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ABSTRACT 
 

Molten-Salt Reactors (MSRs) represent one of the selected categories in the GEN-IV program. 
This type of reactor is distinguished by the use of liquid fuel circulating in and out of the core, 
which makes it possible for online refueling and salt processing. However, this operation 
characteristic also complicates the modeling and simulation of reactor core behaviour using 
conventional neutronic codes. The TRITON sequence in the SCALE6 code system has been 
designed to provide the combined capabilities of problem-dependent cross-section processing, 
rigorous treatment of neutron transport, and coupled with the ORIGEN-S depletion calculations. 
In order to accommodate the simulation of dynamic refueling and processing scheme, an in-house 
program REFRESH together with a run script are developed for carrying out a series of stepwise 
TRITON calculations, that makes the work of analyzing the neutronic properties and performance 
of a MSR core design easier. As a demonstration and crosscheck, we have applied this method to 
reexamine the conceptual design of Molten Salt Actinide Recycler & Transmuter (MOSART). 
This paper summarizes the development of the method and preliminary results of its application 
on MOSART. 
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1. INTRODUCTION 
 
The Generation-IV International Forum for the future development of nuclear energy systems 
has identified six most promising reactor types that could most likely meet the primary goals, 
such as nuclear safety, proliferation resistance, waste minimization, resource utilization, and 
economics [1]. The Molten-Salt Reactor (MSR) concept is one of the systems, which can be 
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designed to operate in a thermal or fast spectrum reactor that produces fission energy in a 
circulating molten salt fuel mixture with a full actinide recycling. The concept is gaining more 
and more renewed interest due to its distinctive features and advantages [2]. The fluid nature of 
fuel in MSRs gives extra flexibility in reactor design, fuel fabrication and recycling. However, it 
also complicates the core modeling and simulation because of strong coupling between 
neutronics and processing strategies. Most of conventional reactor physics codes were developed 
for solid fuel core design and therefore not capable of taking liquid fuel flow and online 
processing into account. To partly address this issue, this study aims to develop a computational 
procedure allowing user to incorporate online fuel addition and salt processing into a neutronic 
and depletion analysis for MSRs. 
 
A relevant literature review [3-6] shows that, regarding a reliable core burnup calculation, an 
iterative procedure combining the capabilities of at least a neutron transport code and a material 
evolution code is absolutely necessary. The transport calculation evaluates neutron fluxes and 
prepares weighted cross sections based on the current core configuration including geometric 
model and nuclide concentrations. The material evolution code solves the system of nuclide 
chain equations resulting from interactions with neutrons and radioactive decays, and predicts 
time-dependent concentrations of a large number of isotopes in the core, and then feeds back to 
the following transport calculations. In contrast to the solid fuel reactors, the modeling of online 
refueling and salt processing in a MSR operation is indispensable, which adds extra 
complications in the calculation of nuclide concentrations. As to the authors’ awareness and 
channels to access the computational tools for this study, there are several matured computer 
codes doing transport calculation alone very well. However, there are few codes available can 
directly perform reliable neutronic and burnup calculations for a MSR due to its nature of liquid 
fuel circulation. In order to examine the performance and characteristics of MSRs, one has to 
develop an appropriate computational method first. The methodologies presented in the literature 
[3-6] are not described very clearly and in detail. Most of them either resort to the source code 
modification of a complex neutronic/depletion package or using standard transport code coupled 
with a completely in-house material depletion code. In this study, we proposed a relatively 
simple but reliable approach for MSR studies. Based on the TRITON sequence in the SCALE6 
code system [7,8], a small coupling program dealing with composition adjustment together with 
a corresponding run script were developed for carrying out a series of stepwise TRITON 
calculations to simulate the operation of a MSR. The focus of this paper is to present the method 
development and application to analyze the neutronic properties and performance of a molten 
salt actinide burner. 
 

2. MATERIALS AND METHODS 
 

2.1. SCALE6/TRITON 

 
The TRITON sequence in the SCALE6 code system has been designed to provide the combined 
capabilities of problem-dependent cross-section processing, rigorous treatment of neutron 
transport, and coupled with the ORIGEN-S depletion calculations. It provides a powerful and 
high-fidelity approach to reactor physics analysis and has greatly enhanced the SCALE 
capabilities to handle increasing complexity in advanced reactor design. 
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Here we give a brief description of the sequence and relevant options adopted in our calculations. 
First in cross-section processing, BONAMI performs Bondarenko calculations for resonance 
self-shielding correction in the unresolved-resonance energy range. On the other hand, we chose 
CENTRM to process the cross sections in the resolved-resonance region, which based on 
rigorous discrete-ordinates spatial solution is more accurate than traditional NITAWL option. 
TRITON uses a predictor-corrector algorithm [7] to perform accurate fuel burnup; it is an 
iterative procedure where transport and depletion calculations are alternate to account for the 
changes of neutron fluxes and nuclide inventories. Three-dimensional Monte Carlo transport 
code KENO-VI coupled with point-depletion and decay analysis module ORIGEN-S were used 
within TRITON sequence based on the most updated cross section library v7-238 (238-group 
ENDF/B-VII). The library also contains pointwise energy data for use with CENTRM in the 
continuous energy mode. In order to preserve maximal accuracy during a depletion calculation, 
the option PARM=(addnux=3) has been selected for inclusion of most additional nuclides in 
transport updates for depletion. The default ORIGEN-S library is not suitable for fast reactors, 
because the library for cross sections not updated by the transport calculation was developed for 
LWR applications and it uses a cross section normalized to the thermal flux. Since the preferred 
spectrum in a molten salt actinide burner is in the range of an intermediate to fast neutron 
energies, the new fast reactor ORIGEN-S library named “abtrx” should be used in the TRITON 
depletion calculations [7]. This library applies cross section normalization to the total flux 
instead of thermal flux. It also contains fast fission product yields and the cross sections are 
weighted based on a typical fast reactor spectrum. 
 

2.2. Adaption for MSR Applications 

 
As described above, the TRITON sequence built with state-of-the-art methodologies and most 
updated cross section libraries is a great tool for performing reactor physics analysis on advanced 
core design. Using it to investigate the neutronic properties of a start-up MSR core is 
straightforward; however, it cannot be directly applied to tracking the subsequent core behavior 
without proper modeling of the fuel feeding and salt processing. 
 
In order to reasonably simulate this time-dependent scenario, it is intuitive to divide the entire 
period of reactor operation into a series of consecutive operation steps. At the dummy gap 
between two steps, the core compositions are to be adjusted according to the capacities of fuel 
salt processing. This part of operation will be performed by a small external program. We also 
built a script to control the execution logics and flow chart of each calculational step. The 
automation has been designed and realized based on the convenient features of 
SCALE6/TRITON, i.e. “Standard Composition Restart Files”, “External Input”, and “SHELL 
script”. At the end of the ORIGEN-S calculation in TRITON, standard composition files 
including the nuclides and atom densities are created for each mixture being depleted. These 
composition files will be automatically altered or updated by our program following a user-
defined refueling and reprocessing recipe. Using SCALE’s external file reading capability, these 
modified composition files can then be fed into a follow-on calculation that relies on the 
previously calculated results and user requested intervention. In addition, the SHELL script that 
can be embedded in a TRITON input is also essential for our implementation, especially in file 
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flow management. Finally, a run script in DOS/UNIX environment has been developed to 
activate the auto-run sequence by repeatedly linking our material adjustment program with the 
standard TRITON depletion calculations. 
 

2.3. MOSART 

 
The Kurchatov Institute in Russia has been devoted to the study of a conceptual design of Molten 
Salt Actinide Recycler & Transmuter (MOSART) [4,9,10]. The MOSART concept uses a single-
fluid system fueled with transuranic trifluorides from LWR spent fuels. It emphasizes on the 
performance of actinide burning without U/Th support that offers several advantages: such as 
maximizing the actinide transmutation capability, simplified core configuration and easier 
molten salt processing. Many combinations of core design, fuel and solvent compositions, 
operation parameters and fission product removal processes have been considered in their 
feasibility studies. 
 
As a demonstration and crosscheck of our developed method, we have applied it in a case of 
MOSART reexamination. The following briefly summarizes a simplified version of the 
MOSART core that was adopted in this study. The preferred design is a homogeneous core 
without graphite moderator because of its great performance on actinide incineration and simple 
core configuration. It operates at a power level of 2400 MWt with an effective core volume of 
40.4 m3 (equivalent to a cylindrical core with both diameter and height of 3.7 m) [10]. The radial 
thickness of graphite reflector is 20 cm. The average salt temperature in core is assumed to be 
930.5 K. Fuel carrier is a molten salt mixture of 15LiF-27BeF2-58NaF in mole percent (mol%). 
The content of feeding fuel comes from a typical composition of the transuranics from UOX 
spent fuel of a commercial PWR (60 GWd/tU burnup, 4.9% enrichment, and after 1 year cooling) 
[4]. Total mass of the initial transuranic loading is about 2409 kg. The start-up concentration of 
transuranics in the fuel salt is about 0.5 mol%. In order to keep the core critical with relatively 
low fuel inventory, the fission products must be removed during operation. Their removal 
efficiencies are actually isotope dependent. For simplicity in calculations, we have assumed three 
categories for fission products clean-up scheme: 100% removal efficiency for gas fission 
products by helium purge; 100% removal efficiency for non-soluble noble metals by plating out 
on surfaces; and about 300 EFPD (Effective Full Power Days) removal cycle time for soluble 
fission products [4]. 
 
In this study, a simulation of long-term MOSART operation has been carried out to investigate 
the neutronic characteristics of the core, the change of fuel salt composition from start-up to 
equilibrium, the performance of actinide transmutation and the radiotoxicity reduction. 
 

3. RESULTS AND DISCUSSION 
 

3.1. Method Development 

 
The operation of a MSR with online refueling and salt processing are approximated by a series of 
stepwise TRITON calculations. This approach will be a good approximation if the duration of 
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each step, which is controlled by user, is short enough. To integrate these stepwise TRITON 
calculations, we have developed a standalone program and a run script to facilitate the building 
of simulation sequence. Between two consecutive steps, a FORTRAN program called REFRESH 
will be invoked to make a step change of core composition reflecting the results of fuel feeding 
and fission product removal. This program basically performs three operations: after browsing 
the restart composition file from the calculation of previous step, it modifies the core 
composition following a prescription defined by user; it also re-calculates the total mass of 
actinides in core and gives the specific power in MW per metric ton of heavy metal; then it edits 
and creates a new TRITON input file with updated content for the next-step depletion calculation. 
In addition to the program itself, a run script named simMSR.bat has been developed to control 
the whole simulation sequence by iteratively calling REFRESH for composition adjustment and 
calling batch6.bat for executing the TRITON depletion calculations. The amount of fuel addition 
in each step and the removal efficiencies of fission products are isotope- and time-dependent, 
and can be altered by user for the upcoming calculational steps even after starting the simulation 
sequence. The method presented here is straightforward and easy to implement without any 
modification of the existing codes in SCALE6. Therefore, this approach can conveniently extend 
the applicable range of TRITON to MSR studies, while retaining all the original features and 
capabilities of SCALE6. 
 

3.2. Neutronic and Depletion Analysis of MOSART 

 
The MOSART design conceived in Kurchatov Institute represents a promising option in response 
to the goals of future nuclear systems, especially in terms of effective transmutation of plutonium 
and minor actinides from LWR spent fuel. Using the developed simulation sequence, we have 
reexamined the MOSART design focusing on the core neutronic issues and its performance as an 
actinide burner. The effective multiplication factor of the fresh core was estimated to be 1.03789 
 0.00064 without considering the loss of delayed neutron fraction outside the core. The delayed 
neutron fraction of 239Pu with fast neutrons is about 0.0020 [11]. There are 28% of the fuel 
inventory exists out of the MOSART core in the primary loop, which means as a rough 
approximation the calculated eigenvalue should be subtracted by a small amount of ~0.00056 to 
account for the loss of delayed neutrons emitted in the primary loop. 
 
To reach the goals of low fuel inventory and low excess reactivity in the core, the fuel salt must 
be reprocessed in continuous or batch-wise mode to limit the neutron absorption by fission 
products to an acceptable level and to feed the core with fresh fuel. Under the condition of 300 
EFPD clean-up scheme, Fig. 1 gives an example of the MOSART operation showing the 
stepwise fuel addition and consumption for each 30-day calculational step. This time step should 
be appropriate to our purpose, as suggested from a comparison with a similar case study using a 
shorter calculational step of 15 days.  Since all the reactor power is coming from fission events, 
the fuel consumption actually depends almost on the thermal power produced in the core. A 
fission event generates ~200 MeV of energy, which corresponds to roughly 1 GWt.d per kg of 
actinides being fissioned. The 2400 MWt MOSART core should namely transmute ~72 kg 
actinides in a 30-day operation step, just the same as that predicted by TRITON. Fig. 1 also 
clearly indicates the time needed for transition from non-equilibrium to equilibrium operation, 
which is ~15 years under the current model. In order to compensate the negative reactivities due 
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to the buildup of fission product poisons, the amount of fuel fed into the core during the first few 
years is obviously larger than that required at equilibrium state. The concentration of actinides in 
the fuel salt gradually increases from 0.5 mol% in the start-up core to ~1.05 mol% near 
equilibrium state, which is quite below the solubility limit of the fuel solvent selected for this 
study [4]. As to the change of fuel salt composition, Fig. 2 shows the mass fraction of the core 
composition of initial loading and at equilibrium, respectively. 

0 2 4 6 8 10 12 14 16 18
0

20

40

60

80

100

120

140

160

180

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 Fuel Consumption
 Fuel Addition

 

 

A
ct

in
id

e 
M

a
ss

 (
kg

 p
e

r 
30

 d
a

ys
)

Operation (year)

 Actinide Concentration

A
ctin

id
e

 C
o

n
ce

ntra
tio

n
 (m

o
l%

)

 
Figure 1.  An example of the MOSART operation showing the fuel consumption and 
addition for each 30-day step, as well as the actinide concentration in the fuel salt. 
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Figure 2. Mass fraction of the core composition of initial loading and at equilibrium, 

respectively. 
 
As indicated in several studies [2,4-6,10], MSRs operating in fast spectra have large negative 
temperature and void coefficients because liquid fuel will be naturally expelled from the core if 
the temperature increases or if voids are formed in the fuel salt. In addition to the dilation effect, 
the Doppler effect is also important to reactor reactivity feedback. In this study, both temperature 
effects were taken into consideration in an approximate manner by evaluating the variation of 
eigenvalues resulting from different cross-section temperatures and/or material densities in the 
core [10]. Table I summarizes the estimated results for two core compositions, i.e. at start-up and 
equilibrium. The results excerpted from the references are also listed in the last row of table for 
comparison [4,9,10]. 
 

Table I. Estimated temperature coefficients of reactivity for the MOSART core 
 

T [pcm/K] Start-up Equilibrium 

Dilation -1.61 -1.48 

Doppler -0.66 -2.24 

Total -2.15 -3.60 

References[4,9,10] -1.53,  -5.179, -4.125 

 
MOSART aims at reducing the long lived radiotoxicity of the waste from the operation of 
conventional nuclear power plants. In terms of burning actinides, fast-spectrum reactor is more 
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efficient. Therefore, the optimal design of MOSART is a core without graphite moderator. The 
effective neutron flux of 2400 MWt MOSART is about 1.21015 n/cm2.s. The spectrum shape 
will gradually change during its lifetime operation because of the evolution of core composition. 
Fig. 3 shows the average neutron spectra of the MOSART core with initial loading and near 
equilibrium state, respectively. As expected, the neutron spectrum slightly shifts to higher 
energies as the actinide concentration in fuel salt increases. Extrapolating the operation in Fig. 1 
to 30 years, a total of 26.7 metric tons of actinides are to be loaded and 81% of them (21.6 tons) 
are to be incinerated in the core. If the reactor operation is prolonged to 50 years, total actinide 
transmutation efficiency could be increased to 88%, within which, the transmutation efficiency 
of plutonium is 91% and that of minor actinides is 59%. 
 
In addition to actinide transmutation, MOSART also produces efficiently electricity in fully 
closed fuel cycle. It is also interesting in evaluating the radiotoxicity of the remaining fuel salt in 
the MOSART core after reaching its lifetime operation. The estimated result using ORIGEN-S is 
shown in Fig. 4, where equivalent radiotoxicity of the total loaded fuel is also plotted for more 
objective comparison. The origins of total radiotoxicity can be conventionally split up into 
several parts: e.g. plutonium, minor actinides, fission products, and the rest of nuclides. Minor 
actinides dominate initial radiotoxicity within 100 years. The plutonium will take over the 
primary contributor of radiotoxicity during 103~105 years. After that, the rest of nuclides, mainly 
thorium, dominate radiotoxicity in most long-term perspective. In overall, roughly 80% of the 
radiotoxicity reduction can be achieved due to the consumption of actinides in MOSART, and 
those incinerated actinides will convert into enormous energy output. 
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Figure. 3 Average neutron spectra of the MOSART core with initial loading and at 

equilibrium, respectively. 
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Figure. 4 Time evolution of the radiotoxicity of the remaining fuel salt in the MOSART 

core after 30-year operation. 
 

3.3. Directions of Improvement 

 
The above analysis is not intended to be a comprehensive and precise study of the MOSART 
design; it is rather a test and demonstration of a method development for MSR analysis. Our 
calculated results are generally in good agreement with those presented in the original papers 
[4,9,10], considering all possible uncertainties in the modeling and different methodologies 
adopted in both approaches. Our auxiliary tools coupled with TRITON calculations have shown 
a preliminary success in analyzing the neutronic and burnup properties of MOSART. 
 
The next step is to explore different reactor configurations such as core geometry, fuel 
compositions, solvent systems, and strategies for fission product removal. According to using 
experiences, complete automation with least user intervention and automatic criticality search for 
optimal fuel addition are on the top list for future improvements in our calculational sequence. In 
addition, a realistic and detailed analysis on the fuel salt flow is very important because of its 
possible effects on reactor characteristics, e.g. movement of delayed neutron precursors, neutron 
flux and heat generation distributions. How to accurately evaluate reactivity feedback 
coefficients due to accidental temperature increases in a MSR core is also an important issue for 
future studies. The neutronic results of the MOSART core obtained here have been used for 
preliminary thermal hydraulics analysis. Fully coupled neutronics and thermal hydraulic 
calculational scheme is under consideration. 
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4. CONCLUSIONS  
 
We discuss here the concept and implementation of simulating a MSR operation based on the 
SCALE/TRITON methodology. From neutronic and depletion perspectives, TRITON possesses 
the state-of-the-art approaches and most updated cross section libraries. With the help of an in-
house developed program and a run script, we are able to use a sequence of stepwise TRITON 
calculations to approximate the operation of a MSR with continuous fuel feeding and salt 
processing. Taking the analysis of MOSART core design as an example, the method developed 
here proves to be a useful and flexible tool that allows user to prescribe and control a simulation 
sequence for reactor physics analysis on MSRs, especially in terms of optimizing neutronic 
parameters and testing various reprocessing schemes. 
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