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Abstract — Liquid-fueled, thermal-spectrum molten salt breeder reactors (TS-MSBRs) offer the potential for 
affordable, safe, inexhaustible energy with minimal potential for nuclear material misuse and without significant 
actinide waste generation. Realizing the full set of TS-MSBR capabilities is only now becoming possible with the 
advent of advanced fuel-salt processing techniques, improved materials, and a more detailed understanding of 
fuel-salt properties. Additionally, modern higher-fidelity modeling and simulation methods enable a more detailed 
evaluation of TS-MSBR design options. TS-MSBRs, however, remain immature and will require substantial, 
sustained development resources.

Keywords — Molten salt breeder reactor, proliferation resistant, thermal spectrum, fuel cycle. 

Note — Some figures may be in color only in the electronic version. 

I. INTRODUCTION

The original goal of the historic thermal-spectrum 
molten-salt breeder reactor (TS-MSBR) program 
remains laudable: to develop molten-salt reactors as 
commercial nuclear power plants (NPPs) with low fis-
sile inventory and breeding gain to limit the demand on 
natural fissile resources. The historic TS-MSBR pro-
gram envisioned employing the thorium-uranium (Th- 
U) fuel cycle. However, the program did not focus on 
minimizing the potential to misuse fissile materials for 
nonpeaceful purposes.[1] Over the half-century since 
the cancellation of the historic TS-MSBR program, 

fuel-salt processing concepts and technologies have 
advanced substantially outside of the United States. 
A proliferation-resistant, thermal-spectrum, liquid-fuel 
molten salt reactor (MSR) fuel cycle with net breeding 
gain now appears possible via a combination of 
advanced fuel-salt processing technologies and 
improved materials, along with an optimized core 
configuration.

This paper is organized as a roadmap for a novel TS- 
MSBR concept. This roadmap begins with a discussion of 
why liquid-fueled reactors have such great potential. The 
first section provides the reasons behind the shutdown of 
the historic TS-MSBR program and describes how tech-
nological progress could enable the development of 
a proliferation-resistant TS-MSBR with attractive perfor-
mance characteristics. The roadmap then continues with an 
overview of a conceptual design for a novel TS-MSBR 
that leverages recent progress in salt processing technolo-
gies and salt-compatible structural materials.

Next, the roadmap describes how the concerns 
raised by the historic, independent, expert reviews of 
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TS-MSBRs can be, or have already been, addressed. 
The roadmap then discusses the public and private 
partnership necessary to commercialize MSRs that 
meet both private sector requirements and 
U.S. government objectives. Finally, the roadmap pro-
vides an overview of why the costs for MSBRs have 
the potential to be substantially lower than those of 
recent NPPs.

II. BACKGROUND AND RATIONALE

The major distinguishing aspect of MSRs is the 
liquid state of their fuel. Liquid-fueled reactors were 
among the earliest reactor classes proposed, having ori-
gins in the Manhattan Project.[2,3] By the late 1940s, work 
had started on high-temperature fluid fuel. Much of the 
initial development work was sponsored by the U.S. Air 
Force, resulting in the first MSR (the Aircraft Reactor 
Experiment) in 1954.[4] The 1959 “Report of the Fluid 
Fuel Reactors Task Force”[5] concentrated fluid-fuel 
development efforts on reactors employing high-tempera-
ture, liquid-halide salts as fuel.

Nuclear fuel serves two main purposes: generating 
power through fission and dissipating the resulting heat 
to a coolant. Liquid fuel offers advantages for both 
functions. In terms of power generation, its liquid 
state significantly simplifies the process of adding or 
removing fissile and fertile material, as well as the 
online removal of parasitic neutron absorbers. 
Maintaining only the necessary amount of fuel in the 
core enhances fissile material utilization efficiency, 
avoiding the need for neutron poisons, and reduces 
the risk of reactivity-based accidents. The liquid state 
also facilitates the removal of fuel from the critical 
region as a safety response. In contrast, solid reactor 
fuels, like those in CANDU (Canada deuterium ura-
nium) and pebble bed reactors, can approximate con-
tinuous fuel addition and removal but struggle with the 
practical removal of parasitic neutron absorbers such as 
135Xe.

Liquid salts excel in high-temperature heat transfer, con-
tributing to high plant thermodynamic efficiency. Solid fuels 
rely on conduction for fission power transfer, while liquid 
fuels leverage both conduction and convection for heat trans-
fer. Additionally, liquid salt boasts the highest exergy among 
reactor classes due to its high boiling temperature and effec-
tive heat transfer. This high exergy is particularly important 
for supporting thermochemical processes like hydrogen 
production,[6] subsequently facilitating the production of 
liquid hydrocarbon biofuels.[7]

The lifespan of solid fuel is determined by a combination 
of radiation damage and decrease in reactivity, stemming 
from the (potentially uneven) depletion of fissile material 
and the buildup of parasitic absorbers. At the end of its useful 
life, solid fuel transforms into high-level waste. Even when 
spent fuel undergoes reprocessing, the resulting waste materi-
als also qualify as high-level waste, necessitating long-term 
storage at an additional cost. In contrast, liquid fuel cannot be 
mechanically damaged, and its composition can be adjusted 
as part of normal operations. Liquid fuel, with effective 
removal of contaminants and parasitic absorbers, boasts an 
indefinite lifespan (potentially spanning multiple generations 
of reactors), allowing even thermal-spectrum systems to con-
sume heavy actinides. An additional challenge is developing 
materials for reactor structures or replacement strategies that 
are compatible with the expected lifetime of the NPP.

II.A. Thermal-Spectrum Breeder Comparison to Other 
MSR Concepts

Nonbreeding, thermal-spectrum molten salt reactors 
(TS-MSRs) and fast-spectrum MSBRs also offer attrac-
tive features while maintaining the positive attributes 
common to MSRs. A comparative summary of MSRs 
by spectrum and fuel breeding function is provided in 
Table I. The attributes included in this table are expanded 
in the following paragraphs.

Thermal-spectrum molten salt reactors operating on 
the once-through uranium-plutonium (U-Pu) fuel cycle 
can be simpler than thermal breeders, thanks to reduced 
interconnected fuel-salt processing. However, thermal- 
spectrum burner MSRs face similar fuel cycle challenges 
as light water–cooled reactors (LWRs). Specifically, they 
rely on enriched uranium and generate actinide-bearing 
wastes. In the once-through U-Pu fuel cycle, uranium 
enrichment stands out as the most proliferation-vulnerable 
step. In the absence of substantial fuel-salt processing, used 
fuel salt will eventually transform into high-level waste due 
to the accumulation of parasitic neutron absorbers.

Just over 4% of the world’s primary energy is gen-
erated by nuclear power (just over 10% of electricity).[8] 

Nuclear reactors have the potential to become a preferred 
primary energy source. While uranium reserves are sub-
stantial, breeding will eventually become necessary if 
nuclear power use is to expand to sustainably provide 
a significant portion of the world’s primary energy.

Both fast-spectrum MSRs and TS-MSRs can be con-
figured to support breeding. Fast-spectrum MSBRs enable 
efficient heavy metal resource utilization, effectively con-
sume nonfissile actinides, and provide strongly negative 
temperature-reactivity feedback. However, fission cross 
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sections are much lower in the fast-energy region, necessi-
tating substantially larger (8- to 10-fold) amounts of fissile 
resources to achieve initial criticality. In addition, the melt-
ing temperature of fuel salts with sufficient fissile loading 
for a fast-spectrum MSR tends to be higher than that of 
thermal-spectrum fuel salts, necessitating more advanced 
container materials. Moreover, the low-fission cross sec-
tions result in the need for larger core sizes for efficient 
operation, inhibiting the development of smaller power 
plants. Additionally, fast-spectrum MSRs impart much 
higher fast-flux radiation damage to components near the 
critical region.

Thermal-spectrum reactors can be more rapidly 
scaled into widespread usage due to their lower initial 
fissile material requirements and less challenging 
material requirements, which result from their lower 
fuel-salt melting temperature and lower radiation 
damage. Thermal-spectrum reactors transition more 
rapidly (following initial startup) to highly unattrac-
tive isotopic compositions; they efficiently consume 
fissile isotopes while the nonfissile isotopes build up 
to equilibrium concentrations.[9]

II.B. Why MSRs Were Not Developed Previously and 
What Has Changed

A reasonable question for TS-MSBRs is: With such 
great potential recognized so long ago, why haven’t TS- 
MSBRs already been developed? The three basic elements 
of the rationale for the lack of development are as follows:

1. TS-MSBRs have not been necessary. The devel-
opment and deployment of new technology always incurs 

costs and risks. The U.S. electricity grid has been amply 
and economically supplied with electricity via fossil fuels 
and LWRs operating on the once-through U-Pu fuel 
cycle. The slow rate of demand growth over the past 
few decades has inhibited the introduction of any 
advanced reactor technology.

2. TS-MSBR technology and related supply chain 
challenges have not yet been overcome. MSRs have been 
judged as too risky and insufficiently important to justify 
the investment of the resources necessary to overcome 
their remaining technical hurdles. The United States his-
torically pursued two breeder reactor options: the sodium- 
cooled fast reactor (SFR) and the TS-MSBR. The SFR 
was the lead option, and consequently, received the 
majority of the resources. Funding for the TS-MSBR 
program was stopped when the United States decided to 
pursue only a single breeder reactor concept.

3. Proliferation resistance became prominent just 
as the historic program required expanded resources. The 
need to minimize the potential to misuse fissile materials 
was not central to the historic TS-MSBR program. The 
historically proposed TS-MSBR fuel cycle included sev-
eral steps with relatively direct access to unacceptably 
attractive nuclear material.

The MSR development and deployment rationale is 
significantly different today as follows:

1. The world has a large and growing need for 
affordable, dispatchable, clean energy production, includ-
ing both electricity and high-exergy process heat. LWR 
costs have proven to be sufficiently high to significantly 
inhibit expanded deployment. While gas-cooled reactors 

TABLE I 

Comparative Summary of Thermal-Spectrum and Fast-Spectrum MSRs with Breeding and Nonbreeding Functions

Breeding/ 
Spectrum Thermal Fast

Nonbreeder Salt processing needs: lower than breeder; volume: 
smaller; fuel supply needs: higher than breeder; 
high-level waste: higher; fuel-salt melting 
temperature: lower; uranium enrichment needed: 
LEU; irradiation damage: lower

Salt processing needs: lower than breeder; volume: 
larger; fuel supply needs: higher than breeder; 
high-level waste: higher (due to larger fuel-salt 
volume); fuel-salt melting temperature: higher; 
uranium enrichment needed: high-assay low- 
enrichment uranium; irradiation damage: higher

Breeder Salt processing needs: higher than nonbreeder; 
volume: smaller; fuel supply needs: lower than 
nonbreeder; high-level waste: lower; fuel-salt 
melting temperature: lower; uranium enrichment 
needed: LEU; irradiation damage: lower

Salt processing needs: higher than nonbreeder; 
volume: larger; fuel supply needs: lower than 
nonbreeder; high-level waste: lower (due to 
indefinite fuel salt lifetime); fuel salt melting 
temperature: higher; uranium enrichment needed: 
high-assay low-enrichment uranium; irradiation 
damage: higher
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have higher core outlet temperatures, MSRs deliver their 
heat over a narrow high-temperature band, resulting in the 
highest exergy process heat of any reactor class, and are 
well suited to expand the application of nuclear power 
beyond electricity generation to thermochemical processes.

2. Technology has advanced substantially, and path-
ways have been identified to address all the identified TS- 
MSBR technology issues (see following sections). TS- 
MSBRs have the potential to provide a unique combination 
of advantageous reactor features, including fully passive 
safety, high fissile resource efficiency and low inventory, 
avoidance of significant actinide waste generation, high ther-
mal efficiency, lower capital cost, lower fuel cycle cost, and 
strong proliferation resistance.

3. TS-MSBR integrated reactor and fuel cycles have 
been identified that avoid generating materials more attrac-
tive than low-enriched uranium (LEU) and avoid the need 
for future uranium enrichment following fuel cycle startup.

III. CONCEPTUAL DESIGN OF THE MSBR

This section introduces a conceptual design for 
a proliferation-resistant TS-MSBR. The section is orga-
nized as follows. First, it describes the technical basis of 
the fuel cycle and the proposed conceptual design for 
the MSBR. Then engineering results showing the opti-
mization of the reactor core and the fuel cycle separa-
tions processes are provided. Finally, issues related to 
proliferation resistance and materials selection are 
addressed.

III.A. Fuel Cycle Overview

The proposed fuel cycle for a modern, proliferation- 
resistant, TS-MSBR blends the Th-U and U-Pu fuel cycles 
to obtain net breeding while maintaining low material 
attractiveness for the nuclear fuel. The neutron interaction 
processes with the fuel are shown schematically in Fig. 1. 
The equilibrium fuel-salt feedstock contains both natural 
(or depleted) uranium and thorium. In a breeding Th-U fuel 
cycle, neutrons are captured in fertile 232Th, which then 
decays via beta minus to 233Pa, and subsequently decays, 
again by beta minus, to fissile 233U. Protactinium-233, 
however, has both a high parasitic neutron capture cross 
section (~20 b at 90 meV, i.e., for fully thermalized neu-
trons at MSR operating temperature) and a ~27-day half- 
life, which can result in parasitic neutron absorption into 
nonfissile 234U. Figure 1 shows the capture sequence and 
typical thermal-spectrum branching ratios. The 233Pa needs 
to be removed from a high neutron flux environment to 
decay for several half-lives to achieve net breeding gain.

While Th-U breeding gain has been demonstrated in 
solid oxide fuel under the light water breeder reactor devel-
opment program,[10] and multiple different Th-U fuel cycle 
options were evaluated as part of the U.S. Department of 
Energy (DOE) Fuel Cycle Options program,[11] most of 
these prior evaluations have not focused on the capabilities 
enabled by liquid fuel. In particular, the liquid state facil-
itates quasi online access to the fuel.

The method proposed in the historic TS-MSBR pro-
gram to enable 233Pa to decay into 233U in a very low-flux 
environment was to remove the 233Pa from the core. 
Isolating the 233Pa, however, results in the creation of 
material that is more attractive than LEU, as the 233Pa 

Fig. 1. Thorium-uranium neutron interactions with typical thermal-spectrum branching ratios.
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decays to 233U. Creation of unacceptably attractive material 
while maintaining a breeding gain was a primary issue that 
the historic TS-MSBR program never overcame.

To enable 232Th breeding, the ratio of neutron absorption 
in 232Th to absorption in 238U needs to be maximized. The 
232Th absorption probability can be maximized both by 
increasing the concentration ratio of thorium to uranium in 
the fuel salt and by providing a low-energy neutron spectrum 
at the location of the fuel salt, i.e., by employing 
a heterogeneous core design with substantial moderation. 
Thorium-232 has a higher neutron absorption cross section 
than 238U in the thermal neutron energy region. Figure 2 
depicts the absorption cross section of these isotopes over 
the thermal energy range.

Thermal neutron absorption in 238U would be some-
what parasitic due to the number of neutrons produced 
per neutron absorbed (reproduction factor or η) of bred-in 
239Pu being less than two for low-energy neutrons. 
Fluoride salts can incorporate substantial quantities of 
ThF4 while maintaining an adequately low melting 
point. The key requirement establishing the minimum 
uranium (mixture of 233U, 235U, and 238U) quantity is 
maintaining criticality. The startup fuel-salt loads need 
to have a somewhat higher uranium and lower thorium 
concentrations to compensate for the lower neutron yield 
per thermal fission of 235U as compared to 233U.

Breeding in a thermal-spectrum Th-U fuel cycle 
requires the efficient removal of parasitic neutron absor-
bers. Fission products have much larger neutron absorp-
tion cross sections for thermal neutrons. Multiple 
different processes are available to strip parasitic 

absorbers from barren (fuel free) salt, such as melt recrys-
tallization, distillation, or oxidative precipitation. 
Gaseous, absorber precursor (e.g., 135I), and insoluble 
(noble) fission products, contaminants, and corrosion pro-
ducts would also be removed from the barren salt.

III.B. Reactor Configuration Conceptual Overview

As described in the previous section, efficient modera-
tion along with an optimized core configuration and mini-
mal parasitic absorption are key to achieving breeding gain 
in the proposed fuel cycle. A heterogeneous core config-
uration, i.e., fuel salt in tubes surrounded by unfueled cool-
ant salt and a high-temperature moderator, will be 
employed with a substantial moderator volume to enable 
fission neutrons to thermalize away from resonance absorp-
tion in the fuel. Employing an unfueled coolant also sub-
stantially reduces the neutron dose to the reactor vessel and 
the radiation levels within containment.

A conceptual core design for this initial proposed 
reactor concept is depicted in Fig. 3. The heterogeneous 
core consists of circular tubes of fuel salt that are sur-
rounded by annular tubes for the coolant salt. A structural 
NbC-Be2C casing (analogous to solid fuel cladding) sepa-
rates the fuel and coolant salt, and a series of periodically 
spaced tubes are embedded into the moderator matrix. 
FLiBe (27LiF-BeF2) is employed as coolant salt, as it has 
minimal activation, good material compatibility character-
istics, strong heat transfer characteristics, and provides the 
best neutronic performance of any reasonable halide salt. 

Fig. 2. Neutron absorption cross sections for 232Th and 238U (data from ENDF/B-VIII.0).
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Additionally, the same FLiBe salt serves as the carrier base 
for the fuel salt in which 232Th and uranium are dissolved.

Beryllium carbide (Be2C) provides efficient modera-
tion. The inclusion of beryllium in the moderator also some-
what improves the neutronic efficiency due to additional 
neutron production via the (n,2n) reaction with energetic 
neutrons. However, the benefit of beryllium is reduced by 
its (n,α) cross section, which produces 6Li (a strong neutron 
absorber).[12]

Further discussions on the material selection and 
temperature-radiation compatibility are provided in 
Sec. III.F. The initial design employs a square lattice, 
i.e., with the same pitch p in the vertical and horizontal 

directions, and the same configuration for all fuel struc-
tures with constant diameter d for all fuel channels.

Uranium-233 has the highest neutron yield per neu-
tron absorbed of any isotope for thermal-spectrum neu-
trons. The neutron yield per absorbed neutron for both 
235U and 239Pu is insufficiently high to enable significant 
breeding with thermal-energy neutrons. The reproduction 
factor for each of these isotopes is graphically presented 
in Fig. 4. While the reproduction factor is roughly 2 for 
fully thermalized neutrons (~90 meV at fuel-salt tempera-
tures) for both 235U and 239Pu, TS-MSRs have significant 
portions of their neutron flux that are not fully 
thermalized.[13]

To keep the attractiveness of the nuclear fuel low, 
233U needs to be bred in the presence of nonfissile ura-
nium, which is challenging due to the high neutron cap-
ture cross section of 233Pa. Hence, in the proposed fuel 
cycle, the fuel salt would frequently be removed from the 
critical circuit to minimize parasitic capture in 233Pa. The 
model described here employs batch operation, in which 
a single batch of fuel salt is employed in the fuel-salt 
circuit, while the remainder of the batches are being 
processed out of the core to strip out the fission products 
and to allow 233Pa to decay into 233U. However, fuel salt 
could also be continuously removed and processed at an 
equivalent rate. Liquid fuel can readily be transferred 
from an active circuit without employing a salt-wetted 
valve using a goose neck–type lower connection and gas 
pressure–driven transfer.

A conceptual TS-MSBR vertical vessel and core 
cross section is shown Fig. 5. The fuel-salt volume is 
minimized (as compared to an open-core, loop-type MSR 
design) by configuring the fuel salt as a natural 

Fig. 3. Conceptual, partial horizontal MSBR core cross 
section showing general material configuration.

Fig. 4. Neutron yield per absorption for 233U, 235U, and 239Pu in the thermal region (data from ENDF/B-VIII.0).
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convection loop (with parallel legs) within the reactor 
vessel. The fuel-salt tubes are connected above and 
below the critical region to the inlet and outlet plenums.

The fuel salt flows via natural circulation within the 
fuel-salt circuit. The fuel-salt temperature increases as it 
flows upward in the core and decreases as it flows down 
the outside of the core (downcomer region). A gas 
separation system is included in the return line of the 
fuel salt. Throughout the circuit, the fuel salt is cooled by 
pumped coolant salt that enters the core barrel near the 
bottom and flows up through the core before exiting the 
core barrel near its top.

The fuel and coolant configuration (including 
employing a mix of 233U and 238U in the fuel salt) is 
conceptually similar to the Molten Salt Experimental 
(MOSEL) reactor concept studied in the 1960s.[14] 

However, the MOSEL concept employed a breeding 
blanket for its coolant salt, which would result in 
material that is more attractive than LEU. In the pro-
posed design, fission gases (especially 135Xe) are 
separated from the liquid fuel salt via a liquid-gas 
separator tank (likely via ultrasonic degassing)[15] 

that is also submerged in the coolant salt within the 
upper plenum of the reactor vessel. Fission gases are 

removed from the liquid-gas separator through 
extended tubing (to provide multiday residence time) 
within the coolant salt (e.g., helical coil heat exchan-
ger). The overall fuel process steps are illustrated in 
Fig. 6.

A color-coded list providing additional information 
on the fuel processing steps shown in Fig. 6 is provided 
here:

1. (blue) Fuel-salt flows, under natural circulation 
(few cm/s), through a loop within the reactor vessel. The 
upward flow portion of the loop is subdivided into multi-
ple individual tubes. The coolant salt and moderator 
surround each tube to create the core. Downflow is out-
side the core in an unmoderated downcomer region.

2. (orange) Fission gases are stripped from the 
fuel salt by a liquid-gas separator above the core sub-
merged in coolant salt.

3. (black) Used fuel salt is removed from the 
critical loop and replaced by freshly processed fuel salt 
sufficiently frequently (every few weeks) to minimize 
parasitic absorption.

4. (black) Actinides are co-separated and removed 
from used fuel salt into aluminum, resulting in an (red) 
actinide-aluminum alloy and (green) carrier salt contain-
ing fission and activation products.[16]

5. (red) Actinides are stripped from aluminum- 
actinide alloy into actinide-chloride salt.[17–20]

6. (red) Actinide-chloride salt is converted to 
a fluoride fuel-salt concentrate.[21]

7. (red) Reconstituted fluoride fuel-salt concen-
trate is aged for several 233Pa half-lives (~4 to 6 months).

8. (red) Additional fertile material is added (Th to 
breed and Unat to denature) to the fuel-salt concentrate.

9. (orange) Fission products (green) are stripped 
from the used carrier salt to produce clean carrier salt to 
generate a (orange) stable fission product waste form.[22–24]

10. (black) The cleaned carrier salt is recycled by 
mixing with (red) fuel-salt concentrate, (black) which 
avoids creating a radioactive waste stream.

11. (blue) Fresh fuel salt is reintroduced into criti-
cal circuit (as described previously).

The total volume of fuel salt on site depends on the 
rate of barren fuel-salt reconditioning. Once the fission 
and contamination products have been stripped, the resul-
tant carrier salt will be reused to synthesize fuel salt. If 
the reconditioning takes less than a single batch run time, 

Fig. 5. Conceptual vertical reactor vessel and core 
section.
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only sufficient carrier salt to fill the fuel-salt circuit two 
to three times will need to be on site. The proposed 
design becomes feasible only if the reactor can be kept 
critical with a large reactivity margin and if the fuel cycle 
can effectively support the transition from 235U to 
233U operation. These points are addressed in the follow-
ing section.

III.C. Reactor Conceptual Engineering Design and 
Optimization

The thicknesses of the structural casing tube and that 
of the coolant salt channel must be set to perform reactor 
cell optimization to determine the optimal fuel channel 
diameter and pitch. A summary of this analysis is pre-
sented in the following paragraphs.

The minimum thickness for the casing is set for it to be 
able to resist differential pressures in the internal fuel salt 
and the coolant salt. The maximum thickness of the casing is 
set to avoid generating unallowably large mechanical stres-
ses due to the temperature profile developed across the 
casing by heat conduction from the fuel salt into the coolant 
salt. Although NbC-Be2C is a brittle ceramic material, it can 
be fiber-reinforced similarly to other composites.[25] Hence, 
for computing the minimum thickness, we implemented the 
American Society of Mechanical Engineers standard ASME 
B31.3-2018 design for steel pipes with conservative safety 
factors. In this design method, the minimum thickness of the 
pipe is determined as follows:

where 

P =  internal service overpressure, assumed to be 
a maximum of 0.3 MPa

Do =  pipe outside diameter

S =  maximum allowable stress, conservatively 
taken as 50% of the tensile stress

E =  a quality factor, conservatively assumed to be 0.8

W =  weld joint strength reduction, conservatively 
assumed to be 0.5

Y =  strength reduction coefficient, conservatively 
assumed to be 0.4.

The maximum thickness of the pipe is computed by 
solving heat conduction in the pipe with fixed Direchlet 
boundary conditions in the internal and external faces, 
computing the resulting equivalent Von Mises stress pro-
file in the pipe, and equating the maximum stress to the 
maximum allowable stress in the pipe S. The resulting 
expression reads as follows:

where  

Di =  internal diameter

k =  thermal conductivity

α =  linear thermal expansion coefficient

EY = Young’s modulus

Q0 =  linear heat generation rate.

Fig. 6. Overall fuel process steps.
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The minimum and maximum pipe thicknesses, with 
the maximum pipe thinness computed for two prototypic 
linear heat generation rates, are depicted in Fig. 7. A pipe 
thickness of 2.54 mm was selected as it will allow for 
conservatively satisfying the mechanical constraints with-
out introducing significant parasitic neutron absorption.

The thickness of the coolant salt annular tc pipes was 
designed to maintain a reasonable pressure drop over the 
core, seeking to obtain the minimum possible diameter to 
avoid parasitic neutron absorptions. The linear pressure 
drop for the annular pipes of the coolant salt channels can 
be computed via the Fanning friction factors as follows:

where 

Δp =  pressure drop

L =  length of the coolant pipes across the core

ρ =  coolant density

u =  prototypic coolant velocity

f Reð Þ = Fanning friction factor as a function of the 
Reynolds number (Re), which is computed 
via the Colebrook-White correlation in this 
case.

The linear pressure drop for three different coolant 
prototypic velocities is shown in Fig. 8 assuming thermo-
physical properties for FLiBe with a constant temperature 
of 900 K. We selected a coolant channel thickness of 
1 cm as it was the smallest value that introduced 
a reasonable pressure drop.

Once the thickness of the casing and the coolant pipe 
are fixed, the next step is the optimization of the reactor 
lattice configuration. For this purpose, version 14.0 of the 
OpenMC code was used, and a constant temperature of 
900 K was assumed for all components in the lattice. For 
this optimization process, the fuel salt operates in its fresh 
fuel configuration, i.e., the fuel salt is a FLiBe base with 
5% of dissolved 232Th and 5.5% of dissolved LEU with 
5 wt% 235U.

Fresh fuel employs sufficiently isotopically separated 
lithium (99% 7Li) to minimize its reactivity impact. The 
fresh fuel-salt composition in mole percent is 59.7LiF- 
29.8BeF2-5ThF4-5.5UF4. The study was performed by 
varying the diameter and pitch distance between the fuel 
rods. The results of the study are presented in Fig. 9, where 
the infinite multiplication factor is studied as a function of 
the diameter of the fuel-salt channels and the difference 
between the pitch and the diameter. The highest infinite 
multiplication factors were obtained for a range of fuel rod 
diameters between 5 cm and 8 cm and a difference 
between pitch and diameter between 7 cm and 9 cm.

To be able to appropriately cool the fuel salt, we 
chose the minimum diameter in this range for the fuel- 
salt channel, which was 5 cm. Then, for a fuel-salt chan-
nel diameter of 5 cm, the maximum effective multiplica-
tion factor was obtained for a difference of pitch and 
diameter of 8 cm, i.e., for a pitch between fuel rod 
channels of 13 cm. The resulting spectrum for this opti-
mized lattice configuration is shown in Fig. 10. As pre-
viously observed, the reactor maintains criticality with 
a thermal neutron spectrum with the flux peaking at 
around 100 meV.

The next step is determining the optimal dimensions 
for the reactor core. A parametric study was performed to 
find the optimal height and diameter of the reactor core 

Fig. 7. Minimum and maximum thicknesses for the NbC-Be2C casing pipes for two prototypic linear heat generation rates.
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that guarantees operability via a sufficiently high effec-
tive multiplication factor. In this preliminary study, the 
core was designed with a square cylinder configuration, 

i.e., equal diameter and height. Additionally, the maxi-
mum reflector external thickness was limited to 0.5 m. 
The optimization study yielded a reactor that was 1.5 m 
in diameter and height and that had a fresh core effective 
multiplication factor of 1.075. Note that this effective 
multiplication factor is large enough to keep the reactor 
critical with fission product buildup during batch opera-
tion. Moreover, this multiplication factor is small enough 
to keep the reactor controllable during operation.

Once the neutronics of the reactor were optimized, the 
next step is the conceptual design of the reactor core to 
ensure the ability to transfer nuclear heat while only experi-
encing reasonable thermomechanical stresses. For this pur-
pose, the volumetric heat generation rates computed by 
OpenMC were imported into the STAR-CCM+ multiphy-
sics computational fluid dynamics software version 2022.1. 
The core thermal hydraulics and thermomechanics were 
then evaluated for steady-state operation at 
300 MW(thermal). The effective core power density (i.e., 
power per total volume of the active core region) was 
113 MW(thermal)/m3, neglecting the external reflector.

The computational model of the reactor core is 
depicted in Fig. 11. The reactor core is composed by 
four main systems:

1. The fuel-salt circuit in which the fuel salt circu-
lates upward in the reactor core driven by natural con-
vection and then into a return pipe that links the top and 
bottom plena of the fuel-salt circuit. Additional cooling in 
the return pipe is introduced to drive natural convection.

2. The coolant circuit, for which only the section in 
immediate contact with the reactor core is studied. In this 
circuit, the coolant salt is pumped into a lower plenum by 

Fig. 8. Linear pressure drop for different coolant flow velocities.

Fig. 9. Variation of the infinite multiplication factor as 
a function of the diameter of the fuel-salt channels and 
the difference between the pitch and the diameter of the 
fuel channels. The minimum value of the infinite multi-
plication factor has been limited to 1.1 for visualization 
purposes.
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means of four inlets, and then the coolant salt circulates 
upward in the reactor core toward the top plenum, where 
it exits the reactor core by means of four outlet pipes.

3. The reflector, which surrounds the coolant pipes.

4. The casing pipes that separate the fuel and the 
coolant salt channels. The casing pipes are held by a top 
plate of NbC-Be2C which is 12.7 mm thick and attached 

to the top plate of the neutron reflector. This holder plate 
has been purposely omitted in Fig. 11 to simplify the 
visualization.

The assembling of these systems is also shown in the 
bottom panel of Fig. 11. The reactor core assembly is 
shown in Fig. 3. Each unit cell, from the center toward 
the outer reflector, is composed of a fuel pipe, a casing 

Fig. 10. Normalized 500-group resolved reactor spectrum for the optimized lattice configuration.

Fig. 11. Reactor configuration for computational fluid mechanics and computational thermomechanical studies. The top panels 
show the individual components of the reactor system, i.e., the fuel-salt circuit, the truncated coolant salt circuit, the neutron 
reflector, and the casing pipes of each fuel channel. The bottom panels show a lateral and top view of the assembled reactor 
configuration.
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pipe, and surrounding reflector. A coolant annulus is 
formed between the reflector and the casing pipe. The 
outlets of the coolant salt circuit are via the coolant salt plena 
located above and below the neutron reflector. This design 
choice forces the plena of the fuel-salt system to be placed 
above the plena of the coolant salt system. The length of the 
piping in the fuel-salt circuit is large enough to achieve 
a considerable amount of natural convection, while minimiz-
ing the fuel-salt inventory needed for operation.

The temperature field and circulation velocity in the 
fuel salt during steady-state operation are shown in 
Fig. 12. The fuel salt circulates upward in the core and 
heats up due to the nuclear power deposition. Then it 
circulates from the top to the bottom plenum via the 
return pipe. A circulation velocity of ~0.8 m/s is achieved 
at the return pipe, while a velocity of ~0.05 m/s is 
obtained at the fuel-salt channels in the reactor core. 
Although small at the core, these natural circulation velo-
cities are large enough to avoid getting unreasonably high 
temperatures at the core. The maximum temperature 
obtained toward the top of the fuel-salt channels is 
1147.2 K, which is well within the acceptable bounds 
for the temperature of the fuel salt.

The temperature field, circulation velocity, and gauge 
pressure relative to the outlet pressure for the coolant salt 
are shown in Fig. 13. The coolant salt is forced into the 
four inlets in the bottom plena and then circulates upward 
in the coolant salt pipes at the core. A prototypic inlet 

velocity of 4 m/s was considered in this study. The tem-
perature increases in the coolant salt pipes as it rises 
through the core channels. A reasonably good temperature 
mixing is then achieved in the top plenum, which leads to 
approximately uniform outlet temperatures. The fuel-salt 
temperature rise across the core was ~245 K, while the 
coolant salt temperature rise was ~40 K with a mixed 
mean coolant outlet temperature of 667°C. Finally, a total 
pressure drop of ~60 kPa was achieved by the coolant salt 
between inlet and outlet, which is in good agreement with 
the empirical studies presented in Fig. 8.

The contour plots for the temperature field, equiva-
lent stress field, and displacement magnitude field for the 
reflector and encasing pipe system are depicted in 
Fig. 14. The temperature field in the encasing pipes 
closely follows the temperature profile of the fuel salt. 
The Von Mises stress is maximal toward the top part of 
the reflector, where the holder plate for the encasing pipes 
is placed. To avoid mechanical compatibility issues dur-
ing deformation, the outer surface of this plate is 
clamped, leading to larger stresses in this region. 
Nonetheless, the maximum Von Mises stresses obtained 
were below the tensile strength of Be2C and NbC- 
Be2C. Further mechanical optimization could be made 
to reduce this maximum stress.

Finally, relative displacements of ~2% were obtained 
toward the bottom region of the reflector and casing 
pipes. The larger displacements in this region were due 
to the unconstrained expansion of the reflector and pipes 
in this region. No geometrical compatibility issues were 
observed during the deformation process.

In summary, this subsection introduced a conceptual 
design for a TS-MSBR. Based on reasonable bounds for 
the casing pipe and coolant salt channel thickness, the 
reactor lattice was optimized for a fresh fuel configura-
tion. Then full-core calculations were performed to deter-
mine the size of the core. Finally, thermal-hydraulic and 
thermomechanical studies were performed to propose an 
operational reactor concept that contains reasonable 
operational temperatures, pressure drops, mechanical 
stresses, and displacements.

With this reactor concept set, the next step is to 
demonstrate how a transition from 235U-based to 
233U-based operation can be carried out in this reactor. 
This fuel cycle optimization is presented in the following 
subsection.

III.D. Preliminary Results for Optimized Fuel Cycle

The TS-MSBR starts operation with LEU with 
5 wt% 235U. The initial composition of LEU and 

Fig. 12. Contour plots of key operation variables for the 
fuel-salt circuit shown at a vertical cut: (left) fuel-salt 
operating temperature and (right) fuel-salt vertical 
velocity.
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232Th dissolved in the fuel salt was optimized to obtain 
a large effective multiplication factor, while having 
a small concentration of LEU and 232Th to avoid 
excessively raising the melting temperature. As pre-
viously described, the reactor operates in a batch con-
figuration. This operation is schematically shown in 
Fig. 15. The fuel-salt batch operates in the active 
fuel-salt circuit, and then is hydraulically transferred 
to the salt processing unit where the actinides and 
fission products are extracted. Finally, the actinides 
from the fuel batch go to local storage, where the 
bred 233Pa is left to decay to 233U. Once enough 
233U has been produced, the resultant actinide mixture 
is synthesized into fuel salt for reuse.

The time that each batch remains both inside the active 
fuel-salt circuit and outside of a high flux neutron region has 
been optimized to maximize 233U production while mini-
mizing parasitic neutron capture in 233Pa under a constraint 
of avoiding a prohibitively large number of batches. The 

optimization was performed assuming a constant power 
density of 50 W/gram of heavy metals. The final configura-
tion operates with six batches (one in use and five under-
going decay). The residence time at the core of each batch is 
18.4 days, and the decay time outside of the core is 92 days.

Used liquid fuel salt could alternatively be continu-
ously removed from the active loop along with the return 
of an equivalent amount of freshly processed fuel salt. 
This configuration yields a 95% 233U yield when com-
pared to the amount that would have been produced if no 
233Th or 233Pa were consumed during reactor operation.

Once the batch operation has been optimized, the 
next step is to manage the Th and U inventory in the 
reactor core for three sequential purposes. The first opera-
tional goal is to transition from 235U-based operation to 
criticality primarily with 233U. Following the transition, 
the next goal is to maximize breeding new fuel while 
maintaining criticality by optimizing the Th to U ratio. 
Finally, for long-term operation, as new 233U is produced 

Fig. 13. Contour plots of key operation variables for the coolant salt circuit shown at a vertical cut: (left) coolant salt operating 
temperature, (center) coolant salt vertical velocity, and (right) coolant salt gauge pressure relative to outlet.

Fig. 14. Contour plots of key operation variables for the reflector and the encasing pipes system: (left) operating temperature, 
(center) Von Mises equivalent stress, and (right) displacement magnitude.
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and 238U is consumed, the fissile fraction of uranium in 
the core needs to be restricted to avoid developing an 
unacceptably attractive fissile isotope fraction. Each of 
the stages is addressed sequentially.

To achieve the first operational goal, different initial 
compositions of LEU and 232Th were tried. However, 
none of these compositions achieved the desired conver-
sion while keeping the reactor critical during the conver-
sion. However, a successful transition could be obtained 
by actively controlling the amount of both LEU and 
232Th in the fuel salt while out of the core between 
batches. This actinide content management strategy 
resulted in a reactivity control being driven mainly by 
232Th, yielding a swift transition to 233U-based operation.

The changes in the required quantities of 232Th and LEU 
needed to keep the reactor critical over time are complex. 
The main reason for the complex shape is the time lag 
between the introduction of 232Th and the effective reactiv-
ity rise by its conversion to 233U. For this purpose, 
a proportional, integral, derivative (PID) actinide controller 
was defined to set the injection rates of 232Th and LEU. The 
controller operates according to the following equation:

where 

KX
P , KX ;st

I , KX ;lt
I , KX

D = proportional, short-term inte-
gral, long-term integral, and 
differential control constant 
for current X , with X being 
232Th or LEU

keff = effective multiplication factor

ksp = set point multiplication fac-
tor, which is set to 1.03 as 
a target

ti = time for the current batch

ti� 1 = time of the previous batch

t0 = time of five batches in the 
past.

The two-scale integral control is key for being able to 
deal with the time lag in the effective multiplication 
factor evolution introduced by 232Th into the system. 
For the LEU addition, only long-term control was neces-
sary. The values for the PID controller were found by 
using the root locus method, and were as follows:

Both the transition to primarily 233U criticality and the 
transition to efficient breeding would be simpler and 
shorter if higher-assay uranium fuel LEU were to become 
available for startup fuel. If 19.9 wt% 235U uranium were to 
be used, 238U burnout could be avoided altogether. The 
need for thorium removal from the fuel salt can be avoided 
for 235U starting enrichments over 7%. Overall, LEU+ 
(5% < 235U < 10%) appears to be a useful compromise, 
decreasing the complexity of making the transition from 

Fig. 15. Design of fissile material batch operation for the thermal breeding cycle of the TS-MSBR.
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Fig. 16. Isotopic concentration of the first 10 cycles of one characteristic batch before operation in the reactor core when starting 
with 5 wt% of 235U.
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enriched to bred fissile material criticality, as well as 
decreasing the time needed to achieve efficient breeding, 
yet relying on a more easily available uranium enrichment.

Each of the first six batches of fuel salt starts with 
identical fresh fuel salt and is grouped together as fuel-salt 
batch group one. Fuel-salt batch group two includes mate-
rial with a single salt processing cycle. The discharge 
composition of the actinides and 135Xe in the first batch 
groups of fuel salt, starting with 5 wt% 235U, are shown in 
Fig. 16. The volume of each batch of fuel salt is 1.29 m3. 
The full-circuit fuel-salt power density is 233.1 MW/m3.

Once the transition from 235U-based operation to 
233U-based operation is achieved, the next step is to 
begin breeding new fuel. Optimizing this transition is 
also challenging because to maximize breeding, the 
ratio of Th to 233U needs to be increased. However, 
adding large amounts of Th would result in a short- 
term decrease in reactivity and only a longer-term 

increase in reactivity as 233U is bred in. Hence, the 
optimization of the reactor breeding is defined by 
controlling thorium injection and uranium extraction 
to as rapidly as possible arrive at an optimal breeding 
composition.

The evolution of the effective multiplication factor 
and the breeding ratio as a function of the 232Th- 
to-233U ratio are depicted in Fig. 17 for several con-
centrations of 233U. As expected, the breeding ratio 
increases as the Th-to-233U ratio increases, and the 
effective multiplication factor decreases with this 
ratio. The precomputed optimization targets are those 
that maximize the breeding ratio while keeping the 
reactor critical with adequate margin, i.e., with the 
effective multiplication factor above the dashed line 
in Fig. 17.

The two controllers for the breeding currents that are 
added during the breeding process have the following form:



where KX ;breed
P , KX ;breed

I , and KX ;breed
D are the proportional, 

integral, and differential control constant for current X , 
with X being Th or U. Note that the jbreed

Th current is 
injected to the in-use fuel salt, while the jbreed

U current is 
extracted from the in-use fuel salt with the concentration 
of uranium isotopes that has been produced in the in-use 
fuel salt after each batch operation. Additionally, Th

233U

� �

tgt 
is the preoptimized Th to 233U target, which is dynami-
cally computed as a function of the uranium enrichment 
during the breeding cycle.

The proportionality constants of the midterm control 
system have been optimized to minimize the time to 
achieve the target breeding ratio and have the following 
values:

Note that the two control systems proposed in for the 
short term in Eq. (4), and for the midterm in Eq. (6), are 
incompatible in the long term as they will lead to an 
overcontrolled reactivity target. The short-term control is 
only used for the first 120 months to achieve the transition 
from 235U-based to 233U-based operation, while the mid-
range control system is always activated. This results in 
a system that maximizes the breeding ratio, while keeping 
the reactivity controlled due to the dynamic optimization 
target.

Finally, long-term control is oriented to keeping the 
fissile content of uranium controlled. This is needed 
because when the reactor transitions to 233U operation, 
no more LEU is added. Hence, 238U keeps burning while 
233U keeps being produced, and therefore, the fissile 
fraction of the uranium mixture keeps increasing. The 
long-term control system consists of adding natural ura-
nium to keep the fissile fraction of the uranium mixture 
below 19.9%. This control system reads as follows:

Fig. 17. (top) Evolution of the effective multiplication factor and (bottom) breeding ratio as a function of the Th-to-233U ratio.
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where jenr
U is the enrichment current of natural uranium, 

KU;enr
P and KU;enr

I are the proportional and integral control 
constants, and �U and �U;max are the current and maximum 
uranium enrichment. No differential control was needed 
for the long-term system. The optimized values of the 
control parameters are KU;enr

P ¼ 0:044 and 
KU;enr

I ¼ 0:021. During long-term operation, both the 
midterm and long-term control systems remain active.

The reactor effective neutron multiplication factor for 
a characteristic batch with the PID control system begins 
at 1.07, rapidly decreases to 1.03, and remains stable 
thereafter. As the batches are rotating through the reactor 
life cycle, a characteristic batch is simply the first batch 
that operates in the reactor core for 18.4 days and then 
decays out of the core for 92 days. The fission products 
are extracted from the fuel salt every 18.4 days, while the 
135Xe is actively removed during operation. The reactiv-
ity at each cycle is computed after this reprocessing stage.

The injected currents for LEU and 232Th as opti-
mized by the PID controller are depicted in Fig. 18. For 
short-term control, initially, a large amount 232Th is 
inserted, which results in a more rapid buildup of 
233U to accelerate the transition into the Th-U fuel 
cycle. A small current of LEU is necessary to keep the 
reactor critical for approximately the first 100 months of 
operation. The requirement for this current is reduced by 
extracting 232Th out of the system at later stages in the 
operation cycle. The gained reactivity by 232Th extraction 
reduces the buildup of 238U that would result in signifi-
cantly higher concentrations of uranium and thorium at 
later stages of operation. Finally, when transitioning into 
longer-term operation, the stream of 232Th increases to 
keep producing the 233U that gets burned during 
operation.

The total mass of needed LEU per batch for the 
initial operation and refueling is 1231 kg, with 449 kg 
being loaded at the beginning of the operation and the 
remaining 782 kg used for refueling during the transition 
from 235U-based to 233U-based operation. Hence, the total 
amount of LEU needed for the plant to achieve transition 
is 7386 kg, which is about two-thirds (on a per 
kW(thermal) basis) of the around 90 tonne needed for 
the initial fuel load of a large pressurized water reactor 
(PWR) (which would require multiple reloads over the 
100 months during which the TS-MSBR would require 
LEU supplementation).

After 120 months, the midterm control system takes 
over. During midterm control, the Th injection current 
starts rising to achieve higher breeding ratios. During this 
time, most of the 233U is kept in the core to allow for 
further Th injection. During this intermediate period, 
233U is bred from 232Th, while 238U keeps being burned 
in the fuel. This results in a progressively higher fissile 
fraction of the uranium in the reactor core. At 
~550 months of operation, the fissile fraction of the 
uranium would surpass the allowed maximum of 19.9%. 
This activates the long-term reactivity control system, 
which adds natural uranium to the fuel salt. This addition 
results in a reactivity decrease that is compensated by 
reducing the injection rate of Th in the core.

The evolution of key isotopes over time is depicted in 
Fig. 19. For the initial 120 months of operation, the 
concentration of 232Th is first increased and then reduced 
through periodic batch processing. The 
235U concentration slowly reduces while progressively 
smaller amounts of LEU are added into the system, and 
then rapidly reduces after the LEU addition ceases. By 
~200 months of operation, virtually no more 
235U remains in the fuel salt. The amount of 238U in the 
fuel salt is approximately constant while LEU is being 
added, and then reduces through depletion once LEU 
addition ceases. The amount of 233U in the fuel salt 
progressively builds up, and by ~100 months, surpasses 
the concentration of 235U.

When the midterm control activates after 120 months, 
the amount of 232Th in the fuel salt is progressively 
increased. The higher concentration of 232Th eventually 
results in a higher concentration of 233U due to breeding. 
As the 233U fraction increases, an increased concentration 

Fig. 18. Injected currents of (orange) LEU and (blue) 
232Th as optimized by the PID controller.
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of 232Th becomes possible, which maximizes the breeding 
ratio while keeping the reactor critical, as shown in Fig. 17.

At about 600 months, the fraction of 233U reaches the 
fissile fraction limit of 19.9%. After this time, natural 
uranium is added along with the 232Th to limit fissile 
material attractiveness. The natural uranium addition 
results in the stabilization of the 238U concentration and 
the reintroduction of some 235U to the fuel salt due to its 
presence in natural uranium. Additionally, as the fraction 
of 233U in the uranium mixture is now fixed at 19.9%, the 
optimization target for the midterm control system is also 
fixed. This results in a constant, stable concentration for 
232Th and 233U.

Two extra parameters are important to be controlled 
during the evolution of the compositions in the fuel salt. 
First, the concentration of Th and U must be kept low 
enough to avoid raising the fuel-salt melting temperature 
undesirably. The historic TS-MSBR program evaluated 
the properties of LiF-BeF2-ThF4-UF4 salts and found that 
those with less than 20 mol % actinides maintained 
sufficiently low melting points and viscosities to be use-
ful as fuel salts.[26] Second, the effective uranium enrich-
ment, i.e., the ratio of fissile over nonfissile uranium, 
must be kept low to reduce the attractiveness of the fuel 
salt. The evolution of these two metrics during operation 
is presented in Fig. 20.

In the left panel of Fig. 20, we observe that the uranium 
concentration effectively reduces during operation. At the 
beginning of operation, this concentration reduces faster 
due to the faster burnup of 235U. Then it reduces more 
slowly as a significant amount of 233U is produced and 
238U is still slowly burned. The concentration of uranium 
reaches steady state once the isotopics are stabilized at 
~600 months. The concentration of 232Th increases initially 

due to the initial injection necessary to boost the production 
of 233U. Nonetheless, the maximum concentration that 
232Th reaches is below 7%, which is significantly below 
the solubility limits for 232Th in FLiBe. The concentration 
of 232Th is then actively decreased during batch fuel salt 
processing to achieve the transition to 233U while keeping 
the reactor critical, and then increases during midterm 
operation to maximize the breeding ratio.

The evolution of the effective uranium enrichment is 
shown in the right panel of Fig. 20. The enrichment 
reduces initially as 235U burns and only small amounts 
of 233U are produced. Steady reactivity (keff = 1.03) is 
achieved by balancing reducing the uranium concentra-
tion (left panel in Fig. 20) with increasing its fissile 
fraction (right panel in Fig. 20). For midrange operation, 
the enrichment of uranium rapidly increases as 233U is 
produced with a growing concentration of 232Th while the 
238U is being depleted. The uranium fissile fraction con-
tinues to increase until ~600 months, when the long-term 
control system starts the injection of the natural uranium.

Finally, the currents of extracted 233U, 235U, and 
238U by the midrange control system are plotted in 
Fig. 21. As observed in the figure, no significant extraction 
happens before ~120 months until the midrange control 
system takes over control. Then the current extracted 
from the core contains primarily 238U and 233U. The 
amount of extracted 238U decreases and the one of 
233U increases as the enrichment in the fuel increases. 
Then, after ~600 months, the extraction rates reach a con-
stant value as the isotope concentrations in the reactor go to 
equilibrium. The doubling time for the extracted fuel to 
reach the mass needed for a new batch is 709.3 months at 
the 120-month composition. Once the core reaches equili-
brium, the doubling time reduces to 71.5 months.

Fig. 19. Isotopic evolution of key isotopes during PID-controlled operation.
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III.E. Proliferation-Resistant Processing

Denaturing and co-separation are the key technological 
elements to avoid creating material that is more attractive 
than LEU anywhere in the fuel cycle. The proposed liquid 
salt fuel incorporates a mixture of thorium and uranium. 
Thorium along with small quantities of natural uranium are 
its equilibrium feedstock materials. The fuel-salt uranium- 
isotopic blend at all times contains sufficient nonfissile 
238U to avoid generating material more attractive than LEU, 
i.e., the fuel salt is denatured.

While the United States does not have a definition of 
LEU that includes isotopes other then 235U and 238U, the 
International Atomic Energy Agency detection timeliness 
table, from its safeguards glossary,[27] indicates that 

isotopic mixtures of uranium containing a total of less 
than 20% of 233U and 235U remain at the highest conver-
sion time interval.

Co-separation keeps the fissile and fertile isotopes of 
uranium together along with the other trivalent actinides 
(e.g., plutonium, americium, and protactinium) to avoid 
generating separated, attractive material. An additional fea-
ture in the proposed reactor design is that the total mass of 
239Pu during operation remains smaller than a significant 
quantity, as depicted in Fig. 22, and remains in extremely 
dilute form, as shown in Fig. 19.[27] Actinide extraction 
from the fuel salt enables the subsequent removal of fission 
product parasitic absorbers, both improving neutronic effi-
ciency and maintaining fuel-salt thermophysical properties. 
Actinides can be co-separated from fluoride salt via reduc-
tive extraction into an aluminum alloy.[28,29]

While the aluminum alloy–based co-separation tech-
nology is thermodynamically favorable and has shown 
high actinide separation factors under laboratory condi-
tions, the technology remains immature with substantial 
unknowns. For example, the distribution of thorium 
remains uncertain (thorium is less energetically favorable 
to remove).[30] While thorium has no fissile isotopes and 
its distribution does not impact the material attractiveness 
of the salt, understanding its separation characteristics 
remains an unresolved issue.

III.F. Materials

The envisioned reactor would be possible with tradi-
tional materials (i.e., with metal alloy tubes and graphite 
moderation). However, advanced materials would enable 
improved performance. In particular, reasonable 

Fig. 20. (left) Evolution of the concentration of Th and U in the fuel salt and (right) uranium fissile content evolution.

Fig. 21. Evolution of the extracted current of uranium 
over operation.
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thickness metal alloy tubes would absorb too many neu-
trons to maintain criticality employing only 5% 235U fuel 
salt while the reactor transitions to 233U operation.

Graphite is the only proven fuel salt–compatible 
moderator. Graphite, however, has both a limited displa-
cement damage tolerance and is not a volumetrically 
efficient moderator. The neutron moderation length in 
carbon is over 60 cm versus under 6 cm in water.[31] 

Radiation damage to graphite has long been a known 
design issue for MSRs. Radiation damage to graphite 
was central to Oak Ridge National Laboratory’s 
(ORNL’s) decision in 1967 to shift from a dual to 
a single fluid MSR, and was a central rationale in halving 
the power density of the MSBR’s conceptual design.[32,33] 

Additionally, graphite that has been exposed to fuel salt 
represents a significant contaminated waste stream.

An optimized core configuration would employ two 
alternative, advanced materials:

1. A coolant salt–compatible high-temperature 
moderator with high radiation damage tolerance

2. Fuel-salt tubes that are chemically compatible 
with both fuel and coolant salts and that have low neutron 
absorption, high radiation damage tolerance, and strength 
at high temperature.

Beryllium carbide has the potential to be the base 
material to achieve both objectives. Be2C has an anti-
fluorite crystal structure, the same crystalline configura-
tion (with anions and cations reversed) as exceptionally 
radiation damage–resistant fluorite-type crystals (e.g., 
UO2). A related antifluorite crystal (Li2O) has also been 
shown to have high radiation damage tolerance.[34,35]

While the analogous material performance informa-
tion provides a rationale for expending resources to 
assess the radiation damage characteristics of Be2C, the 
radiation damage characteristics of Be2C remain specula-
tive with only low-displacement irradiations previously 
performed.[36–38] Be2C does not activate substantially, but 
has multiple small cross-section, gas-generating threshold 
reactions (see Fig. 23). Consequently, Be2C pieces 
exposed to energetic neutrons may need to be occasion-
ally baked out over the course of the plant lifetime to 
remove gases that do not release at operating temperature 
but do migrate to form gas-stabilized voids.

The DOE Office of Nuclear Energy (NE) sponsored 
an early-phase ion beam–based Be2C irradiation damage 
evaluation project in 2023.[39] However, further work 
remains necessary to adequately understand the radiation 
damage. If Be2C exhibits desirable radiation damage 
characteristics, substantial further development would be 
recommended.

Beryllium carbide is vulnerable to hydrolysis. The 
native beryllium oxide coating on Be2C is thermodyna-
mically stable in FLiBe. Tritium dissolved in FLiBe cool-
ant salt may react with the oxide to form beryllium 
hydroxide and methane gas.[40] Conversion of tritium 
into methane would be useful for MSRs, as tritium is 
the only radionuclide with significant potential to escape 
under normal operating conditions.

Beryllium carbide, however, does have usage limita-
tions. Be2C (like all carbides) is brittle and may require 
the use of ceramic toughing techniques. Bare Be2C is not 
compatible with fuel salt, as uranium fluoride will react 
with it to form solid uranium carbide and beryllium 
metal. In general, Be2C is also not thermodynamically 
stable at high temperatures against common structural 
materials (particularly in the presence of oxygen), but it 
is thermodynamically stable against clean FLiBe (2LiF- 
BeF2) salt. Be2C is also stable in dry air up to nearly 
1600°C due to the formation of an adherent oxide 
coating.[41]

Metal alloy fuel-salt tubes are possible, but would 
result in both a larger neutron absorption and a lower 
maximum temperature (due to decreasing alloy strength 
at high temperatures) and would be vulnerable to radia-
tion-induced cracking (analogously to fuel cladding), 
necessitating undesirably frequent replacement.

Niobium carbide is thermodynamically stable against 
both UF3 and UF4. Moreover, niobium has an acceptably 
small neutron absorption cross section, and consequently, 
has been used as a component in LWR cladding[42] and 
has been evaluated as a material for nuclear thermal 
propulsion rocket engines, as well as fully ceramic 

Fig. 22. Evolution of the inventory of 239Pu in the fuel 
salt during operation.
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microencapsulated fuels.[43,44] Sintering aids are com-
monly used in powder metallurgy to decrease the time/ 
temperature/pressure requirements to form dense com-
pacts. Chemically activated sintering relies on 
a chemical reaction between the sintering aid at the 
bulk powder to bind the particles together. A survey of 
potential sintering aids for Be2C was made in the 1950s 
stating: 

The general survey of bonding agents for beryllium 
carbide revealed no material which permitted fabrica-
tion of bodies having porosities of 10% or less at 
temperatures lower than those required to produce 
dense compacts of beryllium carbide per se. The one 
notable exception, however, was uranium carbide. 
Uranium-carbide additions facilitated the fabrication 
of dense beryllium-carbide compacts.[41] 

The use of a sintering aid containing uranium carbide and 
aluminum resulted in the formation of a “network of 
uranium-bearing phase around the beryllium carbide 
grains.”[41]

As niobium is an even stronger carbide former than 
uranium, it can substitute in forming a protective layer of 
niobium carbide enveloping and joining the Be2C grains. 
The reaction of Nb with Be2C is exothermic (10 Kcal/ 
mol) providing the chemical energy to aid the sintering 
and form the protective, enveloping network. Niobium 
carbide is thermodynamically compatible with uranium- 
fluoride salts, so it would be immune from chemical 
attack. Also, the coefficients of thermal expansion of 
Be2C and NbC are similar. Moreover, as the niobium 
carbide coating is developed at the grain level, 

mechanically damaging the resultant compacts primarily 
exposes an additional niobium carbide surface, maintain-
ing corrosion resistance.

Using conventional powder metallurgy techniques, 
NbC-Be2C appears likely to be formable via extrusion 
(into tubes) and would enable higher-temperature reactor 
operation. Extrusion lowers the sintering initiation tem-
perature by mechanically forming fresh (chemically reac-
tive) surfaces. Note, the ceramic-to-metal tube joints at 
the upper and lower tube bank plenums will be a key 
design issue. The joints would likely employ a set of thin- 
walled, hollow, metallic O-rings to provide the necessary 
compliance.

IV. MSBR TECHNICAL ISSUES (AS OF 1972)

A review by an independent, expert panel remains 
the best available method for assessing complex, inter-
related technologies such as MSBRs. The technical issues 
required to be resolved prior to MSR commercial deploy-
ment were evaluated by the U.S. Atomic Energy 
Commission’s Division of Reactor Development and 
Technology in 1972 and documented in WASH- 
1222.[45] The identified issues were the

1. Development and demonstration of an integrated 
fuel-salt processing system.

2. Development of suitable reactor and processing 
system structural materials.

3. Development of a satisfactory method for the 
control and retention of tritium.

4. Development of a more complete understanding 
of the physical/chemical characteristics of irradiated fuel 
salt, including the behavior of fission products.

5. Development of long-life moderator graphite 
suitable for breeder application.

6. Conceptual definition of the engineering features 
of the components and systems.

7. Development of adequate systems and equip-
ment for remote inspection, handling, and maintenance

8. Codes and standards for high-temperature 
materials.

9. Demonstration of safety technology.

While the review is somewhat dated, is focused on 
the specific design elements of the historic MSBR, and 
occurred prior to proliferation resistance and safeguards 
becoming key fuel cycle elements, the topics identified 

Fig. 23. Beryllium gas generating reactions (data from 
ENDF/B-VIII.0).
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provide reasonable guidance on the necessary develop-
ments required prior to commercial MSBR deployment. 
The review also presumed a government-centric develop-
ment process as opposed to a public-private partnership 
led by the needs of private developers, as would be 
anticipated today.

The current status along with a path toward the 
resolution of the remaining issues is provided in the 
following sections.

IV.A. Integrated Fuel-Salt Processing System

The development and demonstration of fuel-salt pro-
cessing technology remains recommended as the technol-
ogy development element with the largest remaining 
uncertainties. However, the historic MSBR program was 
planning to implement very chemically aggressive pro-
cesses (fluorination to remove uranium followed by mul-
tiple stages of liquid-bismuth reductive extraction) to 
enable breeding.[46] Now, much less aggressive proces-
sing (e.g., contacting with an aluminum alloy followed by 
melt recrystallization) is anticipated.

IV.B. Reactor and Processing System Structural 
Materials

The reactor structural material issue was largely 
resolved by the development of fuel-salt redox control 
methods in the 1970s[47] and a lesson learned to include 
substantial shielding between high neutron fluxes and 
nickel-based alloys. Niobium carbide–bonded 
Be2C offers the potential for an extremely durable core 
structural material. Much less chemically aggressive pro-
cessing also substantially simplifies the processing sys-
tem structural materials. Recent demonstrations of the 
capability of cathodic protection to provide corrosion 
protection in halide salts also expands the ability to use 
available alloys at MSRs.

IV.C. Control and Retention of Tritium

Beryllium carbide is a methanide and is sensitive to 
hydrolysis. In the presence of hydrogen and oxygen, it 
will break down into methane and beryllium hydroxide. 
Beryllium oxide will form as a stable oxide coating on 
Be2C in FLiBe. Methane is readily trapped and does not 
diffuse through structural alloys. The use of Be2C as 
a moderator material and as a tritium trap appears to be 
a practical solution and is recommended.

Tritium is formed as a dissolved gas in the fuel and 
coolant salts. While the purpose of the fuel-salt degassing 

system will be to remove 135Xe, tritium will be induced 
to bubble out from the fuel salt. The coolant salt will 
likely also incorporate a degassing unit with the primary 
purpose to strip the tritium and/or methane into a head 
space where it can be chemically trapped.

IV.D. Development of a More Complete Understanding 
of Irradiated Fuel Salt and Fission Products

Developers and safety evaluators require an adequate 
understanding of irradiated fuel-salt properties. 
Improving the understanding of fuel-salt properties has 
been a central element of the modern DOE NE MSR 
campaign for the past few years, and a public molten 
salt property database has been created.[48] Current efforts 
are focused on expanding the database to include all 
relevant salts and continuing to improve the quality of 
the information in the database to minimize the conser-
vatism necessary in reactor design and safety evaluations. 
Additional fuel-salt irradiations focused on understanding 
radioactive material releases into vapors and aerosols 
would be a useful element of a MSR safety evaluation 
program.

IV.E. Development of Long-Life Moderator Compatible 
with Fuel Salt

Niobium carbide–encapsulated Be2C shows substan-
tial promise as a fuel-salt-compatible container material. 
Be2C also appears to have high potential to be a long-life, 
coolant salt–compatible moderator material.

IV.F. Development and Demonstration of the Plant 
Components and Systems

While progress has been made on key technolo-
gies, such as pumps and heat exchangers, for molten 
salts, component development for commercial-scale 
systems remains a key challenge that is being 
addressed by current MSR component and system 
developers. In general, high-temperature component 
design has advanced substantially over the past half- 
century. However, creation of a molten salt component 
demonstration facility (analogous to the historic liquid- 
metal engineering center provided in the 1960s to 
1970s to support the development of SFRs) to enable 
vendors to validate commercial-scale component per-
formance is recommended.[49]
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IV.G. Remote Inspections, Handling, and Maintenance

Integral designs coupled with a component replace-
ment strategy substantially decrease the remote opera-
tions challenges. An integral fuel-salt configuration 
enables employing an unfueled downcomer region, 
which would reduce the radiation doses outside of the 
vessel, as would keeping the fission gases within the 
vessel for the first couple of days. Technologies for 
remote operations and maintenance have benefited from 
decades of sensing and instrumentation development. At 
the current development status, remote handling and 
maintenance can be seen more as engineering develop-
ment issues than research challenges.

The U.S. Nuclear Regulatory Commission’s (NRC’s) 
recent decision to develop guidance for near-surface dis-
posal of adequately stabilized, greater-than-Class-C 
(GTCC) wastes is anticipated to substantially decrease 
the expense of disposing activated and byproduct materi-
als from MSRs.[50]

A major unresolved issue with inspections is under-
standing failure precursors. One likely design adaptation 
to the lack of measurable material failure precursors in 
MSR components is to reduce the failure consequences 
through design and operations, i.e., keeping fuel-salt 
tubes under compression to keep leakage inward. 
Material surveillance specimens are also likely to play 
a larger role in first-generation systems.

IV.H. Codes and Standards for High-Temperature 
Materials

Codes and standards are especially important for 
materials that perform safety functions. MSRs can sub-
stantially reduce the need for high-temperature material 
codes and standards by avoiding crediting salt-wetted 
materials to perform safety functions. The NRC has 
allowed license applicants to choose which containment 
layers in their design are credited to perform safety 
functions.[51] A code-qualified, nonnormally salt-wetted 
guard vessel may provide containment under accident 
conditions. Existing code-qualified alloys can readily 
contain fuel salt for the limited durations of accidents.

The prominence of the codes and standards issue in 
the historic MSBR evaluation is reflective of the safety 
importance of the pressure-retaining containment layer in 
LWRs (and to a lesser extent other reactors). The use of 
code-qualified materials is required for both PWRs and 
boiling water reactors (Code of Federal Regulations, Title 
10, Part 50.55a). However, code-qualified materials are 

not required when the structure does not perform a safety 
function.

IV.I. Demonstration of Safety Technology

In addition to adequate containment performance, the 
major safety functions of the proposed system are to 
provide adequate decay heat rejection and reactivity con-
trol. Adequate containment performance at MSRs will be 
similar to other low-pressure NPPs, mostly dependent on 
adequate quality in design, construction, operation, and 
maintenance. Containment and cooling of cover gases 
will be of greater significance for MSRs due to the 
much larger quantities of short-lived fission products 
within the gases.

Natural circulation decay heat removal outside of the 
salt environment is similar to that of other high-tempera-
ture reactors and has been demonstrated in support of 
high-temperature gas reactor development.[52] A general 
understanding of buoyancy-driven natural circulation in 
molten salts is well established, as natural circulation 
material testing loops have been commonly employed 
for decades in MSR development. Integral effects testing 
of overall decay heat removal system performance 
demonstration, however, may still be necessary to meet 
the confidence expectation, e.g., Code of Federal 
Regulations, Title 10, Part 50.43(e)(1) for a safety feature 
at a new reactor.

Large, TS-MSRs have the potential to have a slow- 
acting, positive moderator temperature-reactivity 
coefficient.[53] While the positive moderator coefficient 
can be eliminated through the addition of a neutron poi-
son with an appropriate resonance absorption (e.g., 
167Er), all poisons decrease neutronic efficiency. 
Alternatively, liquid fuel enables passive, temperature- 
driven defueling of the critical circuit, resulting in 
a large, rapid net negative temperature-reactivity coeffi-
cient. While thermally triggered fluid transfers are well 
known, any safety system at a NPP will require adequate 
evaluation and demonstration.

V. PUBLIC-PRIVATE PARTNERSHIP

Private sector actors will be the owners/operators of 
commercial MSRs, and accordingly, will have leadership 
of latter stage development and deployment efforts. The 
public sector, however, retains key roles in enabling 
private sector success as well as in guiding development 
toward systems that promote primarily nonfinancial, gov-
ernmental objectives, such as efficient safety evaluation, 
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long-term sustainability, and high degrees of safeguards 
ability and proliferation resistance. MSRs remain less 
technically mature than other advanced reactors, largely 
as a result of never receiving the same scale of develop-
ment resources as other advanced reactor classes. While 
the historic MSBR program provides a solid technical 
base, MSR commercialization would benefit substantially 
from sustained, cross-cutting, foundational technology 
research and development (R&D).

Thermal-spectrum MSRs require intensive fuel-salt 
processing to achieve breeding gain. While early-stage 
fuel stage processing technology would likely be suitable 
for open development, detailed fuel processing R&D that 
involves fissile material separation, however, would be 
restricted so much as to necessitate substantial public 
sector involvement.

The U.S. government has not invested in MSR fuel 
processing technologies for nearly half a century. 
However, the rest of the world has not stood still. The 
recommended aluminum alloy–based actinide co-separa-
tion technology derives from the French fuel processing 
program. Having a technically and economically attrac-
tive, highly proliferation-resistant breeding fuel cycle is 
strategically important to the United States to provide an 
alternative to the proliferation-vulnerable fuel cycles 
being promoted by other nations. Without such an alter-
native, developing nations are much more likely to 
choose to pursue fuel cycle technologies with substan-
tially greater proliferation risks. Developing an alterna-
tive breeding fuel cycle that does not include producing 
material more attractive than LEU would enable the 
United States to maintain strategic leadership as advanced 
reactor usage expands worldwide.

V.A. MSR Comparative Costs

Advanced reactors are being reconsidered largely 
because of their potential cost advantages while retaining 
the near-zero emissions, excellent safety, and dependabil-
ity of the current fleet. While MSRs offer the potential for 
substantially lower costs, MSR technology is insuffi-
ciently mature for a detailed cost analysis. Hence, the 
following discussion remains at a high-level, focused on 
primary cost drivers.

Much of the cost escalation that has occurred with 
the current fleet is a result of increased safety expecta-
tions. The safety analyses of the progressively larger 
LWRs of the 1950s to 1970s indicated a nontrivial 
potential for catastrophic accidents and resulted in sig-
nificant changes in plant design and regulatory 
oversight.[54] The excellent safety of modern, large, 

water-cooled reactors has come at the cost of massive, 
complex, highly engineered safety systems accompanied 
by a detailed, time-consuming regulatory process. 
MSRs, in contrast, will rely on a combination of low- 
pressure, natural convection cooling, and negative reac-
tivity feedback mechanisms (including their unique abil-
ity to passively defuel) to achieve their safety 
performance.[55] MSRs offer the potential of maintain-
ing the excellent safety of modern LWRs while relying 
on simpler, less massive, less expensive, passive 
systems.

Potential MSR accidents (for reasonably designed, 
constructed, operated, and maintained plants) do not 
result in conditions that cannot be reasonably contained. 
Thus, MSRs offer the potential of returning to the much 
simpler maximum credible accident safety adequacy 
paradigm employed prior to the credible potential for 
catastrophic accidents becoming apparent at large LWRs.

Construction time is a key cost driver for NPPs. Less 
massive, simpler components make MSRs well suited to 
take advantage of the cost and schedule advantages of 
modular, factory-based construction. MSRs have multiple 
additional advantageous cost characteristics, such as the 
lack of need for highly engineered fuel and eventually 
enrichment services in the case of breeder reactors (about 
half of the front-end fuel cycle costs at LWRs).[56] Fuel- 
salt quality assurance may be as simple as measuring its 
isotopic composition.

The indefinite fuel-salt lifetime and lack of an acti-
nide-bearing waste stream would also decrease back-end 
fuel cycle costs. It is anticipated that the NRC’s recent 
decision to develop performance-based rules for the near- 
surface, land disposal of transuranic and GTCC waste 
(SRM-SECY-20-0098) coupled with the DOE NE’s 
development of grout technology for creating mechani-
cally and chemically stable and robust waste forms could 
significantly decrease the cost of both the operational and 
eventual decommissioning of waste streams of 
MSRs.[57,58]

The need for additional batches of fissile material to 
initiate the fuel cycle will be an additional upfront cost. 
However, halide fuel salt has much lower fissile material 
content than oxide or metal fuels. The dilute nature of the 
fuel minimizes self-shielding, making all the fissile mate-
rial immediately useful. The ability to add additional 
fissile material while online avoids the need for reactivity 
poisons, and the optimized core design minimizes para-
sitic resonance absorption as the neutrons thermalize. 
Fuel salt is a synthesized bulk chemical, not a highly 
engineered manufactured product, significantly decreas-
ing its cost. Configuring the fuel-salt loop as a natural 
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circulation loop in vessel minimizes the amount of fuel 
salt outside of the core. The equilibrium refueling feed-
stock materials are natural uranium and thorium, so fissile 
separation costs are only incurred for the initial set of 
fuel-salt batches.

Other reactor classes do not need to include 
a coupled chemical processing facility. The chemical 
processing structures, systems, and components (SSCs) 
will substantially increase the plant footprint and cost. 
Moreover, their technologies remain immature, with sub-
stantial remaining development risks. The chemical pro-
cessing SSCs will be highly contaminated. Maintenance 
and replacement operations will need to be performed 
remotely, which will increase costs. The large plant 
unknowns have significant potential to (at least initially) 
adversely impact plant reliability.

Both beryllium and isotopically separated lithium 
(7Li) represent significant costs to TS-MSBRs. The 
price of these materials in industrial quantities remains 
substantially uncertain as production would have to be 
significantly scaled up for TS-MSBR deployment. The 
DOE’s Office of Science has recently sponsored the 
development of substantially improved technology for 
separating lithium isotopes.[59] While the new technol-
ogy appears very promising, it has not been developed 
into an engineering-scale system or commercialized.

Overall, MSBRs have attractive features that may 
enable cost-effective energy production. However, their 
technologies and plant configurations remain sufficiently 

immature to inhibit reasonable uncertainty cost 
estimation.

VI. CONCLUSIONS AND RECOMMENDATIONS

Thermal-spectrum, liquid-fueled MSRs have long 
been recognized as having very high potential capabil-
ities (see Fig. 24) for commercial power production 
with low fissile material resource requirements. Their 
passive safety and low pressure will decrease con-
struction and regulatory costs. Breeding additional 
fissile material within a blended Th-U and U-Pu fuel 
cycle that does not include material more attractive 
than LEU would enable MSRs to supply a substantial 
fraction of the world’s energy requirements 
indefinitely.

Molten salt reactors are beginning to attract pri-
vate capital and are anticipated to be able to attract 
substantially larger quantities once foundational, high- 
risk development and demonstration have been per-
formed. Pathways for resolution of all known techni-
cal issues have now been identified, and key MSR 
technologies have advanced substantially in the half- 
century since the cancellation of the historic MSBR 
program.

However, significant technological elements remain 
immature, never having had the necessary sustained 
development focus to realize their potential. The DOE 

Fig. 24. Beecher Briggs transferring mantel of responsibility to Paul Haubenreich upon his retirement (ORNL photo 98031— 
approved for public release).
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NE remains the key actor needed to support and coordi-
nate focused technology development to enable private 
industry to bring MSBRs to market.
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