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Micro and Small Modular Reactor (MSMR) is an emerging energy technology that meets the requirements of market demand, safety, efficiency, and sustainability. This paper summarizes the advantages, application scenarios, and advanced technologies to support MSMR. Now that the energy market is more flexible and the requirements are more complex, while MSMR can meet the market demand and has a lower cost compared with other clean energies such as wind and solar photovoltaic. The United States is vigorously developing MSMRs into residential energy markets. The MSMR developed around the world has more than three generations of safety characteristics that have adopted passive safety features. MSMR can be manufactured in the factory which reduces construction schedule, cost, and waste. The nuclear fuel supply chain for MSMR is complete and perfect, including the front end and back end. An increasing number of advanced technologies support the development of MSMR, including advanced materials (TRISO fuel and accident-tolerance fuel), advanced control knowledges (DI&C, cybersecurity, and AI), and an advanced computational platform (MOOSE framework).
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1 WHY MICRO/SMALL MODULAR REACTORS ARE GOOD?
1.1 Meet the flexible market demand
Clean energy is a crucial global sustainability challenge (Li et al., 2023). There have been rapid innovations and cost reductions in clean energy sources in recent decades. It has been rapid technological and economic progress in solar photovoltaics, wind power, hydropower, dispatchable geothermal energy (deep and shallow), and biomass. Nuclear energy is one of the clean energy, which can provide individual energy and combine with other energy sources. Using nuclear energy can create a cleaner world and a stronger global economy (Tauseef Hassan et al., 2023). During the IAEA’s International Conference on Climate Change and Nuclear Power in October 2019, participants expressed the opinion that SMRs (Small Modular Reactors), which can generate up to 300 MWe of electricity (IAEA, 2018), would be the most efficient option to replace aging fossil fuel-powered plants. Globally, SMRs are being developed for recent deployment shortly (Markets, 2022). The SMRs include light water reactors, liquid metal reactors, and molten salt reactors (Yinrong, 2012; Rowinski et al., 2015).
Renewable energies such as wind and solar photovoltaic play a crucial role in the decarburization of the electricity sector while meeting the growing demand for energy. This can be achieved by expanding the deployment of renewable energy systems. However, the increase in the share of renewable energy tends to affect the operation of the grid. Photovoltaic solar panels produce energy that fluctuates with time, latitude, and season. Seasonal and daily weather conditions also influence wind energy. Because of their low capacity and low capital intensity, SMR is an excellent alternative to the replacement of fossil fuels and the retirement of large Nuclear Power Plants (NPP). Together with renewable energy, these reactors play an integral role in mitigating the negative impacts of conventional energy sources. In addition, the SMR design has a load-tracking function that allows the output power to be adjusted according to fluctuations in electricity demand. The SMR can operate flexibly in electrical systems with variable residual load, especially for the pursuit of wide penetration of variable renewable energies (wind, solar photovoltaic) in certain regions. Integrated hybrid energy systems involving applications such as SMR coupled with non-electric hydrogen power generation, synthetic fuels, and seawater desalination will also be supported for the deployment of variable renewable energies. These integrated systems can improve the reliability and resilience of overall horizontal energy systems, making them an economically attractive option (Markets, 2022).
There are several potential advantages to using SMRs, including the wider variety of users, the applications with flexible power generation, the ability to replace aging fossil fuel-fired power plants, and the potential for combining nuclear energy with alternative energy sources in synergetic hybrid energy systems. In a world where intermittent renewable energy is increasing in share across all continents, SMRs are seen as promising for supplying both baseload and flexible power. SMRs can be integrated with renewable resources into a single energy system coupled with smart grids. Hence, SMRs can run at a high capacity with the flexibility of generation rates (Markets, 2022).
As a subset of SMRs, microreactors range from 1 MWe to 20 MWe in capacity (Owusu et al., 2018; Hussein, 2020; McGinnis, 2020). The potential applications include supplies of competitive electricity and heat for remote and off-grid communities as well as industrial locations (Zhang et al., 2020; Zhang et al., 2022a), Microreactors have the potential to provide economic and social value in new markets. They can be used as a reliable energy source, do not pollute in normal operation, can operate for years without refueling, and are less dependent on energy imports. In addition, their value proposition includes the creation of new businesses and services that add economic and social value to communities (Ingersoll and Greenspan, 2021). For example, microreactors can help develop resources for economic development (such as mining, seaports, and regional centers). New applications can be developed to promote the deployment of microreactors through new community services and capabilities and improve the reliability of basic services such as electricity, heating, and clean water. At the same time, it also creates opportunities for entrepreneurship, including new small and medium-sized enterprises, and finally, ultimately forms the public’s attitude towards the use of nuclear energy (Shropshire et al., 2021).
1.2 Economic analysis
In order to demonstrate the feasibility and future markets of advanced nuclear energy systems, the economic analysis is carried out compared with other renewable energy sources, including photovoltaic, wind, biofuel and hydro.
The levelised cost of electricity (LCOE) is a traditional method to evaluate and list the dispatchable power generation facilities based on the annual production costs (Khatib and Difiglio, 2016). It includes operational, capital, tax, fees and subsidies. Table 1 shows the LCOE by photovoltaic, wind, biofuel, nuclear and hydro acquired from Energikommissionen (2016) and IEA (2015) (Hong et al., 2018). As can be seen from Table 1, the LCOE of photovoltaic, wind, biofuel is higher than that of nuclear power, while the LCOE of hydro is slightly lower than that of nuclear power. According to NuScale (Johnson, 2020) and the Energy Impact Centre (NUCLEAR, 2020), the cost of SMR is less than half the cost of energy from big new nuclear plants. Therefore, compared with other renewable energy sources, SMR is very competitive in terms of cost.
TABLE 1 | LCOE by fuel source.
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At present, most of the SMRs developed around the world have more than three generations of safety characteristics. The pressurized water and air-cooled reactor are the most mature, the main type of reactor developed and designed (Xijia et al., 2019). Most of SMRs designs have adopted passive safety features that minimize the risk of catastrophic accidents (Michaelson and Jiang, 2021). In this paper, the mPower and KP-FHR of the United States and the KLT-40S of Russia are examples to analyze SMR technology’s safety in terms of structure, technical objectives, etc.
The mPower SMR adopts an integrated design where the reactor core, the steam generator, the pressurizer, and the associated piping are contained in a reactor module (Prasad et al., 2015). Its design feature is a passively safe advanced light water reactor with an underground containment structure (Liang et al., 2022). The control rod drive mechanism is completely immersed in the primary circuit to avoid the control rod pop-rod accident. The core adopts an insoluble boron design. The control rod is used for reactivity control, and the passive safety system is used to realize the decay heat extraction after the accident.
The KLT-40S SMR is based on mature pressurized water reactor technology, which was developed when considering cost, safety, and regulatory issues (Hidayatullah et al., 2015; Nian and Zhong, 2020). It can achieve emergency shutdown cooling, core emergency cooling, cavity flooding, containment emergency depressurization, and other functions through the passive safety system under accident conditions (Xijia et al., 2019). The protective enclosure is added as a safety barrier, which can timely monitor and eliminate the volatile gas that may leak, and completely eliminate the emergency evacuation problem of accidents beyond the design basis.
Kairos Power is developing Kairos Power Fluorine Salt Cooled High Temperature Reactor (KP-FHR) as an economically attractive passive safety advanced reactor. KP-FHR design uses Three-structure isotropic (TRISO) Accident-Tolerant Fuel (ATF) in low pressure LiF/BeF2 cooling salt (Flibe). TRISO fuel is a high-temperature graphite-based coated particulate fuel developed for high-temperature gas reactors, which can withstand fuel temperatures of more than 1,600°C. The fluorinated molten salt mixture Flibe has stable chemical properties, low steam pressure, and boiling point of 1,430°C, which is significantly lower than the acceptable fuel temperature (Blandford et al., 2020). In order to achieve passive safety, the design of the main heat exchange system allows natural circulation after shutdown, and the heat exchange in the lower corner area provides part of the driving force. This lower corner area is an annulus surrounded by the core barrel and reactor vessel (Rubio et al., 2022).
In a word, by taking the mature SMRs technology of major international nuclear powers as examples, the paper proves that SMRs have strict safety regulations, which are higher than the technical safety objectives of the third-generation nuclear power standard, indicating that SMRs technology is safe (Budnitz et al., 2018; Xijia et al., 2019).
1.4 Manufactured in the factory (economic, quality, construction time)
In theory, SMRs should be an ideal candidate for modularity because of their small size, and they will also produce greater production volumes (Lloyd et al., 2021). Many SMRs vendors incorporate some form of modular construction into their designs regardless of reactor technology: NuScale SMRs, even if the structure is not modular, use many power modules (NuScale, 2020); Rolls-Royce SMR and land Energy Integrated molten salt reactors use modular design and construction methods (Energy, 2020; Rolls-RoyceUK Small Modular Reactor, 2020).
Many of the profits of modularity are due to higher production conditions in factories. Efficient construction is possible in plants built and equipped to simplify module manufacturing, particularly effective in reducing construction schedule, cost, and waste. The detailed benefits of produced in the factory are as follows (Lyons, 2020):
a) Shorter construction schedule: In module factories, there are better working conditions which can increase productivity. Tasks are removed from critical paths, and construction and assembly tasks can be performed simultaneously, reducing total field time. Depending on the project, build time can be reduced by 25%–50% (Mignacca et al., 2018).
b) Lower construction costs: The combined effect of higher factory productivity and lower labor productivity can reduce the construction costs of modular products. Depending on the project, construction costs can be reduced by 10%–20% (Mignacca et al., 2018).
c) Better repeatability and study: Modular design relies on the standardization of design and production processes, which aims to reuse components and achieve the reduction of learning-related cost and time in production series.
d) Improve constructability and quality: Performing construction processes improves the quality and efficiency of the construction process, including concrete placement, welding, and steel cutting in a highly controlled factory environment. Modular design can also reduce the number of components, interfaces and workers on site, and improve access and construction safety (Choi and Song, 2014).
e) Better labor availability: Modularity can solve the problem of not having skilled workers in remote areas. Because most workers remain at the plant, only skeleton workers are needed for on-site installation and assembly (Carriker and Langar, 2014).
f) Reduced environmental impact: Modularity reduces the project’s specific carbon emissions, greenhouse gas emissions, energy use, and water consumption (Lawson et al., 2012).
1.5 Supply chain
One of the problems faced by SMRs operators is ensuring the reliable supply of nuclear fuel (Rothwell, 2010). A well-functioning international nuclear fuel market is increasingly important for many member states. SMR may use traditional methods to build new reactors, but some aspects are more emphasized (SMR RF MCO Working Group, 2019).
The nuclear fuel supply chain, known as the nuclear fuel cycle, began with any other industrial enterprise extracting resources from the ground. However, with the progress of the fuel cycle, it has become more and more complex, and the risk of nuclear fuel supply cannot be ignored (Crawford and Greenspan, 2021). This cycle begins with uranium mining and ends with nuclear waste disposal. With the reprocessing of spent fuel as an option for nuclear energy, these stages form a real cycle (Zohuri and Fathi, 2015). The complete fuel cycle circuit can be divided into two steps, which are divided into the following categories:
I Front end: The front end of the nuclear fuel cycle refers to the part of the nuclear fuel cycle before the nuclear reactor generates electricity. It mainly consists of four stages: uranium mining and pretreatment, uranium conversion, uranium enrichment, and fuel manufacturing (Ruo-meng et al., 2021).
II Back end: The back end of the nuclear fuel includes spent fuel storage, reprocessing spent fuel, managing radioactive waste, and sustainability of the nuclear fuel cycle which is the process of nuclear waste disposal after it has been burned in a reactor (IAEA; Wattal, 2017).
All steps of the nuclear fuel cycle produce radioactive waste. Nuclear waste is divided into four categories based on the level of radioactivity, including very low level radioactive waste (VLLW), low level radioactive waste (LLW), intermediate level radioactive waste (ILW), and high level waste (HLW) (Wisnubroto et al., 2021). At every stage of the fuel cycle, there are mature technologies for the safe disposal of radioactive waste. For LLW and ILW, most of these technologies are being implemented. For HLW, some countries, such as French and China, need to carry out sufficient research of storage place before establishing geological storage (Wang et al., 2018; Bonnet et al., 2022); Other countries, such as the United States, have experienced political delays (Zohuri and Fathi, 2015).
Unlike other industrial wastes, the radioactivity of all nuclear wastes will decrease over time. Each radionuclide contained in waste has a half-life, and the radionuclides with a long half-life are often α and β Emitters, making them easier to handle, while those radionuclides with short half-life tend to emit more penetrating gamma rays. Finally, all radioactive waste decays into non-radioactive elements. The stronger the radioactivity of the isotope, the faster the decay (Zohuri and Fathi, 2015).
Radioactive waste management aims to treat these wastes in a way that protects human health and the environment now and in the future without causing undue burden to future generations (Natarajan et al., 2020; Gonçalves et al., 2022). To achieve this, almost all wastes have been controlled and managed, although some need to be buried deeply and permanently. Wastes from nuclear power generation are not allowed to cause harmful pollution. All toxic waste needs safe treatment, not only radioactive waste. In countries with nuclear power, radioactive waste accounts for less than 1% of the total industrial toxic waste (the remaining toxic waste is in a dangerous state indefinitely) (Zohuri and Fathi, 2015).
2 APPLICATION SCENARIOS
The United States is vigorously developing SMRs into residential energy markets. The United States Department of Defense has long recognized that advanced SMRs can provide transformational value to the nation’s economic, energy security and environmental prospects. As a result, the Department of Defense has provided substantial support for the development of light water-cooled SMRs (Rowinski et al., 2015; Mays et al., 2021), which are under review for licensing by the Nuclear Regulatory Commission (NRC) and could be deployed in the late 2020s to early 2030s. The Department is also interested in the development of SMRs that use non-traditional coolants, such as liquid metals, salts and gases, to achieve potential safety, operational and economic benefits (Energy).
In order to accelerate the availability of United States SMR technology in domestic and international markets, building on the success of the SMR Licensing Technology Support (LTS) program (Office of Nuclear Energy, 2022), the Advanced SMR R&D Program was launched in the fiscal year 2019 to support research, development and deployment activities. Significant technical development and licensing risks are still involved in bringing advanced SMR designs to market. Achieving domestic deployment of SMRs in the late 2020s or early 2030s will require government support. Through this program, the Department of Defense partnered with NuScale Power and Utah Associated Municipal Power Systems (UAMPS) to demonstrate best-in-class reactor technology at the Idaho National Laboratory within this decade. Through these efforts, the Department will address many technical and licensing issues of SMRs and provide extensive benefits to other domestic reactor developers. It would not only promote United States energy independence, energy dominance, and grid resilience, but also ensure a clean, reliable basic load power supply in the future.
3 ADVANCED TECHNOLOGIES TO SUPPORT THE MICRO AND SMALL MODULAR REACTOR
3.1 Advanced materials
3.1.1 TRISO fuel
TRISO fuel particles are known as the strongest nuclear fuel at present (Brown, 2020). TRISO fuel has been used in high-temperature gas-cooled reactors and has been proposed for many other nuclear applications, such as light water reactors, SMRs and molten salt reactors (Brown et al., 2013; Trellue et al., 2019). TRISO was first developed from uranium dioxide fuel in the United States and the United Kingdom in the 1960s. TRISO particles consist of spherical fuel nuclei, usually UCO or UO2, and are covered by graphite, pyrolytic carbon, and SiC layers to prevent the release of radioactive fission products (Energy, 2019; Golesorkhi et al., 2023; Griesbach et al., 2023). These particles are very small (about the size of poppy seeds) and very solid. They can be made into cylindrical particles or billiard ball-sized spheres, called “pebbles”, which are used for high-temperature gas or molten salt cooling reactors. TRISO fuel is structurally more resistant to these factors which have the greatest impact on fuel performance than traditional reactors, including fuel neutron irradiation, corrosion, oxidation and high temperature. With three layers of coating, each particle can act as its own containment system. This allows them to retain fission products under all reactor conditions (Energy, 2019).
In short, TRISO particles cannot be melted in the reactor and can withstand extreme temperatures which exceed far the current nuclear fuel threshold.
3.1.2 Accident-tolerance fuel
In 2011, since the damage to the Fukushima Daiichi NPP due to the earthquake and tsunami in Japan, the enhancement of accident tolerance for light water reactors became the subject of serious discussions (Deng et al., 2022; Wang et al., 2022). Following the guidelines of congress, the Department of Energy’s Office of Nuclear Energy has launched the development of ATF as a main component of the fuel cycle research and development campaign on advanced fuels (Bragg-Sitton, 2014). ATFs are divided into two categories, fuel pellets (Such as U3Si2, UN, UC, UO2-SiC, and Annular Fuel) and cladding materials (Such as Zirconium coated claddings, SiC/SiC sandwich cladding design and FeCrAl cladding).
The design requirements of ATF include tolerating the loss of active core cooling for a long time, higher temperatures than the current fuel system, and maintaining or improving fuel performance during normal operation (Bragg-Sitton, 2014). Because of these excellent characteristics, when it is applied to SMRs, it can greatly improve the competitiveness of SMRs. For example, as mentioned earlier, SMR is a risk-free and robust reactor concept design. Due to the safety of ATF in accident conditions, when it is used as fuel for SMRs, it can significantly enhance the safety of SMRs. The advantages of ATF that benefit to SMRs design include:
a) Backward compatibility: Compatible with existing fuel processing equipment, fuel rod or assembly geometry, and co-resident fuels in existing and future light water reactors. Maintaining or increasing the opportunities for non-invasive and intrusive examinations and inspections.
b) Operation: Maintenance or extension of the plant operation cycle, reactor power output, and reactor control; Fuel system concepts that seek regulatory approval and need to demonstrate reliability under normal operation and transients.
c) Safety: Under normal, operational transients, design baseline accident (DBA) conditions, and design extension conditions (DEC), can meet or exceed the current fuel system performance (Bischoff et al., 2018; Jiao et al., 2022).
d) Front-end of the nuclear fuel cycle: Comply with regulations and policies for fuel manufacturing facilities and operating plants with respect to technology, regulations, equipment and fuel performance.
e) The back end of the nuclear fuel cycle: No degradation of fuel transport, storage (wet and dry) or storage performance (assuming a single fuel cycle); Possible use in closed fuel cycles should be considered (NEA, 2018).
The desired ATF attributes highlight the fuel system’s performance, both fuel and cladding (but not fuel assembly structures), under normal and hypothetical accident conditions (Brachet et al., 2014; Bischoff et al., 2018). Key attributes of fuel systems that demonstrate increased accident tolerance include reducing steam reaction kinetics (reaction rate and heat of reaction), reducing the rate of hydrogen generation (or other combustible gas generation), and reducing initial and residual stored energy in the core (Shah et al., 2018; Yang et al., 2022). The desired properties should be achieved while maintaining or improving the thermal-mechanical properties of the cladding and fuel, the thermal power properties of the fuel rods, the fuel cladding interactions and the fission products properties. A set of qualitative guidelines and indicators derived from these desired properties in all fuel performance states (as opposed to specific quantified goals for each characteristic) will help optimize and prioritize candidate fuel system designs. It should also be noted that the fuel assembly’s thermal-hydraulic and mechanical properties should be maintained or improved when the ATF is introduced.
In order to be considered accident tolerance, the fuel system must also provide an improved response to expected operational events DBAs (such as reactivity induced accidents (Chun et al., 2015), coolant loss accidents (Kane et al., 2023), or plant outages and some of the conditions described by DEC, noting that the concept may not exhibit improved performance in all cases (NEA, 2018).
For applying the ATFs to the SMR, a lot of studies have been carried out using the ATFs to replace the traditional fuels in the SMRs. These studies provide reference for evaluating the feasibility and advantages of ATF application in SMR. Liang and Xiao designed a new ATF with FeCrAl cladding and particle-type burnable poisons to realize the long-term reactivity control of the KLT-40S (Tiang and Xiao, 2021). Their research proved that the proposed ATF design implemented in the KLT-40S can prevent the emergency situation of complete withdrawal of all control rods. Using TRISO fuel embedded in SiC matrix, a neutron model of natural cycle integrated pressurized water reactor (IPWR) that can deploy SMR in the near future is established by Qasim Awan et al. (2018). Yu et al. (2021) used ATFs to replace the traditional fuel rods in NuScale from the point of view of neutron and thermal power to evaluate the reliability of ATFs (U3Si5, U3Si2, FeCrAl and SiC) loaded NuScale in rod ejection accidents. The results show that ATF material can improve the safety of NuScale reactor. Liang et al. (2022) used the combination of U3Si2 and silicon carbide cladding (U3Si2-SiC) to compare it with other fuel combinations and three different types of silicon carbide cladding in a single fuel assembly and the whole core of mPower. The results show that the whole core life of U3Si2-SiC can be increased by 3.1%. From the perspective of neutronics, the whole core life of U3Si2-SiC can be used for SMR. The neutron penalty of different types of silicon carbide cladding is not significant in SMR. In general, it is feasible to use silicon carbide cladding ATF combination for mPower SMR.
3.2 Advanced control knowledges (DI&C, cybersecurity, AI)
Due to the shortcomings of analog systems such as signal drift, high maintenance costs, obsolescence and lack of industrial suppliers, the nuclear field has turned to digital instrumentation and control (DI&C), using integrated circuits and modern microcontrollers (Systems, 1997; Bao et al., 2023). Digital upgrading and NPP modernization provide the most important way to improve the performance of SMRs and reduce the cost of SMRs (Zhang et al., 2022b). As the “central nervous system” of NPP, DI&C system can make the control of SMRs more convenient compared with the analog model, such as upgrading control functions, reducing the number of components that make up the system, designing circuits capable of complex logic judgment, and realizing easy-to-understand graphical information display of process parameters, pump and valve operation status (JNES, 2007; Guo et al., 2018; Upadhyaya et al., 2021).
Although these digital DI&C systems applied in SMRs have many advantages, cybersecurity challenges follow (Zhang et al., 2021; Tian et al., 2022). Computer code and digital systems widely exist in SMRs’ design, licensing and operation. Due to the high cost of SMRs s and the radioactivity of their fuel, it is inevitable to evaluate the operation and accident conditions through simulation scenarios. The computer reactor model has been developed to simulate the behavior of SMRs s, providing insights for improving safety (Silva, 2015). In this case, the simulation environment specially designed for the systematic investigation of the behavior of cybersecurity digital systems can support the development of computer security measures, thus improving nuclear security (Busquim e Silva et al., 2021). A feasible network security risk assessment method for the power transmission and distribution system of NPP has been proposed, which is applied to the actual DI&C system. This is of great help to the power transmission and distribution system of SMRs (Tian et al., 2022).
The decision-making process in the control room of SMRs is faced with challenges such as incomplete knowledge of operators, insufficient response time for high dynamic events, and many indicators to be monitored (Boring et al., 2015; Hanna et al., 2021). In order to help operators to make timely decisions and minimize human errors so that improve the security of SMRs operation, researchers have carried out a lot of research work. They proposed to use A.I., methods to assist operators in fault detection and identification and generate control options (Cetiner and Ramuhalli, 2019; Kim et al., 2020). These A.I., methods can be roughly divided into data-driven models and knowledge representation and reasoning models.
In data-driven modeling, the source of knowledge is data obtained from SMRs history or SMRs transient simulation. Based on these data, statistical methods are employed to calculate and predict the unknown variables of interest. The more data, the more accurate the prediction (Ayodeji and Liu, 2018; Lee et al., 2018; Peng et al., 2018; Hanna et al., 2021).
In the knowledge representation and reasoning methods, the human belief basis for the real world is expressed by formulas. Knowledge representation and qualitative reasoning help to express human basic understanding of the SMRs system, the relationship between components, flow and heat paths, the experience accumulated by operators through SMRs operation history and emergency procedures, the operational constraints and the accident management guidelines (Lind and Zhang, 2014; Peng et al., 2018; Hanna et al., 2021). In order to deal with the uncertainty of reasoning, fuzzy logic is used to assist operators to take correct actions (Atkin and Altin, 1991). The event tree is also employed to generate possible corrective and control measures.
3.3 Advanced computational platform (MOOSE framework)
As a result of improved computing power, scientists are exploring computational solutions to complex problems that span multiple fields of science (Permann et al., 2020). Since SMR is a very complex system, a lot of calculation is needed in the process of design, construction and operation. MOOSE is a development and runtime high-performance computing framework which can solve linear and non-linear differential equation systems, and is widely used in simulating nuclear power, geophysics and geochemistry, multi-scale materials, advanced manufacturing technology and other physical applications (Gaston et al., 2009; Martineau, 2021). Parallel computing, space and time discretization, integration technology and the complexity of non-linear solution are all encapsulated in the MOOSE framework software package (Gaston et al., 2009; Martineau, 2021), which enables computing scientists or engineers to focus on the required physical modeling in the process of designing SMRs. MOOSE is widely used in many laboratories, universities and industries (Martineau, 2021). It is open-source and freely available at mooseframework.org.
Based on the MOOSE framework, scholars from various countries have developed nuclear power simulation tools that can be used in SMRs. Two Moose-based codes were initiated to support the risk informed margin of safety characterization approach of the LWRS program, which can help predict the life extension of current light water reactor. The first is the next-generation system analysis code called RELAP-7 (Zhang et al., 2018). The most important development objectives of RELAP-7 are to leverage advances in computer architecture, software design, numerical methods and physical modeling over the past 30 years to provide the capabilities required which can support the safety analysis of nuclear power plants. ANL has also built a Moose-based NPP analysis capability called the System Analysis Module (SAM) for the nearly incompressible single-phase liquid-cooled reactor concept (Hu, 2017). SAM is currently used to analyze sodium-cooled fast reactors and fluoride salt cooled high temperature reactors. Since they are Moose-based, both RELAP-7 and SAM can easily combine with other Moose-based codes through the MOOSE MultiApps and transfers system, such as the BISON fuel performance code to analyze nuclear fuel in an NPP setup.
MOOSE ecosystem is growing (Lindsay et al., 2022) and can satisfy the physical modules required by SMRs in the development process. MOOSE repository has added many general physical modules. In addition to the existing heat transfer and fluid flow modules, new modules for fluid-structure interaction (Dhulipala et al., 2022), ray tracing on unstructured grids (Gaston, 2020), nuclear reactor grids (Shemon et al., 2022), thermo-hydraulic system analysis and geochemistry have also been developed (Wilkins et al., 2021). MOOSE now supports scientific machine learning based on neural networks through the C++ application programming interface (API) of Pytorch (LibTorch) [102]. The modules from LibTorch can be used to generate and train various neural networks which can fast deal with a lot of information for the operators of SMRs.
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