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Abstract
Nuclear energy is generated through the fission of atomic 
nuclei in nuclear reactors. The produced energy is extremely 
concentrated, which signifies that the amount of fuel needed to 
generate substantial quantities of electricity is relatively small 
compared to other energy sources. Furthermore, nuclear 
energy is highly reliable and stable, providing a consistent 
energy source. However, safety remains a significant concern 
in nuclear power generation. The Chernobyl accident in 1986, 
and the Fukushima disaster in 2011, illustrated the perils of 
poorly managed nuclear energy. Security failures in nuclear 
plants can result in radioactive leaks, environmental 
contamination, and threats to public health. Although 
technological advancements have enhanced nuclear energy 
safety, nuclear waste management remains a substantial 
challenge. Upon usage, nuclear fuel becomes hazardous 
nuclear waste that must be safely stored for hundreds of years. 
Secure management of nuclear waste is crucial in minimizing 
the environmental impact of nuclear energy. Another concern is 
the utilization of vast amounts of water for cooling nuclear 
reactors. While water is essential for maintaining reactor 
operations, excessive water usage may have negative impacts 
on the environment and local communities. In comparison to 
other energy sources, such as oil, coal, and natural gas, 
nuclear energy emits significantly fewer greenhouse gases. 

This is because nuclear energy does not burn fossil fuels to 
generate electricity. Nevertheless, nuclear energy also has 
other environmental impacts, including the release of small 
amounts of radiation during the normal operation of a power 
plant.
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management; Environmental impacts; Climate change 
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Introduction
Nuclear energy is an energy source that has been utilized worldwide

for over half a century [1]. Nuclear technology employs the process of
atomic nucleus fission, wherein atoms are split into two smaller parts,
releasing a vast amount of energy in the form of heat, as shown in
Equation 1 [2]. This heat is used to generate steam, which drives
turbines that power electricity generators [3]. One of the advantages of
nuclear energy is that it can be a cleaner and more efficient alternative
to other forms of energy, such as coal, oil, and natural gas, which are
responsible for a significant amount of greenhouse gas emissions [4].
Nuclear energy can produce substantial amounts of energy with a
relatively small amount of fuel, making it an economical option [5].
Another advantage of nuclear energy is that it is a baseload energy
source, meaning it is capable of generating electricity in a stable and
reliable manner, regardless of weather conditions or seasonality [6].
This implies that nuclear energy can provide continuous and
predictable electricity, which is essential for ensuring energy security
and preventing power supply disruptions [7]. However, nuclear energy
also presents significant challenges and risks, including the possibility
of nuclear accidents, the production of hazardous radioactive waste,
and nuclear proliferation [8]. It is therefore crucial that nuclear energy
be managed with care and that safety remains the utmost priority at
every stage of the process.

There are currently around 440 nuclear reactors in operation 
worldwide, generating approximately 10% of global electricity [9]. 
Countries such as the United States, China, and Japan are significant 
producers of nuclear energy. The main nuclear energy producers in 
Europe are France, Russia, Germany, Sweden, Spain, Ukraine, and the 
United Kingdom. Nuclear energy is also used in other European 
countries, including Belgium, Switzerland, the Czech Republic, 
Finland, Hungary, Slovakia, and Slovenia. However, some countries, 
such as Austria, Denmark, Ireland and Portugal, do not have nuclear 
power plants and do not produce nuclear energy. Nonetheless, 
countries without nuclear power plants consume nuclear energy 
purchased from other countries that produce nuclear energy. This 
energy can be imported via interconnected electricity grids or through 
energy purchasing and trading contracts. For example, Portugal does 
not have nuclear power plants, but imports nuclear energy from 
countries such as France or Spain.

Nuclear energy presents several advantages over other forms of 
energy. One of the primary advantages is the high energy density of 
nuclear fuel, which is far greater than other forms of energy, such as 
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coal and oil [10]. Nuclear energy production is stable and reliable, 
making it an important energy source for countries that require  
constant and dependable power [11]. Another significant advantage of 
nuclear energy is the substantial reduction in greenhouse gas emissions 
compared to other energy forms [12]. However, nuclear energy is 
controversial due to concerns about safety and 
environmental impact. The Chernobyl nuclear disaster in 1986 and the 
Fukushima nuclear accident in 2011 underscored the potential risks 
associated with nuclear energy. The Chernobyl disaster is considered 
the worst nuclear accident in history [13]. It occurred on April 26, 
1986, at the Chernobyl nuclear power plant in Ukraine. During a 
safety test, an explosion occurred in nuclear reactor number 4, 
releasing large amounts of radioactive material into the atmosphere. 
The explosion destroyed the reactor and caused a fire that continued to 
burn for several days. The accident resulted in the immediate death of 
two plant workers. Subsequently, about 134 people were diagnosed 
with acute radiation syndrome, and 28 of these individuals died within 
the first few months following the accident. The total number of 
deaths related to the accident is difficult to estimate, but it is believed 
that the number of fatalities related to the accident could reach around 
4,000. The Chernobyl disaster had a significant impact on the 
environment and public health. The area surrounding the power plant 
was evacuated and remains uninhabitable until now. The radiation 
released by the accident contaminated vast areas in Ukraine, Belarus, 
and Russia. The radioactive contamination adversely affected people's 
health as well as wildlife and the environment. It is estimated that the 
radiation exposure caused by the Chernobyl disaster has increased 
cancer risk throughout the region. The Chernobyl disaster highlighted 
the importance of nuclear safety and nuclear waste management. Since 
the disaster, more stringent safety measures have been implemented in 
nuclear power plants worldwide to minimize the risk of accidents. 
Furthermore, the proper management of nuclear waste is a growing 
concern as more countries seek to expand their nuclear capacity.

The Fukushima disaster is considered the second-worst nuclear 
accident in history, following Chernobyl [14]. It occurred on March 
11, 2011, when a magnitude 9.0 earthquake struck the northeastern 
coast of Japan, followed by a tsunami. The earthquake and tsunami 
caused significant damage to the Fukushima Daiichi nuclear power 
plant, resulting in a series of explosions and radioactive leaks. There 
were no immediate radiation-related deaths, but several plant workers 
were exposed to radiation. The radioactive contamination of the area 
surrounding the plant led to large-scale evacuations. The disaster 
caused a humanitarian and economic crisis in Japan. The Fukushima 
disaster highlighted the importance of nuclear safety and nuclear 
waste management. Since the disaster, more stringent safety measures 
have been implemented in nuclear power plants worldwide to 
minimize the risk of accidents. Proper management of nuclear waste is 
also a growing concern, and Japan has faced difficulties in dealing 
with the large volume of nuclear waste generated by the disaster. The 
Fukushima disaster also had a significant impact on the environment. 
The radioactive contamination of air, water, and soil in the area 
surrounding the plant has caused ongoing concerns about public health 
and food safety. Local fishing and agriculture have been severely 
affected by the disaster, and the cleanup of the area remains a 
significant challenge.

Since the Fukushima accident in 2011, there have been no 
significant large-scale nuclear accidents. However, there have been 
some smaller incidents that have raised safety concerns at nuclear 
power plants worldwide. For example, in 2016, one  of  the  reactors  at  

the Flamanville nuclear power plant in France experienced a fire, 
which caused safety concerns and led to the suspension of the plant's 
operations [15]. Although the fire did not result in deaths or injuries, it 
underscored the importance of safety at nuclear power plants.

Prior to the Chernobyl disaster in 1986, there were other significant 
nuclear accidents around the world. In 1957, an accident occurred at 
the Mayak nuclear facility in Russia, resulting in an explosion that 
released large amounts of radioactive material into the atmosphere 
[16]. Approximately 200,000 people were affected by the resulting 
contamination, leading to the evacuation of several villages. In 1961, 
there was an accident at the SL-1 nuclear power plant in Idaho, United 
States [17]. The accident resulted in an explosion that killed three 
plant workers, marking the first fatal accident at a nuclear power plant 
in the United States. In 1979, an accident occurred at the Three Mile 
Island nuclear power plant in Pennsylvania, also in the United States 
[18]. The accident was caused by a failure in the reactor's cooling 
system, leading to a partial core meltdown. Although the accident did 
not result in immediate deaths, it caused significant concerns about the 
safety of nuclear power plants and led to a suspension of new nuclear 
power plant construction in the United States.

These disasters have raised concerns about the safety of nuclear 
reactors and nuclear waste management. Uranium mining and nuclear 
waste management can have a significant impact on the environment 
[19]. The process of nuclear power generation produces highly 
radioactive nuclear waste, which remains hazardous for thousands of 
years [20]. While some countries opt to store nuclear waste in 
underground facilities, others choose to reprocess used nuclear fuel to 
recover uranium and plutonium [21]. Nuclear power also raises 
concerns about nuclear proliferation [22]. Nuclear energy can be used 
for military purposes, and the enrichment of uranium and the 
production of plutonium for use in nuclear reactors can be employed 
to produce nuclear weapons [23].

The construction of nuclear power plants is an expensive and 
complex process, making nuclear energy less accessible for some 
countries [24]. The cost of nuclear waste management is also 
significant and adds to the overall expense of nuclear power [25]. 
Although, nuclear power can reduce dependence on fossil fuels, the 
use of fossil fuels is still required to produce enriched uranium and 
construct nuclear power plants [26]. The mining of uranium and other 
materials necessary for nuclear power can also have a significant 
environmental impact [27]. Due to these concerns, many countries are 
seeking alternative energy sources, such as wind and solar power, to 
reduce their reliance on nuclear energy [28]. However, nuclear power 
remains an important energy source worldwide and will continue to 
play a significant role in global energy production in the future.

The aim of this article is to provide a detailed analysis of nuclear 
energy, comparing its advantages and disadvantages with other energy 
sources. Furthermore, the key components of nuclear technology, 
including nuclear reactors, nuclear fuel, cooling systems, and nuclear 
waste storage, will be assessed. Safety concerns related to nuclear 
power, such as nuclear accidents, waste management, and storage 
security, will be discussed. The environmental impact of nuclear 
energy in comparison with other energy sources, such as oil, coal, and 
natural gas, will also be evaluated. The ultimate goal is to provide a 
comprehensive review of nuclear energy, discussing the pros and cons 
of this form of power generation and analyzing its potential 
contribution to climate change mitigation and the sustainability of the 
global energy matrix.
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Technology, Fuels and Safety

Energy production
There are various different types of nuclear reactors in use today, 

each with its own design and characteristics. Pressurized Water 
Reactors (PWRs) are the most common type of nuclear reactor in use 
today [29]. They use water as a coolant and moderator, and enriched 
uranium is inserted into fuel rods. The water circulates through the 
reactor core to remove the heat generated by nuclear fission and 
transfer it to secondary circulating water, which is used to generate 
steam and drive electricity-generating turbines. Boiling Water 
Reactors (BWRs) are similar to PWRs but use water as both coolant 
and moderator, and the water that circulates through the reactor cores 
are used directly to generate steam and drive electricity-generating 
turbines [30]. Heavy water reactors (CANDU) utilize heavy water 
(deuterium oxide) as a coolant and moderator, and natural uranium is 
inserted into fuel elements of tubes [31]. The use of heavy water 
allows the reactor to utilize natural uranium without the need for 
enrichment, making it more cost-effective than reactors that use 
enriched uranium. Molten Salt Reactors (MSRs) employ a molten salt 
as both fuel and coolant [32]. The salt is pumped through a closed 
loop to remove the heat generated by nuclear fission and transfer it to a 
secondary salt stream, which is used to generate steam and drive 
electricity-generating turbines. MSR reactors have the ability to 
reprocess their spent fuel while still in operation, making them 
potentially more efficient than other types of nuclear reactors. Small 
Modular Reactors (SMRs) are smaller, modular nuclear reactors that 
are less sizeable than traditional nuclear reactors [33]. They are 
designed to be more flexible and easier to construct than larger nuclear 
reactors. SMR reactors typically use enriched nuclear fuel in a water-
cooled reactor core, which is used to generate steam and drive 
electricity-generating turbines.

The different types of nuclear reactors have distinct advantages and 
disadvantages [34-36]. PWRs have low fuel costs and can produce a 
large amount of electricity efficiently. However, they can be 
vulnerable to cooling system failures and may generate hazardous 
nuclear waste. BWRs, similar to PWRs, can also produce electricity 
efficiently but share the same vulnerabilities and nuclear waste risks. 
CANDU have the advantage of being able to use natural uranium as 
fuel, which is more abundant than enriched uranium. Also produce 
less hazardous nuclear waste than other types of reactors and can be 
used in remote areas without access to enriched uranium. However, 
the use of heavy water makes the process more expensive and difficult 
to manage, and the tubular fuel elements are more costly and 
challenging to manufacture. The CANDU is less tested than other 
types of reactors. MSR are potentially more efficient than other types 
of nuclear reactors and can reprocess their used fuel while still in 
operation. They can also use either natural or enriched uranium fuel. 
However, they are less tested than other types of reactors and may 
experience corrosion issues with the prolonged use of molten salts. 
They can also be costly to construct and maintain. SMR are less 
expensive to construct and maintain than traditional nuclear reactors 
and can be installed in areas with limited space. They generate less 
hazardous nuclear waste but produce less electricity than traditional 
nuclear reactors.

Although nuclear power is a clean and efficient source of energy, 
nuclear technology still faces many challenges and concerns [37]. In 
addition to the issues already mentioned, nuclear technology faces 
questions related to safety and nuclear proliferation. The enrichment

of uranium and the production of plutonium for use in nuclear reactors 
can also be used to produce nuclear weapons, raising concerns about 
security and nuclear proliferation. The utilization of nuclear 
technology has also been subject to critical scrutiny for its dependence 
on fossil fuels for the production of enriched uranium and construction 
of nuclear power plants [38]. The mining of uranium and other 
essential materials in the nuclear industry may result in a substantial 
environmental impact, encompassing the release of radioactive waste 
[39].

Nuclear fuels
Uranium is the most commonly used nuclear fuel for electricity 

production, and its exploration and extraction are carried out in mines 
across the world [40]. Natural uranium is primarily composed of the 
isotope U-238, which is relatively stable, and the isotope U-235, 
which is fissile, meaning it is capable of sustaining a nuclear chain 
reaction [41]. Natural uranium is processed and enriched to increase 
the proportion of U-235 for use in nuclear reactors [42-44]. The 
enriched uranium is then fabricated into nuclear fuel, which is inserted 
into nuclear reactors. Plutonium is produced as a byproduct of the 
nuclear fission process that occurs in the core of a nuclear reactor 
when uranium is bombarded by neutrons. Plutonium can be recycled 
and reused as fuel in some types of nuclear reactors, such as fast 
neutron reactors. Plutonium can be used as a material for nuclear 
weapons, which has led to international concerns regarding the control 
and monitoring of nuclear materials. Aside from uranium and 
plutonium, there is ongoing research into the use of other elements as 
alternative nuclear fuels. Thorium is one such alternative fuel being 
investigated [45]. Thorium is more abundant in the Earth's crust than 
uranium and has the advantage of producing less radioactive waste. 
However, thorium is not yet widely used in nuclear power production 
and is considered an experimental fuel.

The management of nuclear waste from power plants is a critical 
and complex process that requires careful planning, implementation, 
and monitoring to ensure the safety of workers, the public, and the 
environment [46]. The process typically involves waste classification, 
storage, treatment, transportation, and disposal. Nuclear waste is 
categorized based on its radioactivity levels, half-life, and heat 
generation into Low Level Waste (LLW), Intermediate Level Waste 
(ILW) and High Level Waste (HLW) [47-50]. LLW consists of items 
such as protective clothing, tools, and filters contaminated with 
radioactive materials, while ILW includes resins, sludge, and reactor 
components. HLW primarily consists of spent nuclear fuel and waste 
produced from reprocessing spent fuel. Initially, nuclear waste is 
stored on-site at the power plant, often in spent fuel pools or dry 
storage casks. Spent fuel pools are large, water-filled basins that 
provide cooling and radiation shielding, while dry storage casks are 
large, robust containers that store spent fuel after it has cooled 
sufficiently in the pools. Various treatment methods are used to reduce 
the volume, stabilize the form, or remove contaminants from the 
waste, depending on its type. For example, LLW can be compacted, 
incinerated, or encapsulated in concrete or other materials. ILW may 
undergo processes like solidification or vitrification, where waste is 
mixed with glass and melted to create a stable, solid product. HLW is 
often vitrified as well. When off-site disposal or storage is necessary, 
nuclear waste is transported using specialized containers designed to 
provide radiation shielding and prevent leakage in case of accidents. 
Transportation is carefully regulated, and security measures are in 
place to protect against theft or sabotage. The final disposal of nuclear 
waste depends on its classification. LLW and ILW are typically
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disposed of in near-surface repositories, such as engineered landfills or 
concrete vaults, designed to isolate the waste from the environment 
and protect against intrusion. HLW requires deep geological 
repositories, where waste is placed in robust containers and buried 
several hundred meters underground in stable geological formations, 
designed to prevent the release of radioactivity for thousands of years.

Nuclear safety
Safety is a major concern in the nuclear industry, and nuclear 

accidents have demonstrated the devastating potential of a nuclear 
incident [51]. Nuclear reactors must be built with stringent safety 
measures to ensure that an accident does not occur [52]. These 
measures include redundant safety systems, radiation sensors, 
protection against overload, and automatic shutdown mechanisms. 
Proper training of plant workers is also essential to ensure that safety 
procedures are followed correctly. In addition to nuclear accidents, the 
safe management of nuclear waste is a significant challenge [53]. The 
storage of nuclear waste must be managed carefully to ensure that 
there is no leakage of radioactive material into the environment [54]. 
Highly radioactive nuclear waste is stored in steel and concrete 
containers and, in some cases, buried deep in underground storage 
facilities [55]. Storage facilities must be built to withstand natural 
disasters, such as earthquakes and floods, and must be continuously 
monitored to ensure safety. Nuclear safety is an ongoing concern in 
the nuclear industry and requires the careful attention of engineers, 
technicians, and managers to ensure that nuclear reactors are safe and 
that nuclear waste is stored securely [56]. With proper awareness and 
management, it is possible to produce nuclear electricity safely and 
efficiently [57].

Nuclear waste management is a crucial issue in the nuclear industry. 
Among the challenges associated with nuclear waste management, the 
safe and effective storage stands out, involving the use of robust and 
sealed containers to prevent leakage into the environment. This 
process is long-term and requires significant planning and investment. 
The transportation of nuclear waste is a significant security risk, 
requiring strict measures to protect against accidents and ensure public 
safety. Nuclear waste management is also expensive and complex, 
with significant costs for storage and long-term financing to ensure 
coverage of these costs [58].

Decommissioning a nuclear power plant is a complex and costly 
process that involves several stages, each requiring careful planning, 
extensive resources, and adherence to strict regulatory standards [59]. 
The process of dismantling the nuclear reactor and removing all 
associated equipment and materials can take years, even decades, and 
poses a significant challenge in nuclear waste management [60-62]. 
The first stage of decommissioning is pre-decommissioning planning, 
which involves assessing the plant's condition, determining 
decommissioning strategies, estimating costs, and developing a 
detailed decommissioning plan. This plan must address various 
aspects, such as radiological assessments, waste management 
strategies, environmental impact, and health and safety considerations. 
Next comes the safe shutdown and defueling of the reactor. The spent 
fuel is removed from the reactor core and transferred to a spent fuel 
pool or dry storage casks, which is crucial for reducing the 
radiological risk associated with the decommissioning process. 
Following shutdown and defueling, the plant undergoes 
decontamination and dismantling. This stage involves removing 
radioactive contaminants from the surfaces of structures, systems, and 

components within the plant. Decontamination methods may include 
chemical, mechanical, or thermal techniques. Once decontamination is 
complete, the dismantling of the reactor and other plant structures can 
begin, with the careful segregation of radioactive and non-radioactive 
waste. Waste management is a critical aspect of the decommissioning 
process. All waste generated, including radioactive and non-
radioactive materials, must be managed according to regulatory 
requirements. Radioactive waste must be categorized, packaged, and 
transported to appropriate storage or disposal facilities. Non-
radioactive waste can be recycled or disposed of in conventional waste 
facilities. Site remediation follows waste management and involves 
restoring the site to meet environmental and radiological criteria for its 
intended future use. Contaminated soil and groundwater may need to 
be remediated, and the site may be subject to ongoing monitoring to 
ensure that no residual radioactivity remains. The final stage is the 
release of the site. Once all decommissioning activities are complete 
and regulatory requirements have been met, the site can be released 
for unrestricted or restricted use, depending on the levels of residual 
radioactivity. Decommissioning a nuclear power plant is a challenging 
and resource-intensive process that requires careful planning, 
execution, and oversight to ensure the safety of workers, the public, 
and the environment. The cost of decommissioning can be significant, 
but it is an essential aspect of responsible nuclear power management, 
ensuring that nuclear facilities are safely and effectively retired at the 
end of their operational lives.

Nuclear Energy and the Global Energy Mix
Nuclear energy is one of the available options for reducing 

greenhouse gas emissions and mitigating climate change [63]. This is 
because nuclear energy is a clean source of energy that does not emit 
carbon dioxide or other greenhouse gases during electricity production 
[64]. Nuclear energy can be used to produce electricity more 
sustainably and with less environmental impact. It is also a reliable 
and safe source of energy that can help ensure energy security and 
diversify the energy mix. This is particularly important in a world 
where dependence on fossil fuels can lead to energy security issues 
such as supply disruptions and price volatility. Nuclear energy can 
reduce dependence on fossil fuels and protect against fuel price 
volatility [65].

Another way in which nuclear energy can contribute to 
sustainability is through its capacity to be used for non-electric 
purposes, such as desalination of water [66]. Desalination is a process 
that requires a significant amount of energy and can be facilitated by 
the use of nuclear energy [67]. This is particularly important in regions 
of the world where the availability of potable water is a challenge. 
While nuclear energy has its benefits in terms of sustainability and 
decarbonizing the global energy mix, it is important to note that 
nuclear energy is not a perfect solution. The safe and effective 
management of nuclear waste is a significant challenge, and the 
development of more advanced nuclear reactor technologies and 
nuclear waste management methods is still needed. Nuclear energy 
can be expensive and complex compared to other forms of renewable 
energy [68].

Public perception and trust are significant challenges for nuclear 
energy, especially in the aftermath of nuclear accidents such as 
Chernobyl and Fukushima [69-72]. These events have had a lasting 
impact on public opinion and have led to skepticism and opposition 
towards nuclear power [73]. This can make it difficult to secure the 
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necessary political and financial support for the development and 
expansion of nuclear energy. One reason for public skepticism towards 
nuclear energy is the potential for catastrophic accidents. The risk of 
nuclear accidents, though relatively low, can have severe 
consequences for public health and the environment. Moreover, the 
long-term impacts of nuclear waste and the potential for nuclear 
weapons proliferation can also contribute to public concerns about the 
safety and security of nuclear energy [74]. In addition to safety 
concerns, public perception of nuclear energy can also be influenced 
by issues of transparency and accountability. The nuclear industry 
must be open and transparent about its activities, including nuclear 
waste management, safety procedures, and the potential risks 
associated with nuclear energy [75]. This can help build public trust 
and confidence in the industry. Public perception of nuclear energy 
can also be influenced by political and economic factors [76]. Nuclear 
energy requires significant government support and financing, and 
political opposition to nuclear energy can make it difficult to secure 
the necessary funding and resources. The high upfront costs of 
building nuclear power plants can be a significant barrier to the 
development and expansion of nuclear energy, especially in 
developing countries.

Nuclear power plants require significant capital investment and can 
take years to plan and construct, making them less flexible and 
adaptable than other renewable energy sources such as solar or wind 
power [77]. The complexity of nuclear power plants and the 
regulatory requirements associated with their construction and 
operation can add to the overall cost and lead time [78]. This can make 
nuclear energy less accessible to smaller-scale energy providers or 
developing countries that may not have the financial resources or 
regulatory infrastructure to support nuclear power generation. The 
high capital costs associated with nuclear energy can have a 
significant impact on energy prices. These costs must be factored into 
the price of electricity generated by nuclear power plants, making 
them less competitive than other forms of energy that have lower 
capital costs and shorter lead times [79]. This can limit the market 
demand for nuclear energy, particularly in regions where energy prices 
are a key consideration for consumers [80].

Despite the challenges associated with nuclear energy, there are 
some who argue that it is a necessary component of a low-carbon 
energy mix [81]. Nuclear power plants have the capacity to generate 
large amounts of reliable, base load power that can complement the 
variability of solar and wind power [82]. This can help ensure a stable 
and resilient energy system that can meet the demands of modern 
societies while reducing greenhouse gas emissions. Ongoing research 
and development efforts in nuclear technology, such as SMRs, could 
potentially reduce the cost and lead time of nuclear power plants and 
make them more accessible to a wider range of energy providers [83]. 
SMRs are designed to be smaller and more flexible than traditional 
nuclear power plants, with the potential for faster construction times, 
lower capital costs, and greater scalability. Some also argue that SMRs 
could be used to power remote or off-grid communities, providing a 
reliable source of energy where traditional grid infrastructure is 
unavailable or unreliable. Advancements in nuclear fuel technology, 
such as the development of thorium-based nuclear reactors, could 
potentially increase the efficiency and safety of nuclear power 
generation while reducing the amount of nuclear waste produced. 
These technologies could help address some of the environmental and 
safety concerns associated with traditional nuclear power generation 
and make nuclear energy a more viable option for the future.

The Environmental Impact of Nuclear Energy
With the growing global demand for electricity, nuclear energy can 

be an important solution to help meet this need. Nuclear reactors can 
operate for longer periods than coal or gas-fired power plants, 
requiring fewer interruptions and maintenance, which makes them a 
cost-effective and safe option [84]. Another advantage of nuclear 
energy is its high energy density, meaning that a small amount of 
nuclear fuel can generate a large amount of electricity [85]. This 
makes nuclear energy more resource-efficient and can help reduce 
dependence on non-renewable fossil fuels. However, nuclear energy 
presents significant challenges related to safety and nuclear waste 
management. Nuclear accidents, such as the Chernobyl disaster in 
1986 and the Fukushima accident in 2011, highlight the potential 
danger associated with nuclear energy.

The issue of nuclear proliferation is a major concern surrounding 
nuclear energy, and it is one that has been the subject of much debate 
and controversy [86]. Nuclear proliferation refers to the spread of 
nuclear weapons, technology, or materials to states or non-state actors 
who do not currently possess them [87]. It is a complex issue with far-
reaching implications for global security and stability [88]. To mitigate 
these risks, it is essential that countries with nuclear technology take 
measures to ensure that access to nuclear materials is strictly 
controlled and that rigorous security measures are in place to prevent 
unauthorized access. This includes measures such as background 
checks, physical security measures, and the use of advanced 
technology to detect and deter potential threats. It is essential for 
nations with nuclear technology to work together to promote nuclear 
non-proliferation and disarmament. The Nuclear Non-Proliferation 
Treaty, signed by over 190 countries, is a vital tool in preventing the 
spread of nuclear weapons and technology [89]. The treaty requires 
states to pursue disarmament, maintain safeguards to prevent the 
diversion of nuclear materials for military purposes, and facilitate the 
peaceful use of nuclear energy.

Despite its potential benefits, the nuclear energy industry has 
continued to face environmental criticisms due to its significant 
environmental impact [90]. The production of nuclear energy involves 
the mining and processing of uranium, which is an energy-intensive 
process and can have a negative impact on the environment [91]. 
Uranium mining involves the extraction of uranium ore from the earth, 
which can result in soil and water pollution [92]. The use of heavy 
machinery and equipment during the mining process can also lead to 
the emission of greenhouse gases and other pollutants into the 
atmosphere [93]. The health of miners may be at risk, as they may be 
exposed to radioactive materials during the mining process [94]. In 
addition to the environmental impact of uranium mining, the 
processing of uranium also poses environmental risks [95]. The 
conversion of uranium ore into nuclear fuel involves several 
processes, including milling, enrichment, and fuel fabrication. During 
these processes, there is a risk of radioactive materials being released 
into the environment, which can cause long-term harm to both human 
health and the environment [96-99].

The storage and disposal of nuclear waste is another significant 
environmental concern associated with nuclear energy [100]. Nuclear 
waste is highly radioactive and can remain hazardous for thousands of 
years [101]. Safe and effective disposal of nuclear waste is critical, as 
any leakage or release into the environment could have severe 
consequences. Therefore, it is crucial that the nuclear energy industry 
implements effective measures to minimize its environmental impact. 
Governments and companies must ensure that uranium mining is
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carried out responsibly, with proper measures in place to prevent soil 
and water pollution and protect the health and safety of workers. 
Additionally, the industry must prioritize the development of safe and 
secure methods for the storage and disposal of nuclear waste.

The management of nuclear waste presents yet another significant 
environmental challenge associated with the nuclear energy industry. 
Safe storage of highly radioactive nuclear waste is a major technical 
and regulatory challenge [102]. Currently, there is no final solution for 
the management of nuclear waste, and long-term storage remains a 
contentious issue. The challenge is to ensure that nuclear waste is 
stored securely and effectively for the duration of its hazardous life 
span. This requires the development of safe, stable, and long-lasting 
storage facilities that can isolate the waste from the environment and 
prevent the release of radioactive materials. One of the main 
difficulties in managing nuclear waste is the sheer volume of waste 
produced by the nuclear industry. Spent nuclear fuel and other 
radioactive waste materials continue to accumulate, and the capacity 
of current storage facilities is limited. The construction of new nuclear 
waste storage facilities is a complex and lengthy process that requires 
significant technical expertise and regulatory approval [103]. The 
nuclear energy industry must prioritize the development of safe and 
effective methods for the management and disposal of nuclear waste. 
This involves not only the development of new storage facilities but 
also the implementation of strict regulatory standards and continuous 
monitoring to ensure the safety of workers, the public, and the 
environment.

In addition to the aforementioned challenges, nuclear energy also 
presents other significant environmental impacts. One of the primary 
concerns is the use of large amounts of water to cool nuclear reactors 
[104]. This is because water is used as a coolant to absorb the heat 
generated by nuclear fission in the reactor core. The water circulates 
through the reactor and is then released back into the environment at 
higher temperatures. This process can have a negative impact on the 
water quality of the receiving body, particularly if used in areas with 
water scarcity. The release of warm water can affect aquatic life and 
flora in the vicinity of the nuclear power plant [105]. Another 
environmental impact of nuclear energy is the release of small 
amounts of radiation during normal plant operation [106]. While these 
amounts are insignificant compared to the risks associated with 
nuclear accidents, they still pose a risk to public health and the 
environment. Radiation can affect local flora and fauna, as well as 
humans living in the vicinity of the nuclear power plant [107].

Although nuclear energy production can generate negative 
environmental impacts, such as soil and water contamination and 
energy consumption for nuclear fuel production, it is one of the 
available options for reducing greenhouse gas emissions and 
mitigating climate change. This is due to the fact that nuclear energy is 
a clean source of energy that does not emit carbon dioxide or other 
greenhouse gases during electricity production. Nuclear energy can 
provide a reliable source of electricity that can help replace electricity 
production from fossil fuels, which are responsible for a significant 
portion of greenhouse gas emissions. Nuclear energy can help 
diversify the energy mix, reduce dependence on fossil fuels, and 
ensure energy security. With effective management of environmental 
impacts and nuclear waste, nuclear energy can be an important part of 
the global energy mix to meet the increasing demand for electricity in a 
more sustainable manner. It is important to note that nuclear waste 
management and nuclear safety are important issues that need to be 
addressed to ensure that nuclear energy can be used safely and

sustainably. Nuclear energy may not be appropriate or feasible in all 
regions of the world due to issues of cost, resources, and 
infrastructure. To minimize the environmental impacts of nuclear 
energy, responsible and sustainable uranium mining and processing 
must be adopted. It is important to adopt mining and processing 
technologies that minimize soil and water contamination and reduce 
the risk of exposure to radioactive materials. Additionally, nuclear fuel 
production should be carried out using renewable energy sources to 
minimize greenhouse gas emissions.

Future Developments of Nuclear Energy
Future developments in nuclear energy include technological 

advancements in various areas. One of these areas is the design of 
safer and more efficient nuclear reactors, such as fourth-generation 
nuclear reactors [108]. These reactors are designed to operate more 
efficiently, produce less nuclear waste, and be safer in the event of 
accidents. Another future development is the research of new nuclear 
fuels, including thorium and other elements that could be used as 
alternative fuels. Additionally, research into new nuclear reactor 
technologies, such as molten salt reactors, graphite core reactors, and 
high-flux reactors, may enable more efficient and safer nuclear power 
generation [109-111]. Other areas of research include the use of 
nuclear energy for desalination of water and the development of new 
techniques for nuclear waste storage.

Nuclear energy can also play an important role in integrating 
renewable energy sources into the energy mix. As renewable energy 
sources such as solar and wind are intermittent in nature, energy 
storage systems such as batteries and thermal storage systems are 
essential for balancing electricity supply and demand. Nuclear energy 
can be used to support these energy storage systems and provide a 
stable source of base load power to complement the variability of 
renewable energy sources [112]. For example, nuclear energy can be 
used to power the production of hydrogen through the electrolysis of 
water, which can be stored and used as a fuel for transportation or 
industrial processes. This can help reduce the dependence on fossil 
fuels in these sectors and contribute to de-carbonization efforts. 
Nuclear energy can be used to power Carbon Capture and Storage 
(CCS) technologies, which can capture carbon dioxide emissions from 
industrial processes and store them in underground [113]. This can 
help mitigate the environmental impact of these industries and reduce 
greenhouse gas emissions. Nuclear energy can also be used in hybrid 
energy systems that combine different energy sources, such as nuclear 
and renewable energy, to provide a more reliable and sustainable 
source of electricity. These hybrid systems can take advantage of the 
complementary strengths of different energy sources, such as the 
stable base load power of nuclear energy and the variability of 
renewable energy sources. This can help reduce the overall cost and 
environmental impact of the energy system and improve energy 
security.

The production of hydrogen using nuclear energy is a promising 
area of development for nuclear energy [114]. Hydrogen is a clean and 
versatile fuel that can be used in a wide range of applications, from 
industry to transportation. Currently, hydrogen production is 
dominated by processes that use fossil fuels, resulting in significant 
greenhouse gas emissions. However, the production of hydrogen using 
nuclear energy can be a viable and sustainable alternative [115]. 
Nuclear energy can be used to produce hydrogen in two ways: 
thermochemical electrolysis and electrochemical electrolysis [116]. 
Thermochemical electrolysis involves using heat generated by nuclear
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fission to break water into hydrogen and oxygen. Electrochemical 
electrolysis uses electricity generated by a nuclear reactor to split 
water into hydrogen and oxygen. Hydrogen production from nuclear 
energy can help to reduce dependence on fossil fuels and mitigate 
climate change. However, there are some challenges associated with 
hydrogen production from nuclear energy. One of the main challenges 
is cost. Hydrogen production from nuclear energy is currently more 
expensive than conventional methods, which limits its commercial 
viability. The transportation and storage of hydrogen present 
significant challenges and require additional investments in 
infrastructure [117]. With continuous advancements in technology and 
infrastructure, hydrogen production from nuclear energy could 
become a viable and sustainable alternative to fossil fuels in the near 
future.

Discussion and Conclusion
Nuclear energy offers several significant advantages over other 

forms of energy, including the ability to generate large amounts of 
electricity reliably, safely, and without greenhouse gas emissions. 
Additionally, nuclear technology is highly efficient and capable of 
operating for long periods of time, reducing the need for frequent 
maintenance and equipment replacement. However, nuclear energy 
also presents significant challenges in terms of safety and 
environmental impact. The risk of nuclear accidents, such as the 
Chernobyl disaster and the Fukushima accident has highlighted the 
importance of rigorous safety in the nuclear industry. Nuclear waste 
management remains a major challenge, with highly radioactive waste 
remaining hazardous for thousands of years. The assessment of the 
environmental impact of nuclear energy compared to other forms of 
energy is complex and controversial. While nuclear energy does not 
emit greenhouse gases during operation, uranium mining and the 
construction and decommissioning of nuclear power plants can have a 
significant environmental impact, including the release of greenhouse 
gases and the production of toxic waste. The use of large amounts of 
water to cool nuclear reactors can affect water availability in some 
areas. Overall, nuclear energy is a viable energy option but must be 
carefully managed to ensure safety and minimize environmental 
impact. Nuclear technology will continue to evolve and improve, but it 
is important that environmental and safety concerns are considered at 
all stages of nuclear energy production, from uranium mining to safe 
storage of nuclear waste. The implementation of rigorous safety and 
environmental practices and policies is essential to ensure that nuclear 
energy is a sustainable and safe energy option.
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