
1

Chapter 7
Revolution in nuclear power plants: From large to small reactors

A small molten-salt power reactor: FUJI ----
To be usable all over the world, nuclear power plants must be small. The “small
molten-salt power reactor: FUJI” lays the foundation for the ideal power plant.
FUJI requires no refueling because it sustains nuclear fuel in the reactor.

Small, safe reactors for the whole world
Most advanced countries use nuclear power. In those countries, large-scale nuclear

power plants have been convenient because power transmission systems are well
developed. Dispersion of nuclear facilities was not desirable because the nuclear
technology was immature and special political consideration was required for controlling
nuclear materials.

However, for the solution of the future global energy problem, energy systems will be
worthless unless they are capable of wide and economical use all over the world. If
nuclear energy can be used only on a small-scale, it is better to stop promoting it
altogether, because the global environmental advantage will be lost. The social mission
of nuclear-energy technology is assuming increasing importance. A revolution in the
quantity and quality of nuclear power plants should be required. The utilization of liquid
nuclear fuel and thorium has been proposed in the preceding chapters. At this point, let
us proceed to smaller size as the third requirement.

Constructing small but technologically mature nuclear power plants near consumer
areas will lower capital investment and reduce power cost. The world has a huge area of
low populations in isolated districts. Small power plants could also provide a direct heat
supply to these districts, including industry. At least in Japan, it is absurd for the power
cost to double or triple because of power transmission over several hundreds of
kilometers, where the transmission lines cross mountains, wasting construction and
maintenance costs.

We should plan to develop practical, small, molten-salt power plants that apply the
technological concept of Flibe-based molten-salt nuclear fuel (Chapters 5 and 6). Let us

consider the plan in this chapter.
From the beginning, it is important to choose a simple and sensible design with an

inherent economical advantage in the worldwide application. The first step is
establishing and carrying out a standard design concept.

We are promoting a plan based on a design concept called the "FUJI series." This
series of small-scale power plants (100~300 MWe) is represented by the FUJI-II (160
MWe). The power scale of the smallest LWR is currently about 600 MWe. A more
detailed description of this reactor will be presented later in this chapter.

Structure of FUJI-II
The structure of FUJI-II, a cross-sectional view of the reactor core, and a model of the

reactor core are shown in Figures 7.1, 7.2, and 7.3. The primary system of the reactor
consists of the core and two independent fuel-salt circulation loops. Each loop has a
fuel-salt circulation pump and an intermediate heat exchanger (IHX). The fuel salt flows
from the bottom to the upper part in the core. In the IHX, heat is transferred from the
fuel salt to the secondary coolant salt. The secondary salt pump circulates the coolant
salt between the IHX and the steam generator. Finally, the heat transferred by the
coolant salt generates steam, which drives a steam turbine that runs the generator and
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makes electric power. The maximum design temperature of 700°C for the fuel salt has
an adequate safety margin. When this heat is directed to industrial use (not for electric
power), the maximum temperature will be set higher. See a later part of this chapter for
industrial heat generation.

The main characteristics of the reactor system are as follows:
i) The reactor vessel is a simple tank that does not have to be opened or closed, and the
graphite moderator inside the vessel does not have to be replaced throughout the reactor
life.
ii) Oak Ridge National Laboratory (ORNL) in the U.S. developed the “Molten-salt
Breeder Reactor (MSBR),” which has a continuous fuel reprocessing system and breeds
nuclear fuel while generating electricity. This breeding reactor is discussed in Chapter 8,
where breeding is the main theme. In the present chapter, we point out that the FUJI
series does not need breeding or a continuous reprocessing system. Because it has no
continuous reprocessing system, the auxiliary facilities are simpler and similar to the
Molten-Salt Reactor Experiment (MSRE), as shown in Figure 5.7. Ninety-nine percent of
the fission product gases, krypton and xenon, are removed from the fuel salt.
iii) The whole primary system of circulating fuel salt is put in a high-temperature
containment room whose temperature is kept over 500°C (the melting point of the salt).
Hence, heaters, thermal insulators, and thermocouple thermometers for preheating
become unnecessary. The maintenance, inspection and repair by remote handling or by
robot operation are relatively easy even in the environment of high temperatures and
high radiation doses because there are no instruments or components attached to the
exterior of the facility. Some instruments are inside.

Structure of the reactor vessel
Fuel salt
Flibe-based molten-salt nuclear fuel is used for fuel. As its standard composition,

thorium-fluoride (12 mol%) and uranium-233 fluoride are dissolved in Flibe (lithium
fluoride [72 mol%] and beryllium fluoride [16 mol%]). The content of uranium–233
fluoride is only 0.2~0.3 mol% (about one weight %), and the content of lithium fluoride is
reduced by the same mol %.

When the design of a solid nuclear fuel is changed, irradiation tests must be conducted
and the fuel performances must be confirmed before use. A high-performance materials
irradiation test reactor is required for this purpose. Dismantling and analysis of the
irradiated test fuels, which have a high radiation dose rate, require considerable time
and funding. On the other hand, molten-salt nuclear fuel makes irradiation tests
unnecessary, even when the fuel-salt design changes slightly. There is no radiation
damage, and its performances and behaviors are well known, as described in Chapter 5.
These factors alone improve economy and safety.

Graphite
Because graphite does not corrode or make chemical reactions even when in direct

contact with the fuel salt, it can be used directly in the fuel salt without any protective
measures. High-performance homogeneous graphite with a melting point of 4000°C,
high thermal conductivity, and moderate resistance to irradiation damage has been
developed in the U.S., France, and Russia.

Vessels & piping material (Hastelloy-N)
Corrosion will not occur if the container is made of metal that makes only fluorides

that are less stable than the component fluorides of fuel salt. Because the container
exterior must be resistant to oxidation corrosion from the open air, a highly
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heat-resistant alloy called “Hastelloy-N” has been developed. Hastelloy-N has a nickel
base, with molybdenum and chrome as the main additives. Henry Inoue, an able
engineer in the gas corrosion field, laid the foundation for Hastelloy-N. The sufficient
corrosion-resistance data about this alloy has been obtained.

No metal parts are affected by intense neutron-irradiation damage and thermal stress.
When the temperature changes over a small distance, differential expansion creates
stress, called thermal stress. Thin fuel cladding used in a solid nuclear fuel is subject to
neutron irradiation damage and thermal stress in the core. By contrast, FUJI's reactor
core consists only of the fuel salt and graphite, as shown in Figure 7.3; there is no
metallic material.

Core design
The concept of an optimum core with the following conditions was obtained by

repeated reactor performance calculations with consideration of the fuel-salt composition
and the arrangement of the graphite.
(1) Radiation damage to graphite and Hastelloy-N should be kept below permissible

design levels, and the graphite does not need to be replaced during the reactor's life.
(2) Fuel salt inventory should be as low as possible.

(3) The conversion rate from the thorium fertile material to U-233 should be high.

(4) To enable safe and automatic control of the reactor, the temperature coefficient of

reactivity must be negative. Temperature rises in the reactor should activate
suppression mechanisms.

In the course of this study, an interesting fact was discovered. The design study
assumed that the conversion ratio from thorium to U-233 should be of secondary
importance in a small reactor. Satisfying condition (1) —no graphite replacement—
required a low power density. Typical LWRs and fast breeder reactors have average
thermal power densities of about 30~60 kW and 100~1000 kW per liter of the reactor
fuel (blanket zone). If the average thermal power density of the core is assumed 10 kW
per liter averaged over the core, then the core design (the graphite shape and the flow
velocity of the salt) can be easily determined without any problem. The low power
density will facilitate heat removal and permit a reduced volume and flow rate of the
fuel salt, which also serves as the coolant.

When comparing the reduced fuel salt, the graphite ratio can be increased while
increasing neutron moderation with graphite and raising the conversion ratio of U-233
to nearly 100%. (The graphite ratio is the volume fraction of the graphite moderator.)
Therefore, the same amount of burnt U-233 can be reproduced. A self-sustaining nuclear
fuel can be achieved. (In LWRs, the conversion ratio is 50-60%.)

The adjustment of electric power output is based on the control of the flow-rate of the
salt or the control rods. Normally FUJI has an excellent load-following performance,
which means as the electric power demand increases, the plant is automatically control
to increase the salt flow rate. The cooler salt flowing into the core causes the fission rate
to increase. Thus, the power output is increased.

This suggests that a power reactor can be self-sufficient in terms of nuclear fuel, even
if it is small (low electric-power generation) This is an ideal nuclear power plant.

The basic scientific information will be found in the summary report : J. Nucl. Sci.
Tech., 27, 1157-1178 (1990) and the recent strategic report: Energy Conversion & Manag.,
49, 1832-1845(2008).

The ideal nuclear power plant
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In solid-fuel reactors such as LWRs, fuels in excess of 30~50% of the critical mass must
be loaded beforehand. The nuclear fuels are consumed and become insufficient as the
reactor operation proceeds. Many control rods are used to suppress excess reactivity.
These control rods are gradually withdrawn as the burnup proceeds. In these reactors,
control rods uselessly absorb valuable neutrons generated in the core. Solid-fuel reactors
have not used neutrons as efficiently as FUJI will.

FUJI sustains its fuel while maintaining constant reactivity. The addition of nuclear
fuel, the reactor control operation, and the fuel inventory adjustments are kept to a
minimum level, thus improving the neutronic and engineering performance. FUJI
brings decisive improvements in operations, maintenance, safety, and fuel economy.

The main design parameters and a conceptual diagram of the whole reactor system of
FUJI-II are shown in Table 7.1 and Figure 7.1.

Details of the main reactor parts
Reactor vessel
The reactor vessel is a simple cylindrical tank with an inner diameter of 5.4 m and a

height of 4 m. The vessel material is a nickel alloy, Hastelloy-N. Because the fuel salt
flowing in the reactor core is at, or somewhat above, atmospheric pressure, a vessel wall
thickness of 20〜50 mm will be enough. The vessel has no flange and is welded shut

after the graphite is installed. Because the vessel has no large lids for opening and
closing, it is relatively light. There are no moving parts except for the control rods. The
diameter of the main primary piping is only 0.25 m because the heat capacity of the fuel
salt is large and the flow rate is, therefore, low.

Internal structure
The reactor vessel is filled with only bare (unclad) graphite. The core region is occupied

by hexagonal graphite blocks, as shown in the upper part of Figure 7.2. Relatively small
flow channels for fuel salt are machined into the center and peripheral regions of the
graphite blocks.

The upper and lower parts of each block are made somewhat thinner, and a plenum is
formed to make the flow rate distribution of the salt uniform. A graphite reflector shield
(50 to 70 cm thick) on the wall of the vessel reduces radiation damage to the vessel
material to an acceptable value.

The vessel volume constitutes about 90% graphite. The fuel salt flows into the core
through two lower main pipes and upward through flow channels in the core and the
peripheral regions of the vessel. The flow rate is low; even at the maximum rate, the
speed in the core is no more than one meter per second.

A photograph of the cross sectional view of the reactor vessel is shown in Figure 7.3.
Although this is a model, it is assumed to be quite close to the real one.

Control mechanism
Because FUJI sustains its fuel and has stable performance, control rods may not be

needed. However, at the present stage, we think that one or two graphite control rods
will be needed.

If the graphite control rods are extracted, the neutron moderation becomes weaker
and the nuclear reaction eventually stops. Because the specific density of graphite is 1.8
and that of the fuel salt 3.3, buoyancy helps extract the control rods. The graphite control
rods of this reactor are also a neutron moderator; thus, no neutrons are lost to neutron
absorbers (Readers should remember that the role of LWR control rods is to absorb
neutrons. This is less efficient than the molten-salt reactor's control rods, which have a
dual function).
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It is conceivable that an emergency reactor shutdown might require one or two control
rods for neutron absorption. If used, these control rods would be placed outside the core.
No neutrons will be lost during normal operation.

Other equipment in the primary fuel-salt system
Fuel-salt pump
Because fuel salt is a liquid at near atmospheric pressure and high temperature,

sodium pump technology for fast breeder reactors is applicable here. In fast breeder
reactors, liquid sodium (also a liquid at atmospheric pressure and high temperature) is
used as the coolant. The pump is the centrifugal type with a shaft-seal in the gas
plenum above the liquid-free surface. Because the material flowing through the pump is
molten-salt, there are no problems related to the adhesion of oxidized liquid vapor in the
gas space of the pump, as occurs with sodium in fast breeder reactors.

The gas space above the liquid surface plays the role of an expansion tank for the
primary system. The expanded salt flows down to a drain tank through overflow piping.

Drain tank
If necessary, the fuel salt in the primary system is stored in the drain tank located in

the lower level of the system. This tank is normally used for adjusting the concentration
of the fuel-salt composition. During this process, a pump lifts a small amount of fuel salt
from the drain tank to the pump bowl, as some fuel salt overflows from the pump bowl of
primary system to the drain tank. Therefore, the fuel salt is slowly circulating among the
primary system and the drain tank.

Storage tank
Before the initial start-up of the plant, the fuel salt is produced in the chemical plant,

transported to the reactor site and them storage tank. A simple adjustment of the salt
composition is performed as necessary.

Cover gas system
The upper space of the pump bowl, which acts as an expansion tank, is filled with

helium gas. Gases such as krypton and xenon, produced by the nuclear fission of the fuel
salt, migrate into this helium gas space. These combined gases are then pumped to the
drain tank and retained until most of them decay to stable elements. Another way to
extract these gaseous fission products (F.P.) is to blow bubbles of helium gas into the fuel
salt to purge them. This reduces the loss of neutrons from the strong absorption of
krypton and xenon in the reactor, and improves reactor performance.

Intermediate heat exchanger
The reasons for selecting secondary molten-salt coolant are

(a) preventing the increasing consequences of accidents from the steam system to the
primary system (For example, a steam tube rupture would inject high pressure steam
and water into the secondary coolant circuit but not the fuel salt region.)
(b) trapping the tritium produced in the primary fuel salt.
Because the steam generated by the steam generator has a high pressure, an
intermediate system is needed to prevent the spread of accidents in the steam system.
Furthermore, because most of the tritium in the fuel salt will penetrate the wall of the
heat transfer pipes, the intermediate coolant is used to trap tritium before it enters the
water. When tritium enters the water, one assumes it is discharged to the environment.

Because both fuel- and coolant-salts are at atmospheric pressure, the intermediate
heat exchanger design encountered no special difficulty. However, flow velocities of both
salts are relatively low, and developing a turbulent flow is difficult. Without a turbulent
flow, the temperature distribution in the salt will not be uniform and the heat transfer
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efficiency will be low. Cutting thin grooves on the outer surface of the heat transfer tubes
can solve this problem. The grooves will create a turbulent flow.

High-temperature containment room
A high-temperature containment room for the primary system (where fuel salt

circulates) enhances the safety of the reactor system. The room has the functions of
radiation shielding and keeping the temperature inside the room higher than the
melting point of the fuel salt (above 500˚C).

It is filled with air at a little lower than atmospheric pressure by reducing the oxygen
concentration to about 4% from the usual 20% (the remainder is nitrogen). A catch-pan
collects the leaked fuel salt (if any) in the lower part of this room and automatically
drops it to a drain tank or an emergency drain tank.

Because the primary system becomes highly radioactive when the reactor begins
operation, remotely operated robotic machines handle the maintenance and repair work.
The remote handling machines can approach the system directly because the reactor
structure is simple and no materials are attached to their surfaces. Few devices need
maintenance and inspection. There is ample space for repair work, and robotic
technologies have advanced recently. The sole possible difficulty relates to the pumps,
which are the only rotary machines. Maintenance and repair work can be carried out
from the room-temperature space above the shaft seal.

A system that handles radioactive materials should use robots. This reactor's simple
design concept makes it easy to use robots for continuous remote inspection and
surveillance.

Equipment and materials in the secondary coolant system
Some design concepts argue for a simpler system that eliminates the need for a

secondary coolant system. FUJI adopted the looped secondary coolant-salt system,
because it enables the surest and safest maintenance and inspection control.

Coolant salt
Pure Flibe was used as the secondary coolant-salt in the Molten-salt Reactor

Experiment of Oak Ridge National Laboratory, but this salt is expensive. For FUJI, we
decided to use a binary molten-salt system (melting point: 384°C) whose components

are eight mol% sodium fluoride (NaF) and 92mol% sodium tetrafluoro-borate (NaBF4).
The excellent ability for trapping the tritium of this salt is described in the section below
entitled “Behavior of Fission Products”. This coolant salt has a higher vapor pressure
(boron fluoride tends to evaporate) than the fuel salt but works well if used in a gas-tight
system.

Pump and storage tank for coolant salt
Because the radioactivity of the coolant-salt is extremely low, associated technologies

are simple and there are no special problems to solve.
Steam generator
This is an important component. We can utilize the results of the huge development

investment for liquid-sodium-heated steam generators in fast breeder reactors. Moreover,
FUJI's safety design is simple. Its coolant-salt becomes chemically inactive (unlike liquid
sodium), and thermal conductivity is not high enough to cause thermal shock. Because
nickel alloy is used as the structural material, there is no worry about stress corrosion,
which occurs with stainless steel and water.

Power generation components
The fuel-salt temperature at the outlet of the reactor vessel is high (700℃), as shown



7

in Figure 7.1, and current steam turbine technology requirements are attainable with
plenty of margin. Therefore, it would also be possible to apply the most advanced
technology for ultra-super critical steam power generation, which is being gradually put
into practical use. In addition, in near future, a high power generation efficiency of over
45% may be expected.

The definition of power generation efficiency is the ratio of electric energy converted
from heat energy to the total consumed heat energy. In the light-water nuclear power
plant, the efficiency is only about 33%. The amount of wasted heat is about twice as
much as the heat energy converted to electric energy (= 67/33). If efficiency reaches 46%,
the wasted heat will be reduced to only 1.2 times the converted heat (= 54/46). However,
because FUJI-II is a comparatively small power plant, this efficiency may be somewhat
reduced, for the time being, for the sake of total economical optimization.

(Recent improvement of steam technology is promising the 48% efficiency using 700℃

steam. It is useful for our design improvement: added comment on August, 2008.)
An overall view of this power plant is shown in Figure 7.4.

Behavior of fuel salt and component materials
The molten-salt reactors are very different from the existing “mechanical” (solid fuel)

reactors and have a strong chemical nature in their design philosophy. If taxpayers
understand the unique chemical behavior and conditions of the plant operation, they will
recognize it as a safe facility that can be sited near cities with confidence.

FUJI-II is envisioned as a small power reactor under direct municipal control. Its
lifetime is assumed to total about 30 years, with about 15 full-power years’ equivalent
operation. This means that the plant utilization will average about 50% while varying
with the power demand.

Next, let us examine the chemical behavior of the fuel salt and component materials.
Graphite
Graphite does not react with fuel-salt, but graphite materials generally have fine holes.

High-quality graphite, with hole diameters of 1/1000 mm or less, prevents the fuel salt
from permeating it by surface tension. Though the production of long graphite blocks is
difficult, a two-meter length is sufficient for FUJI-II.

Furthermore, as graphite with better irradiation resistance is developed, higher power
density, smaller, more economical reactors can be designed.

Hastelloy-N
Detailed vessel and piping corrosion tests in fuel salt environments have been

conducted on Hastelloy-N. When the salt was circulated at temperatures of 560℃ to

700℃ with a flow velocity of 6 meters per second, the corrosion rate was only 0.028

millimeters per year. Although the tube of the intermediate heat exchanger is the
thinnest part of the salt circulating system, there is no problem because the flowing salt
is at ordinary pressure. However, in the operation of the experimental reactor MSRE,
tellurium (a fission product, atomic number 52) caused corrosion. A solution to this
problem proposed adding one percent of niobium (atomic number 41) to Hastelloy-N. A
Russian project at the Kurchatov Institute is also proposing similar materials [ref.].

Behavior of fuel salt
It has been demonstrated from tests at ORNL that no change in the fuel salt occurred,

even when irradiated 5 times as long as in FUJI-II’s operational lifetime. When fission
reactions cause part of the U-233 to be replaced by fission products, the condition of the
fuel salt should change from neutral to a slightly oxidized state. Fortunately, the
chemical-valence flexibility of the uranium ion such as the accommodation of three
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valency U absorbs this change and poses no problem.
However, minor chemical processing will be required for a long-term operation. This

will be explained in a later section entitled “Manipulation During Operation.”
Behavior of fission products
In FUJI-II, 350 grams of U-233 fission every day, and about 1920 kilograms are

consumed over the life of the reactor. The resulting fission products can be divided into
the following three chemical element groups. Because the composite results are
presented in Table 7.2, only some of the typical elements are outlined here.

Major fission products are shown shaded in the isotope table of Figure 2.2.

The first group -- Noble gases (krypton Kr, xenon Xe) and tritium T
To reduce neutron loss, helium gas is injected into the fuel salt, so that 99% of the

noble gases will be removed from the reactor. Only one percent remains in the reactor,
where it either decays to other elements or captures neutrons and remains trapped. This
removal greatly reduces the loss of the neutrons to Kr and Xe absorption. In addition,
the radioactive decay products generated from these gases are separated by a
low-temperature charcoal adsorption bed, which is installed in the helium gas system.

About 380 curies of tritium (T) are generated every day. (The curie is a unit
representing the number of radioactive decays.) As described in Chapter 2, tritium
easily penetrates metal at high temperatures. In this reactor as well, the tritium in the
fuel salt penetrates the metal wall of the intermediate heat exchanger and moves to the
moisture in the coolant salt of the secondary system. (Because tritium is an isotope of
hydrogen, it replaces the hydrogen atom of the water molecule.) This problem is solved if
dehumidification and separation are carried out for the tritium-containing moisture in
the helium gas phase. The ORNL experiment revealed that the tritium discharge was
restricted to 0.3 curies or less per day [ref.]. About 3 curies of tritium are emitted from
LWRs every day. Only the molten-salt reactor can keep tritium release to such low
levels; all other nuclear plants release tritium into the natural environment.

The second group -- Metal elements of Mendeleev's groups I – IV and the halogen
elements of group VII-A in the periodic table of Figure 2.2.

These isotopes melt into the salt and become stable fluorides. Most of the fission
products fall in this second group. It is convenient and safe that the elements cesium
(Cs), iodine (I) and rare-earth metallic elements can be retained stably in the fuel-salt.

The third group -- group elements V-VI and noble metals, such as molybdenum (Mo)
and selenium (Se)

These isotopes are unstable and metallic in form. In the experimental reactor MSRE
at the ORNL, these fluorides mainly became fine, mixed particles. In FUJI-II, half of
them become an aerosol of fine particles formed when gas bubbles burst. The aerosol
moves to gas phase and is separated out. Although the specific density of molybdenum is
10 (100 kg has a volume of about 30 liters in lower bulk density), there is no need to
worry about the behavior. Molybdenum has no complicated, fine structure that could be
deposited on a reactor opening and result in a blockage. Nevertheless, it is advisable to
confirm the behavior by the long-term operation of a test reactor.

Pre-operational preparatory work
Fuel salt attains the required purity if it is fluorinated and dehydrated before

operation. Before contacting fuel salt, the metal surface of the reactor vessel's inner wall
is covered by an oxide film (from contact with air). The oxide film must be completely
removed by flushing it with dehydrated pure Flibe salt in the vessel; otherwise, the inner
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surface of the metal vessel will corrode.
Pre-treatment of the MSRE experimental reactor caused the corrosion of Hastelloy-N

to be negligible. A small amount of corrosion, caused by moisture, carbon dioxide (CO2),
and carbon monoxide (CO), adsorbed in the graphite before reactor operation. This can
be prevented by gas control and degassing (by heating and depressurization) in the
graphite manufacturing process.

Various tests, normally unnecessary for a working reactor, were performed for the
experimental MSRE, and the resulting corrosion from these tests was negligible. At high
temperatures, fuel salt contamination from moisture absorption (from outside leaks) is
low. Therefore, corrosion of FUJI-II after start up does not appear to be a problem.

In a reactor with solid fuel, the critical mass must be strictly determined using
expensive facilities that simulate the composition and the structure of the core. Solid fuel
manufacture and loading must be based on these results. In the molten-salt reactor, it is
not necessary to know the exact value of critical mass. The molten-salt reactor needs the
following:
first, to load fuel salt containing an amount of U-233 that corresponds to 85% of the
estimated critical mass
second, to gradually add a small amount of molten salt containing U-233 through the
drain tank until criticality is attained (refer to the previous explanation of “drain tank”).

Manipulation during operation
The amount of U-233 initially required is about 347 kg. An additional 45-kg will be

needed during the 400-day transition period after start up. After the transition period,
the reactor becomes self-sufficient, and addition of U-233 becomes unnecessary. The only
requirement is adding about 400 g of thorium per day as a fertile material (350 g per day
facilitates the fission reaction producing U-233). When adding thorium, a binary salt
composed of thorium fluoride and lithium fluoride is appropriate. Although the basic
solvent salt is Flibe (a binary salt composed of lithium fluoride and beryllium fluoride),
beryllium fluoride is not used. The rationale appears below. Because there are twenty
tons of thorium inventory for the reactor, it will be enough to add thorium every six
months, and the additional required amount of thorium throughout the reactor life will
be only 0.2 tons.

Fuel salt slowly goes back and forth between the reactor and the fuel tank. These
chemical operations cause negligible changes in reactor performance.

The state of the fuel salt should be kept neutral to avoid abnormal chemical behavior
(such as corrosion). The fuel salt gradually shifts to an oxidized state because the
fluorine becomes excessive as nuclear fission progresses. Although details are not given
here, the flexible variable buffer function of the trivalent uranium ion serves as a brake.
However, it is recommended to dip wire-netted beryllium metal and adjust the oxidized
state in order to manage the fuel salt for a long time. If the above design is applied,
about 35 kg of beryllium must be added throughout the reactor life, and the beryllium
fluoride concentration will therefore gradually increase. However, the balance of the fuel
salt is nearly preserved by the increase in lithium fluoride. As noted, 400 grams of
thorium are added every day in the form of a binary salt of thorium fluoride and lithium
fluoride.

Thus, the fuel salt can be maintained with an adjustment of compositions once or
twice a year. The characteristics of the fuel salt and the reactor are insensitive to this
amount of composition change; the changes cause no serious problem.
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Flexible operational performance
The stable operation and maintenance of FUJI-II can be performed with little

manpower and under simple chemical conditions. Xenon gas is continuously removed
from the core—preserving neutrons. Should the reactor stop for some reason, it can
easily be restarted, unlike solid-fuel reactors.

Moreover, the power-output can be easily adjusted for a good load-following capability
(responding to demand). Thus, FUJI-II is an effective public power plant.

The solid-fuel reactor is not as good as the molten-salt reactor in its load-following
capability. In the solid-fuel reactor, the quality of fuel materials degrades to such a
degree that the fuel life is shortened. The power output changes that accompany the load
variations cause abrupt temperature distribution changes in the solid fuel.

In short, solid-fuel reactors—that is, all current nuclear power plants—have incentives
to operate at a constant power level and lack operational flexibility. The reasons for this
lack of flexibility follow.
(1) Changes in reactor power output can damage the solid fuel materials. A fuel-clad
interaction can lead to cyclic fatigue failure. This creates an incentive for avoiding
load-following operations.
(2) Rapid re-startup of solid-fuel reactors is difficult. Reactor shutdown is thus avoided as
far as possible.
(3) Construction costs and invested capital are much higher than for fossil or hydropower
plants. Thus, reactors are operated at full power as much as possible. Low-power
operation would cause the interest rate to be very high on a ‘per unit of power’ basis.

In fact, solid-fuel reactors are operated at very high capacity. Even if there is nothing
wrong with this per se, they are not user-friendly as public plants.

Therefore, solid-fuel reactors are now used mainly as base-load plants, supplying the
base electricity demand. In Japan, about 90% of the electricity demand was supplied
from nuclear power plants on New Year’s Day in 2001, when the minimum demand was
recorded.

Many small nuclear power plants will be needed all over the world. Solid-fuel small
reactors are expensive and have the above disadvantages.

In FUJI-II, the reactor performance and safety are improved by the continuous
removal of gaseous fission products (krypton, xenon, and tritium). Other continuous
chemical processing is not required.

Chemical processing at the end of the reactor life
At the conclusion of the reactor's life, the fuel salt is treated at a chemical plant in a

regional center, and all the salts are recycled for reuse in the nuclear fuel cycle.
After cooling the reactor for one to two years, the internals, the primary and the

secondary systems of the reactor are separated and sent back to a regional center. The
reactor room can be used for a new reactor system after cooling the residual radioactivity
for a sufficient period. The work in the high-temperature containment room (performed
by remote control) can be started earlier, thereby contributing to good economics.

Thus, all component materials of the reactor, including the fuel, can be recycled and
reused. An explanation of the quantity and treatment of wastes is provided in Chapter 8.
This chapter addresses FUJI-II and the entire nuclear fuel cycle system from fuel
production to final chemical treatment. An abridged explanation is given below.

Chemical treatment of waste
In principle, generated radioactive elements (excluding gaseous fission products such
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as xenon) are retained in the fuel cycle and circulated. Their radioactivity is reduced by
natural decay and nuclear reactions (annihilation). Table 7.2 shows the relative
quantities of chemicals. The small quantity of generated plutonium (800 g) remains in
the fuel salt and does not cause any problems.

The radioactivity of the graphite moderator is negligible after grinding off about
0.1mm of its surface contaminated by radioactive materials. Except for the part used in
the central part of the core, the graphite is reused as a neutron reflector and shield to
protect the reactor wall.

Hastelloy-N, the structural material, is protected from strong neutron irradiation by
the graphite shield. The small amount of radioactivity from reactions with neutrons will
be insignificant after a year of cooling. Therefore, the structural metal can be vacuum
melted after its contaminated surface is ground off, and it can be reused for the reactor's
primary system.

FUJI's reduced operations and maintenance requirements could decrease low-level
radioactive wastes (unrelated to nuclear fuel materials) to about 1/100 of the LWRs. By
contrast, the charcoal bed of the helium gas system needs special treatment owing to its
high radioactivity.

At any rate, FUJI can improve waste-related problems because it generates a
negligible amount of transuranic elements (such as plutonium), and it uses liquid
nuclear fuel, which is reusable–even if somewhat contaminated by fission-product
impurities.

Molten-salt reactors such as FUJI will significantly improve the annihilation and
disposal of radioactive wastes. This subject will be thoroughly discussed in the next
chapter.

Enhanced safety
A suitable qualifying phrase for this reactor might be one without risk of serious

accidents. In addition, it has the triple-wall protection—the reactor vessel wall, the
high-temperature containment room, and the reactor containment building. It is a
system operated at normal atmospheric pressure. This contrasts with the thin, fragile
walls of the metallic cladding tubes of solid fuel reactors that are exposed to severe
conditions of high pressures, high temperature and high radiation. The nuclear design
and the heat removal design of this reactor make good sense. Limited operations and
maintenance work are required. Further, the fuel salt is chemically inactive, resists
radiation damage, does not burn, and is insoluble in water. At normal atmospheric
pressure, the fuel salt becomes a stable glassy solid below 500˚C. (The glassy state is the
best for confining radioactive wastes, but long-term storage management requires care.)

All these characteristics contribute to improved safety in molten-salt reactors. Even if
the fuel leaks a lot from the reactor, an empty core simply results to shut down the
reactor automatically. Furthermore, because there is no graphite moderator outside the
reactor, the fuel salt cannot prepare for criticality again.

Concerning public safety, this is the only type of reactor that can minimize the
discharge of radioactive gas when accidents occur, because gaseous radioactive fission
products are continuously removed from the reactor. If a break or leak occurs in the
intermediate heat exchanger, boron (in the secondary coolant salt) enters the fuel salt
and stops the reactor by absorbing massive amounts of neutrons.

Because the steam generator is highly pressurized, water leakage to the secondary
coolant salt system can occur if there is a steam tube failure. However, this situation can
be easily detected by hydrogen fluoride (HF) gas generated by the reaction with water in
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the secondary coolant salt. If the pressure in the secondary system becomes abnormally
high, water can be automatically released using a rupture disk.

Thus, the molten-salt reactor will be able to avoid a severe accident, even if subjected
to military attacks, terrorism, or sabotage mainly due to no severe accident by breaking
the primary system, insisting comparatively the most safer reactors at least.

For reasons of safety, some propose a fully automatic nuclear power plant designed so
that nobody need touch it. Such fully automatic reactor may appear safe but cannot
respond with flexibility in unexpected situations, including terrorist attacks. Thus,
fully automatic reactors can produce fatal consequences. Equipment should be
user-friendly. It is safe and works well when treated with care and full knowledge of its
mechanisms and various states. Human likes to work well. We have to prepare the work
enjoyable and valuable for their life than idleness. MSR can work well following their
wishes operating “better equipment” safely and easily, without worries of serious
accidents, is it not?

Here, the term “better” is premised on achieving the simplest nuclear fuel cycle
without wasting precious neutrons. Generally, a fully automatic nuclear power plant is
far from this ideal.

Superior economics
Although the "high-temperature containment room" of this reactor relies on new

technologies, other parts of the reactor, such as the reactor components and safety
devices, are simple, conventional technologies. Overall, the operation and maintenance
of the reactor and the fuel cycle become simple and unburdened without the fear of
severe accidents. Throughout the life of the reactor, the fuel salt is never replaced. The
addition of thorium alone enables this reactor to burn continuously about five times as
much fissile material as initially loaded (370 kg of U-233). The burning efficiency,
therefore, could be regarded as 500%.

In a solid-fuel reactor, the burn efficiency for one cycle (from fuel loading to unloading)
is only a few tens of a percent. Furthermore, solid fuel requires repetitive work, such as
fabrication, inspection, transportation, burning in reactor, chemical treatment, and
re-fabrication. It is clear that FUJI-II is economically superior.

In addition, the simplicity of FUJI's infrastructure (industrial and social) contributes
to good economics. In the conventional uranium-plutonium solid-fuel system, heavy
guards undertake the burden of security. For example, during the overland and marine
transportation of shielded nuclear materials and fuel assemblies, special controls
contribute to the notion of a "controlled society." The insufficient security of the solid-fuel
reactor affects its economics. On the other hand, FUJI-II's design will mitigate security
burdens.

Although a realistic economic evaluation can be made only after extensive use of the
whole system, FUJI-II promises bright prospects. Furthermore, FUJI's R&D costs can
be minimized, because the fundamental technology already exists. Refinements can be
made after FUJI begins operation.

An example of such a refinement is a direct industrial heat application including the
hydrogen production, instead of traditional electric power generation. This application
would prevent energy loss in the process of energy conversion. This concept is pursued in
the high-temperature gas-cooled reactor (Chapter 3).

It should be easy to use the molten-salt reactor to generate industrial heat of about
850˚C. The ARE reactor was operated at 860˚C, as noted in Chapter 5. This is based on
the potential structural durability of Hastelloy-N to 950˚C. Russian colleagues are
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confident about the application of temperatures of about 1000˚C or more.
At ordinary pressure, molten salt is an excellent heat-transfer medium with a high

heat capacity. Therefore, it is economical for heat transport; transport further than 10
kilometers will be possible. In addition, molten-salt is practical for applications at higher
temperatures than other media (e.g., helium gas) because its film temperature drop
(owing to heat transfer) is smaller than helium gas by a factor of two or three.

Building a super-small experimental reactor: miniFUJI
Some think that FUJI-II should be built and operated as soon as possible. More than

thirty years have been wasted because after 1976 R&D program of MSR was
prematurely terminated by political decision with no follow-on reactor experience. Many
experts have already passed away. The central corps requires hundreds of specialists
and engineers, and it is impossible to train this much talent rapidly. Thus, we are
planning the construction of “a super-small molten-salt power reactor" to reconfirm basic
technologies and acquire technical expertise. What we need most is operational
experience throughout the life of the reactor. It is necessary to operate miniFUJI as soon
as possible to eliminate oversights and misunderstandings, and to reconfirm and perfect
technologies.

We estimate this will be possible within 20 years. We want to build a "super-small
molten-salt power reactor"—miniFUJI (7000 kW). The first step would be to operate it
for more than ten consecutive years. The outline for this project, including the size of the
reactor's main parts and a photograph of the model, is shown in Table 7.1 and Figures
7.2 and 7.3. The outline resembles the MSRE of ORNL. The biggest difference is that
while Oak Ridge did not conduct R&D for MSRE's power generation, miniFUJI will be a
proving ground for the whole system. However, during its 4 years’ operation, MSRE had
already burn up about one third of fuel life that will be used by the FUJI. MSRE's staff
numbered about 230 during its heyday. We expect to train about 1,000 personnel by
miniFUJI for future R&D work.

Twenty-four specialists from seven countries and the IAEA reviewed the first phase of
this plan in autumn 1997 at the RAND, Santa Monica (U.S.). This group supported the
above plan.

Six or seven years before the start of miniFUJI operation, various experiments and
training are needed:
(a) tests of ex-reactor circulation systems for fuel salt and coolant salt, and related
training of scientists and engineers
(b) high-temperature-strength data for structural materials
(c) radiation-damage data for structural materials and graphite
(d) mock-up tests using a full-sized model for the reactor configuration.

Although U-233 produced from Th-232 is the fuel used in miniFUJI, the operation
may also be confirmed with plutonium fuel. In fact, plutonium burning was partially
carried out with MSRE.

If the miniFUJI operation gets off to a good start, the team could also embark on
parallel plans for constructing a small power reactor "FUJI-U233" (U-233 fuel) and a
plutonium burner, "FUJI-Pu." The former is an advanced version of FUJI-II. Although
plutonium substitutes for U-233 in the latter, U-233 is gradually produced from Th-232
in the molten-salt. It subsequently becomes the fuel for another FUJI-U233 reactor.

Dismantled nuclear warheads or spent nuclear fuels from nuclear power plants can
supply plutonium containing nuclear fuel salt by using the simplified FREGATE method
(Chapter 6). The chemical treatment of plutonium from these sources could be completed
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by the start of "FUJI-Pu's" practical utilization. Engineers in Russia, Czechoslovakia and
France have pledged their cooperation, estimating the required cost to be small.

This development program for small power reactors including miniFUJI and FUJI
should be promoted through international cooperation. Unless this reactor provides a
solution to the future global energy problem, it will lack meaning. However, it is
recommended that Japan, the U.S., and Russia jointly take the initiative and accept one
or two researchers from each interested country. Countries that are willing to participate
in this project include India, France, Belarus, Korea, China, Turkey, Brazil, Canada, and
the United Kingdom. These researchers will be valuable resources during the early
global utilization of this reactor.

International cooperation has already compiled an impressive record that will be
explained toward the end of Chapter 9.
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