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Development of Two-Step Method for Fast Chloride MSR Neutronics 

This work presents neutronics models of a small and a large fast-spectrum molten chloride-

salt reactor. The models are similar to designs being pursued by industry, and they may 

serve as generic pre-conceptual and simplified neutronics models that provide information 

for decision-making in licensing-related areas. The two models were created using Serpent, 

a Monte-Carlo neutron transport code, and Moltres, a neutron diffusion core simulator tool. 

Specifically, this study focused on exploring the applicability of diffusion theory to fast 

molten salt reactor (MSR) models, the capabilities of an open-source, MSR-oriented 

simulation tool (Moltres), and optimal energy group structures. The proposed two-step 

method involves group constant generation with Serpent and multigroup diffusion solution 

by Moltres. Three energy group structures were applied. The accuracy of the solutions was 

determined through comparison between the two-step and Monte-Carlo flux and 

multiplication factor solutions. The findings indicated diffusion theory captures neutronics 

with minimal error for the large MSR and yielded best results with the 27-group structure. 

The ANL-27 energy group structure yielded an average group flux error below 2% and 

keff agreement between diffusion and transport solutions within 30 pcm. The accuracy of 

the two-step method decreased for the very small (high leakage) fast chloride MSR, but the 

neutronics were captured acceptably well with the 33-group structure. In addition to 

exploring the capabilities of Moltres, this work contributes to the sparse literature involving 

open-source models of fast-spectrum MSRs. Future work was noted as expanding the 

capabilities of the neutronics models to incorporate thermal hydraulics. 

Keywords: Molten Salt Reactor; Serpent; MOOSE; Neutronics; Reactor Physics 

I. INTRODUCTION 

As clean energy demands increase worldwide, the development of advanced nuclear 

reactors is paramount. However, there is a lack of knowledge and computational tools for these 

reactor designs because of the historical focus on light water reactors (LWRs). These 

computational tools will become critical for licensing and confirmatory analysis efforts of 

advanced reactors in the future.  
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The MSR is an advanced reactor currently pursued by industry and is attractive for its 

high operating temperatures, low pressures, and versatility. TerraPower is designing a 

demonstration-sized Molten Chloride Reactor Experiment (MCRE) and a commercial Molten 

Chloride Fast Reactor (MCFR) [1]. With industry currently pursuing these reactor designs, the 

importance of accurate modeling and simulation tools is emphasized. Additionally, integrated 

energy systems (IESs) are generating interest since many carbon emissions do not come from 

electricity production, and MSRs are expected to drive these systems well [2]. IESs allow high-

temperature advanced reactors to replace fossil fuels as sources of electricity and heat for 

industrial processes. Fast MSR’s high operating temperatures allow for enough heat to drive 

important chemical and industrial processes. Also, these reactors are well-suited for load-

following because of the liquid fuel (potentially allowing for online refueling) and fast spectrum 

(burning fission product poisons at a high rate). One evident challenge, however, is the lack of 

computational models and confirmatory analysis tools for these IESs and MSRs.  

MSRs are significantly different from LWRs because of their liquid fuel, working fluid, 

and operating pressure. Flowing nuclear fuel introduces additional requirements for modeling, 

design, and operation in comparison to solid LWR fuel. Thus, computational models are needed 

for MSRs that couple neutronics and thermal hydraulics for safety analysis purposes. This need 

is emphasized by the lack of computational models available in the literature. There are 

challenges associated with modeling fast MSRs, the liquid fuel requires new/adaptive simulation 

capabilities, and the lack of historical experience with fast MSRs [3] makes validating the tools 

difficult. However, performing such simulations is necessary for licensing purposes and ensuring 

safe operations. This work leverages a tool specifically designed to model MSRs to perform 

neutronic calculations in a two-step method. 
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The two-step method for modeling reactor physics has been used extensively in the 

literature for many reactor designs. First, the method was developed for LWR core analysis. An 

example is available in [4], where the authors pursued various group-constant generation 

methods (B1, P1, CASMO) for use in a diffusion code for an LWR design. The Monte Carlo 

codes used were MCNP and STREAM, and nodal diffusion was solved using PARCS. The study 

based its conclusions on the metrics of keff and power distributions. Reference [5] and [6] both 

analyzed molten salt reactors. Reference [5] utilized the two-step method for a thermal channel-

type MSR, using the codes Serpent and NTH3D-MSR. However, pure neutronics results were 

not compared between the two codes in this work. Reference [6] made use of the two-step 

method with OpenMC and diffusion-based MOREL codes for a molten salt fast reactor (with a 

fissile blanket) concept. This study compared the two codes’ results using keff, energy-group 

neutron flux radial distributions along a specific axial line, energy-group neutron flux axial 

distributions along specific radial lines, and relative root-mean-square error of integrated energy 

group fluxes. Reference [7] modeled a chloride-salt fast reactor in GeN-Foam. Although the two-

step method was not performed in this study, GeN-Foam and Serpent neutronics results were 

compared to ensure the validity of the group constant generation. The metrics used for this 

comparison were eigenvalue, salt temperature reactivity coefficient, and neutron energy-group 

flux per unit lethargy. 

Furthermore, Reference [8] and [9] studied the two-step method for fast reactor designs. 

[8] analyzed a sodium fast reactor design and applied the two-step method where group constants 

were generated with Serpent and multigroup diffusion was solved with DYN3D. The results 

between the two codes were compared by core integral parameters (keff and delayed neutron 

fraction), the radial power distribution, and the normalized neutron flux spectrum. Also, [9] this 
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study performed a two-step analysis of fast cores (MET-1000 and CAR-2600 benchmarks), 

using Monte Carlo methods to develop group constants and RAST-F to solve multigroup nodal 

diffusion. This work compared radial and axial power distributions and keff to determine the 

accuracy of the two-step method.  

Few studies in the literature have applied the two-step method to molten salt fast reactors. 

One study [10] employed multiple codes such as DIF3D, PERSENT, GAMSOR, and MC2-3 to 

design and model a fast chloride salt reactor. The work includes an extensive literature review 

and collection of thermophysical property correlations. Results include steady-state analysis, 

flow characteristics, and reactivity feedback coefficients. Another relevant study [11] discusses 

another method of modeling fast-spectrum MSRs, using PROTEUS-NODAL. The results 

include a steady-state model comparison between OpenMC and PROTEUS-NODAL. Reactivity 

feedback coefficients and multiplication factors were used as metrics for the comparison. Similar 

work [12] coupled Nek5000, a computational fluid dynamics code, with PROTEUS-NODAL to 

conduct multiphysics modeling of chloride MSR. 33-group constants were generated with MC2-

3. The objective of this work was to demonstrate the multiphysics simulation capability, so an in-

depth analysis of the two-step method was not presented in this work.   

I.A. Motivation 

Neutronic models of fast MSRs are needed for licensing purposes and ensuring safe 

operations [13]. These needs are discussed in great detail in the literature [14]. Particularly, an 

industry-relevant approach for modeling advanced reactors, such as the MCFR, is necessary to 

deploy these reactors. The Nuclear Energy Advanced Modeling and Simulation (NEAMS) 

program, under the Department of Energy Office of Nuclear Energy, aims to do exactly this [15]. 

Moltres and this work fit within these goals because they aim to provide “advanced modeling 
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and simulation” capabilities for an advanced reactor, focusing specifically on reactor physics, 

thermal fluids, and multiphysics. Additionally, one of the NEAMS codes is MOOSE, which is 

the framework upon which Moltres is built. These codes may be applied within the Nuclear 

Regulatory Commission’s reactor nodal diffusion and kinetics code, Purdue Advanced Reactor 

Core Simulation (PARCS) [16]. PARCS provides important information in relation to reactor 

state and safety, which impacts licensability. Codes like PARCS that are accurate for MSRs will 

be necessary for future licensing, and this is why NEAMS tools and the two-step method 

discussed in this work are so important.  

This work contributes to the existing literature models of fast MSRs that are similar to 

those currently being pursued by industry, but with simplified, pre-conceptual core geometries. 

The core configurations were developed while collaborating with an industry partner, 

TerraPower, on a parallel project [17]. Thus, the configurations presented here are relevant to 

industry. The Moltres code itself and the models in this work are open-source, and thus they may 

be accessed and applied in a larger space than models developed on export-controlled software, 

such as in works mentioned previously [10-12]. Therefore, the models presented here are not 

limited in use to a select group of researchers. Providing open-source models of fast chloride 

MSRs is vital to accelerating the time to deployment through open collaboration. These open-

source models may be adapted in the future to wider applications such as IESs, transient 

simulations, and safety modeling. Specifically, this study focuses on exploring the applicability 

of diffusion theory to these fast MSR models, the capabilities of an open-source MSR-oriented 

simulation tool, and optimal energy group structures. Specifically, we answer the following 

questions in this work: 

1. What is a generic and relevant fast chloride MSR core configuration? 
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2. Is diffusion theory accurate for modeling a fast chloride MSR?  

3. Is agreement between high-order (transport) and low-order (diffusion) neutronic 

solutions different for high-leakage and low-leakage systems? 

4. What is an appropriate energy group structure for MCRE-like and MCFR-like 

concepts? 

5. How do solutions change as higher dimensionality (e.g., 1-D to 2-D) is included 

in models? 

The answers to these questions will be helpful for the licensing of fast MSRs. 

II. MATERIALS AND METHODS 

II.A. Reactor Geometry  

Two reactor geometries were explored: a small demonstration-sized TerraPower MCRE-

like reactor and large commercial TerraPower MCFR-like reactor [1]. The geometries are two 

concentric right cylinders, where the inner cylinder is fuel, and the outer cylinder is the reflector. 

Two geometry types were pursued: infinite and finite. These geometries are the first steps in a 

progression, detailed in Fig. 1. The infinite geometry, displayed in Fig. 2, included two 

concentric cylinders that were infinite in the z-direction (and thus the top and bottom of the fuel 

region were not surrounded by reflector). The finite geometry includes a fuel region that was 

entirely surrounded by reflector; this type of geometry is shown in Fig. 2. Critical configurations 

of the two finite-geometry models are included in Table I. These characteristics are based on 

publicly available information of the TerraPower designs and critical configuration assumptions.  
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Fig. 1. Model progression. 

Table I. Two-region MCRE-like and MCFR-like reactor characteristics. 

 MCRE-like simplified 

geometry 

MCFR-like simplified 

geometry 

Fuel Salt NaCl – UCl3 (66-34 mol%) 

Uranium-235 Enrichment 

(wt.%) 

93 13 

Chlorine-37 Enrichment (%) 90 24 (nat.) 

Reflector Material Magnesium Oxide Lead 

Reflector Thickness 0.25 m 0.50 m 

Core Diameter x Height 0.38 m x 1 m 4 m x 4.5 m 

1-D two-region 2-D two-region 2-D two-region, 
divided

2-D two-region, 
with flowing 

loop

2-D two-region, 
with flowing 

loop and flow 
directors
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Power 300 kW 1.8 GW 

II.B. Computational tools 

Serpent is a Monte-Carlo particle transport code that was used for group constant 

generation in this two-step method. Serpent was also used to determine simplified critical 

configurations of each reactor concept. The Serpent simulations ran 50 inactive and 500 active 

cycles of 100,000 particles for each case. From criticality calculations in Serpent, both 

configurations were found to have effective multiplication factors of around 1.0. However, this 

does not account for the movement of fuel nor delayed neutron precursors out of the active core. 

These aspects will be considered in future models (see Fig. 1) that couple neutronics and thermal 

hydraulics.  

The group constants generated by Serpent included diffusion coefficients, few-group 

cross sections, and kinetics values. Nuclear data from the JEFF-3.3 library was used in this work 

[18]. The methods for group constant generation in Serpent are explained as follows [19]. Group 

cross-sections are developed as in equations (1)-(3), where the integrals are calculated through 

reaction rate tallies. The P0 scattering matrix is formed as in equations (4). The diffusion 

coefficient depends on the P1 scattering matrix and is determined as in equation (5). Serpent 

calculates up to the seventh Legendre scattering moment; however, only the P0 (isotropic) 

scattering matrix is provided to Moltres. Thus, it is noted that the scattering matrices generated 

by Serpent are inaccurately formed through scalar-flux weighting rather than angular-flux-

moment weighting. This estimation, required by the nature of Monte Carlo, introduces bias in keff 

and flux [20]. This bias is emphasized in fast-spectrum reactors due to the significant presence of 

anisotropic elastic scattering and high neutron leakage rates, like in the MCRE. 
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Moltres is an open-source, Multiphysics Object-Oriented Simulation Environment- 

(MOOSE) based simulation tool that couples neutronics (diffusion) and thermal hydraulics 

specifically for liquid-fueled MSRs [21]. Moltres has the capability to model fuel circulation and 

precursor drift. This work, as the first step in a progression of models (see Fig. 1), assumes static 

fuel. It is expected that the adjoint flux or neutron importance will not change significantly 

between the static and circulating fuel models [22]. Thus, the results including the energy group 

structures found in this study are expected to be applicable to future work that involves flowing 

fuel. Other changes, such as those in the delayed neutron precursor importance [23], are 

expected, but this will be explored in future work.  
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Moltres simulation is the second step of the two-step method, where it uses the group 

constants from Serpent to solve the multigroup diffusion equations. Moltres solves over a finite 

domain and requires an input meshed geometry. Gmsh [24] was used to develop two-

dimensional regular quadrangle meshes of the MCRE and MCFR geometries. The 1-D two-

region MCRE geometry mesh had 1348 elements, and the 2-D two-region MCRE geometry 

mesh had 2119 elements. The 1-D two-region MCFR geometry mesh had 7652 elements, and the 

2-D two-region MCFR geometry mesh had 9779 elements. Example meshes are shown in Fig. 2.  

 

 

(a) (b) 

Fig. 2. Example MCFR-like simplified 1-D/infinite geometry mesh (a) and 2-D/finite 

geometry mesh (b) generated by Gmsh. The blue and black areas are the fuel salt and reflector 

regions, respectively.  

 

Three energy-group structures were explored in this study: a six-energy-group structure 

from a relevant Moltres study [25], ANL-27 [26], and ECCO-33 [27]. The bounds of the groups 

X

Y

Z
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in these energy structures are in Table II. The six-group structure was selected for this work due 

to its previous demonstration with fast MSR applications [25]. The ANL-27 and ECCO-33 

structures were chosen because of their optimization for fast sodium-based uranium-fueled 

reactor applications. This is of particular interest due to sodium and uranium being major 

elements in the MCRE/MCFR fuels. It is noted that relevant studies [8, 9] with hard spectra 

opted to combine the 10-most thermal groups of ECCO-33 to avoid large statistical uncertainties 

due to few Monte Carlo tallies. Furthermore, these three energy group structures capture 

important resonances in the cross-section data for the major fuel salt nuclides, 23Na, 37Cl, 238U, 

and 235U, as shown in Fig. 3-Fig. 5. Although ANL-27 and ECCO-33 were not optimized for 

chloride-based materials, the fast energy groups are well discretized to capture the major chlorine 

resonances. Furthermore, the magnitude of the chlorine cross-sections tends to be smaller than 

that of sodium and uranium; thus, it is not critical that the energy group structures were not 

developed specifically for chlorine. Eight delayed neutron precursor groups were formulated in 

the same way as in the relevant Moltres study [25].  

Table II. Energy group bounds for ECCO-33, ANL-27, and six structures. 

Group Lower Bound (MeV) 

ECCO-33 [27] ANL-27 [26] Six [25] 

0 1.9640E+01 1.0000E+01 1.2000E+01 

1 1.0000E+01 6.0653E+00 2.2313E+00 

2 6.0653E+00 3.6788E+00 4.9790E-01 

3 3.6788E+00 2.2313E+00 2.4788E-02 

4 2.2313E+00 1.3534E+00 5.5308E-03 

5 1.3534E+00 8.2085E-01 7.4850E-04 
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6 8.2085E-01 4.9787E-01 0.0000E+00 

7 4.9787E-01 3.0197E-01 
 

8 3.0197E-01 1.8316E-01 
 

9 1.8316E-01 1.1109E-01 
 

10 1.1109E-01 6.7379E-02 
 

11 6.7379E-02 4.0868E-02 
 

12 4.0868E-02 2.4788E-02 
 

13 2.4788E-02 1.5034E-02 
 

14 1.5034E-02 9.1188E-03 
 

15 9.1188E-03 5.5308E-03 
 

16 5.5308E-03 3.3546E-03 
 

17 3.3546E-03 2.0347E-03 
 

18 2.0347E-03 1.2341E-03 
 

19 1.2341E-03 7.4852E-04 
 

20 7.4852E-04 4.5400E-04 
 

21 4.5400E-04 2.7536E-04 
 

22 3.0432E-04 1.6702E-04 
 

23 1.4863E-04 1.0130E-04 
 

24 9.1661E-05 6.1442E-05 
 

25 6.7904E-05 3.7267E-05 
 

26 4.0169E-05 2.2603E-05 
 

27 2.2603E-05 5.0435E-06 
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28 1.3710E-05 
  

29 8.3153E-06 
  

30 4.0000E-06 
  

31 5.4000E-07 
  

32 1.0000E-07 
  

33 1.0000E-11 
  

 

 

Fig. 3. Cross-section data for fuel, overlayed by the six-energy group bounds.  
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Fig. 4. Cross-section data for fuel, overlayed by the ANL-27 energy group bounds.  

 

 

Fig. 5. Cross-section data for fuel, overlayed by the ECCO-33 energy group bounds.  

II.C. Methodology 

The relevant calculations performed in this study centered around neutronics. First, the 

multiplication factor, keff, was calculated for each geometry by Serpent and Moltres. Next, the 
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radial distribution of energy-group fluxes was calculated and plotted for each geometry and 

energy-group structure combination from Serpent and Moltres results. Also, the integrated flux 

for each energy group was calculated and plotted for each geometry and energy-group structure 

pair. These findings were used to determine the accuracy and applicability of diffusion-based 

Moltres in comparison to the validated Monte-Carlo code, Serpent. The percent error between 

the two codes’ flux results was calculated, and the difference between the two codes’ findings of 

keff were calculated in units of pcm. Smaller differences indicated that Moltres performed more 

accurately. 

III. RESULTS 

This work aimed to verify Moltres and show that it is applicable and accurate for the 

reactor designs of interest. First, the results of the large MCFR-like geometry are presented, and 

they are followed by the results of the smaller MCRE-like geometry. For each reactor design, the 

infinite and finite two-region geometries are explored. The radial distribution of the group fluxes 

at mid-height, integrated energy group fluxes over the fuel region, and multiplication factors are 

presented for each case. In this initial study of fundamental neutronics, the flow through the core 

was assumed stagnant. A discussion of these results is included in the following section. A 

comparison between the spectra of MCFR and MCRE is shown in Fig. 6. MCRE has a slightly 

harder spectrum due to the higher enrichments of uranium-235 and chlorine-37.  
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Fig. 6. Comparison of fission spectra between MCRE-like and MCFR-like concepts. 

III.A. MCFR-like simplified geometry 

The neutronics results for the 1-D commercial MCFR-like geometry with only radial 

leakage are shown in Fig. 7-Fig. 9. The 2-D geometry with radial and axial leakage results are 

presented in Fig. 10-Fig. 12. The results are organized by energy group structure (six, 27, and 

33). The result comparisons between Serpent (transport) and Moltres (diffusion) are most 

significant for answering the last four key questions in the Motivation section. 
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(a) (b) 

Fig. 7. Radial distribution of six group fluxes (a) and six integrated energy group fluxes (b) for 

infinite two-region MCFR-like simplified geometry (1-D with radial leakage). 

  

(a) (b) 

Fig. 8. Radial distribution of 27 group fluxes (a) and 27 integrated energy group fluxes (b) for 

infinite two-region MCFR-like simplified geometry (1-D with radial leakage). 



19 
 

  

(a) (b) 

Fig. 9. Radial distribution of 33 group fluxes (a) and 33 integrated energy group fluxes (b) for 

infinite two-region MCFR-like simplified geometry (1-D with radial leakage). 

Neutronics results for the infinite two-region MCFR geometry, using the six-energy-

group structure, are shown in Fig. 7. As expected, the fast group fluxes were larger in magnitude 

in the fuel region and decrease in the reflector region (the boundary between these two regions is 

located at 200 cm, as shown by the dotted line in Fig. 7a). The largest discrepancy between the 

codes in Fig. 7a was in the third fast group flux in the fuel region. The average percent difference 

in the spatial fluxes between Moltres and Serpent was 5.7%, and the integrated energy flux 

difference was 0.5%. The multiplication factor differed by 22±19 pcm between the two codes. 

Neutronics results for the infinite two-region MCFR geometry, using the ANL-27 energy 

groups, are shown in Fig. 8. The average percent differences between the two codes’ flux results 

are below 5% (see Table III). The multiplication factor differed by 6±19 pcm between the two 

codes. 

Neutronics results for the infinite two-region MCFR geometry, using the ECCO-33 

energy groups, are shown in Fig. 9. The difference in the spatial flux results was reduced from 
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the fewer-group results, but the integrated flux averaged difference increased. However, the 

averaged differences were still below 5%. The multiplication factor differed by 45±18 pcm 

between the two codes. 

  

(a) (b) 

Fig. 10. Radial distribution of six group fluxes (a) and six integrated energy group fluxes (b) for 

two-region MCFR-like simplified geometry (2-D with axial and radial leakage). 

  

(a) (b) 
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Fig. 11. Radial distribution of 27 group fluxes (a) and 27 integrated energy group fluxes (b) for 

two-region MCFR-like simplified geometry (2-D with axial and radial leakage). 

  

(a) (b) 

Fig. 12. Radial distribution of 33 group fluxes (a) and 33 integrated energy group fluxes (b) for 

two-region MCFR-like simplified geometry (2-D with axial and radial leakage). 

Neutronics results for the two-region MCFR geometry, using the six-group structure, are 

shown in Fig. 10. Compared to the results for the infinite MCFR geometry (Fig. 7a), the 

agreement between the two codes’ results for the third group flux in the fuel region was 

improved (Fig. 10a). The average percent difference in the spatial fluxes between Moltres and 

Serpent was 1.8%, and the integrated energy flux difference was 0.7%. The multiplication factor 

differed by 20±17 pcm between the tools. 

Neutronics results for the two-region MCFR geometry, using the ANL-27 energy groups, 

are shown in Fig. 11. The differences between the two codes for the spatial and integrated fluxes 

are reduced from the six-group structure (see Table III) and are below 5%. Surprisingly, the 

errors are lower than those for the infinite (less leakage) geometry. As expected, the keff values 
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are slightly lower than the infinite geometry (see Table IV). The multiplication factor differed by 

5±18 pcm between the two codes. 

Neutronics results for the two-region MCFR geometry, using the ECCO-33 groups, are 

shown in Fig. 12. The differences between the two codes increased for the ECCO-33 structure in 

comparison to the ANL-27 structure. The average percent difference in the spatial fluxes 

between Moltres and Serpent was 1.1%, and the integrated energy flux difference was 2.2%. The 

multiplication factor differed by 25±17 pcm between the two codes.  

It is important to note the varying degrees of uncertainty in the neutron flux throughout 

the core. Maps of these uncertainties for the thermal, largest flux, and fast group fluxes in the 

six-group structure for the 1-D and 2-D MCFR geometries are included in Fig. 13 and Fig. 14, 

respectively. Evidently, the errors are kept mostly below 10% relative. As expected, the thermal-

group flux has larger uncertainty, especially in the center of the core where fast neutrons 

dominate. The fast-group flux has higher uncertainty in the reflector region. Again, this is due to 

the relatively low number of tallies of high-energy neutrons towards the outer reflector boundary. 

The uncertainty tends to increase as the radial position approaches the centerline (0 cm) due to 

decreasing mesh element volume. The Serpent detector mesh was formed with equally sized 

radial bins and equally sized axial bins, resulting in unequal volumes among mesh elements. 

Thus, the smaller mesh elements near the centerline capture fewer tallies, causing higher 

uncertainties. Similar results are found for the ANL-27 and ECCO-33 group structures. The 

uncertainty in very thermal group fluxes approaches 100% near the centerline (0-cm radius) due 

to lack of tallies. However, this error source is assumed negligible since the reactor operates on 

the fast spectrum. More importantly, the fast-group fluxes, which have the most neutron 

importance in the MCFR design, have acceptable uncertainty (<10%) in the fueled region.  
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Fig. 13. Relative flux uncertainty for the infinite two-region MCFR-like geometry (1-D with 

radial leakage) for the six-group structure. 

 

Fig. 14. Relative uncertainty in flux for the two-region MCFR-like geometry (2-D with radial 

and axial leakage) in the most-thermal group (left), highest-flux group (middle), and most-fast 

group (right) for the six-group structure. 

The errors in two-step-method results of flux and keff are shown in Table III and Table IV 

respectively, for each combination of MCFR geometry type and energy group structure. 
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Table III. MCFR flux differences between Moltres and Serpent. 

Geometry Number of 

Energy 

Groups 

Spatial Flux 

Averaged 

Difference 

(%) 

Integrated 

Energy Flux 

Averaged 

Difference 

(%) 

Infinite two-

region 

6 5.7 0.5 

27 2.3 1.3 

33 2.0 2.6 

Two-region 6 1.8 0.7 

27 1.0 1.3 

33 1.1 2.2 

Table IV. MCFR multiplication factor results. 

Geometry Number of 

Energy Groups 

Serpent keff Moltres keff Difference 

(pcm) 

Infinite two-

region 

6 1.05562 ± 

0.00019 

1.05584 22 ± 19 

27 1.05585 ± 

0.00019 

1.05591 6 ± 19 

33 1.05529 ± 

0.00018 

1.05574 45 ± 18 

Two-region 6 1.02151 ± 

0.00017 

1.02171 20 ± 17 
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27 1.02179 ± 

0.00018 

1.02174 5 ± 18 

33 1.02111 ± 

0.00017 

1.02136 25 ± 17 

III.B. MCRE-like simplified geometry 

The results for the demonstration MCRE-like concept are presented below in Fig. 15-Fig. 

20. The results are organized by geometry type (infinite followed by finite) and then energy 

group structure (six, 27, and 33).  

  

(a) (b) 

Fig. 15. Radial distribution of six group fluxes (a) and six integrated energy group fluxes (b) for 

infinite two-region MCRE-like simplified geometry (1-D with radial leakage). 
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(a) (b) 

Fig. 16. Radial distribution of 27 group fluxes (a) and 27 integrated energy group fluxes (b) for 

infinite two-region MCRE-like simplified geometry (1-D with radial leakage). 

  

(a) (b) 

Fig. 17. Radial distribution of 33 group fluxes (a) and 33 integrated energy group fluxes (b) for 

infinite two-region MCRE-like simplified geometry (1-D with radial leakage). 

Fig. 15 shows the results compared between Moltres and Serpent for the infinite two-

region MCRE geometry, using the six-energy-group structure. The differences between the 

codes are larger for this smaller geometry than for the MCFR geometry. Fig. 15a displays the 
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radial distribution of the group fluxes. As expected, the fast group fluxes (groups 1-3) were 

larger in magnitude in the fuel region and decrease in the reflector region (the boundary between 

these two regions is located at 19 cm, as shown by the dotted line in Fig. 15a). It is noted that the 

Moltres results deviated from the Serpent results, especially for groups 3 and 4. This is further 

shown in Fig. 15b, where the integrated fluxes are visibly different. The average percent 

difference in the spatial fluxes between Moltres and Serpent was 10.7%, and the integrated 

energy flux difference was 10.4%. The multiplication factor differed by 63±57 pcm between the 

two codes.  

Fig. 16 shows neutronics results for the infinite two-region MCRE geometry, using the 

ANL-27 groups. Fig. 16a includes an interesting result where a thermal group flux is highly 

overestimated by Moltres in the reflector region. This phenomenon is further emphasized in Fig. 

16b, where the Moltres integrated fluxes are consistently larger in thermal groups and smaller in 

fast groups in comparison to Serpent results. Despite the one large difference, the error in 

integrated group fluxes was reduced when comparing these results to six-group results (errors are 

summarized in Table V). The average percent difference in the spatial fluxes between Moltres 

and Serpent was 13.7%, and the integrated energy flux difference was 6.8%. The multiplication 

factor differed by 1049±18 pcm – almost two orders of magnitude larger than the MCFR error. 

Fig. 17 includes the results for the infinite two-region MCRE geometry, using the ECCO-

33 groups. The error between the two codes was minimized by using this energy group structure 

(see Table V for direct comparison). Other than the non-smooth Serpent results at small radii in 

Fig. 17a, no large discrepancies between the two codes were noted. The average percent 

difference in the spatial fluxes between Moltres and Serpent was 5.8%, and the integrated energy 
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flux difference was 6.9%. The multiplication factor differed by 973±18 pcm between the two 

codes. 

  

(a) (b) 

Fig. 18. Radial distribution of six group fluxes (a) and 6 integrated energy group fluxes (b) for 

two-region MCRE-like simplified geometry (2-D with axial and radial leakage). 

  

(a) (b) 

Fig. 19. Radial distribution of 27 group fluxes (a) and 27 integrated energy group fluxes (b) for 

two-region MCRE-like simplified geometry (2-D with axial and radial leakage). 
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(a) (b) 

Fig. 20. Radial distribution of 33 group fluxes (a) and 33 integrated energy group fluxes (b) for 

two-region MCRE-like simplified geometry (2-D with axial and radial leakage). 

Fig. 18 shows the neutronics results for the two-region MCRE geometry, using the six-

group energy structure. The results are very similar to those found for the infinite geometry, 

except with increased error between the codes and a lower multiplication factor (see Table VI). 

The average percent difference in the spatial fluxes between Moltres and Serpent was 11.5%, and 

the integrated energy flux difference was 11.2%. The multiplication factor differed by 1034±17 

pcm. 

Fig. 19 shows neutronics results for the two-region MCRE geometry, using the ANL-27 

energy groups. Similar to the 27-group results for the infinite geometry (Fig. 16a), a large 

difference between Moltres and Serpent radial thermal flux in the reflector region is evident in 

Fig. 19a. Also, the percent differences between Moltres and Serpent fluxes were larger for the 

finite geometry, and the keff were lower. The average percent difference in the spatial fluxes 

between Moltres and Serpent was 10.9%, and the integrated energy flux difference was 7.4%. 

The multiplication factor differed by 1206±18 pcm.  
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Fig. 20 shows neutronics results for the two-region MCRE geometry, using the ECCO-33 

energy groups. As expected, the error was reduced in comparison to results from the same 

geometries but fewer energy groups, and the error increased in comparison to the infinite 

geometry and same energy group structure. However, the average percent difference between the 

two codes was below 10% for this geometry and energy group structure combination.  

The uncertainties in the Serpent flux results are shown in Fig. 21 and Fig. 22 for the 1-D 

and 2-D MCRE geometries, respectively. These uncertainties are important to ensure that the 

reference results and group constants are statistically precise. Evidently, the errors are kept 

mostly below 10% relative. Similar results are found for the ANL-27 and ECCO-33 group 

structures. The fast-group fluxes, which have the most neutron importance in the MCRE design, 

have acceptable uncertainty (<10%) in the fueled region.  

 

Fig. 21. Relative flux uncertainty for the infinite two-region MCRE-like geometry (1-D with 

radial leakage) for the six-group structure. 
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Fig. 22. Relative uncertainty in flux for the two-region MCRE-like geometry (2-D with radial 

and axial leakage) in the most-thermal group (left), highest-flux group (middle), and most-fast 

group (right) for the six-group structure. 

The errors in two-step-method results of flux and keff are shown in Table V and Table VI, 

respectively, for each combination of MCRE geometry type and energy group structure. 

Table V. MCRE flux differences between Moltres and Serpent. 

Geometry Number of 

Energy 

Groups 

Spatial Flux 

Averaged 

Difference 

(%) 

Integrated 

Energy Flux 

Averaged 

Difference 

(%) 

Infinite-two 

region 

6 10.732 10.368 

27 13.703 6.808 

33 5.795 6.871 

Two-region 6 11.461 11.248 
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27 10.908 7.381 

33 6.607 7.568 

 

Table VI. MCRE multiplication factor results. 

Geometry Number of 

Energy 

Groups 

Serpent keff Moltres keff Difference 

(pcm) 

Infinite two-

region 

6 1.09934 ± 

0.00057 

1.09871 63 ± 57 

27 1.09923 ± 

0.00018 

1.08874 1049 ± 18 

33 1.09889 ± 

0.00018 

1.08916 973 ± 18 

Two-region 6 1.00554 ± 

0.00017 

0.99520 1034 ± 17 

27 1.00589 ± 

0.00018 

0.99383 1206 ± 18 

33 1.00567 ± 

0.00018 

0.99424 1143 ± 18 

 

Evidently, diffusion theory’s accuracy is highly dependent on leakage and the size of the 

system. Fig. 23 below shows the impact of core size on diffusion accuracy, as measured by the 

difference between the diffusion results and Monte Carlo results. For this analysis, the ratio of 
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the fuel diameter to height was kept constant at 0.89, which is the ratio for the MCFR-like design 

configured previously. The pattern shown in Fig. 23 agrees with the general trend of the smaller, 

MCRE-like core with a radius of 38 cm yielding keff differences on the magnitude of 1000 pcm, 

whereas the large MCFR-like core yields keff differences near 20 pcm. The effects of leakage on 

diffusion theory performance are more prevalent in the MCRE as well due to the smaller ratio of 

fuel diameter to height of 0.38.  

 

Fig. 23. Agreement between Moltres and Serpent, as measured by the keff difference and the 

integrated energy flux averaged difference, as a function of core size. 

IV. DISCUSSION 

IV.A. Key question 1: What is a generic and relevant fast chloride MSR core 

configuration? 

A generic core design for a fast chloride MSR was developed to achieve simplicity, 

criticality, and relevance to an industry-led design. The design used for reference was 

TerraPower’s MCFR. The geometry and material definitions for the generic MCFR-like design 
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determined by this work are listed in Table I. An additional generic design was developed after 

TerraPower’s other design, the MCRE. This generic configuration is also described in Table I. 

Through collaboration with TerraPower on a parallel project [17], the relevance of these generic 

reactor configurations was confirmed; the cores designed in this work are quite similar to the 

data that was publicly released by TerraPower [28, 29]. Therefore, the core designs are relevant 

to industry pursuits and future applications.  

IV.B. Key question 2: Is diffusion theory accurate for modeling a fast chloride MSR? 

The agreement between a diffusion-based code (Moltres) and Monte-Carlo code 

(Serpent) was used to answer this key question, and it was found that diffusion theory applies 

well to the MCFR-like configuration explored in this work. Diffusion results were compared 

against Monte-Carlo results for the most realistic MCFR design in Fig. 10-Fig. 12. It is apparent 

that diffusion theory performed well in calculating a flux similar to that found by Serpent. 

Furthermore, the differences in the fluxes and multiplication factors between the two methods 

are quantified in Table III and Table IV. The averaged percent difference between Moltres and 

Serpent fluxes was less than 5%, and the multiplication factors agreed within 50 pcm. Diffusion 

theory models the MCFR-like configuration very well because of the geometry’s low leakage 

nature. 

IV.C. Key question 3: Is agreement between high-order and low-order neutronic 

solutions different for high-leakage and low-leakage systems? 

The agreement between the high- (Serpent) and low- (Moltres) order codes varied 

depending on the reactor geometry. Whereas the low-leakage, large MCFR-like geometry 

yielded flux agreement within 5% and keff agreement within 50 pcm, the high-leakage, small 

MCRE-like geometry had more significant disagreements. For the finite, two-region MCRE 
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geometry, the two codes outputted fluxes that agreed within 13% and multiplication factors that 

differed by 1250 pcm. The differences between the finite and infinite geometries may also be 

compared (see Table V and Table VI) in order to emphasize leakage’s impact on the accuracy of 

diffusion-based solutions. 

These differences are attributed to the increased leakage that is present in the MCRE 

geometry (when compared to MCFR) and the finite geometry (when compared to infinite). 

Diffusion theory tends to underperform in high-leakage geometries. This is demonstrated in Fig. 

16b, Fig. 17b, Fig. 19b, and Fig. 20b, where Moltres overpredicted the thermal fluxes and 

underpredicted the fast fluxes due to over-homogenized diffusion coefficients. However, despite 

the high leakage and relatively larger disagreements, it was determined that diffusion theory still 

applies well to the MCRE geometry; the codes agreed within 15% of flux and 1250 pcm of keff. 

These conclusions are further supported by Fig. 23, which shows diffusion theory has larger 

errors for smaller core sizes such as the MCRE geometry.  

IV.D. Key question 4: What is an appropriate energy group structure for MCRE-like 

and MCFR-like concepts? 

The ANL-27 energy group structure was found to be most appropriate for the MCFR-like 

geometry. The 27-group structure yielded the lowest combined flux difference (less than 5%) 

and the best keff agreement (within 30 pcm). The six-group structure did not capture the shape of 

the MCFR spectrum well, as shown in Fig. 10b, and it resulted in large flux errors (Table VI). 

The six-group structure may be used for the MCFR-like concept if lower computational times are 

desired; however, it is noted that this structure does not capture chlorine and sodium resonances 

at high neutron energies as well as the other group structures (see Fig. 3). The ECCO-33 group 

structure demonstrated larger disagreements for flux results compared to ANL-27 (Table III), 
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and it demonstrated larger disagreements in keff compared to both the ANL-27 and six-group 

structures (Table IV).  

The ECCO-33 energy group structure was found to be appropriate for the MCRE. The 

33-group structure resulted in the lowest flux differences between codes (less than 10%) and the 

second best keff agreement. The six-group structure did not capture the shape of the MCRE 

spectrum well, as shown in Fig. 6b, and it resulted in large errors in the group fluxes (Table V). 

The ANL-27 energy group structure was also found to be not suitable for the MCRE due to the 

presence of large error in the diffusion solution of thermal flux in the reflector region (Fig. 19a) 

and the larger averaged differences in flux and keff between the two codes (Table V and Table 

VI).  

IV.E. Key question 5: How do solutions change as higher dimensionality (e.g., 1-D to 

2-D) is included in models? 

The solutions changed depending on the energy structures and complexity of the 

geometry. As the number of energy groups increased, the diffusion solutions tended to increase 

in accuracy (Table V). Additionally, as the number of energy groups increase, the number of 

neutrons in each group decreases for Serpent calculations. This may be the cause of the sporadic 

Serpent radial results at small radii (ex. Fig. 3a). It is predicted that these results would smooth 

out with increased neutron populations, but this would also increase the computational effort 

required. The placement/ distribution of group energy limits also had an impact on accuracy, as 

demonstrated in Table III and Table IV between the 27- and 33-group structures. Also, by 

increasing the complexity and accuracy of the geometry (i.e., by transitioning from an infinite to 

finite geometry), the accuracy of the diffusion solution decreased due to increased leakage. 
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This question will be answered in more detail in future work. It is expected that 

introducing more geometry complexities, such as flowing loops and flow directors, will impact 

the solution accuracy. Additionally, the implementation of flowing fuel is expected to have a 

significant impact on the solutions themselves.  

V. SUMMARY AND CONCLUSIONS 

Two generic reactor concepts, a large MCFR-like and small MCRE-like reactor, were 

designed and modeled, using a two-step method of Serpent group-constant generation and 

Moltres diffusion solution. Three energy group structures were explored: six, ANL-27, and 

ECCO-33.  

We found that diffusion theory captures neutronics well for the large MCFR. The ANL-

27 energy group structure was found to be an appropriate structure for the MCFR-like system, 

yielding an average group flux error below 2% and keff agreement between diffusion and 

transport solutions within 30 pcm. When applied to the smaller MCRE-like system, diffusion 

theory potentially performed but with significantly larger error. The ECCO-33 energy group 

structure fit best, resulting in an average group flux error less than 10% and keff agreement within 

1200 pcm. This is a large error in keff but may be acceptable if reactivity coefficients and 

transient behaviors are properly captured. This is due to the very high neutron leakage in the 

small MCRE-like system. Diffusion theory is an excellent choice for a large fast chloride MSR 

but may not be the right choice for modeling a very small, fast chloride MSR. 

The results indicate that diffusion theory can be applied and yield accurate results for the 

reactors of interest, especially the large MCFR-like system. In addition to exploring the 

capabilities of an open-source tool, Moltres, this work contributes to the literature by providing 
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verification of a two-step method for models of fast-spectrum chloride MSRs, which could be 

applied in NRC codes like PARCS for a reactor design like the MCFR. 

V.A. Future work 

Future work for the models presented in this study focuses on reducing statistical error. 

This can be accomplished by simulating more particles in Serpent, especially for the finer energy 

group structures. The MCRE geometry could be discretized into multiple subregions that would 

yield better consideration of radial and axial dependencies in group constant generation (included 

as third step in Fig. 1). Other energy group structures may also be pursued. 

Furthermore, the next areas of interest involve expanding the complexity of the models 

and further exemplifying Moltres’s capabilities. This will involve using Moltres’s full options of 

coupling neutronics and thermal hydraulics for circulating fuel. These models will be used to 

simulate transients such as design basis accidents and power-cooling mismatches. The effect of 

delayed neutron precursor drift will be examined. Model development will focus on 

implementing more realistic geometry that includes flow directors and flowing loops.  

VI. DATA AVAILABILITY 

Models (including Serpent input decks, Moltres input files, and Gmsh meshes) will be 

available after publication at https://github.com/klawso28/fast-chloride-MSR.git.  
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