burn-up.

0 Composition and e.g. decay heat is traced Sole timi removalrates
. . . CRAM o bumup
in off-gas system and online reprocessing. DX
/—Al - = ylad,
Vo1l R RO R 0 : 0 N
— = AN = :
1
xpem z 0 R TR Ay M | I A

\ 0 0 v ™ —/’ll—rl(m)/ \N}’"))
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(== WP1: EQLOD v3 results, 7 MSR salt comparison

0 7 selected MSR salts were compared assuming homogeneous fast reactor.

0 Both U-Pu and Th-U closed cycles were evaluated be equilibrium reactivity.

O It confirmed that for U-Pu cycle chlorides are preferable.
O Th-U cycle has two favorites LiF and NaCl carrier salts.

O The reactivity excess may enable breed and burn mode.

24000
22000
20000
18000
16000
14000
12000
10000

S 8000

C

a.

y (

x
>

React

6000
4000
2000

-2000

— 36000 ——
: =1 =] 33000 -+ — u
] — Th-Ucycle, - ol 1 — [ I
. e I e I T M Hypoth. p 27000 -
. [1233U 24000 -+ - - .—
. | m(v-2)/v¥1e5| 21000 | 1 | L
0233V
T 18000 -—
0234V
| m235-238u0 | _ 12000 1
1 m 237Np 512000 .
mAll Pu & 9000 -
IOtIher Ac 2 6000
M Salt + FPs 2
O Excess p § 3000
Q 0
e«

. . . -3000 . .
S S E &S S S FEE
.8’ \’fs é( %’b 0 O\ {( \§( é(/ %lb 0 O\

A % é’b $fb % %’b %ﬁ
Carrier salts Carrier salts

" | U-Pu cycle

M Hypoth. p
[1239Pu

MW (v-2)/v*le5
[1239Pu

[ 240Pu

W 241-244Pu
W 241-242Am
W 243Am

M Other Ac

W Salt + FPs
O Excess p
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(= WP1: MSRs Iin Breed-and-Burn (B&B) mode

0 Assumptions for Breed-and-Burn (B&B):
* No reprocessing: discharged fuel is lost. Fraction of fuel removed per day L]
* Fresh fuel is fertile: no fissile support. ) 150-080% 0.008% 0.001%
e High breeding maintains criticality & |

- 1.10
compensates losses from refueling. .
e Solid fuel B&B are limited by max. 2 100 /-‘—‘
. . . g
cladding fluence, no issue in MSRs. £ 095 e U-Pu cycle chlorides
Results on a cell level => 3 90 —e—Th-U+3%TRU chlorides

—e—Th-U cycle chlorides

0.85
0 10 20 30 40
0 Main conclusions — cell level: Burn-up [%FIMA]

* B&B mode is possible only with enriched 37Cl based chlorides MSR.
* B&B mode in Th-U cycle and chloride salts may require fissile support.
* LWR TRU waste can act as the fissile support => pseudo B&B mode.

0 Design issues: Chlorides are transparent => leakage utilization (reflector, multi-zone).
At the deep burnup, the solubility limit may be reached for FPs.

Hombourger, B. et. al., Fuel cycle analysis of a molten salt reactor for breed-and-burn mode, ICAPP 2015, Nice Page 40
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(F=J=» Th-U cycle: actinides density and migration area

O Chlorides disadvantage: transparency

e Both chlorides and fluorides salts have low specific Ac density.
e Furthermore chlorides area transparent for neutrons.

e High migration area => high leakage => bigger reactor or blanket or reflector.

4500 - - 450
[ Ac density 233U density W Migration area -

4000 - - 400

3500 - - 350

3000 - - 300

1 Ill "
EERINTHINTITY1Y 101

<& g - S - - e & & = & BB TN

233U density in the core (kg/m?)

Ac density in the core (kg/m?) or migration area (cm?)
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B&B capability
Core dimensions
Core volume
Blanket volume
Reflector
Processing
Processing flow

Cycle time

225mx2.25m
9 m3
7.3 m3
Axial only - Hastelloy
Volatile & Soluble FP
3-8 L/day
6-16 years

3.6mx3.6m
36 m3
None
Yes - Enriched lead
Volatile FP only
2 L/day
52 years

== WP1: MSR Breed-and-Burn: core level
B&B — PSI design

Image courtesy of TerraPower

?
?
None
Yes - ?
Volatile FP +?
?
?
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== WP2: Nominal and accidental fuel behavior

0 Chemistry is the main MSR challenge. It influences all other WPs.
0 PSI has a competence in thermodynamics and MD simulations.

Oln-house code GEMS (Gibbs Energy Minimization Software for

Thermodynamics Modelling) is unique open source alternative to the
commercial FactSage code.

O The respective database HERACLES needs modification and extensions.
Cooperation with ITU (experimental data) may be crucial.

2015 2016 2017 2018
WP2: GEMS dev. & app. I 1 11 \% I 1 " % I I " A% I I 11
12MM AHL AcF behaviorin LiF-AlF3 | EU Sacsess project
6MM AHL MD of PuF; in fluoride salts EU project Samofar

MSc AHL & LRS FPs chemical behaviorin MSR (GEMS) —

GEMS: phase diagram for MISFR salt |

Swiss Nuclear
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== WP2: Nominal and accidental fuel behavior

O0The work on the GEMS modification and HERACLES database
has already started.

= = ™y
GEMS ™: Modular Phase Model Code Libraries Thermod. Data Bases / Applications in:
Package
Gibbs Energy (Wi Mac Linux: | TSolMod: Mixing PSI-Nagra/ (Rad)waste geochemistry
Minimization ~ ~ 7 covmoadss Hummel ot al (2002); Thoenen (2013)
%t:effﬂaorg;ﬂf | TinMet: Kinetics Cemdata / Cement chemistry (EMPA)
MOAYNamIC FY B ™ . . . - - Lothenbach & Matschei (2007)
Modelling d : : TSorpMod: Sorption : ol
B s ey e HERACLESfNuc!earmatenais{MEE] i
Graphical Chemical GEMIPM | || o e CHE Coreld LR
User ® System & Minimizer : SUPCRTJ' Hydrothermal geachemmtry
Interface Definition Kernel Code [ - Shock otal (19970 )
(GUI) Tools (GEMS3K) Attracted many extemally-funded projects at LES
<> <> - - )
Help and TDB & Process and Perspectives, Innovation, & Needs
Reference Project Reactive | GEMSFITS: | | GEMSPHAD: |
Data Base, Data Bases Transport ' GEM Input ; ; Phase |
I/0 Tools & Tools Simulations | ‘Parameter || Diagrams
Kulik et al. (2004, 2013): Wagner et al (2012); Bemer et al. (2013) : Fitting \+ Generator
gems.web.psi.ch e e e SR

Kulik D.A., Dmytrieva S.V., Wagner T., Kosakowski G., Thoenen T, Berner U., et al. (2004-2014): Gibbs Energy Minimization Software (GEMS)
homepage (http://gems.web.psi.ch).
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(=)= WHP2: FPs behavior in the salt

N. Vozarova, ITU Karlsruhe & AHL,

Csl dissolution in a eutectic mixture of ,
MSc thesis 2016

LiF-ThF, could not be demonstrated
due to low solubility of Csl in LiF

CsF

CsF dissolution in a eutectic mixture of
LiF-ThF4 was demonstrated

Csl dissolution in a eutectic mixture
of LiF-NaF-KF was demonstrated.

7 fﬁ?Tl"l'“ =

Development of a thermodynamic

model of a CsF-ThF4 system AN
using Factsage software. e
B raca L=y il \

Subsequent calculation ey / &
of phase equilibria il T
using GEMS. [ miatsl ey

. . . . LjF 0.8 .__'__,a‘f"' 0.7 .'II o8 05 04 03 0.2 0.1 ThF
(using different mixing) RS Thiui) Mol fraction 4
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Application of Molecular Dynamics for:
0 Thermal conductivity calculation

0 Melting behavior study

0 Specific heat behavior

O Binary excess properties

Seets e m
smemem e
semsmem

s smew e "

Excess Energy, kd/mol
i

(== WP2: Molecular Dynamics (SAMOFAR)

Goal:

Combine Molecular Dynamics
/ DFT with Thermodynamic
Simulation methods to
simulate the systems of
interest - speciation

AIF, - LiF - UF,

1050 K, 1 atm

AIF,

LY
\

* LICH(LICL + KCIY)

~ "h'
Lo AB + UFg (g = LiUF . (8) **
I i \\_
J oo \

UF, : s LiF
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== WRP2: Swiss Nuclear project

Burning of TRans-Uranic (TRU) isotopes faces the problem
of PuF; solubility in fluoride salts.

MSFR, Pu started Th-U cycle, T

melt.=6250C Pl
78%LiF - 16%ThF, - 6%PuF, "

Alternative is to start MSR with mixture
of Pu and enriched uranium.

The main aim of the project is the
phase diagram with UF, and proposal
of convenient start-up fuel

We may consider to extend the
study to chlorides..?

L!'-F - '\. o ThF‘
MCFR, Pu started Th-U cycle, LiF-ThF,-PuF; ternary phase diagram
55%/=Cl - 39%ThCl, - 6%PuCl;. w/ fixed 1% mol UF, concentration
T : =4250C E. CAPELLI et al., “Thermodynamic Assessment of the
meit.

LiF-ThF4—PuF3-UF4 System,” J. Nucl. Mater., 462, 43 (2015).
Page 47
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0 MSR thermal-hydraulics is specific.
(volumetrically heated liquid; moderator cooled by fuel;
delayed neutron drift; etc.)

OWP3 aim:
e thermal-hydraulics design of the core and DHR system,
 transient system behavior (TRACE-point kinetics or TRACE-PARCS),

* transient core behavior (GeN-Foam — Open-FOAM based solver).

2014 2015 2016 2017 2018
WP3: Thermal-hydraulics | Il 11 v I Il i \Y I I Il I\ I I Il I\ | I

[(H=g» WP3: MSR thermal-hydraulics and DHR system

LRS: Heat exchanger analysis _

LRS: MSR decay heat evaluation
LRS: Trace-PARCS MSR modification
LRS: GeN-Foam deveIopmenthostDoc C. Fiorina

LRS: 12MM Multiphysics simul. of transient EU project Samofar - will be transformet into PhD position
LRS Gen-Foam application to MSRE -

LTH: MSR turbulence modeling

LTH & ETH: salt instrumentation Doppler velocimetry visitng PosDoc at ETH
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=)= WP3: Multi-physics code at PSI — GeN-Foam

0 PSl in-house solver GeN-Foam was J. Bao, LRS, MSc thesis 2016
applied to MSRE.

O It was part of the initial verification
of the code.

0 Coarse MSRE model and mesh
was developed. p

O Porous media approach was tested.}|

0 Delayed neutrons precursors drift
was modeled.

GeN-Foam coding:

O lllustration of anti-swirl vanes
influence.

Fiorina C. at al., 2015. GeN-Foam: a novel OpenFOAM® based multi-physics
solver for 2D/3D transient analysis of nuclear reactors. Nuclear Engineering and
Design, Volume 294, 1 December 2015, Pages 24-37.
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== WP3: TRACE application to MSRE

H. Kim, LRS, MSc thesis 2015

FAST system code (TRACE or TRACE-PARCS)

0 System analysis tool modelling primary, intermediate
and secondary circuits.

O Individuation and preliminary assessment of major
accidental transients or optimization of the design.

O Unprotected pump trip as example result

* Initial overheating stops the chain reaction A

e Natural circulation leads later to stabilized power level,

Mass flow rate (kg/s)

8 05 950
¥
7 0.4 <
(]
@ 940
5 0.3 E
o & 0.2 =
§5 & I 930
r./ < .‘?0'1 / g’
=4 > 00 920
g 2 [ g e
23 Q01 / ®
o) (o]
o S o2 & 910
2 o
0.3 >
1 @ 900
= -0.4 1\ =
o]
0 -0.5 9 890
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time(min) Time(min) Time(min)

Time(min)
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(== WP3: TRACE application to MSFR

FAST system code (TRACE-PARCS)

2.0¢

15

0.5

U'B.

O Application to MSFR using vessel

component.

O Applicable for 3D transients.
(2D symmetric transients)

O Capability system analysis with

acceptable accuracy and CPU time.

Pnﬂﬂen1tune E}?s

T r T
"'l"""l"""""l'""l'"'l"!"'l'f"l"l"lFFF-I"‘I"I"!‘-I‘-I"I'-'T----
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hebkecbaccbeabafdddsddir
wshssbesscsbessbalkiiddddie
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E. Pettersen, LRS, MSc thesis 2016
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= WP4: MSR safety, fuel stream and relevant limits

0 MSR safety should be the main long-term aim of the NES project.
(it strongly depends on the results from WP1-3. Thus only
selected tasks can be addressed in the initial phase.)

O Material research for MSR may deserve additional WP.
(e.g. structural integrity of Hastelloy in accidental conditions)
Since there are no proposals, it is mentioned in WP4 at the moment.

00ngoing research:
e LTH: Aerosols formation and migration in the containment
e LEA: MSc thesis on PSl level 1 for FUJI MSR design.
e LEA: Simplified PSA level 3 (SAMOFAR project).

2015 2016 2017 2018
WP4: MSR safety I Il Il \Y) I Il Il \Y) I Il Il \Y) I 1 Il
8MM LEA Simplified PSA level 3 EU project Samofar
6MM LTH Aerosols formation EU project Samofar
MSc LEA PSA level 1 MSR ‘MSc-D.Pyron

MSc LEA Risk information in MSR designing _
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(== WP4: Aerosol formation and migration

Determine the behavior of released species from
the molten salt and investigate the transport
of FPs in an MSR in accident conditions:

MSFR containment

 Concentration in the gas phase
e Concentration as aerosols
e Deposition on the structures
Review the applicability of different severe

accident codes like MELCOR and ASTEC
as well as stand-alone aerosol codes

Build a simple input model

* TH boundary conditions and geometry of
the core/containment defined in SAMOFAR

Sensitivity of the results regarding unknown / uncertain
data and boundary conditions

Page 53



Master logic diagram

= =) = =)=

ol wadmal Ll
= Steam gen. tube rupture I stecinc ioad J[ sty ][ ri-patcn ramary

17%

Secondary pump trip

26%

Loss of offsite power

10% Heat exch. tube rupture

3% = 1 of 2 sec. pump trip
. N 2% 1% WFlow increase in 3" loop

y 1% " Flow increase in 2" loop
1%

Main steam line closure

Turbine trip

Main events with vessel damage Mini FUJI MSR
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=)= WP4: Simplified PSA level 3

Simplified method for accident consequences and risk assessment.

Risk is based on MACCS2 calculations for reference
site plant data (Swiss power plants)

using conversion factors.

The information needed for the analyzed plant:

* For consequences: source terms, power level, site

e For risk assessment: frequencies of releases

Tasks within SAMOFAR (according to proposal):

 Update, adaptation and extension
of existing method

e Application to MSFR

e Consideration of representative
plant designs and sites

Risks
Technical Technological accidents

Natural Accidents triggered by natural hazard

Malicious Terrorist threat, sabotage, vandalism

l

Comparative Risk Assessment

l

ENSAD Energy-related Severe Accident Database

PSA Simplified level-3 PSA

Hybrid Statistics, modeling, expert judgment

l

Technology Comparison

- Aggregated consequence indicators, F-N curves,
Bayesian analysis

- Geo-statistics, risk mapping
- Economic loss and external cost estimates
- Risk indicators, decision support
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(== Wir schaffen Wissen — heute flr morgen

MSR is a very promising B e —
energy source, which can
provide us enough time
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(5 Announcements

O 4-5 October 2016, 2"4 Molten Salt Reactor workshop at ORNL
(DOE has several open calls dedicated to MSR,
ORNL will re-launch the MSR research, ...).

O 31 October —3 November 2016, Technical meeting on MSR at IAEA
(IAEA is considering to open MSR technological branch).

O 23-24 January 2017, GIF MSR PSSC meeting at PSI.

O 23 January 2017, public MSR workshop at PSI presenting the key
national programs (USA, China, Russia, EU, Switzerland).

O 25-26 January 2017, SAMOFAR project meeting at PSI.

O 26-29 June 2017, IAEA Conference on Fast Reactors and
Related Fuel Cycles in Russia.
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(=)= EQL3D/EQLOD v1i equilibrium cycle analysis

B. Homburger, LRS, MSc thesis 2013

ege 0 10 .
0 MBSR equilibrium closed cycle was . OEQLOL oy |
simulated by EQLOD procedure on a o mEQL3D study |
cell level. And by EQL3D on the cell ¢~
=}
and core levels. g 6
5 5 a "
EQL3D - celllevel - EQLOD & 4
(&)
+~ 3
] 3
Graphite Salt 2
100% X % = Salt volumetric share in the core. 7cm 1
0 - -
s EN EE EE HBE 0O 10 20 30 40 50 60 70 80 90 100
u 0. . 0. L 0. | ! . 0. Salt share in the core (%)
.. .. o EQL3D — core level
HE HE BN g ' 3
T 50 cm
.. .. .. .. .. % -
30% 20% 15% 10% 5% < 1
Inverted channel layout % 3cm O
0
H HH HH
80% 70% 60% 50% 40%
HEHEEE O ' o
30% 20% 15% 10% 5% 15% Salt 80% Salt --%
Classical channel layout : Salt share . j“i“‘y
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RS EQL3D/EQLOD vi: inf. equilibrium reactivity

O The moderation as well as the heterogeneity effect is strong.

O EQL3D results seems to be arbitrary line on EQLOD surface.

EQLOD surface
—e— EQL3D line

7700
6715
5730
4745
3760
2775
1790

Krepel, J. at. al., HYBRID SPECTRUM MOLTEN SALT REACTOR. Physor 2014, Kyoto Page 59
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—=

not-moderated

Graphite moderated

ZrH moderated

EQL3D: Hybrid spectrum core

1I'E"E"I
ﬂgﬁl
yE"]
£ 61
I |
§
|
[ 1EE1*|

Ly

Not moderated core

Flux
distribution

2400E«18
2.000E+18
1.600E+16
1.200E+18
b BDOE+1S

4.000E+15

1. Equilibrium cycle: k4 =1.01797

Critical share for initial fuel:
A) 233U: 10.91% of Ac
B) LWR Pu: 25.1% of Ac

. Equilibrium cycle: k4 = 1.02810

Critical share for initial fuel:
A) 233U: 5.72% of Ac
B) LWR Pu : 25.5% of Ac

. Equilibrium cycle: k¢ = 0.88691

Critical share for initial fuel:
A) 233U: 2.15% of Ac
B) LWR Pu : 3.40% of Ac

Main conclusions:

Graphite does not provide strong
reduction of the fluence on the
core wall, ZrH does.

ZrH is applicable for the initial, but
not for the equilibrium cycle.

Krepel, J. at. al., HYBRID SPECTRUM MOLTEN SALT
REACTOR. Physor 2014 Kyoto Page 60
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(== Comparison of recycling strategies for MSR

Strategy Salt clean-up from Th refilling Min. salt volume

Nr. FPS for operation

Assumbtions: 1 18000 each 24M each 24M 36 m?
P ’ 2 9000l each 12M each 12M 27 m3
O Reprocessing unit capacity 25 L/day. 3 45001 each 6M each 6M 22.5 m?
L 4 2250! each 3M each 3M 20.25 m3
O The volume for reprocessing is taken 5 7501 each 1M cach 1M 18.75 m3
from core (cases 6 and 7) or from 6 25| each 1day each 1day 18 m3
H 3
temporary storage tank (cases 1-5). 7 continuous each 1M 18 m
1300
. S —e— 18000! each 24M
Main conclusions: — 90001 each 12M
. . . 1100 | —— 4500l each 6M
1. Reactivity swing is positive and —=— 2250! each 3M
proportional to the reprocessing time. o | ;gf’;i?ﬁhlégﬂy
(decreasing Th mass = +2.2 PCM/kg; O — = cont,, Th refill each 1M
increasing FPs mass =-2.0 PCM/kg) = 200 P
2. Continuous Th refilling can be used as 2
« . (&]
reactivity control, independently of the  § 500
x
selected salt clean-up treatment.
3. The strategy with longest reprocessing 300
time has lowest average FPs content. 100
(it has also highest breeding gain) 0 3 6 9 12 15 18 21 24
4. Its disadvantage is the biggest salt volume N ~ Time (EFPM) _
(initial load) necessary for reactor operation. Reactivity swing for 7 recycling strategies

Krepel, J. at. al., Comparison of Several Recycling Strategies and Relevant Fuel Cycles for Molten Salt Reactor. ICAPP 2015 Nice Page 61
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= Simple fuel recycling using volatilization
Recycling | AllAc_| U+Np | OnlyU

0 Assumptions for the Th-U MSR fuel cycle:

* Isobreeding MSR initialized by 233U. 59.7 59.7 13713
* Salt reprocessing every 12 months. Pu238 60.3 1210.0 144.6
 Reactor power of 2.6GWth. (u234) | (14) (290) (36)
« Only volatilization method is used Pu239 | - ey 61

for simplified fuel recycling m 153 1> 02

' ET 1522 13189 15223

Cumulative Ac mass in kg in waste produced
during 100 EFPY of operation.

e 3 scenarios:

I.  All Ac recycling (not simplified)
(U(100%)+Np(99%)+Pu(99%)+....)

Il U(100%)+Np(99%) recycling. _ — e
. . . 5’ LEl = N — -U+Np recycling
ll. U only (100% efficiency) recycling O \ 19% losses for all Ac |
§ . \\ \ (except U)
€
0 Main conclusions: ~§”*°9
1. If only U is recycled, the cumulative £ 1608
Ac waste after 100 EFPY will be dominated § 1.E+07
237 238
by 23/Np - 1371 kg and #>°Pu - 145 kg. L0 | | | | |
2. The waste radiotoxicity for simplified recycling L e (ears) 000 100000 1000000
will be just inghtIy higher. Radiotoxicity of cumulated Ac mass.

Krepel, J. at. al., Molten Salt Reactor with Simplified Fuel Recycling and Delayed Carrier Salt Cleaning. ICONE 2014, Prague. Page 62
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Assessment of primary heat exchanger (TRACE)
O Choice and preliminary design of the

o

primary heat ’ i |
exchanger (shell and tube or printed ] | T T T
circuit) %v*ti!"!w

L, [
O Analysis of the proposed HX in steady e A A A A
state and accidental conditions | ! e A e

Hest Flundi 1)

,n"
R
‘éﬂ;ld]f]u"h:'
4

Ny

Printed circuit heat exchanger

Decay heat evaluation with EQLOD

J. Choe, LRS, MSc thesis 2015
Fuel salt - decay heat (%) - off-gas system

= WRP3: recently finished MSc topics at PSI/EPFL

A. Valerio, LRS, MSc thesis 2014
I
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—=

Equilibrium U233 chain

RR: total reaction rate
with neutrons relative

to U233 (without n,2n).
M: mass relative to U233.
C. capture probability.
Light blue: thermal MSR

Neutronics advantages: Th chain

F' @ h U1
RR: 2.3% RR: 2.2% RR: 0.9% Gateway
M: 4.7% | C:94.0%| M: 0.6% |C:37.7% | M: 0.3%| C:99.9% Eﬂgﬁg ]
Pu238 | pPu239 P Pu240 Am
M: 3.1% C:42.6% M: 0.9% C:34.2%| M: 0.8% C:77.4% and .

lcm i
. . . 0,

RR: 1.9% RR: 0.8% RR: 0.3% buidup |
RR: 24% 2d 23 l N X

M: 4.2% C:99.6%

) Np237 Np238 Np238
Dark blue: fast MSR M: 2.7% C:92.1%
RR: 2.1%
: : : : 23mi
RR: 100% RR: 12.5% RR: 12.3% RR: 2.4% 7d
———
| 1 M: 100% | C:11.0% | M: 42.9% C:99.3%| M: 14.2% C:18.8%| M: 19.3%) C:98.2%
U232 U233 | pU234 | pU235  pU2B6 | pUB7 g UB8 | pUB9
\ \ M: 100% | C:9.29%  M: 35.5% C:81.2%| M: 9.3% | C:26.7%| M:10.7% C:90.3%
"
oL RR: 100% RR: 11.0% RR: 8.9% RR: 2.4%
1d 27d
Pa231 | pPa232 Pa233
\ half-live B' fY J
26h 22mi —» <+
Th23l € Th232 | Th233
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