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Molten Salt Reactor (MSR) with Th-233U fuel cycle attracts more and more attention with its excellent
performance such as desirable breeding capacity, low waste production and high inherent safety.
Considering the fact that there is no available 233U in the nature, it is necessary to analyze the fuel
transition from enriched 235U/Th to 233U/Th and then give a ﬂexible transition scenario for a graphitemoderated MSR. By employing an in-house developed tool which is based on SCALE6.1, two scenarios,
a Breeding and Burning (B&B) scenario and a Pre-breeding scenario, are studied. The evolution of the
inventories of main nuclides, net 233U production and isothermal temperature coefﬁcient are presented
and discussed in the B&B scenario. It is found that the fuel transition can be achieved smoothly by using
enriched uranium with greater than 40% concentration of 235U. The fuel transition can still be accomplished with 20% enriched uranium but takes a long double time of about 79 years. Meanwhile, we
perform an analysis of the Pre-breeding scenario and conclude that it is efﬁcient to produce 233U and the
double time ranges from 2.07 years for the 10-day reprocessing to 10.7 years for the 180-day reprocessing. A comparison of these two scenarios is conducted, which indicates that the B&B scenario is more
favorable than the Pre-breeding scenario from the aspect of resource utilization efﬁciency. Finally, a
combined three-stage program for developing Th-based MSRs is proposed.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Molten Salt Reactor (MSR), as one of the six advanced Generation IV nuclear systems, offers a number of advantages over its
solid-fueled counterparts. The history of research and development
(R&D) on MSR is brieﬂy reviewed as follows. It was initially studied
by Oak Ridge National Laboratory (ORNL) with an Aircraft Reactor
Experiment (ARE) project (Cottrell et al., 1955), in which a reactor
employing a molten ﬂuoride salt containing highly enriched uranium (e ¼ 93.4%) was built and ﬁrstly demonstrated the feasibility
of liquid fuel. Inspired by the success of ARE, ORNL built a 8 MWth
graphite-moderated reactor in the 1960s, namely the Molten Salt
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Reactor Experiment (MSRE) (Haubenreich and Engel, 1970), to
attempt to apply the MSR concept to electricity production. This
experimental reactor operated successfully from 1965 to 1969 with
fuels of enriched 235U, 233U and 233U/239Pu at different times, which
provided signiﬁcant technical foundation for the later study. Afterwards, a 1 GWe graphite-moderated Molten Salt Breeder Reactor
(MSBR) (Robertson, 1971; Bettis and Robertson, 1970) based on
Th-233U fuel cycle was designed. Unfortunately, the MSR development program at ORNL ceased in 1973 due to fund shortage and
other reasons (MacPherson, 1985). In the later 1970s, a Denatured
Molten Salt Reactor (DMSR) fueled with denatured 235U for nonproliferation was designed (Abbott et al., 1979; Engel et al., 1980)
with limited work continued at ORNL. Henceforth, some effort has
been made to develop this promising technology and in 2002, a
worldwide renewed interest of MSR was stimulated and it was
selected as one of the six systems in Generation IV International
Forum (GIF) for future advanced reactors R&D (Abrams et al., 2002).
Nowadays, the research on MSR directed by ORNL has been further
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developed to a serials of concepts (Serp et al., 2014), such as the
FUJI-MSR in Japan (Adamovich et al., 2007; Shimazu, 2010), the
MOSART in Russia (Ignatiev et al., 2007), the AMSTER (Vergnes and
Lecarpentier, 2002) and MSFR (Rubiolo et al., 2013; Heuer et al.,
2014) in France. The TMSR project in China (Xu, 2013; Xu et al.,
2014), launched in 2011, are developing both the liquid-fuel TMSR
and the solid-fuel TMSR for realizing effective thorium energy
utilization within 20e30 years.
Many studies have proven the considerable merits of MSR with
Th-233U fuel cycle in aspects of safety, breeding capacity, low
radioactive waste production and non-proliferation (Lung and
Gremm, 1998; Nuttin et al., 2005; Hargraves and Moir, 2010).
Meanwhile, thorium, as an appealing alternative nuclear fuel to
uranium, is more abundant than uranium in the earth's crust
(Vance, 2014) and thus it would contribute greatly to nuclear energy supply for global development if a sustainable Th-233U fuel
cycle could be realized in MSRs. Nevertheless, some challenges
should be addressed in order to deploy a Th-based MSR successfully. One of the important and urgent tasks is to produce enough
233
U for startup of MSR. It is believed that two solutions are
potentially available to produce 233U. One is attaining 233U from
other systems, and the other is MSR self-breeding system.
As for other systems for 233U production, the light water reactor,
which can use a ﬁssile fuel and prime the thorium fuel, is a typical
example (Yun et al., 2010). A three-stage program (Vijayan et al.,
2016; Jain, 2010) launched by India is another example. In this
program, 233U is produced from the plutonium fueled fast breeder
reactors in stage-II and further employed in molten salt breeder
reactors in stage-III for larger scale thorium utilization. Furthermore, both the accelerator driven system (ADS) (Barros et al., 2015;
IAEA, 2015) and fusion-ﬁssion hybrids system (Moir, 2008) are
promising options which can provide neutrons to breed 233U just
with the help of 232Th. In Japan, an accelerator molten-salt breeder
(AMSB) system was designed (Adamovich et al., 2007) and it can
produce about 400 kg/year of 233U. However, the technology of high
current proton accelerator has not been proved. Also, the fusionﬁssion hybrids system featuring ﬁssile fuel production and minimized waste disposal, is attractive but not applicable at present
(Freidberg and Kadak, 2009; Ragheb, 2009).
With respect to the MSR self-breeding system, it can be started
with currently available ﬁssile material and produce 233U with the
help of 232Th. At present, enriched uranium is commonly used in
operating thermal reactors and importantly, it has been tested in
ARE and MSRE. Therefore, it is expected to employ enriched uranium in such a MSR self-breeding system. Also, much work associated with using enriched uranium in MSRs has been conducted. In
the ORNL's work on MSBR, 93% enriched uranium was used (Perry
and Bauman, 1970) and the analyses concluded that the startup can
be accomplished with enriched uranium and the 20-year average
breeding ratio (BR) is close to that with 233U. Regarding to the work
of Nuttin et al. (2005), a single-ﬂuid MSBR core was reevaluated and
employed to breed 233U with starter fuel of both 90% and 33%
enriched uranium. During the operation, it is assumed that 233U
produced from extracted 233Pa is fed back into the core to keep
critical and the excess 233U is stored outside the core. It was found
that the double time ranged from 45 years for 90% enriched uranium to 70 years for 33% enriched uranium. However, as pointed
out by Nuttin et al., the produced 233U is not enough to offset its
depletion during the early operation stage and the maximum
deﬁcit of 233U is about 200 kg when 33% enriched uranium is used.
Moreover, enriched uranium is also adopted in the FUJI-U3
(Sakuraba and Yoshioka, 2010). It indicates that the initial mass of
235
U is 2e4 times greater than that of 233U started case and the
initial conversion ratio is from 0.76 to 0.86 when 235U enrichment
varies from 5% to 20%. The further analysis of the performance over

the reactor life has not yet been given.
The previous work has established a signiﬁcant foundation for
our work. However, some important issues, as mentioned above,
are still needed to be addressed. Therefore, a detailed analysis on
the MSR self-breeding system is performed in this work. Two scenarios are proposed according to the fact whether the 233U produced from the decay of the extracted 233Pa is added back to the
reactor. If it is refueled, we name this scenario as the breeding and
burning (B&B) scenario, otherwise, it is described as the Prebreeding scenario. The comparison of these two scenarios is expected to establish a feasible strategy for the transition to thorium
fuel cycle in a MSR.
The methodology for the core geometry and the calculation tool
are introduced in Section 2. The B&B scenario with progressive
replacement of 235U by 233U in the core, is discussed in detail in
Section 3. Moreover, the Pre-breeding scenario will be presented in
Section 4. A comparison of the two scenarios is presented in Section
5 and the conclusions are summarized in Section 6.
2. Methodology
2.1. The geometry and material descriptions
The reference core used in this work is based on the single-ﬂuid,
two-zone MSBR designed by ORNL (Robertson, 1971). In such a
conceptual design, a 2250 MWth breeder reactor operating on
thorium fuel cycle is presented with moderately good performances, such as the relatively high BR (1.06) and the low initial
ﬁssile load. A fast, continuous fuel salt processing is employed in
the design in order to enhance the breeding capacity, although
separation of thorium from lanthanide ﬁssion products is rather
challenging within a short cycle time.
The quarter vertical section of our geometrical model is shown
in Fig. 1. Table 1 summarizes the detailed geometry parameters. The
core is divided into two parts: zone 1 and zone 2 with 13% and 37%
salt fraction respectively. Both zones are consisted of a larger
number of graphite hexagons (10 cm pitch), each pierced by a
channel for salt circulation. The fuel salt used in both zones is the
same and contains both ﬁssile and fertile materials. The salt plenum
above and below the core, is used to direct the salt ﬂow and the
radial annulus provides clearance when replacing the core assembly. Around the core, a 76 cm radial reﬂector and a 100 cm axial
reﬂector are arranged to minimize the neutron leakage. The heat
exchanger is used to simulate the primary loop of the reactor
outside the vessel. The B4C layer with thickness of 10 cm is to
protect the vessel from neutron irradiation. The total salt volume is
48.8 m3.

Fig. 1. Geometrical description for the quarter of the reactor core.
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Table 1
Geometry parameters for the core.
Regions

Parameters

Value

Zone 1

Diameter
Height
Salt volume
Axial thickness
Radial thickness
Salt volume
Thickness
Salt volume
Thickness
Salt volume
Thickness
Salt volume

4.40 m
3.96 m
7.55 m3
0.23 m
0.36 m
11.16 m3
0.06 m
4.31 m3
0.08 m
5.74 m3
0.20 m
20.03 m3

Zone 2

Annulus
Plenum
Heat exchanger

The fuel salt, with the composition LiF-BeF2-(ThF4þUF4) (71.716-12.3 mol%), has a melting point of 772 K. Its density at operating
temperature of 900 K is 3.33 g/cm3 with a dilatation coefﬁcient of
6.68  104 g/cm3/K (Robertson, 1971). 99.995% 7Li is adopted to
minimize the parasitic neutron absorption of 6Li. The graphite, used
as moderator matrix in the core and reﬂector around the core, has a
density of 1.84 g/cm3.
2.2. Calculation tool descriptions
This work employs an in-house developed tool named MSR
Reprocessing Sequence (MSR-RS) (Zou et al., 2015; Yu et al., 2015),
which couples with various functional modules in SCALE6.1 (Scale,
2011) to simulate on-line processing and refueling. The detailed
ﬂowchart of MSR-RS is shown in Fig. 2. The criticality calculation
performed by the well-known KENO-VI three-dimensional monte
carlo criticality computer code, is based on a whole core and the
238-group ENDF/B-VII library (V7-238). The function of couple
calculation included in the TRITON module of SCALE6.1 is to
generate a one-group cross-section library for burnup calculation
by Origen-s. The Origen-s calculation is performed with on-line
refueling and reprocessing. During operation at the ﬁxed power
of 2250 MWth, the amount of 232Th is kept constant while the
concentration of ﬁssile fuel is adjusted as required to maintain the
criticality of the core. 233Pa is extracted continuously and placed
outside the core to decay into 233U. In the B&B scenario, if the
produced 233U is enough to maintain the criticality of the core, no
additional enriched uranium is needed to be fed and excess 233U is
stored. Otherwise, external enriched uranium would have to be
added into the core to compensate for the lack of 233U. While in the
Pre-breeding scenario, all the 233U produced from the decay of the
extracted 233Pa will be accumulated outside the core until it reaches
the required startup mass for a new MSR. For the latter scenario, the
criticality of the core is maintained by refueling external enriched
uranium from the beginning of life (BOL) to the end of life (EOL).
Considering the resonance self-shielding calculation to generate
problem-dependent multi-group cross sections, two types of
CELLDATA are required in SCALE6.1 to specify the unit cells in zone
1 and zone 2 respectively, thus meaning that two fuel mixtures
with the same composition would be needed to ﬁll into zone 1 and
zone 2 and then be burned separately. Obviously, this is not
consistent with the homogeneous mixing of fuel salt in MSR. In
order to distinguish the characteristics of zone 1 and zone 2, and
especially to properly describe the ﬂow of fuel salt in MSR, a singlecell method and a two-cell method were proposed and discussed in
detail in the work of Park et al. (2015) and Jeong et al. (2016). In the
conceptual design of AMSTER with a two-zone core, the two-cell
method was also employed (Vergnes et al., 2000). In this work,
we further develop this method to simulate the primary system by

Fig. 2. Flowchart of MSR-RS.

using SCALE6.1. In the calculation, the initial fuel composition is
kept the same in all parts of core. After an individual depletion
based on their respective power fraction, a fuel mixing is performed
to simulate the continuous fuel salt mixing in an actual MSR due to
the fuel circulation driven by a fuel salt pump. It should be noted
that this method is based on the fact that the nuclide density
changes relatively slow compared with the very short fuel circulation cycle time of about 4 s (Frima et al., 2013).
3. Results and discussions for the B&B scenario
This section is focused on the B&B scenario. Four uranium
enrichment levels, 20%, 40%, 60% and 93%, are chosen to facilitate
the comparison and analysis of the enrichment effects on the fuel
transition. During the transition from 235U to 233U, fuel salt was
processed for protactinium on a 3-day cycle and ﬁssion products on
a 30-day cycle. Several important parameters associated with the
transition behavior, including the inventories of main heavy nuclides, net 233U production, breeding capacity, neutron spectrum
and isothermal temperature coefﬁcient will be presented and
discussed.
3.1. Mass ﬂow of

235

U,

238

U and

232

Th

As mentioned above, the reactor is started with enriched uranium and the inventory of 232Th is kept constant during operation.
Therefore, in the ﬁrst depletion step, due to no available 233U, three
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kinds of heavy nuclides: 232Th, 235U and 238U, are continuously fed
into the core to maintain criticality. The enrichment of the added
uranium is kept similar to that of the startup. In the subsequent
steps, all 233U produced from the decay of the extracted 233Pa in
previous step is fed into the reactor. Enriched uranium is also fed
additionally if the fed 233U is not enough to maintain criticality.
Once the reactor can operate with the produced 233U by itself (i.e.,
sustainable 233U breeding), no external enriched uranium but only
232
Th and 233U are fed into the core. The redundant 233U is stored
outside the core as net produced 233U.
For all startup cases, the initial total proportion of heavy nuclides is 12.3%, in which the relative ratio of 232Th mol% to
(235Uþ238U) mol% should be adjusted according to the enrichment
of the starter fuels in order to satisfy the criticality requirement.
Table 2 presents the initial heavy metal (HM) ratio (it is equal to the
ratio between the ﬁssile mass and the total HM mass) and the mass
ﬂow of main heavy nuclides during operation of 80 years. It can be
found that the critical mass of 235U decreases with the increase of
enrichment and this is related to the fact that 238U has a higher
capture reaction rate over the resonance region than equivalent
232
Th. One can also ﬁnd that very little additional enriched uranium
is required after startup for highly enriched uranium cases (e40%).
While for 20% enriched uranium, about 11.2% of initial loading of
235
U is needed to be fed. Considering the complication for the 20%
enriched uranium case, a more detailed discussion will be presented in Section 3.3. Concerning 232Th, a massive feeding is
roughly equivalent to the initial loading for all startup cases and
contributes greatly to the production of 233U. Additionally, the
initial loading of 232Th, which is maintained constant during
operation, is a key parameter that can determine the performance
at equilibrium state to be reached.
3.2. Evolution of uranium isotopes
The evolution of main uranium isotopes is presented in Fig. 3. It
can be found that the evolution of main uranium isotopes shows
almost similar trends for different enrichment cases. This trend
obviously reﬂects the process from the initial starter 235Ue233U in
the core by feeding 233U produced by itself. However, for different
startup cases, some obvious differences can also be found. When
the enrichment is higher (e40%), the equilibrium of 233U can be
achieved earlier with a more smooth way due to less amount of
238
U in the core. The equilibrium inventory of 233U for the 93% case
is about 1200 kg which is consistent with the result given by Perry
and Bauman (1970). While for the 20% case, it is time-consuming to
burn all 238U off, which on the one hand reduces the 233U production due to the loss of neutrons captured by 238U, on the other
hand delays the equilibrium of the thorium fuel cycle to be reached.
The inserted ﬁgure below in Fig. 3(a) shows that 235U inventory
ﬂuctuates between 12 and 20 years which is closely linked to the
Table 2
Mass ﬂow of

235

U,

238

U and

232

Th (Unit: kg).

Cases

I

II

III

IV

Enrichment
Initial heavy metal ratio
235
U (T ¼ 0)
235
U fed
235
U (T ¼ 80 y)
238
U (T ¼ 0)
238
U fed
238
U (T ¼ 80 y)
232
Th (T ¼ 0)
232
Th fed
232
Th (T ¼ 80 y)

20%
2.386%
1730
194.2
134.6
6920
776.8
305.4
63860
59902
63855

40%
2.291%
1660
63.81
139.9
2490
95.72
38.78
68296
67164
68300

60%
2.198%
1592
57.66
142.8
1061
38.44
14.53
69774
68012
69778

93%
2.102%
1522
59.72
142.7
115
4.50
5.375
70776
76548
70777

refueling of enriched uranium and it will be further explained in
Section 3.3.
During the fuel transition from 235U to 233U, the inventory of
232
Th is maintained constant while the total mass of HM would
vary for different startup cases, as shown in Fig. 4. It can be found
that the HM mass for both of the 20% case and the 40% case are
obviously reduced due to the depletion of a large amount of 238U in
the core. However, for the startup with 93% enriched uranium, the
total HM in the core ﬁrstly decreases slightly, and then increases to
achieve a balance at about 20 years. In this case, the increased mass
of about 550 kg, compared with the initial time, is mainly from 234U
and 236U while the total mass of the other actinides (Np, Pu, Am and
Cm) is just about 104 kg at 80 years.
As a result of the above fuel transition, the fractions of ﬁssion
rate for main ﬁssile nuclides (233U, 235U, 239Pu and 241Pu) in the core
have also changed, as illustrated in Fig. 5 which presents the evolution of the ﬁssion rate for the startup cases with 20% enriched
uranium and 93% enriched uranium. One can ﬁnd that almost all
ﬁssions at the initial time are from 235U but the contribution from
233
U increases quickly as the fuel transition from 235U to 233U
continues to move forward, and at 80 years, the ﬁssion rate fraction
of 233U is nearly 90% for both of the startup cases. Nevertheless, for
the startup case with 20% enriched uranium, the contribution of
239
Pu and 241Pu to total ﬁssion rate is appreciable due to a large
amount of 238U.
3.3. Net

233

U production and Regeneration Ratio

Two important parameters, the net 233U production and
breeding capacity, are introduced to evaluate the breeding performance during the fuel transition. The net 233U production outside
the core is the difference of mass between the extracted 233Pa and
the refueled 233U. Considering the fact that the traditional deﬁnition of BR (Kok, 2009) covers all ﬁssile isotopes but does not specify
the difference of isotopic reactivity (Adkins, 1972; Nagy, 2012), a
new parameter named Regeneration Ratio (RR) is introduced to
characterize the breeding capacity of the 233U produced through
the irradiation of 232Th:

RR ¼

Thðn; gÞ  Paðn; gÞ
U3ðn; aÞ

(1)

where Th(n,g), Pa(n,g), U3(n,a) refer to the capture reaction rate of
232
Th and 233Pa, and the absorption rate of 233U respectively. Figs. 6
and 7 display the net 233U production and RR respectively. The RR is
so high in early years that is not displayed in Fig. 7, which is due to
the fact that the mass of 233U increases from almost zero.
The net 233U production (see Fig. 6) is a result of production and
consumption of 233U in the core. Accordingly, its evolution can be
explained with the help of RR shown in Fig. 7 and the evolution of
the ﬁssile materials (235U and 233U) shown in Fig. 3. In all the cases,
the net 233U production increases relatively quickly in the ﬁrst stage
(less than three years). During this stage, 235U plays a gradually
weakened role in maintaining criticality but its existence greatly
reduces the consumption of the bred 233U. Moreover, the production rate of 233U during this stage is particularly high. And thus the
combined result is a rapid increase of net 233U production. At the
second stage (after about three years), the net 233U production is
closely related to the enrichment level of startup uranium, as
shown in Fig. 6. For the case of 93% (the purple star line in Fig. 6),
the 233U production increases almost linearly, and its annual production is about 44 kg. This is also the result of combined effects of
the gradually steady production rate as well as the consumption
rate of 233U when 233U contributes predominant ﬁssions after about
two years. Both the 60% and 40% cases are similar to that of 93%, but
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Fig. 3. Evolution of uranium isotopes for different
years.

235

U enrichments. The inserted ﬁgures in Fig. 3(a) are enlarged plots of

Fig. 4. Evolution of the heavy metal inventories for different

235

U enrichments.

their respective annual yield of 233U are a little lower. In such three

Fig. 5. Fission rate fraction of

233

U,

235

U,

239

Pu and

241

79

235

U inventory in the ranges of 0e0.6 years and 12e20

cases, RR (see Fig. 7) ﬁrst goes down and then increases continuously thanks to the signiﬁcant decrease of the parasitic neutron
loss, such as 238U and its capture products.
The evolution of the net 233U production for the 20% case (the
black square line in Fig. 6) is more complicated than the other three
cases. In the ﬁrst three years, the net 233U production increases with
a similar trend to the other three cases. However, in the following
years, it gradually decreases to almost 0 kg at about 11 years and
then ﬂuctuates in a small range between 0 kg and about 20 kg, and
after 25 years it increases slowly and reaches 1120 kg at 80 years.
Both the decrease and ﬂuctuation are undesirable and troublesome
because the enriched uranium would have to be fed again when the
net 233U production outside the core is not enough to maintain
criticality, thus leading to some slight ﬂuctuations on both the
evolutions of 235U (the blue point line in Fig. 3(a)) and RR (see Fig. 7)
from 11 to 17 years. The reason for this change can also be explained
by the production rate and consumption rate of 233U. As illustrated
in Fig. 3 (the red arrow line in Fig. 3(a)), after about 3 years, the
consumption rate of 233U is high enough due to the fact that the

Pu for startup cases with 20% enriched uranium (a) and 93% enriched uranium (b).

80
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2, the required amount of 233U for startup is about 1100 kg, which
corresponds to 23.5 years for 93% enriched uranium and 79.1 years
for 20%.
3.4. Comparison of neutron spectra

Fig. 6. Net

233

U production for different

235

U enrichments.

Neutron spectrum is closely linked with the fuel composition in
the core. The initial normalized neutron spectra for different 235U
enrichments are displayed in Fig. 8. The inserted ﬁgure shows that
the spectrum is a little harder when the enrichment is lower (For
four startup cases, the initial HM ratio is listed in Table 2.). This can
be explained in terms of the thermal neutron absorption of 235U
and resonance neutron absorption of 238U. Each effect can cause the
spectrum to harden with increasing their own atoms.
In order to present a quantitative description for neutron
spectrum, the energy of the average lethargy causing ﬁssion (EALF)
is introduced, which is frequently used as a gauge of the average
neutron energy in a reactor system (Bowman, 2008). It is deﬁned
as:

8Z
9
X
>
>
>
< ðlnEÞfðEÞ f ðEÞdE>
=
Z
EALF ¼ exp
X
>
>
>
:
;
fðEÞ f ðEÞdE >

Fig. 7. Regeneration Ratio for different

235

U enrichments.

initial starter 235U has almost been replaced by 233U. Meanwhile, as
Fig. 7 (the black line) indicates, RR ﬁrst drops to below 1.0 at about 6
years and ﬂuctuates at about 1.0 with the refueled enriched uranium within 25 years. After then, RR also increases slowly due to
the decrease of 238U and its capture products. Thus, the combined
effect of relatively stable consumption rate and variable production
rate of 233U leads to a complicated evolution of the net 233U production. It should be noted that the feeding mass of 235U listed in
Table 2 for 20% enriched uranium includes the additive amount
(about 107 kg) during this ﬂuctuation stage.
Considering the delay time from the relatively long half-life (27
days) of 233Pa and necessary salt makeup before 233U is refueled
into the core, it is challenging for the fuel transition in a real power
station when net 233U production outside the core decreases to 0 kg
or ﬂuctuates within a small range above zero. Moreover, refueling
enriched uranium may cause further increase of 238U, which is
unfavorable to the transition to thorium fuel cycle. Therefore, for
the B&B scenario, a required 235U enrichment for sustainable net
233
U production would lie between 20% and 40%. To illustrate this, a
30% 235U enrichment is assumed as the critical enrichment and its
net 233U production is predicted based on the linear interpolation
method and displayed in Fig. 6 (the green triangle line). In this
situation, the net 233U production during 3e11 years remains
relatively stable at 170 kg, meaning that the consumption rate of
233
U is almost equal to its production rate, which is essential to
accumulate 233U.
In addition, as shown in Fig. 6, for the MSBR described in Section

(2)

P
where fðEÞ and
ðEÞ refer to the energy-dependent ﬂuence and
f
macroscopic ﬁssion
cross section, respectively. The evolution of
EALF is presented in Fig. 9 to evaluate the neutron spectrum shift
during the operation. It is found that the EALF ﬁrstly increases
quickly in the ﬁrst few years for all the startup cases, which is
mainly due to the resonance absorption of 233U in the thermal
energy region. In the following years, for the 20% case, it then
gradually drops to an equilibrium state due to the decrease of the
thermal absorption of 233U and the resonance absorption of 238U
caused by the reduction of their inventories. While for the other
three cases, the EALF can achieve an equilibrium state more quickly
and smoothly due to the rapid fuel transition from enriched uranium to 233U.
3.5. The isothermal temperature reactivity coefﬁcient
)
The isothermal temperature coefﬁcient (ITC, labeled as dk
dT
concerns a cumulative effect of fuel temperature coefﬁcient (FTC)
and moderator (graphite) temperature coefﬁcient (MTC) and
similarly, the FTC is a cumulative effect of fuel density coefﬁcient

Fig. 8. Comparison of initial neutron spectra for different 235U enrichments. The
inserted ﬁgure is an enlarged plot in the energy range of 0.12e0.28 eV.
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Fig. 9. Evolution of EALF for different

235

U enrichments.

and doppler coefﬁcient, as shown in Eq. (3). The above three
components and their related effects can be calculated by performing a linear ﬁtting to the data plotted as reactivity versus 1/T
over the range of temperatures from 800 to 1000 K (dr=dT, r is the
reactivity based on the criticality calculation with a 3D whole core,
T is the temperature). Fig. 10 shows the evolution of each item from
the startup to 80 years for the 20% startup case. It is found that the
ITC (the magenta start line) varies from 4.0 pcm/K at initial time
to 0.57 pcm/K at 80 years, and the FTC increases from 3.49 pcm/
K to 2.86 pcm/K. Moreover, the MTC increases from 1.09 pcm/K
to þ1.85 pcm/K. It can be easily concluded that the signiﬁcant increase of ITC during the operation is due mainly to the change of
MTC, and, to a lesser degree, to the FTC.




dk
dk
dk
¼
þ
dT total dT fuel dT graphite



dk
dk
dk
¼
þ
dT fuel dT density dT doppler

attendant with the increase of temperature of fuel salt, is positive in
such an under-moderated reactor and diminishes as the ratio of C/
HM increases with burning of 238U in the core (the inventory of
232
Th is constant and the total inventory of ﬁssile materials also
decreases because 233U is more reactive than 235U). As a cumulative
effect of the above two coefﬁcients, the FTC increases smoothly
within a small range. With respect to the MTC, it is negative at
initial time and then becomes positive when 233U contributes the
main ﬁssions after about 2 years. This obvious change is the result
of the competition between thermal ﬁssions in the ﬁssile nuclides
(233U, 235U) and captures in the fertile nuclide (232Th). With
increasing temperature of graphite, the spectrum becomes harder
(see Fig. 11(a)) and the ﬁssion cross section of 235U decreases more
rapidly than the capture cross section of 232Th decreasing nearly as
l/v, as displayed in Fig. 11(b), which makes the MTC negative at the
initial time. The situation of 233U is just contrary to 235U and this
makes MTC positive when 233U is the key ﬁssion source.
The ITC of other three startup cases, are similar to that of 20%
case and their values at 80 years are 1.3 pcm/K for 40%, 1.69
pcm/K for 60% and 0.4 pcm/K for 93%. These results are consistent
with the conclusion drawn in the ORNL program report (Rosenthal
et al., 1972) which indicates that the total temperature coefﬁcient of
MSBR is quite small. In such a reactor, the prompt FTC plays an
important role in effectively limiting the initial power surge during
the operation because the graphite temperature changes much
more slowly than the fuel salt. However, control rods should be
arranged considering the uncertain margin of ITC and possible
persistent reactivity perturbation. Geometry optimization is
required to be dealt with in further study to improve safety
performance.
4. Results and discussions for the pre-breeding scenario

(3)

The above result of ITC can be well explained by the changes in
FTC and MTC. We ﬁrst discuss the two items of FTC, the doppler
coefﬁcient and the fuel density coefﬁcient. The doppler coefﬁcient,
which is predominant by the resonance capture of fertile elements,
becomes weakened as 238U decreases. The minor increase in the
resonance capture reaction rates for 232Th caused by spectrum shift
has a little effect on the doppler coefﬁcient. Meanwhile, the fuel
density coefﬁcient corresponding to the salt dilatation which is

Fig. 10. Evolution of temperature coefﬁcient for the 20% case.
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The results in the former section show that a MSR started with
highly enriched uranium (e40%) can achieve the fuel transition
and produce enough 233U for startup a new MSR within 40 years.
For the 20% enriched uranium case, the fuel transition is still
achievable but with an uncompetitive double time. Nevertheless,
using highly enriched uranium is unfavorable from the viewpoint
of non-proliferation. With this consideration, we turn our attention
to the Pre-breeding transition scenario, in which the 233U produced
from the decay of the extracted 233Pa would build up outside the
core and 20% enriched uranium is fed continuously to maintain
criticality.

Fig. 11. Neutron spectrum shift and cross sections (233U,235U ﬁssion and 232Th capture)
between 0.01 eV and 10 eV.
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Fig. 12. Net

233

U production for different reprocessing periods.

A mixture of 20% enriched uranium and 232Th is used as the
starter fuel. Similarly to the reprocessing scheme used in the MSBR
project (McNeese, 1971), an on-line fuel salt reprocessing in which
the ﬁssion products and protactinium are removed continuously is
employed in this scenario with varied reprocessing periods (RP) of
10 days, 30 days, 60 days and 180 days. The losses in reprocessing
process are not considered. Net 233U production outside the core
with different RPs are given in Fig. 12. The double time necessary to
produce an initial 233U inventory of about 1100 kg can be calculated
from Fig. 12. One can see that it varies from 2.07 years to 10.7 years
with above reprocessing options.
For the inventory of 233U in the core, it is inversely related to the
net 233U production outside the core, as illustrated in Fig. 13, in
which the evolutions of main uranium isotopes corresponding to
two reprocessing periods are given. It can be found that the inventory of 233U at 2 years for a reprocessing period of 180 days is
more than three times of that for a 10-day reprocessing at the same
time. However, the net 233U production outside the core for the
former case (the dark cyan down triangle line in Fig. 12) is just
about one ﬁfth of that for later case (the black square line in Fig. 12)
at about 2 years, which is primarily due to a longer extraction time
of 233Pa. As for 235U in the core, the calculation indicates that the
enriched uranium (e ¼ 20%) should be fed continuously to maintain

criticality for all the reprocessing periods. If a 10-day reprocessing is
employed, 235U is the predominant ﬁssion source and its inventory
changes relatively smoothly. While for a 180-day reprocessing, 235U
declines ﬁrstly during the early 5 years and then increases slowly to
about 1123 kg at 11 years with addition of the enriched uranium. To
produce enough 233U, about 1700 kg of 235U for a 10-day reprocessing and about 3473 kg of 235U for a 180-day reprocessing are
needed to be fed the reactor. The calculation also shows that 1 kg of
235
U can produce about 0.64 kg of 233U for the former case and only
about 0.27 kg of 233U for the latter case. Meanwhile, it should be
stressed that some physic-chemical properties of fuel salt might be
affected if a large amount of heavy nuclides are fed into the core
and this will be given in further analysis.
From the perspective of uranium saving and efﬁciency of 233U
production, a fast reprocessing is essential to reduce the capture
reactions of 233Pa. One should have to ﬁnd a balance between the
net 233U outside the core and the refueled 233U. A limit reprocessing
case is similar to the B&B scenario, but it is a bit less efﬁcient to
accumulate 233U.
Furthermore, in the Pre-breeding scenario, the produced 233U
will be used to start a new MSR which operates in breeding mode,
and thus the fuel transition from enriched uranium to thorium fuel
cycle can be eventually achieved.
5. Comparison of the two scenarios
Two scenarios for the fuel transition are compared. As their
deﬁnitions indicate, the B&B scenario couples the 233U production
with 233U burning together in a core, but, to some extent, the Prebreeding scenario is mostly related to a process of 233U production
even though some of the 233U produced directly in the core is burnt
in situ, particularly for longer reprocessing period. It can be
concluded from the discussions in Section 3 and Section 4 that the
Pre-breeding scenario can produce 233U more efﬁciently than the
B&B scenario. However, due to the utilization of the produced 233U
in the B&B scenario, the fuel transition can be achieved directly
rather than through two relatively independent stages in the Prebreeding scenario.
In order to evaluate the resource utilization efﬁciency of both
the B&B scenario and the Pre-breeding scenario, the resource utilization efﬁciency is calculated. It is deﬁned as the fraction of the
original natural uranium or thorium ore that is converted into

Fig. 13. Evolutions of main uranium isotopes for reprocessing periods of 10 days and 180 days.
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Fig. 14. Resource utilization efﬁciency comparison for two scenarios (EU: enriched
uranium).

ﬁssion energy (Bays et al., 2010). If one assumes that all HM undergoes ﬁssion in an ideal case, the maximum energy to be
potentially released is about 970 GWth-day per tonne (labeled as
‘Fission Q-value’). Based on this assumption, the burnup of a
mixture of natural uranium and thorium can be normalized on the
above basis (970 GWth-day/(tonne HM)) and the normalized factor
is equivalent to the resource utilization efﬁciency. The depleted
uranium assay is assumed as 0.2% here.
The resource utilization efﬁciency for the two scenarios are
presented in Fig. 14. It can be found that the utilization efﬁciency for
the B&B scenario ranges from 15.68% for 93% enriched uranium to
34.37% for 20% enriched uranium. However, for the Pre-breeding
scenario with varied reprocessing periods, the resource utilization
efﬁciency is just a bit higher than that of current LWR (0.6%e0.8%)
with once-through enriched UO2 fuel cycle (Yacout and Taiwo,
2008). A long irradiation time and refueling of produced 233U can
account for the difference of resource utilization efﬁciency between
these two scenarios. If one take into account the further utilization
of the produced 233U in a new self-sustainable MSR, this efﬁciency
for the Pre-breeding scenario can signiﬁcantly increase to about
19% with same irradiation time as in the B&B scenario.
With a view to gradually developing and deploying Th-based
MSR systems, an appealing three-stage program based on the
combination of the above two scenarios is proposed. The essential
ﬁrst stage is a test stage in which the B&B scenario with low
enriched uranium can be employed with the purpose of technical
modiﬁcations and improvements that could be incorporated into
the thorium fuel cycle, and MSR operates as a converter. It is a
current candidate for near-term deployment; the second stage is
dedicated to produce 233U by means of B&B scenario with
reasonable enriched uranium or Pre-breeding scenario; the last
stage is to deploy and operate the MSR fueled directly with Th-233U
fuel cycle by using the 233U produced in the second stage and
breeding ﬁssile material can be eventually realized.
6. Conclusions
This work focuses on giving a solution to achieve the transition
from enriched uranium to thorium fuel cycle in a MSR. With support of an in-house developed computing tool, the B&B scenario
and the Pre-breeding scenario are both put forward and discussed.
Some parameters, including the nuclides evolution and net 233U
production, are discussed in order to describe the transition
behavior of during the operation. It is concluded that the fuel
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transition can be realized smoothly and relatively quickly by
employing the B&B scenario if the startup fuel with 235U enrichment greater than 40%. Meanwhile, the Pre-breeding scenario
associated with 20% enriched uranium and different reprocessing
periods is also presented and the analysis indicates that a fast
reprocessing is necessary in order to produce 233U efﬁciently. Both
scenarios are compared underlying the base of resource utilization
efﬁciency and it concludes that the B&B scenario can gain a much
higher utilization efﬁciency than the Pre-breeding scenario in
despite of a longer double time. Accordingly, the B&B scenario with
a reasonable 235U enrichment and a fast reprocessing is recommended if the resource utilization efﬁciency is the priority concern.
The Pre-breeding scenario can be used as an alternative option,
especially when the rapid 233U production becomes a major issue.
A three-stage program for developing a Th-based MSR is proposed, and its feasibility evaluation associated with the core design,
safety characteristics, fuel utilization and waste management will
be analyzed in further work. The other starter fuel, like 239Pu and its
isotopes from spent fuel of light water reactors (LWRs) will also be
studied in future work.
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