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Abstract: Small Modular Molten Salt Reactors (SM-MSRs) integrate modular design and molten salt reactor
technology, with huge potential for future energy supply. Most current studies concentrate on analyzing and optimizing
core physical features including core physics, fuel cycle and thermal-hydraulics, yet studies on system modular
decomposition are still inadequate. This paper proposes a module partition approach for SM-MSRs based on the
requirement-function-structure mapping matrix. First, requirement and physical structure models are built, and
functional and structural Design Structure Matrixes (DSMs) are constructed individually. Then an integrated DSM is
formed via weighted fusion, and an improved Louvain algorithm is employed for clustering to maximize modularity.
By tuning the weights of functional and structural DSMs, the optimal partition scheme is acquired and weight
configuration impacts are examined. Finally, the method is validated against the Molten Salt Reactor Experiment. The
results offer theoretical support and methodological guidance for SM-MSR engineering modular design.

Keywords: Small Modular Molten Salt Reactor, Modular design, Requirement-function-structure mapping, Module
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1 Introduction

As the only liquid-fueled reactor among Generation 1V nuclear reactors, the Molten Salt Reactor (MSR) has attracted
extensive attention from researchers for its design and manufacturing methods adapted to liquid fuel characteristics (Jyothi
et al., 2023). If the traditional reactor design and manufacturing model is adopted, core equipment must be assembled on-
site, leading to a long construction period. On-site construction is restricted by factors such as site conditions, processes,
and personnel, which increases initial investment. Moreover, system integration in the traditional model tends to result in
a complex equipment system, further leading to high operation and maintenance costs (Ingersoll, 2009). The Small
Modular Molten Salt Reactor (SM-MSR), developed by integrating the modular design concept, inherits the inherent
advantages of MSR, including safety, reliability, and excellent thermal performance. It also has the technical benefits of
small modular reactors, such as flexible siting, low cost, and short construction period (Di Maio et al., 2022; Park et al.,
2023). Therefore, SM-MSR is one of the main development directions of current MSR technology.

At present, most studies focus on the analysis of basic physical characteristics of SM-MSR. However, studies on its
modular design method are still insufficient. The core of modular design lies in module partition. A reasonable partition
scheme can make modules feature high cohesion and low coupling. This will significantly improve the operational
reliability, economy and overall performance of the system. Existing module partition methods are mostly applied in fields
such as traditional mechanical products (Fazeli and Peng, 2022; Li et al., 2017; Q. Liu et al., 2024; Wang et al., 2025b,
2025a) and architectural space design (Samarasinghe et al., 2019). Fazeli and Peng (Fazeli and Peng, 2022) combined
axiomatic design and quality function deployment to realize module partition for hand rehabilitation devices. Li et al. (Li
et al., 2017) proposed a module partition method integrating function models and community detection algorithms. This
method was applied to module partition for the power mechanism of a large crawler crane. Liu et al. (Q. Liu et al., 2024)
put forward a module partition method based on the function-behavior-structure framework, which also considers the
impact of change propagation. They completed module partition for a permanent magnet synchronous centrifugal unit.

In the field of nuclear reactor modular design, Lapp and Golay (Lapp and Golay, 1997) proposed a module partition and
construction scheme suitable for light water reactors using matrix clustering analysis and a cost penalty mechanism. They
verified that modular design can effectively reduce reactor construction costs. Subsequently, based on the light water
reactor data from Lapp (Lapp and Golay, 1997), Wrigley et al. (Wrigley et al., 2019) used genetic algorithm to optimize
module configuration schemes. This approach significantly reduced the amount of piping materials and installation work.
It directly lowered costs and shortened the construction cycle. Meanwhile, the optimized standardized grid layout
facilitates factory prefabrication and on-site construction scheduling. However, no published literature has conducted
systematic research on module partition methods for SM-MSR.

In view of the above, this paper takes the Molten Salt Reactor Experiment (MSRE) of Oak Ridge National Laboratory
(ORNL) in the United States as the technical research carrier of molten salt reactors, and conducts a study on SM-MSR
module partition. The research is carried out based on the requirement-function-structure mapping matrix. Starting from
top-level design requirements, this paper refines specific functional requirements. Based on the implementation correlation
between each component and functional requirements, it constructs a Design Structure Matrix (DSM) between functions
and structures, and builds multiple sets of comprehensive correlation matrices by adjusting DSM weights. Then, the
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improved Louvain algorithm is adopted to complete module partition, and the influence of different weights on module
partition schemes is further explored. Finally, the effectiveness of the proposed method is verified by combining the design
requirements of MSRE and the connection relationship of its core components.

2 Methodology

2.1 DSM construction

This paper constructs two types of sub-DSMs among all components in the system: the functional correlation DSM and
the structural correlation DSM. The two sub-DSMs are then linearly weighted and fused according to Equation (1) to
obtain the comprehensive correlation DSM.

C@, ) =wF(@,J)+wsS(, j) 1)
Where ws is the weight coefficient of the functional correlation DSM; ws is the weight coefficient of the structural
correlation DSM; F(i, j) denotes the functional correlation DSM; S(i, j) denotes the structural correlation DSM.

Functional correlation DSM describes the functional coupling of components via material, information and energy flows
to satisfy design requirements. Structural correlation DSM characterizes the physical connections between components,
reflecting system topology, assembly, geometry and material properties (Rosenman and Gero, 1998). The comprehensive
correlation matrix represents the overall correlation obtained by weighted coupling of correlation matrices with different
attributes.

2.2 Modularity and module partition method based on improved Louvain algorithm

To quantitatively evaluate the rationality of module partition schemes, this paper adopts modularity (Q), whose
effectiveness has been widely verified by researchers (Li and Wei, 2022; Z. Liu et al., 2024; Newman, 2006), as the
evaluation function for partition rationality. A larger modularity value indicates a more reasonable partition scheme. Its
calculation formula is given in Equation. (2).
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Where Ajj represents the connection weight between node i and node j; si and sjrepresent the total weights connected to
node i and node j, respectively; m denotes the total weight. Nodes i and j belong to the same module if d(ci,c;)) = 1;

otherwise, J(ci,c;) = 0.

The Louvain algorithm takes modularity as the objective function and realizes clustering partition of complex systems
through greedy optimization. Its solution process is shown in Figure 1. Specifically, the modularity maximization mainly
consists of two stages:

1. Modularity optimization: All nodes are traversed, and each node is assigned to the module with the largest modularity
gain until the assignment state stabilizes and the modularity remains unchanged.

2. Module aggregation: The small modules obtained in step 1 are aggregated into super nodes, and the network is
reconstructed. The weight of an edge between any two super nodes in the new network is defined as the sum of the weights
of all edges between the original nodes within these two super nodes.

Although the modularity-based Louvain algorithm has been widely used in module partition and achieved satisfactory
results in several cases, this algorithm and similar community detection methods do not consider Bus components in the
system that are not suitable for being assigned to any module (Sharman and Yassine, 2004). Such components are coupled
with most components in the system. If they are classified into a certain module, the coupling degree between that module
and other modules of the system will be greatly increased.

To address the issue that the traditional Louvain algorithm does not consider bus components, this paper introduces a
preprocessing strategy from previous research (Wang et al., 2026) to identify and remove special components before
module partition. This preprocessing procedure is realized based on the joint criterion of structural entropy and modularity,
which can effectively improve the system module partition performance. The calculation formula of structural entropy is
as follows:
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where Wmax is the maximum weight of edges in the graph; k is the degree of node i; LCC; is the local clustering coefficient
of node i; N(v) is the set of neighbors of node v in the weighted graph; SLCC(v) is the structural entropy of node v.
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Figure 1. Visualization of the steps of Louvain algorithm.

The improved module partition method based on the Louvain algorithm (Wang et al., 2026) is shown in Figure 2. First,
the structural entropy SLCC of each node is calculated. Then, the Louvain algorithm is executed to obtain an initial module
partition result. Next, each node is separated into an independent module one by one, and the modularity variation AQ; of
the modules formed by the remaining nodes is calculated. Meanwhile, the node with the maximum SLCC and its
corresponding AQ; are selected as bus components, which are removed and set as independent modules. The above process
is repeated until no eligible components exist. Finally, all bus components are regarded as independent modules, forming

the final module partition scheme.
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Figure 2. The module partition framework based on structural entropy and the Louvain algorithm.
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2.3 Module Partition Procedure

In the module partition process based on the requirement-function-structure mapping matrix, starting from the design
requirements, the comprehensive correlation matrix of the SM-MSR is constructed according to the mapping relationship
between functions and structures. The module partition scheme of the SM-MSR is then obtained using the improved
Louvain algorithm. The detailed procedure is shown in Figure 3, where R denotes the top-level design requirements, FR
denotes the functional requirements, and SR denotes the specific components.
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Figure 3. Process of module partition of SM-MSR.

In the requirement-function-structure mapping process, a top-level requirement list is first established according to the
performance and task indicators of the SM-MSR, combined with existing technical conditions and engineering practice.
Researchers then decompose and refine these requirements step by step to obtain specific functional requirements. Since
each functional requirement must be realized by at least one physical component in the system, a function-structure
correlation matrix can be constructed based on the correspondence between functional requirements and components. In
the function-structure correlation matrix, the more functional requirements jointly satisfied by different components, the
higher the functional correlation strength between those components. Based on this principle, the functional correlation
matrix of SM-MSR components can be constructed.

After obtaining the functional correlation matrix, the structural correlation matrix can be constructed according to the
connection relationships and coupling forms of the specific components of the SM-MSR. Weight factors are then
introduced to weight and superimpose the functional correlation matrix and the structural correlation matrix respectively
according to Equation (1), so as to obtain the comprehensive correlation matrix. Based on the improved Louvain algorithm
(Wang et al., 2026) and with modularity as the objective function (Newman, 2006), the module partition scheme of the
SM-MSR is obtained, and the rationality of the scheme is analyzed and verified.

3 Module Partition of SM-MSR

Taking the Molten Salt Reactor Experiment (MSRE)—the world’s first molten salt reactor to achieve engineered
operation—as a common technical carrier for molten salt reactor research, this paper applies the aforementioned module
partition method and procedure. Core design elements of the molten salt reactor are extracted from its design documents,
and adaptively expanded according to the top-level design requirements of miniaturization and modularization for the SM-
MSR. Studies are carried out on requirement refinement, core component sorting, and reconstruction of coupling
relationships among components, so as to explore module partition for the core system of the SM-MSR.
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Although the MSRE (shown in Figure 4) was limited by its era and did not adopt a modular design philosophy, its core
design requirements, key functions, and component coupling logic cover the basic technical specifications of molten salt
reactors. Moreover, it has complete engineering design documents and remains one of the few available cases for
validating the proposed method in the molten salt reactor field. Its common technical characteristics effectively support
the applicability analysis of the proposed method in the modular design of the SM-MSR.

3.1 Requirement-Function Refinement

Requirement analysis is at the early stage of system design, aiming to ensure that system development meets the preset
requirements. Systematic analysis of top-level requirements can clarify key indicators such as the functions, performance
and reliability required by the system, which is a prerequisite for subsequent design work. Therefore, the first step of the
module partition method proposed in this paper is to obtain top-level requirements. The acquisition of top-level
requirements can be carried out through a combination of interviews, field investigations, literature research and other
methods, so as to effectively improve the comprehensiveness and accuracy of system top-level requirement capture.

To capture the top-level design requirements of the SM-MSR, this paper takes the basic functional requirements of molten
salt reactors summarized from the MSRE as the core foundation (Robertson, 1965). Combined with the design goals of
miniaturization and modularization of the SM-MSR, top-level requirements related to reliability and engineering
implementation are supplemented, finally realizing the integration of common requirements of molten salt reactors and
personalized design requirements of the SM-MSR. Nine core top-level requirements of the SM-MSR are obtained, as
shown in Table 1. Among them, TOP-R1 to TOP-R5 are functional top-level requirements of the SM-MSR, which need
to be realized through the coordination of specific components. TOP-R6 to TOP-R9 are reliability top-level requirements,
which require relevant components to meet specific performance standards to ensure the implementation of the
requirements. Since the functional top-level requirements rely on specific components and their refinement directly affects
the accuracy of subsequent function-structure mapping, they are further refined and decomposed, finally yielding the
functional requirement diagram shown in Table 2.
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Figure 4. Schematic diagram of MSRE (Haubenreich and Engel, 1970).

Table 1. TOP-Requirements of SM-MSR.

Requirement Requirement ID Requirement Name
TOP-Function Requirements TOP-R1 Control of nuclear reactions
TOP-R2 Safety assurance
TOP-R3 Medium management
TOP-R4 Fuel salt circulation
TOP-R5 Piping sealing
TOP-Reliability Requirements TOP-R6 Operation and maintenance
TOP-R7 Modular design
TOP-R8 Material corrosion resistance
TOP-R9 Thermal power output performance
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Table 2. Refined function requirements of SM-MSR.

TOP Requirement ID Refined Requirement ID Refined Requirement Name
TOP-R1 TOP-R1.1 Thermal power regulation
TOP-R1.2 Reactivity control

TOP-R1.3 Negative temperature coefficient

TOP-R2 TOP-R2.1 Emergency isolation
TOP-R2.2 Radioactive media control

TOP-R2.3 Decay heat removal

TOP-R2.4 Temperature limit of the reactor core

TOP-R3 TOP-R3.1 Salt storage
TOP-R3.2 Fuel salt reprocessing

TOP-R3.3 Off-gas reprocessing

TOP-R4 TOP-R4.1 Fuel salt circulation and transfer
TOP-R4.2 Thermal power output

TOP-R5 TOP-R5.1 Prevention of fuel salt oxidation due to contact
with air or moisture

TOP-R5.2 Leak detection

TOP-R5.3 Maintain the pressure of the fuel salt loop

3.2 Function-Structure Mapping

The refined functional requirements are typically realized through the collaborative operation of one or more components.
Based on this mapping logic, if two components jointly satisfy a certain functional requirement, they are considered to
have a functional correlation; the more functional requirements the components jointly satisfy, the stronger their functional
correlation. The mathematical expression is as follows:

. G ..
W, ; =min(—-,a),i# j,c, >0
Cmax (7)
Crax = Max{c; |1, j =1,2,K ,nji= j} @®)
where c;j denotes the number of original requirements jointly satisfied by components i and j; Cmax is the maximum number
of joint requirements; « is the upper limit of the normalized functional correlation weight; wi; is the functional correlation

weight between components i and j. To meet the aforementioned refined functional requirements, 35 core components of
the SM-MSR are identified, and the required core components of the SM-MSR are listed in Table 3.

Table 3. Core components of SM-MSR.

NO. Component NO. Component NO. Component
1 Absolute Filter 13 Fuel Salt Storge and Processing 25 Pre-Heater
Tank

2 Auxiliary Charcoal 14 Graphite Matrix 26 Pressure

Bed Regulating Valve

3 Caustic Scrubber 15 Heat Exchanger Thimbles 27 Reactor Vessel

Shell

4 Condensator 16 Helium Dryers 28 Roughing Filter

5 Control Rod Drive 17 High-Temperature Sodium 29 Stack
Fluoride Adsorber

6 Control Rods 18 Hold-up Volume 30 Stack Fans

7 Drain Tank 19 Low-temperature Portable 31 Steam Drum
Adsorbers for UFs

8 Electromagnetic 20 Lower Head 32 Supply Tanks(H2,

Clutch HF, F2)

9 Feed Water Tank 21 Main Charcoal Bed 33 Surge Helium

Tank

10 Flush Tank 22 Nuclear Detection Instrumentation 34 Treated-Helium

Storage Tank

11 Fuel Heat Exchanger 23 Overflow Tank 35 Upper Head
12 Fuel Salt Pump 24 Oxygen Removal
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The aforementioned 35 components are abstracted as nodes, and the comprehensive weight is calculated based on the
correlation among requirements, functions, and structures, which is taken as the edge between nodes. Based on the
functional requirements shown in Table 2 and the core components listed in Table 3, the function-structure mapping
relationship matrix is constructed, as shown in Figure 5. Meanwhile, according to the above mapping logic, this function-
structure mapping matrix can be further transformed into the functional correlation DSM between components, and the
weights are standardized to the interval [0, 1] through global maximum normalization, thus forming the SM-MSR
functional correlation DSM as shown in Figure 6(a).

In addition, to meet the functional requirements of the SM-MSR, structural connections exist between components, and
different connection modes correspond to different weights. However, due to the complexity of the connection
relationships between components, which are difficult to directly and accurately quantify, a simplified treatment is
adopted: a binary DSM is used to construct the component structural correlation DSM for the SM-MSR, as shown in
Figure 6(b).
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Figure 5. Function-Structure mapping relationship matrix of SM-MSR.
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Figure 6. DSMs of SM-MSR.
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If only the functional correlation DSM or the structural correlation DSM is considered, the module partition results will
be biased (Tang et al., 2025; Zhang et al., 2019). Therefore, after obtaining the functional correlation DSM and structural
correlation DSM of the components respectively, this paper uses Equation (1) to perform linear weighting on the two
matrices to obtain the comprehensive correlation DSM. Considering that different weight coefficients may lead to different
module partition schemes, this paper starts with wr = 0.1 and ws = 0.9, and gradually increases wf and decreases ws with
a step size of 0.1, resulting in 9 comprehensive correlation matrices. Due to space limitations, only the comprehensive
correlation DSM with ws = 0.8 and ws = 0.2 is presented, as shown in Figure 7(a).

Weight Binary Weight Binary

1] 1/4 1/2 3/4 1 ] 1 Ll 1/4 1/2 3/4 1 ] 1

(@) Intial DSM model (b) Result of module partition of the Intial DSM model

Figure 7. Comprehensive correlation DSM of SM-MSR(wr = 0.8, ws = 0.2).

3.3 Module partition

The improved Louvain algorithm is applied to the comprehensive correlation DSMs of the SM-MSR under different
weights to complete module partition. In all algorithm runs, the Fuel Salt Pump and Nuclear Detection Instrumentation
are identified as bus components that are not suitable for inclusion in any module and thus excluded from subsequent
module partition; the Fuel Heat Exchanger forms an Independent Component Module (ICM); and the remaining 32
components are divided into 5 modules.
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Figure 8. Module partition differences under different weight combinations of ws and ws.

The module partition schemes obtained from the comprehensive correlation DSMs under different weights are not
identical, and their differences are presented as a heat map, as shown in Figure 8. It can be observed that the module
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partition schemes differ significantly when ws < ws, while the partition results tend to be consistent when ws > ws. This is
because the functional correlation matrix is finely quantified to the interval [0, 1], whereas the structural correlation DSM
adopts a binary connection relationship (0/1 connection) with relatively sparse information and weak discrimination. When
the functional weight wr > ws, the module partition is dominated by the continuous, refined and higher information-density
functional logic, which exhibits stronger robustness and uniqueness. Therefore, even if the weights continue to change,
the module structure identified by the algorithm remains basically consistent, resulting in highly convergent partition
results. When the structural weight is dominant (ws < ws), the module partition highly relies on simple physical connections
between components. Slight differences in connections will be amplified under different weight ratios, leading to
fluctuations in the community structure identified by the Louvain algorithm, thus resulting in a high degree of difference
in partition results under different weight combinations. Therefore, this paper selects the module partition results under ws
> w;s as the partition scheme for the SM-MSR, and the partition results are shown in Figure 7(b).

Table 4. Module partition result of core components of SM-MSR.

Module NO. Component
Bus 22,12 Nuclear Detection Instrumentation, Fuel Salt Pump
ICM 11 Fuel Heat Exchanger
1 1,2,18, 21, Absolute Filter, Auxiliary Charcoal Bed, Hold-up Volume, Main Charcoal Bed,
28, 29, 30 Roughing Filter, Stack, Stack Fans

2 3,7,10, 13, Caustic Scrubber, Drain Tank, Flush Tank, Fuel Salt Storge and Processing
17,19, 32 Tank, High-Temperature Sodium Fluoride Adsorber,
Low-temperature Portable Adsorbers for UFs, Supply Tanks

3 4,9,15,31 Condensator, Feed Water Tank, Heat Exchanger Thimbles, Steam Drum
4 5,6,8, 14, Control Rod Drive, Control Rods, Electromagnetic Clutch, Graphite Matrix,
20, 27, 35 Lower Head, Reactor Vessel Shell, Upper Head

5 16, 23, 24, Helium Dryers, Overflow Tank, Oxygen Removal, Pre-Heater, Pressure
25, 26, 33, 34 Regulating Valve, Surge Helium Tank, Treated-Helium Storage Tank

The module partitioning results are summarized in Table 4. The nuclear instrumentation system performs the overall
reactor safety monitoring function, while the fuel salt pump acts as the core circulation power component. Owing to their
extensive coupling with most system components, they cannot be integrated into any module and are therefore classified
as Bus components by the algorithm. The fuel salt heat exchanger, as a key heat transfer component with independent
functionality and no complex inter-component interactions, is partitioned as an Independent Component Module (ICM).
Module 1 integrates components for gas purification and discharge to realize the tail gas treatment function of the SM-
MSR. Module 2 is responsible for fuel salt chemical treatment and medium storage to enhance the integrity of medium
supply and processing. Module 3 implements residual heat removal and heat recovery via the water-steam cycle in post-
shutdown fuel salt cooling. Module 4 constitutes the core functional module for reactor reactivity control and structural
support. Module 5 coordinates helium purification, circulation and parameter regulation to maintain the stable operation
of the helium system.

In summary, the SM-MSR module partition scheme obtained based on the verification of common technologies of the
MSRE molten salt reactor corresponds to an independent process subsystem of the SM-MSR for each module (e.g., reactor
core, gas purification, residual heat removal), which fully conforms to the compact and modular design objectives of the
SM-MSR. In the design phase, parallel design can be carried out on a module-by-module basis (e.g., Module 4 shall be
designed by the nuclear island team, and Module 3 by the thermal-hydraulic team). While reducing design complexity,
this scheme facilitates module-based troubleshooting after faults occur, significantly improving operation and maintenance
efficiency.

4 Conclusion

Research on SM-MSR has long attracted considerable attention. However, studies on the specific implementation methods
for module partition of SM-MSR remain relatively scarce. To address this gap, this paper conducts a module partition
study for SM-MSR based on the requirement-function-structure mapping relationship matrix. First, the core functional
requirements of SM-MSR are sorted out and refined. Then, a comprehensive correlation matrix between components is
constructed through requirement-function-structure mapping. Finally, an improved Louvain algorithm is adopted to
perform clustering analysis on the correlation matrix, yielding the SM-MSR module partition scheme. The partition results
show that the module partition scheme obtained by combining the requirement-function-structure mapping matrix with
the improved Louvain algorithm is highly reasonable. Each module in this scheme can independently undertake specific
functional requirements, which can effectively improve both system design efficiency and operation and maintenance
efficiency.
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Although the SM-MSR module partition scheme obtained in this paper is theoretically feasible, the modular design of
complex systems is a systematic project. Its optimization and engineering implementation require the collaboration of
multidisciplinary teams in nuclear engineering, materials, manufacturing, and other fields, and cannot be completed by a
single team. The quantitative modeling of the connection relationships between components in the structural correlation
DSM addressed in this paper also requires multi-institutional collaboration. Future research will combine engineering
practice, incorporate constraints such as module weight and transportation conditions, and construct a more comprehensive
integrated correlation matrix.
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