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a b s t r a c t

Liquid-fueled Molten Salt Reactor (MSR) systems represent advances in safety, economics, and sustain-
ability. The MSR has been designed to operate with a Th/233U fuel cycle with 233U used as startup fissile
material. Since 233U does not exist in nature, we must examine other available fissile materials to start up
these reactor concepts. This work investigates the fuel cycle and neutronics performance of the Single-
fluid Double-zone Thorium-based Molten Salt Reactor (SD-TMSR) with different fissile material loadings
at startup: High Assay Low Enriched Uranium (HALEU) (19.79%), Pu mixed with HALEU (19.79%), reactor-
grade Pu (a mixture of Pu isotopes chemically extracted from Pressurized Water Reactor (PWR) spent
nuclear fuel (SNF) with 33 GWd=tHM burnup), transuranic elements (TRU) from Light Water Reactor
(LWR) SNF, and 233U. The MSR burnup routine provided by SERPENT-2 is used to simulate the online
reprocessing and refueling in the SD-TMSR. The effective multiplication factor, fuel salt composition evo-
lution, and net production of 233U are studied in the present work. Additionally, the neutron spectrum
shift during the reactor operation is calculated. The results show that the continuous flow of reactor-
grade Pu helps transition to the thorium fuel cycle within a relatively short time (�4:5 years) compared
to 26 years for 233U startup fuel. Finally, using TRU as the initial fuel materials offers the possibility of
operating the SD-TMSR for an extended period of time (�40 years) without any external feed of 233U.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The Generation IV International Forum (GIF) defines eight tech-
nological goals for the next generation nuclear systems. These
goals are defined in four broad areas: safety and reliability, non-
proliferation and physical protection, economics, and sustainabil-
ity (DOE, 2002). The MSR has many advantages that agree with
GIF’s goals, like: liquid fuel, inherent safety, online reprocessing
and refueling, excellent neutron economy, and operation near
atmospheric pressure in a primary loop (Siemer, 2015; Rosenthal
et al., 1970). Thus, the GIF selected the MSR as one of the promising
Generation-IV reactors (DOE, 2002; Pioro et al., 2016). In MSRs, the
fuel is dissolved in a molten salt (e.g., LiF or NaCl) (Betzler et al.,
2019); this liquid fuel salt (e.g., LiF–BeF2-ThF4-233UF4) constantly
circulates through the core and allows fission heat to transfer from
the reactor core to intermediate heat exchangers.

The Single-fluid Double-zone Thorium-based Molten Salt Reac-
tor (SD-TMSR) with a thermal power of 2,250 MWth was proposed
for the first time by ORNL as early as in the 1960s, which was called
Molten Salt Breeder Reactor (MSBR) (Robertson, 1971). The SD-
TMSR is a graphite-moderated thermal-spectrum MSR operating
in Th/233U fuel cycle. In the SD-TMSR, the fissile and fertile ele-
ments are integrated into a single salt. To improve the breeding
ratio, the active core is divided into two zones: the radius of the
fuel channels in the outer zone is modified to be larger than the
radius of the fuel channels in the inner zone (Li et al., 2018).

Historically, the thermal-spectrum MSR was designed for the
Th/233U fuel cycle (Rykhlevskii et al., 2019; Nuttin et al., 2005;
Merle-Lucotte et al., 2004; Rosenthal et al., 1970). This design
assumes that we have fissile 233U inventory to start up new MSRs.
However, 233U does not exist in the Earth’s crust and can only be
produced from fertile 232Th in specific nuclear facilities. Therefore,
we examine alternative fissile materials to replace the 233U in the
startup fuel composition (Betzler et al., 2016; Zou et al., 2018).
The thorium fuel cycle transition can be achieved after reaching
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2 An external tank used to store protactinium extracted from the core.
1 Reactor-grade Pu is a mixture of Pu isotopes chemically extracted from PWR SNF

with 33 GWd/tHM burnup
3 SERPENT-2 is a 3D continuous energy Monte Carlo neutron transport and burnup

code.
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the doubling time of 233U (required time to produce enough 233U to
start up a new unit) because in this case, all startup fissile material
is being substituted by newly produced 233U.

Betzler et al. (2016) discussed the simulation of the startup of a
Molten Salt Breeder Reactor (MSBR) unit cell with low-enriched
uranium (LEU) (19.79%) and Pu from Light Water Reactor (LWR)
spent nuclear fuel (SNF) as initial fissile materials (Betzler et al.,
2016). They concluded that the Pu vector extracted from LWR
SNF is the best alternative source to 233U because it has a high ratio
of fissile isotopes (Betzler et al., 2016). Zou et al. (2018) introduced
two approaches for the thorium fuel cycle transition in the
Thorium-based Molten Salt Reactor (TMSR): (1) in-core transition
and (2) ex-core transition. In the first approach, the TMSR is
launched with existing fissile material and thorium as a fertile
material; then the 233U bred from thorium is rerouted into the core
to maintain criticality. In contrast, the second approach tends to
store produced 233U out of the core until there is enough to start
a new TMSR (Zou et al., 2018).

Zou et al. (2018) studied the transitioning to thorium fuel cycle
in a small modular Thorium-based Molten Salt Reactor (smTMSR)
using TRU as startup fuel. They concluded that the transition to a
thorium fuel cycle can be achieved in a thermal smTMSR with a
proper fuel fraction (Zou et al., 2018).

Heuer et al. (2014) discussed the transition characteristics of
the Molten Salt Fast Reactor (MSFR) under different launching sce-
narios (e.g., enriched uranium and TRU); they concluded that start-
ing the thorium fuel cycle is feasible in the MSFR while closing the
current fuel cycle and optimizing the management of the long-
term wastes (Heuer et al., 2014).

The research effort described in Cui et al. (2017) and Cui et al.
(2018) is most similar to the work presented in this paper. Cui
et al. analyzed the fuel transition from enriched 235U/Th and Pu/
Th to 233U/Th for the MSBR-like design. Cui et al. found that the fuel
transition can be achieved by using: (1) enriched uranium with
greater than 40% enrichment (Cui et al., 2018); (2) Pu from LWR
(burn-up of 60 GWd/t) spent nuclear fuel (Cui et al., 2017; Cui
et al., 2018).

However, a few major differences follow: (1) Cui et al.
employed an in–house tool named MSR Reprocessing Sequence
(MSR-RS) (Zou et al., 2015) which couples with SCALE and employs
a batch-wise approach while we used built-in truly continuous fuel
depletion capabilities in SERPENT-2 (Aufiero et al., 2013); (2) Cui
et al. studied a high-enriched uranium (>40% of 235U) and pluto-
nium partitioned from light water reactors spent fuel as the startup
fissile materials while we considered different loading cases:
HALEU, Pu mixed with HALEU, reactor-grade plutonium, TRU and
233U; (3) we adopted the SD-TMSR core geometry optimized by
Li et al. (2018) which is different from the MSBR-like geometry
by Mathieu et al. (2009) adopted by Cui et al.; (4) Cui et al. intro-
duced two scenarios for thorium fuel cycle transition: a Breeding
and Burning (B&B) scenario and a Pre-breeding scenario while
we adopting different approach by introducing two different feed
mechanisms: thorium and non-thorium.

Comparing with Cui et al., we used different reactor design
(geometry, volumes, densities, fuel salt compositions) and
computation method (continuous online reprocessing instead of
batch-wise approach). In Cui’s scenarios, the amount of thorium
is kept constant. 233U is fed only in (B&B) scenario and extra fissile
materials would have to be added into the core if the produced
233U is not enough to maintain the reactor criticality. In the Pre-
breeding scenario, all the 233U produced from the decay of the
extracted 233Pa stored outside the core until it reaches the required
startup mass for a new reactor. Thus, the criticality of the core is
maintained by refueling external fissile material. In the current
work, using the thorium feed mechanism, we simultaneously feed
thorium and all or fraction of produced 233U from the Pa-decay

tank2 into the core. The excess 233U (if exists) is stored outside
the core. In the non-thorium feed mechanism, we continuously
inject external heavy metals (HALEU, Pu mixed with HALEU,
reactor-grade Pu, or TRU) and fraction of produced 233U from the
Pa-decay tank. For the non-thorium mechanism, we feed a part
of produced 233U because in some cases (e.g., TRU) refueling only
external heavy metals failed to maintain the core criticality (limita-
tion is dmsalt 60.1%).

Various previous works explore starting the MSRs with fissile
materials alternative to 233U. Many such publications have focused
on the fast-spectrum MSRs (Heuer et al., 2014; Ashraf et al., 2019;
Ashraf et al., 2018; Rykhlevskii et al., 2019; Betzler et al., 2019;
Fiorina et al., 2013), while few focus on thermal-spectrum MSRs
(Betzler et al., 2016; Zou et al., 2018; Zou et al., 2018). The main
objective of the present paper is to establish feasible strategies
for thorium fuel cycle transition in the SD-TMSR with various ini-
tial fissile materials and without any external feed of 233U. We
investigate five different initial fissile materials: HALEU, Pu mixed
with HALEU, reactor-grade Pu 1 (Marka, 1993), TRU from LWR SNF
(de Saint Jean et al., 2000), and 233U. Two different feed mechanisms
were selected:

� Thorium feed mechanism: continuous feed flow of thorium
from the external stockpile and 233U from the Pa-decay tank,
where the removal rate of 233Pa = feed rate of 233U (Betzler et al.,
2016).

� Non-thorium feed mechanism: continuous injection of exter-
nal heavy metals (HALEU, Pu mixed with HALEU, reactor-grade
Pu, TRU) and simultaneous feed of all or fraction of 233U from
the Pa-decay tank.

233U is contaminated with 232U, which produced from parasitic
(n,2n) reactions in 233Pa, or in 232Th, or in 233U itself. 208Tl a daugh-
ter of 232U emits intense c-radiation and this makes 233U undesir-
able for nuclear weapons. Moreover, for nonproliferation reasons,
bred 233U could be diluted with 238U to produce denatured fuel,
which not suitable for nuclear weapons (Dolan et al., 2017).

All calculations presented in this paper are performed using
SERPENT-2 version 2.1.313 (Leppänen et al., 2014). We use the
MSR burnup routine provided by SERPENT-2 to simulate continuous
online reprocessing and refueling. SERPENT-2 uses an internal calcu-
lation routine for solving the Bateman equations describing the
changes in the material compositions caused by neutron-induced
reactions and radioactive decay (Leppänen et al., 2014). Additionally,
SERPENT-2 enables burnup calculations on computer clusters with
multiple cores using distributed-memory MPI parallelization.

This paper is organized as follows: Section 2 discusses the model
description, Section 3 describes methodology and tools, Section 4
addresses extraction and feed mechanisms, Section 5 focuses on
the results and discussion, and Section 6 highlights the conclusions.
2. Model description

2.1. Geometry

The SD-TMSR design model was introduced by the Chinese
Academy of Sciences as a part of the strategic project ‘‘Thorium-
based Molten-Salt Reactor (TMSR) nuclear energy system” in



Fig. 1. XZ (a) and XY (b) section of the quarter-core model of the SD-TMSR (Ashraf et al., 2020).

Table 1
The main characteristics of the SD-TMSR (Li et al., 2018; Ashraf et al., 2020).

Thermal power, MWth 2,250
Fuel salt components LiF–BeF2-(HM) FN
Fuel composition, mole% 70–17.5–12.5
7Li enrichment, % 99.995
Fuel temperature, K 900
Fuel density at 900 K, g/cm3 3.3
Fuel dilatation coefficient, g/(cm3.K) �6.7 � 10�4

Graphite density, g/cm3 2.3
B4C density, g/cm3 2.52
10B enrichment, % 18.4
Core diameter, cm 460
Core height, cm 460
Side length of the graphite hexagonal prism, cm 7.5
Inner radius, cm 3.5
Outer radius, cm 5
Ratio of molten salt and graphite in the inner zone 0.357
Ratio of molten salt and graphite in the outer zone 1.162
Fuel volume, m3 52.9

Table 2
Reactor-grade Pu vector (wt.%) (Marka, 1993).

238Pu 239Pu 240Pu 241Pu 242Pu

1.3 60.3 24.3 9.1 5
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2018 (Li et al., 2018; Jiang et al., 2012; Li et al., 2015). The design of
the SD-TMSR is inspired by the MSBR (Robertson, 1971) after mod-
ifying the geometry to control the positive moderator temperature
coefficient in the MSBR. Fig. 1 illustrates the quarter-core view of
the SD-TMSR. The active zone is a right cylinder with height and
diameter equal to 460 cm. Assemblies of graphite4 hexagonal
prisms fill the core. The optimal side length of the graphite hexago-
nal prism was found in previous work to be 7.5 cm (Li et al., 2018).
The liquid fuel circulates continuously through fuel channels that
pierce the graphite hexagonal prisms. Two radial zones divide the
core to enhance Th/233U breeding performance; the radii of the fuel
channels in the outer and inner zone are 5 and 3.5 cm, respectively.
The axial and radial graphite reflectors surround the core to mini-
mize neutron leakage and maximize flux in the core. B4C cylinder
surrounds the reflectors and acts as radiation shielding. The SD-
TMSR pressure vessel is made of a Ni-based (hastelloy N) alloy holds
the fuel salt, graphite elements, reflector, shielding, and intermediate
heat exchanger. The main characteristics of the SD-TMSR are listed
in Table 1.

2.2. Fuel composition

The general composition of the startup liquid fuel salt in this
work is 70LiF – 17.5BeF2 – 12.5(HM) FN mole%, where HM is the
heavy metal (mixture of thorium and one of these fissile materials:
HALEU, Pu mixed with HALEU, reactor-grade Pu, TRU, and 233U),
and N is dependent on the chosen fissile material and the thermo-
chemical state of the liquid fuel salt.

The aim of this paper is to simulate the operation of the SD-
TMSR for 60 years with various startup fissile compositions and
without any external feed of fissile 233U which we assume is
unavailable. For that reason, five different types of initial fissile
materials are considered based on HALEU, Pu, and TRU from Light
Water Reactor (LWR) spent nuclear fuel (SNF):

(a) High Assay Low Enriched Uranium (HALEU) (19.79%),
(b) Pu mixed with HALEU (19.79%),
(c) reactor-grade Pu (Marka, 1993),
(d) transuranic (TRU) elements from LWR SNF (de Saint Jean
et al., 2000), and
(e) 233U for comparison (Ashraf et al., 2020).
4 We choose graphite density of 2:3 g/cm3, to validate our results against results in
literature (Li et al., 2018; Nuttin et al., 2005).
All types of initial fissile materials are fed as fluorides. The
reactor-grade Pu and TRU compositions are summarized in Tables
2 and 3, respectively.

For the reactor-grade Pu case, the composition is taken for Pu
recovered from the SNF composition of a commercial Pressurized
Water Reactor (PWR) with an average discharge burnup of 33
GWd=tHM and after 10 years of cooling before reprocessing
(OECD, 1989; Marka, 1993). Similarly, the isotopic compositions
of TRU reflect the composition of the PWR UOX SNF (after one
use, no multi-recycling) with an average discharge of 60
GWd=tHM burnup and after 5 years of cooling (de Saint Jean
et al., 2000). The molar composition of startup fuel for all five cases
is listed in Table 4. Additionally, the corresponding initial nuclei
inventories with various fissile fuel options are summarized in
Table 5.

3. Methodology and tools

Simulation of liquid-fueled Molten Salt Reactor (MSR) systems
requires computational software that can support online fuel salt



Table 5
Initial heavy metal inventories for various initial fissile loadings (kg).

Nuclide HALEU (19.79 wt.%) Pu + HALEU (19.79 wt.%) reactor-grade Pu TRU 233U

232Th 6.24E+04 4.67E+04 6.75E+04 5.44E+04 7.69E+04
233U 1.30E+03
235U 3.17E+03 6.01E+03
238U 1.28E+04 2.43E+04
237Np 1.58E+03
238Pu 1.60E+01 1.13E+02 6.78E+02
239Pu 9.59E+02 6.76E+03 1.15E+04
240Pu 3.99E+02 2.82E+03 5.40E+03
241Pu 1.60E+02 1.13E+03 2.69E+03
242Pu 6.39E+01 4.51E+02 1.68E+03
241Am 8.53E+02
243Am 4.77E+02
244Cm 2.01E+02
245Cm 2.51E+01

Table 4
Molar composition for startup fuel salts (mole%).

Fuel salt component HALEU (19.79 wt.%) Pu + HALEU (19.79 wt.%) reactor-grade Pu TRU 233U

LiF 70.0 70.0 70.0 70.0 70.0
BeF2 17.5 17.5 17.5 17.5 17.5
ThF4 8.25 7.50 10.75 8.65 12.3
UF4 4.25 4.75 0.20
PuF3 0.25 1.75
(TRU) F3 3.85

Total HM 12.5 12.5 12.5 12.5 12.5

Table 3
TRU vector (wt.%) (de Saint Jean et al., 2000).

237Np 238Pu 239Pu 240Pu 241Pu 242Pu 241Am 243Am 244Cm 245Cm

6.3 2.7 45.9 21.5 10.7 6.7 3.4 1.9 0.8 0.1

5 The extraction rate depends on the type of poison and its impact on the neutron
economy.

6 An external tank used to store the gaseous FPs and the other materials (non-
dissolved metals, lanthanides, and soluble metals except protactinium).

7 The 233Pa is removed and left to decay into 233U with s1=2 �27 d.
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reprocessing and refueling (Serp et al., 2014). In this work,
SERPENT-2 version 2.1.31 (Leppänen et al., 2014) simulates the
SD-TMSR full-core with various initial fuel types. This extension
of SERPENT accounts for continuous online reprocessing and refu-
eling (Aufiero et al., 2013). The ENDF-VII.0 cross section library was
used for all calculations in this work. The results demonstrate full-
core runs of 1:25� 107 neutron histories per depletion step. During
the depletion step, the core was maintained critical and total fuel
mass was almost constant (dm 60.1%). To determine the appropri-
ate depletion step size, we conducted a time step refinement study.
We started with Dt ¼ 30 days and gradually increased the deple-
tion time step until the error in keff became significant. The differ-
ence in keff between Dt ¼ 1 year and Dt ¼ 30 days was 60.02%;
thus, we adopted a constant, 365-day-long time step for all simu-
lation in this work. The full burnup time of the SD-TMSR was
60 years with statistical error in keff equal to � 12 pcm. During
the molten salt reactor operation, part of fuel salt flows outside
of the reactor core then the fission reaction has not happened in
the external loop, however, the decay reactions happen every-
where. We used total fuel salt inventory in the primary loop to
define the fuel material in the SERPENT input. Moreover, we
accordingly adjusted power density in SERPENT burnup calcula-
tions because fission takes place only in the core region. But we
did not consider processes, such as decay, which occurs outside
of the core. Also, the drift of the delayed neutron precursors is
not examined in this paper, but discussion about this can be found
in Zhang et al. (2018).

The liquid fuel is well-mixed all the time due to turbulent flow
and mixing in the pump. We used the depletion mode 1 in
SERPENT-2 (i.e. burn 1), which means that the fuel material is trea-
ted as a single depletion zone.

The online extraction of fission products (FPs) and other neu-
tron absorbers provides many benefits for MSRs. For example, it
has the potential to reduce the initial fissile material inventory
required to achieve criticality and improve the breeding ratio.
Fig. 2 shows a flow chart of the calculation steps.

As shown in Fig. 2, after launching the input file, SERPENT
solves the Bateman equation using an advanced matrix exponen-
tial solution based on the Chebyshev Rational Approximation
Method (Isotalo and Pusa, 2016). Then, the system extracts gaseous
FPs and other materials (non-dissolved metals, lanthanides, and
soluble metals except Pa) with a suitable removal rate5. This is
done by setting the flow rate of gaseous FPs and other materials from
the fuel to the FP-waste tank6. Specifically, Pa is removed from the
fuel with a certain flow rate into the Pa-decay tank to decay and
produce 233U 7. The produced 233U is used as a fresh fissile fuel and
the residual 233U (if exist) is the net production of 233U that required
to start up a new SD-TMSR and achieve the transition to thorium fuel
cycle. The MSR burnup routine provided by SERPENT-2 allows
changes to the mass flow rates (mflow) of the isotopes during reactor
operation (Aufiero et al., 2013). Specifically, the SERPENT user should
determine the mass flow rate (mflow), which is the rate by which



Fig. 2. Flow chart of the calculation procedures (implemented by SERPENT-2).
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elements or nuclides are transferred between materials. After that,
the flow rates must be connected to materials with a reprocessing
scheme. The final step is to link the reprocessing schemes to deple-
tion histories. In the present work, we adjust the transfer rates of
fresh fuel to maintain core criticality and to keep fuel salt mass con-
stant during burnup. The continuous feed constant calculation pro-
cedures are summarized as follows:

1. The simulation starts without injecting refueling materials
(i.e. only removing FPs and Pa).
2. After the first depletion calculation step, we check the total
mass density of FPs and Pa in the FP-waste tank and Pa-

decay tank, respectively.
3. A simple calculation yields the amount of heavy metal that
must be added during this cycle:

3a. Thorium feed mechanism: mass of injected 233U �mass of
extracted Pa and mass of injected 232Th �mass of extracted FPs
to maintain the total fuel mass constant.
3b. Non-thorium feed mechanism: mass of injected 233U
�mass of extracted Pa and mass of injected fuel (i.e., HALEU,
Pu mixed with HALEU, reactor-grade Pu, or TRU) �mass of
extracted FPs to maintain the total fuel mass constant.

4. Dividing this mass by time and inventory of refueling mate-
rial gives the corresponding feed constant (1/s).

In both feed mechanisms (thorium and non-thorium) we con-
tinuously added 233U and the mass of injected 233U is equal to
the mass of extracted Pa (233Pa decays to 233U after �27 d). To keep
the total fuel mass almost constant, for thorium feed mechanism,
the mass of injected thorium must be equal to the mass of
extracted FPs and for non-thorium feed mechanism, the mass
of injected fuel (i.e., HALEU, Pu mixed with HALEU, reactor-grade
Pu, or TRU) must be equal to the mass of extracted FPs.
4. Feed and extraction rates

In the present work, two different feed mechanisms are used:
(1) thorium and (2) non-thorium. The first mechanism allows con-
tinuous feed flow of thorium from the external stockpile and 233U
from the Pa-decay tank. In contrast, the second mechanism con-
tinuously injects external heavy metals (HALEU, Pu mixed with
HALEU, reactor-grade Pu, TRU) and simultaneously feeds all or part
of produced 233U from the Pa-decay tank. The fission products
(FPs) act as poisons in nuclear reactors: they negatively impact
the reactivity. Therefore, FPs must be extracted during reactor
operation. Consider the MSR extracts dNe amount of particular ele-
ment e during time dt, thus (Nuttin et al., 2005):

dNe

dt
¼ Ne

ee
Tr

ð1Þ

where
dNe ¼ the amount of particular element e
dt ¼ the extraction time of dNe

Ne ¼ total inventory of element e
ee ¼ the removal efficiency%

Tr ¼ the time during which the total fuel salt is reprocessed:

Integration of Eq. 1 gives the removal constant ke ½s�1� (the rate
at which the material is removed), where ke ¼ ee

Tr
. The removal con-

stant ke of gaseous and other fission products is precisely calcu-
lated and summarized in Table 6. The effective reprocessing time
for the gaseous FPs and non-dissolved metals was set to 30 s (re-
moval constant ke = �0:0333 s�1), because such elements must
be extracted promptly and continuously via a gas removal system.
In contrast, chemical processes (i.e. fluorination and reduction)
extract the soluble FPs, lanthanides, and Pa. Therefore, the system



Table 6
The reprocessing table (Ashraf et al., 2020; Ashraf et al., 2020).

Reprocessing
group

Element Reprocessing
time

Removal
constant ke
½s�1�

Gaseous FPs
and non-
dissolved
metals

H, He, N, O, Ne, Ar, Kr, Nb,
Mo, Tc, Ru, Rh, Pd, Ag, Sb,
Te, Xe, Lu, Hf, Ta, W, Re, Os,
Ir, Pt, Au, and Rn.

30 s �3.333E�02

Lanthanides
and other
soluble FPs

Zn, Ga, Ge, As, Se, Br, Rb, Sr,
Y, Zr, Cd, In, Sn, I, Cs, Ba, La,
Ce, Pr, Nd, Pm, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, and Yb.

10.59 d (5 m3/
d)

�1.092E�06

Protactinium Pa 10.59 d (5 m3/
d)

�1.092E�06
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reprocesses a specific amount of fuel salt daily. In the present work,
the effective extraction time for soluble FPs is �10.59 days (ke =
�1:092� 10�6 s�1), which is equivalent to a chemical reprocessing
rate of 5 m3/d chosen by Nuttin et al. (2005) and Li et al. (2018).
The effective feed rates of the heavy metals (HM) are changed dur-
ing reactor operation to conserve the total fuel mass and criticality.
The effective feed rates for Th/233U, reactor-grade Pu, and TRU
cases are listed in Table A.1, A.2, and A.3 in A.
5. Results and discussion

The molar fraction of the heavy metal (HM) in the initial fuel
was kept constant and equal to 12.5 mol% for all cases (see Table 4).
Additionally, the initial fissile material fraction was increased for
the five fuel salt compositions until the SD-TMSR reactor was suf-
ficiently critical at the Beginning Of Life (BOL).

5.1. Thorium feed mechanism

The thorium feed mechanism continuously feeds thorium from
the external stockpile and 233U from the Pa-decay tank. Fig. 3
Fig. 3. The change of the effective multiplication factor during 60 EFPY of reacto
illustrates the effective multiplication factor dynamics during reac-
tor operation for the thorium feed mechanism. As shown in Fig. 3,
the effective multiplication factor (keff ) decreases sharply during
the first 25 effective full-power years (EFPY) of reactor operation
for the first four cases. keff decreases as a result of depletion of
the initial fissile materials and production of poisonous fission
products (FPs). The amount of 233U generated in the SD-TMSR is
not enough to maintain the reactor criticality and counteract par-
asitic neutron absorption. Thus, the reactor becomes subcritical
relatively quickly for alternative startup compositions, for exam-
ple, �4 years in the TRU case and �12 years in the reactor-grade
Pu case. For U-233 case, the continuous feed flow of thorium and
233U from the Pa-decay tank helps to operate the SD-TMSR for
a full lifetime (60 year) (Fig. 3, U-233 case).

Notably, the molar fractions of HALEU and reactor-grade Pu in
the initial fuel composition were increased more. Consequently,
the initial keff for these cases increased (see Fig. 3 for HALEU and
reactor-grade Pu cases). For the HALEU fuel salt, the amount of
233U generated in the SD-TMSR after a few years is insufficient to
counteract the absorption of the (non-fissile) 238U added at start-
up after much of the original 235U is depleted. Consequently, the
core becomes subcritical after �6 years of operation.

For the Pu + HALEU case, keff firstly increases during the first �3
EFPY and then gradually decreases. This is due to the conversion of
238U from HALEU into fissile plutonium, which often produces the
majority of the neutrons until the transition to Th/233U fuel cycle.
Fig. 4 shows the variation in fissile plutonium isotopes (239Pu,
241Pu, and 243Pu) inventory during reactor operation. For TRU and
reactor-grade Pu, the fissile plutonium isotopes are gradually
depleted, during operation (the fissile material is dominated by
Pu in these cases). For the HALEU case, the fissile material is dom-
inated by 235U, however, 238U is converted into fissile plutonium.
Therefore, the mass of fissile plutonium increases during operation
but its value still relatively low. For the Pu + HALEU case, the mass
of the fissile plutonium isotopes increases within the first �3 EFPY
and then decreases. The reactivity from the produced Pu is much
greater than the depletion of the initial reactivity (due to the deple-
r operation for thorium feed mechanism (confidence interval �r is shaded).



Fig. 4. The variation of relative mass of fissile Pu (239Pu, 241Pu, and 243Pu) during reactor operation.
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tion of initial fissile isotopes). Consequently, keff increases during
the first �3 EFPY and then decreases; the amount of 233U generated
in the Pu + HALEU case is insufficient to maintain the reactor crit-
icality and counteract neutron absorption in non-fissile isotopes.

Fig. 3 shows that the decrease in keff for reactor-grade Pu case
occurs at the much later operation time than for other cases
because the neutron spectrum in the reactor-grade Pu initial core
is hardened; more 232Th is being converted to 233U. Nevertheless,
this amount of the 233U is not enough to counteract the neutron
absorption in the non-fissile Pu isotopes after much of the 239Pu
and 241Pu is depleted (Betzler et al., 2016).
5.2. Non-thorium feed mechanism

The non-thorium feed mechanism continuously feeds 233U from
the Pa-decay tank and external heavy metals (HALEU, Pu mixed
with HALEU, reactor-grade Pu, TRU). Under the non-thorium feed
mechanism, only four different initial fissile materials are studied:
HALEU, Pu mixed with HALEU, reactor-grade Pu, and TRU. The con-
tinuous feed of 233U without 232Th will lead to a supercritical reac-
tor, thus the 233U case is excluded from the non-thorium feed
mechanism study. Fig. 5 shows the change of the effective multipli-
cation factor during 60 EFPY of reactor operation for the non-
thorium feed mechanism. Both the reactor-grade Pu and TRU cases
show promising results relative to the other two cases (HALEU and
Pu + HALEU) (see Fig. 5). For the reactor-grade Pu case, the amount
of 233U generated in the SD-TMSR, in addition to the external feed
flow of Pu, is sufficient to maintain the reactor criticality and coun-
teract the neutron absorption in the initial non-fissile isotopes and
FPs. For the TRU fuel salt, the amount of 233U and the external feed
flow of TRU is barely enough to operate the reactor for a long per-
iod of time (�40 years) without any external feed of 233U (233U used
only from the Pa-decay tank). Nevertheless, keff decreases with
the burnup because of the minor actinides MAs8 accumulating in
8 In the present work, the minor actinides (MA) include Np, Am, and Cm.
the core as a result of continuous TRU feed. As shown in Fig. 5, the
HALEU and Pu + HALEU fuel are less attractive for the non-
thorium feed mechanism. The continuous HALEU feed increases
the amount of fertile 238U and consequently, reduces the feasibility
of such fissile materials. According to the keff results, reactor-grade
Pu and TRU are the only alternative fissile materials that can be used
to startup and maintain operation of the SD-TMSR.

5.3. Reactor-grade Pu, TRU, and 233U initial fuel

In this section, the simulation of the SD-TMSR with reactor-
grade Pu and TRU fissile materials is discussed. Additionally, the
previously studied 233U case is listed for comparison (Ashraf
et al., 2020). Fig. 6 demonstrates the dynamics of the heavy metal
refill rate during 60 EFPY of the SD-TMSR operation. The heavy
metal refill rate was adjusted to maintain criticality and the total
fuel mass almost constant9 during reactor operation. In the 233U
case, the mean values of 233U and 232Th refill rate are 1:77 and
2:21 kg=d, respectively. Similarly, in the reactor-grade Pu case, the
mean values of 233U and Pu refill rate are 0:75 and 2:75 kg=d, respec-
tively. For the TRU case, the mean values of 233U and TRU refill rate
are 0:90 and 2:0 kg=d, respectively.

Figs. 7 and 9 demonstrate the evolution of important nuclide
inventories for the 233U, Pu, and TRU cases respectively. For the
233U case (Fig. 7), the mass of Pa in the fuel salt is almost constant
and reaches 17:8 kg at the end of the operation time. Additionally,
the mass of minor actinides (MA) and Pu increases with time. The
level of Pu in the fuel salt correlates with the mass of the MA; how-
ever, MA need more time to reach equilibrium than Pu. Uranium
inventory increases during operation and reaches equilibrium after
�27 years. Fig. 7 shows that refueling the core with thorium helps
maintain an almost constant inventory throughout the full opera-
tion time.

The target is to maintain the core criticality for a long period of
time without any external feed of 233U. Fig. 8 shows how the
9 The variation of the total fuel mass is less than 0:1%



Fig. 5. The change of the effective multiplication factor during 60 EFPY of reactor operation for non-thorium feed mechanism (confidence interval �r is shaded).

Fig. 6. Dynamics of heavy metal refill rate during 60 EFPY of reactor operation. Solid lines for the 233U case, dashed lines for the reactor-grade Pu case, and dotted lines for the
TRU case.
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Reprocessing Period (RP) affects the keff and amount of 233U in the
Pa-decay tank for the TRU-started SD-TMSR. The fast extraction
of Pa from the core (RP = 30 s) leads to long operation time. Also, a
relatively large amount of 233U can be obtained when we applied
RP = 30 s against 10:59 d. The RP equal to 10:59 d is not suitable
for TRU and reactor-grade Pu cases because additional 233U was
required to supply the core after startup. Therefore, we selected
the RP = 30 s. This produces barely enough 233U in the Pa-decay

tank to operate the TRU-started SD-TMSR for a long period of time
(�40 years). For reactor-grade Pu case, the produced 233U is suffi-
cient to maintain the core criticality within the 60-years of opera-
tion (see Fig. 5).

Fig. 9 shows that the mass of Pa in the fuel salt is relatively low
when compared with Pa mass in the 233U case (Fig. 7). Major ele-
ments for all three cases reach the equilibrium state after
�30 years (see Fig. 7 and 9).

Fig. 10 illustrates the variation of thorium inventory in the fuel
salt for the 233U, reactor-grade Pu, and TRU cases. The thorium



Fig. 7. Evolution of important nuclide inventories for 233U startup fuel (MA involves Np, Am, Cm) (Ashraf et al., 2020).

Fig. 8. The effect of Reprocessing Period (RP) on the keff and amount of 233U in the Pa-decay tank for the TRU-started SD-TMSR.
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inventory decreases in the 233U case by only 3:2% at the End Of Life
(EOL) when the thorium feed mechanism is applied. In contrast,
thorium total mass decreases significantly in the Pu and TRU cases
when the non-thorium feed mechanism is applied. Thus, thorium
mass decreases by 39:21% and 37:96% for the reactor-grade Pu
and TRU cases, respectively.

Fig. 11 demonstrates the mass of 233U in the fuel salt for the
233U, reactor-grade Pu, and TRU cases. For 233U case, the mass of
233U increases with operation time and reaches �1:7 t at the EOL.
For reactor-grade Pu and TRU cases, the mass of 233U firstly,
increases and after �35 and 45 years for Pu and TRU cases, respec-
tively, decreases. The neutron spectrum shift during operation
affects the inventory of 233U in the fuel salt. A harder neutron spec-
trum enhances 233U breeding from 232Th. For the reactor-grade Pu
and TRU cases, during operation, the fissile Pu is depleted and the
233U becomes the major fissile isotope such that the neutron spec-
trum softens (low conversation of 233U from 232Th). However, for
233U case, the neutron spectrum is hardened at EOL due to the
accumulation of Pu isotopes.

In the non-thorium feed mechanism, the SD-TMSR is continu-
ously refueled by heavy metals (Pu and TRU) for criticality, which
increases the Pu mole concentration (%) in the molten salt. The Pu



Fig. 9. Evolution of important nuclide inventories for the reactor-grade Pu case (solid lines) and for the TRU case (dashed lines).

Fig. 10. Mass variation of all thorium isotopes in the fuel salt for the 233U, reactor-grade Pu, and TRU cases.

10 O. Ashraf et al. / Annals of Nuclear Energy 148 (2020) 107656
solubility in FLiBe is �4:0 % (Ignatiev et al., 2012; Sood et al., 1975).
Fig. 12 represents the Pu mole concentration variation in the fuel
salt for the 233U, reactor-grade Pu, and TRU cases, respectively. In
the 233U and reactor-grade Pu cases, the Pu mole concentration
increases slightly but still below its solubility limit. On the other
hand, the Pu mole concentration in the molten salt loaded by
TRU increases during operation and reaches the Pu solubility limit
after �40 years. This issue may be solved by increasing the reactor
operation temperature or reducing the HM initial inventory (Zou
et al., 2018). Notably, for TRU case, the time achieving Pu solubility
limit is shorter than that for reactor-grade Pu case. The reason for
this is the relatively high concentration of Pu in the initial heavy
metal for the TRU-started SD-TMSR (�29:26 % compared with
14:31 % for Pu-started SD-TMSR, see Table 5).

Fig. 13 demonstrates the net production of 233U during reactor
operation for the 233U, reactor-grade Pu, and TRU cases, respec-
tively. For the TRU case, the net production of 233U is almost zero.
Although all produced 233U is used to refuel the core, the reactor is



Fig. 11. Mass of 233U in the fuel salt for the 233U, reactor-grade Pu, and TRU cases.

Fig. 12. The Pu mole concentration in the fuel salt for the 233U, reactor-grade Pu, and TRU cases.
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subcritical after 40 years of operation (see Fig. 5). In the 233U and
reactor-grade Pu cases, the net production of 233U increases with
burnup and reaches about 1:77 t and 10 t at EOL, respectively.
Fig. 13 shows that for the 233U case the net production of 233U dur-
ing the first 455 days is negative; about 175:28 kg of 233U must be
added during this period. As shown in Fig. 13, for the 233U case,
after 26 years the net production of 233U reaches 1:3 t; this is suf-
ficient to start up another SD-TMSR (see Table 5). Similarly, one
can see that the same amount of 233U (1:3 t) can be achieved after
�4:5 years if we apply the non-thorium feed mechanism on the
SD-TMSR that was initially loaded by reactor-grade Pu alternative
to 233U. For nonproliferation reasons, 233U could be diluted with
238U which makes it impossible to use for nuclear weapons.

In conclusion, the thorium fuel cycle transition can be achieved
by selecting the proper feed mechanism and initial fissile material.
Specifically, applying the non-thorium feed mechanism on the SD-
TMSR loaded by reactor-grade Pu allows the transition to the tho-
rium fuel cycle after �4:5 years. Additionally, applying the thorium
feed mechanism on the SD-TMSR loaded by 233U allows the transi-
tion to the thorium fuel cycle after �26 years of operation. The



Fig. 13. Net production of 233U with burnup (60 EFPY) for the 233U, reactor-grade Pu, and TRU cases.
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comparison between the two feed mechanisms with various initial
fuel types is listed in Table 7.

5.4. Neutron spectrum

Fig. 14 represents the neutron flux per unit lethargy for a full-
core SD-TMSR model in the energy range from 10�8 to 10 MeV
for the 233U, reactor-grade Pu, and TRU cases at BOL and EOL. In
the 233U case, at the EOL, the neutron spectrum is harder than at
BOL due to the accumulation of Pu and other strong thermal neu-
tron absorbers in the fuel salt. For the reactor-grade Pu and TRU
cases, during reactor operation, the fissile Pu is depleted and the
233U becomes the major fissile isotope (see Fig. 11); the neutron
spectrum softens and becomes similar to the initial thermal spec-
trum of a 233U fueled SD-TMSR. The neutron spectrum of TRU case
at BOL is softer than 233U case because 232Th inventory is much
lower for the TRU case: 54:4 t instead of 76:9 t for the 233U. 232Th
has a very high absorption cross section in the thermal region
(� 102b). Moreover, 232Th has resonance region between 10�5

and 10�3 which justify relatively low energy of neutrons for the
TRU case in this energy range (see Fig. 14).

5.5. Neutron flux

Figs. 15 and 16 show the radial distribution of fast (energy
range between 0.625 eV and 20 MeV) and thermal (energy range
between 10�5 eV and 0.625 eV) neutron flux for three different ini-
Table 7
Comparison between the two feed mechanisms for the five different types of initial fuel.

Feed mechanism HALEU (19.79%) Pu + HALEU

Thorium feed mechanism � �
Non-thorium feed mechanism � �

a Positive 233U net production and critical configuration for 60 years of operation.
b Zero 233U net production and critical configuration for 40 years of operation.
c Too large and increasing keff during lifetime.
tial fissile materials in the fuel salt (233U, reactor-grade Pu, TRU) at
startup and at equilibrium (after � 30 years of operation). Acti-
nides’ evolution and poisonous fission product accumulation for
various initial fissile compositions demonstrates the different
effects on the SD-TMSR neutronics performance. For the 233U case,
the thermal neutron flux is suppressed at equilibrium because fis-
sile 233U in the core is being substituted with heavier fissile acti-
nides: 235U, 239Pu, and 241Pu. This agrees with results in literature
(Rykhlevskii et al., 2019; Ashraf et al., 2020).

Opposite behavior is observed for the reactor-grade Pu and TRU
cases. For these cases, the thermal neutron flux increases during
operation while fast neutron flux decreases. Fissile Pu nuclides
(generate relatively hard spectrum) from initial fuel salt composi-
tion are gradually substituted with 233U (generates relatively soft
spectrum), produced from fertile 232Th. During reactor operation,
233U becomes the primary fissile isotope, which softening the neu-
tron spectrum of the reactor.

Notably, the neutron flux change for both the fast and thermal
energies is much larger for the reactor-grade Pu case than for TRU
case (Figs. 15 and 16). The reason is the much softer neutron spec-
trum for the TRU initial loading compared with the reactor-grade
Pu as shown in Fig. 14: peak thermal neutron flux is about 4 times
larger for the TRU case. The neutron spectrum in the SD-TMSR core
initially loaded by TRU is much softer than the reactor-grade Pu
case and even than the U-233 case because 232Th inventory is the
lowest for the TRU case: 54:4 t instead of 67:5 t and 76:9 t for
the reactor-grade Pu and U-233 cases, respectively (Table 5).
232Th greatly affects the neutron energy spectrum due to its large
(19.79wt.%) reactor-grade Pu TRU 233U

� � U

Ua
Ub �c



Fig. 14. The neutron flux energy spectrum at BOL (solid lines) and EOL (dashed lines) for 3 different initial fuel salt compositions (for all cases, the neutron flux confidence
intervals �r at BOL and EOL are < 1:0139% and < 0:6274%, respectively).

Fig. 15. Radial fast neutron flux distribution for 3 different initial fuel salt compositions at startup and equilibrium (the fast flux confidence interval �r < 2:5% for all cases).
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absorption cross section in the thermal energy range and reso-
nance region between 10�5 and 10�3. Finally, when the TRU and
the reactor-grade Pu cases reached equilibrium fuel salt composi-
tion (� 30 years after startup), the radial fast and thermal neutron
flux distribution became similar in both shape and magnitude.

More changes in thermal neutron flux shape and magnitude
during the reactor operation for the 233U case are observed in the
inner core zone (RK150) than in the outer core zone. In the outer
core zone, significant changes during reactor operation are
observed for the thermal neutron flux for the reactor-grade Pu
case. In contrast, for the TRU case, thermal neutron flux change
in the outer core zone is almost negligible. Additionally, Fig. 16
shows relatively significant changes in thermal flux leakage from
the core for the Pu (equilibrium composition) and TRU (initial
and equilibrium composition) cases. The SD-TMSR core design
was optimized for 233U (Li et al., 2018); thus, the core geometry



Fig. 16. Radial thermal neutron flux distribution for 3 different initial fuel salt compositions at startup and equilibrium (the thermal flux confidence interval �r < 1:6% for all
cases).
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(e.g., the channel lattice pitch) must be re-optimized for another
type of fuel to obtain better neutronics performance.

5.6. Temperature coefficient of reactivity

The temperature coefficient of reactivity quantifies reactivity
changes due to temperature increase in the core and is calculated
in this work as follows:

a ¼ keff ðTiþ1Þ � keff ðTiÞ
keff ðTiþ1Þkeff ðTiÞðTiþ1 � TiÞ ð2Þ

where

keff ¼ effective multiplication factor
Ti ¼ fuel salt temperature in ð900 K; 1000 KÞ:

Table 8 summarizes temperature coefficients calculated for
three different initial fissile loads at startup and at equilibrium.
By propagating the keff statistical error provided by SERPENT-2,
uncertainty for each temperature coefficient is calculated using
the following formula:

da ¼ j 1
Tiþ1 � Ti

j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dk2eff ðTiþ1Þ
k4eff ðTiþ1Þ

þ dk2eff ðTiÞ
k4eff ðTiÞ

vuut ð3Þ
Table 8
Temperature coefficients of reactivity for 3 different initial fuel salt compositions at star
0:16 pcm/K).

Reactivity coefficient (pcm/K)

233U

Initial Equil.

Fuel salt temperature (aD;F ) �4:96 �5:26
Fuel salt density (aq;F ) þ1:49 þ2:34
Total salt fuel (aF Þ �3:77 �2:83
Graphite temperature (aD;M) þ1:45 þ0:45
Total core (a) �1:77 �2:59
where

dkeff ¼ statistical error for keff from SERPENT� 2 output:

Other sources of uncertainty are neglected, such as cross section
measurement error and approximations inherent in the density
dependence on temperature.

When the fuel salt temperature increases, the density of the salt
decreases, but at the same time, the total volume of fuel salt in the
core remains constant because it is bounded by the vessel. When
the graphite temperature increases, the density of graphite
decreases, creating additional space for the salt. The cross section
temperatures for the fuel and moderator were changed from 900
to 1000 K to determine the temperature coefficients. This work
considered five different cases:

1. Fuel salt temperature (Doppler Effect) rising from 900 to
1000 K (first row in Table 8).
2. Fuel salt density decreasing from 3.3 to 3.233 g/cm3 (density
change caused by temperature increase from 900 to 1000 K).
3. Total fuel salt temperature (Doppler + density) rising from
900 to 1000 K.
4. Graphite temperature (Doppler Effect) rising from 900 to
1000 K.
5. Whole reactor temperature rising from 900 K to 1000 K.
tup and equilibrium. Confidence interval �r for all coefficients is between 0:11 and

Startup fissile material

Pu TRU

Initial Equil. Initial Equil.

�4:99 �3:12 �3:23 �1:97
þ1:54 �1:58 �0:37 �1:62
�3:22 �4:23 �3:25 �3:69
�2:68 �1:37 �1:44 �1:14
�6:54 �5:06 �4:79 �4:76
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In the first case, the fuel temperature change only impacts cross
section temperature. In the second case, changes in the fuel tem-
perature only impact density, and the third case takes into account
both effects. The geometry for these three cases is unchanged
because the fuel is a liquid. However, when the graphite blocks
heat up, both the density and the geometry change due to the ther-
mal expansion of solid graphite. The graphite linear thermal
expansion is not a dominating factor (Li et al., 2018), and herein
we focus only on the Doppler Effect for the moderator temperature
coefficient.

The Fuel Temperature Coefficient (FTC) is negative for all con-
sidered fuel compositions due to thermal Doppler broadening of
the resonance capture cross sections in the thorium. For the 233U
case, the FTC decreases in magnitude by 25% due to neutron spec-
trum hardening during the reactor operation. For reactor-grade Pu
and TRU cases, the FTC increases in magnitude at equilibrium, by
31% and 14%, respectively.

The FTC is a combination of the Doppler effect coefficient (aD;F)
and density coefficient (aq;F) and significantly affected by the neu-
tron spectrum. Li et al. reported that aD;F in thermal MSR is always
negative and increases by magnitude when spectrum hardening
(see Table 8, first raw). In contrast, aq;F is a combination of
moderator-to-fuel volume ratio, absorption cross section of heavy
metal, and the core leakage. When the fuel salt temperature
increases, the salt becomes less dense, causing a reduction in the
fuel concentration and the neutron spectrum become softer. Such
spectrum softening is leading to a rise in macroscopic absorption
cross section of the fissile isotopes. Moreover, the spectrum soften-
ing may leads to a larger fast fission reaction rate (Li et al., 2018).
Thus, spectrum softening positively affects the density coefficient
(aq;F): þ1:54 pcm=K and �1:58 pcm/K at the startup and equilib-
rium for the reactor-grade Pu case, respectively. More discussion
about effects of fuel salt composition in the FTC can be found else-
where (Li et al., 2018).

The Moderator Temperature Coefficient (MTC) for the 233U case
is positive and decreases during reactor operation because of spec-
trum hardening with fuel depletion. For other cases, the MTC is
negative and also decreases in magnitude during reactor operation.
Finally, the total temperature coefficient of reactivity is strongly
negative for all considered scenarios but decreases in magnitude
during reactor operation due to spectral shift. Notably, the total
temperature coefficient is the most negative for the reactor-grade
Pu case at startup, which has the hardest neutron spectrum
(Fig. 14). These coefficients agree with earlier estimates for the
SD-TMSR (Li et al., 2018; Ashraf et al., 2020) and MSBR
(Rykhlevskii et al., 2019; Rykhlevskii et al., 2017; Robertson, 1971).

Even after 30 years of operation, the total temperature coeffi-
cient of reactivity remains relatively large and negative (in the
range between �2:59 and �5:06 pcm/K) compared with the con-
ventional PWR, which has temperature coefficient of about
�1:71 pcm/�F� � 3.08 pcm/K (Forget et al., 2018), and allows
excellent reactor stability and control. The additional analysis must
be performed taking graphite moderator density change and linear
thermal expansion into account, but material properties for the SD-
TMSR graphite are not available in published literature. Relatively
well-studied reactor graphite (e.g., AXQ graphite (Robertson,
1971)) can be considered as a candidate for the SD-TMSR concept.
6. Conclusion

Five initial fissile loadings strategies have been studied for tran-
sitioning to the thorium fuel cycle in the SD-TMSR. We adopted
two different feed mechanisms: thorium and non-thorium. This
work determined that High Assay Low Enriched Uranium (HALEU),
even mixed with Pu, is infeasible. Full lifetime (60 year) depletion
for the whole-core SD-TMSR model was performed with reactor-
grade Pu, TRU, and 233U as initial fissile materials. Additionally,
the dynamics of the effective multiplication factor keff , major iso-
topes mass, neutron energy spectrum, and essential safety param-
eters have been investigated.

Results demonstrate that continuous flow of reactor-grade Pu
allows the transition to the thorium fuel cycle in a relatively short
time (�4:5 years) compared to 26 years for Th/233U startup fuel.
Meanwhile, using TRU as initial fissile materials shows the possi-
bility of operating the SD-TMSR for an extended time (�40 years)
without any external feed of 233U. Notably, the Pu mole concentra-
tion (%) in fuel salt was found to be below the solubility limit.

The neutron energy spectrum shift during the reactor operation
for the Pu and TRU cases is different from the 233U fueling scenario.
The spectrum hardens for the 233U initial fissile isotope during
operation, but thermalizes for the Pu and TRU cases. Notably, the
most significant neutron energy spectrum shift was obtained for
reactor-grade Pu startup loading.

We compared the operational and safety parameters of the
SD-TMSR for the three promising startup fuels at both initial
and equilibrium states. The total temperature coefficient of reac-
tivity is negative and relatively large in all cases. For the TRU case,
the coefficient remained almost constant during operation:
�4:79� 0:12 pcm/K and �4:76� 0:11 pcm/K for the initial and
equilibrium states, respectively. For reactor-grade Pu, the coeffi-
cient evolved from �6:54� 0:16 pcm/K to �4:79 � 0:12 during
60 years of operation.
7. Future work

The authors intend to verify obtained results using another tool:
batch-wise code SaltProc (Rykhlevskii et al., 2018; Rykhlevskii and
Huff, 2019). Additionally, the accident safety analysis using cou-
pled neutronics/thermal–hydraulics software, Moltres (Lindsay
et al., 2018) will be performed. The full-core SERPENT-2 model of
the SD-TMSR and equilibrium fuel salt compositions, obtained in
this work, will be employed to generate problem-oriented nuclear
data libraries for Moltres. The ultimate goal of this effort is to
develop a fast-running computational model for studying the
dynamic behavior of generic MSRs, performing safety analysis for
different accident scenarios, and optimizing the design of various
reactor concepts.
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Table 9
The refueling table for Th/233U case.

Material Feed rate

232Th 1.842 [kg/day], first 90 [d]
2.511 [kg/day], from 90 to 15
2.456 [kg/day], from 1550 to
2.321 [kg/day], from 3010 to
2.241 [kg/day], from 5930 to
2.186 [kg/day], from 7390 to
2.118 [kg/day], from 12500 to
2.136 [kg/day], from 15420 to
2.063 [kg/day], from 18340 to

233U 2.619 [kg/day], first 90 [d]
2.009 [kg/day], form 90 to 15
1.944 [kg/day], from 1550 to
1.826 [kg/day], from 3010 to
1.811 [kg/day], from 5930 to
1.744 [kg/day], from 7390 to
1.699 [kg/day], from 12500 to
1.657 [kg/day], from 18340 to

I Feed constant is the mass fraction of fertile or fissile nuclides (232T
second.

Table 10
The refueling table for reactor-grade Pu case.

Material Feed rate

Pu 3.028 [kg/day], first 365 [d]
3.099 [kg/day], from 365 to 7
3.276 [kg/day], from 730 to 1
3.188 [kg/day], from 1095 to
3.158 [kg/day], from 1460 to
3.034 [kg/day], from 1825 to
3.299 [kg/day], from 2190 to
2.581 [kg/day], from 2555 to
2.484 [kg/day], from 2920 to
2.444 [kg/day], from 3285 to
2 [kg/day], from 3650 to 4015
2.532 [kg/day], from 4015 to
2.568 [kg/day], from 5110 to
2.515 [kg/day], from 6205 to
2.483 [kg/day], from 6935 to
2.417 [kg/day], from 7300 to
2.134 [kg/day], from 7665 to
2.786 [kg/day], from 8030 to
2.679 [kg/day], from 8395 to
2.355 [kg/day], from 8760 to
2.727 [kg/day], from 9490 to
2.484 [kg/day], from 9855 to
2.502 [kg/day], from 10220 to
2.520 [kg/day], from 10585 to
2.538 [kg/day], from 10950 to
2.555 [kg/day], from 11315 to
2.573 [kg/day], from 13140 to
Foundation (awards OCI-0725070 and ACI-1238993) and the state
of Illinois. Blue Waters is a joint effort of the University of Illinois at
Urbana-Champaign and its National Center for Supercomputing
Applications.
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Appendix A. Feed rates for all cases

Tables 9–11.
Feed constantI ke ½s�1�
1.500E�09

50 [d] 2.045E�09
3010 [d] 2.000E�09
5930 [d] 1.890E�09
7390 [d] 1.825E�09
12500 [d] 1.780E�09
15420 [d] 1.725E�09
18340 [d] 1.740E�09
21900 [d] 1.680E�09

6.400E�09
50 [d] 4.910E�09
3010 [d] 4.750E�09
5930 [d] 4.460E�09
7390[d] 4.425E�09
12500 [d] 4.260E�09
18340 [d] 4.150E�09
21900 [d] 4.050E�09

h or 233U) transferred from the external storage to the core per

Feed constant ke ½s�1�
1.71E�08

30 [d] 1.75E�08
095 [d] 1.85E�08
1460 [d] 1.80E�08
1825 [d] 1.78E�08
2190 [d] 1.71E�08
2555 [d] 1.86E�08
2920 [d] 1.46E�08
3285 [d] 1.40E�08
3650 [d] 1.38E�08
[d] 1.13E�08

5110 [d] 1.43E�08
6205 [d] 1.45E�08
6935 [d] 1.42E�08
7300 [d] 1.40E�08
7665 [d] 1.37E�08
8030 [d] 1.21E�08
8395 [d] 1.57E�08
8760 [d] 1.51E�08
9490 [d] 1.33E�08
9855 [d] 1.54E�08
10220 [d] 1.40E�08
10585 [d] 1.41E�08
10950 [d] 1.42E�08
11315 [d] 1.43E�08
13140 [d] 1.44E�08
14600 [d] 1.45E�08



Table 10 (continued)

Material Feed rate Feed constant ke ½s�1�
2.520 [kg/day], from 14600 to 16425 [d] 1.42E�08
2.396 [kg/day], from 16425 to 17155 [d] 1.35E�08
2.414 [kg/day], from 17155 to 17885 [d] 1.36E�08
2.573 [kg/day], from 17885 to 19710 [d] 1.45E�08
2.697 [kg/day], from 19710 to 20075 [d] 1.52E�08
2.573 [kg/day], from 20075 to 21170 [d] 1.45E�08
2.39 [kg/day], from 21170 to 21900 [d] 1.35E�08

233U 0.531 [kg/day], first 1095 [d] 3.00E�09
0.690 [kg/day], form 1095 to 1460 [d] 3.90E�09
0.673 [kg/day], from 1460 to 2190 [d] 3.80E�09
0.708 [kg/day], from 2190 to 2555 [d] 4.00E�09
0.921 [kg/day], from 2555 to 2920 [d] 5.20E�09
1.053 [kg/day], from 2920 to 3650 [d] 5.95E�09
1.027 [kg/day], from 3650 to 4015 [d] 5.80E�09
1.080 [kg/day], from 4015 to 5110 [d] 6.10E�09
1.043 [kg/day], from 5110 to 7665 [d] 5.89E�09
0.867 [kg/day], from 7665 to 8760 [d] 4.90E�09
0.885 [kg/day], from 8760 to 9125 [d] 5.00E�09
0.867 [kg/day], from 9125 to 10220 [d] 4.90E�09
0.850 [kg/day], from 10220 to 10585 [d] 4.80E�09
0.832 [kg/day], from 10585 to 10950 [d] 4.70E�09
0.779 [kg/day], from 10950 to 12410 [d] 4.40E�09
0.708 [kg/day], from 12410 to 13870 [d] 4.00E�09
0.637 [kg/day], from 13870 to 17885 [d] 3.60E�09
0.549 [kg/day], from 17885 to 20440 [d] 3.10E�09
0.531 [kg/day], from 20440 to 21900 [d] 3.00E�09

Table 11
The refueling table for TRU case.

Material Feed rate Feed constant ke ½s�1�
TRU 2.125 [kg/day], first 1095 [d] 1.20E�08

2.302 [kg/day], from 1095 to 1825 [d] 1.30E�08
2.125 [kg/day], from 1825 to 2920 [d] 1.20E�08
1.948 [kg/day], from 2920 to 4015 [d] 1.10E�08
2.479 [kg/day], from 4015 to 4380 [d] 1.40E�08
1.948 [kg/day], from 4380 to 4745 [d] 1.10E�08
2.125 [kg/day], from 4745 to 5110 [d] 1.20E�08
1.948 [kg/day], from 5110 to 6935 [d] 1.10E�08
2.479 [kg/day], from 6935 to 7300 [d] 1.40E�08
1.771 [kg/day], from 7300 to 7665 [d] 1.00E�08
1.948 [kg/day], from 7665 to 8030 [d] 1.10E�08
1.594 [kg/day], from 8030 to 8395 [d] 0.90E�08
2.125 [kg/day], from 8395 to 8760 [d] 1.20E�08
1.771 [kg/day], from 8760 to 9125 [d] 1.00E�08
2.125 [kg/day], from 9125 to 9490 [d] 1.20E�08
2.479 [kg/day], from 9490 to 9855 [d] 1.4E�08
2.036 [kg/day], from 9855 to 10220 [d] 1.15E�08
1.594 [kg/day], from 10220 to 10585 [d] 0.90E�08
1.771 [kg/day], from 10585 to 11680 [d] 1.00E�08
1.859 [kg/day], from 11680 to 12045 [d] 1.05E�08
2.214 [kg/day], from 12045 to 12410 [d] 1.25E�08
1.771 [kg/day], from 12410 to 13140 [d] 1.00E�08
2.479 [kg/day], from 13140 to 13505 [d] 1.40E�08
1.771 [kg/day], from 13505 to 13870 [d] 1.00E�08
1.594 [kg/day], from 13870 to 14235 [d] 0.90E�08
1.771 [kg/day], from 14235 to 14600 [d] 1.00E�08
1.948 [kg/day], from 14600 to 14965 [d] 1.10E�08
1.771 [kg/day], from 14965 to 17155 [d] 1.00E�08
1.416 [kg/day], from 17155 to 17520 [d] 0.80E�08
2.302 [kg/day], from 17520 to 17885 [d] 1.30E�08
1.594 [kg/day], from 17885 to 18250 [d] 0.90E�08
1.771 [kg/day], from 18250 to 20440 [d] 1.00E�08
1.594 [kg/day], from 20440 to 21170 [d] 0.90E�08
1.771 [kg/day], from 21170 to 21900 [d] 1.00E�08

233U 1.066 [kg/day], first 365 [d] 6.02E�09
1.177 [kg/day], form 365 to 1095 [d] 6.65E�09
1.160 [kg/day], from 1095 to 1460 [d] 6.55E�09
1.142 [kg/day], from 1460 to 2190 [d] 6.45E�09
1.124 [kg/day], from 2190 to 2920 [d] 6.35E�09

(continued on next page)
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Table 11 (continued)

Material Feed rate Feed constant ke ½s�1�
1.107 [kg/day], from 2920 to 4015 [d] 6.25E�09
1.089 [kg/day], from 4015 to 4745 [d] 6.15E�09
1.071 [kg/day], from 4745 to 5475 [d] 6.05E�09
1.053 [kg/day], from 5475 to 6570 [d] 5.95E�09
1.036 [kg/day], from 6570 to 7300 [d] 5.85E�09
1.018 [kg/day], from 7300 to 8030 [d] 5.75E�09
1 [kg/day], from 8030 to 9125 [d] 5.65E�09
0.983 [kg/day], from 9125 to 9855 [d] 5.55E�09
0.965 [kg/day], from 9855 to 10950 [d] 5.45E�09
0.947 [kg/day], from 10950 to 12045 [d] 5.35E�09
0.929 [kg/day], from 12045 to 12775 [d] 5.25E�09
0.912 [kg/day], from 12775 to 13505 [d] 5.15E�09
0.894 [kg/day], from 13505 to 14600 [d] 5.05E�09
0.876 [kg/day], from 14600 to 15330 [d] 4.95E�09
0.859 [kg/day], from 15330 to 16425 [d] 4.85E�09
0.841 [kg/day], from 16425 to 17155 [d] 4.75E�09
0.823 [kg/day], from 17155 to 18250 [d] 4.65E�09
0.805 [kg/day], from 18250 to 19345 [d] 4.65E�09
0.788 [kg/day], from 19345 to 20440 [d] 4.45E�09
0.770 [kg/day], from 20440 to 21535 [d] 4.35E�09
0.752 [kg/day], from 20440 to 21900 [d] 4.25E�09
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