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Abstract: Nuclear fusion is understood as an energy reaction that does not emit greenhouse gases, and
it has been considered as a long-term source of low-carbon electricity that is favourable to curtail rapid
climate change. Fusion offers a pathway to resolve energy security and the unequal distribution of
energy resources since seawater is its ultimate fuel source and a few grams of fuel can generate mega
kilowatts of power. The development and testing of new materials and technologies are unceasing
to achieve the net fusion energy through national and international collaboration as well as private
partnerships. The ever-growing number of research works report various designs and magnet-based
fusion devices, such as stellarators, lasers, and tokamaks. This article provides an overview on
the utilization of nuclear energy as a clean energy source, as well as the strategies and progress
towards establishing successful commercial fusion energy to the grid and transition to a reliable clean
energy source. The overview focuses on the fusion nuclear development in five major countries,
UK, US, China, Japan, and Russia. Identified technical and financial challenges are also described
at the end of this article. The International Thermonuclear Experimental Reactor (ITER) has been
an international reference program for fusion energy development and most developed countries
with nuclear development capacity are aiming to complete their in-house fusion energy facilities in
parallel to ITER. Many fusion programs are finishing the conceptual design and shifting into the
phase of engineering design for the planned DEMO fusion facilities. The significant challenges were
identified from the perspective of device efficiency and robustness, sustainable funding, and facility
maintenance and safety, which must be addressed diligently to realize fusion energy as alternative
clean energy that mitigates climate change and supports the goals of energy security.

Keywords: clean energy; fission reaction; fusion reaction; ITER; fusion devices; tokamaks

1. Global Outlook of Nuclear Energy for Power Generation

Clean energy and energy security have been the major critical elements strived for
by most countries in the world to drive their economic sustainability and living quality.
Energy that is affordable, clean, stable, and sustainable are the types of energy that capture
global interest for the transition to renewable energy sources and are the means to combat
greenhouse gas (GHG) emissions and climate change. However, the roll out of renewable
energy sources for the energy mix such as solar, wind, hydrothermal, and biomass has
illustrated their challenges. These sources are not uniformly available and are vulnerable,
limited, and fluctuate depending on geopolitics and climate changes. The outlook for alter-
native clean and sustainable energy sources has been expanded into advanced technology
that requires larger investments, extensive exploration, and plausible demonstration.

Nuclear energy is one of the alternative innovative technologies that has growing
interests globally for stable and clean energy generation. It offers minor GHG emissions
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and has the potential to be a cost-competitive technology in a long-run operation [1]. The
Intergovernmental Panel on Climate Change (IPCC) explained that nuclear power can
provide stable low-carbon electricity. For instance, the UN’s Economic Commission for
Europe (UNECE) reported the range of CO2 released from nuclear energy in 2022 was
5.1–6.4 g CO2/kWh, which is the lowest CO2 emitted among all power generation tech-
nologies. Figure 1 compares the number of CO2-equivalent emissions per unit of electricity
generated by major energy sources based on the lifecycle analysis conducted by the United
Nations (UN) IPCC [2]. It indicates the median value for CO2 emitted from nuclear power
plants is 12 g CO2/kWh, which is equivalent to the amount of CO2 emitted from wind and
lower compared to solar and other sources [3]. Coal and biomass co-firing are recognized as
the energy sources with the largest estimated CO2 emissions, which are more than 60-fold
higher than nuclear power.
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By the end of 2022, the United States (US) was reported as the largest supplier of global
nuclear electricity generation; it generated 30% of the total nuclear energy generation, which
is equivalent to 772 TWh, whereas China contributed half of that amount, at 16% of the
total [4]. This capacity has also been contributed to by the initiation of nuclear reactors in
Japan since the Fukushima Daiichi incident in 2011. However, the US’s dependency on
nuclear electricity was considered as minor compared to France, Russia, and South Korea.
Nuclear electricity is the dominant source of power in France, where 63% of the electricity
in the country was generated by nuclear sources, followed by Slovakia and Ukraine, at 59%
and 58%, respectively [5]. The details of the nuclear electricity supplied by major countries
in the world and the share of the total nuclear energy supply in the country are further
illustrated in Figure 2.

The contribution of nuclear power to global electricity production is still considered
as minor compared to the proportions from fossil fuels and renewable sources. It was
recorded that the total worldwide nuclear electricity production by end of 2022 was 2611
TWh, which was only 9.2% of the total global electricity generation [5]. Additionally, no
significant growth was observed between the years 2002 and 2022, where the annual growth
average was about 0.2% [5]. The trend of global nuclear electricity production compared to
fossil fuels and renewable sources in the past 5 years is shown in Figure 3. For instance, the
global nuclear electricity generation in 2022 was observed to be lower by 4.7% compared to
the previous year. This decline is mostly associated with the shutdown of many nuclear
power plants for maintenance in France, Germany, and Japan, which exceed the planned
shutdown schedule. The conflict in Ukraine has also forced several reactors to shut down,
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which is associated with the loss of 21 TWh or 25% of the nuclear electricity produced in the
country [5]. Nonetheless, South Korea, China, and Pakistan managed to increase nuclear
electricity generation.
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nuclear energy.

Nuclear generation is forecasted to increase by nearly 3% annually until 2026 due
to ongoing maintenance completion in France, the resumption of nuclear production at
multiple plants in Japan, and the commencement of commercial operations at new reactors
across various markets such as in China, India, South Korea, and Europe [6]. Many nations
are prioritizing nuclear power in their energy strategies to bolster energy security while
curbing greenhouse gas emissions. Asia, particularly China and India, drives this growth,
with the region’s share of global nuclear generation expected to reach 30% by 2026. The
commercial launch of China’s first fourth-generation reactor in December 2023 further
highlights the surge of China’s global nuclear generation share from 5% in 2014 to around
16% in 2023 [6]. Overall, the world recorded a total of 437 operable nuclear reactors in 2022,
which contributed to the total capacity of 394 GWe and more than 70% of the operable
reactors used within 2018 until 2022 are of the pressurized water reactor (PWR) type [7].
Furthermore, six new reactors have been successfully connected to the grid, as recorded
in China, Finland, Pakistan, South Korea, and the United Arab Emirates. Table 1 lists the
operable nuclear power reactors that were available across the continents as of 2022.
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Table 1. Number of operable nuclear power reactors by the end of 2022 [7].

Type of Nuclear Reactor Asia
Western and

Central
Europe

North
America

Eastern
Europe and

Russia

South
America Total

BWR Boiling Light-Water Cooled and
Moderated Reactor 20 8 33 61

FNR Fast Neutron Reactor 2 2

GCR Gas Cooled, Graphite
Moderated Reactor 8 8

HTGR High Temperature Gas
Cooled Reactor 1 1

LWGR Light-Water Cooled, Graphite
Moderated Reactor 11 11

PHWR Pressurized Heavy-Water
Moderated and Cooled Reactor 23 2 19 3 47

PWR Pressurized Light-Water
Moderated and Cooled Reactor 104 98 61 40 2 307

Total 148 116 113 53 5 437 *

* Total is inclusive of 2 PWR units in Africa.

2. Introduction to Nuclear Fission and Fusion Reaction

Nuclear energy is produced from the core of an atom known as the nucleus, which
contains protons and neutrons. Neutrons are surrounded by electrons that carry negative
electrical charges and protons that carry positive electrical charges. The energy that holds
the nucleus together is enormous and nuclear energy can be released by breaking those
bonds, known as the fission reaction, splitting the nucleus into several parts [6].

The currently deployed nuclear power plants are employing nuclear fission reactions
using uranium atoms [6]. The uranium atom (U-235) has an unstable particle arrangement
and any excitement to the atom can disintegrate the nucleus. Figure 4 illustrates the
splitting of U-235, which comprises 92 protons and 143 neutrons. Neutron bombardment
into the nucleus of U-235 will split the atom and two or three neutrons are released each
time the splitting happens, which creates the potential occurrence of chain reactions [7].
The atom splitting releases tremendous amounts of heat and radiation that can be harvested
for energy generation.
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The fission reaction poses a great risk for reactor meltdown due to the uncontrolled
runaway chain reaction during the atom splitting. Therefore, comprehensive water treat-
ment plants and radioactive waste management systems are crucial elements to the nuclear
power plant for the safe disposal of radioactive wastes and all released materials. It is a
national-scale disaster occurrence should an incident occur, which may lead to a nuclear
explosion and the release of radiation. The history of nuclear incidents shows that radioac-
tive contamination poses fatal threats to health and the surrounding areas, in both the short
and long terms.

The known risks and challenges of performing fission reactions have promoted the
transition to another means of producing nuclear energy, known as the fusion reaction.
Figure 5 summarizes the overall advantages of fusion reactions. In contrast to fission
reactions, fusion reactions take place by forcing two light nuclei together to form a heavier
nucleus, which also releases an enormous amount of nuclear energy [8]. The fusion reaction
is fundamentally safe, has no runaway chain reaction, utilizes fuels with shorter half-lives,
and eliminates highly radioactive and long-life products [9]. The fusion reaction takes place
in plasma, which is a hot gas containing positive ions and electrons that move freely [10].
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Figure 6 demonstrates the fusion reaction using deuterium (D) and tritium (T), which
releases the neutron, helium, and energy. Deuterium and tritium are hydrogen isotopes
that serve as the common working gases in nuclear fusion reactions. The reaction yields
a heavier helium nucleus and emits a neutron. Interestingly, the combined mass of the
resulting helium nucleus and the neutron is slightly less than the combined mass of the
original deuterium and tritium nuclei. Referring to Einstein’s renowned formula, energy
(E) is equal to the product of mass (m) and speed of light (c2), the mass difference during
the reaction is converted into a substantial amount of energy, which is introduced as the
fusion energy [8]. Table 2 lists the fusion fuels that are most reported for the reaction and
under study in predicting the reaction stability and energy generation [9]. It is estimated
that 65% of the worldwide invested fusion programs are focusing on employing D-T fuels
and a large majority of the programs (77%) are aiming for energy production [10].
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Table 2. Fusion fuels that are commonly applied for the fusion reaction demonstration.

Reactants/Fuels Products

D

D
3He (0.8 MeV) + n (2.45 MeV)
T (1.01 MeV) + p (3.02 MeV)

T 4He (3.5 MeV) + n (14.1 MeV)
3He 4He (3.6 MeV) + p (14.7 MeV)
6Li 2 4He + 22.4 MeV

T T 4He + 2 n + 11.3 MeV

3He

T

4He + p + n + 12.1 MeV
4He (4.8 MeV) + D (9.5 MeV) + p (11.9 MeV)
4He (0.5 MeV) + n (1.9 MeV) + p (11.9 MeV)

3He 4He + 2 p
6Li 2 4He + p + 16.9 MeV

p
6Li 4He (1.7 MeV) + 3He (2.3 MeV)
11B 3 4He + 8.7 MeV

Fusion is considered as an energy-efficient technology. The amount of generated en-
ergy can be fourfold greater than from fission reactions [11] and approximately four million
times higher than when burning coal or oil [12]. Theoretically, small amounts of fusion
fuels (on a gram scale) can generate energy in terajoule scales, which is the sum of the
energy per capita for sixty years in a developed country [9]. It is estimated that the energy
yield from a kilogram of fusion fuel is equivalent to 10 million kilograms of fossil fuel [13].
Research on controlled nuclear fusion and plasma physics is currently conducted in over
50 member states of the International Atomic Energy Agency (IAEA). The objective is to
demonstrate the scientific viability of fusion as a potential energy source [14].

Joint European Torus (JET) has successfully demonstrated its D-T fusion experiment; it
was able to produce 59 MJ of energy over a five-second duration by burning only 170 micro-
grams of the deuterium–tritium fuel and yielded an average fusion power of 11 MW [13].
In December 2022, the Lawrence Livermore National Laboratory (LLNL) successfully ob-
tained a positive energy return on investment (EROI). The conducted experiment managed
to surpass the threshold energy by achieving 3.15 MJ of fusion energy output by delivering
2.05 MJ of energy to the target [15]. It is a ground-breaking finding that further shifted
the expectation of fusion as a viable source of power and electricity generation by 2055.
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This goal is indicated in the EU fusion roadmap and this achievement has ramped up the
momentum of nuclear fusion toward rapid progress for commercialization [16].

Nuclear fusion was first introduced into international dialogue during the 26th Confer-
ence of Parties (COP26) in 2021 by the United Nations Framework Convention on Climate
Change (UNFCC) [17] (this was almost 70 years after it was first initiated in 1950) as hav-
ing the potential to curtail climate change and be used as a nuclear weapon [18]. Fusion
technology has diverse market sectors and can significantly impact the national and global
economy. For instance, electricity generation is the most interesting market sector aimed by
the private sector, whereas industrial heat and hydrogen/clean fuels are considered the
most potential spin-off markets to invest in [19]. However, there are other market sectors
with the potential for booming, such as off-grid energy, medical uses, as well as space and
marine propulsion. The findings of a market survey of the private sector on the market
potential of fusion technology are illustrated in Figure 7.
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3. Development of Fusion Plants: Scale and Readiness
3.1. Overview of the Fusion Device

In 2022, the International Atomic Energy Agency (IAEA) recorded a total of 143 fusion
devices around the world that are operational, under construction, and planned; this total
comprises 131 experimental designs and 12 DEMO designs. The configuration of the
designs is defined by four categories, tokamaks, stellarators/heliotrons, laser/initial, and
alternative concepts such as dense plasma focus, inertial electrostatic fusion, magnetized
target fusion, reverse field pinch, and spheromak [20]. To date, all operating fusion devices
are experimental designs, a total of 98, whereas 11 experimental designs are under con-
struction. Conversely, all DEMO fusion devices are still only planned and not built. In 2023,
there were nine tokamak configuration devices that were planned to be established at a
DEMO scale, with six of them affiliated to public ownership. Figure 8 shows the classifi-
cation of worldwide fusion devices according to the design and configuration, whereas
Figure 9 describes the status of the designed fusion devices. These outlooks suggest that
fusion devices that are globally ready for the current scenario exist at an experimental scale,
and tokamak is depicted as the most established experimental design configuration, while
global interest in alternative designs is growing.
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Tokamak is a Russian acronym meaning “toroidal chamber with magnetic coils” [21]. It
is a magnetic confinement fusion (MCF) device that offers superior confinement capabilities
and simple construction. MCF applies a magnetic field as the containment mechanism to
hold hot plasma at temperatures exceeding 10 keV in the device [8]. The magnetic mirror
represents the most basic design for these devices, yet it exhibits limited confinement
capability. Intense magnetic fields in tokamaks are generated via three magnetic field
configurations by the coils at the torus, which are referred to as toroidal, poloidal, and
helical magnetic fields [22]. The toroidal magnetic field is directed in the longitude direction
around the torus, whereas the poloidal magnetic field is directed in the short direction
around the torus. These two magnetic fields result in twisted magnetic fields that confine
the plasma [23]. The shape and position of the plasma are controlled by the outer poloidal
coil via generation of the outer poloidal field. The helical magnetic field is formed in the
tokamak due to the toroidal coils that generate the toroidal field and also due to the plasma
current that produces the poloidal field [24]. Conversely, the stellarator configuration device
offers a superior confinement performance that facilitates steady-state operation with fewer
magnetohydrodynamic (MHD) instabilities and minimal disruption occurrences [8,25].
However, the stellarator has a highly intricate design that poses significant challenges
for manufacturing.

The world’s largest operating tokamak experiment has been established through the
Joint European Torus (JET), and the device can hold a mega-ampere of plasma currents.
JET is also referred to as the experimental flagship of fusion technology in Europe [13].
However, the highest number of available tokamaks in the world in 2023 was in Japan,
which had a total unit of 13 devices, followed by China, US, Russia, and the UK [20].
The largest proportion of the total number of fusion device units with all types of design
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configurations is located in the US which has 30.4% of the total, equivalent to 34 devices,
half of which are fusion devices of various alternative concept configurations [20]. The list
of operational tokamak experiments around the world is summarized in Table 3, whereas
Figure 10 compares the number of fusion devices according to design configuration in the
top 10 countries of fusion technology.
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Table 3. Operating Experimental Tokamaks as of 2022 [9].

Country Type Number of Devices

Brazil
Conventional Tokamak 2

Spherical Tokamak 1

Canada Conventional Tokamak 1

China
Conventional Tokamak 4

Spherical Tokamak 2

Costa Rica Spherical Tokamak 1

Czech Republic Conventional Tokamak 1

Denmark Spherical Tokamak 1

Egypt Conventional Tokamak 1

France Conventional Tokamak 1

Germany Conventional Tokamak 1

India Conventional Tokamak 2

Iran Conventional Tokamak 3

Italy Conventional Tokamak 1

Japan
Conventional Tokamak 5

Spherical Tokamak 4

Kazakhstan Spherical Tokamak 1

Libya Conventional Tokamak 1

Pakistan Spherical Tokamak 2

Portugal Conventional Tokamak 1

South Korea
Conventional Tokamak 1

Spherical Tokamak 1
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Table 3. Cont.

Country Type Number of Devices

Russia
Conventional Tokamak 3

Spherical Tokamak 2

Switzerland Conventional Tokamak 1

United Kingdom
Conventional Tokamak 1

Spherical Tokamak 2

United States
Conventional Tokamak 2

Spherical Tokamak 3

3.2. Establishment of the International Thermonuclear Experimental Reactor (ITER) and DEMO

The great international joint experimental works known as the International Ther-
monuclear Experimental Reactor or ITER, was inaugurated due to the challenges observed
in JET [13]. The challenges arise due to the high auxiliary power requirements for heating
the systems and energizing the magnetic coils, limitations that led to the usage of supercon-
ducting magnets in ITER. ITER is being built in Southern France through a collaboration
among 35 nations including those in the European Union, China, India, Japan, South Korea,
Russia, and US [26]. Its primary objective is to investigate and demonstrate plasma burning
that can minimize or eliminate the need for the external heating of fusion devices [26]. The
scientific goal of ITER is to prove the viability of generating 500 MW of fusion power with
a Q factor of 10 and sustaining it for 400 s [27]. The tokamak at ITER is expected to produce
13 tesla of superconducting magnet field, equivalent to 280 thousand times the Earth’s
magnetic field [23]. The construction of the ITER facility is based on detailed safety studies
and considerations, which were evaluated and authorized by the French Nuclear Safety
Authority [28]. It is structured to investigate the capability for tritium breeding, since the
tritium self-sufficiency and its capacity are still obscure.

The assembly and integration work for ITER commenced in July 2020 and, to date,
the program has faced multiple challenges to achieve its objectives. Among the crucial
challenges included managing off-normal events, comprehending the confinement and
transport physics of the burning plasma, addressing the high-power particle and heat
flux exhaust issues on the diverter, understanding energetic particle behavior, achieving
high-performance long pulse and steady-state operation, and ensuring successful tritium
breeding and retention [27]. However, the physical completion percentage for the first
plasma continues to grow and had managed to achieve 77.0% progress by the end of June
2022 [29]. The European nations shoulder most of the construction costs (45.6%), with the
remaining expenses evenly distributed among China, India, Japan, South Korea, Russia,
and the US (9.1% each) [30].

ITER’s program is based on a scientific and technological research facility focusing
on a tokamak with a single-null poloidal divertor [31]. Its toroidal field (TF) coils adopt a
D-shaped configuration, whereas the reactor operates with vertically elongated plasmas.
The tokamak structure measures 29 m in diameter and 30 m in height. The following are
among the milestones charted through ITER [31]:

• Attain a quasi-stationary plasma discharge that is sustained under inductive discharge
conditions.

• Validate the achievement of stationary operation through non-inductive discharge
current drive.

• Demonstrate the technical feasibility and conduct training exercises by utilizing fusion
technologies and equipment.

• Evaluate key functional components intended for future reactors.
• Assess materials and equipment within a fusion-neutron-irradiation environment.
• Validate blanket concepts and investigate various tritium breeding modules.
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The success of the heating power generated by ITER will be translated into electricity
for the grid by 2050, known as DEMO [13]. ITER will bridge the gap for DEMO establish-
ment and subsequently be geared towards attaining the tritium self-sustainability of the
planned DEMO [32]. It will pave the way for the future of fusion power in terms of the
commercialization and production of a cost-efficient and carbon-free energy market [33].
Figure 11 visualizes the milestone schedule of both ITER and DEMO, as well as the in-
tegration of information from activities conducted at ITER towards the establishment of
DEMO [16]. DEMO initiated its pre-conceptual design in 2014 and is expected to achieve
its final milestone by 2060, when the commissioning and operation of DEMO take place.
In the current year, DEMO is at the second milestone, the conceptual design, which is
scheduled to be completed by 2027. Meanwhile, ITER is expected to initiate its operation
in 2025, using the first plasma, and be able to generate data for DEMO from six major
activities within 15 years of its program [16]. DEMO will be operational around 20 years
after high-power burning plasmas are demonstrated in ITER; ITER should be functional
for high-power operation by the end of 2040 [16]. Overall, the roadmap is set to achieve its
ultimate goal by the second half of the century.
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DEMO is expected to include tritium breeding for fusion fuel, demonstrate suitable
material for neutron handling, and illustrate the requirement of safety, environmental
sustainability, and sufficient technology for an established commercial power plant. For in-
stance, the European union aims to initiate the major engineering design for DEMO by 2030
and have the plant ready for operation by 2040 [16]. The plan for DEMO establishment in
other countries using tokamak configurations and their design properties are summarized
in Tables 4 and 5, respectively.
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Table 4. Plan for DEMO fusion devices using tokamak configurations by various countries [20].

Country Organization Device Name Details of Construction

United Kingdom
UKAEA STEP The first phase is producing a design concept by March

2024 and the construction of the prototype power plant
aims to be completed by 2040.Tokamak Energy DST-E1

United States

Commonwealth
Fusion System ARC

Aims to bring fusion for commercial viability during
2035–2040 by positioning the country as a leader in fusion
and speeding up the transition to low-carbon energy
by 2050.General Atomics GA-FPP

China Chinese Consortium CFETR
Bridge the gap between ITER and DEMOs, where the
construction started in the 2020s and there will be
construction of a DEMO in the 2030s.

European Union Eurofusion EU-DEMO
Demonstrate technology and economic viability of fusion
through hundreds of MWs of net electricity. It is currently
in the conceptual design phase (2021–2027).

Japan Japanese Consortium JA-DEMO Construction is planned to start around 2035.

South Korea Korea Institute of
Fusion Energy K-DEMO

The conceptual design study was initiated in 2012 and
aims for construction by 2037. The first phase (2037–2050)
device will be used for component development and
testing and will be applied for phase two, where the
demonstration of net electricity generation is by 2050.

Russia Russian Consortium STEP

It aims to harvest fusion-produced neutrons to turn
uranium into nuclear fuel and destroy radioactive waste.
It is planned to be built by 2023 and is part of the
country’s fast-track strategy to establish a fusion power
plant by 2050.

Table 5. Design properties of DEMO tokamaks from China, South Korea, Japan, the US, and the EU
as compared to ITER [9].

Device Name
Radius of Plasma (R, m) Central Magnetic

Field (Bt, T)
Elongation

Ratio (κ)
Plasma Current

(Ip, MA)
Fusion Power

(GW)Major Minor

ITER 6.2 2.0 5.3 1.7 15 0.5

EU-DEMO 9.1 2.9 5.86 1.65 17.75 2.0

CFETR 7.2 2.2 6.5 2.0 13 1

K-DEMO 6.8 2.1 7.4 1.8 >12 ≈3

JA-DEMO 8.5 2.42 5.94 1.65 12.3 1.46

ARC 3.3 1.1 9.2 1.84 7.8 0.53

3.3. Safety Standards for Nuclear Fusion Energy Technology Development

As the power generation through fusion energy emerges as a promising, clean, and
sustainable future energy resource, its practical implementation is potentially associated
with radiological and industrial hazards. These concerning risks necessitate the develop-
ment of safety standards to address such hazards, ensuring the safety of both people and
the environment, as well as to foster public trust in nuclear power generation programs.
The inadequacy of legislative and regulatory frameworks for engineering design may lead
to major safety accidents that can cause detrimental impacts and fatalities [34].

The American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel
(BPVC) and the French Association for Design, Construction and In-Service Inspection
Rules for Nuclear Steam Supply Components (AFCEN) RCC/RCC-MRx are among the
common industrial standards widely used as the basis for the engineering designs of me-
chanical components in fusion reactors [35]. In 2023, ASME BPVC Section III Division 4 was
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issued to provide requirements for the construction of fusion energy devices, specifically for
commercial applications on a global scale. The standard covers two primary fusion device
concepts: magnetic confinement fusion (MCF), like tokamaks, and inertial confinement
fusion (ICF) [3]. This code and standard will serve as a universal basis for the construction,
licensing, and operation of fusion facilities, such as compact pilot plants and DEMOs.
Within Section III, this code specifically provides the guidelines on the design, manufac-
turing, and construction of fusion-related components such as vacuum vessels, cryostats,
and superconductor structures and their interactions with each other. Additionally, the
standard also covers on the support structures, materials, containment structures, piping,
vessels, valves, pumps, and supports related to fusion energy devices. The development
of these codes and standards will provide a strong foundation for the advancement of the
fusion industry.

On the other hand, in China, the Nuclear Safety Law 2017 and the Law on Prevention
and Control of Radioactive Pollution 2003 established the foundation for nuclear safety
to safeguard the engineering design of CEFTR [36]. Moreover, the safety regulations for
nuclear energy in China have also been complemented by seven administrative regulations
approved by the State Council. Additionally, national standards and industry standards,
such as GB18871-2002 (basic standards for protection against ionizing radiation and the
safety of radiation sources) and GB6249-2011 (standards for the environmental radiation
protection of a nuclear power plant), provide guidelines for radiation protection in nuclear
facilities [36]. Meanwhile, for ITER, the licensing process involved approval by the French
Nuclear Safety Authority (ASN) as a basic nuclear installation (INB) after the submission
of project, environment, and safety reports [37,38]. The involvement of the ASN in the
licensing process for ITER includes reviewing safety files submitted by the ITER organi-
zation such as the preliminary safety report (Rapport Préliminaire de Sûreté, RPrS). RPrS
covers an extensive safety analyses and assessments that are scrutinized by the ASN and
its technical advisors These regulatory frameworks and licensing procedures are essential
for ensuring nuclear safety and compliance with standards in both China and ITER.

3.4. The United Kingdom (UK)

Fusion in Europe was initiated in 1957 by the Euratom Treaty, which recognized the
European Atomic Energy Committee to ensure the acceleration of fusion technology in the
region [39]. The collaboration of major fusion laboratories in Europe happens through a
consortium known as EUROfusion, and the design of JET was initiated through European
collaboration by making Culham in Oxfordshire the host of the project [17]. Since then,
JET has been the largest operational magnetic confinement plasma physics experiment
in the world; it was completed in 1983 and achieved its first plasma [18]. Furthermore,
the Culham Centre for Fusion Energy (CCFE) in Oxfordshire has been the base of the UK
fusion research program and the fusion research arm of the UK Atomic Energy Authority
(UKAEA). Most of the research works at the CCFE are funded under the Euratom Treaty
through the Engineering and Physical Sciences Research Council and European Union [13].
The UK Department for Energy Security and Net Zero assigned and sponsored the UKAEA
as the national body that is responsible for the research and execution of fusion technology
in the country [40]. For instance, GBP 650 million has been utilized by the UKAEA for the
Fusion Futures Program to support the UK Fusion Strategy and establish new facilities at
the CCFE that will accelerate the advancements in fusion fuel cycle technology [40]. The
UK Fusion Strategy was planned for timeframe from 2022 to 2026, with the mission of
leading sustainable fusion energy delivery and maximizing the benefits scientifically and
economically [41]. Four strategic goals have been incorporated into the strategy, which are
illustrated in Figure 12.

EUROfusion has rolled out the fusion energy roadmap in Europe to build fusion power
plants and produce electricity for commercialization through the establishment of JET in
the UK [16]. Figure 13 illustrates the strategies for the fusion research roadmap in Europe
to establish a fusion power plant [13]. However, the operational phase of the JET fusion
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experiment was terminated by the end of 2023 [42]. The decommissioning of JET presents a
distinctive chance for the UK to gain insights into the challenges associated with this process.
It will strengthen the country’s plans for future commercial fusion facilities and help to
develop intellectual property and maintain the necessary skills for decommissioning future
fusion power plants [42]. The UK has launched the JET decommissioning and repurposing
(JDR) program to elucidate the entire life cycle of a fusion power plant [43]. It will foster
groundbreaking research and innovation, defining the prerequisites for the safe and ethical
execution of fusion decommissioning and repurposing efforts. As of 2023, the JDR program
is progressing toward submitting an outline business case (OBC) to the Department for
Business, Energy, and Industrial Strategy (BEIS) [43].
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The UK government announced the founding of UK Industrial Fusion Solutions Ltd.
to build a prototype fusion power plant known as spherical tokamak for energy production
(STEP) by 2040 [10].The announcement also came with specific regulations on fusion that
exclude nuclear licensing requirements. The government has already allocated over GBP



Sustainability 2024, 16, 4089 15 of 34

240 m for the initial phase of STEP up to 2024, with an additional commitment bringing
the total funding to over GBP 300 m by 2025 [42]. The forthcoming tranche, starting in
2024, will yield independent benefits such as fostering skills and expertise, generating data
and intellectual property, and bolstering UK supply chains [42]. STEP’s pivotal role lies
in showcasing the commercial feasibility of fusion through the operation of large-scale
fusion systems within a single energy-producing facility, thus catalyzing the entire fusion
sector in the UK. It will demonstrate the ability of fusion to generate net electricity, allow
familiarization with the operational handling of fusion power plants, and authenticate the
production of fusion fuel [44]. As described in Figure 14, STEP will be conducted in three
phases, where the tokamaks will be connected to the National Grid, although it is yet to be
at the commercial stage [45]. As of now, STEP is concluding its Phase I, which is to produce
a concept design of a compact “spherical tokamak” reactor concept for a fusion power
plant by 2024 and, thus, STEP can be considered as one of the reference fusion facilities for
the concept design of an integrated plant sometime this year.
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The UKAEA’s Mega-Amp Spherical Tokamak-Upgrade (MAST-U) represents an inno-
vative approach to fusion research and aimed at exploring the feasibility of fusion power
production in a more cost-effective and scalable manner [42]. The original MAST experi-
ment was in operation from 2000 to 2013 and demonstrated a reliable performance that
constituted a significant upgrade once completed in 2020. Its enhanced version, called
MAST Upgrade, has major new capabilities such as plasma capabilities and an exhaust sys-
tem [16]. This upgraded version was finalized in 2021 and has yielded a tenfold reduction
in the heat transferred from the plasma to the surrounding components [42]. MAST-U and
STEP will provide significant support to the implementation of ITER and DEMO. In the
next plan, the UK government aims to solve the challenges of fusion commercialization
by building a fusion fuel cycle facility via a partnership with academics and industry. The
government also plans to utilize the lesson learnt by JDR to develop technical skills and
expertise for a future fusion power plan as well as finding new alternatives for collaboration
and expert sharing with ITER [42].

3.5. The United States (US)

The United States (US) has set the goal of achieving net-zero emissions by 2050,
with a dual focus on bolstering energy security and fortifying America’s technological
competitive advantage. For decades, the country has invested in its domestic fusion
program, primarily spearheaded by the Department of Energy National Laboratories, and
actively participated in significant international collaborations in the field of fusion research.
For instance, the US National Ignition Facility (NIF), through the Lawrence Livermore
National Laboratory (LLNL), engaged in firing laser beams onto frozen pallets of deuterium
and tritium in diamond capsules that were suspended inside a gold cylinder [46]. The
laboratory managed to perform the first experiment that reached “ignition” in December
2022, where 54% more energy was released than energy consumed, and at least three more
ignitions have been obtained since then [46]. Based on this breakthrough in the physics of
magnetically confined plasmas, the US aims for fusion pilot plants by the 2040s, with the
vision of economically attractive fusion energy [47]. In 2023, the US had the highest number
of fusion devices in the world. The US has a total of 34 fusion devices (including those
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planned, under construction, and currently operating), where 5 devices will be developed as
DEMO. The largest device configuration interest in US is for alternative concepts, followed
by tokamaks [20]. Figure 15 summarizes all the fusion devices in the US according to the
device configuration, status of construction, and device ownership.

Sustainability 2024, 16, x FOR PEER REVIEW 17 of 37 
 

December 2022, where 54% more energy was released than energy consumed, and at least 
three more ignitions have been obtained since then [46]. Based on this breakthrough in the 
physics of magnetically confined plasmas, the US aims for fusion pilot plants by the 2040s, 
with the vision of economically attractive fusion energy [47]. In 2023, the US had the 
highest number of fusion devices in the world. The US has a total of 34 fusion devices 
(including those planned, under construction, and currently operating), where 5 devices 
will be developed as DEMO. The largest device configuration interest in US is for 
alternative concepts, followed by tokamaks [20]. Figure 15 summarizes all the fusion 
devices in the US according to the device configuration, status of construction, and device 
ownership. 

 
Figure 15. Number and status of fusion devices in the US. 

The US Department of Energy (DOE) established the Fusion Energy Sciences (FES) 
program under the Office of Science, with the mission of gathering scientific and 
engineering expertise. Four research elements were introduced to support the mission, 
based on the concept of plasma sciences [48]. Each research element incorporates the 
activities of targeted scientific research regimes that can contribute towards the 
implementation of the overall US fusion program accordingly. The details of each research 
element in FES are described in Figure 16. US-DOE also co-hosted its first summit on 
fusion in early 2022, where the government announced three new initiatives towards 
developing commercial fusion energy as follows [49]: 
• Community engagement: establish a decadal strategy to promote the understanding 

of commercial fusion energy by all stakeholders. 
• Launch of a wide fusion initiative: aim to accelerate the feasibility of commercial 

fusion energy in the private sector. 
• Funding opportunities: two funding amounts of USD 50 million to support advanced 

technology and scientific research on the fusion pilot plant. 
Private sector involvement in fusion R&D has been observed to have increased 

dramatically in the US since, to mitigate the challenges in developing fusion energy, it was 
opened up for investment in 2019. In 2020, the US Congress increased the financial 
allocation for the fusion programs to be performed at Inertial Confinement Fusion Mission 
National Laboratories [34]. Currently, the largest new fusion research work in the US is 
being conducted by the private sector, where both the 3- and 5-year moving averages 
investment in the country have exceeded the annual budget allocated for the FES program 

Figure 15. Number and status of fusion devices in the US.

The US Department of Energy (DOE) established the Fusion Energy Sciences (FES)
program under the Office of Science, with the mission of gathering scientific and engineer-
ing expertise. Four research elements were introduced to support the mission, based on
the concept of plasma sciences [48]. Each research element incorporates the activities of
targeted scientific research regimes that can contribute towards the implementation of the
overall US fusion program accordingly. The details of each research element in FES are
described in Figure 16. US-DOE also co-hosted its first summit on fusion in early 2022,
where the government announced three new initiatives towards developing commercial
fusion energy as follows [49]:

• Community engagement: establish a decadal strategy to promote the understanding
of commercial fusion energy by all stakeholders.

• Launch of a wide fusion initiative: aim to accelerate the feasibility of commercial
fusion energy in the private sector.

• Funding opportunities: two funding amounts of USD 50 million to support advanced
technology and scientific research on the fusion pilot plant.

Private sector involvement in fusion R&D has been observed to have increased dramat-
ically in the US since, to mitigate the challenges in developing fusion energy, it was opened
up for investment in 2019. In 2020, the US Congress increased the financial allocation for
the fusion programs to be performed at Inertial Confinement Fusion Mission National Lab-
oratories [34]. Currently, the largest new fusion research work in the US is being conducted
by the private sector, where both the 3- and 5-year moving averages investment in the
country have exceeded the annual budget allocated for the FES program [50]. The US has
become the home for 43% of the headquarters of global private companies that invest in
fusion technology [19].

Multiple kinds of fusion device configurations are planned, developed, and operated
in various fusion facilities. One of the DEMO tokamak fusion devices planned for operation
in the US, known as the affordable, robust, compact (ARC) reactor has been developed at
Massachusetts Institute of Technology (MIT). It is designed to be functionally flexible for
use in both fusion power plants and fusion nuclear science facility (FNSF) testing in D-T
environments [51]. The ARC reactor offers an overall cost reduction in reactor building
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due to its smaller size and allows for modification in the device operation and functionality
due to its modular nature. The flexible properties of ARC enable innovative operational
design and minimize the cost as well as the risk of testing failures. It also employs fluorine
lithium beryllium (FLiBe) molten salt, which permits an output blanket temperature of
900 K and has high efficiency in the helium Brayton cycle, which permits the generation of
net electricity while operating as a pilot power plant [51].
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The technology and physics applied by ARC has been further verified by the SPARC
tokamak project. SPARC demonstrates burning-plasma regimes in high fields for fusion
power plants and exploits the enhancement of high-temperature superconductor (HTS)
materials that lead to the advancement of fusion technology and facility construction. As
such, SPARC aims to demonstrate the viability of rare earth barium copper oxide (REBCO)
HTS magnet application in an integrated fusion confinement facility [52]. REBCO offers
high magnetic fields that allow the device to be built at a smaller size, thus accelerating the
completion of device construction and enhancing the cost effectiveness of the reactor [53].
SPARC is also targeted to achieve a fusion gain (Q) larger than 2, which is the critical
indicator to pave the way for commercializing fusion energy [52]. The construction of the
device was initiated the middle of 2021, and it is expected to generate a fusion power of
140 MW with plasma gain of Q ≈ 11 [52].

The US has also intensified its fusion program through strategic partnerships with
the European region. The country sealed a strategic partnership with the Department for
Energy Security and Net Zero of the United Kingdom and Northern Ireland (DESNZ) to
strengthen the US’s bold decadal vision for commercial fusion energy and, additionally, the
UK’s Fusion Strategy. This partnership has accelerated the demonstration and commercial-
ization of fusion energy in both countries [54]. For instance, the UK and US partnerships
have involved UKAEA–Princeton Plasma Physics Laboratory Fusion Fellowships, MAST-U
tokamak, and the DIII-D National Fusion Facility [54].

The US is an active member of ITER by supplying 9.1% of the overall ITER construction
cost [30]. The ITER project is succeeded by Oak Ridge National Laboratory, with two partner
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laboratories known as the Princeton Plasma Physics Laboratory and the Savannah River
National Laboratory, where their mission is to design, construct, and assemble a burning
plasma experiment [55]. The country is fully responsible for contributing the hardware for
ITER, such as vacuum auxiliary and roughing pump systems, central solenoids, pellet inject
(fueling) systems, tokamak exhaust processing systems, disruption mitigation systems,
and tokamak cooling water systems [55]. To date, the US has managed to accomplish
75% of its project milestones by delivering the essential parts for energizing the pumps
and auxiliary systems at the ITER facility, known as the steady-state electrical network
(SSEN). The country also concluded its final review of the design of the tokamak cooling
water system for ITER in October 2023. Thus, the US is actively progressing towards the
establishment and operation of ITER.

3.6. China

China is the fourth country that has develop superconducting tokamaks through its
advanced research on HT-7 tokamaks, which led to the foundation of research into magnetic
confinement fusion (MCF) and the roll out of a fusion energy roadmap [25]. The country
strengthens its commitment to fusion, as influenced by the breakthrough achievement
of the NLC in the US, which attained net fusion energy and the announcement of the
fusion roadmap by the EU to realize fusion plants by 2055. It was reported that a research
facility in China implemented a high-confinement operation mode with a plasma current
in August 2023, which is considered the first implementation in the world [56]. Currently,
six tokamaks are operable in China at the experimental scale, the details of which are
summarized in Table 6. Most fusion devices in China are of the tokamak configuration,
where one tokamak is planned for DEMO by the Chinese Consortium, known as the China
Fusion Engineering Test Reactor (CFETR).

Table 6. The available tokamaks currently operating in China at an experimental scale [20].

Tokamak Type Device Name Organization

Conventional

Experimental Advanced
Superconducting Tokamak (EAST)

Institute of Plasma Physics,
Chinese Academy of Sciences

Huan-Liuqi-2A (HL-2A) Southwestern Institute of Physics
Huan-Liu-3 (HL-3)

Joint Texas Experimental
Tokamak (J-TEXT)

Huazhong University of Science
and Technology

Spherical

Sino-United Spherical
Tokamak (SUNIST-1) Tsinghua University

XuanLong Experiment (EXL-50) ENN

CFETR is a magnetic confinement fusion device that is planned to realize commercial
fusion energy in China and bridge the gaps between ITER and EU-DEMO [57]. The
conceptual design of this conventional tokamak was completed in 2015, and its construction
is expected to be accomplished by 2040 [9]. CFETR aims to obtain a net engineering gain of
higher than 1 (Qeng > 1) [9]. The R&D of CFETR will be executed in two phases, where the
first phase will focus on achieving steady-state operation and self-sufficiency with fusion
power up to 200 MW, whereas the second phase will focus on validating relevant issues for
DEMO operation with fusion power above 1 GW [9].

One of the challenges of executing CFETR is the graded conductor design of the
toroidal field (TF) magnet, which can be resolved by having a TF magnet with a high
current carrying capacity and strong magnetic field [32]. The higher magnetic field is
favorable for the tokamak due to better confinement and fewer transportation issues,
despite difficulties in its engineering design. In addition, low fusion power is required
for steady-state operation and tritium breeding, which eliminates the necessity of having
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high-Q-burning plasma [27]. An efficient auxiliary drive and high bootstrap current can
generate the reliable steady-state operation of a DEMO [27]. Wan et al. [58] estimated
more fusion power and a better steady-state operation was demonstrated by relatively low
density with a normalized energy confinement time H98 of less than 1.3, due to a higher
current drive efficiency and large effective collision. The tritium self-sufficiency device is
also achievable by having a high fuel-burning rate, advanced tritium breeding blankets,
and a tritium factory [27]. CFETR also requires further investigation to find a diverter that
has a long service life, is cost efficient, and is compatible with remote maintenance [32].

In 1998, the Chinese government approved a national mega-project of scientific re-
search initially known as the HT-7U superconducting tokamak and later renamed as the
Experimental Advanced Superconducting Tokamak (EAST) in 2003 [59]. Its primary ob-
jective is to comprehensively explore the physics and technologies involved in advanced
tokamak operations, particularly focusing on the mechanisms for power and particle man-
agement in steady-state operations. The scientific and engineering goals of the EAST project
are to investigate the physics challenges of advanced steady-state tokamak operations and
to establish the technological foundation for full superconducting tokamaks [59]. This
device has demonstrated high performance and long pulse operation, which can be a sig-
nificant reference for future device development, including ITER, CFETR, and DEMO [8].
Similar to ITER, EAST is the first fully superconducting tokamak that applies advanced
divertor configurations and heating schemes [60]. EAST has successfully achieved a novel
steady-state H mode without experiencing edge-localized modes (ELMs), for an extended
duration surpassing hundreds of energy confinement times [61]. The ELM is the magne-
tohydrodynamic (MHD) instability that causes periodic spikes of heat and particle fluxes
in the plasma-facing components [61]. This breakthrough solved one of the primary chal-
lenges confronted by ITER due to the basic long-pulse high-confinement operation (H
mode scenario). Figure 17 illustrates the fusion roadmap proposed for the development
of magnetic confinement fusion (MCF) in China towards fusion commercialization [27].
The roadmap includes both short- and long-term strategies, and one of the short-term
strategies was the establishment of advanced platforms for research in plasma physics such
as EAST [27].
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China aims to achieve 50–200 MW fusion power with a Qplasma of 1–5, self-sufficiency
with a tritium breeding ratio (TBR) of more than 1, and neutron radiation effects of 10 dpa
during the first phase operation of CFETR. In the second phase, the fusion power is expected
to increase by 1 GW with a Qplasma of more than 10 and a neutron irradiation effect of
50 dpa [32]. The phase transition requires alteration to the major and minor radius of
the tokamak from 5.7 m and 7.2 m, respectively, to 1.6 m and 2.2 m, respectively. This
DEMO device will highlight the stability control of combusted plasma, continuous power
generation, fusion energy, and self-sustainability of tritium [32].

China also participates in the development of ITER and is responsible for providing
several parts of the ITER tokamak, such as 31 units of magnet feeders, 18 superconduct-
ing correction coils, and electrical conversion components [62]. Four units of converter
transformers, weighing 128 ton each, were successfully supplied to ITER in October 2022.
China also supplied its pulsed power electrical system (PPEN) voltage transformers to
ITER in 2023, which enabled the ITER tokamak to deliver the power into its magnet coils,
heating, and current drive system during plasma pulses [62]. Over 70% of the technology
gained from knowledge and experience in ITER will be applied to the construction of
CFETR. In addition, more than 50% of CN-ITER-PA has been completed through qualified
components received by ITER-IO and there is significant progress on ITER-PA [63]. Overall,
ITER has been a great platform to accelerate the progress of MCF development in China
since its participation in 2006.

3.7. Japan

Japan founded its Japan National Policy in 2021 to further accelerate the country’s
development in fusion science [29]. Figure 18 explains the detailed strategies of fusion science
allocated in the Japan National Policy 2021. The strategies focus on magnifying the R&D
promotion, demonstration, and utilization of fusion sciences and technology toward cleaner
energy through domestic and international platforms. This strategy includes the development
of fusion devices and visualization for commercialization. To date, Japan has recorded the
highest number of tokamak devices available and planned for construction in the world. The
country has 13 tokamaks, and 9 of them are currently operating, as listed in Table 7.
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Table 7. The operational tokamak fusion devices available at an experimental scale in Japan.

Tokamak Type Device Name Organization

Conventional

PLATO Kyushu University

HYBTOK-II Nagoya University

TOKASTAR-2 Nagoya University

JT-60SA National Institutes for Quantum and Radiology
Science & Technology

PHiX Tokyo Institute of Technology

Spherical

LATE Kyoto University

QUEST Kyushu University

TS-4U

The University of Tokyo
TS-6

TST-2

UTST

HIST University of Hyogo

Japan is currently in the stage of completing the conceptual design of a fusion demon-
stration device (DEMO) known as JA-DEMO, in parallel to the construction of ITER. The
deuterium (D) and tritium (T) fuels in JA-DEMO are supplied using gas puff, pellet in-
jection, and neutral beam injection and require a closed D-T cycle for fuel recycling since
the fuel combustion rate is around 1.7% [64]. JA-DEMO aims to demonstrate reliable
power-plant-scale power generation, possess a self-sufficient supply of tritium, and have
the potential to extend for commercialization [65]. The device will have a larger magnetic
field and toroidal field than ITER. The larger size may introduce technical challenges to
obtain stable electric power generation as low as 1.5 GW. Thus, the device will require
performance testing once it transits into the engineering design phase before the completion
of conceptual design in 2025 [65].

JA-DEMO is designed with major radius of 8.5 m and with a fusion power of 1.5 to
2 GW. Small fusion power allows for greater realistic design of the divertor for heat removal.
Major changes in the design developed in the past decade have been observed since Japan
changed its policy for the lower power target of JA-DEMO [66]. For instance, the internal
structure and pressure tightness of the breeding blanket (BB) must be simplified and the
size of radioactive waste facilities needs to be redesigned with a down-sizing factor or
introducing temporary waste management facilities [66].

Figure 19 describes the roadmap of fusion science in Japan and its strategy towards
DEMO construction for fusion power generation. The conceptual design of JA-DEMO is
expected to be completed by 2025, and the next phase will progress into engineering design
together with full-scale technology development [65]. Japan has initiated several programs
in parallel with ITER to support the success of JA-DEMO, such as testing devices JT-60SA,
fusion neutron source generation, and blanket development. The roadmap also includes
additional research on large helical devices, high-power lasers, as well as social relation
activities. All designs, testing, analysis, and verifications will validate the steady-state
operation of JA-DEMO and its construction. For instance, JT-60SA is utilized to achieve
the technical targets for ITER and realize DEMO by conducting the burn control and
engineering test [67].

The demonstration of high-energy neutron irradiation is also crucial before DEMO
design and fabrication. Thus, Japan has developed the neutron sources and facilities for
post-irradiation examination and fusion neutron source (FNS), as a part of Broader Ap-
proach (BA) activities with Europe to verify a high-energy neutron irradiation environment
operation. The verification testing is expected to be performed by 2030 and will provide
the information on the initial irradiation data as a guidance to DEMO construction [67].
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Broader Approach (BA) is one of the strategies by Japan for the realization of DEMO
and supporting ITER. Some of the BA activities conducted jointly through international
collaboration with Europe (EU) are described in Table 8 [67].
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Table 8. Broader Approach (BA) activities jointly conducted by Japan and Europe (EU).

Broader Approach (BA) Aim

International Fusion Energy Research
Center (IFERC)

DEMO design activities and R&D, computational
simulation, and preparation for remote experiment

International Fusion Materials
Irradiation Facility (IFMIF)

Sophistication of the prototype accelerator toward
long-term continuous operation, and concept design of
fusion neutron sources based on past activities

JT-60SA Development of operation scenarios for ITER and
DEMO and enhancement of devices

Japan is one of the ITER members and the country is responsible for providing nine
units of toroidal field coil magnets with cases and superconductors for the central solenoid,
as well as deliveries of a neutral beam system and construction of the neutral beam test facil-
ity in Padua, Italy [68]. Mitsubishi Heavy Industries Ltd./Mitsubishi Electric Co. managed
to fabricate and assemble the first toroidal field coil magnets and cases in 2017, whereas the
second units were achieved by Keihin Product Operations/Toshiba Corp. Furthermore,
Japan successfully shipped the final superconductor materials to the US in 2023 [68]. The
materials are crucial parts of the modular coils that complete the central solenoid magnet
of the ITER tokamaks. Japan also completely delivered the power supply components
to the neutral beam test facility in November 2023, which is one of the major milestone
achievements for the project. ITER is considered a core program in the Japan road map for
DEMO establishment, where its scientific and technology feasibility is demonstrated based
on the method to control the extended burning plasma, the vitality of reactor technologies
in an integrated system, and performance of the device’s blanket [69].

3.8. Russia

Russia is actively exploring a pathway towards controlled fusion (CF) through mag-
netic confinement, in conjunction with fission power, within the framework of the SC
Rosatom’s State Program. The CF is intertwined with the development of tokamak devices
and their enabling technologies such as T15MD and Globus M2, along with active par-
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ticipation in ITER. Russia firmly believes that fusion–fission hybrid systems (FFHSs) are
indispensable for advancing both fusion and fission power engineering, which is regarded
as a significant component in global nuclear energy development within Russia [70]. A
divertor tokamak T-15MD equipped with copper coils is being used for the FFHS and
the project is forecasted to achieve full-scale operation with a heating power capacity
up to 20 MW by 2024 [70]. This developmental trajectory aligns with contemporary CF
research objectives.

Domestic R&D projects and pre-conceptual designs oriented towards DEMO-RF in
Russia have also been initiated at the National Research Centre Kurchatov Institute and the
construction of this facility is anticipated to take place after 2055 [70]. The primary objectives
of this DEMO design and its corresponding R&D encompass selecting fundamental fusion
technologies that are suitable for the tokamak to generate electric power up to the gigawatt
level. DEMO-RF represents a DEMO concept founded on traditional tokamak design and
is currently under development by a Russian consortium in the Russian Federation. The
construction timeline for DEMO-RF is projected for completion by 2055 and it aims to
demonstrate a net engineering gain (Qeng) of higher than 1 [10]. The current conceptual
design for DEMO-RF envisions its utilization either as a standalone fusion energy system
or as a fusion–fission hybrid facility, featuring high-temperature superconducting magnets
capable of generating a total magnetic field exceeding 8 Tesla and sustaining a plasma
current of approximately 5 Mega Amperes [10].

As an initial milestone, DEMO-RF is designated as a DEMO fusion neutron source
(DEMO–FNS), and it is expected to have the sustainable operation of DT-fusion power up to
40 MW and fission power of 400 MW [70]. This reactor is scheduled for design and construc-
tion by 2033, to not only produce energy from fusion but also leverage fusion-generated
neutrons to convert non-fissile uranium into fissile nuclear material or to eliminate long-
lived radioactive waste. The DEMO-FNS is envisioned as a relatively compact fusion
facility that operates in a steady-state mode [71]. Its initiative is integral to the Russian
Federation, which accelerated the pathway toward a fusion power plant by 2050 [10]. The
pilot hybrid facility construction is then envisioned by 2045, as well as the fusion power
plant to surpass current scales by 2055, and the establishment of a commercial hybrid plant
also by 2055 [70]. Figure 20 illustrates the milestones of each facility with the respective
R&D charted through the Rosatom Fusion Strategy [70].
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The construction of the pilot hybrid plant (PHP) is scheduled for completion by 2030.
The design objectives include achieving 40 MW of fusion power, 500 MW of total thermal
power, and 200 MW of electric power to attain an engineering Qeng of approximately 1 [72].
By 2040, plans are in place for the construction of the industrial hybrid plant. Collaborative
efforts are underway for the engineering design of the DEMO-FNS device, intended to
demonstrate hybrid and molten salt technologies by involving partnerships with Rosatom
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public organizations and universities. Progressing with the ITER project, PHP will potentially
expedite the realization of DEMO-RF and contribute to the establishment of a commercial
fusion power plant in Russia by 2050 [72].

Russia plays a vital role in the ITER project, including managing the funding for the
ITER organization, producing and supplying 25 pieces of advanced high-end equipment,
and contributing Russian personnel to aid in the completion of the ITER project [73].
Figure 21 describes the main responsibilities of Russia within the ITER project [74]. The
Troitsky Institute for Innovation and Fusion Research is the primary hub for the project’s
R&D in Russia, fundamentally in the related plasma and laser research [73].
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Russia also has developed a versatile mid-sized tokamak device, named T-15MD,
to address the critical challenges that have been encountered in ITER. It is an upgraded
Russian tokamak and aims to expand the operational capabilities of “ITER-complementary”
machines by focusing on determining the optimal operating parameters for ITER and
future fusion reactors [75]. The device successfully achieved its inaugural stable plasma
operation at the Kurchatov Institute in the Russian Federation in April 2023. It is capable
of generating a toroidal magnetic field of 2 Tesla with additional heating systems and
delivering a cumulative power input of up to 20 MW [10]. The targeted plasma current of T-
15MD is 2.0 Mega Amperes within 10 s [10]. Spanning a decade of construction, the T-15MD
tokamak’s experimental program has had a significant contribution to ITER’s operational
objectives and the development of future power generation facilities. The establishment
of future fusion power generation in Russia is also supported by other experimental scale
devices that currently operating. These tokamak devices are listed in Table 9.

Table 9. Tokamaks operating at an experimental scale in Russia.

Tokamaks Type Device Name Organization

Conventional

FT-2
Ioffe Institute

TUMAN-3M

T-15MD National Research Centre Kurchatov Institute

T-11M Troitsk Institute for Innovation and Fusion

Spherical
Globus-M2 Ioffe Institute

GUTTA Saint Petersburg State University
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4. Operational and Commercialization Challenges for Fusion Development

Through progressive experimental works and design configurations towards ITER
and DEMO construction, a number of challenges and setbacks in many aspects related to
technology, national and international policy, and financial are being learned and overcome
towards successful device integration into the grid. Figure 22 summarizes the overall
technical challenges experienced while developing and transforming fusion devices and
facilities on a large scale [10].
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4.1. Plasma Heating and Confinement

Plasma heating and plasma confinement are among the major technical challenges
that have been observed while designing the fusion devices for the experimental, demo,
and commercialization scales [10]. Fusion requires a stable and extremely hot plasma to be
initiated. Among the techniques to introduce the extra energy into the fusion device for
the hot plasma generation are neutral beam injection and high-frequency electromagnetic
radiation. Neutral beam injection involves propelling high-speed neutral particles into the
plasma to be ionized and impart the energy through collisions. The fusion materials must
be kept away from the wall since any melting or evaporation at the wall surface will release
impurities in the fusion material, potentially diminishing fusion power through radiative
cooling and fuel dilution [76]. Utilizing strong magnetic fields will help to maintain a
safe distance between the plasma and the wall, by encasing the hot plasma within a
torus-shaped reaction chamber and preventing it from approaching the reactor’s inner
wall [76]. However, building bulky-size devices may impact the cost and require larger
space for construction. Thus, the challenge includes developing the techniques to eliminate
impurities and reaction byproducts from the plasma as well as choosing suitable material
for the wall reactor.

Confining high-temperature plasma for a sufficient duration to allow the nuclei to
fuse also can be a challenging accomplishment. The design construction must be able to
achieve elevated plasma temperature and densities while maintaining plasma stability and
confinement [77]. Achieving perfect plasma confinement is tricky due to the turbulent
stream of plasma that can transport heat and particles to the wall. Additionally, any periodic
instabilities may result in bursts of hot plasma reaching the wall and ultimately causing
damage that reduces the lifespan of the device [77]. These issues raise concern for the
safety and operational robustness of the device. Large-scale superconducting magnets are
capable of tackling the challenges of higher temperature requirements. However, the high
cost, bulky size, and energy intensiveness are unfavorable for building and running this
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extensive superconducting electromagnet, although it is necessary for generating magnetic
fields to confine the plasma.

4.2. Fusion Fuel Sustainability and Energy Extraction

The sustainability of fusion fuels such as deuterium and tritium is concerning in
establishing commercial fusion power plants in the country. While deuterium can be
extracted from seawater, tritium must be generated or “bred” within the fusion facility
itself. Tritium is a radioactive, heavy hydrogen isotope with a half-life of 12.3 years that only
occurs naturally in small quantities in the upper atmosphere. Tritium can be bred through
a nuclear reaction between fusion-produced neutrons using 6Li and 7Li, which involves
enveloping the reactor with a “blanket” to compose the materials [9]. The neutron capture
reaction using 6Li also yields energy and contributes to heat output in the reactor. Figure 23
illustrates the fusion power generation and fusion reaction rate according to the fraction
of tritium used in the fuel and fusion fuel reactions. One atomic percent of tritium can
generate 44 MW of fusion power provided the fusion rate is 1.3 and 1.1 × 1019/s through
D-T and D-D reactions, respectively. By multiplying with 50 atomic percent of tritium, the
generated fusion power is expected to be approximately over 50-fold higher [78]. A fusion
facility must be able to estimate the amount of fusion fuel required to ensure the generated
fusion power is manageable and under control for efficient energy extraction. A self-
sustainable tritium power plant with a complete fuel cycle is the preferable option to build
an operable fusion facility in addition to complex design, detailed safety considerations,
and maintenance.
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Currently, comprehensive design and verified solutions for tritium breeders, asso-
ciated fuel loops, plant integration, and handling facilities for tritium inventory are still
limited worldwide. ITER has included the evaluation of various tritium breeder blanket
modules that encircle the reactor vessel as one of its main objectives, which will ultimately
demonstrate the technical feasibility of tritium fuel breeding [31]. The tritium inventory
within the fuel cycle can be intricately linked to the demands of pellet manufacturing
and hydrogen isotope separation [64]. Table 10 summarizes the approximate amount of
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tritium inventory in the plants that operated based on the D-T reaction and their utilization
according to the fusion facilities [71]. The estimation indicates DEMO will require at least
double the fuel inventory compared to ITER and will have an inlet fuel flow of almost
1000 g/h. Thus, the sustainability of the fuel supply and the capabilities for hydrogen
isotope separation must be considered while developing facilities for commercial power
plant operation.

Table 10. Fuel inventory and fuel cycle of tritium in different D-T fusion facilities [64].

Fusion Facility Fuel Inventory (g) Inlet Fuel Flow

ITER ≤4000 ~300–1000 g/h

DEMO ≤10,000 ~1000 g/h

DEMO-FNS ≤2000 ~200 g/h

CFETR ≤4000 ~300 g/h

JET DTE1 20 100 g/all time

JET DTE2 60 ≤135 g/day

TFTR ≤25 90 g/all time

4.3. Technical and Engineering Limitation of Nuclear Fusion Devices and Facility

Developing a successful magnetic fusion device for energy production is challenging,
particularly regarding its performance during abnormal events like plasma disruptions
and edge-localized modes (ELMs), which cause sudden energy releases and high transient
power loads on reactor surfaces [79]. Maintaining reactor integrity during these events is
crucial. Plasma instabilities, especially during transitions between confinement regimes,
will activate ELMs and heat the plasma-facing components (PFCs). As fusion device size
and power increase, new challenges emerge, including plasma–material interactions and
PFC performance during abnormal events. Increasing the “wetting area” on divertor plates
can mitigate heat loads and prevent PFC damage, which can be achieved through divertor
optimization or buffer zone implementation [79]. The divertor detached regime involves
injecting neutrals into the divertor space to enhance the energy dissipation above PFC
surfaces, enlarging the “wetting area”. However, using low-Z materials as buffer zones may
affect core stability and cause temperature drops. While the detached divertor can mitigate
small ELMs, large ELMs pose a risk to divertor plates and the adjacent components [79].
Addressing this requires optimizing divertor design and detachment methods. Accurately
predicting heat and particle loads is crucial for selecting optimal PFC materials. The
loss of core plasma confinement also poses concerns for divertor plate lifetimes and core
plasma contamination.

Tokamak ITER also experienced challenges on the heat exhaust that have been ad-
dressed by employing high-heat flux components based on tungsten monoblock technology
and partially detached divertor operation [80]. However, to ensure this solution’s appli-
cability to DEMO, investigations into advanced divertor configurations and the use of
liquid metals as plasma-facing materials are underway, with a dedicated DTT facility being
constructed. Qualifying structural materials capable of withstanding intense neutron flux
and possessing benign activation properties are essential. Materials like EUROFER have
been produced and could be used initially in DEMO operation, where nuclear damage
is expected to be below 20 dpa in the first phase [80]. However, for the second phase,
new materials need qualification, necessitating facilities like IFMIF with a neutron energy
spectrum simulating that of a fusion reactor [80].

Furthermore, hydrogen isotopes can exist in various isotopic forms called isotopo-
logues, each with similar but not identical physical properties and reaction kinetics. Under-
standing their behavior is crucial, as it can be both beneficial and detrimental for the fuel
cycle in a fusion facility. Unlike hydrogen permeability, tritium transport and retention are
not well understood, making quantification and modeling challenging without sufficient
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experimental data [81]. A fusion fuel cycle involves continuously removing, processing,
and reinjecting fuel to the plasma while safely containing these fuels. The leading method
is in situ tritium breeding for prompt extraction and processing to overcome losses through
decay, permeation, and retention [81]. This requires processes capable of separating specific
isotopes, often involving complex techniques like cryogenic distillation. Impurities must be
removed cyclically to prevent accumulation and recover tritium, which can originate from
various sources such as system leakages, material outgassing, or plasma control injections
into the tokamak [81]. These challenges underscore the complexity of fusion fuel cycles
and the need for advanced separation technologies.

4.4. Maintenance and Safety Considerations

It is also crucial for commercial fusion power plants to have a comprehensive mainte-
nance system to secure the plants’ safety, which includes the plant operational concept of
“gate-to-cradle”. Taylor et al. [38] reported that two critical safety elements identified for
ITER are the confinement of radioactive materials and the exposure limit to radiation, which
exposed the facility to several risks including fire, explosion, earthquake, and the cut-off of
electric power. Understanding the fusion reaction able to provide better safety measures
and design of the facility and device. Taylor et al. [38] summarized four characteristics that
are essential for safety performance and low environmental impact, which are as follows:

• The impact of normal operation: minimize releases of radioactive and other potentially
hazardous substances, in gaseous, liquid, or aerosol form to the environment.

• The potential accidents initiated by internal faults in the facility or external events:
minimize the frequency of plant failures that could initiate an accident sequence by
using a strong safety design.

• The well-being of personnel: ensure radiation exposure is reasonably low and mini-
mize other occupational hazards.

• Consideration of radioactive waste in solid form: ensure the quantity/level of activa-
tion/contamination is minimal and ensure a safe and secure route of disposal.

A fusion facility must aim to operate without posing any public health or environ-
mental risks by including radioactivity safety and environmental impact in its operational
analysis. Thus, the primary consideration when developing fusion facilities must include
material handling, material activation, and site selection [82]. One way that can allow
the handling of nuclear materials including waste is through careful evaluation of the
materials’ response to the environment as well as to the handlers. For instance, addi-
tional attention must be given when handling tritiated waste and unique materials such as
beryllium [83]. The containment of the building surrounding the reactor is essential to elim-
inate the necessity for emergency plans involving population evacuation or sheltering [82].
Thus, the challenges are around establishing a safe working culture, device design, and
facility operation.

4.5. Private Funding Opportunity

The progress and enhancements in the design and construction of future reactors
demand sufficient funding to realize cost-effective, safe, and dependable fusion energy
production. Up to 2023, the fund for the global fusion program had gained a total of
USD 6.2 billion, where USD 5.9 billion is contributed by private companies [19]. The US
experienced a noticeably increased transition of participation by private sectors into fusion
R&D. The private funding in the past years has been increasingly channeled into fusion
companies located in Canada, the UK, the EU, China, Japan, and Australia [84]. Globally,
there are an estimated 50 private companies operating in fusion industries as of 2023, where
rapid blooming was observed within between the years 2017 and 2021, increasing from
15 to 45 companies within 4 years [19]. Figure 24 illustrates the dynamic involvement of
private companies in developing the fusion technology around the world (FIA, The Global
Fusion Industry in 2023).
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Private companies can utilize their expertise in scientific and technological fields like
plasma physics, material science, and nuclear engineering to explore markets beyond elec-
tricity generation, such as medical technology, robotics, and superconducting technology.
This diversification enables them to generate short-term profits while working toward
long-term goals. Spin-offs allow for the commercial use of intellectual property rights
from research and development efforts, providing additional revenue streams for private
companies and fostering collaboration between research institutions and industry [85].
Governmental support, especially through energy policies, plays a crucial role in sectors
with significant time and capital requirements. Government involvement helps mitigate
the risks associated with private investments by establishing regulatory frameworks for
fusion reactor construction and operation [85]. Engaging with the public and policymakers
is vital for technology acceptance, necessitating effective communication of safety-related
topics and providing essential information to decision makers [85]. Table 11 lists the project
background of some private companies in the world that have invested more than USD
200 million in fusion research and development works.

Table 11. Project description of the private companies with a total investment larger than USD 200
million [19].

Company Total Declared
Funding ($) Project Description

Zap Energy 208,000,000

Zap Energy is building a low-cost, compact, and scalable fusion energy platform
that confines and compresses plasma without magnetic coils or high-power lasers.
Zap’s quickly advancing sheared-flow-stabilized Z-pinch technology provides
compelling fusion economics and requires orders of magnitude less capital than
conventional approaches

SHINE Technologies 700,000,000

SHINE is commercializing and industrializing near-term applications of fusion, like
inspecting industrial components through neutron imaging and producing medical
isotopes. These applications create tremendous social and economic value and allow
us to build and practice the capabilities we believe are essential for deploying fusion
energy to billions of people

Tokamak Energy 250,000,000

Tokamak Energy is the only private fusion company to have more than 10 years of
experience of designing, building, and operating tokamaks. It is focused on
developing fusion pilot plants for the 2030s using spherical tokamaks and high
temperature superconducting (HTS) magnets, as well as developing its HTS magnet
technology for other industry applications
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Table 11. Cont.

Company Total Declared
Funding ($) Project Description

Helion 577,000,000 Building the world’s first fusion power plant to enable a future with unlimited
clean electricity

General Fusion >300,000,000 General Fusion is pursuing a fast, practical path to bring fusion power to the market
by the 2030s using its proprietary magnetized target fusion (MTF) technology

ENN Science And
Technology
Development Co., Ltd.

400,000,000
ENN is committed to generating fusion energy in an environmentally friendly and
cost-effective manner. A number of devices are being designed and built to support
our vision for commercial ST p-11B fusion

Commonwealth
Fusion Systems >2,000,000,000

Commonwealth Fusion System’s (CFS) mission is to deploy fusion power plants to
meet increased global energy demand and decarbonization goals as fast as possible.
CFS leverages decades of research in tokamaks combined with new groundbreaking
high-temperature superconducting (HTS) magnet technology. CFS is currently
constructing SPARC, a Q~10 demonstration plant based on peer-reviewed science,
using fusion fuels.

TAE Technologies >1,200,000,000

TAE Technologies (pronounced T-A-E) is developing safe, non-radioactive,
cost-effective, commercial fusion energy capable of sustaining the planet for
centuries. Through its unique approach to fusion, TAE has developed spinoff
applications in life sciences, energy storage, electric mobility, and fast charging to
create a complete clean energy ecosystem. Multidisciplinary and mission driven by
nature, TAE is leveraging proprietary science and engineering to create a
bright future.

Confidence in technology capability, sustainability, and intellectual property are
among the critical elements that influence the trust and interest of investors and guar-
antor sentiments [50]. The Fusion Industry Association (FIA) reported a survey conducted
among the private sector to identify the major and minor challenges for fusion develop-
ment in the current scenario until 2030. The results indicated the aim to achieve the high
gain of fusion power (Q) and obtaining funds are the major challenges, whereas having
cryo-plants for heat management, plasma exhaust system, and geo-politics are regarded as
the most minor challenges for fusion development [19]. The details of the survey results
are summarized in Figure 25.
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5. Conclusions

Meeting the environmental targets and energy security goals by 2050, or earlier,
demands innovative design approaches, collaboration, and consensus strategy building
to accelerate and increase the spread of the adoption of nuclear fusion power. Many
proposed designs for grid-ready fusion reactors are progressing at the experimental scale
and require major technical designs and sufficient sustainable funding to surpass the
prototype stage fusion device, as well as for the planned DEMO to be translated within the
timeline. The timeframe for the successful deployment of fusion energy will depend on
the mobilization of resources through global partnerships and collaboration, as well as the
industry’s ability to develop, validate, and qualify the emerging fusion technologies. In
parallel, it is imperative to address the development of the essential nuclear infrastructure,
including defining requirements, standards, and best practices for realizing fusion as a
clean and secure future energy source.
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34. Çakar, N.D.; Erdoğan, S.; Gedikli, A.; Öncü, M.A. Nuclear energy consumption, nuclear fusion reactors and environmental
quality: The case of G7 countries. In Nuclear Engineering and Technology; Elsevier: Amsterdam, The Netherlands, 2022; Volume 54,
pp. 1301–1311. [CrossRef]

35. Davis, T.P. The Need for Codes and Standards in Nuclear Fusion Energy. In Journal of Fusion Energy; Springer: Berlin/Heidelberg,
Germany, 2023; Volume 42. [CrossRef]

36. Nie, B.; Jiang, M.; Ni, M.; Li, F. Preliminary environmental radiation considerations for CFETR. In Fusion Engineering and Design;
Elsevier: Amsterdam, The Netherlands, 2019; Volume 140, pp. 16–22. [CrossRef]

37. Perrault, D. Nuclear safety aspects on the road towards fusion energy. In Fusion Engineering and Design; Elsevier: Amsterdam,
The Netherlands, 2019; Volume 146, pp. 130–134. [CrossRef]

38. Taylor, N.; Ciattaglia, S.; Cortes, P.; Iseli, M.; Rosanvallon, S.; Topilski, L. ITER safety and licensing update. In Fusion Engineering
and Design; Elsevier: Amsterdam, The Netherlands, 2012; pp. 476–481. [CrossRef]

39. European Commission. Energy—Fusion Energy and ITER. European Union. Available online: https://energy.ec.europa.eu/
topics/research-and-technology/fusion-energy-and-iter_en (accessed on 8 January 2024).

40. UK Atomic Energy Authority (UKAEA). UKAEA Implementing the UK’s Fusion Energy Strategy. Open Access Government. Avail-
able online: https://www.openaccessgovernment.org/ukaea-implementing-the-uks-fusion-energy-strategy/174384/ (accessed
on 15 April 2024).

41. UK Atomic Energy Authority. Our Strategy 2022–2026. United Kingdom, 2021. Available online: https://assets.publishing.
service.gov.uk/media/63ea4173e90e077bb6c6d0fa/Our_Strategy_2022-2026.pdf (accessed on 15 April 2024).

https://www.iaea.org/topics/fusion
https://doi.org/10.1103/PhysRevLett.132.065102
https://www.ncbi.nlm.nih.gov/pubmed/38394591
https://euro-fusion.org/member-news/taking-fusion-to-cop26/
https://euro-fusion.org/fusion/history-of-fusion/
https://euro-fusion.org/fusion/history-of-fusion/
https://www.fusionindustryassociation.org/wp-content/uploads/2023/07/FIA%E2%80%932023-FINAL.pdf
https://www.fusionindustryassociation.org/wp-content/uploads/2023/07/FIA%E2%80%932023-FINAL.pdf
https://nucleus.iaea.org/sites/fusionportal/Pages/FusDIS.aspx
https://nucleus.iaea.org/sites/fusionportal/Pages/FusDIS.aspx
https://www.iter.org/mach/Tokamak#:~:text=Power%20plants%20today%20rely%20either,the%20walls%20of%20the%20vessel
https://www.iter.org/mach/Tokamak#:~:text=Power%20plants%20today%20rely%20either,the%20walls%20of%20the%20vessel
https://doi.org/10.1109/TASC.2008.921232
https://www.energy.gov/science/doe-explainstokamaks
https://www.energy.gov/science/doe-explainstokamaks
https://doi.org/10.1016/j.fusengdes.2014.03.051
https://doi.org/10.1016/j.mre.2016.07.001
https://e.issuu.com/embed.html?d=iter_organization_2022-annual-report&u=iterorganization
https://e.issuu.com/embed.html?d=iter_organization_2022-annual-report&u=iterorganization
https://doi.org/10.1093/nsr/nwz029
https://doi.org/10.1016/j.fusengdes.2013.12.030
https://www.jaif.or.jp/IAEA2022/data/MEXT_2022_Japan%E2%80%99s%20Policy%20on%20Fusion%20R_D.pdf
https://www.jaif.or.jp/IAEA2022/data/MEXT_2022_Japan%E2%80%99s%20Policy%20on%20Fusion%20R_D.pdf
https://www.iter.org/proj/inafewlines
https://doi.org/10.1016/B978-0-08-102470-6.00003-2
https://doi.org/10.1016/j.fusengdes.2022.113247
https://commission.europa.eu/news/focus-fusion-power-and-iter-project-2021-05-17_en
https://doi.org/10.1016/j.net.2021.10.015
https://doi.org/10.1007/s10894-023-00350-2
https://doi.org/10.1016/j.fusengdes.2019.01.119
https://doi.org/10.1016/j.fusengdes.2018.11.053
https://doi.org/10.1016/j.fusengdes.2012.01.001
https://energy.ec.europa.eu/topics/research-and-technology/fusion-energy-and-iter_en
https://energy.ec.europa.eu/topics/research-and-technology/fusion-energy-and-iter_en
https://www.openaccessgovernment.org/ukaea-implementing-the-uks-fusion-energy-strategy/174384/
https://assets.publishing.service.gov.uk/media/63ea4173e90e077bb6c6d0fa/Our_Strategy_2022-2026.pdf
https://assets.publishing.service.gov.uk/media/63ea4173e90e077bb6c6d0fa/Our_Strategy_2022-2026.pdf


Sustainability 2024, 16, 4089 33 of 34

42. Department for Energy Security & Net Zero. Towards Fusion Energy 2023—The Next Stage of the UK’s Fusion Energy Strategy.
October 2023. Available online: https://assets.publishing.service.gov.uk/media/65301b78d06662000d1b7d0f/towards-fusion-
energy-strategy-2023-update.pdf (accessed on 27 February 2024).

43. UK Atomic Energy Authority. JET Decommissioning and Repurposing (JDR). Gov.UK. Available online: https://www.gov.uk/
government/publications/jet-decommissioning-and-repurposing (accessed on 15 April 2024).

44. UKAEA. STEP—Culham Center for Fusion Technology. UK Atomic Energy Authority. Available online: https://ccfe.ukaea.uk/
programmes/step/ (accessed on 1 March 2024).

45. UKAEA. STEP—Spherical Tokamak for Energy Production. UKAEA. Available online: https://step.ukaea.uk/ (accessed on
14 January 2024).

46. Tollefson, J. US Nuclear-Fusion Lab Enters New Era Achieving ‘Ignition’ Over and Over. 2024, pp. 11–12. Available online:
https://www.nature.com/articles/d41586-023-04045-8 (accessed on 31 January 2024).

47. Carter, T.; Baalrud, S.; Betti, R.; Ellis, T.; Foster, J.; Geddes, C.; Gleason, A.; Holland, C. Powering the Future: Fusion & Plasmas; US
Department of Energy (USDOE): Washington, DC, USA, 2020. [CrossRef]

48. U.S Department of Energy. Fusion Energy Sciences: Research. U.S. DOE—Office of Science. Available online: https://science.osti.
gov/fes/Research (accessed on 18 January 2024).

49. The White House. Readout of the White House Summit on Developing a Bold Decadal Vision for Commercial Fusion Energy; The White
House Press Release: Washington, DC, USA, 2022. Available online: https://www.whitehouse.gov/ostp/news-updates/2022
/04/19/readout-of-the-white-house-summit-on-developing-a-bold-decadal-vision-for-commercial-fusion-energy/ (accessed on
18 January 2024).

50. Koepke, M.E. Factors influencing the commercialization of inertial fusion energy: Factors in commercialising IFE. In Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences; Royal Society Publishing: London, UK,
2021; Volume 379. [CrossRef]

51. Sorbom, B.N.; Ball, J.; Palmer, T.R.; Mangiarotti, F.J.; Sierchio, J.M.; Bonoli, P.; Kasten, C.; Sutherland, D.A.; Barnard, H.S.;
Haakonsen, C.B.; et al. ARC: A compact, high-field, fusion nuclear science facility and demonstration power plant with
demountable magnets. In Fusion Engineering and Design; Elsevier: Amsterdam, The Netherlands, 2015; Volume 100, pp. 378–405.
[CrossRef]

52. Rodriguez-Fernandez, P.; Creely, A.J.; Greenwald, M.J.; Brunner, D.; Ballinger, S.B.; Chrobak, C.P.; Garnier, G.T.; Granetz, R.;
Hartwig, Z.S.; Howard, N.T. Overview of the SPARC physics basis towards the exploration of burning-plasma regimes in
high-field, compact tokamaks. In Nuclear Fusion; IOP Publishing Ltd.: Bristol, UK, 2022; Volume 62. [CrossRef]

53. Creely, A.J.; Greenwald, M.J.; Ballinger, S.B.; Brunner, D.; Canik, J.; Doody, J.; Fulop, T.; Garnier, D.T.; Granetz, R.; Gray, T.K.; et al.
Overview of the SPARC tokamak. J. Plasma Phys. 2020, 86, 865860502. [CrossRef]

54. U.S. Department of Energy. Joint Statement between DOE and the UK Department for Energy Security and Net Zero Concerning
a Strategic Partnership to Accelerate Fusion. U.S. Department of Energy. Available online: https://www.energy.gov/articles/
joint-statement-between-doe-and-uk-department-energy-security-and-net-zero-concerning (accessed on 18 January 2024).

55. U.S. ITER Organization. US ITER. ITER Organization. Available online: https://usiter.org/ (accessed on 18 January 2024).
56. Sadik-Zada, E.R.; Gatto, A.; Weißnicht, Y. Back to the future: Revisiting the perspectives on nuclear fusion and juxtaposition to

existing energy sources. Energy 2023, 290, 129150. [CrossRef]
57. Zhang, Q.; Liu, Z.; Lu, X.; Zhu, Z.; Liu, X.; Yang, P.; Zhang, C.; Wu, F.; Zhou, Z. Progress of engineering design of CFETR cryogenic

system. In Fusion Engineering and Design; Elsevier: Amsterdam, The Netherlands, 2022; Volume 177. [CrossRef]
58. Wan, B.; Ding, S.; Qian, J.; Li, G.; Xiao, B.; Xu, G. Physics design of CFETR: Determination of the device engineering parameters.

In IEEE Transactions on Plasma Science; IEEE: New York, NY, USA, 2014; Volume 42, pp. 495–502. [CrossRef]
59. Wan, Y.X.; Weng, P.D.; Li, J.G.; Gao, D.M.; Wu, S.T. Progress of the EAST Project in China; U.S. Department of Energy: Washington,

DC, USA, 2005.
60. Xu, G.S.; Wan, B.N.; Li, J.G.; Gong, X.Z.; Hu, J.S.; Shan, J.F.; Li, H.; Mansfield, D.K.; Humphreys, D.A.; V. Naulinfor EAST

Team; et al. Study on H-mode access at low density with lower hybrid current drive and lithium-wall coatings on the EAST
superconducting tokamak. Nucl. Fusion 2011, 51, 072001. [CrossRef]

61. Hu, J.S.; Sun, Z.; Guo, H.Y.; Li, J.G.; Wan, B.N.; Wang, H.Q.; Ding, Y.; Xu, S.; Liang, F.; Mansfield, K. New steady-state quiescent
high-confinement plasma in an experimental advanced superconducting tokamak. Phys. Rev. Lett. 2015, 114, 055001. [CrossRef]
[PubMed]

62. ITER Organization. ITER Special Issue 7—China. ITER Organization. 2024. Available online: https://www.iter.org/multilingual/
io/7/340 (accessed on 18 January 2024).

63. Li, J.; Wan, Y. Present State of Chinese Magnetic Fusion Development and Future Plans. J. Fusion Energy 2019, 38, 113–124.
[CrossRef]

64. Iwai, Y.; Edao, Y.; Kurata, R.; Isobe, K. Basic concept of JA DEMO fuel cycle. In Fusion Engineering and Design; Elsevier: Amsterdam,
The Netherlands, 2021; Volume 166. [CrossRef]

65. Tobita, K.; Utoh, H.; Hiwatari, R.; Miyoshi, Y.; Tokunaga, S.; Sakamoto, Y.; Someya, Y.; Asakura, N.; Homma, Y.; Nakajima, N.; et al.
Conceptual design of Japan’s fusion DEMO reactor (JADEMO) and superconducting coil issues. In Journal of Physics: Conference Series;
Institute of Physics Publishing: Bristol, UK, 2019. [CrossRef]

https://assets.publishing.service.gov.uk/media/65301b78d06662000d1b7d0f/towards-fusion-energy-strategy-2023-update.pdf
https://assets.publishing.service.gov.uk/media/65301b78d06662000d1b7d0f/towards-fusion-energy-strategy-2023-update.pdf
https://www.gov.uk/government/publications/jet-decommissioning-and-repurposing
https://www.gov.uk/government/publications/jet-decommissioning-and-repurposing
https://ccfe.ukaea.uk/programmes/step/
https://ccfe.ukaea.uk/programmes/step/
https://step.ukaea.uk/
https://www.nature.com/articles/d41586-023-04045-8
https://doi.org/10.2172/1995209
https://science.osti.gov/fes/Research
https://science.osti.gov/fes/Research
https://www.whitehouse.gov/ostp/news-updates/2022/04/19/readout-of-the-white-house-summit-on-developing-a-bold-decadal-vision-for-commercial-fusion-energy/
https://www.whitehouse.gov/ostp/news-updates/2022/04/19/readout-of-the-white-house-summit-on-developing-a-bold-decadal-vision-for-commercial-fusion-energy/
https://doi.org/10.1098/rsta.2020.0020
https://doi.org/10.1016/j.fusengdes.2015.07.008
https://doi.org/10.1088/1741-4326/ac1654
https://doi.org/10.1017/S0022377820001257
https://www.energy.gov/articles/joint-statement-between-doe-and-uk-department-energy-security-and-net-zero-concerning
https://www.energy.gov/articles/joint-statement-between-doe-and-uk-department-energy-security-and-net-zero-concerning
https://usiter.org/
https://doi.org/10.1016/j.energy.2023.129150
https://doi.org/10.1016/j.fusengdes.2022.113064
https://doi.org/10.1109/TPS.2013.2296939
https://doi.org/10.1088/0029-5515/51/7/072001
https://doi.org/10.1103/PhysRevLett.114.055001
https://www.ncbi.nlm.nih.gov/pubmed/25699449
https://www.iter.org/multilingual/io/7/340
https://www.iter.org/multilingual/io/7/340
https://doi.org/10.1007/s10894-018-0165-2
https://doi.org/10.1016/j.fusengdes.2021.112261
https://doi.org/10.1088/1742-6596/1293/1/012078


Sustainability 2024, 16, 4089 34 of 34

66. Tobita, K.; Hiwatari, R.; Sakamoto, Y.; Someya, Y.; Asakura, N.; Utoh, H.; Miyoshi, Y.; Tokunaga, S.; Homma, Y.; Kakuydate, S.; et al.
Japan’s Efforts to Develop the Concept of JA DEMO During the Past Decade. In Fusion Science and Technology; Elsevier: Amsterdam,
The Netherlands, 2019; Volume 75, pp. 372–383. [CrossRef]

67. A Roadmap toward Fusion DEMO Reactor (first report) Science and Technology Committee on Fusion Energy Subdivision on
R&D Planning and Evaluation Council for Science and Technology. 24 July 2018. Available online: https://www.mext.go.jp/b_
menu/shingi/gijyutu/gijyutu2/074/shiryo/__icsFiles/afieldfile/2018/11/08/1408259_2_1.pdf (accessed on 21 January 2024).

68. ITER Organization. ITER Special Issue 7—Japan. ITER Organization. 2024. Available online: https://www.iter.org/multilingual/
io/7/340 (accessed on 18 January 2024).

69. Tanaka, S.; Takatsu, H. Japanese perspective of fusion nuclear technology from ITER to DEMO. In Fusion Engineering and Design;
Elsevier: Amsterdam, The Netherlands, 2008; Volume 83, pp. 865–869. [CrossRef]

70. Kuteev, B.; Russian Federation DEMO Program (Development Status of the Russian DEMO Project). Moscow: IAEA DEMO-6
Rosatom Tech. October 2019. Available online: https://nucleus.iaea.org/sites/fusionportal/Pages/DPWS-6/Presentations/
Day%201/7.%20%20Kuteev.pdf (accessed on 2 February 2024).

71. Ananyev, S.S.; Ivanov, B.V.; Kuteev, B.V. Analysis of promising technologies of DEMO-FNS fuel cycle. In Fusion Engineering and
Design; Elsevier: Amsterdam, The Netherlands, 2020; Volume 161. [CrossRef]

72. Azizov, E.A.; Alexeev, P.N.; Anan’ev, S.S.; Chernov, V.M.; Chukbar, B.K.; Bykov, A.S.; Frolov, A.A.; Golikov, A.A.; Golubeva,
A.V.; Goncharov, P.R.; et al. Design Status of the DEMO-FNS Steady State Tokamak in RF. Nara Japan, May 2015. Available
online: https://nucleus.iaea.org/sites/fusionportal/Technical%20Meeting%20Proceedings/8th%20IAEA%20TM%20on%20
SSO/Website/talks/Presentations/27%20May%20Wed/Kuteev.pdf (accessed on 2 February 2024).

73. Communications Department of ROSATOM. Ceremony Marks Start of Machine Assembly of ITER Reactor in France. ROSATOM.
Available online: https://www.rosatom.ru/en/press-centre/news/ceremony-marks-start-of-machine-assembly-of-iter-reactor-
in-france/#:~:text=Ceremony%20marks%20start%20of%20machine%20assembly%20of%20ITER%20reactor%20in%20France&
text=France,%20Saint-Paul-l,reactor,%20has%20taken%20place%20online (accessed on 2 February 2024).

74. ITER Organization. ITER Special Issue 7—Russia. 2024. Available online: https://www.iter.org/multilingual/io/7/341 (accessed
on 2 April 2024).

75. ITER Newsline. T-15MD Comes on Line in Russia. ITER Organization. Available online: https://www.iter.org/newsline/-/3622#:
~:text=Sixty-three%20years%20after%20a,ITER%20operation,%20but%20not%20only (accessed on 2 February 2024).

76. Ongena, J.; Koch, R.; Wolf, R.; Zohm, H. Magnetic-confinement fusion. In Nature Physics; Nature Publishing Group: New York,
NY, USA, 2016; Volume 12, pp. 398–410. [CrossRef]

77. Wang, Z. Current status of research on magnetic confinement fusion and superconducting tokamak devices. Procedia Comput. Sci.
2023, 228, 163–170. [CrossRef]

78. Kovari, M.; Coleman, M.; Cristescu, I.; Smith, R. Tritium resources available for fusion reactors. Nucl. Fusion 2018, 58, 026010.
[CrossRef]

79. Hassanein, A.; Sizyuk, V. Potential design problems for ITER fusion device. Sci. Rep. 2021, 11, 2069. [CrossRef] [PubMed]
80. Romanelli, F. Fusion energy: Technological challenges. EPJ Web. Conf. 2022, 268, 00013. [CrossRef]
81. Elaine, L.; Tom, S. The Challenges of Developing a Fusion Fuel Cycle: And How Chemical Engineers are Solving Them. In The

Chemical Engineer; EBSCO: Ipswich, MA, USA, 2023.
82. Zucchetti, M.; Hartwig, Z.; Meschini, S.; Segantin, S.; Testoni, R.; Whyte, D. ARC reactor: Radioactivity safety assessment and

preliminary environmental impact study. In Fusion Engineering and Design; Elsevier: Amsterdam, The Netherlands, 2021; Volume 162.
[CrossRef]

83. Decréton, M. The Construction of ITER Is Starting in Cadarache the SCK•CEN Involvement in Fusion Technology. 2005. Available
online: www.sckcen.be (accessed on 21 January 2024).

84. Hsu, S.C. U.S. Fusion Energy Development via Public-Private Partnerships. In Journal of Fusion Energy; Springer: Berlin/Heidelberg,
Germany, 2023; Volume 42. [CrossRef]

85. Meschini, S.; Laviano, F.; Ledda, F.; Pettinari, D.; Testoni, R.; Torsello, D.; Panella, B. Review of commercial nuclear fusion projects.
Front. Energy Res. 2023, 11, 1157394. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/15361055.2019.1600931
https://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu2/074/shiryo/__icsFiles/afieldfile/2018/11/08/1408259_2_1.pdf
https://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu2/074/shiryo/__icsFiles/afieldfile/2018/11/08/1408259_2_1.pdf
https://www.iter.org/multilingual/io/7/340
https://www.iter.org/multilingual/io/7/340
https://doi.org/10.1016/j.fusengdes.2008.06.028
https://nucleus.iaea.org/sites/fusionportal/Pages/DPWS-6/Presentations/Day%201/7.%20%20Kuteev.pdf
https://nucleus.iaea.org/sites/fusionportal/Pages/DPWS-6/Presentations/Day%201/7.%20%20Kuteev.pdf
https://doi.org/10.1016/j.fusengdes.2020.111940
https://nucleus.iaea.org/sites/fusionportal/Technical%20Meeting%20Proceedings/8th%20IAEA%20TM%20on%20SSO/Website/talks/Presentations/27%20May%20Wed/Kuteev.pdf
https://nucleus.iaea.org/sites/fusionportal/Technical%20Meeting%20Proceedings/8th%20IAEA%20TM%20on%20SSO/Website/talks/Presentations/27%20May%20Wed/Kuteev.pdf
https://www.rosatom.ru/en/press-centre/news/ceremony-marks-start-of-machine-assembly-of-iter-reactor-in-france/#:~:text=Ceremony%20marks%20start%20of%20machine%20assembly%20of%20ITER%20reactor%20in%20France&text=France,%20Saint-Paul-l,reactor,%20has%20taken%20place%20online
https://www.rosatom.ru/en/press-centre/news/ceremony-marks-start-of-machine-assembly-of-iter-reactor-in-france/#:~:text=Ceremony%20marks%20start%20of%20machine%20assembly%20of%20ITER%20reactor%20in%20France&text=France,%20Saint-Paul-l,reactor,%20has%20taken%20place%20online
https://www.rosatom.ru/en/press-centre/news/ceremony-marks-start-of-machine-assembly-of-iter-reactor-in-france/#:~:text=Ceremony%20marks%20start%20of%20machine%20assembly%20of%20ITER%20reactor%20in%20France&text=France,%20Saint-Paul-l,reactor,%20has%20taken%20place%20online
https://www.iter.org/multilingual/io/7/341
https://www.iter.org/newsline/-/3622#:~:text=Sixty-three%20years%20after%20a,ITER%20operation,%20but%20not%20only
https://www.iter.org/newsline/-/3622#:~:text=Sixty-three%20years%20after%20a,ITER%20operation,%20but%20not%20only
https://doi.org/10.1038/NPHYS3745
https://doi.org/10.1016/j.procs.2023.11.020
https://doi.org/10.1088/1741-4326/aa9d25
https://doi.org/10.1038/s41598-021-81510-2
https://www.ncbi.nlm.nih.gov/pubmed/33483568
https://doi.org/10.1051/epjconf/202226800013
https://doi.org/10.1016/j.fusengdes.2020.112132
www.sckcen.be
https://doi.org/10.1007/s10894-023-00357-9
https://doi.org/10.3389/fenrg.2023.1157394

	Global Outlook of Nuclear Energy for Power Generation 
	Introduction to Nuclear Fission and Fusion Reaction 
	Development of Fusion Plants: Scale and Readiness 
	Overview of the Fusion Device 
	Establishment of the International Thermonuclear Experimental Reactor (ITER) and DEMO 
	Safety Standards for Nuclear Fusion Energy Technology Development 
	The United Kingdom (UK) 
	The United States (US) 
	China 
	Japan 
	Russia 

	Operational and Commercialization Challenges for Fusion Development 
	Plasma Heating and Confinement 
	Fusion Fuel Sustainability and Energy Extraction 
	Technical and Engineering Limitation of Nuclear Fusion Devices and Facility 
	Maintenance and Safety Considerations 
	Private Funding Opportunity 

	Conclusions 
	References

