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S


mall Modular Reactors (SMRs) represent a significant advancement in nuclear technology, designed to produce less power than traditional large nuclear reactors. Conventional reactors typically generate over 1,000 megawatts of electricity (MWe), whereas SMRs usually produce less than 300 MWe per module [1, 2]. This reduced power output, combined with their modular design, enhances their versatility, allowing them to be deployed in a variety of applications and locations that may not be suitable for larger reactors [3].

The modular design of SMRs is one of their defining features, facilitating standardized manufacturing and potentially accelerating construction timelines. This modularity allows for the combination of multiple units to scale power production according to demand, thus providing flexibility in energy supply [2]. Furthermore, the compact size of SMRs necessitates less land and infrastructure, making them particularly suitable for remote or space-constrained areas [4]. Enhanced safety is another critical characteristic of SMRs; they incorporate passive safety systems that utilize natural processes such as gravity and convection to cool the reactor, which significantly reduces the risk of overheating and catastrophic failures [5]. This safety feature is particularly advantageous for deployment in isolated regions, islands, or small communities, where traditional reactors may not be feasible [6].

Economically, SMRs present several advantages. Their smaller initial investment costs make them more accessible, especially for countries or companies that may lack the capital for large-scale nuclear projects [7]. The modular construction and factory assembly processes streamline the building phase, potentially lowering overall costs and reducing construction timelines [7]. Additionally, the smaller physical footprint and enhanced safety measures of SMRs can mitigate their environmental and ecological impacts compared to conventional reactors [8].

In terms of applications, SMRs are poised to play a crucial role in the transition to clean energy. They can complement renewable energy sources in regions where renewables are limited by geographical or intermittency challenges [4]. Various countries and companies are exploring the potential of SMRs as a sustainable, low-carbon energy solution, emphasizing their capability to meet future energy demands while supporting global climate goals [8]. Their adaptability for diverse applications, including electricity generation, desalination, district heating, and industrial heat supply, further underscores their potential as a versatile energy source [9].

Interest in Small Modular Reactors (SMRs) has been expanding across various sectors, especially among those focused on energy, environmental sustainability, and economic development. SMRs represent a cleaner, low-carbon energy option, appealing to environmental advocates and policymakers who are working to reduce greenhouse gas emissions. These groups may find SMRs valuable because they offer an alternative to fossil fuels and can complement renewable sources like wind and solar. Learning about SMRs enables policymakers to design informed energy strategies and incentives, making SMRs a vital topic of interest for those shaping the future of sustainable energy.

For energy professionals and utility companies, SMRs offer flexibility and cost-effectiveness in delivering reliable power. Their ability to fill in when renewable sources fall short makes SMRs critical for maintaining grid stability and meeting fluctuating energy demands. Additionally, industries in remote locations, like mining operations and oil refineries, often require independent, dependable power sources. Understanding SMRs provides decision-makers in these sectors with potential solutions to power their operations without relying on distant grids.

Academics and researchers in fields such as nuclear physics, environmental science, and sustainable development also have an interest in SMRs. They study SMRs to explore technical capabilities, limitations, safety protocols, and their potential impact on global energy systems. This research not only advances academic knowledge but also supports the development of sustainable technologies and energy resilience solutions.

Several groups are particularly interested in the practical aspects of constructing SMRs. Nuclear engineers, mechanical and electrical engineers, and technicians in nuclear fields have a direct role in SMR design and construction. Knowledge of SMR technology allows these professionals to enhance their skills and align their expertise with emerging energy solutions. Construction and infrastructure firms, too, find SMRs appealing as they demand specialized skills in nuclear construction. For these firms, SMRs present a new growth area in clean energy infrastructure, especially as the demand for sustainable projects rises.

Government and military organizations often have strategic interests in SMR technology. Military bases in remote areas, for example, need reliable, independent power, and SMRs offer a potential solution. Defence and government agencies interested in energy security may find it worthwhile to understand SMR construction and implementation to support their missions and achieve energy independence. Similarly, energy and utility companies view SMRs as a potential long-term investment for diversifying their energy offerings, especially as public demand for clean energy options grows. SMRs could help these companies meet low-carbon energy goals and offer flexible power solutions.

Entrepreneurs and investors are also drawn to the potential of SMRs in the clean energy market. As interest in sustainable energy expands, understanding SMR construction and its regulatory landscape allows these stakeholders to make informed investment decisions in SMR technology and related projects.

This book provides content for learning about SMRs and their construction and suits those looking to contribute to the clean, reliable energy landscape. With the world increasingly focused on sustainable practices, SMRs offer a unique and scalable solution that bridges the gap between traditional energy sources and renewable options.

 


Chapter 1

Introduction to Small Modular Reactors (SMRs) 
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Understanding Small Modular Reactors

Overview

S


mall Modular Reactors (SMRs) represent a significant evolution in nuclear technology, characterized by their reduced size and power output compared to traditional nuclear reactors. Typically, SMRs generate up to 300 megawatts of electricity (MWe), contrasting with conventional reactors that can exceed 1,000 MWe. This smaller scale allows for modular construction, where components are manufactured in factories and then transported to the installation site, enhancing adaptability and deployment flexibility across various settings [2, 10, 11]. The modularity of SMRs not only facilitates faster construction timelines but also enables them to be deployed in locations with limited space, making them suitable for remote areas or regions with constrained infrastructure [11, 12].

The design of SMRs incorporates several features that enhance their appeal. Their modular nature allows for the assembly of smaller, standardized units, which can be combined to meet specific power generation needs. This flexibility is particularly advantageous in meeting diverse energy demands efficiently [11, 13]. Furthermore, SMRs typically require less supporting infrastructure than larger reactors, which contributes to their lower environmental impact and makes them a more sustainable option for nuclear energy [12, 13]. The compact design also allows for their integration with renewable energy sources, providing stable power in areas where grid access is limited [14].

Safety is a paramount concern in nuclear energy, and SMRs are designed with advanced safety features, including passive safety systems that utilize natural processes such as gravity and convection to maintain core cooling. This design minimizes the risk of overheating and enhances safety even in emergency situations where external power may be unavailable [11, 14]. The inherent safety characteristics of SMRs, coupled with their ability to operate independently or alongside renewable energy sources, position them as a viable solution for providing reliable, low-carbon power to small communities and industrial sites [15, 16].

The economic advantages of SMRs are also noteworthy. Their smaller size translates to lower initial capital investments, making nuclear energy more accessible to smaller markets and developing regions [17]. Additionally, the modular construction approach reduces construction times compared to traditional nuclear plants, further enhancing their economic viability [12, 13]. As countries increasingly seek clean energy solutions, SMRs are gaining traction as a complementary technology to renewable energy sources, capable of providing consistent power while supporting global sustainability goals [14, 15].

 

SMR Operation Principles

Small Modular Reactors (SMRs) represent a significant advancement in nuclear technology, utilizing nuclear fission to generate heat, which is subsequently converted into electricity. Similar to traditional nuclear reactors, SMRs operate by splitting uranium or other fissile materials in a controlled chain reaction. This process releases substantial amounts of heat, which is captured by a coolant, typically water, that circulates around the nuclear fuel. However, SMRs are distinct from conventional reactors in several key aspects, including their design, size, and safety features, which enhance their operational flexibility and efficiency across various applications.

The defining characteristic of SMRs is their electrical output, which is generally less than 300 MWe. This smaller scale allows for a variety of innovative designs that can be constructed more quickly and with lower financial risk compared to larger reactors. For instance, the integral pressurized water reactor (iPWR) is currently a leading design for near-term licensing and deployment, showcasing the modular construction and passive safety features that are hallmarks of SMR technology [11, 18, 19]. These reactors are particularly advantageous in locations lacking robust transmission or distribution infrastructure, as they can provide localized power generation for large population centres and specific industrial applications [3, 20, 21].

At the core of Small Modular Reactors, nuclear fuel is typically composed of uranium dioxide pellets that are encased in long fuel rods, arranged in assemblies within a reactor vessel. When fission occurs, uranium atoms split, releasing neutrons and energy. These neutrons can then collide with other uranium atoms, triggering further fission reactions, thereby establishing a self-sustaining chain reaction. This process is critical for the operation of nuclear reactors, including SMRs, as it generates the heat necessary for electricity production [5].

The heat generated from fission is absorbed by a coolant circulating around the fuel rods. This coolant, often water or a liquid metal such as sodium, plays a vital role in transferring heat away from the reactor core to prevent overheating and maintain safe operational conditions [22]. The heated coolant is subsequently directed to a steam generator or heat exchanger, where it transfers heat to water or another fluid, converting it into steam. This steam is then utilized to drive a turbine connected to an electrical generator, effectively converting thermal energy into mechanical energy, which is subsequently transformed into electricity [23].

SMRs are designed to produce approximately 300 megawatts of electricity (MWe) per module, although multiple modules can be installed together to meet larger power demands [24]. After passing through the turbine, the steam is condensed back into water and returned to the heat exchanger in a closed loop. This closed-loop system allows for the continuous recycling of water, ensuring a consistent and efficient cycle for electricity generation [25]. The integration of advanced heat exchangers is essential for optimizing this process, as they enhance heat transfer efficiency and contribute to the overall safety and reliability of the reactor system [26].

The operational principles of SMRs hinge on the effective management of nuclear fission reactions, the efficient transfer of heat through advanced cooling systems, and the conversion of thermal energy into electrical power. The design and implementation of these systems are important for maximizing the efficiency and safety of nuclear power generation [27].

Small Modular Reactors (SMRs) represent a significant advancement in nuclear reactor design, particularly due to their incorporation of passive safety systems. These systems leverage natural processes, such as gravity and convection, to maintain core cooling without the need for active mechanical controls or external power sources. For instance, the passive safety features of SMRs allow for gravity-fed coolant circulation, which can effectively cool the reactor core even during emergencies when external power or human intervention is unavailable. This design significantly mitigates the risk of overheating or meltdown, as it reduces reliance on pumps and other active cooling mechanisms that are prone to failure [5, 28, 29].

The development of passive safety systems in SMRs has its roots in the lessons learned from past nuclear accidents, such as those at Three Mile Island and Fukushima. These incidents highlighted the necessity for designs that inherently minimize risks. The concept of passive safety was formalized in the 1980s and has since evolved into the modern designs seen in SMRs today, which are engineered to be inherently safe and capable of managing decay heat without operator action [5, 29]. For example, the Westinghouse SMR incorporates an integral pressurized water reactor (iPWR) design that houses all components within a single pressure vessel, further enhancing safety and simplifying the reactor's overall design [28].

In addition to their passive safety features, SMRs are characterized by their compact design. Many models integrate the reactor core, steam generator, and containment systems into a single module, which simplifies the reactor architecture and reduces the number of components that could potentially malfunction [11, 29]. This compact structure not only enhances safety but also allows for installation in various environments, including below ground or within specially designed containment pools. Such design choices provide additional protection against external threats, including natural disasters and security breaches [30, 31]. The compact nature of SMRs also facilitates easier transportation and deployment, making them suitable for a wider range of applications, including those in developing regions with limited infrastructure [11, 29].

Furthermore, the passive cooling mechanisms employed in SMRs, such as natural circulation and convection, are designed to operate effectively without the need for electrical power. This is particularly crucial in scenarios where power loss occurs, as demonstrated by the incorporation of passive containment cooling systems in designs like the AP1000 [32, 33]. The ability of these systems to maintain cooling through natural processes not only enhances the safety profile of SMRs but also aligns with the growing emphasis on sustainability and resilience in nuclear power generation [34].
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Figure 1: Illustration of a light water small modular nuclear reactor (SMR). U.S. Government Accountability Office from Washington, DC, United States, Public Domain, via Wikipedia.

 

Figure 1 shows a simplified diagram of a Small Modular Reactor (SMR) system, depicting its main components and the process of converting nuclear fission into electricity. The SMR is housed within a containment structure, designed to ensure safety and isolate the reactor from the external environment in case of any operational issues. Inside this containment structure lies the reactor vessel, where the nuclear fission reaction takes place. The reactor vessel contains the reactor core, made up of fuel rods with fissile material, such as uranium, which undergoes controlled fission reactions to generate heat.

Above the reactor core, the diagram shows the pressurizer. The pressurizer maintains the reactor's pressure, keeping the coolant water at high temperatures without boiling. This high-pressure environment enables efficient heat transfer from the reactor core to the coolant circulating through the system. The coolant absorbs the heat produced by the fission reactions in the core and flows upwards and out of the reactor vessel.

The heated coolant is then directed to a steam generator. In this component, the heat from the coolant is transferred to a separate loop of water, turning it into steam. This separation ensures that the water producing steam remains free of radioactive contamination. The steam generator, therefore, acts as a heat exchanger, allowing heat transfer without direct contact between the radioactive coolant and the steam that will eventually drive the turbine.

The steam produced by the steam generator flows into a turbine, where it expands and spins the turbine blades. The turbine is connected to a generator, which converts the mechanical energy from the turbine's rotation into electrical energy. This generated electricity is then transmitted through power lines to the grid, where it can supply power to homes, industries, and other infrastructure. The image illustrates this by showing the generator connected to an electrical transmission tower and a city, symbolizing the end-use of the generated power.

Once the steam has passed through the turbine and released its energy, it is condensed back into water and returned to the steam generator in a closed-loop system. This closed-loop design allows the steam to be reused, conserving water and maintaining efficiency in the power generation process.

A small figure of a six-foot-tall person is included in the diagram for size comparison, indicating that the containment structure housing the SMR is compact relative to traditional nuclear reactors. This compact design is a key characteristic of SMRs, allowing them to be deployed in a wider range of locations, including remote or space-limited sites. The compact size and modular nature of SMRs are crucial for their flexibility and scalability in different energy settings.

 

Nuclear Fission

Nuclear fission is a process in which the nucleus of a heavy atom, such as uranium or plutonium, splits into two smaller nuclei, releasing a significant amount of energy in the form of heat and radiation. This process occurs when a neutron collides with the nucleus of a fissile atom, causing it to become unstable and split as shown in Figure 2. Nuclear fission is the fundamental reaction used in nuclear power plants and atomic bombs, although the controlled environment in a nuclear power plant allows it to be used safely for energy production.
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Figure 2: Nuclear reaction. Nuclear Regulatory Commission, CC BY 2.0, via Flickr.

 

The fission process begins when a neutron is absorbed by the nucleus of a fissile atom, like uranium-235 or plutonium-239. The absorption of this neutron destabilizes the nucleus, causing it to stretch and eventually split into two smaller nuclei, known as fission fragments. Alongside this splitting, two or three additional neutrons are usually released, along with a large amount of energy. This energy comes from the strong nuclear force, which holds the protons and neutrons together in the nucleus. When the nucleus splits, some of this binding energy is released as kinetic energy of the fission fragments and the emitted neutrons. This kinetic energy is then converted into heat as the particles collide with surrounding atoms.

The emitted neutrons from the fission event can collide with other nearby fissile nuclei, causing further fission reactions in a self-sustaining chain reaction. This chain reaction is the basis for generating energy in nuclear reactors. In power plants, materials like uranium-235 are arranged in such a way that the chain reaction can be carefully controlled. Control rods, typically made from materials that absorb neutrons like boron or cadmium, are used to regulate the reaction rate. By adjusting the position of these control rods, operators can slow down or speed up the fission process, thereby controlling the amount of heat generated.
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Figure 3: Illustration of a typical nuclear fission reaction. MikeRun, CC BY-SA 4.0, via Wikimedia Commons.

 

Figure 3 illustrates the process of nuclear fission, specifically showing how a uranium-235 nucleus undergoes fission when struck by a neutron. This chain of reactions is fundamental to the operation of nuclear reactors, as it releases a significant amount of energy. The illustration shows the sequence of steps involved in a single fission event and highlights the products of this process.

In the initial stage, a neutron (represented as "n" in the diagram) collides with a uranium-235 [image: Image]nucleus. Uranium-235 is a fissile isotope, meaning it can undergo fission when struck by a neutron, especially a slow-moving, or "thermal," neutron. Upon absorbing the neutron, the uranium-235 nucleus becomes highly unstable and temporarily forms uranium-236 [image: Image].

This unstable uranium-236 nucleus cannot hold together for long and soon splits into two smaller, more stable nuclei, known as fission fragments. In this example, the fission of uranium-236 produces two specific fragments: barium-144 [image: Image] and krypton-89 [image: Image]. These nuclei are lower in atomic number and more stable than uranium, but they are still radioactive and will eventually decay to achieve stability.

In addition to the barium and krypton nuclei, the fission reaction releases a significant amount of energy, primarily in the form of kinetic energy of the fission fragments, which eventually translates into heat. This heat is what nuclear reactors capture to produce steam and generate electricity.

Moreover, the fission process releases additional neutrons—typically two or three—as shown in the image. These neutrons are crucial for sustaining the fission reaction in a chain reaction. When released, these neutrons can go on to strike other uranium-235 nuclei, causing further fission events. In a controlled environment, such as a nuclear reactor, this chain reaction is carefully managed to produce a steady output of energy. In an uncontrolled environment, such as a nuclear bomb, the chain reaction accelerates rapidly, resulting in a massive energy release.
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Figure 4: Illustration of a nuclear fission chain reaction. MikeRun, CC BY-SA 4.0, via Wikimedia Commons.

 

Figure 3 captures the essential elements of nuclear fission: the absorption of a neutron by a uranium-235 nucleus, the formation and subsequent splitting of an unstable uranium-236 nucleus, the production of fission fragments (barium and krypton in this case), the release of additional neutrons, and the substantial energy release. This process is foundational to nuclear energy, as the energy from repeated fission events is harnessed to generate electricity in nuclear reactors. The careful control of this reaction is what differentiates peaceful nuclear power generation from the explosive power of nuclear weapons.

Figure 4 illustrates a chain reaction process in nuclear fission, showing how a single fission event can initiate a series of subsequent fission reactions. This cascade effect is central to the function of nuclear reactors and atomic bombs, as it demonstrates how the energy release from fission can be sustained and amplified. The diagram specifically uses uranium-235 [image: Image]nuclei to show this process, highlighting the fission fragments and additional neutrons produced in each reaction.

At the beginning of the chain reaction, a neutron collides with a uranium-235 nucleus, transforming it into uranium-236 [image: Image], which is highly unstable. This instability causes the uranium-236 nucleus to split into two smaller nuclei, known as fission fragments, along with the release of additional neutrons. In this case, the fission fragments include elements like barium-144 [image: Image], krypton-89 [image: Image], and cesium-137 [image: Image], among others. These fission fragments vary depending on the specific fission event, as uranium-235 can split in multiple ways, producing different pairs of elements each time.

Each fission event also releases additional neutrons, typically two or three per reaction. These neutrons are critical for sustaining the chain reaction, as they can go on to collide with other nearby uranium-235 nuclei, inducing further fission reactions. In the image, these subsequent reactions are depicted branching out from the initial fission event, with each new uranium-235 nucleus undergoing fission after being struck by a neutron. This process creates a branching pattern, with each generation of reactions leading to more fission events, releasing more energy and more neutrons in an exponential manner.

The fission fragments shown in the diagram include a variety of elements, such as rubidium-96 [image: Image], strontium-90 [image: Image], xenon-144 [image: Image], and iodine-131 [image: Image]. These fission products are radioactive and will eventually decay into stable isotopes over time, but their immediate byproducts contribute to the radioactivity of spent nuclear fuel, which requires careful handling and storage.

The released neutrons and the energy produced in each fission event are fundamental to both nuclear power generation and nuclear weapons. In a nuclear reactor, this chain reaction is carefully controlled to maintain a steady rate of fission, with only one of the released neutrons from each fission event continuing the reaction to the next uranium-235 nucleus. Control rods made of neutron-absorbing materials, such as boron or cadmium, are used to capture excess neutrons and regulate the reaction rate, preventing it from accelerating uncontrollably.

However, in an atomic bomb, the chain reaction is designed to proceed without control, allowing each fission event to trigger multiple subsequent reactions. This creates a rapidly accelerating chain reaction, releasing a massive amount of energy in a very short time, resulting in an explosion.

Overall, Figure 4 illustrates the self-sustaining nature of a nuclear chain reaction, showing how the fission of uranium-235 nuclei can lead to successive reactions that produce energy and additional neutrons. This process underpins the operation of nuclear reactors, where the reaction rate is controlled for safe energy production, as well as nuclear weapons, where the chain reaction is allowed to proceed uncontrolled for explosive force. The branching effect shown in Figure 4captures the exponential nature of the chain reaction, highlighting both the power and the importance of careful management in nuclear fission technology.

The heat produced by nuclear fission is harnessed to produce electricity. In a nuclear reactor, the fission reaction heats a coolant—usually water—that flows around the reactor core. This heated coolant is then used to generate steam, which drives a turbine connected to a generator, converting the thermal energy from fission into electrical energy. In contrast, in an atomic bomb, the fission reaction is uncontrolled, allowing a rapid, exponential chain reaction that releases a massive amount of energy almost instantaneously.

Fission reactions also produce radioactive waste, as the fission fragments are typically unstable and emit radiation as they decay into stable forms. The handling and disposal of these radioactive byproducts are critical considerations in nuclear power, as they require secure storage for long periods to prevent environmental contamination. The energy released by fission is substantial; just a small amount of uranium can produce more energy than several tons of coal or oil, making it an efficient but complex energy source.

One of the challenges in nuclear fission is managing the reaction rate to maintain a stable output of energy. In a power reactor, this is achieved by maintaining a critical state, where each fission event, on average, leads to exactly one more fission event, ensuring a steady release of energy. If the chain reaction accelerates uncontrollably, it could lead to overheating, which is why safety measures such as cooling systems, containment structures, and emergency shutdown procedures are integral to nuclear reactor design.

Managing the reaction rate in nuclear fission is essential for ensuring a stable and controlled energy output in nuclear reactors. Fission, the process of splitting atomic nuclei, releases energy and produces neutrons that can initiate further fission reactions in adjacent nuclei. This chain reaction must be meticulously regulated to prevent fluctuations in energy output, which could lead to hazardous conditions, such as overheating or reactor core damage [35]. The objective is to achieve a critical state where, on average, each fission event results in exactly one subsequent fission event, thereby maintaining a steady and manageable energy release [35].

If the reaction rate surpasses this critical state, where each fission event leads to more than one subsequent event, the chain reaction can escalate uncontrollably, resulting in a condition known as supercriticality. This scenario poses significant risks, including overheating of the reactor core, potential fuel melting, and damage to the reactor structure, which could lead to radiation release if containment measures fail [35]. To mitigate these risks, nuclear reactors are equipped with various systems designed to monitor and control the reaction rate with precision [35].

A primary safety feature in nuclear reactors is the implementation of control rods, which are composed of materials that absorb neutrons, such as boron or cadmium. By adjusting the position of these control rods—either inserting or withdrawing them from the reactor core—operators can regulate the number of neutrons available to sustain the chain reaction. This mechanism allows for the slowing down of the reaction rate, ensuring that it does not accelerate uncontrollably [35]. Operators must be adept at positioning these rods to maintain the desired critical state, adjusting for any changes in reactor conditions or power demand [35].

In addition to control rods, effective cooling systems are vital for managing the heat generated during fission. These systems circulate coolant, typically water, around the reactor core to absorb and dissipate heat produced by the fission process. A failure in the cooling system could lead to a dangerous rise in core temperature, risking core damage and potential meltdown [35]. Therefore, cooling systems are designed with redundancies and backup measures to ensure reliable operation, even in the event of primary system failure [35].

The containment structure surrounding the reactor is another critical safety feature. This robust, sealed building is designed to prevent the escape of radioactive materials in case of an accident. In the unlikely event of a malfunction or breach within the reactor, the containment structure serves as a final barrier, protecting the environment and public from radiation exposure [36]. Typically constructed from thick concrete and steel, the containment building is engineered to withstand extreme conditions, including potential explosions and natural disasters [36].

Finally, emergency shutdown procedures, commonly referred to as SCRAM systems, are implemented as an immediate safety response if the reactor exhibits signs of instability. A SCRAM system rapidly inserts all control rods fully into the core, effectively halting the fission process by absorbing the majority of neutrons and stopping the chain reaction [35]. This rapid shutdown mechanism is crucial for preventing overheating or other dangerous scenarios when the reactor's automatic control systems detect criticality issues or equipment malfunctions [35].

The combination of control rods, cooling systems, containment structures, and emergency shutdown procedures constitutes a comprehensive safety framework for managing the fission reaction rate in nuclear reactors. By maintaining a steady and controlled chain reaction, these systems ensure the safe and efficient operation of nuclear power plants, allowing for reliable energy generation while minimizing the risk of accidents. Properly balancing the fission reaction rate is therefore fundamental to nuclear reactor design, facilitating sustained power generation without compromising safety [35].

 

SMR Safety Systems

Safety is a paramount concern in nuclear energy, and SMRs are designed with enhanced safety features that differentiate them from traditional reactors. Many SMR designs incorporate passive safety systems that do not rely on active mechanical systems to maintain safety during abnormal conditions. This design philosophy stems from lessons learned in the nuclear industry, particularly after incidents such as the Three Mile Island accident, which highlighted the need for inherently safe reactor designs [29, 37]. The passive safety features of SMRs allow them to operate with a reduced risk of catastrophic failures, making them an attractive option for both developed and developing regions [3, 38].

Small Modular Reactors (SMRs) are emerging as a pivotal innovation in nuclear energy, primarily due to their advanced safety systems designed to enhance reliability and minimize the risk of accidents. Unlike traditional large-scale nuclear reactors, SMRs incorporate both active and passive safety features that contribute to their inherent safety profile. These systems are engineered to prevent overheating, manage radiation containment, and ensure safe shutdown processes, thereby reducing the necessity for human intervention during emergencies [11, 16, 29].

A key aspect of SMR safety is the implementation of passive safety systems. These systems leverage natural phenomena such as gravity, convection, and conduction to maintain reactor cooling without relying on external power or mechanical components. For instance, in the event of a power loss, passive cooling mechanisms can continue to operate autonomously, utilizing gravity-driven coolant flow to avert overheating [39, 40]. This contrasts sharply with traditional reactors, where active cooling systems are vulnerable to failure during power outages or mechanical malfunctions. The reliance on passive systems in SMRs significantly enhances their resilience during emergencies, thereby providing a robust alternative for maintaining core temperatures [16, 28].

Moreover, the modular design of SMRs contributes to their safety by confining critical components within a single, compact unit. This configuration reduces system complexity and minimizes potential failure points, which are often exacerbated by human error or equipment malfunction [11, 41]. By integrating the reactor core, cooling systems, and containment structures into a single module, SMRs facilitate easier maintenance and repair processes, as components can be isolated without impacting the entire system [42, 43]. Additionally, the capability to install SMRs below ground or within protective containment pools offers an extra layer of security against external threats such as natural disasters or security breaches [44].

Containment systems in SMRs are meticulously designed to prevent the release of radioactive materials during accidents. These systems typically feature multiple barriers, including a steel-lined containment vessel encased in thick concrete walls, which provide substantial shielding against radiation leaks [45, 46]. Furthermore, the smaller fuel quantities used in SMRs compared to traditional reactors inherently reduce the potential scale of any radioactive release. Some designs even utilize coolants like molten salt, which are less prone to vaporization under high temperatures, thereby further mitigating the risk of pressurized releases [5, 39].

Automatic shutdown capabilities are another critical safety feature of SMRs. Many designs are equipped with systems that can detect abnormal conditions, such as overheating, and initiate an immediate shutdown sequence autonomously. This "SCRAM" system rapidly inserts control rods into the reactor core, effectively halting the fission process and allowing passive cooling systems to maintain safe temperatures [16, 47]. The simplicity and fewer components in SMR designs enhance the reliability and speed of these shutdown systems, which can act within seconds during emergencies [40, 41].

Fail-safe designs are integral to SMR technology, reducing risks associated with human error and unexpected events. SMRs often utilize straightforward, intuitive control systems that minimize the likelihood of operator mistakes. Additionally, many designs operate at low pressures, which are less likely to fail catastrophically compared to high-pressure systems, further enhancing their safety profile [11, 39, 40]. This layered approach to safety, which combines both passive and active systems with redundancies, positions SMRs as exceptionally resilient against potential disruptions [16, 48].

 

Modular Functionality

The modular nature of SMRs means they can be built in factories under controlled conditions and then transported to their operational sites. This approach enables faster and more efficient construction than traditional, large-scale nuclear plants, which must often be built on-site. Because of their smaller size and lower power output, SMRs are suitable for diverse applications beyond traditional power generation. They can provide energy to isolated or remote communities, supplement renewable energy sources in areas with inconsistent power supply, and even be used for industrial processes, desalination, or hydrogen production.

SMRs generate electricity through nuclear fission, using a compact, modular design that incorporates passive safety features and integrated systems for heat exchange and containment. This design enhances the safety, efficiency, and adaptability of SMRs, making them a versatile solution for reliable, low-carbon energy in various settings. Their unique construction and operation make SMRs a promising component of the future energy landscape, bridging the gap between traditional nuclear power and the needs of modern, sustainable energy systems.

Small Modular Reactors (SMRs) can be combined in parallel to generate more megawatts of electricity (MWe), creating what is known as a multi-module nuclear power plant. This modular approach allows for scalability in power generation to meet specific energy needs, enabling a plant to start with a small number of SMRs and add more modules over time as demand increases. However, SMRs are not typically combined in series; rather, they are connected in parallel. Here’s how it works and why this design is beneficial:

Parallel Configuration of SMRs

In a parallel configuration, each SMR operates independently and feeds its generated electricity to a shared power grid or distribution system. Each reactor module has its own reactor core, cooling system, steam generator, and turbine, functioning as a self-contained unit. By connecting multiple SMRs in parallel, a nuclear facility can increase its total power output, with each module contributing a set amount of megawatts to the overall generation capacity.

For instance, if each SMR module produces 77 MWe, then a multi-module plant with 6 SMRs operating in parallel would have a total generating capacity of around 462 MWe. This modularity provides flexibility, allowing power plant operators to add or remove modules based on demand or maintenance requirements without affecting the operation of other modules.

Parallel operation in SMRs  works as follows:


		Independent Operation and Redundancy: Each SMR module operates independently, with its own control and safety systems. This design allows each module to be shut down or serviced without affecting the rest of the plant. If one module needs maintenance, the other modules can continue to supply power, providing reliability and redundancy that large reactors lack.

		Shared Electrical Output: The power generated by each SMR module is directed to a common electrical bus, which consolidates the power output and delivers it to the grid. By using multiple modules, the combined output of the plant can meet a wide range of power demands. For example, an SMR facility could add modules over time to reach a desired capacity, scaling up as energy needs grow or replacing older modules without disrupting the overall power supply.

		Load Following and Flexibility: SMRs configured in parallel provide load-following capabilities, meaning they can adjust output to meet varying demand. In times of lower demand, some modules can be operated at reduced power or temporarily shut down. During peak demand, additional modules can be brought online to provide extra power. This flexibility is especially beneficial for integrating with renewable energy sources like wind and solar, which are intermittent. SMRs can provide consistent power when renewable sources fluctuate, ensuring grid stability.

		Centralized and Efficient Cooling: Although each module has its own cooling system, SMR plants often use a centralized cooling infrastructure that serves all modules. The cooling system can be designed to scale with the number of modules, allowing a single plant to efficiently manage heat from multiple reactors. This centralized cooling system streamlines operation and maintenance, as it consolidates cooling infrastructure for multiple reactors.



Combining reactors in series is not practical in nuclear power design. In a series configuration, each reactor would depend on the output of the previous one, creating interdependencies that could compromise safety and reliability. In nuclear reactors, each module needs to operate as an independent unit with direct access to its coolant and safety systems. A series setup would complicate the design, making it more difficult to control individual reactor operations, manage safety, and ensure that all modules can be safely isolated if necessary.

Moreover, SMRs are designed to produce electricity directly from each module’s steam cycle, driving its own turbine-generator setup. In a series configuration, the heat or steam from one reactor would need to pass through another reactor, which is not feasible due to the temperature, pressure, and complexity of reactor operations.

The benefits of parallel SMR configurations include:


		Scalability: Parallel configurations allow plant operators to scale up power generation incrementally. New modules can be added as demand increases, making it easier to expand capacity compared to a single large reactor.

		Flexibility: Parallel operation supports load-following, allowing operators to adjust power output based on real-time demand. Some modules can be run at reduced power or shut down when less electricity is needed.

		Enhanced Safety and Reliability: The independence of each module allows for easy isolation in case of issues. If one SMR needs maintenance or encounters an issue, the remaining modules can continue operating without interruption, enhancing reliability.

		Simplified Maintenance and Reduced Downtime: Since each SMR is a self-contained unit, maintenance can be performed on individual modules without affecting the operation of the entire plant. This setup minimizes downtime and enhances operational flexibility.

		Cost-Effective Expansion: SMRs can be deployed in stages, spreading out costs over time rather than requiring a large upfront investment. This staged approach makes it easier for utilities and governments to finance projects.



An example of a multi-module SMR plant is the proposed NuScale Power Plant. Each NuScale Power Module produces 77 MWe, and up to 12 modules can be combined within a single plant, generating a total output of 924 MWe. This setup enables the plant to adjust its output according to grid demand and provides redundancy by ensuring that each module can be independently operated, maintained, or shut down without impacting the others.
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Figure 5: Diagram of a NuScale reactor. NuScale, CC BY-SA 3.0, via Wikimedia Commons.

 

As an example of application of multiple SMRs, to estimate the number of Small Modular Reactors required to power cities of various sizes, we need to look at average power consumption rates for cities of these populations. Power consumption can vary significantly depending on factors such as climate, industrial activity, and lifestyle, but we can use approximate per capita power consumption values to make a rough estimate.

Assumptions for Calculation:


		Average power consumption per person in developed countries: Approximately 4 kW per person (combining residential, commercial, and industrial demand).

		Output of a typical SMR: Modern SMRs typically produce between 50 MWe to 300 MWe per unit. For this calculation, we’ll use a commonly referenced SMR output of 100 MWe per unit for simplicity.



Using these assumptions:


		4 kW per person is approximately equivalent to 4 MW per 1,000 people.

		The total power requirement can be calculated by multiplying the population by 4 MW per 1,000 people.

		We then divide this total power requirement by the output of one SMR (100 MWe) to determine the number of reactors needed.



Calculating for each city:

1. City of 100,000 People (e.g., Fairfield, California, US)


		Total Power Requirement = 100,000 people × 4 MW per 1,000 people = 400 MW

		Number of 100 MWe SMRs needed = 400 MW ÷ 100 MWe = 4 SMRs



So, it would take approximately 4 SMRs to power a city of 100,000 people.

 

2. City of 1,000,000 People (e.g., Austin, Texas, US)


		Total Power Requirement = 1,000,000 people × 4 MW per 1,000 people = 4,000 MW

		Number of 100 MWe SMRs needed = 4,000 MW ÷ 100 MWe = 40 SMRs



Therefore, around 40 SMRs would be needed to power a city of 1,000,000 people.

 

3. City of 5,000,000 People (e.g., Melbourne, Victoria, Australia)


		Total Power Requirement = 5,000,000 people × 4 MW per 1,000 people = 20,000 MW

		Number of 100 MWe SMRs needed = 20,000 MW ÷ 100 MWe = 200 SMRs



Thus, 200 SMRs would be required to meet the power needs of a city of 5,000,000 people.

 

4. City of 10,000,000 People (e.g., Nagoya, Japan)


		Total Power Requirement = 10,000,000 people × 4 MW per 1,000 people = 40,000 MW

		Number of 100 MWe SMRs needed = 40,000 MW ÷ 100 MWe = 400 SMRs



For a large metropolis of 10,000,000 people, approximately 400 SMRs would be needed.

Summary of Results


		
				City

				Population

				Estimated Power Requirement (MW)

				Number of 100 MWe SMRs Needed

		

		
				Fairfield, CA, US

				100,000

				400

				4

		

		
				Austin, TX, US

				1,000,000

				4,000

				40

		

		
				Melbourne, Australia

				5,000,000

				20,000

				200

		

		
				Nagoya, Japan

				10,000,000

				40,000

				400

		

	

 

Considerations


		Redundancy and Load Management: In practice, a few additional SMRs might be added to account for redundancy, maintenance, and peak demand periods, so the actual number could be slightly higher.

		Variability in Power Demand: Power demand per capita varies between cities and countries, so a city with significant industrial activity or extreme climate conditions may require more SMRs.

		SMR Output Variability: Some SMRs are designed to produce more (up to 300 MWe), meaning fewer reactors would be needed if using higher-output models.



These numbers provide a general estimate, but actual deployment would depend on detailed assessments of the city's specific power needs and the SMR models used.

these calculations make a compelling argument for the potential of Small Modular Reactors (SMRs) in addressing the power needs of cities of varying sizes. The results highlight several key advantages and applications of SMRs, especially in terms of scalability, flexibility, and suitability for diverse environments. Here’s a deeper look at how these numbers support the case for SMRs and what they reveal about their applications:

1. Scalability and Flexibility: The calculations show that SMRs can be deployed in modular units to match the specific power demands of a city. For a smaller city of around 100,000 people, only a few SMRs would be necessary, while a metropolis of 10 million people would require many more. This modular approach allows for incremental, flexible power generation that can grow alongside a city’s population and industrial demands. Unlike large traditional nuclear plants, which are often built to produce thousands of megawatts at once, SMRs can be added over time, providing a tailored solution for both urban and rural areas.

2. Suitability for Smaller or Remote Communities: The basic analysis suggests that SMRs are particularly well-suited to smaller cities and remote communities that may not need the vast output of a full-sized nuclear plant. For example, a small city or isolated area could rely on a few SMRs to provide steady, reliable power without requiring the high investment and large infrastructure footprint associated with traditional nuclear plants. This makes SMRs a practical solution for regions with limited access to large power grids or those looking to achieve energy independence, such as island communities or areas where renewable sources alone may not be reliable.

3. Complementary to Renewable Energy Sources: SMRs can act as a stable, low-carbon energy source that complements renewable sources like wind and solar. In cities with fluctuating energy demands or variable renewable output, SMRs can provide consistent "baseload" power, helping to balance the grid when renewables are not generating. Their modular design allows utilities to add SMRs as needed, potentially reducing reliance on fossil fuels and ensuring grid stability as renewables continue to expand. For larger cities looking to decarbonize, SMRs could provide the dependable power necessary to offset the intermittency of renewables.

4. Reduced Initial Investment and Lower Financial Risk: Building a large, traditional nuclear plant requires a massive upfront investment and several years (or even decades) of construction time. This high cost and long timeline are significant barriers, particularly for smaller cities or developing regions. SMRs, however, offer a more incremental approach to nuclear power. Since each SMR can be manufactured in a factory and then transported and installed on-site, the initial investment is lower, and reactors can be brought online in stages. This staged approach also lowers financial risk, as communities or utilities can invest in additional SMRs only as demand increases or as budgets allow.

5. Enhanced Safety and Reduced Environmental Impact: SMRs are designed with advanced safety features, such as passive cooling systems and containment structures, that reduce the risk of accidents and make them safer for deployment closer to populated areas. Their smaller size also means that they have a reduced environmental footprint compared to large nuclear plants. Additionally, because SMRs produce less total waste due to their modular deployment, they may be easier to manage from a waste disposal and decommissioning perspective. This makes SMRs a viable option for cities aiming to transition to clean energy without the environmental and logistical challenges posed by large nuclear facilities.

6. Applications Across Different City Sizes and Needs: The calculations show that SMRs are versatile enough to power a wide range of urban centres—from smaller cities needing just a few SMRs to large metropolises that may require dozens or even hundreds. This versatility underscores the broad applicability of SMRs across different types of communities, from small towns to large industrial hubs. SMRs could serve as the primary power source for smaller cities, a supplementary source for medium-sized cities, or a stabilizing, grid-balancing source for large cities that rely on a mix of energy sources.

7. Potential for Decentralized Power Generation: The modularity of SMRs allows for a decentralized approach to power generation. Instead of relying on a few large, centralized plants, cities and regions could deploy multiple SMRs across different locations. This distributed model enhances energy resilience, as each module operates independently, making the power supply less vulnerable to localized disruptions or grid failures. This approach could be particularly beneficial in regions prone to natural disasters, as power generation can continue in unaffected areas.

Conclusion: SMRs as a Flexible and Scalable Solution: These calculations reinforce the argument that SMRs are a flexible, scalable, and safe solution for the evolving energy needs of modern cities. Their ability to provide reliable, low-carbon power across different scales makes them a valuable addition to the global energy landscape, especially as cities and countries seek to transition away from fossil fuels and achieve energy independence. SMRs’ adaptability for various city sizes, applications, and geographic settings illustrates their potential as a versatile technology, capable of supporting clean energy goals, stabilizing grids, and offering a low-risk nuclear power alternative that can grow alongside future energy demands.

SMRs offer an innovative path forward for nuclear energy, one that is adaptable to both small and large cities, capable of complementing renewables, and potentially more acceptable to the public due to enhanced safety features and a smaller environmental footprint. This versatility makes SMRs a promising option for addressing the global challenge of sustainable and resilient energy production.

Deciding between deploying Small Modular Reactors (SMRs) or building a full-scale nuclear reactor depends on multiple factors, including energy demand, cost-effectiveness, project timelines, infrastructure, and the long-term energy strategy of a region or utility. Below are the key considerations for determining when a full-scale nuclear reactor may be more effective than multiple SMRs.

In regions with consistently high energy demands, building a full-scale nuclear reactor can be more effective than deploying multiple SMRs. A full-scale reactor typically generates 1,000–1,600 MWe in a single unit, far more than an SMR's typical output of 50–300 MWe [49]. Large metropolitan areas or highly industrialized regions often require thousands of megawatts of baseload power, which a full-scale reactor can supply continuously and efficiently. Similarly, regions with energy-intensive industries, such as aluminium smelting or steel production, benefit from a large reactor's ability to provide a constant and high level of power. In these cases, building one large reactor to meet substantial energy needs can be more efficient than managing numerous SMRs, especially if the demand exceeds what SMRs can realistically supply.

Full-scale nuclear reactors benefit from economies of scale, which often translates to a lower cost per megawatt once they are constructed [50]. Although SMRs have a lower initial cost and allow for incremental capacity additions, a single large reactor can produce electricity at a lower unit cost due to operational efficiencies and reduced per-unit construction costs. A single large reactor, with centralized maintenance, reduces operational complexities compared to multiple SMRs, each requiring individual monitoring and management. Moreover, spreading fixed costs over a larger capacity can make the long-term financial savings of a full-scale reactor outweigh its higher initial investment, making it more economically viable over the reactor’s lifespan in regions with high energy demands.

Large nuclear reactors need significant land and robust infrastructure, including access to ample cooling water, transportation for large reactor components, and a strong grid connection to distribute high output. If a suitable site with the necessary infrastructure is available, building a full-scale reactor may be more efficient, particularly if the location is close to major transmission infrastructure that can handle high output without costly upgrades. Additionally, if regulatory and community approval for a large site is already secured, placing a single reactor on an established site can simplify the development process.

Full-scale reactors are ideal for providing stable baseload power in regions with predictable, stable demand, where frequent load adjustments are unnecessary. While SMRs offer flexibility, making them suitable for areas with variable or growing demand, a full-scale reactor might be preferable when the region has a constant demand profile that doesn’t require frequent output adjustments. In grids primarily relying on baseload power sources, with limited dependence on intermittent renewables like wind and solar, full-scale reactors operate most efficiently at full capacity and are well-suited to maintain grid stability.

Operating multiple SMRs increases operational complexity since each reactor requires its own maintenance, safety checks, and potential downtime for outages. In contrast, a single large reactor simplifies management, training, and emergency response. For utilities or operators seeking simplified management and reduced logistical challenges, a full-scale reactor presents a more streamlined approach, as it requires fewer staff and less oversight than a facility with numerous SMRs.

Building and operating a full-scale nuclear reactor requires a highly skilled workforce, advanced training, and extensive regulatory compliance. In regions with established nuclear industries, regulatory support, and an available skilled workforce, constructing a large reactor may be more feasible than deploying multiple SMRs. An established regulatory framework and licensing process for large reactors can streamline approval, while a trained workforce experienced in managing large nuclear plants can efficiently handle a full-scale facility without the operational complexities of multiple smaller units.

If the region’s goal is rapid, large-scale decarbonization, a single full-scale nuclear reactor may be more effective than SMRs. A large nuclear plant can provide substantial clean energy to replace fossil fuel generation in one significant investment, rather than incrementally deploying SMRs over time. This approach is particularly relevant for regions with carbon reduction targets that require immediate, large-scale replacement of high-emission power sources with dependable baseload power. For areas prioritizing rapid clean energy deployment as part of a climate action plan, the high capacity of a full-scale reactor meets the need efficiently.

While full-scale reactors have clear advantages in high-demand, stable, and well-supported environments, SMRs offer unique benefits in other contexts. SMRs are often more suitable when:


		Incremental or flexible capacity is needed, such as in growing cities or regions with fluctuating demand.

		Remote areas or smaller communities require independent power sources.

		Regions with limited capital or access to infrastructure prefer modular, lower-cost initial investments.

		Complementing renewable sources with flexible, load-following capabilities is necessary.

		Quick deployment is needed, as SMRs can be manufactured in a factory and assembled on-site faster than full-scale reactors.



Building a full-scale nuclear reactor is generally more effective in areas with high, stable energy demand, available infrastructure, and the need for cost-effective, large-scale baseload power. Full-scale reactors make sense for regions that can support significant capital investment and have the regulatory and operational framework to manage a large plant. However, SMRs offer advantages in flexibility, incremental deployment, and lower upfront costs, making them ideal for areas with smaller or variable demand, limited infrastructure, or specific needs like remote power generation.

Ultimately, the choice between full-scale reactors and SMRs depends on the region’s specific energy, financial, and infrastructure requirements, as well as long-term goals for flexibility, scalability, and decarbonization.

 

Structure of Small Modular Reactors

The structure of a Small Modular Reactor (SMR) is designed to be compact, efficient, and safe. SMRs contain similar components to traditional large nuclear reactors but are engineered with a modular approach that simplifies their design, enhances safety, and allows for factory-based manufacturing. Here is a detailed breakdown of the various components found in an SMR and their specific roles:

1. Reactor Core: The reactor core is the heart of the SMR, where nuclear fission takes place. The core consists of fuel rods filled with fissile material, usually uranium-235 or a similar isotope capable of sustaining a nuclear chain reaction. The uranium is typically in the form of uranium dioxide pellets, which are stacked in long rods made of a heat-resistant material, such as zirconium alloy. The core configuration is optimized for efficient heat production and neutron moderation, ensuring a stable chain reaction. In some advanced SMRs, alternative fuels, such as thorium or molten salts, may be used.

2. Reactor Vessel: The reactor vessel is a large, high-strength steel container that holds the reactor core, coolant, and internal structural components. This vessel is designed to withstand high temperatures and pressures generated during fission. It acts as the primary containment barrier for radioactive materials, keeping the core isolated and ensuring that, in case of an incident, radioactive materials remain confined within the vessel. In SMRs, the reactor vessel is often compact and designed to integrate closely with other components, reducing complexity and potential points of failure.

3. Coolant and Heat Transfer Systems: The coolant in an SMR is typically water, which circulates through the reactor vessel to absorb the heat generated by fission. In pressurized water SMR designs, the coolant is kept at high pressure to prevent it from boiling, allowing it to reach higher temperatures and efficiently transfer heat. Some advanced SMRs use alternative coolants, such as molten salt, liquid metal (like sodium), or gas (such as helium), which can operate at even higher temperatures and improve thermal efficiency.

The heat transfer system usually includes a primary loop and a secondary loop. In the primary loop, the coolant flows through the reactor core, absorbs heat, and then transfers this heat to a secondary loop through a heat exchanger or steam generator. The secondary loop converts water into steam, which drives a turbine to generate electricity. By separating the radioactive primary coolant from the steam-generating loop, the secondary loop ensures that steam remains uncontaminated.

4. Steam Generator: The steam generator is a critical component in SMR designs that use water as a coolant. Located next to or integrated within the reactor vessel, the steam generator transfers heat from the primary coolant loop to a secondary loop, where water is converted to steam. This steam then drives the turbine, producing electricity. In some SMR designs, such as integral pressurized water reactors (iPWRs), the steam generator is integrated within the reactor vessel, which further reduces the size and complexity of the system and minimizes the risk of leaks.

5. Control Rods and Shutdown Systems: Control rods are made of materials that absorb neutrons, such as boron or cadmium. These rods are inserted or withdrawn from the reactor core to control the rate of the nuclear chain reaction. When inserted deeper into the core, they absorb more neutrons, slowing down or halting the reaction. Control rods are crucial for adjusting the reactor’s power output and ensuring safe shutdowns when needed. SMRs are equipped with automatic SCRAM systems that can rapidly insert all control rods into the core in case of an emergency, stopping the reaction almost immediately to prevent overheating.

6. Pressurizer: The pressurizer is a component specific to pressurized water reactor (PWR) designs, including many SMRs. It maintains the pressure of the primary coolant loop, preventing the coolant from boiling even at high temperatures. By keeping the water under pressure, the pressurizer allows the coolant to operate as an efficient heat transfer medium. If pressure drops or rises unexpectedly, the pressurizer can adjust accordingly to maintain safe operating conditions within the reactor vessel.

7. Containment Structure: The containment structure is a robust, reinforced enclosure surrounding the reactor vessel and primary components. Made of thick concrete and steel, this structure is designed to contain radiation and prevent the release of radioactive materials in the event of an accident. Some SMRs are placed in underground containment pools or vaults, providing additional protection from natural disasters, security threats, or potential explosions. This structural design also assists in passive cooling, as the surrounding water or earth helps dissipate heat from the reactor in case of a shutdown.

8. Passive Cooling Systems: A unique feature of SMRs is the incorporation of passive cooling systems, which rely on natural forces, such as gravity and convection, to circulate coolant without the need for pumps or external power. In an emergency, passive cooling can keep the reactor core from overheating by allowing coolant to circulate naturally. For instance, in a loss-of-power situation, these systems use gravity-driven water flow to cool the reactor core, preventing a meltdown. Passive cooling systems reduce dependency on active mechanical components, enhancing reliability and safety in the event of an unexpected shutdown.

9. Turbine and Generator: The turbine and generator are located outside the containment structure and are essential for converting thermal energy into electricity. In the secondary loop, steam generated in the steam generator flows to the turbine, where it expands and drives the turbine blades. The turbine is connected to a generator, which transforms the rotational energy into electrical energy. After passing through the turbine, the steam is condensed back into water and returned to the steam generator in a closed-loop cycle.

10. Emergency Core Cooling System (ECCS)” The Emergency Core Cooling System (ECCS) is a backup system designed to provide additional cooling in the event of an emergency. If the primary cooling system fails or the reactor overheats, the ECCS can inject coolant directly into the reactor vessel to bring temperatures down quickly. Many SMR designs have multiple layers of redundancy, including passive ECCS components, which do not require external power and can operate even in severe conditions. The ECCS is an important safety measure to prevent core damage and ensure that the reactor remains in a safe state during unexpected situations.

11. Instrumentation and Control Systems: Instrumentation and control systems monitor the reactor’s operation, including temperature, pressure, power output, and radiation levels. These systems provide real-time data and control over the reactor, allowing operators to make adjustments as necessary. Many SMRs are designed with advanced, simplified control systems that can be managed remotely or require minimal human intervention, thanks to automated controls. These systems are also equipped with alarms and automatic shutdown capabilities to respond immediately to any abnormal readings, further enhancing safety.

The structure of an SMR integrates all of these components into a compact, modular design focused on safety, efficiency, and scalability. The reactor core and reactor vessel are central to the fission process, with control rods and pressurizers managing the reaction rate and pressure. Coolant systems and steam generators facilitate heat transfer, while passive cooling systems and emergency core cooling add multiple layers of safety. The containment structure and instrumentation ensure the reactor operates within safe limits, while turbines and generators convert thermal energy to electricity.

Together, these components create a streamlined, modular reactor design that can be scaled up or down to meet energy demands, making SMRs a promising solution for the future of nuclear power. The integration of passive safety features, modularity, and simplified control systems positions SMRs as an advanced and secure nuclear technology for reliable, low-carbon energy generation.

 

Differences between SMRs and Traditional Reactors

Understanding how nuclear reactors differ in energy output, size, and resource and land requirements is crucial for making informed choices about energy sourcing. This knowledge is increasingly important as industry, communities, and nations face rising energy demands, pushing for sustainable, reliable, and flexible power solutions. Among nuclear reactor types, microreactors, Small Modular Reactors (SMRs), and traditional large-scale nuclear plants each offer unique characteristics, making them suitable for varied applications [51].

Microreactors: Microreactors are an innovative development within nuclear energy, delivering reliable, carbon-free baseload power through a compact design that is 100 to 1,000 times smaller than conventional reactors. Definitions for microreactors vary slightly, with some setting the maximum output at under 50 megawatts of electricity (MWe) and others at less than 10 MWe, but generally, reactors generating less than 20 MWe are classified as microreactors. Due to their small size, microreactors have minimal land requirements—typically just a few acres—and need a smaller on-site workforce. This compact, low-maintenance nature makes them ideal for localized energy applications, such as powering remote industrial sites, military installations, and smaller communities [51].

An additional advantage of microreactors is modularity. Many designs are fully modular, meaning that components are manufactured in factories and then transported to the site for quick assembly. This modularity allows for faster deployment and scalability, enabling incremental expansion based on energy demand. As a result, microreactors can be quickly installed (usually within 24 months) and expanded as needed. An example is Last Energy’s PWR-20, which outputs 20 MWe, occupies only 0.3 acres, and can be assembled on-site in four months. The PWR-20’s air-cooled design eliminates the need for water-based cooling, allowing it to be sited virtually anywhere, which adds flexibility to its applications [51].

Small Modular Reactors (SMRs): Small Modular Reactors represent a mid-scale option in nuclear innovation, with energy outputs typically between 20 and 300 MWe. This power range makes SMRs capable of serving medium to large communities or industries while still being smaller and more flexible than traditional nuclear plants. SMRs require a larger footprint than microreactors, often around 100 acres or more, depending on the design, but still considerably less land than a traditional nuclear plant. SMRs typically need more staff than microreactors, with an estimated average of 1.5 personnel per MWe, leading to staffing requirements of 30 to 150 or more individuals, depending on the reactor’s output [51].

While “modular” is part of the SMR name, the level of modularity varies across designs. A truly modular SMR would involve factory-fabricated components, minimal site preparation, and efficient on-site assembly. Modular SMRs also offer flexibility in financing and scaling, allowing utilities to add additional units incrementally to meet growing energy demand. SMRs typically take three to five years to deploy, and they require moderate water resources for cooling, depending on the specific design. The scalability of SMRs makes them suitable for larger industrial sites, remote regions, and cities that need reliable, low-carbon energy but do not require the extensive power output of a full-scale nuclear plant [51].

Traditional Nuclear Plants: Traditional nuclear power plants, or gigawatt-scale reactors, have long served as reliable power sources capable of meeting the demands of large populations. These plants typically generate around 1,000 MWe (1 GW) per reactor, making them ideal for supplying large cities or regions with substantial power needs. However, these reactors have large physical footprints, often requiring over a square mile of land, and require significant cooling resources, typically needing access to a substantial water source. The staffing ratio is lower than SMRs at around 0.7 person per MWe, but given the high output, traditional reactors still require thousands of personnel to operate and maintain the facility [51].

The complexity of building and operating a large-scale nuclear plant comes with notable challenges. Construction timelines are lengthy, averaging around 10 years, and costs often exceed the initial budget, frequently going over by as much as 200%. These plants also require rigorous regulatory assessment due to their size and environmental impact. While large reactors are efficient in terms of energy production, the significant infrastructure and regulatory requirements make these builds challenging and costly. Despite these factors, gigawatt-scale reactors remain a reliable option for regions that need substantial baseload power for large communities or highly industrialized areas [51].

 

Comparing Microreactors, SMRs, and Traditional Plants

The evolving nuclear landscape offers diverse options for meeting different energy needs. Microreactors, like Last Energy’s PWR-20, represent one of the most promising solutions for decarbonizing industries and remote installations, with their small size, rapid deployment, and air-cooled design making them flexible and adaptable. SMRs provide a mid-scale solution, offering more substantial power output than microreactors while maintaining the modularity and scalability that appeal to cities or industrial regions with medium energy demands. Traditional nuclear plants, though complex and resource-intensive, remain unmatched in their ability to deliver large-scale power to highly populated regions.

Each type of nuclear technology plays a vital role in the transition to clean energy. Microreactors, SMRs, and traditional nuclear plants collectively offer a range of scalable, flexible, and sustainable power options, which allows governments and utilities to select the best fit based on regional needs, resources, and long-term energy goals. As the world shifts toward low-carbon energy, these nuclear technologies will be instrumental in meeting diverse power demands and driving progress toward a more sustainable future.

Nuclear reactors are diverse in their designs, fuels, coolants, and applications, each tailored to meet specific energy, safety, and efficiency requirements. Understanding these variations is crucial for selecting the most suitable type based on operational goals and resource availability. Here’s an in-depth look at the main types of nuclear reactors and how they differ.

1. Pressurized Water Reactors (PWRs): Pressurized Water Reactors (PWRs) are among the most widely used nuclear reactors globally, known for their stability and safety features. They use pressurized water as both a coolant and a neutron moderator. In a PWR, water is kept under high pressure in the primary loop to prevent it from boiling. The heat from the reactor core transfers to a secondary loop via a steam generator, where it produces steam to drive a turbine. This separation of the radioactive primary loop from the turbine significantly enhances safety. PWRs typically use enriched uranium as fuel, commonly in the form of uranium dioxide. These reactors are prized for their high operational stability, ease of control, and low risk of coolant boiling. They are primarily used in electricity generation in countries like the United States, France, and Russia.

2. Boiling Water Reactors (BWRs): Boiling Water Reactors (BWRs) use a different approach: water in the reactor core is allowed to boil, generating steam directly within the reactor vessel. This steam, containing some radioactivity, is then directed to the turbine to generate electricity, eliminating the need for a secondary loop. Like PWRs, BWRs use water as both coolant and moderator and rely on enriched uranium as fuel. The simpler design of BWRs, due to the absence of a secondary loop, provides slightly higher thermal efficiency and reduced construction complexity compared to PWRs. However, additional containment measures are needed due to the radioactive steam in the turbine. BWRs are commonly found in power plants, particularly in the United States and Japan.

3. Heavy Water Reactors (CANDU Reactors): Heavy Water Reactors, such as Canada’s CANDU reactors, stand out for their use of deuterium oxide (heavy water) as both a coolant and a moderator. This design allows them to use natural (unenriched) uranium, which makes these reactors efficient and cost-effective, as they do not require uranium enrichment. Heavy water reactors achieve higher neutron efficiency, enabling the use of alternative fuels like thorium. Their unique ability to use natural uranium provides fuel flexibility, reducing dependence on enrichment facilities. These reactors are widely used in Canada and India for power generation, where heavy water is relatively accessible.

4. Fast Breeder Reactors (FBRs): Fast Breeder Reactors (FBRs) differ significantly from other reactors because they do not use a moderator and operate with fast neutrons. They typically use a liquid metal, often sodium, as the coolant, allowing the reactor to operate at high temperatures without pressurization. FBRs are known for their ability to “breed” fuel, producing more fissile material (usually plutonium) than they consume. This capability makes FBRs highly fuel-efficient and capable of recycling nuclear waste by converting it into fuel. FBRs use enriched uranium or plutonium, often mixed with depleted uranium or thorium. Russia and France are leaders in using FBRs for power generation and research, as they enable efficient fuel utilization and have the potential to reduce nuclear waste.

5. Gas-Cooled Reactors (GCRs): Gas-Cooled Reactors (GCRs) use carbon dioxide or helium as a coolant and graphite as a moderator. In these reactors, high-temperature gas flows through the reactor core, transferring heat to a secondary loop to drive a turbine. GCRs can operate at higher temperatures than water-cooled reactors, which enhances thermal efficiency. Using graphite as a moderator enables slower neutron moderation, making the reactor efficient and flexible in fuel choices, such as enriched or natural uranium. GCRs were historically popular in the UK, though they are less common today. Advanced gas-cooled reactor designs continue to be used in experimental settings to study high-temperature nuclear applications.

6. Molten Salt Reactors (MSRs): Molten Salt Reactors (MSRs) offer a unique approach by using molten salt both as a coolant and a fuel carrier. In MSRs, uranium or thorium is dissolved in molten salt, which circulates through the reactor core, where it transfers heat to a secondary loop to produce electricity. This reactor type operates at low pressure but very high temperatures, enhancing thermal efficiency and reducing the risk of explosion. The molten salt can be continuously processed to remove fission products, improving fuel efficiency and safety. MSRs are considered inherently safer because they do not require pressurization. Although primarily experimental, MSRs have ongoing research in countries like the United States, China, and Canada, with potential future applications in thorium-based nuclear fuel cycles.

7. High-Temperature Gas-Cooled Reactors (HTGRs): High-Temperature Gas-Cooled Reactors (HTGRs) are a specific type of gas-cooled reactor that uses helium as a coolant and graphite as a moderator, operating at extremely high temperatures. This design enables HTGRs to generate higher-temperature heat, which makes them versatile for applications beyond electricity generation, including hydrogen production and industrial processes requiring high temperatures. They typically use enriched uranium or thorium embedded in coated fuel particles. HTGRs boast high thermal efficiency and are suitable for co-generation of electricity and industrial heat. While primarily used in research, HTGRs have significant potential for integration into hydrogen production and various industrial sectors.

 

Types of SMR Coolants and Fuel

Small Modular Reactors (SMRs) represent an innovative approach in nuclear technology, offering compact, efficient, and versatile designs that differ significantly based on their fuel types, coolant systems, and potential applications. Understanding the basic types of SMRs reveals how these reactors can be tailored for diverse energy needs, including electricity generation, industrial heat applications, and even hydrogen production [52].

 

Uranium-235 as the Common Fuel Element

Across all SMR designs, uranium-235 (U-235) is the primary nuclear fuel used for fission. This isotope is a staple in nuclear power due to its efficiency in sustaining chain reactions, and Australia, with its abundant uranium reserves—including the world's largest deposit at Olympic Dam—is well-positioned to support SMR development. In these reactors, a coolant system is critical for transferring heat from the reactor core, maintaining safe operating temperatures, and preventing overheating. SMRs are categorized based on the type of coolant used, which significantly affects their efficiency, operational temperatures, and potential applications [52].

 

Boiling Water Reactor (BWR) (300 Megawatts)

The Boiling Water Reactor (BWR) SMR design operates by allowing water within the reactor core to boil directly, creating steam that drives a turbine to produce electricity. This single-loop system means the reactor coolant also serves as the steam source, with the steam generated within the reactor vessel itself. BWRs use enriched uranium in the form of uranium oxide pellets as fuel. While this design simplifies the system, any fuel leak can make the water radioactive, potentially transferring radioactivity to the turbine and the rest of the coolant loop. 

[image: Image]

Figure 6: Typical Boiling-Water Reactor. Nuclear Regulatory Commission, CC BY 2.0, via Flickr.

 

With an efficiency of up to 35%, BWR SMRs are effective for electricity generation but require stringent safety measures to prevent radioactive contamination [52].

 

[image: Image]

Figure 7: The La Crosse Boiling Water Reactor (LACBWR) is located on the east bank of the Mississippi River in Vernon County, WI in NRC Region III. Nuclear Regulatory Commission, CC BY 2.0, via Flickr.

 

The La Crosse Boiling Water Reactor (LACBWR), as shown in Figure 7,  was a small, experimental nuclear power plant located near Genoa, Wisconsin, on the banks of the Mississippi River. This reactor was one of the early Boiling Water Reactors (BWRs) in the United States, initially constructed as part of a demonstration program to evaluate the potential of nuclear power in providing reliable electricity. It began operations in 1967 and was initially owned by the Dairyland Power Cooperative in partnership with the Atomic Energy Commission (AEC), which aimed to demonstrate and refine commercial nuclear technology. The reactor operated at a modest output of 50 megawatts electric (MWe), significantly smaller than most commercial reactors, making it a testing ground for the BWR technology that would later become widespread.

As a Boiling Water Reactor, the La Crosse reactor utilized a single-loop system where water in the reactor core was allowed to boil, directly generating steam that drove the turbine to produce electricity. Unlike Pressurized
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