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Abstract.This review article delves into the promising yet challenging 

realm of nuclear fusion reactors as a potential future energy source. The 

paper provides a comprehensive overview of global fusion research, 

highlighting its potential benefits and the technical obstacles that have 

hindered its widespread commercial adoption. Fusion energy, with its 

abundant resources, minimal waste generation, and low emissions, 

emerges as a long-term solution for a sustainable energy future. However, 

its technical complexities suggest that its widespread commercialization 

may not be realized until the end of the century. The article further 

explores the environmental compatibility, safety, and resource implications 

of fusion energy. A significant emphasis is placed on the paramount 

importance of safety in the development of fusion power reactors. The 

review underscores the need for robust safety cases, accident identification 

methods, and the establishment of internationally recognized safety 

standards. Additionally, the paper identifies knowledge gaps and areas 

necessitating further research, ensuring that fusion power stations meet 

rigorous safety objectives while minimizing environmental impact. 

Through a holistic examination of fusion's potential and challenges, this 

review offers insights into its role in shaping the future energy landscape.  
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1 Introduction 

Nuclear fusion, often heralded as the future's preferred baseload energy source, holds the 

promise of reshaping the global energy landscape. The allure of fusion lies not just in its 

potential for low-carbon energy generation, but also in its anticipated cost-competitiveness. 

However, the journey towards realizing this potential is riddled with complexities. While 

some posit that fusion, if cost-competitive, would naturally emerge as the primary choice 

for energy generation, others argue that its cost might align more closely with that of 

fission. This introduces a nuanced debate, necessitating a deeper exploration of fusion's 

unique attributes within the framework of a post-carbon energy grid [1]. Such a perspective 

allows us to envision the broader scenarios under which fusion could significantly influence 

future energy supply, especially when juxtaposed against recent advancements in fusion 

materials research and the pressing need for rapid decarbonisation in the face of low-cost 

renewables [4-6]. 

 

The contemporary energy crisis underscores the urgency to transition away from fossil 

fuels, which currently account for over 85% of the world's primary energy production. The 

repercussions of this dependency are manifold, ranging from potential irreversible climatic 

changes to dwindling reserves and supply chain vulnerabilities. As the global community 

grapples with these challenges, the spotlight turns to viable non-fossil alternatives: 

renewables, nuclear fission, and fusion. Among these, fusion, though in its nascent stages, 

stands out for its unparalleled environmental and safety benefits, coupled with virtually 

limitless resources. Its potential to complement the intermittency of renewable sources, 

especially during prolonged periods devoid of sun or wind, further accentuates its 

significance in the global energy matrix. 

 

Globally, fusion research has witnessed an upsurge, with approximately 100 research labs 

spanning almost every continent. Powerhouses like the EU, Japan, Russia, and the USA 

spearhead this movement, with emerging players like China, India, and South Korea rapidly 

amplifying their contributions [2]. Even nations such as Brazil and Australia are making 

noteworthy investments in this domain. This collaborative global effort underscores the 

collective recognition of fusion's transformative potential. 

 

However, the road to fusion's commercialization is not without its hurdles. Despite fusion 

power plant concepts being in the developmental phase since the 1950s, a cohesive 

regulatory framework, especially on an international scale, remains elusive [3]. 

Concurrently, the evolution of safety concepts has paved the way for diverse approaches, 

each vying to determine the most promising path forward. As we stand on the cusp of a 

potential energy revolution, it becomes imperative to critically assess these approaches, 

identify prevailing safety gaps, and align them with the current safety objectives. Only 

through such rigorous scrutiny can we ensure that fusion not only emerges as a viable 

energy source but also adheres to the highest safety and environmental standards. 

2 Review and discussions 

In recent years, the quest for sustainable and efficient energy sources has taken centre stage 

in scientific and policy discussions worldwide. Amidst this backdrop, the study by Nicholas 

et al. (2021) emerges as a significant contribution, shedding light on the multifaceted 

potential of nuclear fusion in a decarbonised grid. With the global energy landscape 

undergoing rapid transformations, understanding the role and viability of fusion becomes 

paramount. Nicholas and his team meticulously examined this, delving deep into the 
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intricacies of fusion's role in future energy scenarios. By comparing fusion with other 

prominent energy sources and rigorously assessing its viability based on a myriad of 

assumptions and constraints, the research offers invaluable insights. Their comprehensive 

approach provides a nuanced understanding of the challenges and opportunities that fusion 

presents in the broader context of global energy needs. To encapsulate the core findings of 

this pivotal study, the table below provides a succinct summary [7-10]: 

Table 1. Key Findings from Nicholas et al. (2021) on Nuclear Fusion 

Key Findings Summary 

Power Generation 
Fusion could adapt to demand in a renewables-dominated grid, potentially 

outcompeting gas with CCS. 

Low-Carbon Heat 

Markets 

Fusion could cater to specific heat markets, but won't be the sole 

contender. 

Engineering and 

Materials 
Real-world constraints blur the distinction between fusion and fission. 

Energy Return on 

Investment (EROI) 

Both fusion and advanced fission have potential for high EROI, limited by 

power plant size. 

Waste Production 
Fusion might produce significant nuclear waste, making fission-fusion 

hybrids an attractive proposition. 

Sensitivity to 

Assumptions 

Assumptions like achieving LLW or compact reactor development can 

shift fusion's edge over fission. 

Current Strategy: Public 
Government-led efforts focus on large tokamaks, with an emphasis on 

baseload electricity. 

Current Strategy: Private 
Private entities aim for accelerated fusion energy production, often with 

reduced costs in mind. 

Conclusions 
Fusion's advantages, especially concerning waste, are nuanced. Its role in 

future energy depends on several factors. 

Policy Implications 
The global energy landscape will evolve significantly by the time fusion is 

fully demonstrated, necessitating adaptive research goals. 

 

Following the insights from Nicholas et al. (2021), it becomes evident how their findings 

align seamlessly with the overarching themes of our review article. Their exploration into 

the adaptability of fusion in a renewables-dominated grid, the challenges associated with 

waste production, and the strategic directions both in public and private sectors resonates 

with our broader examination of nuclear fusion reactors as a prospective energy source. By 

integrating their comprehensive analysis with our review of global fusion research, safety 

considerations, and the potential of fusion to complement renewables, we present a holistic 

perspective on the challenges and potential of nuclear fusion. This synergy underscores the 
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importance of collaborative research and the need for a multifaceted approach to truly 

harness the promise of fusion energy for a sustainable future. 

 

Another study by Ongena et al. (2016) serves as a comprehensive review of the 

advancements and challenges in the field of nuclear fusion, with a particular focus on 

magnetic and inertial fusion techniques. Magnetic fusion involves confining hot plasma 

using magnetic fields, while inertial fusion relies on the rapid compression of a small pellet 

of fusion fuel using lasers or other forms of energy [11-14]. 

 Challenges in Fusion Research: 

o Heating fuel to tens of million degrees, hotter than the sun's core. 

o Confining the hot fuel in an 'immaterial' bottle since no known material 

can withstand such temperatures. 

 Approaches to Fusion: 

o Magnetic Fusion: Uses strong magnetic fields to confine hot particles, 

preventing them from touching the confinement device walls. This is 

being researched globally. 

o Inertial Fusion: Involves compressing a small pellet using lasers or 

particle beams, allowing the fuel to react before the pellet disintegrates. 

 Devices in Magnetic Fusion: 

o Tokamaks: Uses coils around a doughnut-shaped plasma chamber to 

produce a magnetic field. It operates in pulses and aims for continuous 

operation. 

o Stellarators: Achieves continuous operation by relying on external 

currents. The latest generation of stellarators shows promise but lags 

behind tokamaks in performance. 

 Heating Methods: 

o Ohmic Heating: Uses plasma current to heat the plasma. 

o Particle Beam Injection: Involves injecting energetic particle beams into 

the plasma. 

o Electromagnetic Waves: Introduces electromagnetic waves into the 

plasma for heating. 

 Inertial Fusion Techniques: 

o Direct-Drive: Direct irradiation of the fuel pellet using lasers or ion 

beams. 

o Indirect-Drive: Uses a metal cylinder to irradiate the pellet's surface with 

X-rays. 

 Challenges in Fusion: 

o Avoiding instabilities and turbulences in the heated plasma fuel. 

o Achieving a significant temperature gradient in magnetic fusion. 

o Overcoming the Rayleigh-Taylor instability in inertial fusion. 

 Progress in Magnetic Fusion: 

o Significant advancements have been made, with a 10 million-fold 

improvement in the fusion triple product. 

o Large-scale deuterium-tritium experiments have produced several MW of 

fusion power. 

 Superconducting Coils: Essential for maintaining steady power output from 

fusion reactions in long pulses. 

 ITER Project: An international project aiming to achieve long pulses in D-T 

plasmas with 500 MW of fusion power. 
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Key Findings: 

 

 Fusion Fuel Resources: The study highlights the abundance and safety of fusion 

fuels like deuterium and lithium. Deuterium is particularly abundant in seawater, 

and lithium reserves are also plentiful. Tritium, a radioactive isotope, can be bred 

from lithium, making it a sustainable option. 

 

 Safety Aspects: One of the standout features of fusion, as per the study, is its 

inherent safety. Unlike fission reactors, which have fuel for several years of 

operation, fusion reactors only have fuel for a few tens of seconds. This makes an 

uncontrolled reaction or "meltdown" virtually impossible. 

 

 Minimal Radioactivity: The study emphasizes that the primary fuels and end 

products of fusion are not radioactive. While there is some radioactivity due to 

tritium and activated reactor materials, proper engineering can minimize these 

risks. 

 

 Reduced Proliferation Risk: Fusion reactors do not produce fissile materials 

required for nuclear weapons, reducing the risk of nuclear proliferation. Any 

significant modification to enable such production would be easily detectable. 

 

 Environmental Aspects: Fusion does not contribute to greenhouse gas emissions 

or other forms of pollution. The study notes that the primary fuels and end 

products are environmentally benign. 

 

 Economic Aspects: While it's challenging to estimate the exact costs of future 

fusion reactors, the study suggests that they could be comparable to existing power 

plants. The virtually inexhaustible fuel sources and environmental benefits make 

fusion an economically viable long-term option. 

 

 Technological Challenges: The study also acknowledges the technological 

hurdles that need to be overcome, including the development of materials that can 

withstand the extreme conditions inside a fusion reactor. 

 

Upon scrutinising the various facets presented in the study by Ongena et al. (2016), it 

becomes evident that the research offers a comprehensive perspective on the myriad 

advantages and potential hurdles associated with nuclear fusion. Serving as a beacon of 

sustainable and secure energy prospects for the future, nuclear fusion is illuminated in all its 

intricate details within this scholarly work. The study not only accentuates the multifaceted 

challenges inherent in fusion research but also emphasises the remarkable strides that have 

been made in the field. In the context of our review article, it's paramount to acknowledge 

that while the journey towards harnessing fusion energy is riddled with complexities, the 

potential rewards, as elucidated by Ongena and his colleagues, could very well reshape the 

energy landscape in the years to come. This British-centric analysis underscores the 

quintessential balance between the promise of fusion energy and the rigorous scientific 

endeavours required to realise its full potential. 

 

Another study by Lukacs et al. (2020) delves into the intricate aspects of nuclear safety in 

fusion power plants. The study meticulously examines the potential hazards and safety 

concerns associated with the operation of fusion reactors. Understanding these issues is 

paramount, as it not only ensures the safety of workers and the public but also aids in the 
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design and operation of future fusion reactors. Here's a summarised overview of the key 

nuclear safety issues highlighted in the study [15-18]: 

 Nuclear Safety Overview: 

o Nuclear safety encompasses activities that prevent the release of 

radioactivity under both regular and accident conditions. 

o It necessitates knowledge of the radioactive inventory and how the 

facility manages routine releases and behaves during accidents. 

 Thermal Inertia: 

o The walls of the vacuum vessel and breeder blankets store energy during 

normal operation. 

o A sudden loss of cooling can lead to temperature changes that might 

challenge the integrity of key components. 

 Decay Heat Removal: 

o Unlike fission reactors, decay heat in fusion plants is linked to tritium 

breeding blankets, activated materials, and tritium migration. 

o The impact of decay heat removal is significant and requires further 

investigation, especially concerning the release of radioactive materials. 

 Loss of Coolant Scenarios: 

o Loss of coolant to breeder blanket and divertor: A significant safety 

concern is the potential loss of coolant accident (LOCA). The 

consequences of such an event need thorough evaluation. 

o Loss of coolant to vacuum vessel: This is identified as a key safety 

concern, with radiological consequences needing assessment. 

o Loss of cooling during transfer of blanket sectors: The removal and 

replacement of blanket sectors pose challenges due to their radioactivity 

and the significant decay heat they produce. 

o Loss of cooling in a dual coolant lead Lithium (DCLL) blanket: The 

makeup of breeding blankets can influence the safety case, especially 

concerning potential spills and releases during maintenance. 

 Loss of Vacuum Vessel Integrity: 

o Failure of penetration can lead to a loss of vacuum and air ingress, termed 

as loss of vacuum accidents (LOVA). The consequences of such events 

are generally minimal but need to be considered. 

 Hydrogen and Dust Explosion: 

o The potential for a combined hydrogen and dust explosion exists, 

especially if there's significant air ingress due to a vacuum vessel failure. 

o Such explosions can compromise containment systems, leading to 

potential radioactive releases. 

 Loss of Plasma Control: 

o Plasma instabilities can threaten the vacuum vessel's integrity and 

accelerate dust production. 

o Scenarios involving a loss of plasma control, especially where safety 

systems fail, need further investigation. 

 External Hazards 
o Fusion power plants must be designed to handle external hazards, which 

can be natural (e.g., earthquakes, extreme temperatures, high winds) or 

man-made (e.g., aircraft crashes, external explosions). 

o SEAFP studies gave preliminary consideration to these external events. 

 5.6.1. Bounding Event 
o An ultra-energetic event was postulated that could destroy confinement 

barriers, potentially requiring evacuation of nearby areas. 
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o The design must prevent uncontrolled release of radioactivity. 

o Only certain external events, like aircraft impact and earthquakes, are 

considered potential threats to the primary radioactivity confinement 

barrier. 

 5.6.2. Seismic Events 
o Design requirements for seismic events depend on potential 

consequences and the seismicity of the plant's location. 

o ITER buildings containing radioactive materials have earthquake 

protection. 

o Seismic protection measures should be risk-based and might be justified 

for asset protection rather than safety alone. 

 5.6.3. Aircraft Impact 
o Post-2001, fission power stations must demonstrate resilience against 

direct aircraft impact. 

o ITER's safety analysis considered various aircraft impacts, with design 

measures ensuring safety components remain unimpaired. 

o Future fusion power plants must weigh the cost and complexity of aircraft 

impact protection against potential radiological release consequences. 

 Internal Hazards: Fire Hazards – Reactor (Tokamak) Building 
o Fire is a recognized internal hazard. Fusion facilities are designed to limit 

fire initiation and consequences. 

o ITER's safety analysis showed that fires in the tokamak building are 

unlikely to compromise safety components or result in a significant 

radiological release. 

 5.7.2. Fire Hazards – Tritium Plant 
o A fire in the tritium plant could result in a tritium release. 

o ITER's analysis considered a fire scenario with a tritium release, resulting 

in radiation doses below evacuation limits. 

o Comprehensive fire detection and suppression systems are essential. 

 5.7.3. Electromagnetic Discharge 
o Fusion reactors have significant magnetic energy. Failure of magnet 

systems can damage the first confinement barrier. 

o ITER's safety case considered a scenario with two simultaneous holes, 

leading to potential release paths. 

o Future fusion power stations must address this scenario to ensure design 

robustness. 

 5.8. Component Failure Rates 
o Accurate risk evaluation requires knowledge of component failure rates. 

o A fusion-specific database has been developed, but many fusion-specific 

systems lack empirical data. 

o The reliability of plasma control systems is crucial. New systems will 

likely be needed to monitor and control plasma. 

o Without accurate failure rates, verifying the reliability of fusion reactor 

systems is challenging. 

o Operations at ITER will provide insights for safety and reliability 

assessments at future fusion facilities. 

 

Understanding these nuclear safety issues is essential because they provide insights into the 

potential risks associated with fusion power plants. By addressing these concerns, we can 

ensure the safe and efficient operation of fusion reactors, paving the way for a sustainable 

energy future. 
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3 Future scope of research 

The evolution of fusion power plants is a testament to the strides made in nuclear research. 

However, as with any burgeoning technology, there's a vast expanse of uncharted territory 

that beckons further exploration. The fusion power domain offers a plethora of 

opportunities for research, aiming to enhance the safety, efficiency, and resilience of these 

power plants. Delving into these areas can pave the way for more robust and reliable fusion 

power solutions in the future. 

 External Hazards Assessment: Comprehensive studies on the impact of both 

natural and man-made external hazards on fusion power plants, especially in 

varying geographical locations. 

 Bounding Event Analysis: Further research into the consequences of ultra-

energetic events and their potential impact on fusion power plants. 

 Seismic Design: Development of risk-based seismic design requirements for 

fusion power stations, considering both safety and asset protection. 

 Aircraft Impact Resilience: Exploration of cost-effective design measures to 

enhance resilience against direct aircraft impacts. 

 Internal Fire Hazards: Detailed studies on fire risks within fusion power stations, 

especially in the tokamak and tritium plant buildings. 

 Electromagnetic Discharge: Research into the consequences of electromagnetic 

discharge from large magnetic energy inventories in fusion reactors. 

 Component Reliability: Studies on the reliability of new fusion-specific systems, 

especially the plasma control system. 

 Safety Protocols for New Systems: Development of monitoring and control 

systems for plasma to mitigate potential malfunctions. 

4 Knowledge gaps 

The journey of understanding fusion power is akin to piecing together a vast jigsaw puzzle. 

While significant pieces have been placed, there are still gaps that need to be addressed to 

complete the picture. These knowledge gaps not only highlight the areas where our 

understanding is limited but also underscore the challenges that researchers need to 

overcome. Addressing these gaps is crucial for the safe and efficient operation of fusion 

power plants. 

 

 External Hazards Preparedness: Limited preliminary consideration has been given 

to the role of external events in the SEAFP studies. 

 Seismic Protection Precedence: The approach adopted for ITER in terms of 

seismic protection might not be suitable for future fusion power stations. 

 Aircraft Impact Assessment: Traditional approaches to aircraft crash assessment 

have changed, and there's a need to re-evaluate them for fusion power stations. 

 Magnetic Energy Discharge: There's a lack of comprehensive understanding of the 

consequences of magnetic energy discharge in fusion reactors. 

 Component Failure Rates: There are significant gaps in component failure rate 

data for evaluating accident probabilities in fusion reactors. Many fusion-specific 

systems lack empirical data. 

 Reliability of Control Systems: The complexity of control and protection systems 

in future fusion power stations might increase the potential for malfunctions. 

 Empirical Data for New Systems: New fusion-specific systems will likely lack 

empirical failure rate data, making reliability assumptions challenging. 
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5 Conclusion 

Harnessing fusion power remains a monumental endeavour, marked by significant 

achievements and intricate challenges. The promise of fusion energy, with its potential for 

sustainability and safety, is juxtaposed with the complexities and nuances that demand 

meticulous attention. Reflecting on the insights from our discussions, we summarise the 

following key findings: 

 

 Safety Protocols: Fusion power plants, while inherently safer than their fission 

counterparts, present unique challenges. The potential for accidents, though 

minimal, underscores the need for robust safety protocols, especially in areas like 

tritium handling and containment. 

 

 External and Internal Hazards: The design of fusion power plants must account for 

both external threats, such as earthquakes and aircraft impacts, and internal risks 

like fires and electromagnetic discharges. Ensuring resilience against these events 

is paramount for their safe operation. 

 

 Component Reliability: A discernible knowledge gap exists regarding the failure 

rates of fusion-specific components. Bridging this gap is vital for anticipating and 

mitigating potential malfunctions in fusion reactors. 

 

 Seismic Design Considerations: While the approach to seismic protection in 

existing projects offers insights, it's essential to consider risk-based seismic 

designs tailored to specific geographical locations for future fusion power plants. 

 

 Aircraft Impact Resilience: The evolving landscape of threat assessment 

necessitates fusion power plants to be resilient against potential aircraft impacts, 

ensuring the safety of both the infrastructure and surrounding communities. 

 

 Future Research Potential: The fusion energy domain beckons further exploration, 

especially concerning external hazard assessment, bounding event analysis, and 

component reliability. Addressing these identified areas will not only enhance the 

safety and efficiency of fusion power plants but also bolster their acceptance and 

implementation. 

 

In conclusion, the journey towards realising the full potential of fusion power is one of 

continuous learning and adaptation. While the horizon of a clean, abundant energy source is 

in sight, the path forward demands rigorous research, collaboration, and innovation. The 

insights from our discussions serve as foundational pillars, guiding the fusion community 

towards a brighter, sustainable energy future. 
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