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Abstract — The molten chloride salt fast reactor (MCFR) with Th-U fuel cycle is attracting more and more 
attention because of its excellent performance, such as high solubility of actinides, superior breeding capacity, 
low waste production, and high inherent safety. First of all, the breeding capability of an MCFR at equilibrium 
state was optimized by an in-house automated optimization program. Based on an optimized MCFR, an 
investigation of Th-U cycle performance was performed. Due to the lack of available 233U in nature, 
transuranium (TRU), low-enriched uranium (LEU), and Pu were employed as the startup fissile materials, 
and two different transition scenarios, a breeding and burning (B&B) scenario and a pre-breeding and burning 
(PBB) scenario were studied. The results show that the breeding performance in an MCFR is attractive and 
that the Th-U fuel transition can be achieved smoothly by using LEU, Pu, or TRU as startup fissile materials. In 
the B&B scenario, the average net 233U production rate in the LEU-started, TRU-started, and Pu-started 
modes during 200-year operation is 374, 321, and 323 kg/a, respectively, at the reprocessing rate of 200 L/day. 
While in the PB&B scenario the average annual 233U production is about 570 kg for all startup cases at 
a reprocessing rate of 40 L/day, and the corresponding doubling time is about 9.6 years. Besides, the values of 
the fuel Doppler coefficient and density coefficient are negative, and the total temperature coefficient of 
reactivity in all scenarios is below −8 pcm/K. In addition, the value of radiotoxicity of the Th-U cycle in an 
MCFR is lower than that in other molten salt reactors like the molten-salt breeder reactor and the molten 
fluoride salt reactor due to the lower buildup of fission products and TRU under its hard spectrum.

Keywords — Th-U cycle, molten chloride salt fast reactor, fast reactor, breeding and burning, pre- 
breeding and burning.  

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

The molten salt reactor (MSR) was selected as one of 
six candidate reactors by the Generation-IV International 

Forum thanks to its outstanding features on inherent 
safety, neutron economics, reliability, and proliferation 
resistance, etc.1 It is the only liquid fuel reactor in 
which the fuel salt in the primary loop serves as both 
fuel and coolant, which means that fuel fabrication is not 
needed and online fuel reprocessing can be implemented 
without shutdown of the reactor.2

The MSR can use fluoride salt or chloride salt as the 
fuel carrier, corresponding to two reactor types, i.e., mol-
ten fluoride salt reactor (MFSR) and molten chloride salt 
fast reactor (MCFR). Due to the high corrosiveness of 
chloride salt and the successful operating experience of 
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the MFSR, most pioneering studies were focused on the 
MFSR (Ref. 3 through 6). However, considering the 
several advantages of chloride salt, it is worth assessing 
the concept of the MCFR (Ref. 7). First, the energy 
spectrum is much harder in an MCFR than in a MFSR 
due to the larger atomic mass of Cl, which leads to 
a smaller neutron slowing-down ratio and brings great 
advantages to the breeding performance of fissionable 
nuclides. In addition, the extraction period of fission 
products (FPs) can be prolonged owing to their much 
smaller neutron absorption cross sections in an MCFR. 
More importantly, chloride salt has a high solubility of 
actinides, hence a great deal of heavy nuclides can be 
loaded in the core, which further contributes to the breed-
ing performance and transmutation capacity of an MCFR.

Research on the chloride salt reactor began in the 1950s 
by Oak Ridge National Laboratory (ORNL), and a MCFR 
concept was proposed that uses NaCl + MgCl2 + PuCl3  
+ UCl3 as fissile fuel salt and UO2 + Na as solid blanket.7 

The breeding ratio (BR) can achieve 1.09, which mainly 
demonstrates the feasibility of fuel breeding in a chlorine 
salt fast reactor. In the 1960s, the British Atomic Energy 
Authority also carried out research on an MCFR (Ref. 8) in 
which NaCl + 238UCl3 + PuCl3 was used as the driving fuel 
salt and NaCl + 238UCl3 as the breeding fuel salt. With this 
fuel configuration, the BR can achieve as high as 1.53, which 
demonstrates a much better fuel breeding capacity than the 
version designed by ORNL. Currently, there is increasing 
interest in research on the MCFR around the world. France 
and Germany have proposed two MCFR concepts, the 
REBUS (Ref. 9) and the Dual Fluid Reactor10 (DFR), respec-
tively. REBUS operates at the nominal power of 3700 
MW(thermal) in a closed U-Pu cycle and is supposed to be 
the main component of its future reactor fleet. It shows a rare 
combination of the following attractive characteristics: 
a positive breeding gain and a strong negative temperature 
coefficient of reactivity (TCR). These two features are asso-
ciated with a simple reactor design and fuel cycle scheme that 
allows it to meet requirements the address future nuclear 
systems in full measure. The dual fluid reactor (DFR) com-
bines the advantages of the molten salt reactor experiment 
(MSRE), the LRF, and the very high temperature reactor 
(VHTR) by using two separate fluids. The molten salt of 
the DFR is cooled with a separate liquid lead loop, which 
allows for higher power densities and better breeding perfor-
mance. In addition, Moltex Energy in Great Britain11 has 
proposed the concept of a stable salt fast reactor that is a pool- 
type fast reactor in which the fuel tube is loaded with chloride 
fuel. The stable salt fast reactor has an enormous economic 
advantage over other fast reactor designs due to its far super-
ior intrinsic safety. It can be both highly profitable at 

electricity prices lower than those achievable by fossil fuels 
and clean up the long-lived radioactive waste from current 
and future generations of light-water reactors (LWRS) simul-
taneously. However, because most of the above research has 
been about the U-Pu fuel breeding performance of the 
MCFR, there has been a lack of attention to the Th-U fuel 
cycle in the MCFR. Compared with the U-Pu cycle, the Th-U 
cycle can offer some special advantages. The lower mass 
number of Th fosters a lower endogenous generation of 
transuranium (TRU), with the lower TRU buildup in 
a closed fuel cycle yielding a fuel inventory with lower 
radiotoxicity and heat load, which benefits public acceptance 
and repository thermal performance. Besides, Th is more 
abundant than U in nature, and furthermore, Th use is 
known to foster improved safety parameters.4 Thus, it is of 
great significance to study the Th-U cycle performance in the 
MCFR.

In 2011, the Strategic Project “Future Advanced 
Nuclear Energy–Thorium-based Molten Salt Reactor 
System (TMSR)” was launched by the Chinese Academy 
of Sciences with the aim to solve the key technical issues 
of the TMSR and realize the efficient utilization of 
thorium.12 Studies have been carried out to assess 
approaches to thorium fuel utilization for various MSRs, 
including fuel breeding in a FLiNaK MSFR Ref. 13), an 
improved molten salt fast reactor,14 a single-fluid double- 
zone thorium molten salt reactor,15 and small modular 
molten salt reactor.16 However, there are relatively few 
studies on the Th-U cycle characteristics of the MCFR. 
The aim of our work is to investigate the Th-U cycle 
performance in an optimized MCFR to identify the chal-
lenges and limitations for deployment of this reactor.

In order to improve the breeding performance of the 
MCFR (Refs. 17, 18, and 19), we first optimized the 
breeding performance of the MCFR in equilibrium state 
(EQL) by employing a hybrid adaptive intelligent algo-
rithm that combines the genetic algorithm and simulated 
annealing algorithm.20 Then, based on the optimized 
MCFR, low-enriched uranium (LEU), Pu, and TRU 
were used as startup fuels for thorium fuel cycle transi-
tion in the breeding and burning (B&B) and pre-breeding 
and burning (PB&B) scenarios that were investigated.21 

The characteristics of transition and EQL of these scenar-
ios in terms of the evolution of heavy nuclei, overall 
breeding capabilities, deterministic safety parameters, 
waste production, and radiotoxicity level were analyzed.

The description of the reprocessing schemes and cal-
culation tool are introduced in Sec. II. The optimization of 
the MCFR is discussed in detail in Sec. III. Moreover, Sec. 
IV analyzes the Th-U cycle performance in the B&B and 
PB&B scenarios. Conclusions are given in Sec. V.
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II. GENERAL DESCRIPTION OF MCFR AND ANALYSIS 
METHODOLOGY

II.A. Reprocessing Schemes

The reprocessing diagram shown in Fig. 1 refers to the 
MSFR (Refs. 22 and 23). There are two key processes for 
the extracting system. The first is the He gaseous bubbling 
system, which extracts the noble gaseous and metallic FPs 
(H, He, N, O, Ne, Ar, Kr, Xe, Rn, Zr, Ga, Ge, As, Nb, Mo, 
Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, and Sb) continuously 
online. The second is the online chemical reprocessing 
system that removes soluble FPs using fluorination and 
reductive extraction techniques. Fluorination is used to 
remove the elements in gaseous forms in which U, Np, 
and Pu are extracted first and returned to the core. The 
reductive extraction step aims to separate most actinides. 
including Th, Pa, and minor actinides (MA), from the fuel 
salt and store them in stockpile for several months to let 
233Pa decay into 233U. Finally, the carrier salt is recovered 
by reduced pressure distillation for further utilization.6

II.B. Calculation Tool

In this study, the in-house program TMCBurnup, 
which couples TRITON in the SCALE6.1 program and 
a depletion program MODEC, was used for burnup cal-
culation. SCALE6.1 is a comprehensive code package 
developed by ORNL that can be used for the analysis of 
criticality safety, radiation shielding, radioactive source 
term, sensitivity, uncertainty, and so on.24 In this work, 

TRITON serves as the problem-dependent cross-section 
processing and multigroup neutron transport calculation.

Due to online reprocessing and refueling of the MSR, 
the depletion equation can be described by improving the 
conventional depletion equation:

dNiðtÞ
dt ¼

P
j λj;iNjðtÞ � λiNiðtÞ þ Ci

λj;i ¼ fj!iσjϕðtÞ þ γj!iλj; λi ¼ σiϕðtÞ þ λc
i

(

ð1Þ

where 

Ni(t), Nj(t) = number density of nuclide i and j, 
respectively

γj→i = branching ratio of decay from nuclide 
j into i

fj→i = probability of nuclide j to i by a neutron 
absorption reaction

λi, λj = decay constant of nuclide i and j

λi
c = fictive decay constant of nuclide i due to 

chemical reprocessing

σi, σj = absorption cross sections of nuclide i and j

Ci = feed rate of nuclide i.

In order to solve this nonhomogeneous equation, an in- 
house MOlten salt reactor specific DEpletion Code 
(MODEC) was developed in our previous work. MODEC 
has a strong capability for accurately tracking the evolution 
of isotopes within and outside of the core to ensure the 
accuracy of calculation.25 Besides, to solve the depletion 
equation two depletion algorithms are embedded: the trans-
mutation trajectory analysis and the Chebyshev rational 
approximation method. In addition, the fictive decay con-
stant method is applied to simulate the online reprocessing. 
Compared with ORIGEN-S, the validity of the performance 
of MODEC in burnup calculations with online reprocessing 
and continuously refueling is proved.25

The flowchart of TMCBurnup is shown in Fig. 2. First, 
the parameters of the molten salts and the core geometry are 
input for initialization. Second, the neutron transportation 
and depletion with online reprocessing and continuous 
refueling are calculated by the TRITON and MODEC mod-
ules, respectively. Third, the 233U and Th are injected into 
the molten salt to keep the total inventory of heavy nuclides 
constant while their molar ratio is adjusted automatically as 
required to maintain the criticality of the core.

In this work, the effective multiplication factor keff is 
set at 1.000 to 1.005 during the entire lifespan. Besides, 
continuous boundary conditions are adopted between the 
material of the fuel salt, the alloy, the fertile salt, graphite, 
and B4C.

MCFR

Fluori-
dation

Reductive
extraction

Reductive
extraction

233Pa
decay

U
Np

Pa+ 233U

Pu,Am,Cm

Th

FPs

100% of lanthanides traces of actinides

Bred 233U

Pu,Am,Cm
Pa

He bubbling Gaseous FPs 
noble metals

232Th

Fig. 1. Reprocessing diagram of an MCFR. 
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In order to prove the accuracy of TMCBurnup in the 
fast reactor calculation, the nuclide evolution of the 
MSFR was calculated with different startup materials 
and compared with Ref. 3. The results are shown in 
Fig. 3. It can be found that the heavy nuclide evolution 
of TMCBurnup is in good agreement with the reference, 
which proves the reliability of TMCBurnup in the MSFR 
calculation. Thus, it is applied for analyzing the Th-U 
cycle performance of the MCFR.

III. OPTIMIZATION OF THE MCFR

The basic MCFR design in this study, which refers to 
REBUS-3700, is shown in Fig. 4 (Ref. 9). There are two 
molten salt zones in the MCFR, i.e., the active zone and the 

fertile zone. The active core is a compact cylinder (height/ 
diameter ratio = 1.0) where the fuel salt flows from the 
bottom to the top. The fertile zone, which surrounds the 
active core in both the radial and axial directions (blue area 
in Fig. 4), is separated from the fuel zone by a Ti-based 
alloy. Surrounding the fertile salt is the graphite reflector 
(yellow area in Fig. 4) that is applied for fertile fuel 
saving.26 Outside the graphite reflector, B4C (green area in 
Fig. 4) is used for the absorption of the neutrons leaking 
from the reactor. The composition of the adopted fuel salt 
and fertile salt is 55 mol % NaCl-45 mol % (HN)Cl4 with 
a density of 3.6 g/cm3 (Ref. 27).

Before researching the Th-U cycle performance in the 
MCFR, the breeding capability of the MCFR at EQL was 
optimized by a MATLAB script; the flowchart of the script is 
shown in Fig. 5. The SCALE program is coupled to perform 
critical calculation. Based on the calculation results the pro-
portion of feeding nuclides will be adjusted automatically to 
maintain core criticality during operation. The Molten salt 
reactor Equilibrium-State Analysis code (MESA) is an in- 
house program that was used to quickly obtain the EQL of the 
MSR (Ref. 28). Besides, in the optimization module, a novel 
hybrid adaptive intelligent algorithm was developed in-house 
and applied to improve the optimization capability.20 The 
algorithm couples the global search ability of the genetic 
algorithm and the ability to jump out of a local optimal 
solution of simulated annealing. Moreover, the adaptive 
genetic operators, which can change automatically during 
the optimization, were embedded to improve the quality of 
the algorithm. The flowchart of the algorithm is shown in 
Fig. 5, which has been proven to have good performance in 
handling multiobjective optimization.20

In the optimization, nine independent variables (includ-
ing the core volume, the thickness of blanket, etc.) that had 
been tested for an obvious impact on the breeding capability 

Fig. 2. Flowchart of TMCBurnup. 
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of the MCFR were optimized simultaneously to achieve the 
best breeding performance at EQL. The value of some impor-
tant parameters, including the nine optimized variables of the 
MCFR are listed in Table I.

IV. THORIUM-URANIUM BREEDING PERFORMANCES OF 
THE OPTIMIZED MCFR

The primary objective of this research is to evaluate 
the Th-U cycle performance of an optimized MCFR in 
two different transition modes. However, thanks to the 

fact that there is no available 233U in nature, it is neces-
sary to investigate the Th-U fuel breeding capability with 
Pu, TRU, or LEU as starting fuels. In this paper, we 
analyze three starting fuels depicted as follows:

1. 19.75% LEU as starting fuel

2. TRU produced in LWRs as initial fissile material

3. plutonium fuel produced in LWRs as startup fuel 
to start the MCFR.

For the LEU-started mode, the enrichment of 235U is set 
to 19.75% to prevent nuclear proliferation. The Pu-started 

Fig. 4. Cross and vertical sections of an MCFR. 

Fig. 5. Flowchart of the optimization of an MCFR and Hybrid Adaptive Genetic Algorithm and Simulation Annealing (HAGASA). 
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mode appears more practical today since it would employ 
the current PUREX reprocessing technique and facilities to 
recover Pu from LWRs (Ref. 29). Moreover, the entire TRU 
vector from LWRs could also be the startup fuel. In this 
case, five-year-cooled TRUs from LWR used fuel are 
applied.30 The initial nuclei inventories of the MCFR with 
these starting fuels are detailed in Table II. (In these initial 
nuclei inventories, the MCFR can be critical.) For compar-
ison, the 233U-started case is also listed in Table II. The 
required initial fissile fuel inventory in the LEU-started case 

is maximum due to the inferior fission property of 
235U under the fast spectrum.

IV.A. Thorium Fuel Cycle Transition for the B&B 
Scenario

In the B&B scenario, 233U produced from the decay of 
the extracted 233Pa needs to be fueled back to the reactor to 
maintain criticality. In this subsection, we analyze the char-
acteristics of the Th-U cycle of the MCFR in the B&B 

TABLE I 

Main Parameters of the MCFR 

Parametera Value

Volume of core (m3) 25.00
Thickness of blanket (radial) (cm) 80
Thickness of blanket (axial) (cm) 60
Thickness of graphite (radial) (cm) 60
Thickness of graphite (axial) (cm) 45
Extraction rate of 233Pa (core) (L/day) 120
Extraction rate of 233Pa (blanket) (L/day) 200
Removal rate of FPs (core) (L/day) 90
Removal rate of FPs (blanket) (L/day) 40
Thermal expansion (K−1) −3.00E−4
Enrichment of 37Cl (%) 97
Temperature of fuel salt (K) 923
Temperature of fertile salt (K) 873
Density of molten salt (g·cm3) 3.6
Density of alloy (g·cm3) 8.86
Density of B4C (g·cm3) 2.52

aThe first nine parameters are the optimized variables the MCFR. 

TABLE II 

Initial Nuclei Inventories of an MCFR with Different Starting Fuel* 

Nuclide Pu Started TRU Started LEU Started 233U Started

232Th 1.78E+05 1.75E+05 5.09E+04 1.92E+05
233U 2.36E+04
235U 3.27E+04
238U 1.30E+05
237Np 2.46E+03
238Pu 7.42E+02 8.07E+02
239Pu 2.15E+04 1.80E+04
240Pu 1.04E+04 8.44E+03
241Pu 1.48E+03 4.20E+03
242Pu 2.97E+03 2.63E+03

241Am 1.34E+03
243Am 7.47E+02
244Cm 3.14E+02
245Cm 3.93E+01

*Unit = mole. 
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scenario in terms of deterministic safety parameters, breed-
ing capability, neutron spectra, and radiotoxicity evolution. 
A 238-group ENDF-B/VII.0 cross-section library was used 
in the calculation. In addition, there were 10 000 neutrons 
per keff cycle. We skipped the first 15 keff cycles to allow the 
spatial fission source to attain equilibrium before the keff 
values were used to average the final keff estimate. A total of 
285 keff cycles were run in a criticality calculation with an 
average error of about 25 pcm.

IV.A.1. Comparison of Neutron Spectra

Neutron spectra that could help fundamentally indi-
cate subsequent interpretations of results based on the 
actinide buildup and the total TCR are researched here. 
The neutron spectra of the MCFR at initial and EQL are 
shown in Fig. 6. Figure 6 shows that there is almost no 
difference in neutron spectra with the three different 
startup fuels at the initial state. In order to present 
a quantitative description for the neutron spectra, the 
energy of the average lethargy-causing fission (EALF) 
is introduced,31 which can be expressed as

EALF ¼ exp

ð

ðln EÞϕðEÞ
P

f ðEÞdE
ð

ϕðEÞ
P

f ðEÞdE

8
>><

>>:

9
>>=

>>;

; ð2Þ

where ϕ(E) and Σf(E) represent the energy-dependent 
neutron-flux and macroscopic fission cross section, 
respectively. The higher the value of EALF, the harder 
the neutron spectrum. The evolution of EALF is shown in 
Fig. 6. It can be found that the EALF of the LEU-started 
mode increases quickly in the first few years due to the 

decrease of 238U, and that it has a broader resonance peak 
and a larger resonance capture cross section than 232Th, 
resulting in a more obvious resonance in the neutron 
spectra. Then, it gradually drops to an EQL thanks to 
the buildup of FPs, which leads to the moderation of 
neutrons in the fast neutron spectra. In addition, the 
EALF of the TRU-started and Pu-started modes can 
transition to EQL more quickly and smoothly thanks to 
the rapid fuel transition.

IV.A.2. Evolution of Heavy Nuclides

The evolution of heavy nuclides, which are presented 
in Figs. 7a and 7b, provides an important basis for the 
analysis of core critical performance and nuclear waste 
production. Due to the fact that the Pu-started and TRU- 
started modes have a similar nuclide evolution trend, only 
the heavy nuclide evolution of the LEU-started and Pu- 
started modes are displayed. In general, compared to the 
MSFR some heavy nuclides in the MCFR, especially 
MAs, need to take a much longer time to achieve equili-
brium due to their lower specific power. Besides, the 
isotopes of Th, Np, Pa, and U reach the EQL more 
quickly than the other heavy nuclides. In addition, the 
time for the in-core MAs, like Cm inventory, to reach 
a maximum in the Pu-started mode is shorter than in the 
LEU-started mode, which is clearly related to the fact that 
more neutron captures are necessary to generate MA 
isotopes in the LEU-started mode than in the Pu-started 
mode. Moreover, in the LEU-started mode it is time 
consuming to burn off all 238U, which on the one hand 
reduces 233U production thanks to the loss of neutrons 
capture by 238U, but on the other hand delays the time for 
the nuclide to reach equilibrium. Furthermore, it should 

Fig. 6. Neutron spectra and the evolution of EALF of all startup cases. 
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also be pointed out that during the whole operation, the 
content of 232U of the Pu-started mode is always higher 
than that of the LEU-started mode. This is because the 
generation of 232U mainly relies on the (n, 2n) reaction of 
233U (Ref. 31). Its reaction cross section increases with 
the hardening of the neutron spectrum, while the neutron 
spectrum of the Pu-started MCFR is harder than the LEU- 
started mode (as shown in Sec. IV.A.1). The 232U decay 
chain has extremely strong radioactivity, especially from 
228Th to 208Tl, and the intensity of the emitted gamma 
rays is up to2.615 MeV, which greatly increases the 
nuclear proliferation-resistance capability in the Pu- 
started mode.

The U isotopes of the blanket are shown in Fig. 8, 
which indicates that the purity of 233U is pretty high, with 
the content almost 95.28% thanks to the low content of 
234U (1%), and more importantly, 232U (6 ppm). Thus 
nuclear proliferation-resistance issues arise because it is 

easy to retrieve 233U from the blanket though 
a fluorination process.

IV.A.3. Uranium-233 Breeding Capability with Different 
Starting Fuels

In this subsection, breeding performance with differ-
ent starting fuels is explored from the aspects of BR, net 
production of 233U, and doubling time (DT), which are 
three important parameters for evaluating the breeding 
performance of an MSR. The BR represents the ratio of 
the capture rates of all fertile isotopes to the absorption 
rate of all fissile isotopes, which is defined in Eq. (3):

BR ¼
Rcð234U þ 232Thþ 240Puþ 238UÞ � Rað233PaÞ

Rað233U þ 235U þ 241Puþ 239PuÞ
ð3Þ
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Fig. 7. (a) Evolution of heavy nuclides and (b) uranium isotopes. 
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The evolution of the BR and keff during the whole opera-
tion time is shown in Fig. 9. It can be found that the keff is 
between 1.000 and 1.005 during the whole operation, 
while the BR increases gradually in the LEU-started 
mode in the first few decades and then reaches an equili-
brium state. However, in the Pu-started and TRU-started 
modes, the BR decreases gradually at the beginning. This 
is because 233U plays a gradually dominating role in 
maintaining criticality with the burnup. Its effective fis-
sion neutron number under the fast spectrum is larger 
than 235U and smaller than 239Pu. Moreover, due to the 
fact that 233U and 232Th are refueled online, the nuclide 
composition tends to be similar in those three modes, 
which results in the final BRs of these three startup 
modes tending to be the same.

In the MSR, the net 233U production is the difference 
in mass between the extracted 233Pa and the refueled 
233U. When the net production of 233U equals the initial 

inventory of 233U, it is sufficient to start a new MCFR, 
and the corresponding time is called DT. For a MCFR, 
the initial loading mass of 233U is 5.5 tons.

The evolution of net 233U production is shown in 
Fig. 10. The evolution of net 233U production can be 
divided into two stages: in the first 8 years, the rate of 
net 233U production in the Pu-started and TRU-started 
modes is faster, which is mainly due to the higher 
238U content in the LEU-started mode, which reduces 
233U production thanks to the loss of neutrons captured 
by 238U. While in the last 192 years, the rate of net 
233U production in the LEU-started mode is faster, and 
the rate of net 233U production between the three modes 
is gradually narrowed with burnup.

To explain this phenomenon, the concept of 
a regeneration ratio (RR) is defined in Eq. (4), which 
directly reflects the relationship between the production 
and disappearance rate of 233U (Ref. 32):

RR ¼
Rcð

232ThÞ � Rað
232PaÞ

Rað233UÞ
ð4Þ

The evolution of RR is also shown in Fig. 10, and the 
corresponding fission rate fraction of fissile nuclides is 
shown in Fig. 11. It can be found that in the second stage, 
the fission rate fraction of 239Pu generated by the (n,γ) 
reaction of 238U in the LEU-started mode is largest. It 
reduces the consumption of 233U, which leads to the 
fastest 233U production. With the burnup, the nuclide 
composition and RR in different modes tend to be con-
sistent, thus the net 233U production rate gradually tends 
to be the same.

The average net 233U production rate in the LEU- 
started, TRU-started, and Pu-started modes during the Fig. 9. Evolution of BR and keff. 

Fig. 10. Evolution of RR and 233U production. 
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200-year operation is 374, 321, and 323 kg/a, respec-
tively, and the corresponding DTs are 17.0, 16.5, and 
16.5 years, respectively. While the average net 
233U production rate at EQL is 274 kg/a for all startup 
cases, the corresponding DTs are almost equal to 
20.1 years at EQL. Besides, the 233U produced in the 
core is less than the feed during operation at the early 
stage, and the maximum deficit of 233U corresponding to 
the LEU, Pu, and TRU startup modes is 102, 87, and 
83 kg, respectively.

IV.A.4. Safety Parameter Analysis

In this subsection, two important parameters, TCR and 
βeff are investigated from the beginning of life to equili-
brium. In the MSR, TCR must be negative during the whole 
operating time to ensure the reactor is intrinsically safe, 
while the βeff plays an important role in both kinetics reac-
tivity controlling safety and static reactor physics experi-
ments. Safety parameter analysis can provide insight into 
the MCFR safety performance and the relative potential of 
the various modes.

Thanks to the fact that there is no moderator in an 
MCFR, the reactivity feedback coefficient is only 
affected by the expansion of the salt and the core struc-
tures. For an MCFR, the feedback coefficient of the core 
structure is clearly positive, however, the expansion coef-
ficient of the structures is much lower than the thermal 
expansion coefficient of the salt.26 Moreover, during 
a transient, the fuel salt undergoes obvious and quick 
temperature variations, while a much smaller and slower 
temperature change happens to the core structure, and 

thus, this effect can be ignored. So, the TCR in an 
MCFR can be defined as

dK
dT
Þtotal ¼

dK
dT
Þ fuel Dopplerþ

dK
dT
Þ fuel density ð5Þ

where K and T represents the keff and the temperature, respec-
tively. The evolution of the TCR for the three different startup 
modes is shown in Fig. 12, where it can be found that the 
constant value of the TCR of the TRU-started mode is 
smallest at initial state, and the TCRs of the three modes 
are nearly the same at EQL. In an MSR, the Doppler effect is 
predominant and is driven by resonance capture in the fertile 
isotope. The ensuing spectrum shift that increases the fertile 
captures affects the fission and captures in other isotopes. As 
the dominant fissile isotope of the TRU-started and Pu- 
started cases, 239Pu has a flatter fission cross section than 
233U and 235U in the energy domain of interest for the MCFR. 
Thus, spectral hardening has a less negative impact on 239Pu 
fission rather than on 233U and 235U. Plutonium-239 and 
uranium-235 also have a steeper capture cross section as 
compared to 233U, suggesting a higher decrement of captures 
following spectral hardening, thus positively affecting the 
TCR. The fuel expansion coefficient is mainly driven by 
leakages, which depend only mildly on fuel composition. 
Thus, a high 233U content is beneficial for the TCR. 
Moreover, FP cross sections generally decrease with neutron 
energy, hence higher FP content suggests a higher decrement 
in FP captures with spectrum hardening, which leads to 
increased reactivity, positively affecting the TCR. Thus, the 
TCR of the TRU-started mode is smallest at initial time and 
gradually improves due to the fact that the initial starter 239Pu 
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Fig. 11. Evolution of fission fraction. 
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is gradually replaced by 233U with operation. Moreover, 
though 233U also plays a gradually enhanced role in main-
taining criticality with the operation in the Pu-started and 
LEU-started modes, their TCRs fluctuate very slightly due 
to the buildup of FPs.

Moreover, βeff is extremely important for reactor 
operation control, which is primarily determined by the 
fission rate fraction (see Fig. 11) and the delayed neutron 
fractions of the single fissionable isotopes (see Table III). 
It can be expressed as

βeff ¼

P

i
vdðiÞ:Rf ðiÞ

P

i
vdðiÞ þ vpðiÞ
� �

:Rf ðiÞ
ð6Þ

where vd(i) and vp(i) stand for the average delayed neutrons 
and the prompt neutrons per fission for nuclide i, respectively, 
and Rf(i) indicates the fission rate of nuclide i. Due to the high 
content and a non-negligible fission cross section of 234U in 
the MCFR energy spectrum, the fission contribution of 
234U was also taken into account. The evolution of the total 
βeff of the different startup modes is displayed in Fig. 12. In 
the LEU-started mode, the total βeff dropped rapidly in the 
first few decades, then it increased slightly and gradually 
transitioned to an EQL. A rapid decline in βeff is primarily 
due to a decrease in the fission rate fraction of the dominant 
fissile isotope 235U, while that of other fissile isotopes, espe-
cially 233U, increased (Fig. 11). After the first 20 years, with 
the depletion of 239Pu and the increase of the fission fraction 
of 234U, the total βeff gradually increased and then tended to 
be constant. In addition, due to the relatively high delayed 
neutron fraction, higher 241Pu content is beneficial for βeff, 
which explains the improved βeff value of the TRU-started 

mode compared to the Pu-started mode. With the initial 
starter 239Pu gradually replaced by 233U (see Fig. 11), the 
βeff gradually increases and then tends to be a constant value 
of about 291 pcm, which is almost the same as the single 
delayed neutron fraction of 233U (see Table III). In general, 
during the whole operation, the value of βeff for the LEU- 
started, TRU-started, and Pu-started modes changes to 377, 
53, and 70 pcm, respectively. Thanks to the dramatic decrease 
of the βeff corresponding to the LEU-started mode, it may 
lead to some difficulties in the reactivity control of the 
MCFR.

IV.A.5. Radiotoxicity and Decay Heat

Radiotoxicity analysis is an important aspect of reac-
tor safety analysis. In this section, the radiotoxicity of the 
nuclear waste was analyzed to provide relevant para-
meters for the intermediate storage and final repository 
of nuclear waste. Due to the fact that an MCFR works in 
a closed cycle, all the actinides are disposed of only at 
reactor decommission. Thus, the radiotoxicity and decay 
heat generated mostly derive from FPs during online 
reprocessing. Besides, a loss rate of 10−5 for TRU and 
10−7 for uranium isotopes is assumed in our work.33 

These isotopes are also the source of radiotoxicity and 
decay heat. Figure 13 shows the evolution of radiotoxi-
city and decay heat of FPs and other loss materials. The 
horizontal reference line represents the balanced radio-
toxicity of natural uranium ore.34 As can be seen from 
Fig. 13, FPs are the main source of radiotoxicity and 
decay heat of material losses during the whole operation. 
The initial decay heat and radiotoxicity are mainly 
derived from 137Cs and 90Sr, which have a half-life of 
about 30 years. As they decay, radiotoxicity and decay 
heat decrease rapidly, and total radiotoxicity drops below 

Fig. 12. Evolution of TCR and βeff of all startup cases. 
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the reference level in about 300 years. Besides, it can be 
found that TRU and U isotopes cause a second radio-
toxicity and decay heat peak in the long term due to the 
buildup of the decay products from 233U, 234U, and TRU 
such as 229Th, 225Ac, and 225Ra. Besides, thanks to the 
harder spectrum, the content of FPs in an MCFR is lower 
than in other MSRs, like the MSBR and MSFR, which 
leads to a lower level of radiotoxicity and decay heat in 
the MCFR (Refs. 17 and 28).

Because the outer container needs to be replaced 
during operation, the evolution of radioactivity and 
decay heat in the reactor is also simulated to provide 
reference for shielding and fuel storage during the pro-
cess of container replacement. The evolution of radio-
activity and decay heat associated with the equilibrium 
core inventories and the startup loadings of the TRU- 
started and Pu-started modes is shown in Fig. 14. It can 
be observed that the transition from the Th-TRU fuel to 
the Th-U fuel leads to a notable reduction in short-middle 
-term radiotoxicity. In addition, thanks to the buildup of 
the decay products from 233U and 234U, the long-term 
peak of Th-U fuel will arise. Thus, the choice of an initial 
TRU loading from LWR-reprocessed fuel overcomes the 
unavailability of 233U in nature and reduces the decay 
heat as well as radiotoxicity legacy from LWR operation.

IV.B. Thorium Fuel Cycle Transition for the PB&B 
Scenario

In the PB&B scenario, the 233U produced from the 
decay of the extracted 233Pa will build up outside the core. 
The initial starting fuel and 232Th are fed continuously to 
maintain the criticality of the core.35 In the PB&B scenario, 
TRU, Pu, and LEU, which have the same compositions as 
in the B&B scenario, are used as both startup fuels and 
feeding fuels to achieve the purpose of rapid production of 
233U. Under the rapid extraction of 233Pa in the core, the 
LEU-started mode cannot maintain criticality even if pure 
LEU is fed into the core continuously due to the buildup of 
FPs and the less number of fission neutrons per absorbed 
neutron (υΣf/Σc) for 235U. With this in mind, the reproces-
sing rate is set to 40 L/day for the three startup modes.

In the PB&B mode, the production of 233U is 
achieved by the continuous consumption of the startup 
fissile materials. Considering the particularity of the 
PB&B scenario, the concept of replacement ratio 
(RepR) is introduced, which can be expressed as

RepR ¼
Rcð

232ThÞ � Rað
233PaÞ

Rað235Uþ 241Puþ 233Uþ 239PuÞ
ð7Þ

Fig. 13. Evolution of radiotoxicity and decay heat of nuclear waste being lost (the dot and solid line refer to the decay heat and 
radiotoxicity of the MCFR, respectively). 

TABLE III 

Delayed Neutron Fraction for Different Isotopes in the MCFR Core 

Fission Isotope 233U 234U 235U 239Pu 241Pu

βeff (pcm) 291 531 668 219 543
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where Ra and Rc stand for the absorption and capture rate, 
respectively, and RepR represents the relationship 
between the production rate of 233U and the consumption 
rate of fissile materials. RepR is an important parameter 
for representing breeding capacity in the PB&B mode. 
The evolution of the replacement ratio and the keff of the 
three cases is shown in Fig. 15. It can be observed that 
the replacement ratio in the LEU-started mode is lower 
than the others, even though the RepR gradually increases 
in the first 60 years. This means that more fissile materi-
als need to be consumed to produce the same amount of 
233U in the LEU-started mode than in the other modes.

Moreover, the evolution of the net production of 
233U is shown in Fig. 16, which shows that the net 
production rate of 233U in the three startup modes is 
almost similar thanks to the too-slow reprocessing rate. 
In the TRU-started and Pu-started modes, the 233Pa and 
233U produced in the core cannot be extracted out of the 
core in time. Uranium-233 plays a dominate role in 
rapidly maintaining criticality (see Fig. 17), so the net 
production of 233U in the TRU-started and Pu-started 
modes is comparable to that of the LEU-started mode. 
Under this low core reprocessing rate case, the average 
net production of 233U for these three startup modes are 
almost 570 kg/a, and the corresponding DT is about 
9.6 years. When the core reprocessing rate increased to 
200 L/day, the LEU-started mode could not always main-
tain criticality during the whole operation, while for the 
TRU-started and Pu-started modes, the average net pro-
duction of 233U will increase to 807 and 803 kg/a, and the 
corresponding DT will decrease to 6.8 years.

In the PB&B mode, the evolution of the TCR is 
shown in Fig. 18, where it can be seen that the TCRs of 

the three modes increase rapidly in the first 20 years due 
to the buildup of FPs. However, the TCRs of all startup 
modes are below −8.3 pcm/K during the whole operation, 
which ensures safety with the introduction of positive 
reactivity. However, in the case of overcooling or fuel 
salt loading, it is necessary to be careful of the positive 
reactivity caused by the large negative TCR.

In addition, the evolution of βeff is shown in Fig. 18. 
The value of βeff in the LEU-started mode decreases from 
668 to 369 pcm, while the value of βeff in the Pu-started 
and TRU-started modes increases from 220 to 286 pcm 
and 239 to 288 pcm, respectively.

In the PB&B mode, the radiotoxicity and decay heat 
of material losses during reprocessing and at EQL were 
also analyzed. Thanks to the different feeding fuel com-
positions during reactor operation, the nuclide composi-
tions at EQL are different. The content of heavy nuclides 
and seven important FPs (five long-lived isotopes, 
namely, 79Se, 93Zr, 126Sn, 129I, and 135Cs and two short- 
lived isotopes, namely, 137Cs and 90Sr) at EQL are shown 
in Figs. 19 and 20. It can be seen that the content of TRU 
in the TRU-started and Pu-started modes is higher than in 
the LEU-started mode thanks to the fact that the number 
of neutron captures necessary for U to generate TRU is 
more than Pu. In addition, the content of FPs in the LEU- 
started mode is highest due to the softer neutron spectra.

The evolution of radiotoxicity and the decay heat of 
material losses are shown in Figs. 21 and 22, which show 
that the value of radiotoxicity and the decay heat of the 
TRU-started and Pu-started modes is bigger initially due to 
the higher content of short-lived FPs. Besides, the evolution 
of radiotoxicity and decay heat at EQL of the core are 
shown in Fig. 23, where it can be seen that the radiotoxicity 

Fig. 14. Evolution of the radioactivity and decay heat at EQL (the dot and solid line refer to decay heat and radiotoxicity, 
respectively). 
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Fig. 15. Evolution of RepR and keff. 

Fig. 16. Evolution of RR and 233U production. 

Fig. 17. Evolution of fission fraction of all startup cases. 
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Fig. 18. Evolution of TCR and βeff of all startup cases. 
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and decay heat in the TRU-started mode is highest during 
the first 1000 years, which is mainly derived from the 
highest content of TRU. Only the LEU-started mode inher-
its the features of the Th-U cycle. Due to the relatively 

higher U isotope content in the LEU-started mode, 
the second peak of the radiotoxicity and decay heat of 
TRU and U appeared at about 105 years.  

V. CONCLUSION

This work focuses on the optimization of the breeding 
capability of an MCFR and an investigation of the Th-U 
cycle performance based on an optimized MCFR. With the 
support of an in-house-developed optimization tool, the 
breeding capability of an MCFR at EQL was optimized. 
Based on the optimized MCFR, the B&B and PB&B sce-
narios have both been researched and discussed. Some 
important parameters, including heavy nuclide evolution, 
net 233U production, TCR, and βeff have been investigated to 
analyze the transition behavior of the optimized MCFR 
during whole operation. It can be concluded that in the 
B&B scenario, the Th-U cycle can be achieved with the 
average net 233U production rate at EQL of 274 kg/a. 
Nevertheless, during the whole operation the maximum 
deficit of 233U for the LEU-started, Pu-started, and TRU- 
started modes is 102, 87, and 83 kg, respectively. The fact 
that there is no available 233U in nature exacerbates the 
problem. In addition, the TCR is always below −8.5 during 
the whole operation, which ensures safety during the whole 
operation. Moreover, it should be pointed out that for the 
LEU-started case, the value of βeff decreased by 377 pcm 
during the whole operation, which needs to be noticed.

The PB&B scenario can solve the problem of 
233U deficiency in the B&B model well, and the 
233U production efficiency in the PB&B scenario is signifi-
cantly higher. Nevertheless, the utilization efficiency of Th is 
relatively lower in the PB&B mode due to the online feeding 
of LEU/Pu. In the PB&B mode, with the 233Pa extracted rate 

Fig. 21. Evolution of decay heat. 

Fig. 22. Evolution of radiotoxicity. 

Fig. 23. Evolution of radiotoxicity and decay heat in EQL. 
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of 40 L/day, the net 233U production rate is 570 kg/a and the 
corresponding DT is about 9.6 years in the three modes. 
While with a fast 233Pa extracted rate, the LEU-started 
mode cannot always maintain criticality during the whole 
operation. When the core reprocessing rate increases to 
200 L/day, the average net production of 233U will increase 
to 807 and 803 kg/a, and the corresponding DT will decrease 
to 6.8 years in the TRU-started and Pu-started modes. 
Besides, the radiotoxicity and decay heat derived from the 
material losses in the LEU-started mode is higher than in the 
TRU-started and Pu-started modes due to the higher content 
of FPs, while the radiotoxicity and decay heat in the core is 
highest in the TRU-started mode thanks to the higher content 
of TRU. Thus, it is more suitable to use TRU or Pu as the 
starting and refueling materials in the PB&B mode due to the 
better 233U breeding capability, which is helpful for the rapid 
production of 233U and a rapid deployment of the Th-U cycle 
reactor.
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