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Abstract — Recent developments in high-magnetic-field fusion systems have created large incentives to develop
flibe (Li2BeF4) salt fusion blankets that have four functions: (1) convert the high energy of fusion neutrons into
heat for the power system, (2) convert lithium into tritium—the fusion fuel, (3) shield the magnets against
radiation, and (4) cool the first wall that separates the plasma from the salt blanket. Flibe is the same coolant
proposed for fluoride-salt-cooled high-temperature reactors that use clean flibe coolant and graphite-matrix
coated-particle fuel. Flibe is also the coolant proposed for some molten salt reactors (MSRs) where the fuel is
dissolved in the coolant. The multiple applications for flibe as a coolant create large incentives for cooperative
fusion-fission programs for development of the underlying science, design tools, technology (pumps, instrumenta-
tion, salt purification, materials, tritium removal, etc.), and supply chains. Other high-temperature molten salts
are being developed for alternative MSR systems and for advanced Gen-III concentrated solar power (CSP)
systems. The overlapping characteristics of flibe salt with these other salt systems create significant incentives for
cooperative fusion-fission-solar programs in multiple areas.

We describe the fission and fusion flibe-cooled systems, what has created this synergism, what is
different and the same between fission and fusion in terms of using flibe, and the common challenges. We
review (1) the characteristics of flibe salts, (2) the status of the technology, (3) the options for tritium
capture and control in the salt, heat exchangers, and secondary heat transfer loops, and (4) the coupling to
power cycles with heat storage. The technology overlap between flibe systems and other high-temperature
MSR and CSP salt systems is described. This defines where there are opportunities for cooperative
programs across fission, fusion, and CSP salt programs.

Keywords — Salt-cooled reactors, fusion, flibe salt, fluoride-salt-cooled high-temperature reactor, molten
salt reactor.

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

I. INTRODUCTION

This paper describes the fission and fusion applications
for flibe salt with overlapping areas of science, technology,
challenges, and future directions. Figure 1 shows the pro-
posed affordable, robust, and compact (ARC) fusion
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system,1,2 the flibe fusion blanket, and the proposed
fluoride-salt-cooled high-temperature reactor (FHR). The
startup company Commonwealth Fusion Systems (CFS) is
developing the ARC fusion concept in cooperation with the
Massachusetts Institute of Technology (MIT) Plasma
Science and Fusion Center. Eni S.p.A (ENI)a is working
with MIT to address many of the longer-term challenges
associated with this fusion system. The startup company
Kairos Power is developing the FHR. Significant efforts
on the FHR are underway at MIT, the University of
California at Berkeley, the University of Wisconsin at
Madison, the Georgia Institute of Technology, Oak Ridge
National Laboratory, and many other institutions. In China,
the Shanghai Institute of Applied Physics (SINAP) is
building a 2-MW(thermal) molten salt reactor (MSR).
There are smaller efforts to develop these technologies in
Europe and elsewhere. Major experimental facilities using
flibe salt are under design in the United States and China.

Work on flibe blankets for various magnetic and iner-
tial fusion systems goes back to the 1960s (Refs. 3 through
10) but there has been little work in the fusion community
for the last 15 years. Advances in technology (discussed
below) indicate many future machines will use flibe
blankets. Work on flibe for reactor systems goes back to
the 1950s and the early development of MSRs. Most of the
recent work on flibe has been done for the FHR (United
States) and MSR (China) within the last decade.

There are other developments that impact technology
developments for flibe salt systems. There is significant
work with multiple startup companies and other organiza-
tions to develop MSRs with other fluoride salts that have
physical properties similar to flibe. The European
Community11,12 has a project to develop a fast-spectrum

MSR using a lithium heavy-metal fluoride salt with many of
the same tritium challenges associated with flibe salt. The
proposed next-generation concentrated solar power (CSP)
systems use a sodium-potassium-magnesium-chloride salt
as the heat transfer and heat storage salt.13 This salt has
a melting point near 400°C, an expected peak operating
temperature of ~750°C, and operates under chemically
reducing conditions to minimize corrosion. The temperature
range and chemically reducing operating conditions are
similar to flibe salt resulting in technology overlap in the
development of pumps, valves, instrumentation, power
cycles, and other areas of salt technology. Last, there is
ongoing work to develop molten chloride fast reactors
(MCFRs) with fuel dissolved in the salt that operate at
similar temperatures.

Most of these developments have occurred in the last
5 years; thus, only recently at MIT and elsewhere have
research and development efforts begun to be integrated
across different salt power system technologies. This
paper has the goal to provide an integrated perspective
on flibe technology and its coupling to other work on
high-temperature salt systems to accelerate cooperative
development and commercialization of these technologies

II. ARC FUSION POWER PLANT

Recent advances in manufacturing have enabled the
large-scale production of rare-earth barium copper oxide
(REBCO) superconducting tape. This, in turn, has enabled
the building of large magnets with double the magnetic
field of previous large superconducting magnets. In
magnetic fusion systems the system size scales as one
over the fourth power of the magnetic field. Doubling the
magnetic field can reduce the size of the fusion machine by
an order of magnitude for the same power output resulting

Fig. 1. (a) ARC fusion system, (b) flibe fusion blanket for ARC, and (c) FHR fission system.

a ENI is one of the big-five western oil companies.
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in a fusion machine where the power density increases by
an order of magnitude with large reductions in cost per unit
of power output. This is the basis for the ARC fusion
concept.1,2 It is a one-time improvement. With REBCO
magnets, the maximum magnetic fields that can be gener-
ated are limited by the strength of the materials holding the
magnets together—not by the ability to generate magnetic
fields. Figure 1a shows the conceptual design of the ARC.
The ARC is the first fusion machine that proposes to use
these new magnetic materials, but the expectation is that
most future magnetic fusion systems will use REBCO or
some future equivalent magnet material to reduce system
size and cost.

The ARC requires a fusion blanket that (1) converts
energy from fusion neutrons into heat for the power
system, (2) converts lithium into tritium as fast as the
tritium is consumed, (3) shields the magnets against
radiation, and (4) cools the first wall/vacuum vessel
(VV) that contains the plasma. Many different designs
of fusion blankets have been proposed with different
coolants.14 High-magnetic-field fusion relative to other
magnetic fusion machines changes the blanket design
requirements in two ways. First, the power densities
increase by an order of magnitude. The much higher
power densities make it difficult to cool solid blankets
that provide shielding and breed tritium. Second, the
higher magnetic fields create large incentives to use
a coolant in the blanket that has low electrical conduc-
tivity relative specifically to lithium-lead-cooled

systems to reduce interactions between the flowing
coolant and the magnetic fields. These considerations
lead to the use of a liquid salt flibe blanket.

The ARC is a tokamak where the machine is a torus
(Fig. 1). Figure 2 shows the cross section. There are massive
heat loads from the fusion process on the first wall; thus,
most of the cold flibe salt from the heat exchanger flows
through multiple channels to provide first-wall cooling
before entering the large flibe blanket and returning to the
main heat exchanger. The nominal design characteristics of
the ARC and the flibe blanket are summarized in Table I.

Flibe is proposed because it is the best liquid salt for
breeding sufficient tritium fuel for a self-sufficient fusion
machine.15 The beryllium in the salt multiplies the
number of neutrons via a (n, 2n) reaction, and neutron
adsorption by lithium produces tritium. Isotopically
enriched lithium with 90% 6Li is used to maximize tri-
tium production. The breeding ratio is estimated at 1.1;
that is, for every tritium atom consumed in the fusion
reaction, 1.1 tritium atoms are created. A minimum
breeding ratio of 1 is required for the fusion reactor to
be self-sustaining in tritium production assuming no tri-
tium losses in the system or radioactive decay of tritium.

The proposed first-wall structure is a double-wall
(Fig. 3) structure with a sacrificial layer facing the plasma
backed by Inconel-718 as the structural material, a flibe
cooling channel, a second wall with beryllium backed by
Inconel, and the main flibe tank. Flibe from the wall-
cooling channel empties into the main tank. About 25%

Fig. 2. ARC machine and flibe blanket.
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of the heat from the system is deposited within this
structure. This includes heat from (1) the plasma on the
plasma-facing wall, (2) neutron heating from slowing
down of neutrons by the beryllium, flibe, and Inconel,
and (3) various other nuclear reactions. The beryllium
metal layer acts as a neutron multiplier via a high-
energy neutron yielding two neutrons. Part of the blanket
structure includes a diverter that acts as a drain to remove
high-energy plasma from the system that contains
deuterium, tritium, and the helium reaction product.
This localized area sees much higher heating loads from
the plasma but lower neutron fluxes. It contains
additional special features to withstand the higher loca-
lized heat loads. Alternative first-wall designs are being
evaluated with the common features of a channel with

high-velocity flibe flow to provide sufficient first-wall
cooling and a solid layer of beryllium or some other
material for neutron multiplication.

While the main nuclear reactions are the beryllium
neutron multiplication reaction and the lithium tritium
production, there are many secondary nuclear reactions
(Fig. 4) creating short-lived radionuclides. This generates
a significant gamma radiation field from the flibe salt
flowing outside the reactor and a small amount of decay
heat for several weeks after shutdown. There will also be
activated corrosion products from materials in contact
with flibe. There is no radiation damage to liquid flibe
salt; however, if flibe salt is allowed to freeze, at very low
temperatures irradiating solid flibe salt or other fluoride
salts will generate free fluorine—a corrosive gas. Upon
freezing there is only a 2% change in volume.

The development pathway for the ARC has three
major steps. The first step is to develop and demonstrate
the REBCO superconducting magnets at scale with the
high magnetic fields that create high stresses within the
magnet. Smaller, simpler magnets have been built with
REBCO. The CFS goal is to do this within 3 years.
The second step would be a fusion machine called
SPARC (Refs. 16 and 17) to demonstrate net energy
production (more fusion energy out than energy into the
plasma) and the associated reactor physics. This machine
would operate for short periods of time with the neutron
energy dumped into solid neutron shields and adsorbed
by the structure by raising its temperature. It would be
designed to operate for 1000 to 2000 cycles. The ARC
would be a commercial demonstration project producing
power with self-sufficient tritium generation. It requires
a flibe blanket for heat removal and tritium generation.

III. FHRS AND LIQUID-FUELED MSRS

The FHR is a new reactor concept,18–20 less than
20 years old, that combines a clean fluoride salt coolant
(no dissolved fuel or fission products), the graphite-matrix
coated-particle fuel originally developed for high-
temperature gas-cooled reactors (HTGRs), and passive
decay heat removal systems from sodium fast reactors
(SFRs). The baseline FHR uses pebble-bed fuel and 7Li2
BeF4 (flibe) salt coolant enriched in 7Li to minimize
tritium production. Fluoride salt coolants are used because
they are chemically compatible with the carbon-based fuel
and fluorine has a small neutron adsorption cross section.
Flibe is the best salt coolant in terms of thermal hydraulics
and neutronics performance.21,22 A schematic of the
pebble-bed FHR is shown in Fig. 1c.

TABLE I

Nominal ARC Blanket Design Parameters

Design Parameter Value

Power level (fusion energy
plus electrical input)

628 MW(thermal)

Flibe blanket volume 248 m3

Total flibe flow rate 1.25 m3/s
Temperature in 800 K
Temperature out 908 K
Tritium generation rate 3 × 1020 tritium atoms/s

[~2 million Ci/GW(thermal)/
day]

Fig. 3. ARC double-wall VV structure.
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Fluoride-salt-cooled high-temperature reactors are
a family of reactor concepts characterized by the use of
a high-temperature fuel and a fluoride salt coolant where
there is an equivalent FHR concept for each major variant
of an HTGR. A liquid salt replaces the gas coolant of the
HTGR resulting in a reactor that operates at near atmo-
spheric pressure with power densities 4 to 10 times
higher than the equivalent gas-cooled reactor because

liquids are better coolants than gases. Flibe and other
salt coolants are mixtures of fluoride salts to lower melt-
ing points. Chloride salts are not viable for thermal-
spectrum reactors because of their high neutron cross
sections. The pebble-bed FHR is the most advanced
design20 with a nominal design shown in Fig. 1 and
design parameters in Table II. The Kairos Power FHR
is a variant of this design.

Fig. 4. Nuclear reactions with flibe salt.8

TABLE II

Design Parameters of a Pebble-Bed FHR

Parameter Value

Reactor design
Thermal power [MW(thermal)] 236
Core inlet temperature (°C) 600
Core bulk-average outlet temperature (°C) 700
Primary coolant mass flow rate (100% power) (kg/s) 976
Primary coolant volumetric flow rate (100% power) (m3/s) 0.54
Pressure Atmospheric
Coolant 7Li2BeF4
Fuel Graphite-matrix coated-particle fuel

Vessel interior from centerline
Central graphite zone (m) 0.35
Pebble fuel zone (m) 0.35 to 1.05
Sacrificial pebble graphite zone (m) 1.05 to 1.25
Graphite reflector (m) 1.25 outward
Power cycle: NACC Modified General Electric 7FB gas turbine
Base-load reactor [MW(electric)] 100
Base-load efficiency (%) 42.5
Peak power [MW(electric)] 242
Peaking fuel Natural gas
Gas-to-peak power efficiency (%) 66.4

Comparison of power to vessel volumes (economics)a

PWR [MW(electric)/m3] 2.8
FHR [MW(electric)/m3] 0.87
SFR [MW(electric)/m3] 0.29
Pebble bed modular reactor [MW(electric)/m3] 0.24

aThe combination of smaller vessel volume and lower pressure reduces the plant size.
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There are several incentives for developing the FHR.
Revenue per unit of thermal heat output is increased because
the average temperature of delivered heat to the power cycle
is ~650°C, higher than the average temperature of delivered
heat from helium-, sodium-, and water-cooled reactors
(Table III). Flibe has a melting point of 459°C resulting in
minimum salt temperatures near 550°C to minimize the risk
of freezing and peak salt temperatures near 700°C because
of limits of materials for practical heat exchangers. Higher
temperatures enable (1) higher heat-to-electricity efficiency,
(2) higher temperature delivered heat to industry, and (3)
more efficient coupling to heat storage technologies that
enables variable electricity to the grid from a base-load
reactor to enhance revenue (Sec. VI). This advantage applies
to all fission, fusion, and Gen-III CSP salt systems because
all of the salts have high melting points. The safety case is
based on several factors. The FHR is a low-pressure reactor
with HTGR fuel that has a high heat capacity. The high heat
capacity results in slow heat up of the reactor core under any
accident conditions. Safety is aided by the very high-
temperature capabilities of the HTGR fuel where fuel failure
temperatures are above 1650°C, the salt coolant has a boiling
point above 1400°C, and a coolant that dissolves most fis-
sion products if there are fuel failures.

There are also significant ongoing efforts to develop
MSRs where the fuel is dissolved in a fluoride salt.
Different designs use different fluoride salts.23 The
SINAP (Ref. 24) is in the process of designing and building
a 2-MW graphite-moderated MSR using flibe salt. In the
United States the startup company FLiBe Energy Inc. is
also proposing to use flibe salt. The graphite moderator in
the reactor core has holes for the flowing fuel salt. The
dissolved fissile, fertile, and fission products change some
of the properties of the flibe salt including radiative heat
transfer. Countries in Europe have been working on
a fluoride salt fast reactor11,12 that uses a lithium heavy-
metal fluoride salt. This reactor has no graphite in the core.
Like the FHR, all of the MSRs with lithium-containing

salts use 7Li to minimize tritium generation. Tritium is
generated and thus systems to control tritium releases to
the environment are required that are similar to the FHR.

There is also an effort to develop fast-spectrum MSRs
by TerraPower where the fissile, fertile, and fission
products are dissolved in a chloride salt25 containing iso-
topically separated 37Cl. In a fast-spectrum MSR, the fuel
salt flows through a 1-m-wide vessel with no internal
components while generating heat internally within the
salt from fission. The thermal hydraulics of high power
generation in flowing salt through a wide channel has
similarities to the ARC fusion blanket. The operating tem-
peratures of these chloride salts are similar to the FHR.

IV. DIFFERENCES BETWEEN FISSION AND FUSION FLIBE
USE

Fission and fusion use of flibe results in many com-
mon challenges, but there are some important differences
driven by different constraints and requirements.26

IV.A. Power Cycles and Heat Storage

Many FHR and MSR designs include high-
temperature heat storage to enable economic base-load
operation with variable electricity to the grid to match
changing market requirements and maximize revenue,27

as discussed in Sec. VI. This change in future plant
designs has major implications for the ARC and many
other fusion systems. Most fusion systems operate in
a pulse mode. For inertial fusion the pulses may be
seconds whereas for magnetic fusion the pulses may be
many hours followed by a short period of time before
back to full power. The addition of heat storage decouples
short-term fusion heat output from the requirement to
deliver electricity to the grid or heat to industry. It
reduces power plant constraints on fusion system design;
consequently, the incentives for heat storage are greater
for fusion machines.

IV.B. Thermal Hydraulics

Flibe is a eutectic mixture of two salts (LiF and BeF2)
to lower its melting point. Like other fluoride salts, flibe
has a high Prandtl number (low thermal conductivity)
relative to other coolants. However, there are some impor-
tant differences in the use of flibe in fission versus fusion
systems:

1. Magnetic fields: Fusion systems have very high
magnetic fields that interact with flowing flibe to change

TABLE III

Heat Delivery Temperatures for Different Reactor Coolants

Coolant

Average
Core Inlet
Temperature

(°C)

Average
Core Exit

Temperature
(°C)

Average
Temperature
of Delivered
Heat (°C)

Water 270 290 280
Sodium 450 550 500
Helium 350 750 550
Salt 600 700 650

6 FORSBERG et al. · HIGH-TEMPERATURE REACTORS WITH FLIBE SALT COOLANT

NUCLEAR TECHNOLOGY · VOLUME 00 · XXXX 2019



the thermal hydraulics via mechanisms such as suppres-
sion of turbulence.28,29 These heat transfer effects are not
fully understood for flibe.

2. Radiative heat transfer: Flibe is semitransparent
and at 700°C radiative heat transfer begins to become
important.30 Radiative heat transfer reduces temperature
differences in the system. This is significant in an FHR,
particularly in accident scenarios. However, it is more
important in the fusion system where the peak heat gen-
eration in the liquid blanket is next to the inner wall of
a 1-m-thick blanket. In such a system longer-distance
transport of radiative heat can become important.

3. Geometric effects: In the FHR there is good
mixing of the coolant flowing through a pebble bed. In
a flibe fusion blanket tank (Fig. 1) one concern is uneven
flow and formation of vortexes where flibe remains rela-
tively stationary in some locations. Because of the high
internal power generation in flibe, if vortexes form it
could result in locally rapid heating of flibe to the boiling
point and large variations in flibe salt temperatures at the
outlet of the blanket. This has similarities to the challenge
in fast-spectrum MSRs where the fuel salt is flowing
through a channel more than 1 m in diameter with very
high rates of heat generation in the salt.

4. Extreme heat fluxes: The first wall of the fusion
machine that separates the plasma from the salt has high
heat fluxes (0.17 MW/m2) with much higher local heat
fluxes in the diverter. These heat fluxes are much higher
than found in an FHR. In addition, there is high internal
heating of the first wall from the gamma and neutron
fluxes. At the same time the peak temperature limits for
the fusion first wall are below the temperature limits for
graphite-matrix FHR fuel.

There are good low-temperature simulants for flibe
that can be used for many heat transfer tests31 such as
Dowtherm A; however, these materials can’t simulate
radiative heat transfer or impacts of magnetic fields on
heat transfer. Computational fluid dynamics is required to
design the fusion blanket. Separate effects experiments
are required to understand the individual phenomena that
are then combined using computational fluid dynamics.
A small number of expensive highly integrated experi-
ments may be required to validate design codes. Much of
this work would also be useful for the FHR and MSR.

IV.C. Tritium

The ARC and FHR have tritium challenges.
Tritium production in the FHR with isotopically

separated 7Li is about two orders of magnitude higher
than releases from a pressurized water reactor (PWR),
but three orders of magnitude less than the production
rate in a fusion machine. In a PWR the tritium is
primarily from the lithium and boron in the water cool-
ant. In the FHR the lithium is 99.99+% 7Li to minimize
tritium production. For the ARC fusion machine, the
nominal lithium isotopic composition is 90% 6Li to
maximize tritium production. Both systems require
efficient tritium removal from salt and control of
releases to the environment. In addition to the higher
tritium levels in a fusion machine, there are two impor-
tant differences with regard to tritium management
requirements in fusion versus fission machines:

1. Tritium waste or fuel: In an FHR the tritium is
a waste or a secondary product whereas fusion machines
require efficient recycling for the fusion reactor to be
self-sufficient in tritium. Tritium has some value today,
particularly its decay product 3He. As a consequence, for
an FHR there is an incentive to recover the tritium for the
market, but no requirement for efficient recovery. Certain
tritium removal options such as gas sparging may sparge
with a hydrogen/inert gas mixture to (1) remove tritium
and (2) control salt redox (corrosion) potential. Extra
hydrogen mixed with the tritium is not a concern for an
FHR. In a fusion machine any normal hydrogen has to be
removed before the tritium is recycled to the plasma.

2. Safety basis: In a fusion machine, the primary
accident source term is the tritium. There are large incen-
tives to minimize the tritium inventory to minimize the
accident source term and required safety systems. This
creates incentives for fast recovery and recycling of tri-
tium from the flibe blanket.

There has been significant recent work on tritium
control19,32 for the FHR, including irradiation of different
materials in flibe salt at 700°C. There has been much less
recent work on tritium control for fusion for flibe sys-
tems. In each case, neutrons interact with LiF to generate
tritium in the form of 3HF and helium. Hydrogen fluoride
is highly corrosive so a chemical redox agent33 is added
to the salt to convert the 3HF to 3H2. Section V discusses
the common technologies for tritium control.

V. FLIBE SYSTEMS

The status and challenges with flibe systems are
discussed herein recognizing that major flibe test facil-
ities are expected to come online in the next 5 years in the
United States (FHR, ARC) and in China (MSR).
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V.A. Supply Chain

The supply chain challenges to produce flibe are
identical for both systems. The FHR will use isotopically
separated 7Li while the ARC uses lithium isotopically
enriched in 6Li. Lithium isotopic separation facilities are
required. The United States (University of Wisconsin at
Madison, Oak Ridge National Laboratory) and China can
today produce small quantities of purified flibe at labora-
tory scale (tens of kilograms per batch) not industrial
scale (tonnes). Industrial-scale flibe supply chains are
being developed by Kairos Power for the FHR in the
United States and the SINAP in China for salt reactors.
This includes capabilities to isotopically separate lithium
isotopes.

V.B. Properties

Flibe systems and tritium management options fol-
low directly from the physical characteristics of flibe. The
properties of flibe and several other fluoride salts are
shown in Table IV. Flibe34,35 is the primary liquid-salt
option for fusion to obtain the high tritium breeding ratio
that is required. The other salts could be potentially used
in some types of FHRs and MSRs. Flibe has better
neutronic and thermal-hydraulic properties19,21,22,36 than
the other salts. For FHRs, the disadvantages of flibe
versus other salts are the toxicity of beryllium and the
cost of isotopically separated lithium.

Recent critical reviews21,22 have evaluated the phy-
sical properties of flibe and the uncertainties associated
with those physical properties. There are significant
uncertainties associated with the thermal conductivity,
partly because flibe is semitransparent and at higher
temperatures radiative heat transport becomes
a significant heat transport mechanism. The major area

of missing physical property data is measurement of
radiative heat transfer and other optical properties as
a function of temperature, frequency, and impurity levels.
This is important for multiple reasons:

1. Heat transfer: Above 700°C radiative heat trans-
fer becomes important and becomes a significant factor in
minimizing peak coolant temperatures. This is relevant in
the context of accident conditions for FHRs and MSRs. It
is also relevant to reducing peak temperatures in the
ARC. In a large flibe blanket tank or flow channel,
radiative heat transfer can change temperature distribu-
tions and thus flows.

2. Instrumentation: The optical properties create
new instrumentation options that may be required for
fusion and useful for fission. Infrared imaging can detect
hot spots associated with the first wall through the
flibe. Second, Cherenkov imaging diagnostics from neu-
tron interactions with the flibe salt may enable direct
measurement of fusion power.

The salt melting points for fission, fusion, and Gen-III
solar systems are high relative to other coolants such as
water, helium, and sodium. Special engineering features
are required to avoid salt freezing. The compensating
feature is the very high boiling points so that in most
circumstances there is little risk of boiling.

V.C. Corrosion

Liquid flibe salt is chemically stable in high neutron
and gamma radiation fields. It is an ionic solution. Frozen
flibe salt near room temperature in high radiation fields
will generate free fluorine. Lithium fluoride plus
a neutron yields tritium fluoride (3HF) and helium.
Tritium fluoride is highly corrosive. To prevent corrosion,
a chemical reducing agent is required. The leading

TABLE IV

Candidate Reactor Coolant*

Coolant Tmelt (°C) Tboil (°C) ρ (kg/m3) ρCp (kJ/m
3°C)

Li2BeF4 (flibe) 459 1430 1940 4670
59.5 NaF-40.5 ZrF4 500 1290 3140 3670
26 7LiF-37 NaF-37 ZrF4 436 2790 3500
51 7LiF-49 ZrF4 509 3090 3750
Water (7.5 MPa) 0 290 732 4040
Water (15.5 MPa) 0 345 709 4049

*Salt compositions in mole percent. Salt properties at 700°C and 1 atm. The boiling points of the zirconium fluoride salts are not
well known. For comparison water data are shown at 290°C (7.5 MPa, boiling point) and PWR conditions with water properties at
309°C.
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candidate is beryllium metal that is slightly soluble in
flibe and rapidly reacts with HF (Ref. 37). Beryllium plus
two tritium fluorides yields BeF2 plus

3H2—hydrogen. In
flibe salt, hydrogen remains as diatomic hydrogen. Other
reducing agents can be used to convert 3HF to 3H2. The
reference ARC design has beryllium exposed to flibe. If
dissolution rates of beryllium are too high or localized,
a more powerful reducing agent may be required to
minimize beryllium dissolution into the salt.

Fluoride salts are fluxing agents; that is, they dissolve
oxide and other coatings. The only way to prevent corro-
sion of the metal is to have the chemical redox conditions
in the salt more reducing than the metals of construction;
that is, the metals must be noble relative to the salt.33

Figure 5 shows the chemical redox potential of various
elements. The materials of construction determine the
redox conditions required to minimize corrosion. With
the requirements for redox control is the associated
requirement to develop robust methods to measure and
control the redox potential to assure corrosion control.
Multiple methods to measure redox control have been
developed in a laboratory setting but what is required is
development of a redox control strategy and instrumenta-
tion with the reliability requirements for power plant
operations. In this context, there is a large difference
between MSRs and clean flibe systems. In a fluoride
salt MSR the historical strategy to control redox is to
control the ratio of dissolved +3U/+4U in the salt. With the
high concentrations of uranium in the salt, measurement
and thus control of redox potential is straightforward.

Material choices are first limited by the requirements
to be compatible with flibe salt as shown in Fig. 5. Note
that the HF/H2 = 0.01 potential is above the Cr/CrF2
potential implying that HF will react with chromium
metal to produce chromium fluoride and H2. Chromium
is an alloying agent in almost all high-temperature mate-
rials. Structural material choices depend on if one wants
a code-qualified material. Using code-qualified materials
simplifies licensing, and code-qualified materials are
commercially available. However, it requires nearly
a decade to fully qualify a structure material. There is
the option of adding nonstructural materials including
tungsten and nickel as coatings for corrosion control.
Adding carbon to the system, such as the fuel in the
FHR, can increase corrosion rates during irradiation.19,36

All materials in contact with electrically conductive flibe
must be considered because of the potential of galvanic
corrosion between different materials of construction, In
some designs of FHRs this has led to the decision to use
a single material of construction, 316 stainless steel, to
avoid such interactions. Material decisions are at an

earlier stage of development for fusion. This paper does
not go further into this complex subject.

Coupled to materials and tritium control is purification
of the flibe salt to minimize corrosion. Some impurities in
all materials of construction will leach into the salt over
time. Neutron irradiation will generate other species in the
salt, such as oxygen, and by interactions with the materials
of construction creating corrosion products that will dis-
solve in the salt. Fuel in FHRs and operations will add
impurities. Like other coolants, the impurities in the salt
coolant can have a large impact on corrosion rates. It is not
known at this time what the online purification requirements
will be.

Fig. 5. Redox potentials of various redox couples as
function of temperature in fluoride salts. Solid line:
metal dissolution at aMnþ of 10−6; dotted line: reduction
of oxidants. HF/H2 represents the mole ratio of HF/H2 at
1 atm total pressure.
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The traditional method to purify flibe involves fluor-
ination with HF that strips volatile fluoride impurities
from the salt including oxygen as steam, controlling
redox by the ratio of hydrogen to HF to precipitate
most remaining impurities, then followed by filtering
any metal particulates in the salt. This method is robust
and works well as a production method for flibe salt. If
producing flibe salt from beryllium and lithium fluorides,
low-cost feedstocks may come with high levels of impu-
rities and thus the need for such a process. For a fission or
fusion reactor, the question is whether simpler processes
can be developed for online or batch purification of salts
with lower concentrations of impurities.

There are other purification options including
distillation.38 Distillation was experimentally investigated
for flibe salt in the 1970s for online purification of MSR
salts and looked potentially attractive. However, with the
existing 1970s materials of construction, the only option
was vacuum distillation, which is a low-throughput
process with limited separation capabilities. Higher-
temperature multistage distillation was not viable because
of the limits in the fabrication of high-temperature
materials such as molybdenum into complex shapes.
New methods of additive manufacturing may enable build-
ing high-performance high-temperature distillation col-
umns of molybdenum or other materials that would
enable distillation as a high-capacity low-cost no-additive
salt cleanup option. There are other options such as carbon
beds that may be able to remove impurities other than
tritium (Sec. V.D.1.c) but very little work has been done
on such longer-term options. Much of the ongoing work in
this area is associated with MSR salt cleanup and the
conversion of wastes into acceptable waste forms.

V.D. Tritium Challenge

Tritium capture and control is a major challenge with
flibe and other lithium-containing salts. Tritium is the
fusion fuel with the requirements for (1) efficient recov-
ery for a self-sustaining fusion reactor, (2) fast recovery
to minimize total tritium inventory in the fusion plant
(minimize inventory and thus accident source term), and
(3) avoiding significant releases to the environment. In
fission machines, the goal is to minimize releases to the
environment with tritium generation rates typically three
orders of magnitude lower than in a fusion machine. In
addition to traditional MSRs with flibe, the European
Community has been developing a fast-spectrum MSR
with a 7Li heavy-metal fluoride salt11,12 where lithium is
used to reduce the salt melting point. Tritium capture and
removal can be done in the (1) salt, (2) certain types of

heat exchangers, and (3) secondary heat transfer loops.
All options are discussed herein. There is no consensus
on preferred options for tritium control and none of the
technologies have been demonstrated at significant scale
in salt systems.

V.D.1. Removal of Tritium from Salt

There are many methods to remove tritium (3H) from
the salt. Recent reviews32 summarize some of these
options. To understand the performance limits of these
systems, one must understand the behavior of hydrogen
in flibe. Figure 6 shows hydrogen diffusivity in flibe and
other materials that may be found in a flibe fission or
fusion system. Figure 7 shows the solubility of hydrogen
in flibe and other materials that may be found in a flibe
system. For diatomic molecules such as hydrogen, the
solubility follows Sievert’s law in metals including liquid
sodium (discussed in Sec. V.D.3.c) where the solubility is
proportional to the square root of the hydrogen pressure.
In liquids such as salts, the solubility of diatomic hydro-
gen follows Henry’s law where the solubility is propor-
tional to the pressure of the hydrogen. These two physical
properties drive the choice of options to capture tritium or
to prevent its escape from flibe.

The permeation (transport) rate of hydrogen is pro-
portional to the diffusivity times the solubility. In terms
of permeation rates, diffusivity can be considered
a measure of the difficulty of a molecule moving through
a material, whereas the solubility is a measure of posi-
tions that can be occupied by tritium and therefore the

Fig. 6. Hydrogen diffusivity in flibe, Flinak, sodium, and
different metals. Values are extrapolated from available
experimental range. Flibe and Flinak from 773 to 873K
(Ref. 40), sodium from 742 to 853 K (Ref. 42), SS316
and Ni from 500 to 1200 K (Ref. 39), and tungsten from
1100 to –2400 K (Ref. 41).
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number of pathways for a molecule to move through
a material. Liquid salts have low diffusivity relative to
most materials and low hydrogen solubility. Tritium (3H2)
moves very slowly through flibe. As a result, the primary
limit of any tritium removal from a flibe system is the
time it takes the tritium molecules to diffuse from the
bulk salt to some surface for removal of the tritium. This
results in tritium removal options where in each case the
surface area and fluid transport via turbulence often
determines the rate of tritium removal.

Figure 8 shows a typical schematic of a system to
remove tritium from the salt. The specific example is for
tritium removal using permeation membranes. The tri-
tium removal system is before the main heat exchanger

in hot flibe salt to reduce the concentration of tritium in
the salt entering the heat exchangers and thus the tritium
concentration driving force for diffusion of tritium
through the heat exchangers. Most of the external system
surface area is associated with the heat exchangers. Some
systems to remove tritium from salt will remove tritium
and tritium fluoride (gas spargers, carbon beds, etc.), but
in all cases are more efficient in removing tritium gas
(3H2) than tritium fluoride because tritium gas diffuses
faster through flibe salt to the surface of the tritium
removal system. Permeation membranes and heat exchan-
gers only remove tritium gas. Tritium removal systems
thus change the ratio of tritium to tritium fluoride in the
salt. The redox control agent is required to maintain the
desired redox potential.

V.D.1.a. Gas Sparging

In gas sparging32 an inert gas or a hydrogen/inert gas
is bubbled through the salt to remove the tritium.
Hydrogen in the sparging gas may be used for redox
control. For the FHR, tritium with added hydrogen implies
a somewhat larger waste stream with tritium. For fusion,
the use of hydrogen or deuterium in the gas sparging
system implies the need to later separate the tritium for
recycling back to the fusion plasma. The tritium removal
effectiveness depends upon the bubble surface area.

This technology is being developed by SINAP where
gas is injected, goes through a structure to create turbulent
mixing between the gas and liquid, and then through
a centrifugal system that results in efficient separation of
gas from the flibe salt. The SINAP development work is for
FHRs and MSRs. In a MSR the system also removes
xenon, which is a strong neutron poison, as well as other
gaseous fission products and some noble metals. There are
large economic incentives for the fast removal of xenon to
minimize parasitic neutron losses in the reactor core. The
many short-lived fission products result in an off-gas system
with very high radiation levels, which creates incentives to
minimize equipment size and thus radiation shielding. There
are many other variants, such as a gas scrubber where the
liquid flows downward over some packing forming a thin
layer on the surface of the packing as the purge gas travels
in the upward direction. In these systems there is a trade-off
between equipment size, energy consumption, and volume
of expensive flibe in the separation system.

V.D.1.b. Vacuum Disengager

In a vacuum disengager45 the hot flibe salt is sent to
a vacuum tower where spray nozzles create small droplets

Fig. 7. Hydrogen solubility versus temperature for dif-
ferent materials. Values are extrapolated from available
experimental range. Flibe and Flinak from 773 to 873 K
(Ref. 40), sodium from 742 to 853 K (Ref. 42), SS316
and Ni from 500 to 1200 K (Ref. 39), and tungsten from
1100 to 2400 K (Ref. 41). The experimental values for
the low estimate of graphite are based on high-density
isotropic Isograph-88 extrapolated from 1123 to 1323 K,
and the high estimate is estimated based on recent experi-
ments on carbon materials at 973 K (Refs. 43 and 44).

Fig. 8. Schematic of the tritium control and mitigation
system.
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(Fig. 9). Tritium diffuses out of the droplets as they fall and
is removed by vacuum pumps. This option was examined
in the 1990s as part of the U.S. inertial fusion program. In
the initial design the optimum droplet size was 0.2 mm in
a 7-m-tall vacuum tower. A two-stage system was esti-
mated to provide a decontamination factor of 100 000 and
thus meet requirements for tritium capture and allowable
releases. The vacuum disengager is between the fusion
chamber and the first heat exchanger to remove tritium
before entering the heat exchanger. The major trade-off is
between the size of the droplets and vacuum pressure
losses. Smaller droplets result in higher diffusion rates of
tritium from the center of the droplet to the surface, but
higher concentrations of droplets result in the buildup of
tritium gas backpressure from the droplet surfaces to the
vacuum pumps. No experimental work was done. We are
not aware of any recent work in this area.

V.D.1.c. Solid Adsorbers

A particle bed of a solid adsorber can be used to remove
tritium from the flibe. Such beds can have very high surface
areas. The tritium is desorbed from the bed by heating. The
leading candidate is a carbon bed because carbon is compa-
tible with fluoride salts and has high solubility to hydrogen.
The primary choices are carbon and the materials that are
noble (chemically inert) to flibe (Fig. 5). There is almost
a two order of magnitude difference in the solubility of
hydrogen on different forms of graphite (Fig. 7). Recent

experimental work46 at MIT has measured hydrogen
solubility at 700°C for a variety of carbon forms as shown
in Fig. 10. Carbon has several different types of sites that
adsorb hydrogen where the concentrations of each type of
site depend on how the graphite was processed. Most hydro-
gen is weakly or strongly adsorbed. The quantity of weakly
adsorbed hydrogen depends upon the hydrogen (or tritium)
pressure. If the goal is a hydrogen bed to remove tritium
from flibe, one wants a carbon in a form with a high
solubility for weakly adsorbed hydrogen to enable easy
recovery of the hydrogen. However, this also implies that
in a reactor core that has a carbon form with a high solubility
for hydrogen that is weakly adsorbed, hydrogen (or tritium)
will be quickly released in an over-temperature event.

In the pebble-bed FHR, the fuel and graphite moderator
pebbles spend an average of a month traveling through the
reactor core. They are then inspected, with the fuel pebbles
that have reached their burnup limits sent to spent nuclear
fuel storage and the remainder of the pebbles recycled back
to the core. The specific characteristics of this reactor core
design may allow the fuel and graphite pebbles in the core
to be used as a tritium removal system by heating the
pebbles after exiting the core to remove the weakly bound
tritium. There is the option47 to add smaller pebbles of
graphite that fit in the spaces between the fuel pebbles that
are designed specifically for tritium removal. Such nonfuel
pebbles are at lower temperatures than the fuel pebbles and
thus have a greater capacity for tritium adsorption.

There are other limitations on the use of carbon in
some salt systems. Carbon can increase corrosion. For an
FHR this is not a consideration because the FHR uses
a carbon-based fuel. Adding more carbon does not

Fig. 9. Tritium gas diffusion out of flibe spay region.
(Droplet size is exaggerated.)

Fig. 10. Quantities (standard temperature and pressure in
cubic centimeters/grams) of weak and strong adsorption
at 3 kPa.
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change system behavior. Materials and corrosion control
strategies must be chosen to address this challenge. In
a fusion system a carbon tritium removal system may not
be chosen because of its impact on material choices.

V.D.1.d. Permeation Membranes

A permeation membrane is a wall with high perme-
ability to tritium. As shown in Figs. 6 and 7, nickel is the
preferred permeation filter due to its relatively high
diffusivity and solubility. Permeation membranes are
used to purify tritium and are well understood. The
major advantage of a permeation barrier is that it
produces a pure hydrogen gas stream diluted by the
sweep gas that is typically helium or argon but no other
impurities. The disadvantage is the high surface area that
is required and may approach the area of the main heat
exchangers.

The most recent work48,49 has been done at the
University of Michigan for FHRs. Figure 11 shows
a modular separation unit. The permeation barrier is similar
to a cross-flow heat exchanger where the salt flows
perpendicular through an array of tubes with a triangular
pitch. This is to create turbulent mixing to maximize mass
transfer from the salt to the tube. The sweep gas flows
inside the tubes and carries away the tritium gas.

Other options are discussed below for tritium
removal using heat exchangers or capturing tritium in
the secondary loop. However, there are large incentives
to remove as much tritium as possible in the primary
system to minimize the tritium concentration in the

primary system. The higher the concentration in the
primary system, the larger the driving forces for tritium
releases through the high-surface-area heat exchangers
and the larger inventories and accident source term.

V.D.2. Tritium Barriers

Tritium permeation barriers32 can minimize tritium
leakage. In any fission or fusion system, more than 99%
of the external surface area of the flibe system is asso-
ciated with the primary heat exchangers. Thus, the pri-
mary tritium challenge is how to prevent migration
through the primary heat exchanger. On the salt side,
the leading candidate is tungsten with its low solubility
and diffusion coefficient for hydrogen. Salt-side options
are limited because of the requirements to be chemically
compatible with the flibe salt as defined by the chemical
redox potential (Fig. 5) and compatibility with the struc-
tural material of the heat exchanger. The alternative is
a permeation barrier on the nonflibe side of the heat
exchangers. Oxides and many other layers in the labora-
tory have extremely low permeability to hydrogen.
However, the real-world experience is not as good.
Cracks in these surface treatments control real-world
performance as has been demonstrated in many environ-
ments. The practical implication is that tritium barriers
must be tested at a reasonable scale (many square meters)
under realistic operating conditions. The best-preforming
hydrogen permeation barrier is not necessarily the mate-
rial with the lowest permeability, it’s the one with the
fewest cracks in the barrier or where the environment will
seal the cracks.

V.D.3. Removal of Tritium with Heat Exchangers

Tritium can be removed with some types of heat
exchangers. This can be the primary or a secondary tri-
tium removal system. In each of these options there are
various trade-offs between requirements to move heat to
a secondary fluid and requirements for tritium capture.
Some of these options are capable of greatly reducing the
risk of salt freezing in the heat exchanger if the fission/
fusion machine is shut down.

V.D.3.a. No Intermediate Loop

No intermediate loop is proposed for FHRs (Ref. 20)
coupled to nuclear air-Brayton combined cycles
(NACCs). In a NACC power system air is compressed,
is heated by a salt-air heat exchanger, and goes to
a turbine with the exhaust sent to a heat recovery steam

Fig. 11. Schematic of a proposed cross-flow tritium
removal facility.
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generator. The added steam can be used to produce added
electricity. The important characteristic of this power
cycle is that the front-end compressor results in com-
pressed air at temperatures between 350°C and 450°C.
This high-temperature oxidizing environment maintains
a self-healing oxide layer on the outside heat exchanger
surfaces that assures very low hydrogen permeability.
The system heals any imperfections in the permeation
barrier. This option is early in the development process
and has not has been tested at scale.

V.D.3.b. Double-Wall Heat Exchangers

Double-wall heat exchangers have been used in
industry for many decades where heat transfer is required
between highly reactive liquids. This type of heat exchan-
ger has been considered for decades for flibe service in
fission and fusion reactors. Heat and mass transfer follow
similar laws; thus, a heat exchanger designed for trans-
ferring heat from salt to a second fluid is also good for
transferring hydrogen to the surface of the heat exchanger
and diffusion through the double-wall heat exchanger.
The properties of flibe salt favor the use of fluted heat
transfer tubes to improve heat transfer. This is because
these salts have a low thermal conductivity relative to
most other heat transfer fluids.

In the United States, most recent work on double-
wall heat exchangers for flibe systems has been done at
the University of Michigan50,51 and the University of
California/Kairos Power. A schematic of a double-wall
heat exchanger tube is in Fig. 12. Recent studies indicate
that the sweep gas can capture 99.5% of the tritium going
through the heat exchanger. Typically, the sweep gas is
helium with its high thermal conductivity. There are also
proposals to use a salt as the sweep fluid for tritium
capture. Such a fluid would have a higher thermal con-
ductivity and thus a more thermally efficient heat exchan-
ger. There are plate-type heat exchangers that are
equivalent to a double-tube heat exchanger. This may be
a sufficient level of tritium removal for an FHR but

would not be acceptable by itself for a fusion machine
in terms of allowable tritium releases to the environment.

There are a large number of design options for tri-
tium removal with these systems, most of which have not
been investigated in any detail. For example, the annular
sweep gas could be helium with a small quantity of
oxygen. Any tritium entering the annular zone would be
oxidized to steam that does not diffuse through metal
walls. However, oxide layers act as barriers to tritium
diffusion. The oxygen would create a barrier to the diffu-
sion of tritium from the flibe salt to the annular zone.
Ideally one would want to coat the tube facing the flibe
salt with a metal that did not oxidize to allow efficient
transport of tritium into the annular zone to remove the
tritium from the system.

V.D.3.c. Heat Pipes

Sodium heat pipes are proposed to transfer heat from the
flibe salt to the power cycle52,53 with three additional objec-
tives: (1) isolate low-pressure flibe reactor system from high-
pressure power cycle, (2) prevent accidental freezing of flibe
salt, and (3) capture tritium. Each heat pipe (Fig. 13) would
have its bottom half in the flibe salt and its top half delivering
heat to the power cycle, either (1) directly heating steam,
supercritical carbon dioxide, or compressed air, or (2) heating
a secondary heat transfer fluid such as a nitrate or chloride
salt if heat storage is in the power cycle. The heat vaporizes
the sodium that then flows as a gas to the colder condenser
section of the heat pipe where it condenses to a liquid and
flows back to the hot salt zone. The liquid salt and steam or
air heat exchanger surfaces are separately designed for effi-
cient heat transfer. The heat pipe is lined with a wick where
capillary forces wet the entire heat pipe surface and move
liquid sodium from the cold condenser section to the hot salt
section where it is evaporated.

Heat pipe performance depends upon the vapor pres-
sure of the sodium, which depends upon temperature.
Sodium is chosen because at the melting point of flibe
(459°C) the vapor pressure is very low resulting in almost
no heat transfer. At 600°C the system is efficient at heat
transfer. Heat pipes can be designed to turn on and shut
off at defined temperatures. This characteristic can pro-
vide protection against freezing of the flibe salt.

The heat pipe can be designed to capture tritium. No
tritium diffusion barriers are incorporated into the eva-
porator zone of the heat pipe to enable efficient tritium
permeation from salt into the heat pipe. Inside the heat
pipe the evaporation and movement of the sodium vapor
sweeps noncondensable tritium to the condenser section.
The condenser section includes barriers to tritium

Fig. 12. Three-fluid design concept for a double-wall
heat exchanger.
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transfer such as tungsten electroplate on the inside of the
heat pipe. Tritium is removed by a permeation mem-
brane made of nickel or other highly permeable material
to hydrogen. The permeation membrane may be either
a tube inside the heat pipe that leads to a vacuum zone to
collect the tritium or a section of the heat pipe wall that
acts as a permeation membrane. Unlike a permeation
membrane in salt, the required surface area for
a permeation membrane in this system is very small.
The sodium vapor sweeps the tritium into the condenser
section. Diffusion of tritium through the sodium vapor is
very fast relative to a liquid salt because the density of
the vapor is three orders of magnitude less than the
density of the salt. If a permeation membrane is part of
the heat pipe wall, the area is small because the high
solubility of hydrogen in sodium and the high diffusion
coefficient of hydrogen in sodium relative to salt (Figs. 6
and 7) implies high rates of hydrogen diffusion through
the sodium to the permeation membrane.

Sodium heat pipes with permeation membranes to
remove hydrogen have been designed for industrial and
other applications but not for tritium removal. Heat pipes
are being developed to remove heat from hydrogen-rich
streams in chemical plants where a quarter or more of the
gas stream may be hydrogen. In this environment suffi-
cient hydrogen diffuses into the heat pipe to shut it down
within days. The hydrogen is a noncondensable gas that
is swept to the condenser section of the heat pipe and
blocks sodium vapor transport. In these systems
a permeation tube is added to remove hydrogen from

the heat pipe. For these applications the hydrogen con-
centrations are many orders of magnitude greater than
would be found in an FHR or ARC and there is no
requirement to avoid some loss of hydrogen. Heat pipes
have been built for decay heat removal from salt reactors
but have not been designed for tritium blockage and
recovery.

V.D.4. Removal of Tritium from Secondary Loop

V.D.4.a. Nitrate Salts (Chemically Oxidizing)

Kairos Power and most MSR startup companies pro-
pose a nitrate intermediate loop between the primary
system containing flibe salt and the power cycle27 to (1)
isolate the low-pressure flibe system from the high-
pressure power cycle, (2) act as a backup system for
tritium capture and to prevent tritium release, and (3)
operate as a heat storage system (Sec. VI). The nitrate
salt is the solar salt used in existing CSP systems (not
advanced Gen-III CSP systems) as a heat transfer and
heat storage system. It can be used to transfer heat to
industrial customers. Nitrate salt systems operate between
290°C and 600°C. With careful control or chemistry, it
may be possible to increase the temperature to 650°C.
Multiple CSP systems use these nitrate salts; thus, there is
large-scale industrial experience in these salt systems
including large-scale pumps and nitrate heat storage
tanks that store gigawatt hours of heat.

Fig. 13. Heat transfer regions within a heat pipe.
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Hot nitrate salts are highly oxidizing and thus
create oxide layers with low permeability to tritium
diffusion. These oxidizing salts will quickly oxidize
any tritium to steam that can be collected in the off-
gas system. Steam in an oxidizing environment will not
diffuse through steel. An intermediate nitrate loop
provides a trap for any tritium. This is the near-
commercial option to assure no tritium escape. There
has been only limited work on the steam recovery
systems from the nitrate salt.

There are differences in the use of nitrate salts in
intermediate loops with different salt reactors. In the
FHR the nitrate salt loop may operate at a lower
pressure than the flibe primary loop to avoid an
oxidizing salt entering the reactor coolant and reacting
with the carbon moderator in the event of a heat exchan-
ger failure. A fusion flibe blanket may not have any
carbon in the primary loop and thus this is not
a concern. In a MSR the nitrate salt loop may be in
a tertiary loop with a secondary loop operating at
a higher pressure than the primary loop to avoid trans-
port of fuel salt out of the primary loop in the event of
a heat exchanger failure and any interactions of an
oxidizing nitrate salt with the dissolved fuel and fission
products. In a MSR changes in salt chemistry have the
potential to precipitate fuel or fission products creating
other safety concerns.

V.D.4.b. Halide Salts (Chemically Reducing)

Multiple halide salts are proposed for the intermediate
loops of FHRs and MSRs. In terms of tritium, the common
characteristic of all these salts is that tritium will be in the
hydrogen form (3H2). This creates the potential for the
tritium to enter the secondary salt system and then diffuse
out of the salt system through piping or heat exchangers.
These systems can use the same tritium removal systems
as used in the primary loop (both chemically reducing
chemistry) with some important differences. Permeation
from the flibe salt into the secondary salt implies pure
hydrogen in the secondary loop. There are no other radio-
nuclides or HF. It is a clean system. Second, the secondary
salts have much lower costs.

The combination of a lower-cost salt and no gamma
dose reduces the design and cost constraints for any
tritium removal systems including carbon beds and gas
sparging systems in secondary systems. Options such as
a large gas stripping tower with a fill material (secondary
salt going downward with stripping gas going upward)
may become attractive. There are several candidate salts,
each with different characteristics:

1. Flinak: Flinak (LiF/NaF/KF) has been proposed
for the secondary loop because it is compatible with flibe
and is relatively nontoxic. For an FHR or MSR, the major
question about Flinak is whether to use isotopically sepa-
rated 7Li. If natural lithium is used, a small leak of Flinak
into the primary system would shut down the reactor.
This would be a much smaller concern in a fusion system
where one burns out lithium at a significant rate to
produce tritium and thus must include some system to
readjust the lithium isotopics over time.

2. Potassium-zirconium fluoride: The nonlithium
alternative to Flinak is a mixture of potassium and zirco-
nium fluorides with relatively low cross sections to para-
sitic neutron capture.

3. Sodium-potassium-magnesium-chloride salts: The
next-generation CSP system designs13,27 propose using
a sodium-potassium-chloride salt with a melting point of
~420°C. It is extremely cheap and proposed for large-scale
multigigawatt-hour heat storage systems. It is currently pro-
posed to be used in the intermediate heat transfer loop of the
TerraPower MCFR and would be a leading candidate for
the intermediate loop of any other chloride salt reactor. To
minimize corrosion, small amounts of magnesium metal are
dissolved in the salt creating a chemically reducing environ-
ment. We are not aware of any studies of hydrogen transport
and behavior in these systems.

V.D.4.c. Steam or Supercritical Carbon-Dioxide Power
Cycle

The last tritium trapping system is the power cycle. If
the cycle operates under oxidizing conditions, the power
cycle can be a tritium trap. If it’s a steam cycle, then there
is the challenge of tritium separation from large quantities
of normal water because of rapid isotopic exchange of
normal hydrogen and tritium in a hot water or steam
environment. These options are reasonably well under-
stood because this can happen in CANDU reactors. We
are not aware of any assessment of trapping tritium in
a supercritical carbon dioxide cycle where one only
requires separating water from carbon dioxide.

V.E. Systems Design Analysis

The development of tritium removal systems requires
a system analysis code that includes salt chemistry, cor-
rosion, redox control, tritium capture systems, and tritium
barriers. It is a systems question: (1) where and how
tritium should be captured (from salt, in heat exchangers,
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in secondary loop), (2) the performance of permeation
barriers, and (3) the redox control strategies that deter-
mine allowable materials of construction. For fusion
machines the total tritium inventory determines the acci-
dent source term and thus creates large incentives to
minimize total tritium inventory. The question is what
set of options meets the requirements at the lowest cost
with the required assurances for tritium recovery and low
releases to the environment? TRIDENT54,55 and several
other systems codes exist to address these questions.

TRIDENT (Fig. 14) models tritium generation by
lithium transmutation; speciation based on chemical condi-
tions (redox potential); absorption in reactor and structural
materials including all components in the primary and
secondary system; corrosion of structural materials; and
convection and diffusion through the molten salt and the
heat exchangers. It can’t be overemphasized that tritium
behavior is controlled by chemical redox that controls the
ratio of H2 to HF. Currently TRIDENT is equipped with the
capability to simulate various tritium mitigation strategies
including the use of an adsorption column, a gas sparging
tower, and a permeation window, as well as using chemical
control agents to limit the diffusion due to permeation of
gaseous H2 (Refs. 54 and 55). If a new technology is
introduced, it must be added to these systems codes.

Previous analyses in TRIDENT using an adsorption
bed found that the radioactive release of tritium from the
reactor could be reduced by more than 90% using
a graphite bed.56,57 With high-performance Calgon

Carbon granular carbon OVC 4 × 8, from Sec. V.D.1.c,
the solubility of carbon adsorbents can be increased by an
order of magnitude, significantly reducing the total radio-
active release.43,46 Using TRIDENT, a countercurrent car-
bon adsorption bed with carbon OVC 4 × 8 is simulated at
different 7Li concentrations in the 236-MW(thermal)
prototypical FHR (Fig. 15). Columns of different sizes
were examined resulting in four different average tritium
generation rates: 2670 Ci/day for 99.995% 7Li (design case
for FHR), 24 140 Ci/day for 99.95% 7Li, 238 430 Ci/day
for 99.5% 7Li, and 2 450 070 Ci/day for 95% 7Li enrich-
ment. In an FHR the lithium enrichments are above 99.99%
7Li, but lower lithium enrichments are used in this example
to demonstrate how system performance changes as tritium
production increases, as in a fusion system. The maximum
release rate is found to be 40 Ci/day for 99.995% 7Li
(design case for FHR), 1440 Ci/day for 99.95% 7Li,
25 240 Ci/day for 99.5% 7Li, and 300 860 Ci/day for
95% 7Li enrichment. An order of magnitude increase in
production is accompanied by an order of magnitude
increase in the tritium release rates as the limits of tritium
solubility are reached with a fixed system size and rate of
carbon regeneration. The time-dependent behavior reflects
the burnout of 6Li over time in an FHR.

To illustrate the mitigation challenges of high tritium
generation, the size of the adsorption column required for
an FHR at 99.5% 7Li enrichment is examined. At 99.5%
7Li, the system has two orders of magnitude greater
tritium generation than the base-case FHR. The surface

Fig. 14. Tritium mechanisms in TRIDENT.
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area of the bed previously modeled is increased (by
increasing bed length) and the corresponding release
rates are shown in Fig. 16.

An inverse (1/x) relationship is found between the
surface area and release rate as shown in Fig. 16.
When the surface area is doubled from the original
bed, the release rate decreased from 25 243 to
11 490 Ci/day. At the extreme case of 10x bed size,
the peak release was found to be 1301 Ci/day, which
is still an order of magnitude greater than any existing
fission reactor in operation today. Thus, the costs of
mitigating tritium releases in fusion devices will be
much greater than for highly 7Li–enriched fission
systems unless there is a step change improvement
in mitigation technology.

What such system models show is that there are
multiple existing options to control tritium releases
from an FHR. Existing technologies can efficiently
recycle tritium in a fusion machine. The challenge is
minimizing tritium releases from a fusion machine to

the environment where the allowable releases are about
one part in a hundred thousand with a system of rea-
sonable size and cost. The loss of a small fraction of
1% of the tritium is not important in terms of fusion
tritium breeding but is important in terms of releases to
the environment. If one does not efficiently remove the
tritium from the salt before the hot salt goes through
the high-surface-area heat exchanger, small amounts of
tritium relative to the inventory in the salt leak through
the heat exchangers, but above allowable releases.
Further reductions may need a combination of high-
efficiency capture technology (possibly vacuum
disengagers), chemical species control of the tritium
to limit H2 escape (such as a nitrate intermediate loop
or oxygen getter in double-wall heat exchangers that
oxidizes tritium to prevent diffusion through metals),
or additional barriers to hinder diffusion (such as a heat
pipe with permeation membrane or better permeation
barriers). Improvements in any of these domains is
beneficial for both fusion and fission systems.

Fig. 15. (a) Cumulative tritium generation in 236-MW(thermal) FHR at different 7Li enrichments of 95%, 99.5%, 99.95%, and
99.995%, and (b) tritium capture on carbon bed at different concentrations.

Fig. 16. (a) Release rate during operation at different bed surface areas (1x, 2x, 4x, 8x surface area compared to a bed sized 1.5 m
R × 4.5 m H filled with 0.9-cm pebbles), and (b) peak release versus the bed surface area.
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V.F. Equipment

There is equipment experience with flibe salt. The
8-MW(thermal) Molten Salt Reactor Experiment
(MSRE) in the late 1960s operated successfully using
an overhung centrifugal pump to circulate the primary
salt and clean flibe in the secondary loop. The motor was
in the air with the centrifugal pump below the motor.
There were no major difficulties with these pumps
beyond some leakage of oil from seals above into the
salt. SINAP plans to operate a small MSR within the next
2 years and has a pump development program.

Today CSP towers use centrifugal pumps to pump
nitrate salts at temperatures that approach 600°C (Ref. 27).
The experience with these pumps has been excellent.
However, hot nitrate salts are compatible with air and
water whereas flibe salt is not. The next generation CSP
systems (Gen-III systems13,27) plan to use sodium-
potassium-magnesium-chloride salts that require chemically
reducing conditions and will operate in the temperature
range of 450°C to 750°C. The base-case redox control
agent for these chloride salts is magnesium metal dissolved
in the chloride salt versus beryllium metal dissolved in flibe
salt. These conditions are similar to those required for
a flibe salt system. A pilot plant is expected to be built
within the next 5 years. Work is required to develop large
flibe pumps with massive overlap in requirements to pumps
required for Gen-III CSP systems.

The MSRE program began to develop valves using
graphite gaskets for flibe salt operations. These were
never deployed. Freeze valves were highly successful
and thus the valve program was a low priority. We have
not identified other industries that have developed valves
that would be fully compatible with flibe service, but we
have not undertaken any extensive effort to determine if
such valves exist in other industrial sectors.

VI. MARKET CHALLENGES AND IMPLICATIONS FOR FLIBE
SYSTEMS

VI.A. Heat Storage

The electricity market is changing because of (1) the
goal of a low-carbon electricity grid and (2) the addition
of wind and solar. The large-scale addition of wind and
solar results in highly volatile prices with times of low or
negative prices and other times of high prices, depending
on wind or solar conditions. The goal of a low-carbon
grid requires new energy systems that can economically
provide the three services of fossil fuels: (1) energy

production, (2) energy storage, and (3) dispatchable
electricity.

Adding heat storage to nuclear power plants enables
nuclear power plants to (1) boost revenue in markets with
large-scale wind and solar and (2) replace fossil fuels in
providing dispatchable electricity including assured peak
generating capacity while operating the reactor at base
load. A recent workshop27 addressed gigawatt-hour heat
storage coupled to Gen-IV nuclear reactors with the par-
ticipation of developers of Gen-III CSP systems. The
changes in the market may drive power cycle changes.
This has additional implications for fusion. First, fusion
reactors operate in a pulse mode. In an inertial fusion
machine this pulse mode may be a fraction of a second
whereas in the magnetic fusion machines it may be many
hours. Heat storage allows the fusion machine to operate
in its most efficient mode without considering the impli-
cations for the grid. Second, as discussed above, many
heat exchanger and heat storage systems will act to stop
tritium escape to the environment. There is no require-
ment for the fusion community to separately develop
technologies to address these challenges. Figure 17
shows the system design for heat storage coupled to any
large-scale heat source—fission or fusion.

To minimize the cost of electricity, capital-intensive
generating assets (fission, wind, solar, and fusion) should
operate near their maximum capacity. Using this system,
when electricity prices are high all reactor heat is sent to
the turbine to produce electricity. When electricity prices
are low, most heat is diverted to heat storage. At times of
peak electricity prices, heat from the reactor and heat
storage is sent to the turbine for peak electricity produc-
tion that is significantly above base-load reactor electri-
city output. Peak electricity production can be achieved
by (1) oversizing the turbine generator or (2) building

Fig. 17. System design for heat storage coupled to
a nuclear reactor.
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a separate peaking steam or gas turbine for peak power
output. At times of very low electricity prices, electricity
from the grid and from the main turbine operating at
minimum load is converted into stored heat with
resistance heaters coupled to the heat storage system.
The power plant becomes a seller and buyer of electricity.
If heat storage is depleted, natural gas or low-carbon
biofuels and hydrogen are used to enable assured peak
electricity production by providing the extra heat that
would have come from the heat storage system.

This has large economic implications for the
economics of salt power systems. The cost of heat storage
is a strong function of the average delivered peak tem-
perature. First, the cost of heat storage depends on the
temperature range in the heat storage system. If that
temperature range is doubled, heat storage costs are cut
in half. Second, the heat-to-electricity efficiency is
a strong function of peak temperatures. The higher
temperatures of salt systems imply much smaller heat
storage per unit of electricity production. Table III
shows the temperature of delivered heat from different
nuclear systems. The implication is that a salt-cooled
system will have an economic advantage relative to
power systems that use lower-temperature coolants if
heat storage is required to meet market needs.

The primary heat storage materials used today in
CSP systems are nitrate salts with solar salt (solar salt:
60 wt% NaNO3–40 wt% KNO3) the most common salt.
These salts are chemically stable in air and water.
Sensible heat of storage is obtained by typically varying
temperatures from 290°C to 565°C. CSP salts need
reasonable margins from decomposition temperatures to
avoid hot spots in solar collectors that can degrade the
salt. With control of gas compositions over the salt sto-
rage tanks and salt chemistry, salt storage temperatures in
the 600°C to 650°C range may be possible. If the salt
system is used for backup tritium recovery, the off-gas
system must recover tritiated steam. Heat storage system
capital costs in CSP systems are near $20/kWh(thermal)
or $50/kWh(electric), about an order of magnitude less
than battery storage systems. The largest storage system
sizes are measured in gigawatt hours of capacity. Nitrate
salts can be used to move heat to industrial customers.

Nitrate salt storage systems are proposed for SFRs
(TerraPower), FHRs (Kairos Power) with solid fuel and
clean salt coolants, thermal-spectrum MSRs with fuel
dissolved in the salt, HTGRs, and fusion machines.

Work is underway to develop the next generation of
salt systems that will allow CSP systems (Gen-III) to
operate at peak temperatures of ~750°C with higher-
temperature stored heat. The proposed salt is a

sodium-potassium-magnesium eutectic with a melting
point near 400°C. This salt was chosen because of its
extremely low cost combined with reasonable physical
properties, primarily the melting point. Allowable peak
salt operating temperatures could exceed 1000°C. These
salts are similar to the salts that are used to produce
magnesium in electrochemical cells; thus, there is over-
lap in technology with the magnesium industry. The
chloride storage salts are proposed to be used with
MCFRs (TerraPower) with reactor peak temperatures
near 750°C. The chloride storage salts would couple to
flibe fission and fusion systems. There is also work on
carbonate salts but at a lower level of effort.

VI.B. Plant Architecture

Heat storage may change reactor power plant system
design with the reactor facility inside a security zone that
includes all vital areas for reactor safety and the storage
and power blocks outside this security zone. Figure 18
shows the plant layout for a CSP or nuclear plant using
salt storage with this configuration. In CSP systems, heat
storage simplifies operation. On partly cloudy days the
power output of a CSP system varies depending on
whether the clouds are blocking the sun. With storage,

Fig. 18. System design for CSP and nuclear with
storage.
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the power block does not see such transients and thus
storage simplifies operations. Cold salt to the CSP system
always comes from storage whereas hot salt to the power
block can come from storage or the CSP system. The
same design can be used for a nuclear power plant as
proposed by TerraPower for sodium and salt reactors.
TerraPower proposes using nitrate salts to couple with
its SFRs and chloride salts to couple to its MCFR.

Current reactors put the power block (turbine gen-
erator) next to the reactor—a design that followed the
design of earlier coal-fired power stations and that was
developed before tight security requirements for nuclear
power plants. The separation of the reactor and vital areas
from the power block creates a clear division between
areas with (1) requirements for nuclear security, mainte-
nance, licensing, safety, and construction versus (2) nor-
mal industrial requirements. This has the potential to
reduce costs. Second, gigawatt-hour heat storage systems
may become the largest set of structures on site. They
will be in the protected area that has industrial safety and
security requirements but in some cases may need to be
some distance (100 m) from reactor vital areas. Heat
storage systems such as hot salt storage tanks may need
to be some distance away because their failure would
create a thermally hot area that could damage buildings
and equipment next to such tanks. Last, storage isolates
the reactor from the electricity grid and reduces transients
from the grid to reactor and reactor to grid. The reactor
becomes a heat generation system.

VI.C. Power Cycles

Salt reactors can be coupled to different power
cycles. Steam cycles are the near-term option. The
longer-term option is coupling salt reactors to NACCs
with heat storage and a thermodynamic topping cycle.
This power cycle enables a base-load reactor to provide
variable electricity to the grid and can potentially replace
natural gas combined cycle plants. Recent papers20,58

describe this technology.
Molten salt reactors were originally developed in the

1950s as part of the Nuclear Aircraft Propulsion program
where the goal was to build a jet aircraft with unlimited
range. That is, MSRs were chosen because of their ability
to efficiently couple to Brayton power cycles. In the
1950s gas turbines were inefficient, but 60 years of
development have resulted in dramatic improvements in
gas turbine efficiency. Salt reactors have two character-
istics that enable efficient coupling to Brayton power
cycles. First, in modern gas turbines air is compressed
to between 350°C and 450°C. Any heat source to couple

to NACCs must provide heat above this temperature. Salt
reactors typically have minimum salt temperatures near
600°C (Table III). Second, salt reactors deliver heat at
a higher average temperature than other reactor technol-
ogies. Significant development is required.

VII. CONCLUSIONS

Research, development, demonstration, and funding
for fission, fusion, and CSP have historically been done
by different organizations with results reported in sepa-
rate journals and different conferences. Technical devel-
opments in fission (FHRs, MCFRs), fusion (ARC), and
CSP (Gen-III) combined with changes in electricity mar-
kets (heat storage) in the last 5 years have resulted in
massive technology overlap of high-temperature salt-
cooled power systems. Going forward this creates large
incentives for cooperative programs across energy
sources.

The ARC and FHR use clean flibe as a coolant.
This results in an overlap in technology needs for both
systems and creates large incentives for cooperative
programs between fission and fusion to accelerate the
development of these two technologies. Flibe blankets
are being considered for other fusion machines, and
flibe is proposed for several types of MSRs with fuel
dissolved in the salt. In all of these machines there is
a strong coupling of salt properties, heat transfer, tri-
tium control, and material choices. The salts in fluoride
and chloride salt systems all have high melting points
implying common challenges to prevent salt freezing
and similar or identical heat storage and power cycles.
The high temperatures of operation and the need for
chemically reducing conditions to limit corrosion imply
many similarities in materials selection. The salt fission,
fusion, and CSP programs are not in direct competition
but rather strategic partners in advanced energy
systems.
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