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a b s t r a c t
The Heavy Water moderated Molten Salt Reactor (HW-MSR) is a novel concept of a thermal heterogeneous nuclear reactor and pursues for Thorium-Uranium (Th-U) breeding. It adopts heavy water rather
than graphite as moderator while employs the same liquid fuel of molten salt reactor (MSR). Thus this
new concept inherits the positive properties of MSR (feasible for online reprocessing) and heavy water
reactor (high neutron moderating ratio). Furthermore it can address the problems of depleted graphite
management and positive temperature coefficient due to neutron spectral shift propitious to 233U fission
existed in Molten Salt Breeding Reactor (MSBR). HW-MSR consists of the primary loop system, intermediate cooling loop, energy conversion system, external cooling system and online reprocessing system.
Since there is a huge temperature difference between molten salt (higher than 600 °C) and heavy water
(lower than 100 °C to keep high density) in the core, effectively preventing the heat transfer between
them is one main challenge. To address this problem, a thermal insulator made of Yttria Stabilized
Zirconia (YSZ) is applied and analyzed. The calculation results show that both the fuel salt and moderator
outlet temperature across the core can satisfy the design requirements. Similar to a traditional MSR, the
HW-MSR also implements an online reprocessing system which can online extract and recycle useful fuel
during operation, providing a feasible approach for Th-U fuel cycle. In addition, because of the outstanding neutron performance of heavy water moderator, a small initial 233U loading mass is required for HWMSR, and its breeding ratio can achieve 1.073, corresponding to a doubling time of 12 years at the reprocessing cycle of 10 days. Compared with traditional light water reactor (LWR) whose transuranium (TRU)
production is 69 kg/GWy, HW-MSR produces only 0.51 kg/GWy. This much lower radiotoxicity of nuclear
waste in the HW-MSR would significantly enhance the sustainability of nuclear energy.
Ó 2019 Elsevier Ltd. All rights reserved.

1. Introduction
The Molten Salt Reactor (MSR) is one of the six candidates of
Generation IV advanced nuclear reactor systems. The nuclear fuel
for MSR is dissolved in the molten salt carrier and acts as the coolant as well. During the reactor operation, the fuel salt flows
through the core, goes out to the external pipes and pumps,
reaches the heat exchanger where the heat produced in the core
is transferred to the second loop, and then returns to the core.
Fabricating fuel elements required in solid fueled reactors is thus
eliminated in MSRs. Furthermore, owning to the property of low
vapor pressure of molten salt at high temperature, a MSR can operate at the atmospheric pressure with a much less mechanical stress
⇑ Corresponding authors at: Shanghai Institute of Applied Physics, Chinese
Academy of Sciences, Shanghai 201800, China.
E-mail addresses: chenjg@sinap.ac.cn (J. Chen), caixz@sinap.ac.cn (X. Cai).
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on the core vessel while still keeping a higher temperature output
than a Light Water Reactor (LWR). As a consequence, the MSR plant
is simple, safe and economic. In addition, because of the characteristic of fuel salt circulation through the primary loop, online reprocessing is feasible for a MSR. This technique can continuously
extract sparingly insoluble fission products including gases and
noble metals by helium bubbling, and remove soluble fission products by on-line reductive extraction. For the thorium-based fuel
salt, Pa can be online extracted from the reactor core and stored
in the stockpile to let 233Pa decay into 233U, which significantly
reduces the parasitic neutron capture by 233Pa in the core. MSR is
thus considered to possess higher neutron economy and to be
more suitable for Th-U fuel cycle than a traditional solid fueled
reactor with once-through fuel cycle (Robertson, 1971; Nuttin
et al., 2005; Mathieu et al., 2006).
MSR also provides a great potential for diversifying the conceptual designs since its liquid fuel has no limitation on the shape
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fabrication. Theoretically, a MSR assembly can be designed into
any shape with any fuel volume fraction (VF) depending on the
graphite cutting technology, which provides a highly flexible
approach for optimizing the thermal hydraulic performances of
fuel assemblies in the core. A typical example is the molten salt
reactor experiment (MSRE), which was proposed by ORNL (Oak
Ridge National Laboratory) at 1960s and operated successfully as
a first MSR (1964–1969) (Rosenthal et al., 1970). In the MSRE
design, the active zone of the core consists of 5.08 cm-square, vertical graphite stringers with half-channels machined in each face to
provide the slender type fuel passages (Haubenreich et al., 1964).
Compared with a cylindrical type fuel passage, the slender type
fuel passage has a greater fuel-graphite surface contact area, which
can thus transfer the heat deposited in the graphite to outside the
core with a higher efficiency. MSRE is a typical thermal neutron
spectrum reactor, in which the fuel salt channels account for
22.5% of the core volume. Based on the MSRE project, the Molten
Salt Breeding Reactor (MSBR) design activities were moved forward by ONRL for pursuing high Th-U breeding performance
(Rosenthal et al., 1969). To simplify the graphite cell manufacture,
cylindrical rather than slender fuel passages were designed and
arranged at the center of square graphite elements which finally
form a cylindrical core. Meanwhile, MSBR has experienced a series
of concept evolution to balance the high Th-U breeding performance pursuit and technology challenge. At the initial stage, a
double-fluid core was proposed for MSBR. In this design, the separate blanket fuel salt surrounds the active core to reduce the neutron leakage and to improve Th-U breeding ratio (1.071) (Kasten
et al., 1966), while its core structure is very complicate. Thereafter
a single-fluid core but with two zones, where the larger size of fuel
passages locates at the outer core region to mitigate neutron leakage, was developed. Because of the zoning core design, a relatively
high breeding ratio was still obtained (Robertson et al., 1970;
Robertson 1971). The above successful design and/or operating
experiences from MSRE and MSBR provide an extremely valuable
base for the later MSR concept development, such as series of Fuji
MSRs proposed in Japan (Furukawa et al., 1990; Mitachi, 1999),
TMSR (Thorium Molten Salt Reactor Nuclear Energy System) proposed in China (Zhang et al., 2018; Serp et al., 2014) and various
small modular MSRs proposed worldwide (Thomas, 2017).
These MSR concepts all adopted graphite as the moderator.
Nevertheless, the graphite moderator could cause a positive temperature feedback because of the neutron spectral shift propitious
to 233U fission over 232Th neutron capture when a temperature
increase is occurred (Nuttin et al., 2005). Another inevitable issue
introduced by graphite is its periodical replacement due to the
cumulative damage resulting from neutron irradiation. For a
MSR, graphite is the primary material other than the fuel salt in
the core, and should prevent both fuel salt and 135Xe infiltrating
into the open pores in the graphite as much as possible. Any significant penetration of fuel salt and 135Xe would trigger a huge core
reactivity oscillation and consequently pose a challenge in the core
safety. It thus requires that the graphite should be free from gross
structural defects and keep a low level (108 cm2/sec STP helium)
of gas permeabilities (Robertson, 1971; Scott and Eatherl, 1970).
The above requirements can be met by the current commercial
nuclear graphite with repeated carbonaceous impregnation. But
with the time progressing under high temperature and high neutron flux irradiation, the dimensional change accumulates, and will
eventually result to a gross expansion of the graphite when the
absorbed neutron fluence (E > 50 keV) achieves about 3  1022 n/
cm2, leading to an eventual loss of impermeability. At this time
point, the reactor has to be shutdown for several months to replace
the depleted graphite. This replacement process entails not only
the periodic expense for new graphite but also the cost to handle
the highly radioactive material resulted from graphite activation

as well as the deposited FPs on its surface. Graphite life is thus
one of main concerns for MSR design, and should be determined
in balance with the core power density (directly influence the neutron performance). For the 1000 MWe MSBR, the graphite moderator must be replaced every 4 years, and around 121 m3 (272 ton)
highly radioactive spent graphite is inevitably produced every time
(Robertson, 1971). This huge volume of contaminated waste would
pose many challenges in the further development and deployment
of MSRs since there are still no effective approaches and plans for
processing the decommissioned graphite (Thomas, 2017).
One effective way to address the above issues is to directly
remove the graphite from the reactor core, and it is the reason
why molten salt fast reactor (MSFR) was proposed by Europe during its EURATOM projects (Serp et al., 2014; Mathieu et al., 2006).
In the MSFR design, the core temperature coefficient can achieve a
relatively large negative value because of the graphite removal. On
the other hand, however, the required initial fissile loading inventory of MSFR is significantly raised compared to a thermal MSR:
1.78 tons per GWth for MSFR (Heuer et al., 2014) vs. 0.48 tons
per GWth for MSBR (Nuttin et al., 2005), due to the substantial
decrease of the fission cross section of 233U under a fast neutron
spectrum. This is a huge challenge for Th-U fuel cycle development,
especially at its early stage of deployment, since the fissile 233U as
starting fuel cannot be found in nature but can only be obtained
from conversion of 232Th with the help of other fissile fuels such
as 235U and 239Pu. Replacing graphite with other potential materials as moderator might be another effective approach to solve the
above problems. Heavy water is one of attractive moderators
because of its excellent neutron economy. It has the highest ratio
of neutron moderation to absorption cross section (2100) among
current existing moderators, around 12 times of that of graphite
(Duderstadt and Hamilton, 1976; Cameron, 1982). With such a
high ratio, natural uranium can ignite a heavy water reactor core.
Most important of all, heavy water is a liquid moderator and can
be online purified and recycled, thus periodically replacing moderator is unnecessary. Since the problem for managing the depleted
graphite no longer exists, the operation factor of the reactor can
also be improved. Additionally, heavy water can make neutron
moderating and diffusion time much longer, which results in a
longer neutron life time (140 ms) compared with other moderators
(e.g., 17 ms for graphite, 0.21 ms for light water and 3.9 ms for
beryllium) (Robertson, 1965; Cameron, 1982; Böck and Villa,
2007). The prompt response to the reactivity change is therefore
slower for a heavy water system.
In this work, a novel molten salt reactor system moderated by
heavy water, called HW-MSR (Heavy Water moderated Molten Salt
Reactor), is proposed. It aims to address the problems/challenges of
depleted graphite management and possibly positive temperature
feedback existing in the current graphite moderated MSRs, and
meanwhile to enhance the Th-U breeding performance. Because
of the applications of liquid fuel and heavy water moderator, the
HW-MSR is expected to possess the features synthesizing the merits of molten salt reactor (operating at the atmosphere pressure,
online reprocessing et al.) and heavy water reactor (outstanding
neutron performance). In what follows, reactor system and core
design as well as burnup performance will be discussed.

2. Design goals and criteria
The HW-MSR is a heterogeneous thermal reactor with both
fluid liquid moderator and liquid fuel flowing through the reactor
core. The separation of the moderator and fuel is achieved by an
array of fuel salt conduits immersed in the moderator liquid.
Similar to MSR, the reactor system operates at the atmosphere
pressure. The liquid fuel can be quickly discharged to the drain
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tanks during an emergency, implying simple and inherent safety.
Besides, the system is designed for Th-U fuel cycle like MSBR since
online reprocessing is feasible. A higher breeding performance is
expected to be obtained in the HW-MSR because of the much
higher neutron economy of heavy water than graphite. Other
designed goals of the HW-MSR, such as its nominal power and high
temperature output, are referred to the MSBR.
The reactor system safety involving neutronics and thermal
hydraulics is substantially important in the design of a reactor.
For the HW-MSR system, a maximum fuel salt temperature criterion of 700 °C is taken to conservatively guarantee the integrity
of fuel salt conduits in the core. Another important criterion is to
sustain the moderator temperature below the boiling point
(100 °C) of water at ambient pressure for keeping a high moderating capability. Unfortunately, however, there exists a huge temperature difference between the fuel salt and the moderator, an
effective approach for isolating the heat transfer between them
should thus be applied. Like a traditional MSR, the HW-MSR should
be designed to achieve a negative temperature coefficient of fuel
salt to ensure its inherent safety. In addition, a negative temperature coefficient and void coefficient of heavy water must be
ensured, as required for the heavy water reactor. The main design
criteria of the HW-MSR system are summarized as follows:

a helium bubbling system is applied to online blow helium into the
primary loop to effectively remove the fission gases and noble metals. For the core vessel, more characteristics from heavy water
reactor are inherited. Fuel salt conduits are placed horizontally in
the vessel (known as a calandria) containing heavy water acting
as moderator. It allows online maintenance/replacement of the fuel
salt conduits in the HW-MSR system without shutdown of the
reactor. This calandria also incorporates a reactivity control mechanism provided by a set of control rods to ensure the safety of core
during both normal operation and accidents. To effectively remove
the heat deposited in the moderator, a moderator heat exchanger is
employed. A heavy water recycling system is also adopted to
recover heavy water escaping from the core or entrained in the
waste stream from purification processes (IAEA, 2002). To alleviate
the pressure set up from the accident of molten salt conduits broken, in which the heavy water (in low temperature) would directly
contact with the molten salt (in high temperature) and subsequently rise quickly to its boiling point, safety relief valves (SRVs)
referred to heavy water reactor (Jain et al., 2013) are equipped. A
PRHR (Passive Residual Heat Removal) system with cooling gas
(e.g. helium) in natural circulation is applied to cooling the empty
core after the fuel and moderator drained from the core during the
accidents or normal shutdown.

1.
2.
3.
4.
5.

3.2. Intermediate cooling loop

Negative fuel and moderator temperature coefficient;
Negative void fraction coefficient;
Upper limit of fuel salt temperature: 700 °C;
Upper limit of moderator temperature: 100 °C;
High Th-U breeding capability.

3. System overview
The HW-MSR has a high thermal efficiency (45%) since its outlet fuel temperature is higher than 600 °C. The thermal power is
designed to be 2250 MW corresponding to an electricity output
of 1000 MWe which is a typical nuclear power size for the electric
grid of industrialized countries (US EIA). An overview of the HWMSR system is shown in Fig. 1, which consists of main functional
components, i.e., Primary Loop System (PLS), Intermediate Cooling
Loop (ICL), Power Conversion System (PCS), External Cooling System (ECS) and Online Reprocessing System (ORS). Each of them
plays a unique role and interconnects with each other through
heat/mass (fuel salt) transfer. To give a comprehensive view, the
main functions of each component will be introduced in the following, but their detailed properties will not be extensively discussed in this work.
3.1. Primary loop system
Similar to the situation in other typical nuclear reactors, transferring the nuclear heat from the fuel salt to outside the core in a
safe way is the main function of the primary loop system of the
HW-MSR. Since the molten salt fuel and heavy water moderator
are employed by the HW-MSR, many function units from MSR
and heavy water reactor are inherited.
As illustrated in Fig. 1, the primary fuel salt pumps and heat
exchangers from MSR are adopted to conduct out the heat from
the fuel salt. While the safety for this function is guaranteed by
the freeze valves and fuel salt drain tanks. When the temperature
of fuel salt exceeds the cooling capability of the PLS in the case of
accident events, the freeze valves will thaw and open, and the fuel
salt of the primary loop will then quickly drain into the fuel salt
tanks. The molten salt heaters referred to MSRE are equipped to
heat up the primary system to prevent molten salt fuel frozen during the stage of core start-up and the accidents such as overcooling (Rosenthal et al., 1969). In parallel with the fuel salt pumps,

Rather than transferring the fuel salt heat directly to the power
conversation system, an ICL is applied in the HW-MSR to mitigate
the possible radioactive leakage from the primary loop during normal operation or accident events. Similar to MSR, considerable
amount of tritium would be produced from fuel salt (Li-based molten salt) in HW-MSR, which may permeate through the primary
loop, leading to serious effects on the mechanical properties of
structural materials. This problem, however, can be effectively mitigated by ICL. Besides, ICL can provide an additional barrier to hold
the highly radioactive fission products in the case of a rupture of
the primary heat exchanger. Furthermore, ICL can isolate the
high-pressure working medium of the power conversation system
from the primary loop system, and thus the possible damage
caused by the failure of power conversation system pipes can be
mitigated (Robertson, 1971).
To effectively remove the heat contained in the primary loop,
four ICLs are applied. Each of them has a cooling capability of
562 MW and consists of a coolant salt centrifugal pump, coolant
salt pipes, a gas heat exchanger and a primary heat exchanger.
The coolant salt is a eutectic of NaF and NaBF4 with a melting point
of 385 °C. It has low vapor pressure and high heat transfer capability. Most important is that the price of the chosen coolant salt is
low, which can significantly reduce the cost of the system. Similar
to the primary loop system, molten salt drain tanks are also
adopted in the ICL to collect the coolant salt during the accidents
as well as maintenance (Robertson, 1971).
3.3. Power conversion system and external cooling system
The main function of PCS is to convert maximum enthalpy contained in the working fluid to electrical power and finally reject the
residual enthalpy to the environment in an acceptable way. It also
acts as a barrier preventing a direct release of radioactive hazards
to the environment. For this PCS, seven heat exchangers (four gas
heaters, one gas cooler, one low-temperature and one hightemperature recuperators) are included. Among them, four gas
heaters match the four intermediate cooling loops for transferring
the heat from the intermediate cooling loops to PCS. Supercritical
CO2 gas is adopted as the working fluid of PCS to obtain a high
power conversion efficiency. During normal operation, heated
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Fig. 1. HW-MSR system design.

CO2 from the four gas heaters is supplied to a single 1000 MWe
turbine-generator unit, which consists of one turbine, one
low-temperature compressor, one medium-temperature compressor, one electrical generator and another two heat exchangers
(low- and high-temperature recuperators). After the enthalpy contained in the gas is converted to electricity, the cooled gas then
returns to the gas heaters, and so forth, a closed Brayton-cycle
supercritical CO2 gas turbine power conversion system is formed,
and the power conversion efficiency is expected to achieve as high
as 45%. The final heat exchanger (gas cooler) adopts water as the
working fluid, along with the wet cooling tower, composing
the external cooling system to eject the acceptable heat to the
environment.
3.4. Chemical processing system
CPS functions to online remove fission products and recycle
potential worthy heavy metal (HM) for improving neutron performance and resource utilization. Its specific flow chart is shown in
Fig. 1, which is referred to the ones of MSBR (Robertson, 1971;

Nuttin et al., 2005) and MSFR (Heuer et al., 2014). During operation, a bypass fuel salt stream is processed continuously by fluorination, where U, Np and Pu are extracted in the fluoride form and
timely returned to the core. The residual HMs (Th, Pa and other
minor actinides) are then extracted from the fuel salt through
reductive extraction technology and stored in stockpile for several
months to let 233Pa decay into 233U. Fluorination is then applied
again to collect the decayed 233U and reinject it into the core for
maintaining criticality of the core. The other HMs (such as Np,
Am and Cm) can be considered to be or not to recycled depending
on the actual needs. Finally, the molten salt is recycled through distillation technology with leaving the fission products for removing.
Regarding to such a CPS, its reprocessing efficiency depends
strongly on the reprocessing technologies of fluorination, reductive
extraction and distillation. All of them are still at the laboratory/concept level at present and difficult to foresee their efficiency.
But, there were some MSR studies reported to take the reprocessing loss rate of 0.1% as the assumption (Fiorina, et al., 2013; Yu
et al., 2017). In a MSBR study conducted by Nuttin et al. (2005),
the actinide loss rate is assumed to be 105 to make the loss
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amount to the case of a solid fuel reprocessed every 5 years with
present separation performance. In view of the uncertainties of
reprocessing system efficiency at current stage, it is not extensively
discussed in this study and the efficiency of 100% is assumed. But,
in our future work, the influences exerted by the reprocessing efficiency on Th-U breeding performance and radiotoxicity generation
will be deeply investigated.
4. Core design
The core is the most important part of the primary loop system,
since its neutronic and thermal hydraulic features would directly
determine the economy, safety and sustainability of the entire
HW-MSR system. Considering the important influences of some
key parameters covering core geometry and structural material
on the core performances, it is necessary to conduct a widely parametric investigation on the neutronics and thermal hydraulics of
the core to obtain a reasonable core design. To simplify the calculation, the burnup is not involved in this section, i.e., the investigations are conducted based on the fresh fuel salt. Fig. 2 shows the
specific structure of the HW-MSR core. Hundreds of fuel salt conduits, which are surrounded by heavy water, are held by a calandria. During normal operation, fuel salt flows through the
conduits with a quite short time (20 s) to effectively transfer
the nuclear heat to outside the core. Meanwhile, heavy water in
the calandria is circulated by a pump at a required flow rate, and
the deposited heat in heavy water can be quickly removed to keep
a small variation of the heavy water temperature. The control rod
drive mechanism (CRDM) is installed on the above of the calandria.
During accident events, the control rods can automatically fall into
the core by the gravity, a passive safety function is hence provided
for the HW-MSR.
4.1. Fuel salt conduit design and size selection
The fuel salt conduit functions to isolate the transfer of fuel salt
and its nuclear heat to the heavy water moderator. However, the
huge temperature difference between the fuel salt and moderator
makes the heat isolation challengeable. Actually, this challenge
was also encountered in the advanced reactor of CANDU-SCWR
(CANada Deuterium Uranium-Super Critical Water-cooled Reactor)
(Chow and Khartabil, 2008), in which the outlet temperature of
supercritical water coolant (flowing through the pressure tubes)
achieves 625 °C while it is only around 80 °C for the heavy water
moderator (surrounding the pressure tubes). To address the heat
isolation problem, a thermal insulator made of Yttria Stabilized Zir-
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conia (YSZ) was applied in the CANDU-SCWR pressure tube design.
YSZ is a mixture composed by Y2O3 and ZrO2, whose thermal conductivity varies with the porosity of the YSZ and the molar ratio
between Y2O3 and ZrO2. Experiments show that one variant of
YSZ, 8YSZ-50% (8 mol% Y2O3/92 mol% ZrO2 and sintered porous
pellet with 50% relative density) possesses an excellent low neutron cross-section and low thermal conductivity (Sasaki et al.,
2009; Wu and Oka, 2013; Wu et al., 2013; Wu and Oka, 2014).
Hence, it is employed for HW-MSR fuel salt conduit design. On
the other hand, considering the possible permeation of molten salt
and heavy water permeation to the insulator, two SiC layers, which
have a strong corrosion-resistant and radiation-resistant in the
molten salt and heavy water (Park, 2017; Scarlat et al., 2014;
Huke et al., 2015; Olson 2009), clamp the thermal insulator, forming a sandwich conduit as shown in Fig. 3.
In the CANDU–SCWR design (Chow and Khartabil, 2008), the
thermal insulator thickness was designed to be 7 mm to shield
the heat transfer and to undertake the huge pressure difference
(from 22 MPa to 0.1 MPa) between the coolant and the moderator.
For the HW-MSR, the pressure difference on the fuel salt conduit
wall no longer exists, thus the thickness of insulator can be
reduced. To determine its specific thickness, a single channel calculation based on the law of energy conservation and mass conservation is conducted. A similar dimension (15 cm in diameter, 30 cm
in pitch and 500 cm in length) to that of CANDU pressure tube is
adopted for the fuel salt conduit in this work. It should be noted
that a further conduit dimension optimization based on neutron
calculation will be presented in the following. The SiC thickness
is set to be 0.5 mm. An average fuel salt power density of
112 MW/m3 (similar to that of MSBR) with axial cosine distribution is used as the heat source for thermal hydraulic calculation.
The fuel salt composition (71.7 mol% LiF  16 mol% BeF2 
12.3 mol% (Th+233U)F4 with 7Li concentration of 99.995%) from
MSBR is adopted. Both the inlet temperatures of fuel salt (566 °C)
and heavy water (55 °C) are set to be the same as that of MSBR
and CANDU reactor respectively. To conservatively evaluate the
axial fuel temperature distribution, a minimum fuel salt flow rate
of 0.61 m/s from MSBR is applied (Robertson, 1971). For the heavy
water moderator, a wide range of flow velocity from 0.04 m/s to
0.7 m/s (0.5 m/s for normal flow velocity at CANDU (Patel et al.,
2014)) is investigated to cover all possible values for the HWMSR. Because of the excellent heat isolating capability of the thermal insulator, the fuel salt outlet temperature varies only 13 °C
around 690 °C across the investigated thermal insulator thickness.
Fig. 4 shows the detail axial heavy water moderator temperature
distribution at different thermal insulator thickness. It can be seen
that the outlet temperature increases as the insulator thickness

Fig. 2. Specific core structure of the HW-MSR.
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HWMSR-insulator
MSR
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0.9
Fig. 3. Specific configuration of the fuel salt conduit.

reduces due to the decrease of heat isolation capability (Fig. 4 (a)).
But all of them are far below the boiling point of heavy water, and
the temperature rise is slight as the thickness is reduced from
7 mm to 3 mm. Even at a quite slow flow velocity of 0.04 m/s,
the outlet temperature is still below the boiling point of heavy
water for the insulator of 3 mm in thickness as shown in Fig. 4
(b). The thickness of 3 mm is thus adopted for the conduit thermal
insulator. This thickness seems reasonable since it is at the same
level of that (2 mm) adopted in the pressure vessel SCWR, in
which both coolant and moderator operate at 25 MPa (Wu and
Oka, 2013; Wu et al., 2013; Wu and Oka, 2014).
Based on the thermal insulator with thickness of 3 mm, the
influence of fuel salt conduit diameter (1.513.5 cm at a fixed fuel
salt conduit pitch (the distance between two adjacent conduit centers) of 30 cm) on infinite multiplication factor (kinf) is investigated
by using SCALE6.1 (ORNL, 2009) (Standardized Computer Analyses
for Licensing Evaluation, version 6.1), in which the cross-section
library of ENDF/B-VI is chosen. The calculation results are compared with the ones without the conduit insulator as well as the
ones of graphite moderated MSR. As presented in Fig. 5, because
of the tradeoff between the moderator neutron capture and its
neutron moderation, all the three cases have a similar trend that
kinf rises at first and then gradually decreases as the fuel salt volume ratio increases. It can also be observed that the conduit insulator would deteriorate the neutron economy because of its
parasitic neutron absorption. Compared with the graphite moderated MSR, however, the HW-MSR still has a higher neutron economy at all different fuel volume fractions due to the much higher
moderating ratio of heavy water as mentioned above.

0.8
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Fuel volume fraction (%)
Fig. 5. kinf comparison between HW-MSR and MSR at different fuel VF.

Then, an investigation covering a wide range of conduit pitches
(from 5 cm to 50 cm) is conducted as presented in Fig. 6 (a). All
pitches have a similar kinf change trend because of the same reasons as explained above. On the other hand, at a given fuel VF,
by increasing the pitch, the kinf rapidly rises and then gradually
decreases as illustrated in Fig. 6 (b). It can be viewed as a competition between the insulator VF reduction which has a positive
effect on kinf, and the chord length increase (4 V/S, V and S indicates the fuel volume and surface area respectively) which
decreases the resonance absorption escape probability and subsequently decreases kinf, when the pitch increases. For the HW-MSR,
a reactivity increase for a heavy water moderator loss should be
prevented, implying that the core should be designed in the undermoderated range. Combining the requirement of high neutron performance, conduit pitch varying from 20 cm to 50 cm with fuel VF
changing from 8% to 40% is chosen for the following investigation.
4.2. Core breeding ratio, initial fissile fuel loading mass and reactivity
coefficient
Breeding ratio (BR) and initial fissile fuel loading mass are two
very important indicators of Th-U fuel cycle. Their performances
are investigated based on an initial core fueled by 232Th-233U. During the calculation, both the fuel salt volumes in the core and
external core are fixed to be 20 m3. As presented in Fig. 7, by
increasing the fuel VF, both the BR and initial 233U loading mass

Fig. 4. Axial heavy water temperature distribution.
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Fig. 6. Influence of conduit dimensions on kinf.
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Fig. 7. Influence of conduit dimensions on breeding ratio and initial

gradually increase due to neutron spectrum hardening. On the
other hand, because of the competition between the influence of
insulator VF reduction and chord length increase on neutron
absorption as the pitch increases, a 30 cm pitch gives a relatively
higher BR, and its 233U initial loading mass is also relatively low.
Fig. 8 gives a view of core temperature coefficient variation at
the 30 cm conduit pitch. Since the thermal insulator can effectively
isolate the heat transferred from the fuel salt to the moderator,
temperature reactivity feedback for fuel salt and moderator is presented, respectively. For the fuel salt temperature coefficient, it can
be decomposed into Doppler coefficient and fuel density coefficient since a temperature rise would simultaneously result in a resonance absorption peak broadening and a fuel salt swelling. At a
higher fuel VF, a harder neutron spectrum will occur, which is
advantageous for 232Th neutron capture (resolved resonances of
232
Th absorption at around 22 eV) over 233U neutron fission
(resolved resonances of 233U fission at around 2 eV). As a result,
the fuel Doppler coefficient becomes more negative as illustrated
in the figure. The fuel salt density coefficient is related to the fuel
salt expansion as the temperature increases, which would eject
the fuel salt out of the core. The extruded fuel salt, on one hand,
reduces the fuel inventory in the core, leading to the decrease of
keff, and on the other hand, enhances the ratio of moderator to fuel,
causing an increase of fission rate. These two competitive effects
result in a more positive density coefficient for a higher fuel VF
(more undermoderated core). Combining the more negative fuel
Doppler coefficient, the total fuel temperature coefficient is always
negative at different fuel VF.
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Fuel volume fraction (%)

Fuel volume fraction (%)

233

U loading mass.

The density of heavy water decreases as its temperature
increases, consequently leading to an increase of neutron leakage
and a neutron spectrum hardening, which would decrease the keff.
On the other hand, however, a decreased density implies a reduction of moderator parasitic neutron absorption which would
increase the keff. Furthermore, an increase in the moderator temperature shifts the Maxwellian part of the neutron spectrum to
higher neutron energies that is propitious to 233U fission over
232
Th neutron capture (Nuttin et al., 2005). The heavy water moderator temperature reactivity coefficient is a superposition of
above effects. At a low fuel VF, the core is mostly filled by the moderator in which the effects of the moderator parasitic neutron
absorption reduction and neutron spectral shift will dominate
when the moderator temperature increases. As a result, a positive
moderator temperature coefficient is obtained. With the fuel VF
increasing, the core becomes more undermoderated, leading to a
harder neutron spectrum and a more neutron leakage. Consequently, a more negative moderator temperature coefficient is
obtained.
Considering the balance of a high breeding ratio, a low initial
233
U loading mass and a negative temperature reactivity feedback,
a fuel salt conduit with 30 cm in pitch and 19.75% in fuel VF (corresponding to 15 cm in conduit diameter) is chosen for the core
design. A total of 221 fuel salt conduits are arranged in the cylindrical active core with 5.12 m in both length and diameter. A heavy
water layer with thickness of 100 cm surrounds the active core
to act as reflector for reducing neutron leakage. During the accidents of moderator deposited heat removal failure, a local moder-

Fuel temperature reactivity coefficient (pcm/K)
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Fig. 8. Temperature reactivity feedback variation with different fuel VF at 30 cm
pitch.

ator boiling phenomenon might occur, it is necessary to evaluate
the moderator void reactivity. Since the designed core is undermoderated, any increase of moderator void fraction will intensify
this undermoderated effect. As a result, a more negative void
reactivity coefficient is obtained at a higher void fraction as presented in Fig. 9.
4.3. Core thermal hydraulic performance
Based on the above core design parameters, the thermal
hydraulic performances are then investigated by coupling neutronic calculation. The detailed calculation flow chart is illustrated
in Fig. 10. A cell burnup calculation based on DRAGON (established
on collision probability techniques (Marleau et al., 2014)) is first
conducted to prepare a series of macro cross sections tabulated
by different fuel salt and heavy water temperature. The core critical calculation is then executed by using the 3-D diffusion code
CITATION, in which a 3-D power distribution is obtained. Thereafter, according to the gained power distribution, the thermal
hydraulic calculation is carried out based on the in-house developed multi-channel model, which builds on the fuel salt mass conservation, axial momentum conservation and energy conservation
Fig. 10. Flow chart of the neutronic and thermal–hydraulic coupled calculation.
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where the subscript i denotes the variable at the i-th axial node.

q; l; p; A are the fuel salt density, velocity, pressure and flow area,
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Fig. 9. Moderator void reactivity at 19.75% fuel volume ratio.

80

respectively. f is the frictional loss coefficient. q is the total fission
c
energy from the fuel salt. qi n is the fission energy deposited in the
heavy water moderator due to gamma and neutron radiation (3%
of fission energy, similar to LWR (Light Water Reactor)). qf h w is the
heat transfer from the fuel salt to heavy water and can be calculated
by
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where T fi and T m
i are the temperatures of fuel salt and heavy water
f

moderator, respectively. hs is the heat conductance of the fuel salt
to the conduit wall. kSiC and kins are the thermal conductivities of
SiC and thermal insulator, respectively. Dc and Dm are the hydraulic
diameters of fuel salt and heavy water moderator, respectively. t SiC
and tins are the thicknesses of SiC layer and thermal insulator,
respectively.
The multi-channel model is realized based on the numerical
method of discretizing equations. Eqs. (1)–(3) are transferred into
discretized forms, together with Eq. (4), they are resolved in each
axial control volume by applying numerical method to simulate
the thermal hydraulic characteristics of the core. Some key thermal
hydraulic parameters such as fuel salt temperature, flow velocity
and heat transfer can be obtained. In the calculation, the pressure
drop is taken to adjust the mass flow of each fuel salt conduit.
c
According to qf h w and qi n , the heavy water moderator temperature
and density are then calculated by applying a single channel
model, in which the cross flow is not taken into account since
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the moderator physical properties (density, temperature and viscosity) variation across the core is small because of the small
qf h w . The fuel salt temperature calculation, followed by the moderator temperature calculation, is repeated until a same pressure
drop for each fuel salt conduit is obtained. The temperature distribution of the fuel salt and moderator is then returned to CITATION
for core critical calculation. It is iterated until the power density,
fuel salt and heavy water temperature distribution converges to
an acceptable error.
By employing the developed neutronic and thermal–hydraulic
coupled calculation method, the power and temperature distribution across the core are evaluated and presented in Fig. 11. During
the calculation, the average flow velocity is 1.5 m/s for the fuel
salt and 0.5 m/s for the heavy water moderator (Robertson,
1971; Patel et al., 2014). Because of the neutron leakage, the power
gradually decreases from the center of the core to its peripheral
region, leading to a radial power peaking of 2.37 locating at the
core center (as shown in Fig. 11 (a)). Compared with a traditional
reactor core, the peaking is relatively large but it is expected to
be easily reduced by adjusting the outside core fuel salt conduit
size in the future. This power distribution subsequently gives rise
to an almost similar shape of fuel salt and heavy water outlet temperature distribution where the maximum value locates at the core
center as presented in Fig. 11 (b) and (c) respectively. Fig. 11 (d)
shows the axial power, the fuel salt and heavy water temperature

Fig. 11. Power and temperature distribution across the HW-MSR core.
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5. Core burn-up analysis
Online reprocessing and refueling provides a great advantage
for improving the neutron performance of HW-MSR. However,
these complicate processes change the fuel salt composition in real
time, and it is very difficult to simulate by using the traditional
burnup calculation tools. In view of this, an in-housed MSR reprocessing sequence (MSR-RS) code was developed based on SCALE6.1
and already applied for the burn-up analysis of various MSR (TMSR,
MSFR and small modular MSR) in our previous work (Zou et al,
2015; Yu et al, 2017; Zou et al, 2018). It will be employed for the
HW-MSR core burnup analysis.
Meanwhile, three typical indicators, i.e., BR, net 233U production
and doubling time, are applied for evaluating Th-U conversion performance. Since the traditional definition of BR over the burnup

Table 1
Main parameters of the HW-MSR core.
Parameters

Specification

Thermal/electrical power [MW]

2250/1000

Core size
Active core length/diameter [m]
Peripheral reflector thickness [m]
Fuel salt volume in core/primary loop
[m3]
Power density [MW/m3]
Fuel salt conduit number

5.12/5.12
1.00
20.0/40.0
112.5
221

Fuel salt conduit dimensions
Conduit pitch [m]
Conduit inner diameter [m]
Thickness of SiC/insulator [m]
Fuel to moderator volume ratio [%]

0.30
0.15
0.0005/0.003
19.6

Fuel salt
Composition [mol%]
Density at 900 K [g/cm3]
7
Li concentration [%]
Thermal expansion [g/cm3/K]
Inlet/max. outlet temperature [ ]
Core mass flow rate [kg/s]
Pressure drop [MPa]

71.7 LiF-16 BeF2-12.3 (Th+233U)F4
3.30
99.995
6.7  104
566/689
19,782
0.107

Heavy water
Heavy water volume [m3]
Inlet/max. outlet temperature [ ]
Mass flow rate [kg/s]

258
56.0/61.3
8447

Initial BR, 233U mass loading, reactivity feedback
BR
1.078
233
U mass loading [ton]
0.76
Salt/moderator temperature coefficient
0.50/1.80
[pcm/K]
Void reactivity [pcm/%]
<60

time covers all the fissile isotopes and does not specify the difference of isotopic reactivity (Adkins, 1972; Nagy, 2012), the following definitive BR is employed to describe the characteristic of the
breeding capacity of the 233U produced through 232Th irradiation
over the burnup (Nuttin et al., 2005)

BR ¼

Rc

232

Th  233 Pa
Rað233 UÞ


ð5Þ

where Rc represents the neutron capture reaction rate, Ra denotes
the neutron absorption rate. Since all the reaction rates in Eq. (5)
vary with operation time before the involved nuclides reach their
equilibrium, an average BR is calculated. Net 233U production is
the mass difference between the extracted 233Pa and the refueled
233
U. It directly reflects the performance of Th-U conversion. Doubling time can evaluate the Th-U conversion performance from
the view of time and is defined as a period of time required to produce enough 233U to start a new reactor.
With the above code MSR-RS and three indicators, we carried
out an extensive core burnup simulation based on a wide range
of reprocessing cycles (the period of time spent on reprocessing
the primary loop fuel salt once) from quite short to relatively
longer. Fig. 12 presents a variation of FPs neutron absorption fraction and net 233U production after 50 years operation (almost
achieved to an equilibrium core). It can be seen that the FPs neutron absorption fraction increases from 0.3% to 2.4% by prolonging
the reprocessing cycle from 10 days to 360 days, leading to the net
233
U production decreasing from 3.07 tons to almost zero. As listed
in Table 2, only 12 years is required to double the initial 233U loading mass at the reprocessing cycle of 10-day which is about 2.5
times shorter than that in MSBR (31 years). Even at a reprocessing
cycle of one year, the HW-MSR can still keep self-sustaining. Since
reprocessing cycle directly links to the reprocessing ability requirement, the reprocessing cycle from 10 days to 1 year (corresponding
to the reprocessing ability from 4000 L/day to 111 L/day) is recommended by considering the reprocessing ability and breeding
requirement.
Furthermore, to deeply understand the burnup performance of
the HW-MSR, the evolution of actinides is precisely evaluated since
they account for the main contribution to the neutron balance of
core. Here we take the case with the 10-day reprocessing cycle
as an example for investigation. Fig. 13 presents an overview of
the actinides transient behavior, and Table 3 details the mean capture, fission cross section and inventories of actinides at a core
operation of 50 years, in which r f and rc denotes the mean neutron
fission and capture cross section respectively. It can be seen that

FPs neutron absorption fraction
Net U-233 production

2.5

3.0

2.0

2.4

1.5

1.8

1.0

1.2

0.5

0.6

Net U-233 production (Ton)

distribution for the hottest fuel salt conduit. It can be seen that the
power peaking occurs at the lower axial core region rather the center because of the relatively high density (low temperature) of both
fuel salt and moderator at the lower axial core region. The fuel salt
outlet temperature can achieve 689 °C, and is below the design criterion. For heavy water, the temperature rise is quite small from
the inlet to the outlet due to the adopted thermal insulator. Across
the core, the pressure drop caused by the fuel salt flow is calculated
to be 0.107 MPa which is below that of MSBR (0.124 MPa).
Table 1 summarizes the main characteristics of the HW-MSR
core. It can be seen that all the design criteria are satisfied by the
negative temperature coefficient of fuel salt (0.50 pcm/K) and
moderator (1.80 pcm/K), negative moderator void reactivity coefficient (<60 pcm/%), maximum fuel salt outlet temperature
(689 °C) and moderator outlet temperature (61.3 °C). Additionally,
compared with MSBR, a higher breeding ratio and a lower initial
233
U loading mass is obtained.

FPs neutron absorption fraction (%)
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Fig. 12. FPs neutron absorption fraction and net 233U production at different fuel
reprocessing cycle.
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Table 2
HW-MSR breeding ratio and doubling time and their comparison with MSBR and MSFR.
Reactor

Reprocessing time

Reprocessing ability requirement

Breeding ratio

Doubling time

HW-MSR
HW-MSR
HW-MSR
HW-MSR
HW-MSR
HW-MSR
MSBR
MSFR

10 days
30 days
60 days
120 days
180 days
360 days
10 days
450 days

4000 L/day
1333 L/day
667 L/day
333 L/day
222 L/day
111 L/day
4620 L/day
40 L/day

1.073
1.058
1.045
1.031
1.022
1.002
1.038
1.11

12 years
15 years
19 years
28 years
46 years
Self-sustaining
31 years
56 years

105

700

101
Th
Pa
U
Np
Pu
Am
Cm

10-1
10-3
-5

10

0

10
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Inventory (kg)

Inventory (kg)

10

800

3

U-233
U-234
U-235
U-236
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400
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0
0

50
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Time (years)

Time (years)

(a) main actinides

(b) main uranium isotopics

Fig. 13. Inventory evolution of the main actinides in the fuel salt.

Table 3
Mean capture, fission cross sections and inventories of main nuclides in the HW-MSR core at 50 years (equilibrium core).
Nucleus
232

Th
231
Pa
233
Pa
232
U
233
U
234
U
235
U
236
U
238
U
237
Np
239
Np
238
Pu
239
Pu
240
Pu
241
Pu
242
Pu

r f (barn)
0.01126
0.15850
0.03794
24.5698
143.218
0.27064
138.375
0.17993
0.04799
0.28898
0.31642
4.43609
294.848
0.34979
332.075
0.22686

rc (barn)
2.23635
92.4250
12.2580
19.5422
14.9026
15.4365
25.6411
6.41733
5.61277
56.3652
17.4412
116.705
152.791
230.798
117.818
29.7783

Inventory (kg)

nucleus

r f (barn)

rc (barn)

Inventory (kg)

60,254
0.02265
19.9336
0.049064
802.015
398.1620
75.23490
247.2660
3.90352
27.19330
0.00201
12.04270
3.22070
2.22218
1.12829
4.20278

241

1.6037
2062.3
2062.3
0.2504
0.8899
182.60
0.6741
436.15
0.3566
47.677
0.4591
4.8773
425.9
0.5315
1394.8
9.9880

24.107
400.162
400.162
47.6527
6.08196
33.6343
16.2097
69.4876
2.47532
24.1517
5.54348
851.183
122.514
664.899
714.706
5.73264

0.03321
0.00013
0.00033
2.35686
0.02471
0.00069
4.68036
0.14978
1.02341
0.03198
0.04643
0.00027
0.00006
0.00034
0.00011
0.00115

the actinides inventory is dominated by thorium, and its variation
with time is small because of its regular injection during operation
to keep the total HM inventory constant (maintaining the fuel salt
chemically stable). As a result, 232Th possesses a neutron absorption fraction achieving around 43% despite of its small capture
cross section at an equilibrium core.
Uranium accounts for the second largest inventory and is
mostly contributed by isotopic 233U, 234U, 235U and 236U, whose
time buildup is shown in Fig. 13 (b). 233U slightly rises as the time
increases due to neutron absorber accumulation including FPs and
other actinides. Comparatively, much longer time is required for
236
U to achieve its equilibrium because of its quite smaller loss
resulting from small 236U neutron capture cross section (6.4 barn),

Am
242
Am
242m
Am
243
Am
242
Cm
243
Cm
244
Cm
245
Cm
246
Cm
247
Cm
248
Cm
249
Bk
249
Cf
250
Cf
251
Cf
252
Cf

long 236U half-life (2:47  107 years) as well as low 236U fission
cross section (0.18 barn), compared with its relatively high generation from 235U neutron capture (138 barn). After 50 years operation, the uranium inventory accounts for 2.47% of actinides,
while its neutron absorption fraction achieves 48.16%, which is
essentially contributed by 233U because of its much higher fission/capture cross sections and considerable inventory. Meanwhile,
233
U and 235U are the two main isotopes providing respective fission contribution of 90.1% and 7.89%. Their equivalent enrichment
(ratio of 233U and 235U weight to total heavy metal weight) is 1.41%,
relatively lower than that of MSBR (2.07%) due to the lower neutron parasitic absorption of heavy water (0.87%) than that of graphite (1.94%).
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Fig. 14. Th-U breeding and critical performance of the core versus time.

The total mass of other actinides including Pa and minor actinides (MA) is more than 30 times lower than that of uranium.
The Pa transient closely links to online reprocessing since most
of its inventory is quickly extracted for temporary storage. The
residual Pa in the core is thus quite comparable with MA which
really builds up after 5 years core operation. The total transuraniums (TRUs) production accumulates to 51.7 kg (0.517 kg/GWy)
after 50 years core operation, corresponding to 1.84% neutron
absorption and 1.35% neutron fission in the fuel. Compared with
LWR with a TRUs production of 69 kg/GWy (Benedict et al.,
1982), the TRUs production of HW-MSR is much lower.
Following the analysis of actinides evolution, a transition of BR
and critical performance from initial core to equilibrium core is
presented in Fig. 14. The specific BR is determined by the neutron
capture reaction rate of 232Th and 233Pa and the neutron absorption
rate of 233U as illustrated in Eq. (5). All of them gradually decrease
and finally stabilize as shown in Fig. 14 (b) because of the gradually
developed neutron absorbers of fission products and other actinides as the core burnup progresses. Combined with Eq. (5), the
different decrease rates of 232Th, 233Pa and 233U reaction rate make
the BR firstly rise and then gradually decrease to a stabilized value
(around 1.073) as presented in Fig. 14 (a). From the figure, it can
also be observed that the keff stabilizes around 1 over the burnup
time thanks to online refueling.

6. Conclusion
MSR possesses a great advantage in energy production with
thorium. However, it has to manage the huge volume of high
radioactive depleted graphite from the core due to periodic
replacement. Furthermore, a positive temperature coefficient
might be introduced by graphite because of the neutron spectral
shift propitious to 233U fission. As one of the attractive moderators,
heavy water can be online purified and possesses a relatively large
thermal expansion. Periodically replacing moderator is thus
unnecessary, meanwhile the effect on positive temperature feedback can be mitigated since the moderator density decreases as
the temperature in core rises. Heavy water used as moderator in
a MSR can effectively solve the problems introduced by graphite.
In this work, a novel concept of Heavy Water moderated Molten
Salt Reactor is proposed and expected to possess the features synthesizing the merits of molten salt reactor and heavy water reactor.
This reactor system can operate at the atmospheric pressure,
which is composed by five main components, i.e., primary loop
system, intermediate cooling loop, power conversion system,
external cooling system and online reprocessing system. A total

of 221 horizontal fuel salt conduits surrounded by the heavy water
moderator form a cylindrical core. To effectively isolate the heat
transferred from the fuel salt (higher than 600 °C) to the moderator
(lower than 100 °C), a thermal insulator adopted in SCWR-CANDU
is employed. In addition, a heavy water handling system including
purification and recycle is adopted considering its mature techniques. Furthermore, reprocessing techniques are applied to online
remove fission products and recycle potential worthy heavy metal,
which would significantly improve the neutronic performance and
make HW-MSR suitable for Th-U fuel cycle.
By a thoroughly dimensional investigation for fuel salt conduit
and thermal insulator, a reference design with a thermal power of
2250 MW is put forward. In this design, both the fuel salt and moderator temperature coefficient is negative. In addition, it has a large
negative void coefficient and would thus be safer than MSR. Across
the core, all the moderator outlet temperature is much below the
boiling point of heavy water and slightly varies from each other.
The maximum fuel salt outlet temperature can achieve 689 °C
but still below the design limitation of 700 °C. Compared with
MSBR, a much lower initial 233U loading mass is required while a
higher Th-U breeding performance can still be obtained for the
HW-MSR because of the outstanding moderating performances of
heavy water. As a result, the doubling time for the HW-MSR is only
12 years for the reprocessing cycle time of 10 days, which is about
2.5 times shorter than that of MSBR (31 years). Prolonging the
reprocessing cycle time can reduce the reprocessing technique
development requirements, but will degrade the breeding performance. Therefore, the reprocessing cycle time from 10 day to
1 year (corresponding to the reprocessing ability from 4000 L/day
to 111 L/day) is recommended by considering the reprocessing
ability and the breeding requirement. On the other hand, because
of the application of Th-U fuel cycle, the TRU production from
HW-MSR is much lower than that of traditional light water reactor,
which implies a much lower radiotoxicity generated by HW-MSR.
Higher performances in economy, safety, non-proliferation and
sustainability required by GIF are the design goals for HW-MSR.
Since there is no periodical solid moderator discharge and heavy
water can be recycled with an efficiency higher than 90%, the
HW-MSR is expected to have a comparable (or even higher) economy to MSBR. For the safety, as MSR concepts claimed, the liquid
fuel allows for quickly draining out from the core during accidents,
and can thus provide passive safety for HW-MSR. In addition,
heavy water can act as the heat sink to mitigate the accident consequences. Although there is a possibility of rupture of the fuel salt
conduits in HW-MSR, the inertia property of fuel salt would avoid
the combustible gas production as well as the resulted nuclear
power plant explosion. In addition, the consequences of this acci-
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dent is anticipated to be mitigated with the measures in LWR for
handling fuel rod cladding failure, since they are analogous to each
other. Non-proliferation is a really problem faced by HW-MSR
since high pure 233U material is adopted in the design, which is also
one main concern for MSBR design. But the accompanied production of 232U allows an easy detection of this fuel material because
of the high energy gamma ray (2.6 MeV) emitting, subsequently
preventing 233U proliferation from the reactor system. The
HW-MSR produces much lower TRU compared with LWR. With
an elaborate recycle of TRU in classification in the HW-MSR, the
TRU production is expected to be further reduced, and a higher
sustainability of nuclear fuel can thus be achieved.
As a novel nuclear reactor concept, HW-MSR also faces many
challenges and possible risks like other advanced reactor. Developing the structure materials (including thermal insulator) withstanding high temperature and molten salt corrosion is one
major challenge of HW-MSR. Handling the tritium released from
both the molten salt and heavy water is another issue. In addition,
deeply investigating the consequent accidents after fuel salt conduits broken is required.
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