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Abstract

The concept of the molten salt reactor (MSR) refuses to go away. The Generation-IV process lists the MSR as one of the six concepts
to be considered for extending fuel resources. Good fuel utilization and good economics are required to meet the often-cited goal of
10 TWe globally and 1 TWe for the US by non-carbon energy sources in this century by nuclear fission. Strong incentives for the molten
salt reactor design are its good fuel utilization, good economics, amazing fuel flexibility and promised large benefits. It can:

� use thorium or uranium;

� be designed with lots of graphite to have a fairly thermal neutron spectrum or without graphite moderator to have an epithermal
neutron spectrum;

� fission uranium isotopes and plutonium isotopes;

� produces less long-lived wastes than today’s reactors by a factor of 10–100;

� operate with non-weapon grade fissile fuel, or in suitable sites it can operate with enrichment between reactor-grade and weapon grade
fissile fuel;

� be a breeder or near breeder;

� operate at temperature >1100 �C if carbon composites are successfully developed.

Enhancing 232U content in the uranium to over 500 ppm makes the fuel undesirable for weapons, but it should not detract from its
economic use in liquid fuel reactors: a big advantage in nonproliferation.

Economics of the MSR are enhanced by operating at low pressure and high temperature and may even lead to the preferred route to
hydrogen production. The cost of the electricity produced from low enriched fuel averaged over the life of the entire process, has been
predicted to be about 10% lower than that from LWRs, and 20% lower for high-enriched fuel, with uncertainties of about 10%. The
development cost has been estimated at about 1 B$ (e.g., a 100 M$/year base program for 10 years) not including construction of a series
of reactors leading up to the deployment of multiple commercial units at an assumed cost of 9 B$ (450 M$/year over 20 years). A benefit
of liquid fuel is that smaller power reactors can faithfully test features of larger reactors, thereby reducing the number of steps to com-
mercial deployment. Assuming electricity is worth $ 50 per MWe h, then 50 years of 10 TWe power level would be worth 200 trillion
dollars. If the MSR could be developed and proven for 10 B$ and would save 10% over its alternative, the total savings over 50 years
would be 20 trillion dollars: a good return on investment even considering discounted future savings.

The incentives for the molten salt reactor are so strong and its relevance to our energy policy and national security are so compelling
that one asks, ‘‘Why has the reactor not already been developed?”

� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The molten salt reactor (MSR) is well described in the
paper by Furukawa et al. [1]. Undergrounding, interim
onsite storage of wastes, proliferation and other aspects

0196-8904/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.enconman.2007.07.047

* Tel./fax: +1 925 447 8804.
E-mail address: RMoir@pacbell.net

www.elsevier.com/locate/enconman

Available online at www.sciencedirect.com

Energy Conversion and Management 49 (2008) 1849–1858



Author's personal copy

are described in Ref. [2]. The development needs for the
molten salt reactor have been described by Forsberg [3].
An earlier design by Engel et al. of a denatured molten salt
reactor (DMSR) without processing for its 30-year graph-
ite lifetime needed only 150 kg 235U/year at 20% enrich-
ment of makeup fuel [4]. Another design by Engel et al.
also using 20% enriched fuel but with processing, needed
no refueling for its 30-year life [5]. Processing of molten salt
fuel is discussed in Ref. [6]. This paper elaborates on how
the MSR can burn thorium while producing all or most
of its fuel at a lower cost than today’s LWRs. An example
shows why its late deployment start means the MSR can
have little market penetration (<100 GWe) by 2050 but
dominance to 10 TWe by 2100.

The role of 232U in the context of nonproliferation is dis-
cussed as it relates to start-up fueling with mined and
enriched 235U, and with 233U from accelerators or from
fusion. The Global Nuclear Energy Partnership (GNEP)
model is adopted for our thorium reactors where prolifera-
tion-vulnerable facilities are in guarded centers and reactors
can be located outside these centers with proliferation resis-
tant fuels. The difference from GNEP is its use of plutonium
whereas we use thorium and potentially have better eco-
nomics. The MSRs advantages are so many and large that
we wonder why the reactor has not already been developed
and put into service. Perhaps low cost, plentiful uranium
and natural gas was the reason but costs for these commod-
ities are expected to continue to rise. A reexamination and
restart of an MSR development program is recommended.
This paper presents my recommendations for a restart of
the MSR development based on research during the past
30 years.

2. Economic motivation and predictions

Oak Ridge National Laboratory (ORNL), known for its
conservatism, made capital and operating cost estimates
that were based on detailed conceptual studies of various
MSRs. The results were given in laboratory reports but
never published in the open literature. Maybe this was
due to the controversy surrounding the demise of the
MSR program in the US at the time of the decision to con-
centrate on the liquid metal fast breeder reactor (LMFBR)
and due to the modesty with which ORNL people treated
future economic projections of this infant technology. In
any case the present author recently published a brief sum-
mary of the cost of electricity (COE) projections based on
ORNL reports for 20% enriched uranium compared to
contemporary PWRs and coal of 1978 vintage and then
converted to year 2000 dollars [7]. The reactor was
1000 MWe and used reactor-grade uranium (20% enriched)
as fuel and did not reprocess the fuel for its 30-year life that
was taken to be the damage lifetime of the graphite. The
100% enriched case is given in Ref. [8]. The results are given
in Table 1 with the assumptions in the references. The COE
of the MSR (38 $/MWe h) being 7% lower than the PWR
and 8% lower than coal is a hopeful result even considering

the uncertainties were judged by the ORNL people to be
approximately ±10%.

The 20% enriched case requires about 150 kg/year of
235U makeup per year for 1 GWe. At 90% capacity factor
used in Table 1 for the MSR cases and costing 60 $/g of
235U this makeup fuel would cost $1.1/MWe h. To get
the total fuel cost in Table 1, one adds initial fuel charge
$2.7/MWe h, enriched Li and other costs. The $11/MWe h
($4.6/MWe h in 1978 dollars) fuel cost for the 20%
enriched case may be too high today owing partly to com-
modity prices and enrichment costs that have not increased
nearly as much as the 2.4 escalation from 1978 to 2000 dol-
lars that was assumed.

If we operate without much 238U the reactor produces
just enough fuel to make its own 233U from 232Th and the
predicted COE without processing is $31/MWe h, which is
24% lower than for a PWR of 1978 vintage. There will be
extra cost associated with extra security measures resulting
from use of highly enriched uranium as its fuel. This extra
cost might be largely offset owing to the large amount of
232U content (hundreds of ppm) as will be discussed later.

If the MSR does online processing then fuel self suffi-
ciency after start-up can be achieved at some yet to be
determined cost and at an enrichment varying all the way
down to non-weapon grade (<20% 235U or <12% 233U).
There are trade-offs between economics, processing and
proliferation resistance. Likely, investment in safeguarding
will be more than offset by the savings in COE. The MSR
discussed here is argued to be 10–20% lower in cost of
energy than an LWR but the proper comparison would
be a fuel self-sufficient system envision by GNEP type reac-
tors system. However, past examples of fast reactors on the
plutonium cycle have had projected economics several tens
of percents more than the LWR. I recommend more anal-
yses on the economics of MSRs. If the trends shown in
Table 1 turn out to be correct then the argument in favor
the MSR will be even more compelling.

3. Safety

The usual requirement of containing fission products
within three barriers is retained with the molten salt reactor
and more fully discussed in Ref. [1]. With the LWR the first
barrier is the fuel clad, the second is the reactor vessel and
piping and the third is the containment building. The pri-
mary vessel and piping boundary, including drain tanks,

Table 1
Economic comparisons of cost of electricity in units of $/MWh, 2000$

MSR, 20% enriched MSR, 100% enriched PWR Coal

Capital 20.1 20.1 20.7 15.8
O&M 5.8 5.8 11.3 8.0
Fuel 11.1 4.0 7.4 17.2
Waste disposal 1.0 1.0 1.0 0.9
Decomposition 0.4 0.4 0.7 –
Total 38.4 31.3 41.1 41.9
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constitute one barrier. These components are located in a
room that is lined with a second barrier, including an emer-
gency drain or storage tank for spills. The third barrier is
achieved by surrounding the entire reactor building in a
confinement vessel. A fourth safety measure is locating
the reactor underground, which itself is one extra ‘‘gravity
barrier” aiding confinement. A leakage of material would
have to move against gravity for 10 m before reaching
the environment.

In case of accidents or spills of radioactive material, the
rooms underground would remain isolated. However, the
residual decay heat that continues to be generated at a
low rate would be transferred through heat exchangers that
passively carry the heat to the environment above ground,
while retaining the radioactive material belowground. This
passive heat removal concept perhaps using heat pipes will
be used to cool the stored fission products as well.

4. Why has the molten salt reactor not already been

developed?

If the molten salt reactor appears to meet our criteria so
well, why has it not already been developed since the mol-
ten salt reactor experiment (MSRE) operated over 30 years
ago?

Several decades ago an intense development was under-
taken to address the problem of rapid expansion of reac-
tors to meet a high growth rate of electricity while the
known uranium resources were low. The competition came
down to a liquid metal fast breeder reactor (LMFBR) on
the uranium–plutonium cycle and a thermal reactor on
the thorium–uranium-233 cycle, called the molten salt bree-
der reactor (MSBR). The LMFBR had a larger breeding
rate, a property of fast reactors having more neutrons
per fission and less loss of neutrons by parasitic capture
and won the competition. This fact and the plan to reduce
the number of candidate reactors being developed were
used as arguments to stop the development of the molten
salt reactor rather than keeping an effort going as a backup
option. In my opinion, this was a mistake.

As a result there has been little work done on the molten
salt reactor during the last 30 years. As it turned out, a far
larger amount of uranium was found than was thought to
exist and the electricity growth rate has turned out to be
much smaller than predicted. High excess breeding rates
have turned out not to be essential. A reactor is advanta-
geous that once started up needs no other fuel except tho-
rium because it makes most or all its own fuel. The
question of why the molten salt reactor development was
stopped is more fully discussed in Ref. [2] and references
therein.

Studies of possible next generation reactors, called Gen-
eration-IV have included the molten salt reactor among six
reactor types recommended for further development. In
addition the program called Advanced Fuel Cycle Initia-
tive has the goal of separating fission products and recy-
cling for further fissioning.

5. Development arguments

When the MSR development program was shut down
in the 1970s about 1 B$ of development was judged to
be required on materials, on components, on processes,
on tritium control techniques and other items. By now
some of this development has already been done. This
program might consume $100 M/year and take 10 years.
Added to this would be a series of reactors leading up
to the deployment of commercial units. The first reactor
might be an electricity producing version of �10 MWe
modeled after the successful MSRE that operated at
ORNL at 8 MWth. The fluid-fuel nature of the reactor
makes such a test reactor relevant to much higher power
reactors because the local conditions are almost indistin-
guishable from that of a much higher power reactor just
so long as the power density is the same. The next reactor
might be a demonstration of a future commercial reactor
operating at a hundred or a few hundred MWe. These two
steps might cost $9 B ($450 M/year for 20 years). In 30
years such a program on a non-crash basis could start
deploying commercial units if the demand were to emerge.
It is clear that this new technology (actually quite old but
not fully tested) cannot make significant market penetra-
tion (>10%) by 2050. One wonders why some well-known
studies [9] concentrated on a time or goal of 2050. Were
they designed to forestall development of Generation-IV
options that could have a large impact by 2100 but not
by 2050? The deployment rate can be significant without
violating the norms of growth and investment rates in
new industries.

I have constructed a deployment scenario for the sake of
discussion rather than as a prediction. This scenario fol-
lows and modifies an earlier deployment scenario by
Furukawa [1]. The assumptions are incremental deploy-
ment shown in Fig. 1 followed by a growth limit then slow-
ing down and finally after 2100 I arbitrarily show a steady
state or a modest growth where the MSR system on tho-
rium can operate for thousands of years. I also show the
possibility of a transition to some new technology, maybe
fusion or solar power.

The assumptions in the deployment scenario are: start-
up a 10 MWe unit in 2012, 5 years later in 2017 a
100 MWe unit begins operation, in 2023 I assume a
500 MWe unit operates, a 1 GWe unit or two 500 MWe
units in 2027, in 2029 and in 2031. The number of new units
per year and the growth rate are shown in Fig. 1. This sce-
nario is aggressive but not a crash program in its first six
plants. From then on market forces are assumed to
demand a large growth rate. As the industry grows in size
its growth rate is assumed to drop down to the robust rate
of 10% per year from about 2050 to 2080. This hypothetical
deployment to 10 TWe in 100 years scenario assumes only
molten salt reactors are deployed, however, it could have
assumed any high conversion ratio reactors such as the
liquid metal fast reactors or high temperature gas cooled
graphite reactors or a combination.
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Will there be enough uranium to start-up 10 TWe
(10,000 MWe) of new capacity based on self-sustaining
MSRs? At 3 tons of 235U per 1 GWe, 10 TWe of new capac-
ity will require 30,000 tons of uranium-235. If 0.5% of ura-
nium can be separated as 235U, then 6 million tons of
uranium would be needed for start-up fuel. The world’s
resources are considerably more than this so start-up on
mined uranium looks feasible. If the specific start-up inven-
tory is different than 3 kg/MWe the results can be scaled.
An important incentive for thermal reactors is their low
fissile inventory that can be an order of magnitude lower
that that of fast reactors (see discussion later). However,
proliferation concerns over use of highly enriched uranium
suggest strategies to fully use the proliferation resistance
coming from use 232U and 238U as will be discussed in the
next section.

There are some major conclusions to be drawn from this
hypothetical deployment exercise:

(1) 10 TWe are possible by the end of the century with a
plausible growth rate, even more with an aggressive
deployment.

(2) However, by 2050 only a few hundred GWe seem
possible for this new or for practically any new fission
technology, which is about equal to the present world
nuclear capacity.

(3) A surprisingly fast growth rate seems possible early
on due to the small size of relevant steps; 10 MWe
and 100 MWe steps are relevant to larger commercial
units.

(4) These deployment limits apply to many new nuclear
technologies.

(5) The number of light water reactor (LWR) can grow
some but quickly is limited by fuel limitations and
waste management.

Closing the fuel cycle with new reactor types will require
long lead times so early work on prototypes is recommended
and should not be postponed. The LWR system lend itself to
evolve to a system with good characteristics such as the
MSR system for the tens of TWe deployment level if we pro-
cess the spent fuel and use some of it as start-up fuel for
MSRs. The LWR’s low conversion ratio and expensive pro-
cessing and fuel fabrication necessary for recycle appears to
present a barrier to increasing their number by more than a
factor of two from present whereas we need several tens of
times more power than the present LWR ‘‘fleet”.

6. Nonproliferation arguments and the role of 232U

Kang and von Hippel discus proliferation resistance
emphasizing the role of 232U in the thorium fuel cycle
[10]. Suppose a reactor that started up on 233U enriched
to 50% or over but that could operate self-sufficiently from
then, on was acceptable from a nonproliferation point of
view. Possibly this material would be valuable enough that
the economics would put a premium on such material with
sufficiently high 232U content such as >1000 appm.

The production of 232U produced while making 233U has
a 2.6 MeV gamma radiation daughter that might makes
this fissile material sufficiently resistant to nuclear weapons
proliferation that a fuel cycle using thorium–233U could be
acceptable for large scale worldwide use.

When we expose thorium to neutrons we produce the
fissile material 233U.

nþ 232Th! 233Th
��!
22 min

233Paþ e�
��!
27 d

233Uþ e�

The following important reactions shown in Fig. 2 lead to
232U:

Fig. 1. Hypothetical worldwide deployment scenario of new MSRs illustrates only a doubling of nuclear power by 2050 but 25-fold increase by 2100.
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two-step reactions

nþ 232Th! 233Th
��!
22 min

233Paþ e�
��!

27 d

233Uþ e�

n þ 233U ! 2n þ 232U ðfast neutron reactionÞ
two-step reactions

nþ 232Th! 2nþ 231Th
��!
1:1 d

231Paþ e� ðfastÞ

nþ 231Pa! 232Pa !
1:3 d

232Uþ e�

There are more remote low probability reactions that also
lead to 232U:

three-step reactions

n þ 232Th ! 3n þ 230Th ðfastÞ
nþ 230Th! 231Th

��!
1:1 d

231Paþ e�

nþ 231Pa! 232Pa
��!
1:3 d

232Uþ e�

This third, three-step reaction was included because of
the possibility of a natural source of 230Th. 230Th is nat-
urally occurring in uranium as a product of secular decay
of 238U (17 ppm) [Info thanks to B. Hoglund [11], who
thinks it might be possible to separate 230Th from ura-
nium ore tailings and add to thorium to enhance 232U
production for extra proliferation resistance. He further
points out that removing 230Th from the tailings would
remove the largest very long term radiation hazard of
tailing piles.] It would be worthwhile knowing what con-
centration of 230Th in 232Th would be needed to signifi-
cantly enhance the 232U production and whether there
are any important reactions resulting in 232U omitted
from the above list.

Past studies have shown that the primary route to 232U
production is by reaction path 1 until long irradiation

time of thorium when 231Pa builds up and path 2 becomes
the primary path. Since 231Pa builds up (half-life of 33,000
years), this set of reactions depends on irradiation time of
thorium even after 233U is removed. Long irradiation
times are useful and the Pa needs to be left in during pro-
cessing as happens with molten salt fluoride volatility-only
processing. Studies [12] of molten salt blankets with ThF4

irradiated by fusion neutrons obtained the 232U/233U ratio
varying from 1600 to 2400 appm between year 1 and year
7 of exposure and is 3500 appm after 30 years and 10,000
after 90 years of exposure. Similarly interesting results
should be obtained using accelerator neutrons. At
10,000 appm (1%) the dose rate at 0.5 m from 5 kg 1 year
after separation of daughter products is 127 rem/h
(1.27 Sv/h) and concentration of 2.4% would satisfy
IAEA standards for reduced physical protection [10].
The subject, ‘‘Fuel Cycle Technologies”, is further dis-
cussed in Section 7 of Ref. [12]. The 232U/233U concentra-
tion in a molten salt fission reactor is quoted as 500 appm
shortly after start-up but the concentration is increasing
with time and is quoted without spiking with non-prolif-
erants, such as 231Pa or 230Th [13]. Clearly the buildup
of 231Pa and potential spiking is important and deserves
special attention.

The fuel cycle that the MSR can accommodate varies
all the way from use of reactor-grade enrichment (<20%
233U/238U) up to fully enriched fuel. Because breeding
improves with higher enrichment, less demanding or very
infrequent processing as in every 30 years at the graphite
change-out time might be possible. The role of small
amounts of 238U (but still 238U/232Th� 1) and significant
but small amounts of 232U should be studied in the context
of nonproliferation including safeguards, spiking, and
energy parks.

Fig. 2. Neutron reaction paths leading to 232U production (from Ref. [12, Fig VII.C-1]).
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I recommend adopting the GNEP model with secure
well-guarded centers, where uranium could be fully
enriched and used to start-up molten salt reactors including
processing. After a time (few years) its fuel might have
enough 232U to make it suitable to transport to start-up
new outlying reactors at less well-guarded sites. The
guarded reactor could repeat this operation over and over.

7. Start-up fuel for MSRs

MSRs can be fueled with 233U, 235U or 239Pu. The pre-
ferred fuel from a neutron economy point of view for ther-
mal and epithermal neutron spectra reactors is 233U with
new fuel produced from 232Th neutron captures. 235U is
the fissile fuel available today and used in present reactors
but more is required due to nonfission captures. Based on
the previous discussion of proliferation resistance we might
want to dilute the fissile uranium with 238U and this leads
to 239Pu by neutron captures. Even more Pu is required
because of the even larger nonfission captures. Therefore
we need to consider all three fissile isotopes. For fast spec-
tra the preferred order of fissile material is 239Pu, 233U and
then 235U, but the inventory is up to an order of magnitude
larger. A reactor with solid fuel can have a large amount of
inventory tied up outside the reactor in the recycle steps.
The cost of this inventory can be an important factor in
economics. The inventory of fissile material for the molten
salt reactor is relatively quite low.

To start-up many MSRs we need economical sources
of fissile material. We will consider three sources. Mined
uranium enriched in 235U, 233U produced from accelera-
tor made neutrons captured in 232Th and 233U produced
from fusion produced neutrons captured in 232Th. There
are other possible sources such as 233U produced from
other fission reactors such as LWRs or CANDUs some
of whose neutrons can be captured in 232Th [14–16]. It
is even possible to burn transuranics from LWRs in the
MSR and this may be a surprisingly economical way of
starting up early MSRs while helping solve a waste man-
agement problem.

For a basis of discussion we will make some cost esti-
mates. Fissile material has a value based on the cost of
mining and enriching uranium-235. For our discussion
we will assume the value of all three fissile isotopes are
the same but we will remember there is a correction to be
made as mentioned above because of the difference in
neutron utilization.

7.1. Mined and enriched 235U

The price of 235U depends on mined uranium cost,
enrichment and other processing cost and market factors.
Today the cost is about 30 $/g for uranium costing 50 $/
kg but increased projected usage and market forces might
drive the cost to the region of 75 $/g at uranium costs of
200 $/kg. The start-up inventory of 3000 kg/GWe would
cost 230 M$ at 75$ for 1000 MWe.

7.2. Accelerator produced 233U

We would now like to compare the cost of 233U made in
accelerators and fusion to the above mined 235U. This is
not easy to do because no such facilities exist and even
designs are uncertain and in the case of fusion, feasibility
has yet to be proven. Accelerators are feasible, although
issues remain around high average power, cost and reliabil-
ity. Nevertheless a critical item for accelerators is expected
to be the cost of electricity to power the accelerator and the
same is true for fusion. Let us assume the owner of the
facility buys electricity and leases out that part of the facil-
ity that recovers any heat generated and converts it into
electricity. This electricity that is sold may come close to
paying for the capital and operating cost of the facility or
maybe make a modest profit.

We take our numbers from a study where a 0.3 A,
1 GeV proton beam is directed into a simple molten salt
vortex chamber producing 36–58 neutrons (0.82–1.33 Ton
233U/year) [17]. There is considerable fission taking place
in the vortex without which the number of neutrons pro-
duced would be closer to 25. We can estimate that portion
of the cost of produced fissile material, 233U, due to elec-
tricity costs with the following assumptions: electricity is
purchased for $ 50/MWh and converted to beam power
at 50% efficiency, each 1 GeV proton makes 47 neutrons
in a molten salt vortex reaction chamber and each neutron
makes one 233U; the rest of the numbers in the equation
below are the usual unit conversions.

50$
MWh
� 1 GeV

0:5
� 1:6� 10�19 J=eV

3600 s=h� J=W s� 47 n� 233 amu� 1:67� 10�27 kg=amu

¼ $240=g

From an extrapolation of Fig. 3 the cost of mined U would
have to approach 900 $/kg for accelerator produced neu-
trons to be competitive with these assumptions. This is
much higher than the projected cost of 235U from mined
uranium. The start-up inventory of 3000 kg/GWe would
cost 0.7 B$ at 240 $/g. Means to lower the cost of acceler-
ator produced material will be important for the accelera-
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Fig. 3. Cost of mined and enriched 235U.
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tor technology to compete with mined uranium. It is possi-
ble that the sales of electricity will more than offset the cap-
ital and operating costs and therefore lower the cost of fuel
produced. Using deuterons or tritons rather than protons
results in more neutrons per unit of energy. The fact, that
233U is more valuable than 235U and more so with its con-
comitant 232U, will help offset some of the high cost.

7.3. Fusion produced 233U

Studies of magnetic and inertial fusion power plants
designed to produce fissile material have been carried
out. One such study [18] produced the results in Fig. 4.
The cost of produced fuel is plotted as the solid line with
dashed lines at 0.67 and 1.5 times this to illustrate uncer-
tainties. The cost of electricity dominates the cost of mate-
rial when the driver efficiency, g times fusion gain, Q is <1,
where Q = fusion power or energy/driver power or energy.

The cost of electricity to drive the magnetic fusion fuel
producer is given below:

50$
MWh
� 17:6 MeV

g� Q
� 1:6� 10�19 J=eV

3600 s=h� J=W s� 0:6 n� 233 amu� 1:67� 10�27 kg=amu

¼ 170

g �Q$=g

where we assume as before, electricity cost 50 $/kWh and
each fusion produced neutron can produce 0.6 233U atoms
as well as replace the tritium consumed in the D–T reac-
tion. The portion of the cost of fuel, due only to the cost
of electricity to drive the fuel producer, is plotted in
Fig. 4 as the heavy dashed line.

Typical driver efficiencies in magnetic fusion approach
0.5 and 0.1 to 0.2 in inertial fusion. The gain of about 1
has been demonstrated in magnetic fusion facilities and is
expected to be about 10 in the next generation fusion facil-
ity, the international thermonuclear experimental reactor,
(ITER). In inertial fusion a goal of a gain of 10 is hoped
for by about 2012 or a few years later in the National Igni-

tion Facility (NIF). Fusion produced fissile material from a
facility with gQ > 4 might be competitive with mined
uranium at about $ 100/kg. The possibility of producing
economical fuel with fusion technology may not be so far
off and coincide with the possible strong demand at mid
century as shown in Fig. 1. Also this application of fusion
is much less demanding than is the goal of producing
commercial electricity. As fusion technology improves,
the D–D reaction will become more interesting as it pro-
duces far more neutrons than the D–T reaction.

To summarize: accelerator produced 233U start-up fuel
along with its concomitant production of proliferation
resistant 232U has a nonproliferation advantage over mined
and highly enriched uranium 235U but is costly. Highly
enriched 235U could be used as start-up fuel in reactors in
well-guarded centers and after 232U builds up could be used
to start-up less well-guarded reactors outside these centers.
Fusion produced 233U might substantially lower the start-
up fuel cost over that of accelerator produced fuel and of
mined and enriched uranium while simultaneously produc-
ing proliferation resistant 232U.

7.4. LWR produced 233U

Adding thorium to LWR or CANDU fuel can be a
source of fissile material for starting up MSRs. There are
processes especially appropriate that result in liquid fuel
rather than reconstituted solid fuel that may avoid some
of the high cost impediments known for thorium fuels.
Such a use of LWRs would make maximum use of the
large investment in this technology while transitioning to
the much large ‘‘fleet” of high conversion ratio reactors.

8. Thermal (moderated) versus unmoderated MSRs

The MSR can be designed with a low power density and
therefore a low enough neutron flux, that the graphite radi-
ation damage lifetime is manageable, perhaps 30 years. The
graphite reflector protects the vessel walls from radiation
damage. If the MSR’s operating temperature increases
and the fission products are removed, the negative temper-
ature coefficient can become positive and aggravate control
as pointed out by Lecarpentier and colleagues [19]. This
fact contributed to the French studies tending towards
unmoderated versions of the MSR, an example of which
is given in Ref. [20,21] and in Russian work [22]. Both these
studies emphasize the thorium cycle with start-up on tran-
suranics from LWRs. However, reflector control rods that
are automatically operated by temperature should be able
to maintain a strong negative temperature coefficient [23].
The graphite-moderated reactor should be able to operate
at a higher temperature than the unmoderated reactor,
depending on the reflector material temperature limit
because graphite can handle temperatures higher than
almost any other material.

Power flattening reduces breeding but increases graphite
lifetime and increases the fuel inventory. Peaking the power
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profile reduces graphite lifetime but increases breeding and
reduces the fissile inventory. Load following results in
reduced average power and reduced revenues but longer life
until graphite damage requires shut down for replacement.

8.1. Thermal neutron (graphite-moderated) MSR

Trade-offs are important in considering and comparing
thermal neutron (with neutron moderator) with epither-
mal neutron molten salt reactors without moderator. In
the thermal neutron MSR, once the power density is spec-
ified, the lifetime of the graphite determined by radiation
damage is known. The power density along with the core
size (diameter) sets the power. The core diameter is d and
height is h.

P ¼ P
V

pd2h=4 ¼ p
4

P
V

d3 if h ¼ d

s ¼ damage criterion

C P
V CF

P/V is the power density in the reactor and is typically 10
times higher in the fuel for a typical graphite to fuel ratio
of 10.

The damage criterion is in units of n/cm2 for energy above
50 keV, 3 � 1026 n/m2. The damage criterion is chosen such
that s = 30 years, P = 1000 MWe, d = 10 m and CF = 0.75.
C = 1.047 � 1025 n m/year MWe, P/V = 1.27 MWe/m3, at
43% thermal efficiency, P/V = 2.96 MWth/m3. C � P/V is
the damage rate in units of 4.225 � 1017 n/cm2 s.

CF = capacity or power factor. Typically for a base load
plant today CF is 0.9 and for load following mode of oper-
ation might be about 0.5 (Fig. 5 and Table 2 give a number
of results).

When the graphite reaches its damage limit (swelling
and or cracking) the reactor is shut down for an extended
time to replace the graphite. This is costly and results in
loss of power sales that might be minimized with use of
advanced robotics.

The core size is related to factory manufacture of the
vessel and transportation to the reactor site, which is a

favorable factor for diameters up to about 5 m. At 10 m
the construction is likely an expensive field operation or
more elaborate transportation to the site by barge for
example.

A base load plant can have 30 years graphite lifetime for
a diameter of about 10 m at 1 GWe or 5 m at 150 MWe. A
load following plant can have a diameter of about 5 m at
230 MWe. Core design can change these numbers
somewhat.

In the course of development of the MSR and during
the early deployment of the first few power plants, the size
of the vessel will not be a concern, but extensive deploy-
ment is expected to be highly driven by ‘‘market pull”
resulting in a tendency towards larger vessels. Economic
competition will be intensive with mature LWRs whose
sizes today are approaching 2 GWe for economy of scale
reasons. This means the MSR might have to deliver large
plants in order to be competitive. Of course smaller mar-
kets away from transmission grids will still have a market
for small plants.

Another aspect of the thermal neutron MSR is its low
fissile inventory: 3.5 kg of 235U/MWe for the thorium–ura-
nium–plutonium fuel cycle denatured molten salt reactor
(DMSR) with 30-year graphite lifetime, 1.6 kg 233U/MWe
for the molten salt breeder reactor (MSBR) (with 4-year
graphite life). Some parameters of several MSR designs
are given in Table 2, particularly size and core lifetime.

The MSR can operate on any fuel, in a variety of mix-
tures, and those mixtures can be changed while it operates;
i.e., the MSR has extraordinary fuel flexibility.

8.2. Epithermal neutron (unmoderated) MSR

The reactor design is simplified by removing the graph-
ite moderator in the core thus eliminating the graphite
damage lifetime limitation. The harder neutron spectra
will reduce actinide captures thus enhancing fissioning of
transuranics. However, the reflector material inside the
reactor vessel sees a large neutron flux, and will have to
be replaced periodically. The reflector protects the vessel
walls from neutron damage. This radiation damage will
set the power density and lifetime to replacement similar
to the graphite-moderated reactor discussed above. Then
the power and diameter of the vessel can be determined,
but this topic is beyond the scope of the present paper.
The material of the reflector might set a limit to the oper-
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Table 2
Parameters for various MSR designs

Vessel diameter
(m)

Power CF Graphite lifetime
(years)

MSRE 1.4 8 MWth 0.4 3.3a

MiniFUJI 1.8 7 MWe 0.75 30
FUJI 5.4 150 MWe 0.75 30
MSBR 6.7 1000 MWe 0.75 4
DMSR 10 1000 MWe 0.75 30

a Operating time June 1965 to October 1968, 11,500 full power hours.
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ating temperature. More attention is needed on the prob-
lem of radiation damage to the walls for the unmoderated
MSR.

The fissile inventory of an epithermal spectrum unmo-
derated MSR is higher owing simply to the fact that the fis-
sion cross-section is lower at higher neutron energies than
at low energies. Unmoderated MSRs could also use pluto-
nium and other transuranics (TRU) more efficiently, as
TRUs have higher probabilities of fissioning in higher
energy neutrons spectra. As discussed earlier, the cost of
electricity due to the initial fuel inventory can be consider-
able and is clearly an economic issue. However, the use of
the currently classified TRU wastes and the lack of having
to make expensive TRU fuel elements, may make the
unmoderated MSR fuel inventory a revenue generator ver-
sus an inventory cost.

9. Carbon composite material development

If an MSR test reactor were built in the next 10 years
it would almost surly be constructed of the nickel alloy,
Hastelloy. However, carbon composites (C/C) are under-
going rapid development that might allow use with mol-
ten salts. Operating temperatures could exceed 1100 �C
that, in turn, increases the solubility of plutonium molten
salts and permits increased TRU concentrations. Higher
temperatures would also allow a closed cycle gas turbine
power conversion system (Brayton cycle) with the benefit
of higher efficiency, lower cost, easier tritium recovery
and minimization of freeze-up problems. Handling tri-
tium and keeping it from getting into the environment
might be easier than with a steam cycle. Another applica-
tion that high temperature might enable is hydrogen
production.

For carbon composites to become practical we must:

(1) develop leak-tight composites or design to accommo-
date a porous/leaky material;

(2) develop means to join C/C vessels and pipes;
(3) develop means to repair C/C components.

A flat plate heat exchanger might be made from C/C
slabs (1 m � 2 m nominal) �2 mm thick with channels
milled in the panels for coolant [24]. Alternatively C/C
slabs �1 mm thick could have a thin silicon sandwich that
is reacted to form a SiC layer whose purpose is to reduce
gas leakage.

An experimental development program could begin by
building a small carbon composite vessel with a diameter
of about 0.1 m to mock up full size units. Full size units
might be 2 m dia for �10 MWe and 5–10 m dia for a few
hundred MWe to a GWe. Tests could use the surrogate
molten salt NaCl + MgCl2 that is nearly identical
thermo-chemically to LiF + BeF2. A vacuum oven would
be needed to bake out gases, especially oxygen and hydro-
gen. Carbon composite research is recommended for mol-
ten salt reactor application.

10. Future of MSRs and discussion

The MSR needs a demonstration to reawaken the
potential of the concept and its advantages. An NGO
(Non-Government Organization) or venture capitalist or
philanthropist could fund the �$ 1B needed for some
development and construction of a small reactor. China
and India could take on the task to their and the world’s
great benefit. The major reactor development nations have
passed on the MSR probably discouraged by the legacy of
‘‘. . . there must be something wrong with the concept
because the Americans stopped their work completely three
decades ago. . .” and distracted by the hope of liquid metal
cooled fast reactors becoming economical even after two
dozen such plants have been built.

Relevant technology useful for the MSR is, nevertheless,
being developed. For example, carbon composites are find-
ing applications in many places. The South African devel-
opment of the high temperature graphite pebble bed
reactor with Brayton cycle closed cycle turbines replacing
the steam cycle might be useful to an eventual MSR. The
high temperature capability should make the MSR a com-
petitive candidate for hydrogen production. Strategies for
avoiding CO2 production will help the MSR. Better graph-
ite will be useful. Finally the concern over global warming
might contribute to restarting the MSR work.

11. Conclusions

The MSR has so many favorable features, many dis-
cussed here that one is at a loss to explain why the reactor
has not already been developed. Once a program has been
killed there is a stigma attached that creates a legacy of its
own. Several decades ago reactor accidents, low number
of orders for new reactors, low uranium prices and low-cost
natural gas have discouraged reactor development such as
the MSR but all these things have reversed. I strongly rec-
ommend independent thinkers to relook at and invest in
the MSR. China and India could take on this task to their
great advantage. Even a philanthropist or venture capitalist
could breathe new life into this concept – a small 10 MWe
(or even much smaller) test reactor would provide relevant
information useful to proceeding on to a commercial power
reactor and represents a low risk, low cost first step.
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