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Chapter

Perspective Chapter: Safe Disposal 
and Storage of Nuclear Waste
Xiaolei Guo

Abstract

The use of nuclear energy inevitably generates nuclear waste as the byproduct 
of fission reactions. Depending on the initial composition of the fuel that goes into 
the reactor and the subsequent burn-up level, the chemistry of the resulting nuclear 
waste can vary substantially. This waste typically exhibits a broad spectrum of 
radioactivity and half-lives, making effective management one of the most critical 
challenges for global nuclear energy. This chapter provides a comprehensive overview 
of the origin and classification of nuclear waste and various strategies for its safe 
immobilization and disposal. The short- and long-term storage of waste with varying 
radioactivity is addressed. The significant technical and political complexities involv-
ing primarily long-term disposal are also discussed. To ensure the safe and permanent 
disposal of hazardous waste with extremely long half-lives, future efforts should 
focus on both technical innovation and public engagement.

Keywords: nuclear energy, nuclear waste management, spend nuclear fuel, 
nuclear fuel cycle, sustainability

1.  Introduction

Nuclear energy is a critical component of modern power generation, as it offers a 
highly efficient and low-carbon alternative to fossil fuels. The fission reaction releases 
an immense amount of energy, which is over a million times higher than the chemical 
combustion of fossil fuels [1]. The released energy is primarily manifested as heat, 
which is subsequently utilized to produce steam that drives turbines to generate elec-
tricity. Although the nuclear process does not emit greenhouse gases, the production 
of nuclear energy is inherently tied to the generation of radioactive waste, which is a 
byproduct that requires careful management and regulation. This waste is produced 
throughout the nuclear fuel cycle, from mining and enrichment to reactor operation 
and the decommissioning of facilities (Figure 1). Worldwide, nuclear power plants 
generate approximately 10,000 metric tonnes of heavy metal (MTHM) annually. An 
estimated 300,000 MTHM is currently stored globally either in pools or dry casks at 
reactor sites [2]. Additionally, radioactive materials used in medicine, industry, and 
research contribute to waste generation. Proper disposal is critical to prevent harmful 
radiation exposure, environmental contamination, and risks to future generations.
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The dangers of nuclear waste stem from its radioactivity and prolonged decay 
periods. If nuclear waste is not properly handled, dangerous radionuclides may be 
released into the environment and contaminates ecosystems, potentially causing long-
term health crises to human beings and irreversible environmental damage. The most 
challenging task to date is to ensure waste remains securely contained over geological 
timescales. Although waste management technologies have advanced substantially 
over the last several decades [3], long-term storage of radioactive waste remains a 
significant challenge. Therefore, continuous development of innovative solutions and 
effective policy frameworks remains crucial.

2.  Types of nuclear waste

The chemistry and phase distribution of spent nuclear fuel (SNF) are complex 
and dynamic, depending primarily on its initial composition, thermal history, and 
burn-up level. Since the intricate chemical composition of SNF significantly affects 
its behavior during long-term storage and interaction with geological disposal 

Figure 1. 
Illustration of nuclear fuel cycle.



3

Perspective Chapter: Safe Disposal and Storage of Nuclear Waste
DOI: http://dx.doi.org/10.5772/intechopen.1008789

environments, careful evaluation is essential to ensure safety over millennia. The 
initial state of fuel that goes into a nuclear reactor is typically in the form of solid 
ceramic pellets made from uranium dioxide (UO2), which is enriched to increase the 
concentration of the fissile isotope 235U. At the end of its reactor life, SNF still consists 
of about 96% UO2, while the remaining 4% comprise fission products, transuranium 
elements, and activation products, distributed in a complex chemical and physical 
state due to the thermal and radiation environment within the reactor [1]. Fission 
gases such as Xe, Kr, and I are present as finely dispersed bubbles within the fuel 
grains, while metallic fission products like Mo, Tc, Ru, Rh, and Pd form immiscible 
metallic precipitates (also known as the ε-particles) ranging in size from nanometers 
to micrometers [4–6]. Oxide precipitates of Rb, Cs, Ba, and Zr are also present, 
alongside elements like Sr, Nb, and lanthanides that integrate into the UO2 matrix 
as solid solutions. Additionally, transuranium elements such as 239Pu substitute for 
U within the UO2 lattice. The distribution of these components within a single fuel 
pellet is influenced by steep thermal gradients (400–1700°C within the pellet). Such 
steep thermal gradients can lead to grain coarsening, microfracturing, and migration 
of volatile elements to grain boundaries or pellet surfaces [1].

The composition and radiotoxicity of SNF evolve significantly over time due to 
ongoing radioactive decay and chemical changes. Initially, SNF is highly radioac-
tive, dominated by short-lived fission products such as 137Cs, 90Sr, and 131I, which 
contribute to its intense heat and radiotoxicity [1]. These isotopes decay within 
weeks to decades, leading to reduced immediate hazard. Over longer periods, the 
radiotoxicity shifts to being dominated by long-lived actinides such as 239Pu, 241Am, 
and 237Np, which persist for thousands to millions of years. As the chemistry of the 
fuel evolves, the complexity of fission product and activation-product interactions 
diminishes, leaving the long-term chemistry predominantly dominated by actinides, 
with U making up over 95 at. %. This shift is crucial when developing strategies for 
the long-term containment of radionuclides [1].

Based on its radioactivity and origin, the SNF can be broadly classified into three 
principal categories as described below.

2.1 Low-level waste

Low-level waste (LLW) encompasses materials that have been exposed to radio-
activity but contain relatively low levels of radioactive contamination compared 
to intermediate- and high-level waste. It is the most prevalent category of nuclear 
waste, originating from diverse sources such as nuclear power plants, medical facili-
ties, industrial applications, academic research, and the decommissioning of nuclear 
facilities. Common examples of LLW include contaminated clothing, tools, filters, 
laboratory supplies, and other items that have been in contact with radioactive mate-
rials during routine operations or research.

LLW has relatively low radiation levels, so it does not require shielding during han-
dling and transportation. Unlike high-level waste (HLW), which will be discussed below, 
it does not generate significant heat and contains radionuclides with shorter half-lives. 
These features make the management of LLW comparatively less complex. However, the 
proper handling and disposal of LLW are still essential to ensuring public and environ-
mental safety. The primary issue with LLW is its high volume relative to its lower radio-
activity. Therefore, disposal of LLW is often done in near-surface repositories (Figure 2), 
which is carefully managed to prevent leakage into soil or groundwater.
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2.2 Intermediate-level waste

Intermediate-level waste (ILW) is a category of radioactive waste with higher lev-
els of radioactivity than LLW but lower than HLW. Unlike LLW, ILW often requires 
shielding during handling and transportation to protect against radiation exposure 
due to its elevated radioactivity. Although ILW does not generate significant heat, it 
contains long-lived radionuclides. Therefore, careful management is needed to ensure 
long-term safety.

ILW is predominantly generated from the operation and maintenance of nuclear 
reactors, as well as the decommissioning of nuclear facilities. Typical examples of 
ILW include reactor components (e.g., control rods, structural materials, and pres-
sure vessel parts), which are exposed to intense radiation during reactor operation. 
ILW also comes from resins and sludges from water treatment systems, as well as 
contaminated equipment used in reprocessing spent fuel. ILW may also arise from 
industrial and research applications involving radioactive materials. These diverse 
sources significantly enhance the complexity of the ILW.

Figure 2. 
Illustration of near surface disposal site for low-level waste. Source: U.S. Nuclear Regulatory Commission.
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Containment and stabilization are essential to prevent the release of radioactive 
materials from the ILW. This waste is typically treated, solidified, and placed in spe-
cialized containers designed to withstand the effects of radioactivity over extended 
periods. These containers are then stored in tailored facilities, often located deep 
underground or in specially engineered repositories. Since near-surface repositories 
are unsuitable for ILW, deep geological disposal is considered the most viable long-
term solution for ILW. This method can effectively isolate the ILW from the biosphere 
and safeguards against environmental contamination.

2.3 High-level nuclear waste

HLW is the most hazardous category of radioactive waste, owing to its intense 
radioactivity and significant heat generation. This waste contains a mix of radioactive 
isotopes, including long-lived radionuclides that can remain hazardous for thousands 
to hundreds of thousands of years. HLW primarily consists of SNF removed from 
reactors after it has been used to generate electricity, as well as waste produced from 
reprocessing spent fuel. In the United States, the HLW also contains a large portion of 
defense waste, which was generated from the development of nuclear weapons and 
naval propulsion programs [7].

HLW primarily consists of fission products, transuranium elements, residual U, 
Pu, and activation products. These components make HLW highly radiotoxic and 
heat-generating, requiring long-term containment and isolation strategies to ensure 
environmental and public safety. For example, fission products such as 137Cs, 90Sr, 
and 129I are highly radioactive and contribute significantly to short- to medium-term 
radiotoxicity of HLW. Transuranium elements, including 239Pu, 241Am, 237Np, and 
Cm isotopes, are formed through neutron capture and subsequent beta decay [1, 8]. 
These isotopes dominate the long-term radiotoxicity due to their extended half-lives. 
Residual U and Pu left unreacted in the reactor, and the activation products like 60Co 
and 63Ni from neutron activation of reactor materials both contribute to the radioac-
tivity of the HLW [1]. Considering the long half-lives of these isotopes, deep geologi-
cal repositories (DGR) are considered the most viable solution.

3.  Safe storage of nuclear waste

The management of nuclear waste requires an integrated approach that addresses 
both short- and long-term storage needs. The high radioactivity and varying half-
lives of nuclear waste require adaptable and secure storage systems to protect human 
health and the environment.

3.1 Short-term storage solutions

SNF is extremely radioactive upon removal from the reactor, emitting lethal radia-
tion levels and significant decay heat [1]. Although the thermal output declines to less 
than 1% within a century [9], SNF must be handled in heavily shielded environments. 
The SNF directly removed from the reactors are typically stored on-site at nuclear 
facilities where the waste is generated. This approach minimizes the immediate risks 
associated with transporting radioactive materials and allows facilities to maintain 
control over their waste. On-site storage often involves tailored facilities, such as 
cooling ponds (Figure 3) and dry cask storage (DCS, Figure 4) systems, which are 
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  Figure 4.
  Photograph of a dry cask storage site in the U.S. Source: U.S. NRC [ 10 ].          

designed to manage the specific properties of the waste. Cooling ponds, also known as 
spent fuel pools, are the initial storage method for SNF [ 10 ]. These pools are con-
structed with reinforced concrete and lined with stainless steel (SS) to ensure struc-
tural integrity. The water also acts as a shield against radiation, protecting workers 
and the surrounding environment. On-site storage in cooling ponds can last several 
years, depending on the thermal and radiological characteristics of the waste.   

  Figure 3.
  Illustration of cooling pond. Source: U.S. NRC [ 10 ].          
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As cooling ponds reach capacity, nuclear facilities transition spent fuel to DCS. 
This system involves encasing the spent fuel in thick-walled, airtight containers made 
of SS and concrete. These casks are stored above ground in secure, monitored areas 
designed to withstand external threats such as natural disasters or terrorist attacks. 
DCS provides a stable and passive cooling mechanism, eliminating the need for 
active systems and reducing operational costs. However, DCS was initially intended 
as a temporary measure before transferring nuclear fuel from storage pools to final 
disposal sites. It may now extend for up to a century, particularly in the United States, 
due to the absence of a geological repository to accommodate the spent fuel.

3.2 Long-term storage considerations

Long-term storage of nuclear waste presents significant challenges, as it must 
address the hazards associated with radioactive materials over timescales spanning 
hundreds of thousands of years. Geological repositories (Figure 5), also known as 
deep underground storage facilities, are widely regarded as the most viable solution 
for isolating high-level and some intermediate-level waste from the biosphere.

Geological repositories involve burying nuclear waste deep within stable geologi-
cal formations, such as granite [12], salt domes [13, 14], or clay [15]. These forma-
tions provide natural barriers that prevent the transport of radionuclides into the 
environment. The design of such facilities incorporates multiple engineered barriers, 
including corrosion-resistant waste canisters, bentonite clay backfill, and reinforced 
tunnels. These barriers work in tandem with the surrounding geology to ensure 
containment over geological timescales.

Finland is the first country in the world to construct a DGR for SNF disposal. 
Their Onkalo facility is designed to house SNF for up to 100,000 years [16]. Other 
countries, such as Canada, France, and Sweden, are also actively developing 

Figure 5. 
Illustration of deep geological repository in France. Source: Andra (French national radioactive waste 
management agency) [11].
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similar repositories. However, the implementation of geological repositories is 
often complicated by political and societal challenges. For example, the Yucca 
Mountain in the United States was initially proposed as the primary deep geo-
logical storage site, and it was codified into the federal law through the Nuclear 
Waste Policy Act of 1982. However, it has faced decades of political debates and 
public opposition, particularly from the state of Nevada due to the concerns 
about environmental safety and lack of democratic decision making [17–19]. 
The opponents of Yucca Mountain project also raised concerns about significant 
geological uncertainties, such as the faster water infiltration rates than expected 
and the discovery of colloidal transport of radionuclides [19]. These findings both 
undermine the suitability of the site as a dry repository. The shift in reliance from 
the natural geological features to engineered barriers led to further questions 
about the validity of the original scientific and policy decisions [19]. The project 
was ultimately suspended in 2010 due to political and local resistance, despite 
billions of dollars in investment and extensive scientific studies demonstrating the 
potential suitability of the site. Despite these setbacks, the lessons learned from 
Yucca Mountain and similar projects have informed new approaches to repository 
development. For example, Canada, Finland, and Sweden have prioritized com-
munity involvement and consent-based siting processes, which have proven more 
successful in gaining public acceptance.

3.3 Technical challenges of long-term containment

The primary technical challenge of long-term storage is ensuring the integrity of 
containment systems over geological timescales. Geological processes, such as earth-
quakes and water infiltration, can compromise repository stability. Additionally, the 
potential for human intrusion, whether intentional or accidental, remains a unique 
risk that must be addressed through proper site selection, design, monitor, and regu-
lation. Materials used in containment systems must resist radiation, corrosion, and 
thermomechanical stresses, maintaining their integrity until the radionuclides decay 
to safe levels. Ensuring that these systems remain effective for tens to hundreds of 
thousands of years requires extensive research on experimental testing and computa-
tional simulations. Moreover, all proposed solutions should meet ethical requirements 
to avoid transferring undue burdens to future generations.

3.4 Improvements in storage casks

Advancements in storage cask technology have significantly enhanced the 
safety and efficiency of nuclear waste management. Modern dry casks are 
engineered to provide superior radiation shielding [20], thermal management 
[21], and structural durability [21]. After the SNF is loaded, the SS canisters 
are securely sealed either by welding or bolting to ensure airtight containment. 
Multilayer designs, incorporating materials such as borated SS [22], an effective 
neutron absorber, and high-density concrete [23], offer enhanced protection 
against radiation leakage and external threats. Advances in modular cask designs 
also allow for scalability and flexibility, enabling facilities to adapt to changing 
storage needs. Ongoing research focuses on addressing potential degradation 
mechanism [24], developing mitigation and repair techniques [25, 26], and creat-
ing advanced coatings to enhance durability [27].
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3.5 Advances in containment materials

The development of advanced containment materials plays a critical role in 
improving the longevity and reliability of nuclear waste storage systems [3, 28]. Given 
the extreme complexity of the waste chemistry and the exceptionally long storage 
duration required on a geological time scale, a combination of material systems 
including metals, glass, and crystalline ceramics is employed [28–30].

Vitrification is the process of converting HLW into a stable, amorphous material 
by incorporating the complex waste into a molten glass matrix, which solidifies into 
a durable form suitable for long-term storage and disposal. It is a widely adopted 
method for stabilizing HLW for many countries including the France, UK, and US 
[31–33]. In this process, radioactive materials are mixed with molten glass and poured 
into metallic canisters, where the glass solidifies [34]. The resulting glass matrix 
effectively immobilizes radionuclides, preventing their release into the environment.

Vitrification offers several advantages. For example, the glass matrix is highly 
durable and resistant to water and radiation damage, ensuring long-term contain-
ment [28]. The process also significantly reduces the volume of waste, making storage 
and transportation more manageable. Vitrified waste can be safely stored in interim 
facilities or incorporated into geological repositories for permanent disposal. Despite 
its benefits, vitrification is a highly intricate process, largely due to the complex 
chemical composition of HLW, which poses significant challenges in designing stable 
and durable glass formulations [35]. Additionally, operational difficulties such as 
controlling spinel crystallization, managing noble metal accumulation, and address-
ing refractory corrosion in melters significantly impact the efficiency and longevity 
of vitrification systems [35].

Metallic canisters for the long-term storage of HLW are made from various materi-
als depending on the country. In the US, SS is commonly used, while carbon steel is 
preferred in the Belgian and French programs [36]. Countries like Canada, Finland, 
and Sweden are developing a copper-coated steel canister [37]. In addition, high-
performance alloys, such as Hastelloy, Inconel alloys, and titanium alloys, which are 
resistant to corrosion, radiation damage, and thermal stresses are being considered as 
engineered barrier materials [38].

In addition to glass, a broad range of crystalline ceramic materials were also 
proposed as a superior medium for immobilizing HLW by incorporating radioac-
tive elements into the crystal lattices of stable mineral phases [39, 40]. Compared to 
borosilicate glass, several ceramics demonstrate enhanced durability, resistance to 
leaching, and long-term stability in geological environments, offering a cost-effective 
and reliable solution for nuclear waste containment [39].

Bentonite clay, a natural material with excellent sealing and self-healing proper-
ties, is widely used as a backfill in geological repositories to provide an additional 
barrier against the transport of radionuclide [41]. Innovative coatings [42] and 
composites [43] are also being explored to enhance the durability of storage canisters 
and repository structures. These materials are designed to maintain their integrity 
under extreme conditions, ensuring the long-term containment of radioactive waste.

3.6 Monitoring and predictive technologies

The development of advanced monitoring technologies has revolutionized the 
management of nuclear waste storage facilities. For example, remote monitoring 
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systems integrating nondestructive analysis and containment/surveillance techniques 
were developed to continuously monitor and transmit data in the DCS [44, 45]. These 
systems enable verification of SNF assemblies inside sealed dry casks without open-
ing them, ensuring security and reducing inspection needs. In addition, efforts have 
also been directed toward advancing digitalization in nuclear waste management 
through the adoption of cutting-edge technologies such as digital twins, machine 
learning, and high-performance computing, aiming to enhance safety, optimize 
efficiency, and refine predictive modeling for waste storage and disposal [46]. These 
tools integrate data from geological, geotechnical, and monitoring systems to enhance 
decision-making, optimize repository designs, and ensure long-term environmental 
protection.

Predictive models, including physics-based and data-driven, are also being 
employed to simulate the long-term behavior of storage systems under various 
scenarios [47–56]. By analyzing factors such as geological shifts, material degrada-
tion, and climate change, these models help refine storage designs and mitigate risks. 
Artificial intelligence and machine learning are further enhancing predictive capa-
bilities, enabling more accurate and efficient decision-making [28, 57, 58].

4.  Other long-term disposal methods

While DGR is widely regarded as the most reliable method for long-term nuclear 
waste disposal, several other methods were also explored by different countries. Some 
of these alternatives are illustrated in this section including deep borehole disposal, 
transmutation technologies, and other methods, including oceanic and space 
disposal.

4.1 Deep borehole disposal

The deep borehole disposal (DBD) method involves drilling boreholes to depths of 
3–5 kilometers in stable crystalline rock formations [59]. These depths ensure isola-
tion from surface environments and groundwater systems for millions of years, lever-
aging the natural geological barriers of the Earth. In this process, waste canisters are 
loaded into the lower sections of the borehole, typically the bottom 1–2 kilometers. 
These waste-filled sections are then sealed with multiple engineered barriers, includ-
ing bentonite clay, cement, and other materials designed to prevent waste migration. 
The upper portions of the borehole are filled with impermeable seals (e.g., graphite, 
silica sand, bentonite, or molten lead) to further secure the containment.

Compared to DGR, DBD minimizes land usage while reducing risks of human 
intrusion. It also avoids the need for extensive surface facilities and therefore substan-
tially reduces carbon footprint. Additionally, it targets geologically stable areas remote 
from population centers, thereby ensuring enhanced safety. DBD is also considered 
a cost-effective and secure solution for countries with limited waste inventories or 
those seeking decentralized disposal options. However, DBD also comes with its 
own challenges. For example, it is difficult to maintain the stability of large diameter 
boreholes at depths of 4–5 kilometers, where geomechanical stresses can cause elon-
gation or collapse [60]. Additionally, the design and deployment of effective sealing 
and support systems for waste packages in such extreme conditions require advanced 
materials and techniques to ensure long-term containment and safety.
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4.2 Transmutation

Transmutation is a process converting long-lived radioactive isotopes, such as 
239Pu and 241Am, into shorter-lived or stable isotopes through nuclear reactions [61]. 
It was proposed as an effective technology to reduce the radioactivity and longevity of 
nuclear waste by transforming HLW into less hazardous forms. The process typically 
occurs in specialized reactors or accelerator-driven systems. Fast neutron reactors, for 
instance, can induce fission in long-lived isotopes, breaking them down into shorter-
lived fission products. Similarly, particle accelerators can bombard isotopes with 
protons or neutrons to achieve the same effect.

Transmutation technologies are still in the experimental stage and face several 
challenges. The major challenges include the technological difficulties of managing 
the heat and neutron source from transuranics during fuel recycling and addressing 
the substantial costs and safety concerns associated with fuel handling and fabrica-
tion [62]. Additionally, despite its potential to reduce radiotoxicity and waste volume, 
recent studies indicate that the influence of transmutation on geological disposal 
strategies is relatively modest [62]. Achieving widespread adoption will require 
significant advancements in reactor and fuel technologies.

4.3 Other disposal methods

In the mid-twentieth century, oceanic disposal was considered a viable option 
for managing nuclear waste [63]. Radioactive materials were encased in drums and 
dumped into deep ocean trenches [64], where proponents argued they would remain 
isolated due to the immense pressure and stable conditions. However, concerns about 
leakage, environmental contamination, and the ethical implications of polluting 
global ecosystems led to the practice being largely banned by international agree-
ments, such as the London Convention of 1970s [65]. Oceanic disposal is no longer 
pursued as a legitimate waste management strategy, but it remains a cautionary tale 
about the importance of thoroughly evaluating environmental impacts.

Space disposal involves launching nuclear waste into outer space, typically by sending 
it toward the Sun or beyond Earth’s orbit [66]. This method in theory offers complete 
isolation of radioactive materials from the planet. However, the costs and risks associated 
with space disposal make it impractical. Launch failures, which are not uncommon in the 
current era, could spread radioactive materials across the atmosphere of the Earth, result-
ing in catastrophic contamination. The energy requirements and logistical challenges of 
launching heavy waste payloads also substantially limit the feasibility of this method.

5.  Environmental and health risks

The management of nuclear waste is important to safeguard the environment and 
public health. Improper disposal of radioactive materials can lead to significant risks, 
including environmental contamination and severe health impacts.

5.1 Potential risks associated with improper disposal

The failure of storage systems and the subsequent release of radionu-
clides into the environment can lead to profound, long-lasting consequences. 
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The significance of different radionuclides is influenced by their mobility under 
the geochemical conditions of the disposal site. Elements like iodine are highly 
mobile and readily transport through the natural barrier, whereas actinides 
remain largely immobile under reducing conditions typical of DGR [67]. One of 
the most concerning risks is groundwater contamination. Radioactive isotopes, if 
not securely contained, can leach into groundwater supplies, spreading irrevers-
ible contamination over vast areas. Once radionuclides enter aquifers, they are 
exceedingly difficult to remove and can remain hazardous for thousands of years. 
Contaminated groundwater not only affects ecosystems but also poses significant 
risks to communities reliant on these water sources for drinking, agriculture, and 
industry. Given the critical importance, the degradation mechanism of SNF and 
vitrified HLW in contact with groundwater has been the focus of numerous ongo-
ing studies [28, 33, 52, 68–70].

Another major risk is the release of radioactive materials into the atmosphere or 
surface environment. Accidental breaches in storage systems, such as those caused by 
natural disasters, human error, or sabotage, could result in radioactive particles being 
dispersed into the air or onto the ground. Such events can lead to widespread environ-
mental contamination, rendering areas uninhabitable and causing severe ecological 
damage. Wildlife and plant life exposed to radiation often suffer mutations, reproduc-
tive failures, and population declines, further destabilizing ecosystems.

5.2 Health impacts

Exposure to radioactive isotopes can lead to significant health risks to humans, 
primarily categorized into somatic and genetic effects [71, 72]. Somatic effects occur 
immediately or shortly after high-dose radiation exposure, causing cellular dam-
age, tissue destruction, and organ failure. Acute exposure to high doses of radiation 
(≥1 Gy) in a short period can cause acute radiation sickness, characterized by nausea, 
vomiting, hair loss, and damage to internal organs [73]. In extreme cases, it can lead 
to death within days or weeks [73].

Genetic effects manifest over time and result from DNA damage, increasing the 
risk of mutations and carcinogenesis, potentially affecting future generations. Long-
term exposure, even at lower levels, carries significant risks, particularly in the form 
of cancer [74]. Radioactive isotopes such as 137Cs and 90Sr can be inhaled or ingested, 
becoming incorporated into the body and irradiating tissues over time. This increases 
the likelihood of developing cancers, including leukemia, thyroid cancer, and bone 
cancer [72]. These risks vary depending on the type of exposure, dose, and individual 
factors, such as age and pre-existing conditions like iodine deficiency. Pregnant 
women and children are especially susceptible to the effects of radiation, as their cells 
are dividing more rapidly. For example, children exposed to 131I are especially vulner-
able to thyroid cancer [72]. Other health effects, such as cardiovascular disease and 
potential genetic damage, may also manifest over time [72].

6.  Legal and regulatory framework

The safe management of nuclear waste is a global concern that requires cohesive 
international guidelines, robust national regulations, and stringent licensing and 
monitoring protocols.
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6.1 International guidelines and agreements

The International Atomic Energy Agency (IAEA) plays a central role in establishing 
global standards for nuclear waste management. As the world’s “Atoms for Peace and 
Development” organization, the IAEA provides technical guidelines for the safe han-
dling of radioactive materials. It facilitates capacity building through training and peer 
reviews while promoting international collaboration and research in waste management 
technologies. Additionally, the IAEA conducts assessments and offers recommenda-
tions to improve waste management practices. The Non-Proliferation Treaty (NPT) 
also contributes to nuclear waste management by promoting the peaceful use of nuclear 
technology. Signatory countries under the NPT commit to transparency in their nuclear 
programs, ensuring that radioactive materials are used safely and securely. Various 
regional agreements and conventions, such as the Joint Convention on the Safety of Spent 
Fuel Management and on the Safety of Radioactive Waste Management, also facilitate 
international cooperation and shared accountability.

6.2 National regulations

Different countries have tailored approaches to nuclear waste management, 
reflecting their unique energy policies and geographic conditions. Each country has 
its own agency responsible for developing regulations and conducting inspections/
licensing to ensure that operators meet stringent safety criteria. Their oversight is 
critical to maintaining public confidence in nuclear energy. For example, the Nuclear 
Regulatory Commission (NRC) oversees the storage and disposal of nuclear waste in 
the United States. The NRC enforces strict licensing processes, requiring facilities to 
demonstrate compliance with safety standards (e.g., Code of Federal Regulations). 
Although the Yucca Mountain project was suspended, DCS and interim storage sites 
are regulated rigorously to ensure environmental protection and public safety. As 
a global leader in nuclear energy, France operates an integrated system for nuclear 
waste management, including reprocessing spent fuel to recover usable materials and 
centralized storage of intermediate and high-level waste. The National Radioactive 
Waste Management Agency (ANDRA) is developing a DGR in Bure known as Cigéo, 
which exemplifies France’s commitment to long-term disposal solutions. Japan’s 
approach to nuclear waste management has been impacted by the Fukushima disas-
ter, leading to heightened regulatory oversight. The Nuclear Regulation Authority 
enforces strict safety standards, particularly for interim storage and the future devel-
opment of geological repositories. Public trust remains a critical challenge, requiring 
ongoing community engagement and transparency [75].

6.3 Licensing and monitoring requirements

Licensing is a critical part of nuclear waste management to ensure facilities meet 
safety and environmental standards before operations begin. Licensing in most 
countries involves a comprehensive review process, including environmental impact 
assessments, safety analyses, and public consultations. Once a facility is operational, 
periodic monitoring is conducted to ensure continued compliance. Regulatory bodies, 
such as the NRC in the United States and the IAEA internationally, mandate regular 
inspections and performance reviews. Operators are required to maintain detailed 
records of waste inventories and storage conditions. These records are subject to 
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review by regulatory authorities to verify compliance and ensure transparency. 
The IAEA also facilitates international peer reviews through programs such as the 
Integrated Review Service for Radioactive Waste and Spent Fuel Management, 
Decommissioning, and Remediation (ARTEMIS) and provides additional oversight, 
allowing countries to learn from each other and adopt best practices.

7.  Future directions

As technology advances and global priorities shift toward environmental sustain-
ability, the future of nuclear waste management will strongly depend on integrating 
cutting-edge solutions, embracing sustainability principles, and fostering transparent 
engagement with the public.

7.1 Innovations in nuclear waste management

The development of new containment materials and strategies continues to 
enhance the safety and reliability of nuclear waste storage. Advanced materials such 
as high-performance glass, crystalline ceramics, alloys, composites, and robust coat-
ings are being designed to resist corrosion, radiation damage, and thermal stresses 
over millennia. Future technologies, such as the Generation IV reactors, also promise 
to reshape the nuclear waste landscape. For example, the molten salt reactors (MSRs) 
offer significant benefits by efficiently utilizing fuel, including Th and recycled 
nuclear waste, thereby reducing the volume and radiotoxicity of nuclear waste [76]. 
Additionally, their ability to operate at higher thermal efficiencies and support 
online refueling enhances sustainability and minimizes long-lived waste compared to 
traditional reactor technologies [77].

7.2 Sustainability and circular economy in nuclear waste

A key direction in nuclear waste management is aligning with the principles 
of sustainability and the circular economy. Reprocessing nuclear waste to extract 
valuable isotopes like Pu and U, combined with vitrification, can significantly reduce 
the volume of HLW while providing materials for reuse in reactors [78]. France, 
for example, has successfully implemented reprocessing at scale, recovering fissile 
materials for use in mixed-oxide fuel. Other countries, including China, Germany, 
Japan, and UK, also reprocess their waste [79].

7.3 Public engagement and transparency

Public acceptance remains a critical factor in the success of nuclear waste manage-
ment initiatives. Educating the public about the science, risks, and benefits of nuclear 
energy and waste disposal is essential for fostering trust and addressing concerns. 
Transparent communication about safety measures, site selection processes, and 
long-term plans can alleviate fears and build confidence in nuclear projects. Engaging 
local communities in decision-making processes is particularly important. Successful 
projects, such as the Onkalo repository in Finland, demonstrate the value of involving 
stakeholders early and maintaining open dialog [79]. Additionally, investing in youth 
education and public campaigns to demystify nuclear technology ensures that future 
generations are equipped to make informed decisions.
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8. Conclusion

Nuclear waste management is one of the most complex challenges associated with 
the use of nuclear energy. Throughout this chapter, we have explored various aspects 
of this issue. The primary concern is linked to the safe isolation of hazardous materi-
als from human activity over timescales that span tens to hundreds of thousands of 
years. During such a long period, the safety of human beings and the global environ-
ment can be protected through an integrated approach combining short-term storage 
solutions like cooling ponds and dry casks, and long-term strategies such as DGRs. 
Technological advances in containment materials, reactor designs, and monitoring 
sensors are also continuously improving the safety and efficiency of waste manage-
ment. These strategies are complemented by effective regulatory frameworks and 
public engagement. By embracing technical innovation and fostering trust, the global 
community can address the challenges of nuclear waste while ensuring a cleaner, safer 
energy future for generations to come.
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