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Abstract 

Small Modular Reactors (SMRs) are becoming one of the key trends in the development of nuclear 
technology, offering a flexible, safe and cost-effective alternative to large nuclear power plants. This 
article provides a comprehensive overview of the main classes of SMRs, categorised by fuel type and 
application, ranging from low enriched uranium (LEU) and HALEU reactors to thorium, metallic 
fuel and reprocessed nuclear materials. The key technical advantages of SMRs are discussed: passive 
safety systems, extended fuel cycles, modular production and compactness, which make such 
reactors particularly suitable for use in hard-to-reach regions, military facilities, in space and as part 
of hybrid power systems. Special attention is paid to the prospects of advanced fuel cycles, including 
the conversion of thorium to uranium-233 and the reuse of actinides, which contributes to waste 
reduction and brings closer the realisation of a closed nuclear cycle. The current status of SMR 
projects around the world is also analysed, highlighting the most promising solutions and discussing 
regulatory, infrastructure readiness and geopolitical factors. It concludes that SMRs are well 
positioned to play an important role in the future of low-carbon and decentralised energy due to their 
diversity and adaptability. 

Keywords: small modular reactors; low-enriched uranium; thorium fuel cycle; HALEU; nuclear fuel 
recycling; metallic fuel; passive safety; decentralized energy; nuclear innovation; closed fuel cycle 
 

1. Introduction 

Small modular reactors (SMRs) are relatively compact nuclear plants with a capacity of up to 
300 MW. Compared to conventional NPPs, they take up less space, are easier to assemble and require 
less investment [1]. Due to their modular design and factory fabrication capabilities, these reactors 
can be quickly delivered and installed even in remote or energy-poor regions where the construction 
of large power units would be too expensive or complex [2]. 

In addition to their relatively simple design, SMRs are characterised by high levels of safety [3]. 
Due to their relatively low power output and reduced operating parameters, in the event of an 
abnormal situation they can automatically shut down without operator intervention and without 
external power supply. This is possible thanks to passive safety systems that operate through natural 
physical processes such as natural circulation, convection, gravity and pressure rise. As a result, the 
risk of radioactive emissions into the environment is significantly minimised and often completely 
eliminated, making such plants particularly reliable and safe for people [4]. 

Moreover, fuel replacement is much less frequent in SMRs - approximately every 3-7 years, 
whereas in conventional NPPs it is done every 1-2 years. Today, most SMRs use low-enriched 
uranium (LEU), which is a safe and proven fuel [5,6]. In particular, the U.S. NuScale and South 
Korea's SMART operate on such uranium. Argentina's CAREM and China's ACP100 use 
conventional uranium fuel and are designed for both domestic and international applications. 
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Whereas Russia's RITM-200 reactors, which are already on icebreakers and are planned for the Arctic, 
use uranium with higher enrichment, ensuring autonomous operation in harsh conditions [7],[8]. In 
addition, new generation MMRs, such as Moltex and TerraPower, are being actively developed. They 
use reprocessed nuclear fuel or innovative liquid-salt technologies based on thorium and uranium. 
This makes nuclear power more sustainable and contributes to the reduction of nuclear waste [9]. 

This article provides an overview of the main types of MSRs, categorised by fuel type and 
application. Both reactor plants fuelled by LEU and reactors fuelled by rarer and more promising 
fuels, such as thorium, reprocessed nuclear fuel and uranium with different degrees of enrichment 
(HALEU and HEU), including metallic compositions, are considered. Special attention is paid to new 
fuel cycles that can improve the efficiency and environmental friendliness of nuclear power. These 
include the transmutation of thorium into fissile uranium and the reuse of actinides, which can 
significantly reduce the amount of radioactive waste and move closer to a closed fuel cycle. Moreover, 
the article examines the current development of MMR technologies in the world: it highlights the 
most promising projects, analyses the regulatory, infrastructure and geopolitical challenges that may 
affect their implementation. 

2. Advantages of Modular Nuclear Reactors 

MMRs have a number of important advantages: high safety, simple and reliable design, and the 
ability to be installed in remote or inaccessible areas where energy consumption is low [10]. In such 
regions, there is often no need for large-scale power generation facilities, and it is the SMRs that can 
effectively cover localised power needs [11]. The modular approach makes these reactors easier to 
standardise and suitable for mass production, which reduces construction costs and simplifies 
operation. Universal design elements and proven technical solutions make maintenance more 
predictable and economical. 

Conventionally, MMRs are divided by power level into two main categories [12]: 

1. Ultra-small modular reactors (vSMR, up to 50 MWe) - used mainly in isolated areas, remote 
industrial sites, military bases and other areas with limited access to centralised power. 

2. Small Modular Reactors (SMR, 50 to 300 MWe) - a balanced solution combining sufficient 
power with mobility, suitable for a wider range of applications, including power supply to 
small towns, industrial facilities and infrastructure. 

One of the key advantages of SMRs is their high autonomy - they can operate for long periods 
of time without the constant presence of maintenance personnel. And because these reactors are 
delivered as prefabricated modules, they can be quickly transported and started up in the most 
remote or inaccessible areas. This makes SMRs particularly useful not only for stable power supply 
in remote locations, but also for rapid response in emergency situations. In addition, such plants are 
not only used in the power sector: they are also suitable for district heating, seawater desalination 
and even hydrogen production - a key element of future green energy [13,14]. 

Although today microreactors represent a real technological breakthrough in nuclear power, 
their history dates back to space exploration. Back in 1965, the United States launched the SNAP-10A 
nuclear reactor with a power of only 0.5 kW, which provided satellite operation for 43 days - until 
the electrical equipment failed. In 1964, the Soviet Union created the Romashka reactor, which 
operated on the principle of direct thermoelectric conversion of nuclear fission heat into electricity. It 
produced 6.1 MWh and operated for more than 15,000 hours. Later, the USSR developed a 3 kW BUK 
unit, which was used in 32 space missions from 1970 to 1988. And in the 1980s, the US launched the 
SP-100 project, a concept of a lithium-cooled reactor for spacecraft using heat pipes and 
thermoelectric converters. Thus, microreactors have been serving for decades as a reliable source of 
energy in the most extreme conditions - from orbit to outer space [15–17]. 

It is important to realise that the so-called nuclear batteries used in some space missions are not 
full nuclear reactors. They are not based on a fission chain reaction, but on the natural radioactive 
decay of isotopes such as tritium (³H), strontium-90 (⁹⁰Sr), plutonium-238 (²³⁸Pu) and curium-244 
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(²⁴⁴Cm). The heat produced is converted into electricity using the Seebeck thermoelectric effect. 
Usually, such sources produce only a few kilowatts and their efficiency is quite low. For example, the 
Multi-Mission Radioisotope Thermoelectric Thermoelectric Generator (MMRTG), which is used in 
long-range spacecraft, can produce about 2 kilowatts of electricity with a thermal output of 125 MW 
- giving an efficiency of only about 6.25 per cent. Nevertheless, reliability and durability make these 
systems indispensable for environments where other power sources simply won't work [18,19].  

The low MMR is usually combined with compact dimensions, making it possible to install even 
where conventional reactors would not fit. Due to their compactness, such plants can easily fit into 
limited spaces - where the construction of a large nuclear plant would be impossible. They can be 
integrated into the infrastructure of cities, small towns, industrial plants, ports, ships and even remote 
sites with limited access [20]. In particular, Sweden's 3 MW SEALER microreactor has a vessel 
weighing less than 30 tonnes, with a diameter of just 2.75 metres and a height of 6 metres - all of 
which fits into an area of about 600 m². The more powerful US mPower (190 MW) weighs around 500 
tonnes, but its design (4.15 m in diameter and 27.4 m high) allows it to be transported by rail. The 
ultra-compact ELENA (68 kW) can be disassembled into two modules, which is convenient for 
transporting it to hard-to-reach places. And the Danish CMSR reactor (100-115 MW) is only 2.5 metres 
high, making it one of the lowest profile plants. Other current examples include eVinci (0.2 to 15 
MW), a compact waste-to-energy plant from Copenhagen Atomics (20 MW), as well as more 
powerful reactors such as SUPERSTAR (120 MW), UK SMR and Westinghouse SMR (up to 225 MW). 
All are being developed with a focus on mass production, mobility and versatility of application [21]. 

Table 1 summarises the current status of the MMR. So far, only one of them has been 
commissioned worldwide - the rest are still under development or under construction. Although 
some of the plants are slightly above the 300 MW threshold, they are still categorised as SMRs due to 
their modular architecture and compactness. Today, reactors fuelled by low-enriched uranium (LEU, 
less than 20 per cent U-235) are the most widespread. This fuel meets international safety standards 
and is easier to handle. Such solutions include NuScale Power Module (USA) [22], SMART (South 
Korea) [23], CAREM (Argentina), ACP100 (China) [24] and the BWRX-300 boiling reactor from GE 
Hitachi (USA/Japan) [25–27]. All of them use proven uranium oxide (UO₂) fuel similar to that used 
in conventional nuclear power plants. Russia's RITM-200 reactor, which is already operating on 
nuclear icebreakers and is planned for use in land-based power plants, also uses uranium fuel, but 
with a higher level of enrichment. This makes it possible to extend the duration of the fuel campaign 
and increase the plant's efficiency. In addition to conventional solutions, reactors using alternative 
fuel types are being actively developed. For example, liquid salt reactors such as Seaborg CMSR 
(Denmark) and TAP (USA) use fuel in dissolved form, which makes it possible to reprocess it directly 
during operation. Fast sodium reactors such as the ARC-100 (Canada/USA), as well as metallic 
compact reactors such as Oklo Aurora, focus on the use of reprocessed or highly enriched fuel. Thus, 
next-generation technologies that open up new opportunities for a closed nuclear fuel cycle, reducing 
radioactive waste and increasing the sustainability of nuclear power in the long term [28–31]. 

Figure 1 illustrates the main technological solutions underlying modern SMRs, with a focus on 
differences in steam generation methods. In most cases, conventional steam turbines are employed; 
however, certain high-temperature reactor concepts—such as gas-cooled design also incorporate 
Brayton cycles using air as the working fluid. Despite structural and thermal design differences, all 
these systems ultimately serve the same function: driving a turbogenerator that converts thermal 
energy into electricity. This highlights the versatility of the approach, where diverse engineering 
configurations are aligned toward a common goal—reliable and scalable power generation. 

Table 1. Designs of modular reactors of different capacities [32–35]. 

Reactor name Country Power Type State 
Seaborg CMSR Denmark <50 MWe Liquid salt Under development 
USNC MMR USA/Canada 15 MWe Gas-cooled, VTGR Demonstration project 
Oklo Aurora USA 1,5 MWe Fast on metal Development is suspended 
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TAP USA <50 MWe Liquid salt Cancelled project 
Megapower USA 5 MWe Metal-cooled Development completed (military use) 
NuScale Power 
Module 

USA 77 MWe Water-water Licensed, in progress 

SMART South Korea 100 MWe Water-water Ready for construction 
CAREM Argentina 32–125 MWe Water-water Construction of the first block 
ACP100 China 125 MWe Water-water Construction 
RITM-200 Russia 55 MWe Water-water In operation (on ships) 
BANDI-60S South Korea 60 MWe Water-water Development 

Flexblue France ~160 MWe 
Underwater, water-
water 

Concept 

Holtec SMR-160 USA 160 MWe Water-water At the licensing stage 
ARC-100 Canada / USA 100 MWe Fast, sodium Development 
GE Hitachi BWRX-300 USA / Japan 300 MWe Boiling water-water Licensing 

X-energy Xe-100 USA 
80×4 = 320 
MWe 

Gas-cooled, VTGR Development 

SVBR-100 Russia 100 MWe Fast, lead-bismuth The project is mothballed 

 

Figure 1. Steam generation schemes in various reactor types: from conventional to advanced SMR technologies 
[36] Used under CC BY 4.0. 
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Overall, small and micro reactors offer a flexible and scalable solution for localised energy 
supply. Thanks to their compact design, autonomy and broad functionality, they are suitable for a 
wide range of applications, from power and heat generation to water desalination and hydrogen 
production. Their reliability has already been proven in practice, including operation in the harshest 
environments, even in space. Today's development of SMRs is aimed at making them even more 
affordable and efficient: mass production is simplified, costs are reduced, and applications are 
expanded. All of this makes small modular reactors a promising basis for future low-carbon energy. 

3. Small Modular Reactors on Low Enriched Fuel 

To date, LEU-fuelled reactors (with U-235 content less than 20%) are the most mature and widely 
used category among MSRs. Due to their proven technology, high level of safety and compliance 
with international requirements, such plants are considered as one of the main contenders for mass 
introduction into the civilian energy sector [37–39]. 

LEU fuel is recognised as safe from a nuclear non-proliferation point of view - this has been 
confirmed by organisations such as the IAEA and the US Nuclear Regulatory Commission (NRC). Its 
use reduces the risks of military use and makes it easier to obtain export licences. In addition, LEU 
has long been used in large commercial nuclear power plants, which has provided a wealth of 
practical experience, from reliable operation and maintenance to the development of clear regulatory 
standards [40]. 

One of the most famous and advanced projects in the field of small modular reactors based on 
low-enriched uranium is the NuScale Power Module (USA). It was the first modular reactor officially 
approved by the NRC [41]. Each module of this plant generates 77 MW of electricity and is built 
according to the classical water-water reactor (PWR) scheme. NuScale's special feature is its high 
autonomy: one module can operate for up to 12 years without fuel reloading. In addition, the system 
is scalable - up to 12 modules in one complex, which allows it to be adapted to the needs of different 
regions and energy consumption scenarios. 

Another striking example is South Korea's SMART (System-integrated Modular Advanced 
Reactor). It is a 100 MW compact integrated PWR reactor designed not only for power generation but 
also for seawater desalination. This multifunctionality makes it particularly useful for coastal or arid 
areas where not only power generation but also access to fresh water is important [42]. 

China's ACP100 project, based on PWR technology, is in the final stages of construction and has 
already become a symbol of China's commitment to bringing modular nuclear technology into the 
civilian sphere. It is designed to power remote areas, industrial zones and infrastructure facilities [43]. 
It pays special attention to automation and state-of-the-art safety systems, both active and passive, in 
line with the latest global trends in nuclear power. 

Advantages of LEU-based small modular reactors [44–46]: 
Reliability and technological maturity. LEU fuel has been widely used in the power industry for 

decades. This experience reduces risks when introducing new reactors and speeds up the licensing 
and operation process. 
1. Ready infrastructure. LEU-fuel production and supply rely on existing and certified chains: 

from uranium enrichment plants to fuel assembly fabrication factories. 
2. Serialisation and standardisation. Thanks to standardised designs, LEU reactors can be mass-

produced, which significantly reduces their cost and facilitates logistics for deployment in 
different countries and regions. 

3. Export Control Compliance. Unlike HEU or reprocessed fuel reactors, LEU plants are easier to 
align with international nonproliferation regulations, including nuclear material control 
treaties. 
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4. Application flexibility. Due to their compactness, high safety and autonomy, these reactors are 
suitable for remote communities, small towns, industrial sites and can complement renewable 
sources in hybrid energy systems. 

5. Multifunctionality. LEU reactors can provide not only electricity but also heat, making them 
effective for district heating, seawater desalination and industrial applications - especially in 
environments where reliable and sustainable energy is needed. 

LEU reactors are finding their place in the energy industry of the future, especially in the next 
generation of smart grids and energy infrastructure. They provide a stable and predictable energy 
supply, compensating for the instability of solar and wind sources. This combination is becoming a 
key element in achieving emission reduction targets and the transition to clean energy [47]. 

Thanks to international support, a well-established production base, a high degree of 
standardisation and a positive reputation for nuclear safety, LEU small modular reactors are now 
considered one of the most reliable and promising areas of civil nuclear power development. Their 
compactness, adaptability and ability to operate in decentralised environments make them an 
important part of the global transition to sustainable, low-carbon energy. 

4. Small Modular Reactors Using Highly Enriched Fuel 

Small modular reactors (SMRs) using highly enriched uranium (HEU, above 20 per cent U-235) 
or highly enriched fuel (HALEU, between 5-20 per cent) represent a promising technology for the 
development of compact and energy-efficient autonomous power systems [48]. The key advantage 
of SMRs is their ability to operate for 10-20 years without the need for fuel replacement, which makes 
them particularly relevant in remote regions, military facilities and space missions. However, 
realisation of such a long fuel cycle requires the use of fuel elements with cladding resistant to high 
radiation and thermal loads, which makes it possible to achieve a deep degree of fuel burnup and 
reduce the risks associated with hydrogen formation [49]. 

Practical implementation of such technologies is already underway in a number of countries. 
One example is the Russian RITM-200 reactor, successfully used on nuclear icebreakers and 
considered as an option for land-based power plants in the Arctic [50]. Foreign solutions include the 
eVinci microreactor, developed by Westinghouse (USA), with a capacity from 200 kW to 5 MW, 
designed to supply power to isolated and hard-to-reach areas [51]. Another promising project, Oklo 
Aurora, uses reprocessed highly enriched fuel and a passive cooling system, but it is currently facing 
obstacles at the licensing stage. Special attention should be paid to floating nuclear power plants, 
such as OFNP, which have internal safety systems and passive residual heat removal. Russia is 
actively implementing and developing such plants, including ABV-6M, KLT-40S and RITM-200 
reactors based on the thermal spectrum and fuel element layout similar to VVER-1000. KLT-40S type 
units are already operating at the Akademik Lomonosov floating NPP and are being considered for 
such purposes as seawater desalination, process support and shipboard applications [52,53]. 

The design features and fuel policy of SMRs significantly distinguish them from conventional 
reactors. Unlike standard large light water reactors (LWRs), where the fuel enrichment level is 
typically less than 5 per cent, the modular reactors described above utilise a once-through fuel cycle 
with enrichments up to 20 per cent. For example, the KLT-40S uses uranium enriched to 18.6 %. Due 
to the limited core volume, such reactors are characterised by lower power density and noticeable 
neutron losses in radial and axial directions - up to 7 % [54,55]. 

Similar technological approaches have been reflected in international analyses. According to the 
Evaluation and Screening (E&S) study conducted by the US Department of Energy's Office of Nuclear 
Energy (DOE-NE), various nuclear fuel cycles were categorised into 40 evaluation groups, taking into 
account such parameters as neutron spectrum, fuel reprocessing and other features. The floating 
reactors mentioned above are categorised in the EG02 group, which is characterised by the single use 
of enriched uranium in thermal or fast spectrum reactors with high burnup. As a typical example for 
the EG02 group, a modular high temperature gas cooled reactor (mHTGR) operating with 15.5 % 
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enriched uranium and achieving a burn-up of about 120 GWpd/t is considered [56,57]. In parallel, the 
transition from HEU to safer alternatives is coming into focus. Despite the non-proliferation concerns associated 
with the use of highly enriched uranium (HEU), the focus of current developments is shifting towards a safer 
alternative - HALEU fuel. This type of nuclear fuel offers a balanced combination of high energy density, 
improved thermal efficiency, and resilience to changing operating conditions. Currently, active work is 
underway in the US and European countries to create infrastructure for HALEU production, which opens up 
opportunities for large-scale deployment of such systems [58–60]. 

In general, HEU- and HALEU-based reactors are seen as a strategically important area of 
development. HEU- and HALEU-based plants are particularly relevant in cases where autonomy, 
compactness and high reliability are required, for example, for military facilities, research stations or 
remote settlements [61]. The use of HALEU offers a compromise between the stringent requirements 
of nuclear safety and the pursuit of high energy efficiency, thus forming a sustainable basis for the 
development of a new generation of small modular reactors. 

5. Small Modular Reactors Using Thorium Fuel 

PurposeTorium-232 is considered a promising material for use in nuclear power, as it transforms 
into a fissile isotope of uranium-233 upon capture of thermal neutrons. This property makes thorium 
fuel a potential alternative to conventional uranium fuel cycles. Among its key advantages are its 
high abundance in nature, reduced plutonium-239 formation, and less long-lived radioactive waste. 
These characteristics make thorium a particularly attractive option for next-generation small modular 
reactors, especially in countries with significant reserves of the element [62,63]. 

Thorium's potential becomes particularly apparent when considering its behaviour in a one-way 
fuel cycle. In this approach, thorium exhibits a high conversion efficiency and reduced formation of 
secondary actinides, making it promising in terms of improving fuel efficiency. Although natural 
thorium reserves are about 3-4 times higher than uranium reserves, special conditions are required 
to start a thorium fuel cycle. Since thorium itself is not a fissile isotope, it must be converted into 
uranium-233 by thermal neutron irradiation. To initiate the chain reaction, fissile material, typically 
U-235, U-233 or Pu-239, must be present in the core [64]. 

An additional advantage of thorium is its high reproduction factor in the thermal neutron 
spectrum, exceeding similar values for U-235 and Pu-239. This contributes to improved fuel cycle 
performance, especially in terms of conversion efficiency. From a nonproliferation perspective, the 
use of thorium in the cores of PWRs can significantly limit the generation of weapons-grade 
plutonium [65]. Due to its high internal conversion rate, thorium fuel is seen as an attractive solution 
for long-life reactors without the need for rebooting. 

The similarity of natural thorium to uranium as a heavy nuclide also supports interest in its 
application in nuclear facilities. Studies show that thorium-based fuel offers several advantages over 
uranium counterparts - including better conversion characteristics due to the high fissile capacity of 
U-233, more stable reactivity during vapour cavity formation, and high burnup efficiency [66]. 
However, the thorium fuel cycle is of less concern in the context of nuclear proliferation. 

Looking at specific reactor types, thorium fuel cycles in water-cooled (LWR) and heavy water 
reactors (HWR) exhibit improved neutron-physical characteristics compared to uranium and 
plutonium systems [67]. This opens the way to more efficient fuel utilisation, as well as to strategies 
with increased burnup and spent fuel recyclability. 

Moreover, the applicability of thorium fuel in existing water-cooled reactor designs has been 
specifically studied. The results show that thorium is able to provide higher reactivity excess, which 
can extend the fuel lifetime. The neutron-physical parameters of thorium fuel assemblies for modern 
PWRs have also been investigated - and no change in core geometry is required [68]This simplifies 
thorium fuel integration and helps address spent fuel management and non-proliferation challenges. 

Computer modelling confirms that thorium fuel cycles (ThFCs) can effectively complement or 
even partially replace conventional uranium and plutonium chains [69]. This not only improves 
reactor performance, but also reduces the burden on the SNF reprocessing infrastructure. At the same 
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time, the safety parameters of thorium fuel assemblies remain within the limits acceptable for existing 
PWR designs. 

Nevertheless, the transition to a closed cycle Th-U-233 requires solving a number of technical 
problems [70]. Since thorium itself is not a fissile material, the reactor system must initially contain 
an external fissile fuel additive. For this purpose, mixed oxide fuels such as (LEU-Th)O₂ are used. To 
ensure stable and safe operation, the amount of U-233 formed during irradiation must be precisely 
controlled  [71]. 

Against this background, specific projects centred on thorium technologies are being actively 
developed. Among them is ThorCon, a liquid-salt reactor intended for serial deployment in Indonesia 
[72]. India is implementing a large-scale government programme for the use of thorium fuel - IThER 
(Indian Thorium Energy Reactor), which is facilitated by the presence of significant natural reserves 
[73]. Earlier the concept of LFTR (Liquid Fluoride Thorium Reactor), developed at the Oak Ridge 
National Laboratory (USA), laid the foundation for modern developments in this field [74]. 

Despite active research, serious challenges remain. In particular, the creation of a closed cycle of 
Th-U-233 requires radiochemical technologies that are resistant to extreme conditions - high radiation 
and aggressive chemical environment. In addition, there is no unified regulatory framework and 
accumulated experience of industrial operation of such systems. Nevertheless, thorium small 
modular reactors have significant potential: they provide high fuel efficiency, demonstrate improved 
safety characteristics and help reduce the volume of radioactive waste. All these qualities make 
thorium a key element in the strategy of sustainable and environmentally safe development of 
nuclear energy of the future. 

6. Small Modular Reactors on Metallic Fuel and on Reprocessed Fuel 

One of the most promising areas in the development of small modular reactors (SMRs) is 
considered to be the use of metallic nuclear fuel - in particular, uranium-zirconium (U-Zr) and 
molybdenum (U-Mo) alloys. Originally developed for fast reactors, these materials have a number of 
unique characteristics that make them particularly attractive for compact and highly efficient power 
systems. Metallic fuel provides significantly higher energy density than conventional oxide forms 
and is characterised by excellent thermal conductivity. This allows for efficient heat dissipation from 
the core and, consequently, a reduction in its geometric dimensions. The compact design opens up a 
wide range of possibilities for the use of such reactors in a wide variety of environments, from remote 
areas to space missions and military mobile power plants [75–77]. 

These features are embodied in a number of modern developments. Due to its high temperature 
resistance and ability to adapt quickly to changes in thermal load, metallic fuels are particularly well 
suited for microreactors designed for backup power supply, field conditions and operation in 
extreme environments. One prominent example is the ARC 100 project being developed in Canada 
and the US. It is a fast sodium reactor designed for long-term autonomous operation without fuel 
reloading and is designed based on passive safety principles, which reduces operational risks. Similar 
interest in metallic fuel is also manifested in space developments, for example, in the framework of 
the American SP-100 programme, which created lithium-cooled reactors with metallic fuel capable 
of operating in weightlessness and increased radiation background [78]. Another example is the Oklo 
Aurora microreactor, which was originally envisaged as a reprocessed fuel plant but also included 
uranium metal variants combined with passive cooling and an ultra-compact design [79]. 

Despite the obvious advantages, metallic fuel technology is also accompanied by certain 
engineering limitations. Nevertheless, the use of metallic fuels comes with a number of technical 
challenges. Its safe operation requires reliable sealing, protection against oxidation - especially at high 
temperatures - as well as strict temperature control in the heat release zone. This places high demands 
on the design of cladding, the quality of fuel element sealing and the operation of diagnostic systems. 
Despite such difficulties, the combination of advantages, such as high energy density, excellent 
thermal conductivity, and resistance to sudden changes in heat load, makes metallic fuel one of the 
most promising options for next-generation compact nuclear plants. 
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Against the backdrop of the search for sustainable solutions, the use of reprocessed nuclear fuel 
is also actively developing. In parallel, the use of reprocessed nuclear fuel, including minor actinides 
such as neptunium, americium and curium, is being developed. Such approaches are aimed at 
significant reduction of spent fuel volumes and more complete utilisation of the energy potential of 
previously recovered materials [80]. The inclusion of reprocessed isotopes in the fuel cycle makes it 
possible to form a virtually closed system where waste is transformed into a resource for new reactor 
plants. This solution is becoming increasingly important against the backdrop of growing 
environmental requirements, the need to manage accumulated waste, and the desire to transition to 
sustainable nuclear technologies. 

Closed fuel cycle ideas are increasingly being realised as part of innovative reactor concepts. 
One of the most ambitious projects in the field of new nuclear technologies is the Compact Molten 
Salt Reactor (CMSR) being developed by the Danish company Seaborg Technologies [81]. In this 
concept, the fuel circulates as a melt directly in the primary circuit, eliminating the need for 
traditional fuel assemblies. This engineering solution improves safety, reduces sensitivity to 
emergencies and enables the realisation of fully passive residual heat removal. The modular nature 
of the CMSR makes it particularly suitable for mass production and rapid deployment in regions 
with limited infrastructure [82]. A similar idea is being developed by Copenhagen Atomics, which is 
developing small-sized reactors using recycled actinides. The focus here is on technology availability, 
lower costs and shorter deployment times, making these plants promising for commercial 
applications in decentralised power grids [83]. 

Other engineering developments continue in this direction. Complementing this direction, the 
Canadian company Moltex is developing the SSR-W reactor, which implements the concept of 
sustainable incineration of radioactive waste. The facility combines the use of reprocessed fuel with 
passive safety systems and is designed for long-term operation near existing SNF storage facilities, 
which allows for a significant reduction in logistical and environmental costs. Figure 2 shows the 
geometry of the SSR W reactor module and fuel assembly containing fuel tubes. This design ensures 
efficient placement of reprocessed fuel and contributes to the thermal efficiency of the system [84,85]. 
However, the implementation of such technologies requires appropriate infrastructure, from 
reprocessing and isotopic separation plants to systems for the safe handling of high-level radioactive 
substances, as well as international regulations and legal support. Nevertheless, the long-term 
benefits, including reduced dependence on natural uranium, reduced disposal volumes, and 
increased energy independence, make such developments extremely promising in the context of 
sustainable nuclear energy [86]. 

 
Figure 2. Overview of the SSR module [87]. 
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Such solutions become especially relevant for countries with significant stockpiles of spent 
nuclear fuel. Small modular reactors running on reprocessed fuel are especially important for 
countries with significant accumulations of spent nuclear fuel, such as the United States, France, 
Russia and Japan. These countries are interested in developing closed nuclear fuel cycles that allow 
them to utilise long-lived isotopes, extend the lifetime of storage facilities, and increase the efficiency 
of the use of already recovered resources. In this context, SMRs using reprocessed actinides become 
not only a source of energy, but also a key tool in addressing environmental and resource challenges, 
contributing to sustainable development and the achievement of international climate and energy 
goals [88–90]. 

Thus, the areas under consideration create the potential for a new stage in the development of 
nuclear energy. In general, the development of metallic and reprocessed fuel technologies opens a 
new chapter in the history of nuclear power - an era that prioritises not only energy efficiency and 
compactness of plants, but also environmental responsibility, resource intensity and technological 
adaptability. These approaches form the foundation for the creation of a new generation of nuclear 
systems capable of operating in different environments, meeting the challenges of the times and 
ensuring a reliable and sustainable energy supply in the long term. 

7. Conclusion 

The current development of small modular reactors (SMRs) demonstrates a wide variety of fuel 
solutions, each offering different approaches to sustainable, safe and efficient energy production. 
Low Enriched Uranium (LEU) reactors already represent a mature and reliable platform that is 
technically ready for large-scale deployment in power systems in different countries. A high level of 
standardisation, the availability of a production base and existing regulatory support make them the 
most realistic option for near-term commercial application. At the same time, HEU and HALEU 
reactors, despite nonproliferation and regulatory constraints, have serious potential in areas where 
autonomy and compactness are particularly important. In particular, HALEU-fuelled microreactors 
offer long periods of operation without fuel reloading, making them particularly promising for use 
in Arctic regions, defence facilities and space systems. 

At the same time, the concepts of reprocessed fuel and actinide-based SMRs are being actively 
promoted, reflecting the strategic shift towards a closed nuclear fuel cycle. Such facilities make it 
possible not only to utilise accumulated stocks of spent fuel, but also to significantly reduce the 
environmental load, contributing to the overall sustainability of nuclear power. Against this 
background, thorium reactors are of interest as a solution based on more affordable raw materials 
with high long-term potential. Complementing the picture is the development of metallic fuels, 
which, due to their high energy density and heat resistance, offer new opportunities for compact, 
powerful and mobile energy systems. Thus, each of the fuel strategies mentioned above contributes 
to shaping the future architecture of global nuclear energy. Their further development should be 
based on the principles of science-based diversification, international partnership and country-
specific adaptation. Together, small modular reactors can become the basis for a decentralised, 
reliable and environmentally oriented energy system for the 21st century. 

The research is funded by a grant from the Ministry of Science and Higher Education of the 
Republic of Kazakhstan IRN BR24993225 
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