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Abstract: Breed and Burn (B&B) fuel cycle in molten salt reactors (MSRs) qualifies this reactor type
as one of the best candidates to be developed for the Gen-IV R&D program. This feature can be
approached by employing a closed fuel cycle and application of a molten salt reactor as a spent
nuclear fuel burner; the features promise sustainable and clean energy in the future. In this study,
a complete package has been developed to calculate core inventory, fuel burnup, and salt clean-up
systems of molten salt reactors during their lifetime. To achieve this, the iMAGINE-3BIC package
(“iMAGINE 3D-Reg Burnup & Inventory Calculator package”) has been developed in MATLAB
R2023a by employing a CINDER90 module of MCNPX 2.7 for burnup-calculation and multi-linear
regression method (MLR). The package can estimate the core inventory (concentration of 25 actinides
and 245 non-actinides elements) and the burnup of the reactor core during MSR lifetime (up to
100 years) while optimizing the computational resources (time, CPU and RAM), and it can even
be hassle-freely executed on standalone PCs in an appropriate time due to its generous database.
In addition, the salt clean-up module of the iMAGINE-3BIC package can be employed to evaluate
the effects of the salt clean-up system on the above parameters over the MSRs’ lifetime. Finally,
the iMAGINE-3BIC package has been applied to an iMAGINE reactor core design (University of
Liverpool, UK—chloride-based salt fuel system) and an EVOL reactor core design (CNRS, Grenoble,
France, fluoride-based salt fuel system) to evaluate and compare the performance of chloride/fluoride-
based salt fuel MSRs from the point of burnup, core inventory, and salt clean-up systems. The results
confirm that while a chloride-based salt fuel system has some advantages in less dependency on the
salt clean-up system and fewer poisoning elements inventory, the fluoride-based system can achieve
higher burnup during the reactor lifetime. The outcome of this study, along with the first part of this
article, provides evidence to support the neutronic decision matrix as well as the pros and cons of
employing chloride- or fluoride-based fuel systems in MSR cores.

Keywords: molten salt fast reactors; fuel salt; core inventory; burnup; salt clean-up system; iMAGINE

1. Introduction

Generation IV nuclear reactors represent a remarkable leap forward in the evolution of
nuclear energy technology, introducing a host of innovative features and design concepts
that promise to address many of the challenges faced by earlier generations of reactors.
Molten salt reactors (MSRs)—as one of the Gen IV candidates—represent a revolutionary
approach to nuclear energy generation that offers numerous advantages over traditional
solid-fuel reactors. One of the key aspects that sets MSRs apart is their remarkable fuel
burnup capabilities. Fuel burnup, in the context of molten salt reactors, refers not only
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to the efficient utilization of nuclear fuel, where a significantly higher percentage of the
fissile material is consumed before it is discarded as waste but also to their breeding cycle,
which produces additional fissile material. This efficiency is a fundamental characteristic
of well-designed MSRs and is central to their promise of safer, more sustainable, and
potentially game-changing nuclear energy technology.

Burnup of nuclear reactors can directly affect the core inventory, breeding capabilities,
and their neutronic parameters and indirectly affect thermal-hydraulic ones and even
radiation damage to the fuel and structural materials. There is a strong need for a compre-
hensive assessment of these parameters throughout the reactor lifetime since their evolution
can significantly affect the safety margins of the reactor. Considering the importance of
evaluation of the MSRs burnup and its reactor core-related parameters, various research
studies have been conducted that belong to one of the following categories: all employing
burnup as the main parameter; (i) burnup and core inventory calculations [1–21], (ii) bur-
nup optimization [15,22–24], (iii) salt clean-up systems [25–29], and, finally, (iv) waste
transmutation [30–34].

The first step in evaluating fuel utilization in MSRs is calculating the burnup and core
inventory during their life cycle and considering the effects of variables. A wide range of
codes and methods are usually employed for this purpose; ORIGEN [5], SCALE [1,3,18],
SERPENT [20,21], perturbation theory [13], and linear chain method [35,36] are more
popular, among others. The neutron spectrum of the reactor has different effects on the
core inventory of MSRs and needs to be evaluated individually [5,14]. For small-scale
molten salt reactors, the difference in fuel utilization under thermal and fast spectra (both
iMAGINE and EVOL) is small. However, for large-scale reactors, the achievable burnup
under the fast spectrum is significantly higher than that under the thermal spectrum [12].

A molten salt fast reactor (MSFR) is predicted to work in a closed U/Pu or Th/U-based
fuel cycle with a full reprocessing of all actinides in the core [22]. To reach this point, Ashraf
et al. [22] modeled the primary circuit of the MSFR (European model) to optimize the
concentration of the start-up liquid fuel using the code SERPENT 2.0. They have found that
an MSFR was self-sustained regardless of the type of fissile materials used. The PuF3 (Pu in
PuF3 is a vector of (Pu239, 0.6902), (Pu240, 0.267), (Pu241, 0.0176), and (Pu242, 0.0252) as the
pair of (isotope, weight fraction), respectively) and TRUF3 (Trifluoride of Trans-Uranium
elements) fuels appear to be prospective fuels compared to the 233UF4 fuel. One of the other
parameters that need to be optimized is the fuel–salt combination and geometry of the
MSFR core structure to identify the best candidate of fuel–salt composition from burnup
optimization points and even the proportional ratio of salt (reactor core) to the moderator
(usually graphite) [24]. It is important to define the salt composition with a special focus on
the amount of heavy metal that can be carried in the salt. Strong computational resources
are usually employed to simulate these salt combination parameters and burnup; thus, the
development of artificial intelligence (AI) and machine learning (ML) methods can support
the expensive computations (both time and CPU) of burnup to optimize the parameters. A
fast-filtering model for burnup equilibrium state and a fast prediction model for equilibrium
neutronic properties were developed based on the machine learning (ML) technique by
Chen et al. [15]. Considering the various performance metrics for measuring the predicted
performances of ML models in the classification and regression, the LightGBM (LGBM)
model looks the most favorable for filtering the burnup state and predicting the neutronic
parameters in MSFRs [15].

Molten salt fast reactors allow for continuous online fuel treatment and processing
using a variety of subsystems. Among these subsystems, the salt clean-up system contin-
uously removes fission products from the primary fuel salt and has a paramount role in
the development of MSFRs [25]. The first step in this process should be identifying the
key poisoning elements to be separated in MSFRs’ salt clean-up systems, as the removal of
these elements that prevent the reactor from long-term operation is a vital step. A series of
calculations of the amounts of the specific elements appearing in the core after a burnup of
100 GWd/tHM have identified ruthenium and molybdenum as elements with the highest
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influence on criticality, with each formed after 100 GWd/tHM burnup at the reasonably
high concentration of 2500 to almost 4000 ppm. The next elements identified were caesium,
neodymium, and palladium [26]. A salt clean-up system can be simulated through the
batch execution of burnup calculation and removing the positioning elements by a manager
kernel (exchanging data of modules) [25,29]. The effects of removal then can be investigated
through results in comparison to the continuous burnup simulation without the removal
of poisons.

Finally, one of the most important features of MSFRs is to employ this reactor type for
the waste transmutation process. This application has been developed in different projects
and collaborations such as MOSART [37], MARS [38], and MIMOSA [39]. This feature
can be achieved through two different approaches, (i) designing MSFRs in a way that can
utilize spent nuclear fuel (SNF) as a fuel source and operate in a closed fuel cycle [31–33]
and (ii) designing waste transmuter based on MSFR technology [30,34,38]. In addition
to employing MSFR technology for the latter option, Advanced Liquid-Metal Reactors
(ALMRs), Particle Bed Reactors (PBRs), accelerator transmutation of waste (ATW) systems,
and accelerator-driven fast reactor concepts are other systems that have been suggested by
different technology developers [40]. Designing such a waste transmutation system needs
an entire evaluation and assessment of burnup behavior through the reactor lifetime and
finding the best steps available to achieve this goal.

Following the first part of this work [41], in this study, a new code package enti-
tled “iMAGINE-3BIC” has been developed for an entire evaluation of burnup and core
inventory during the MSR/MSFRs’ lifetime. The iMAGINE-3BIC package includes its
dedicated burnup and core inventory database resulting from using the CINDER90 module
of MCNPX—based on iMAGINE and EVOL (as chloride- and fluoride-based MSFRs). It
employs a multi-linear regression (MLR) method that can optimize the computational cost
of burnup/core inventory calculation during a long reactor lifetime (up to 100 years) while
it could impose high computational costs without using this package. The developed salt
clean-up module of the iMAGINE-3BIC package can also be used to apply and assess the
effects of the salt clean-up system on the B&B of MSRs while considering different elements
extractions. Eventually, a complete comparison has been performed on the pros and cons
of chloride or fluoride salt fuel MSFRs on the burnup and core inventory parameters. In
addition, the result of this study evaluates the effects of power scale-up on burnup and
core inventory of zero power and demonstrator MSFRs.

2. Methodology

Understanding the importance of burnup/core inventory calculations in MSRs, which
is related to one of their promised design features, i.e., closed fuel cycle, demands the
development of a new package to evaluate all parameters during their long reactor lifetime
without computational resource challenges. Moreover, considering some instabilities
in burnup calculation employing probabilistic/Monte Carlo codes [42] can explain the
importance of using new numerical features to reduce the combination of errors and
the need for a huge amount of computationally intensive calculations. The iMAGINE-
3BIC package has been developed to answer these challenges. Figure 1 shows the overall
algorithm of the iMAGINE-3BIC package. The whole package has been made of 5 different
modules: (i) input module, (ii) burnup/core inventory calculation module, (iii) multi-linear
regression (MLR) module, (iv) salt clean-up module, and, finally, (v) database module.

The input module is responsible for obtaining the input parameters (including reactor
design parameters and elements that need to be removed by the salt clean-up system, if
any) and processing them to be fed as code input.

MCNPX uses the CINDER90 module when the BURN card is activated for burnup
calculation. The CINDER90 code predicts the evolution of nuclide densities of a radioactive
material, a material being exposed to neutron fields, a system with constant radionuclide
production and destruction terms, or a combination of these aforementioned source terms.
The latter feature allows the code to describe nuclide inventories of nuclear systems being
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exposed to hadronic beams, where nuclide production and destruction terms and neutron
fluxes are pre-calculated by transport codes [43]. The flow diagram of CINDER90 and its
coupling with MCNPX has been depicted in Figure 2.
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To optimize the computational cost (CPU, RAM, and time) and most importantly calcu-
late the burnup/core inventory parameters of the reactor core during its long lifetime (e.g.,
100 years)—which takes days of computational time even on the HPC (high-performance
computer), e.g., with 240 CPU cores and 100 GB RAM—a new MLR module has been
developed in MATLAB. A linear regression model describes the relationship between a
dependent variable, y, and one or more independent variables, x. The dependent variable
is also called the response variable. Independent variables are also called explanatory or
predictor variables. Continuous predictor variables are also called covariates, and categori-
cal predictor variables are also called factors. While in a multiple linear regression (MLR)
model, the response variable depends on more than one predictor variable [44].
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The MLR module is employed to calculate/predict the burnup/core inventory over
the reactor lifetime by applying a multiple linear regression model. The dependent and
independent variables will be explained later at the end of this section.

The salt clean-up module is responsible for managing the removal of poisoning
elements in burnup cycles during the reactor lifetime. The poisoning elements can be
introduced by the user to this module. This is achieved by preparing a new feed at every
burnup step for CINDER90 while removing or adding specific elements. A database
module, as the name suggests, is used to save and interchange the output among different
modules and prepare the module to show up as a package outcome.

During the development of the iMAGINE-3BIC package, the complete burnup/core
inventory output parameters (from CINDER90-based on ENDF/B-VII.1) of iMAGINE
Eutectic/HMR [41] and EVOL [45] cores were accumulated in the database at 50 time
steps over 100 years of reactor lifetime (this procedure can be easily repeated for other
design or reactor types), and as mentioned earlier, this database is accessible to other
package modules. This procedure helps the MLR and salt clean-up module to extract
the required parameters from the database and process it on the user-requested timestep
without repeating the burnup calculation for that certain time. The iMAGINE-3BIC package
supports 4 degrees of freedom (independent parameters in the MLR method) as input
parameters for burnup/core inventory calculations. These input parameters and their
acceptable ranges are as follows:

1. Core Type (iMAGINE-EU, iMAGINE-HMR, and EVOL or any other core whose
accompanied data has been pre-defined in the database)

2. Time Domain (0–100 years, flexible time increment (∆t))
3. Power Domain (1 kW, 10 kW, 100 kW, 1 MW, 10 MW)
4. Material Domain (25 actinides and 245 non-actinides)

The package processes the inputs based on the flow diagram shown in Figure 1. The
concentration of any elements (among 25 actinides and 245 non-actinides, listed in Table 1)
can be found as a function of input parameters, e.g., Ci = f (core type, t, P, ZAID), where
Ci is the concentration of ith element, the core type can be selected among iMAGINE
Eutectic, HMR, and EVOL or anything user-defined, t presents the time, and ZAID, as has
been defined in the MCNP, is the identification number of the considered elements. In the
first step of the input process, the MLR module uses the multiple linear regression method
to find the concentration of selected elements at time t, if t is not present in the 50 time points
for which parameters are already available in the database. Then the MLR module will do
a regression of the selected input with 4 independent parameters (4 degrees of freedom)
between t = 0 and the selected t by the user. If the R2(Least Square Mean) ≥ 0.95, then the
concentration will be saved in the database as an accurate outcome, otherwise, the number
of time steps considered to obtain MLR will be changed until this condition can be justified.
Employing this methodology, the regression outputs for certain concentrations can be found
in an acceptable range. The uncertainty of isotope concentration is one of the standard
outputs of the CINDER90 module that is accessible in the database of the iMAGINE-3BIC
package. In addition, the iMAGINE-3BIC package visualizes the concentration and burnup
of fuel for the selected t (in the range of reactor lifetime) as 3D bar charts, which can be
used properly for the comparison of parameters for different elements and core types;
moreover, the concentration of all elements at different time steps are saved in individual
spreadsheets.
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Table 1. List of actinide and non-actinide elements available in the iMAGINE-3BIC package.

Non-Actinidie Actinide
Ga 69Ga 71Ga

I 127I 129I 130I 131I 132I 133I 134I 135I
Th 90231 90232 90233 90234

Ge 70Ge 72Ge 73Ge 74Ge 76Ge Pa 91232 91233
As 74As 75As U 92234 92235 92236 92237 92238 92239 92240

Se 74Se 76Se 77Se 78Se 79Se 80Se 82Se
Xe 123Xe 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe

133Xe 134Xe 135Xe 136Xe
Np 93235 93236 93237 93238 93239

94236 94237 94238 94239
Br 79Br 81Br Pu 94236 94237 94238 94239 94240 94241 94242
Kr 78Kr 80Kr 82Kr 83Kr 84Kr 85Kr 86Kr Cs 133Cs 134Cs 135Cs 136Cs 137Cs

Rb 85Rb 86Rb 87Rb Ba 130Ba 132Ba 133Ba 134Ba 135Ba 136Ba 137Ba 138Ba
140Ba

Sr 84Sr 86Sr 87Sr 88Sr 89Sr 90Sr
La 138La 139La 140LaY 88Y 89Y 90Y 91Y

Zr 90Zr 91Zr 92Zr 93Zr 94Zr 95Zr 96Zr Ce 136Ce 138Ce 139Ce 140Ce 141Ce 142Ce 143Ce 144Ce
Nb 93Nb 94Nb 95Nb 97Nb Pr 141Pr 142Pr 143Pr 145Pr
Mo 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 99Mo 100Mo Nd 143Nd 144Nd 145Nd 146Nd 147Nd 148Nd 150Nd
Tc 99Tc Pm 147Pm 148Pm 149Pm 151Pm

Ru 96Ru 98Ru 99Ru 100Ru 101Ru 102Ru 103Ru 104Ru Sm 144Sm 147Sm 148Sm 149Sm 150Sm 151Sm 153Sm 154Sm
152Sm

Rh 103Rh 105Rh
Eu 151Eu 152Eu 153Eu 154Eu 155Eu 156Eu 157EuPd 102Pd 104Pd 105Pd 106Pd 107Pd 108Pd 110Pd

Ag 107Ag 109Ag 111Ag Gd 152Gd 153Gd 154Gd 155Gd 156Gd 157Gd 158Gd 160Gd
Cd 106Cd 108Cd 110Cd 111Cd 112Cd 113Cd 114Cd 116Cd Tb 159Tb 160Tb
Ln 113In 115In Dy 156Dy 158Dy 160Dy 161Dy 162Dy 163Dy 164Dy

Sn 112Sn 113Sn 114Sn 115Sn 116Sn 117Sn 118Sn 119Sn
120Sn 122Sn 123Sn 124Sn 125Sn 126Sn Ho 165Ho

Sb 121Sb 123Sb 124Sb 125Sb 126Sb Er 162Er 164Er 166Er 167Er 168Er 170Er
Te 120Te 122Te 123Te 124Te 125Te 126Te 128Te 130Te 132Te Tm 169Tm
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Whenever a user calls the salt clean-up module the whole continuous (transient)
process of burnup calculation (0 to t) by CINDER90 will be divided into a series of semi-
batch executions to allow the package to manage the core inventory elements and remove
the poisoning ones (based on user selection) at appropriate time steps. The salt clean-up
module will prepare an updated input to feed the CINDER90 module to consider the
effect of poisoning element separation. Results of all types of calculations are saved in the
database module and can be visualized as 2D or 3D profiles based on the option selected
by the user.

3. Results and Discussion

New features of fourth-generation reactors (Gen IV) aim at making nuclear energy a
more reliable, sustainable, and clean energy source, which can attract more public trust
and engagement. Among these features, the closed fuel cycle has been offered through
molten salt reactor (MSR) developments, introducing this reactor type as a solution to the
concerns about nuclear waste as they can use spent nuclear fuel either with or without
prior reprocessing as their feed. This capability originated from the MSFRs’ design and,
more importantly, their fuel utilization, burnup, and core inventory during reactor lifetime
and breeding features that make them have a complete B&B cycle. As mentioned above,
the iMAGINE-3BIC package has been developed for the purpose of quantifying the B&B
capabilities of MSRs.

In this section, the output of the iMAGINE-3BIC package will be presented and
concluded in three different sections: (i) iMAGINE-3BIC package sample outputs, (ii)
B&B comparison of chloride- and fluoride-based MSFRs, and, finally, (iii) salt clean-up
operations. Following the first part of this article series [41], iMAGINE-Eutetic (chloride-
based) and EVOL (fluoride-based) MSR designs were selected as case studies. The complete
design and operational parameters of these reactor types employed to obtain the following
results can be found in [39,43].

3.1. iMAGINE-3BIC Package Sample Outputs

The outcome of the iMAGINE-3BIC package can be seen in Figures 3–12 for core
inventory and burnup profiles, respectively. Figures 3–5 show the actinide core inventory
of iMAGINE-Eutectic in the period of 0 to 100 years for the core power of 1 kW, 100 kW,
and 1 MW, respectively. The concentration of different actinides and actinides inventory
(25 elements listed in Table 1) as a result of the core operation and fuel burnup can be found
in these figures in 10 different time steps over 100 years (omitted actinides do not exist in
the core).
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Time steps were selected to non-uniformly cover the entire 100 years to prove the
ability of the package and have been adjusted automatically by the package to make the
best multi-linear regression criteria. To evaluate the effects of power on the burnup and core
inventory, this parameter has been considered at the level of 1 kW, 100 kW, and 1 MW. This
selection can demonstrate the effects of power on the actinide concentrations, especially on
those actinides that can not be seen (generated) at low power levels. As mentioned earlier,
all the burnup and core inventory data are automatically saved by the iMAGINE-3BIC
package in separate Excel files for ease of the user and can be employed for more data
evaluation. These data have been listed in Tables 2–4 for the iMAGINE-Eutectic case
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at different power levels during the time respectively which can be used along with its
relevant figures (Figures 3–5).

Table 2. Actinide inventory (g) of a 1 kW iMAGINE−Eutectic core over 100 years.

Days/Years

ZAID

90232 92234 92235 92236 92237 92238 92239 93236 93237 93238 93239 94238 94239 94240 94241 94242

0/0 0 0 1,658,000 0 0 3,119,000 0 0 0 0 0 0 0 0 0 0

10/0.027 0 0 1,658,000 0 0 3,119,000 0 0 0 0 0 0 0 0 0 0

110/0.301 0 0 1,658,000 0.02348 0 3,119,000 0 0 0 0 0 0 0.02154 0 0 0

310/0.849 0 0 1,658,000 0.06618 0 3,119,000 0 0 0 0 0 0 0.06252 0 0 0

675/1.85 0 0 1,658,000 0.1441 0 3,119,000 0 0 0 0 0 0 0.1379 0 0 0

2500/6.85 0 0.005693 1,658,000 0.5337 0 3,119,000 0 0 0.005903 0 0 0 0.5175 0 0 0

6150/16.85 0 0.01402 1,658,000 1.313 0 3,119,000 0 0 0.01458 0 0 0 1.277 0 0 0

13,450/36.85 0 0.03075 1,658,000 2.871 0 3,119,000 0 0 0.03202 0 0 0 2.797 0 0 0

24,400/66.85 0 0.05584 1,658,000 5.208 0 3,119,000 0 0 0.05818 0 0 0 5.076 0 0 0

36,425/100.00 0 0.08928 1,658,000 8.325 0 3,119,000 0 0 0.09299 0 0 0 8.111 0 0 0

Table 3. Actinide inventory (g) of a 100 kW iMAGINE−Eutectic core over 100 years.

Days/Years

ZAID

90232 92234 92235 92236 92237 92238 92239 93236 93237 93238 93239 94238 94239 94240 94241 94242

0/0 0 0 1,658,000 0 0 3,119,000 0 0 0 0 0 0 0 0 0 0

10/0.027 0 0 1,658,000 0.2135 0 3,119,000 0 0 0 0 0.06708 0 0.1409 0 0 0

110/0.301 0 0.01102 1,658,000 2.349 0 3,119,000 0 0 0.02394 0 0.07083 0 2.154 0 0 0

310/0.849 0 0.03114 1,658,000 6.619 0 3,119,000 0 0 0.07172 0 0.07083 0 6.252 0 0 0

675/1.85 0 0.06783 1,658,000 14.41 0 3,119,000 0 0 0.1564 0 0.07084 0 13.79 0 0 0

2500/6.85 0 0.2514 1,658,000 53.36 0 3,119,000 0 0 0.5904 0 0.07084 0 51.76 0 0 0

6150/16.85 0 0.6182 1,658,000 131.3 0 3,119,000 0 0 1.463 0 0.07085 0 127.8 0.003912 0 0

13,450/36.85 0 1.353 1,657,000 287 0 3,119,000 0 0 3.226 0 0.07086 0 279.7 0.01872 0 0

24,400/66.85 0 2.452 1,656,000 520.6 0 3,119,000 0 0 5.885 0 0.07089 0 507.5 0.0616 0 0

36,425/100.00 0 3.916 1,654,000 831.9 0 3,118,000 0 0 9.469 0 0.07093 0.005389 810.7 0.1572 0 0

Table 4. Actinide inventory (g) of a 1 MW iMAGINE−Eutectic core over 100 years.

Days/Years

ZAID

90232 92234 92235 92236 92237 92238 92239 93236 93237 93238 93239 94238 94239 94240 94241 94242

0/0 0 0 1,658,000 0 0 3,119,000 0 0 0 0 0 0 0 0 0 0

10/0.027 0 0.009929 1,658,000 2.135 0.01493 3,119,000 0.004903 0 0.008952 0 0.6709 0 1.409 0 0 0

110/0.301 0 0.1093 1,658,000 23.48 0.02326 3,119,000 0.004902 0 0.2394 0 0.7083 0 21.54 0 0 0

310/0.849 0 0.3079 1,658,000 66.17 0.0233 3,119,000 0.004903 0 0.7174 0 0.7084 0 62.52 0 0 0

675/1.85 0 0.6703 1,658,000 144.1 0.02338 3,119,000 0.004903 0 1.569 0 0.7085 0 137.9 0.004595 0 0

2500/6.85 0 2.478 1,655,000 533.4 0.02378 3,119,000 0.004906 0 5.958 0 0.7088 0 517.4 0.06448 0 0

6150/16.85 0 6.09 1,651,000 1311 0.02468 3,118,000 0.004912 0 15.01 0 0.7098 0.01654 1277 0.3917 0 0

13,450/36.85 0 13.28 1,643,000 2863 0.0264 3,116,000 0.004926 0 34.04 0 0.7118 0.07723 2793 1.877 0 0

24,400/66.85 0.006183 24.03 1,630,000 5185 0.0291 3,112,000 0.004949 0 64.99 0 0.7151 0.2454 5062 6.194 0.003252 0

36,425/100.00 0.01467 38.24 1,612,000 8266 0.03253 3,108,000 0.004981 0 110.5 0 0.7196 0.6005 8074 15.86 0.0102 0

Based on the iMAGINE design and considering the closed fuel cycle feature of MSRs,
the most important actinides among others in the above figures and tables can be U235,
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U238, and Pu239, which complete the burn and breeding cycle (B&B) for the iMAGINE core.
As can be seen in Figures 3–5 and Tables 2–4, the inventory of U235 as fresh fissile material
is almost constant at lower power (1 kW and 100 kW), while minor reduction can be seen
at the last time steps of higher power (1 MW, Table 4 and Figure 5). U238 plays the role
of fissionable material as on one hand, it can make the fission reaction with fast neutrons
(fissile role), and on the other hand, it can be transmuted to Pu239 by absorbing neutrons
(breeding role). The concentration of U238 follows the U235 trend, while on the opposite
side, the concentration of Pu239 to Pu242 increases gradually with time and power. The
even isotopes of plutonium, Pu238, Pu240, and Pu242 are not fissile, but they are fissionable,
that is, they can only be split by high-energy neutrons in fast reactors like the iMAGINE
core; Pu239

94 play the most important role as fertile fuel in the fast reactors.
Figures 6–11 depict the typical non-actinide inventory of the iMAGINE reactor core

for 100 years of its lifetime at two different power levels, 1 kW and 1 MW (100 kW power is
not shown intentionally to modify the article’s page); similar profiles were produced for
iMAGINE-HMR and EVOL cores as well. As mentioned previously, the iMAGINE-3BIC
package calculates and tracks the concentration of 245 non-actinide elements during reactor
burnup by using the CINDER90 module. The non-actinides inventory for each power level
has been presented in three continuous figures to show more details.

These figures demonstrate the detailed data on the non-actinide inventory of iMAGINE
core over 100 years, and comprehensive quantitative/qualitative analysis can be extracted
from them. Unlike actinide materials, non-actinide materials are generated almost from
the initial time steps of the burnup cycle as a result of fission products. By raising the core
power from 1 kW to 1 MW, the concentration of non-actinide material in the initial time
steps has been increased where it looks reasonable as the number of fission reactions has
increased significantly at the higher power level and results in more fission products.

In addition, some of the non-actinide elements, which can not be seen at lower powers,
are now observed. These types of bar profiles can be appropriately employed to compare
the effects of reactor power on the core inventory, compare the core inventory materials for
different core designs, and, most importantly, detect poisoning non-actinide materials that
need to be removed by the salt clean-up system. Similar to actinide elements, the outputs
are automatically written in a spreadsheet that can be accessed through other software and
modules (similar to Tables 2–4).

Figure 12 depicts the multiplication factor (keff) profile of the iMAGINE-Eutectic core
versus the time at different power levels (the same trend can be found for the keff-burnup
profile, as time and burnup play similar roles). In addition, a typical MSFR power plant
profile [26] with full power operation has been depicted in this figure (black -∆- line style).
As can be observed from this figure, the multiplication factor versus time has a descending
trend for the iMAGINE-Eutectic profile, while by increasing the power, the descending rate
(the profile slope) has risen as a result of more fuel consumption and the reactor sooner
becoming subcritical. The zero power iMAGINE-Eutectic core, as can be seen in this figure,
has negligible burnup at power levels of 1–10 kW, so the profiles at this power level look
almost identical without change (main intent of zero power design). It is very important
to note that no breeding is expected for the zero power iMAGINE-Eutectic core because
of its smaller size (in comparison to the power core) and higher fissile density (35% U235

enrichment). However, by enlarging the core size and reducing fissile material density
(going from zero power to power plant), the complete B&B cycle appears, and profiles tend
to be the typical MSFRs profile shown in Figure 12.

3.2. B&B Comparison of Chloride- and Fluoride-Based MSRs

The main goal of this article series starting from the first part (Part 1: Thermophysical
Properties and Core Criticality [41]) followed by this manuscript is to compare the pros and
cons of using chloride- and fluoride-based salt fuels for MSFRs. In this section, iMAGINE
and EVOL cores, which represent the chloride and fluoride-based salt fuels, respectively, are
compared with regard to burnup/core inventory employing the iMAGINE-3BIC package
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(Table 5 lists their initial (fresh) salt fuel composition [41]). Figure 13 and Table 6 depict the
actinides inventory of iMAGINE and EVOL cores during their reactor lifetime (100 years).
To ease the evaluation process, key fissile and fertile materials of both cores, which include
U233 (fissile-EVOL), U235 (fissile-both core), U238 (fissionable-both core), Pu239 (fissile-
EVOL), and Th232 (fertile material-EVOL), have been considered and the other isotopes
were neglected. Moreover, the core power has been set to 1 MW to properly consider the
power effects on the core inventory while keeping the power in the demonstrator range (not
the power plant). It is important to note that EVOL employs an additional fertile blanket
in its design, which contains pure LiF-ThF4 salt with 22.5 mol% of Thorium without any
fissile material. The mass of this blanket is around 44.3% of the main reactor core [45].
Figure 13 and Table 6 reveal interesting facts: (i) The iMAGINE BOC (beginning of the
cycle) salt fuel composition contains about 1.7 tons of U235 fissile material, while the value
for EVOL is about 0.61 tons (U235 + Pu239), with a ratio of around 2.9. Although considering
the U238 as a fissionable material (in fast reactors) these values change between 4.8 tons
for iMAGINE (U235 + U238) and 0.99 tons for EVOL (U235 + U238 + Pu239), with a ratio of
around 4.8. Therefore, the ratio of the start-up fissile material of iMAGINE to EVOL is
around 2.9–4.8, which we suppose there is a higher amount of fissile materials available in
the iMAGINE fresh core. From the safety point, starting the reactor core criticality with
a lower amount of fissile material can provide more safety margins; (ii) the amount of
fertile material in fresh fuel for iMAGINE is about 3.1 tons of U238, while this value for
EVOL core can be estimated at more than 3.4 tons (Th232 + U238 + Th232-blanket). A higher
amount of fertile material in fresh fuel has a negative effect on the start-up fuel economy
as well as proliferation and safety risk, especially after fuel utilization during the reactor
lifetime. Moreover, the total amount of fresh fuel (fissile + fertile material) for iMAGINE
is around 4.8 tons (U235 + U238), while thisvalue is around 4.2 tons (U235 + U238 + Pu239 +
Th232 (in core and blanket)), which shows slightly better fresh fuel cost of the EVOL core
in comparison to IMAGINE; (iii) the most important parameter in fast breeder reactors is
the breeding power/ratio of the reactor core, which is a function of neutron flux and salt
fuel composition. The main bred fissile material in the case of iMAGINE and EVOL reactor
cores are Pu239 and U233, respectively. As can be seen in Figure 13 and Table 6, these will be
produced during the reactor lifetime (column with ‘0’ values in t = 0) and be burned as new
in core fissile materials. Table 6 shows that the in-core breeding power of the iMAGINE
reactor core is clearly higher than the EVOL one (compare the values of U233 (EVOL) and
Pu239 (iMAGINE) versus time). Even when considering the Th232 inventory of EVOL in
its designed blanket, which helps to heighten the breeding power of EVOL, the breeding
power of iMAGINE will still be clearly higher than EVOL and make the iMAGINE core
design more competitive.

Table 5. Salt fuel systems were considered for the iMAGINE and EVOL projects.

Reactor Type Salt Fuel Composition
Fresh Fuel Utilized Fuel

Fissile Fertile Fissile Fertile

iMAGINE−Eutectic 1 NaCl-uCl3-uCl4
(42.5-17-40.5 mol%)

U235

U238 (fissionable) U238
U235

U238 (fissionable) 2

Pu239
U238

EVOL LiF-ThF4-UF4-PuF3
(78.6-12.9-3.5-5 mol%)

U235

U238 (fissionable)
Pu239

Th232

U238

U233

U235

U238 (fissionable) 2

Pu239

Th232

U238

1 Eutectic refers to the composition of the material at the eutectic system point where the melting point of the
ternary mixture is lower than the melting point of any of its constituents. 2 U238 has less concentration and portion
as fissile material on the utilized fuel in comparison to fresh one.
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310/0.849 22.44 1,658,000 202,900 3,119,000 381,900 62.52 581,500 2,110,000

675/1.85 22.47 1,658,000 202,800 3,119,000 381,800 137.9 581,100 2,110,000

2500/6.85 22.53 1,655,000 202,200 3,119,000 381,600 517.4 579,600 2,109,000

6150/16.85 22.66 1,651,000 201,000 3,118,000 381,200 1277 576,400 2,107,000

13,450/36.85 22.82 1,643,000 198,600 3,116,000 380,400 2793 570,000 2,102,000

24,400/66.85 22.94 1,630,000 194,900 3,112,000 379,200 5062 560,500 2,096,000

36,425/100.00 23 1,612,000 190,200 3,108,000 377,500 8074 548,000 2,087,000

The main reason for this phenomenon is the harder neutron flux-energy spectrum of
the iMAGINE reactor core as compared to the EVOL core(which has been explained in
detail in Figures 9 and 10 in [41]) and, moreover, the composition of the salt fuel system.
It also originated from one of the main design philosophies of the iMAGINE design
that achieves self-sustained breeding in a homogeneous core. Finally, (iv) as has been
mentioned previously, the breeding ratio is a function of the reactor core size, power, and
fertile material content (heavy metal content). Therefore, the exact amount of the breeding
ratio for iMAGINE and EVOL reactor cores can be analyzed when scaling them up from
zero power to medium and high power (>100 MW), which is out of the scope of this article,
which deals with a zero power design.

Figure 14 presents the amount of fuel burnup for iMAGINE-Eutectic and EVOL versus
time during the reactors’ lifetime (100 years). These calculations were conducted at different
power levels of 1 kW, 100 kW, and 1 MW for both reactor cores to consider the proper effect
of power on core burnup. However, as mentioned above, to obtain the best comparison,
this calculation needs to be extended to full power (>100 MW). As can be seen from this
figure, the amount of burnup of the EVOL reactor core (burnup has been calculated for
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whole available fissile material in the core with units of (Giga Watt.day/metricTon of fuel))
is slightly higher than the iMAGINE one at different time steps. This shows the better fuel
utilization in the EVOL core in comparison to iMAGINE. However, it is worth considering
that the fuel in a self-sustained breeder MSFR core (like iMAGINE) is just U238 in the
longer-term operation, which makes distinguished benefits for the design.
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The most important factors that affect the fuel burnup are salt fuel composition, fresh
core composition, and neutron flux-energy spectrum. Fuel burnup was calculated on the
whole reactor core; if the amount of blanket Thorium in the EVOL design (about 44% of
EVOL core mass) is added to its reactor core mass, the EVOL and iMAGINE burnup will
be closer together.

3.3. Salt Clean-Up System

The promising feature of molten salt reactors, working with SNF (spent nuclear
fuel; the SNF-based operation could use Pu from reprocessing, or it can be SNF-based
without prior reprocessing like the iMAGINE design [46]) and as closed/one through fuel
cycle [31,41], requires the proper treatment of salt fuel and the design of a salt clean-up
system as one of the main components of molten salt fuel cycle. The main principle behind
the salt clean-up system is increasing the breeding ratio and multiplication factor and, as a
result, modifying the burnup and reactor lifetime (sustained reactor operation) by removing
poisoning elements from the salt fuel system during the reactor operation (it can be achieved
either by separating fission products (iMAGINE) or through classical reprocessing (EVOL)).
These poisoning elements are generated as a result of fuel burnup and are all similar in
one neutronic property: high macroscopic neutron absorption cross-section (macroscopic
cross-section can be calculated by multiplying microscopic cross-section (σ) with atomic
density (N)). Thus, the microscopic cross-section and the concentration of the fission
product in the salt are the relevant parameters. Identifying the poisoning elements that
need to be removed from the reactor core by means of a salt clean-up system is an iterative
process. This can be achieved by determining the multiplication factor (keff) variation
during reactor operation with and without removing suspicious poisoning elements to
find those that have the highest negative effect on the multiplication factor and thus the
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longer-term operation. These elements can be the best candidates to be removed by a salt
clean-up system to improve the neutron economy. Although this process is not a blind
iteration procedure, as mentioned above, the higher concentrated non-actinides elements
(among 245 elements) with higher neutron absorption cross-section (in line with reactor
neutron flux-energy spectrum) can be selected and tested under this iterative process to
detect the most suspicious ones. This iterative process has been conducted in various
surveys [25,26,28,32] (more with deterministic neutronic codes rather than Monte Carlo
ones to save time) to limit the number of suspicious non-actinide elements to the seven most
important ones (and their isotopes) including Zr40, Mo42, Ru44, Pd46, Cs55, Nd60, and Sm62.
The concentration of suspicious elements is the first index to select it as a poisoning element
candidate, so in the first step, the concentration of all the isotopes of these seven elements
was evaluated during burnup, and isotopes with low concentrations were neglected to
limit the search. Table 7 shows the selected/ignored isotopes of candidate elements based
on their concentration at different burnup times (isotopes with low concentration were
ignored, denoted by “×”). The difference between generated neutron poisons for iMAGINE
and EVOL systems has been mentioned using a light orange color, and the isotope of each
element with the highest concentration has been shown in red color. In the next step to
refine the key poisoning elements among others, their disappearance cross-section (these
exact words were used in the ENDF library for the neutron removal cross-section) in the
dedicated neutron-energy spectrum of iMAGINE and EVOL projects needs to be evaluated.
The sum of the cross-sections that can lead to the disappearance of the neutron is designated
as the absorption cross-section, which is the sum of the radiative capture cross-section (n,γ),
(n,p) reaction cross-section, (n,T) reaction cross-section, and (n,α) reaction cross-section,
where p, T, and α stand for proton, triton, and α particle. Plotting the disappearance cross-
section versus energy requires the extraction of data for the appropriate reaction type (MT
number) from ENDF/B-VII.1 through its format manual [47]. Based on this manual, the
disappearance cross-section (MT = 101) is equal to the sum of the MT = 102–117, 155, 182,
191–193, 197 cross-section, which needs to be compiled in the ENDF library (MT numbers
can be found in [47]). Following this process, Figure 15 shows that the disappearance
cross-section of suspicious elements has been traced through the ENDF/B-VII.1 library
by using the JANIS code [48]. In addition, the cumulative neutron-energy spectrum of
iMAGINE and EVOL have been shown in Table 8 (reproduced from [41]). It can be seen in
this table that most of the neutrons in the iMAGINE core have their energy in the range
of 0.1 < E < 1.0 MeV (about 60%), while a significant fraction of the neutrons in the EVOL
core have energies in the range of 0.01 < E < 0.1 MeV (about 43%); the tabulation of these
statistical data on Figure 15 can conclude some important highlights.

Table 7. Selected/ignored isotopes of candidate elements based on their concentration (selected: ✓,
ignored: ×, no inventory: NA).

Element. Zr40 Mo42

Isotope 40090 40091 40092 40093 40094 40095 40096 42094 42095 42096 42097 42098 42099 42100
iMAGINE ✓ ✓ ✓ ✓ ✓ × ✓ × ✓ × ✓ ✓ × ✓

EVOL ✓ ✓ ✓ ✓ ✓ × ✓ ✓ ✓ × ✓ ✓ ✓ ✓
Element Ru44 Pd46

Isotope 44099 44101 44102 44103 44104 44105 44106 46102 46104 46105 46106 46107 46108 46110
iMAGINE × ✓ ✓ × ✓ × × × × ✓ ✓ ✓ × ×

EVOL × ✓ ✓ × ✓ NA × NA × ✓ ✓ ✓ ✓ ×
Element Cs55 Nd60

Isotope 55133 55134 55135 55136 55137 60142 60143 60144 60145 60146 60147 60148 60150
iMAGINE ✓ × ✓ × × × ✓ ✓ ✓ ✓ ✓ ✓ ×

EVOL ✓ × ✓ NA ✓ × ✓ ✓ ✓ ✓ × ✓ ✓
Element Sm62

Isotope 62147 62148 62149 62150 62151 62152 62153 62154
iMAGINE ✓ × ✓ × ✓ ✓ × ✓

EVOL ✓ ✓ ✓ × ✓ ✓ NA ✓
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Table 8. Neutron flux−energy spectrum fraction in different energy ranges [41].

Fuel Salt System E < 0.01 MeV 0.01 < E < 0.1 0.1 < E < 1.0 E > 1.0

EVOL (%) 20 43 26 11

iMAGINE-Eutectic (%) 2 19 60 19

(i) Except for Zr and Mo, other elements do not have significant effects on the iMAGINE
core neutron economy (by absorbing neutrons). This is because most of the neutron
spectrum of the iMAGINE core (about 98% of all neutrons) has energy greater than
0.01 MeV, while the disappearance cross-section for Ru, Pd, Cs, Nd, and Sm are either
low or have no resonance in this energy range, as can be seen in Table 8 and Figure 15.

(ii) In contrast, about 20% of the neutrons in the EVOL core have energy less than 0.01 MeV
(while this value is only 2% for iMAGINE) where most of the resonance for candidate
poisoning elements—were shown in Figure 15—happen in this energy range. There-
fore, while the poisoning elements have almost no effect on the iMAGINE neutron
economy in this range, neutron absorption (considering the poisoning elements in
Figure 15) can happen in the EVOL core almost 20% more in the E < 0.01 Mev energy
range.

(iii) Qualitative analysis of Figure 15 along with Table 8 determines that Zr can be a prob-
lematic poisoning material for both cores, especially for EVOL, as a large portion of
the neutrons (about 43% of EVOL compared to 19% for iMAGINE) have their energies
in the range of 0.1 < E < 1.0 MeV, whereas Zr96 has a high resonance absorption
cross-section.

(iv) Analysis can prove that after Zr, Mo is the next most important poisoning element for
the neutron economy of both cores, as its maximum neutron disappearance resonance
occurs in the range of 0.001 < E < 0.1 MeV where about 21% and 63% of total neutron
population of iMAGINE and EVOL cores exist, respectively.

(v) Considering the above-mentioned points, it seems that the effects of poisoning ele-
ments on the neutron economy are more substantial in the EVOL core rather than in
the iMAGINE system. This phenomenon can happen as a result of a softer spectrum
for the EVOL core (compared to a harder one for iMAGINE), which leads to a higher
neutron population available in the disappearance resonance energy range (0.001 < E
< 0.1 MeV) of the candidate poisoning elements, as can be clearly seen in Figure 15.

As the last step of candidate poisoning elements and salt clean-up system analysis,
the concentrations of Zr96 and Mo100 (the main poisoning elements) are depicted as a
function of time for different burnup periods in Figure 16. It can be seen in this figure that
the amount of these poisoning elements is about 5% more in the iMAGINE reactor core
compared to the EVOL one, which proportionally can lead to the same additional neutron
disappearance. As a final note of this section, considering the analysis of both concentration
and macroscopic cross-sections of the candidate poisoning elements, Zr and Mo need to
be removed continuously by the salt clean-up system to improve the neutron economy
through less non-fission absorption. The EVOL neutron energy spectrum mostly covers the
resonance range of absorption cross-sections for both Zr and Mo; coupling this issue with
the concentration of Zr and Mo (almost the same in different burnup periods), it can be
demonstrated that the EVOL core (fluoride-based) needs more operational salt clean-up
during the reactor lifetime to remove the poisoning elements.
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4. Conclusions

Chloride- and fluoride-based salt compositions are the most competitive salt fuel
systems considered for molten salt reactors, which promise closed fuel cycle operation and
partly SNF as fresh fuel. Proper core design and analysis of burnup, core inventory, and
salt clean-up system are the key elements to understanding the long-term closed fuel cycle
operation capability with the possibility of SNF as fresh fuel. A complete fuel breeding and
burning (B&B) cycle for this reactor type can solve the problem of nuclear waste on the one
hand and on the other hand reduce the concerns of proliferation in the post-processing
step of nuclear waste. This study follows its first part [41] to evaluate the pros and cons
of using chloride/fluoride-based salt fuel systems in MSRs from different points of view.
In this part (Part 2 of the article series) the iMAGINE-3BIC package was developed (and
applied on iMAGINE and EVOL core as the candidates for chloride- and fluoride-based
salts) to present the detailed burnup and core inventory information of MSFRs during
their entire lifetime. The package was developed based on a Monte Carlo simulation of
the reactor core by using MCNPX V2.7, burnup calculation using the CINDER module,
and employing multilinear regression methods to reduce the computational cost. Multiple
degrees of freedom have been considered in the package to provide enough flexibility to
the user for the calculation of 25 actinides and 245 non-actinides parameters over 100 years
of reactor lifetime. Table 9 summarizes the highlighted results of this evaluation based
on EVOL (fluoride-based) and iMAGINE (chloride-based) salt fuel systems that can be
considered along with Table 11 in Ref. [41] for more scientific evaluations. Table 9 lists
the pros and cons of each fuel salt based on burnup, core inventory, and salt clean-up
parameters, while the same comparison for thermophysical properties and core criticality
can be found in [41].
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Table 9. Comparison of iMAGINE and EVOL cores based on burnup, core inventory, and salt clean-up
systems.

Parameter

Salt Fuel System
iMAGINE-Eutectic

(Chloride-Based)
EVOL

(Fluoride-Based)

Fresh Fuel composition
(Table 5)

Fissile U235

U238 (fissionable)

U235

U238 (fissionable)
Pu239

Fertile U238 Th232

U238

Spent Fuel composition
(Table 5)

Fissile
U235

U238 (fissionable)
Pu239

U233

U235

U238 (fissionable)
Pu239

Fertile U238 Th232

U238

Start-up Fuel Mass (Fresh
Fuel), tons

(Figure 13, Table 6)

Fissile 1.7 (U235)
4.8 (U235 + U238)

0.61 (U235 + Pu239)
0.99 (U235 + U238 + Pu239)

Fertile 3.1 (U238) 3.4 (Th232 + U238 + Th232 (blanket))

Fissile + Fertile 4.8 (U235 + U238) 4.2 (U235 + U238 + Pu239 + Th232 +
Th232 (blanket))

Fuel Burnup
During reactor lifetime

(Figure 14)
Less fuel Burnup More fuel Burnup (+ 35% *)

Main Poisoning elements (Table 7) Zr, Mo Zr, Mo

Subsidiary Poisoning elements
(E < 0.01 Mev)

(Table 7, Figure 15)
-- Ru, Pd, Nd, Sm (+20% *)

Neutron disappearance
strength **

(Table 7, Figure 15)

Poisoning Concentration More (+ 5%) Less

Microscopic
Cross-section-resonance

energy overlap range
Less More (+ 20% at least *)

Required Salt Clean-up power *** (operational time) Less More

* Comparison to the competitor core. ** This parameter shows the probability of non-fission neutron absorption
(microscopic cross-section × concentration). *** Based on cumulative effects of concentration and microscopic
cross-section.

Following Part 1 [41] and Part 2 (current manuscript) of this research series, in future
studies the other less-known design features of molten salt fast reactors will be evaluated
and compared with traditional NPPs. Additionally, detailed scientific simulation (neutronic
and process) will be presented for salt clean-up systems of MSFRs, which is the key
component to ascertain the closed fuel cycle.
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Abbreviation

AI Artificial Intelligence
ALMR Advanced Liquid-Metal Reactor
ATW Accelerator transmutation of waste
B&B Breed and Burn
CNRS Centre National de la Recherche Scientifique
GEN IV Generation IV
HPC High-Performance Computer
ML Machine Learning
MLR Multi-Linear Regression method
MSFR Molten Salt Fast Reactor
MSR Molten Salt Reactor
NPP Nuclear power Plant
PBR Particle Bed Reactors
SNF Spent Nuclear Fuel
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