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Abstract

Nuclear fusion is wundergoing a decisive transition from a predominantly
experimental science to a technologically credible and economically relevant energy
solution. Quer the period 2020-2025, major advances have been achieved across
plasma physics, confinement strategies, materials science, and reactor engineering,
substantially narrowing the gap between laboratory demonstrations and
commercial deployment. This review critically examines recent progress in
magnetic confinement fusion (MCF) and inertial confinement fusion (ICF),
emphasizing record-setting tokamak operations, sustained high-confinement
plasma regimes, and the reproducible achievement of scientific ignition in laser-
driven fusion experiments. Breakthroughs in plasma turbulence control, Al-assisted
diagnostics, and disruption mitigation are highlighted as key enablers of stable and
longduration reactor operation. The rapid maturation of high-temperature
superconducting (HTS) magnet technology has enabled compact, high-field reactor
concepts with significantly reduced size and cost, catalyzing unprecedented private-
sector investment. In parallel, advancements in plasma-facing materials, advanced
divertor geometries, additive manufacturing, and tritium breeding blanket
technologies are addressing the extreme thermal, mechanical, and neutron-
irradiation challenges of fusion environments. The review further evaluates techno-
economic projections, regulatory evolution, and the integration of fusion power
into future low-carbon energy systems. Collectively, these developments indicate
that nuclear fusion is progressing from proofof-principle toward pre-commercial
realization, positioning it as a safe, scalable, and sustainable cornerstone of long-
term global energy security.

The global energy paradigm is currently undergoing a

structural  transformation as nuclear fusion
transitions from a purely experimental research field
into a strategic national priority for long-term energy
security and decarbonization (Barbarino et al., 2025).
As of 2025, the fusion landscape has entered a

decisive new phase characterized by significant

scientific milestones in both magnetic and inertial
confinement, the rapid maturation of high-
temperature  superconducting (HTS)  magnet
technology, and a massive surge in private sector
capital investment exceeding US $10 billion (FIA,
2025; IAEA, 2025).
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The fundamental objective  of  controlled
thermonuclear fusion on Earth is to replicate the
stellar process of merging light atomic nuclei to
release vast quantities of energy, offering a virtually
inexhaustible, carbon-free source of baseload power
(Seo et al., 2024). This energy density is nearly four
million times greater than that of coal or oil (Ashraf
& Barbarino, 2025). However, the complexities
involved in sustaining plasmas at temperatures
exceeding 100 million degrees Celsius while
simultaneously managing intense neutron radiation
and high heat fluxes represent the pinnacle of
modern scientific and engineering challenges (White
et al., 2025; Zhou et al., 2024).

Magnetic Confinement Fusion (MCF) has long been
the primary focus of international fusion research,
utilizing toroidal magnetic fields to isolate and
stabilize hot ionized gas, or plasma, within a vacuum
vessel (Li et al., 2025; Whyte et al., 2024). The most
prominent MCF configuration, the tokamak, uses a
combination of external magnetic coils and an
internally driven plasma current to create a helical
magnetic field (Chandler, 2024; Song et al., 2025).
Recent progress in this field has been marked by
record-breaking energy pulses and the successful
implementation of advanced control algorithms and
diagnostic tools (Gao et al., 2024; Seo et al., 2024).
The performance of magnetic fusion devices is
fundamentally measured by their ability to maintain
high-performance plasma states for extended
durations without the occurrence of disruptive

instabilities (Zheng et al., 2024). In early 2024, the
Joint European Torus (JET) in the United Kingdom
produced a world-record 69 megajoules of fusion
energy over a single five-second pulse using an ITER-
like tungsten and beryllium wall (Mailloux et al.,
2024; Gibney, 2024). This achievement was
particularly significant as it demonstrated the
stability of the deuterium-tritium fuel mix under
conditions that will be encountered in larger next-
generation reactors (Breslau et al., 2024).
Simultaneously, China’s Experimental Advanced
Superconducting Tokamak (EAST) achieved a
landmark operation by sustaining a high-
confinement (H-mode) plasma for 1,066 seconds,
during which the plasma temperature was
maintained at approximately 108 million degrees
Celsius (Song et al., 2025; Wan et al., 2024). This
duration represents a critical step toward the goal of
steady-state reactor operation (Gong et al., 2024). A
major breakthrough in plasma physics during this
period has been the refinement of the "Super I-
mode" on the EAST tokamak, which leverages
lithium-treated walls to effectively control heat and
impurities, thereby avoiding the large-scale edge-
localized modes (ELMs) that can damage reactor
components (Gong et al.,, 2024; Hu et al., 2025).
These advancements are increasingly supported by
the integration of artificial intelligence and machine
learning into plasma control systems (Degrave et al.,

2024; Wang et al., 2025).

WHAT IS NUCLEAR FUSION?

@ PROTON @ NEUTRON

Figure 1: Schematic of the Deuterium-Tritium (D-T) Fusion Reaction and Energy Release
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Research published in early 2024 described the
application of deep reinforcement learning to predict
and mitigate plasma tearing in the DIII-D tokamak, a
capability that allows for real-time adjustments to
prevent termination of the fusion reaction (Seo et al.,

2024; Boyer et al., 2025). This intersection of Al and
magnetohydrodynamics  (MHD)  represents a
paradigm shift in operational reliability for future
pilot plants.

Table 1: Key Milestones in Experimental Fusion Device Operations (2020-2025)

Device | Milestone Achievement (2020- | Operational Significance

2025)

Primary Source

JET 69 M] Fusion Energy Pulse
up

Demonstrated D-T stability for future scale- | (Gibney, 2024)

EAST 1,066s H-mode Plasma at 108 MK

Progress toward steady-state reactor regimes | (Song et al,

2025)

DIII-D | Al-based Tearing Prediction

Enhanced

mitigation

reliability ~ of  disruption | (Seo et al., 2024)

KSTAR | Sustained High-Temp Confinement | Refinement of high-performance modes

(Lee et al., 2024)

HL3 Advanced

Research

Boundary Physics | Optimized plasma-material interface

(Guo et al., 2024)

Advanced Transport Modeling and Turbulence
Control

The efficiency of a fusion reactor depends on the
confinement of thermal energy within the core
plasma. Turbulence at the plasma edge and core
remains the primary mechanism for energy loss,
necessitating sophisticated predictive modeling
(RodriguezFernandez et al., 2024; Howard et al.,
2025). Research conducted at the MIT Plasma

Science and Fusion Center (PSFC) and other
international laboratories has led to the development
of surrogate-based optimization in core transport
solvers, which has significantly enhanced the
predictive capabilities of burning plasma profiles
(Creely et al., 2025). Specifically, the use of
nonlinear gyrokinetic models, such as CGYRO, has
allowed scientists to predict core performance in the
projected SPARC tokamak with high precision
(Holland et al.,, 2024; RodriguezFernandez et al.,
2024). These models suggest that maintaining a high-
pressure pedestal at the plasma edge is crucial for
achieving the necessary triple-product values for net
energy gain in compact high-field devices (Snyder et
al., 2025).

Recent investigations into edge-core coupling have
revealed that inward turbulence propagation can play

a vital role in determining the overall confinement
quality of the plasma (Cao & Diamond, 2025;).
Specifically, the transition from continuous
turbulence fluctuations to bursting Edge Localized
Modes (ELMs) has been studied extensively in high
scrape-off layer (SOL) density regimes (N. Li et al.,
2025). Understanding these dynamics is essential for
the design of future reactors, as uncontrolled plasma
terminations can generate intense heat fluxes that
cause scarring and structural damage to the
tokamak’s interior walls (Zheng et al., 2024; Wang et
al., 2025).

3. Breakthroughs in Inertial Confinement Fusion
and Laser Technology

Inertial Confinement Fusion (ICF) represents the
second primary pathway to fusion energy, utilizing
high-powered lasers or particle beams to compress a
tiny fuel pellet to densities exceeding in a timeframe
of nanoseconds (Gaffney, 2024; Zylstra et al., 2025).
The inertia of the compressed fuel provides the
confinement necessary for the fusion reaction to take
place before the target disassembles (Abu-Shawareb
et al., 2024).

The Transition to the Ignition Era at NIF
A transformative milestone in the history of fusion
research occurred when the National Ignition
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Facility (NIF) achieved scientific ignition for the first
time (Abu-Shawareb et al., 2024; LLNL, 2025).° This
experiment produced 3.15 megajoules of fusion
energy from an input of 2.05 megajoules of laser
energy, satisfying the National Academy of Science
definition of ignition and proving that a self-
sustaining fusion process is possible on Earth (Betti
& Fatenejad, 2024; Hurricane et al.,, 2025). This
success was attributed to critical design changes,
including a 7% increase in target capsule thickness
and a 7.9% increase in laser energy, which effectively
reduced  the  "coasttime" and = mitigated
hydrodynamic  instabilities  (Gaffney,  2024;
Schlossberg et al., 2025).

Since the initial 2022 breakthrough, researchers at
NIF have repeatedly exceeded the ignition threshold,
demonstrating that high-gain fusion is reproducible
(Critchlow et al., 2025).® In April 2025, NIF set a
new record by achieving a target gain of 4.13,
producing a yield of 8.6 megajoules from 2.08
megajoules of laser energy (Fusion Industry
Association [FIA], 2025; LLNL, 2025).° These results
have fundamentally shifted the global perspective on
ICF, moving it from a tool for nuclear stockpile
stewardship to a viable candidate for clean energy

production (Meaney et al., 2025; Wilde et al., 2025).

Table 3: Historical Progression of Ignition Milestones at the National Ignition Facility (2022-2025)

Date Laser Fusion Target Key Advancement Primary Source
Energy (M]) | Yield (M]) Gain

Dec 5, 2.05 3.15 1.54 First  scientific  ignition | (Abu-Shawareb et

2022 achieved al., 2024)

Oct 30, | 2.20 3.40 1.55 Achievement with record | (Zylstra et al., 2025)

2023 laser energy

Feb 12, 2.20 5.20 2.36 Significant  increase  in | (Gaffney, 2024)

2024 coupling efficiency

Apr 7, 2.08 8.60 4.13 World tecord for energy | (Schlossberg et al.,

2025 yield and gain 2025)

Jun 22, 2.20 2.40 1.09 Self-sustaining burning | (Hurricane et al.,

2025 plasma loop 2025)

The transition from laboratory-scale ignition to a
commercial power plant requires a shift in laser
technology from single-shot architectures to high-
repetition-rate systems (Betti & Fatenejad, 2024).
While NIF was not optimized for continuous energy
production, its results have catalyzed the formation
of private companies such as Focused Energy and
Xcimer Energy, which are developing fusion
concepts based on laser-driven compression (Meaney
et al., 2025; Wilde et al., 2025).

The integration of advanced computational tools has
been pivotal in this transition. Machine learning
methods are now used to quantify uncertainties and
optimize target designs, enhancing the predictive
power of ICF simulations (Banerjee, 2025; Gaffney,
2024). Furthermore, research into proton-boron-11
fusion as an alternative to the deuterium-tritium fuel
cycle is gaining attention, as it produces no high-

energy neutrons and could lead to simpler reactor

designs (Borghesi et al., 2024; Lavell et al., 2024).

High-Temperature Superconductivity and the
Scaling of Fusion Reactors

Perhaps the most significant technological
development in the MCF sector between 2020 and
2025 is the maturation of High-Temperature
Superconducting (HTS) magnets (Hartwig, 2024;
White et al., 2025). Conventional superconducting
magnets used in devices like ITER rely on low-
temperature superconductors (LTS), swhich must be
cooled to approximately 4 Kelvin (Chandler, 2024;
Zhang et al., 2025). In contrast, HTS materials like
Rare-Earth Barium Copper Oxide (REBCO) can
operate at temperatures of 20 Kelvin or higher, while
simultaneously providing much stronger magnetic

fields (Hartwig, 2024; S. Kim et al., 2025).
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Table 4: Comparative Characteristics of LTS and HTS Magnet Materials in Fusion Applications

Material Type | Cooling Temp | Peak Field | Structural Primary Source
(K) Capability Complexity

NbTi /| LTS | 74 K (Liquid | < 12-16 Tesla High (Strain | (Zhang et al., 2025)

Nb3Sn He) Sensitive)

REBCO HTS | 20K-77K > 20 Tesla Medium (High | (Hartwig, 2024)

(HTS) Stress)

Bi-2212 HTS | 4K-20K > 25 Tesla Low (Isotropic) (Hellstrom et al.,

2024)

In September 2021, a collaboration between MIT
and Commonwealth Fusion Systems (CFS)
successfully demonstrated a world-record magnetic
field of 20 Tesla in a largescale REBCO magnet
(Chandler, 2024; Hartwig, 2024). This milestone
effectively validated the physics basis for compact,
high-field tokamaks (RodriguezFernandez et al.,
2024; Sorbom et al., 2025). The ability to generate
higher magnetic fields allows for the confinement of
fusion plasma within a volume that is 30 to 40 times
smaller than previously required, which dramatically
reduces the size and cost of the fusion reactor (Creely

et al., 2025; Hartwig, 2024).

No-Insulation Magnet Technology
The engineering of these magnets involved radical
departures from traditional design principles. One of

the most controversial innovations was the
elimination of electrical insulation between the
windings of the superconducting tape (Chandler,
2024; J. Lee et al.,, 2025). This "no-insulation"
approach relies on the high conductivity of the
REBCO material to allow current to redistribute
during unstable conditions, such as power shutoffs,
thereby preventing catastrophic overheating and
making the magnet inherently robust (Zhang et al.,
2025).° Extensive testing throughout 2024 and 2025
has confirmed that these magnets can withstand the
stresses

extreme thermal-magnetic-mechanical

encountered in a fusion environment (Park et al.,

2025; Wang et al., 2025).

Table 5: Comparative Engineering Parameters of LTS and HTS Magnet Systems

Parameter LTS Magnets | HTS Magnets (e.g., | Impact of HTS Primary Source
(ITER) SPARC)

Material Nb_3Sn / NbTi REBCO Higher critical current | (Zhang et al,,
density 2025)

Operating 4K “20K Simplified cryogenics (Hartwig, 2024)

Temp

Magnetic Field | 12T 20T + Smaller, more compact | (Hartwig, 2024)
reactors

Reactor Baseline 30x - 40x Smaller Drastic  reduction in | (Chandler, 2024)

Volume capital cost

Mech. Moderate High (with over- | Resistance  to  Lorenz | (Zhang et al,

Strength banding) forces 2025)

Implications for Commercial Viability

The significant reduction in scale enabled by
REBCO magnets is a primary driver of the recent
surge in private fusion investment. By lowering the
entry cost for building fusion devices, HTS

technology has allowed for the emergence of agile,
mission-driven companies that can iterate on designs
much faster than massive international government
projects (Banerjee, 2025; Hartwig, 2024; FIA, 2025).
The SPARC project, currently under construction by
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CEFS, is designed to be the first device to achieve a
net energy gain in a compact form factor, paving the
way for the ARC commercial pilot plant (Hartwig,
2024; Sorbom et al., 2025).

However, the large-scale application of REBCO
Coated Conductors (CCs) also introduces new
challenges. The screening-current-induced field
(SCIF) can affect the mechanical and magnetic
characteristics of high-field magnets, requiring
advanced numerical modeling to ensure accuracy
(Zhang et al., 2025). Additionally, the mechanical
stresses caused by Lorenz forces and thermal
mismatches can lead to the delamination of the
laminated REBCO structures, a risk that must be
mitigated through precise engineering and structural
over-banding (Park et al., 2025; Zhang et al., 2025).

Tungsten and the Plasma-Material Interface

Tungsten (W) remains the leading candidate for the
divertor the part of the reactor designed to exhaust
heat and impurities due to its extremely high melting

point and low sputtering vyield. However, a
significant concern in recent research is the
formation of "tungsten fuzz," a nanoscopic, tendril-
like surface structure that grows when tungsten is
exposed to helium plasma. Research in 2025 has
shown that this fuzz can lead to increased erosion
and dust production, potentially contaminating the
core plasma (Tan et al., 2024; Zhou et al., 2025).

To mitigate this, new experiments on the HL-3
tokamak have tested "smart" tungsten alloys that
include elements like chromium and yttrium. These
self-passivating alloys form a protective oxide layer
during accidental air ingress, preventing the release
of radioactive tungsten isotopes (Zhang et al., 2024).
Additionally, the development of additive
manufacturing (3D printing) for tungsten has
allowed for the creation of complex cooling channels
within PFCs, improving heat removal efficiency from
10 MW/m2 to over 20 MW/m2 in prototype tests
(W. Kim et al., 2025; Wang et al., 2026).

Table 7: Comparative Performance of Plasma-Facing Materials (2025 Updates)

Material Application | Max Heat Flux | Melting Point | Limitation Source
(MW/m?2) (°C)

Monolithic W | Divertor 10 3,422 High-temp (Zhou et al,
brittleness 2025)

W-Cu Heat Sinks 15 1,085 (Cu) Thermal (Tan et al,
Composites mismatch 2024)

3D-Printed W | Complex 20+ 3,422 Surface porosity (W. Kim et al,,
PFCs 2025)

Liquid Lithium | Limiter 25+ 180 (Liquid) Vaporization risk | (Hu et al,
2025)

Future Outlook: Integration into the Decarbonized
Grid

As fusion technology approaches the "Pilot Plant"
stage, the focus is shifting toward its role in the
global energy market. Techno-economic assessments
from 2025 suggest that while the first-of-a-kind
(FOAK) fusion plants will have high capital costs,
their ability to provide firm, weather-independent
baseload power makes them a vital complement to
intermittent renewables like solar and wind (Seo et
al., 2024). The transition to a commercial fusion
economy will likely be spearheaded by the "fusion-
fission hybrid" concept or the direct integration of
fusion heat into industrial processes, such as

hydrogen production or carbon capture (Meaney et
al,, 2025). With over 40 private companies now
competing to deliver a net-gain reactor by the mid-
2030s, the timeline for fusion power on the grid has
accelerated significantly (FIA, 2025; International
Atomic Energy Agency, 2025).
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Global Nuclear Reactor Market Share by Application (2024)
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2024 Market Size: $17.7B
CAGR (2025-2034): 4.2%
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Figure 2: Current Global Nuclear Reactor Market Share by Application Sector (2024)

Protecting the Boundary: Divertors and Plasma-
Material Interaction

The divertor is the component specifically designed
to handle the exhaust of power and impurities from
the plasma (Guo et al., 2024; Reinke et al., 2025).
Because heat loads on the divertor target plates can
reach extremely high levels, innovative designs are
required to prevent material erosion and melting
(Zheng et al., 2024). One major strategy is the use of
tungsten, which has the highest melting point of all
metals and low sputtering yields (Tan et al., 2024).
However, tungsten can become brittle under neutron
irradiation and is prone to surface blistering caused
by the accumulation of helium atoms (P. Guo et al.,
2025; Zhou et al., 2025).

To these scientists are exploring
advanced divertor configurations (ADCs) that use

solve issues,

magnetic shaping to spread the heat over a larger
surface area (Guo et al, 2024). The Snowflake
divertor, for example, splits the magnetic separatrix
into six sectors, effectively flaring the plasma
footprint (Moulton et al., 2025). The Super-X
divertor uses long magnetic "legs" to cool the plasma
through interactions with neutral gas buffers before
it reaches the target (Guo et al., 2024; Henderson et
al.,, 2026). Another promising concept involves the
use of liquid lithium on the divertor targets, which
heat through evaporation while
protecting the structural components from direct

plasma contact (Hu et al, 2025; Rognlien et al.,
2025).

can remove

Table 8: Engineering Comparison of Advanced Divertor Configurations

Divertor Cooling Structural Technical Challenge | Primary Source

Concept Mechanism Advantage

Conventional Direct Target | Simple Design Extreme Heat | (Tan et al., 2024)
Impact Concentration

Snowflake Six-sector splitting | Broader Heat | Complex  Magnetic | (Moulton et al,,

Distribution Control 2025)

Super-X Long-legged Neutral Gas | Large Reactor | (Guo et al., 2024)

detachment Buffering Footprint
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Remote Secondary | Isolated
X-point

X-point Target

Dissipation

(Henderson et al.,

2026)

Heat | Precision Positioning

Liquid Lithium | Evaporative
Cooling

Self-healing Surface | Li Flux Management

(Hu et al., 2025)

The Tritium Fuel Cycle and Self-Sufficiency

A critical requirement for any commercial
deuterium-tritium fusion reactor is the ability to
produce its own fuel through a self-sustaining tritium
cycle (Abdou et al., 2025; Barbarino et al., 2025).
Tritium, a radioactive isotope of hydrogen with a
halflife of 12.3 years, does not occur naturally in
significant quantities and must be bred by
bombarding lithium with the neutrons produced in
the fusion reaction (Humrickhouse et al., 2024;
Katoh et al., 2025).

Recent research has focused on the Tritium Breeding
Ratio (TBR), which must be greater than 1.05 to
account for radioactive decay and processing losses
(Abdou et al., 2025). Testing of lead-lithium liquid
blankets and ceramic pebble beds in 2025 has
demonstrated that optimizing the neutron multiplier
(such as beryllium or lead) is essential for achieving
this threshold in compact reactors (Ying et al., 2026).

Breeding Blanket Technologies

The breeding blanket is the massive component that
surrounds the fusion plasma, designed to capture
neutron energy for heat and facilitate tritium
production (Chen, 2025; Giancarli, 2025). The
European DEMO project and the ITER Test Blanket
Module (TBM) program are currently investigating
several designs (Barbarino et al.,, 2025; Ferrero,
2025):

Water-Cooled Lithium-Lead (WCLL): This concept
uses a liquid eutectic Pb-16Li alloy as both the
breeder and neutron multiplier, with pressurized
water acting as the coolant (Ferrero, 2025; Giancarli,
2025).

e Helium-Cooled Pebble Bed (HCPB): This
solid-state design utilizes ceramic pebbles of
lithium titanate or lithium orthosilicate as
the breeder, mixed with beryllium as a
neutron multiplier (Abdou et al., 2025;
Katoh et al., 2025).

e  Molten Salt (FLiBe) Blankets: Proposed for
immersion-style reactors like the ARC class,
these blankets use a molten salt of fluorine,

lithium, and beryllium (Sorbom et al., 2025).
FLiBe offers the advantage of low
magnetohydrodynamic ~ (MHD)  pressure
drops and simple tritium extraction via

sparging (Ferrero, 2025; Humrickhouse et
al., 2024).

The Tritium Breeding Ratio (TBR) Challenge

To achieve a sustainable fuel cycle, a reactor must
maintain a Tritium Breeding Ratio (TBR) greater
than 1.0, accounting for losses during extraction,
processing, and radioactive decay (Ferrero, 2025;
Zhang & Li, 2025). Recent simulations using
advanced transport codes have shown that the TBR
of solid-state blankets can degrade over time due to
the depletion of lithium and the accumulation of
hydrogen isotopes (Abdou et al., 2025; Zhang & Li,
2025). Furthermore, the trapping of tritium in "deep
traps" within the structural components can
significantly reduce the available fuel inventory
(Humrickhouse et al., 2024).

The integration of Tritium Extraction and Removal
(TER) systems is thus a vital area of current research.
Technologies such as the permeator against vacuum
(PAV) and vacuum sieve trays (VST) are being
developed to achieve extraction efficiencies above 80
percent (Ferrero, 2025). In the ITER TBM program,
scheduled for full operation in the late 2020s and
early 2030s, distinct test blanket systems will validate
these technologies under real fusion conditions

(Giancarli, 2025; Ying et al., 2026).

The Fusion Energy Market and Deployment
Strategy

The rapid technological advancements between 2020
and 2025 have fundamentally altered the economic
and regulatory landscape for fusion energy (IAEA,
2025). No longer confined to the realm of high-risk
research, fusion is increasingly viewed as a crucial
component of the future energy mix that can provide
clean, dispatchable baseload power (Lazard, 2025;
Meaney et al., 2025).
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Table 9: Comparison of Leading Breeding Blanket Concepts for Pilot Plants

Blanket Breeding Coolant Type Neutron Primary  Technical | Source

Type Material Multiplier Hurdle

WCLL Liquid Pb-Li | Pressurized Lead (Pb) Corrosion & Tritium | (Giancarli,

Water Permeation 2025)
HCPB Ceramic High-Pressure Beryllium (Be) | Thermal stress & | (Ferrero, 2025)
Pebbles Helium Pebble crushing

FLiBe Molten Salt Self-Cooled Beryllium (Be) | Fluorine corrosion | (Sorbom et al.,
management 2025)

DCLL Liquid Pb-Li | Helium / Pb-Li | Lead (Pb) Insulating coating | (Chen, 2025)
durability

Investment Trends and Private Sector Growth
Global private investment in fusion has surpassed
US $10.74 billion as of mid-2025, a historic level of
funding that reflects growing confidence in the
commercial viability of the technology ( FIA, 2025;
AEA, 2025). This capital is supporting a diverse array
of over 45 fusion startups, ranging from those

developing traditional tokamaks to those exploring
field-reversed configurations (FRC) and magnetized
target fusion (Banerjee, 2025; FIA, 2025).
Commonwealth Fusion Systems (CFS) remains a
leader in funding, having raised nearly US $3 billion
to support the construction of the SPARC device
and the development of the ARC pilot plant (FIA,
2025; Sorbom et al., 2025).

Global l\‘]_qglve‘aﬂr“lfy‘sgiop‘ ‘M‘gwrlw(ﬁt‘_lfprecast (2023-2033)

700 -
Inertial Confinement
Magnetic Confinement
Others

600 - —=' Total Market Size

CAGR:6.4%
2033 Value: $607.0B
400 -

$607.0B

$570.5B _ =

Figure 3: Projected Global Nuclear Fusion Market Growth by Confinement Technology (2023-2033)

The emergence of public-private partnerships has
become a cornerstone of this new industrial
ecosystem (Barbarino et al., 2025; IAEA, 2025).
Governments in the United States and the United
Kingdom have launched milestone-based funding
programs, which provide financial support to private
companies as they achieve specific technical

benchmarks (FIA, 2025). These partnerships are

designed to leverage the pathbreaking scientific
research of public laboratories while utilizing the
agility of the private sector (Barbarino et al., 2025;
IAEA, 2025).

Economic Modeling and LCOE Projections
The Massachusetts Institute of Technology (MIT), in
collaboration with the IAEA, has conducted global
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modeling to explore the potential role of fusion in
the future electricity mix (IAEA, 2025; Meaney et al.,
2025). In a low-capital-cost scenario where the
construction cost of a fusion plant is approximately
US $2,800/kW by 2050, fusion’s share of global
electricity generation could reach 50% by the end of
the century (IAEA, 2025). Even under higher-cost
assumptions of US $11,300/kW, fusion is projected
to reach a 10% market share by 2100 (IAEA, 2025).

The levelized cost of energy (LCOE) for fusion is
expected to become competitive as the technology

benefits from scale and development efficiencies
(FIA, 2025; Lazard, 2025). Unlike fission, fusion
does not require the same level of expensive security
infrastructure, which may allow it to achieve a lower
LCOE over time (Lazard, 2025). Furthermore, the
high energy density of fusion fuel means that fuel
costs will be a negligible fraction of the overall
operating cost (Ashraf & Barbarino, 2025; Lazard,
2025).

Table 10: Comparative Economic Projections for Fusion and Alternative Energy Sources (2025-2050)

Cost Component | Fusion Reactor | Nuclear Fission | Solar PV (Utility | Primary Source
Projection (Vogtle 3/4) Scale)

Capital Cost | $2,800-%$11,300 High (established) ~$1,000 (IAEA, 2025; Lazard,

(kW) 2025)

Fuel Cost | Negligible $0.85 Zero (Ashraf & Barbarino,

(MMBTU) 2025)

Operating Period | 30 - 40 Years 60+ Years 20 - 30 Years (FIA, 2025; Lazard,
2025)

LCOE (/MWh) | Competitive (2050+) | $81 - $130 $29 - $88 (FIA, 2025; Lazard,
2025)

Market Share | 10% - 50% Variable Significant (IAEA, 2025)

(2100)

Regulatory Frameworks and Public Perception

A critical barrier to the deployment of nuclear energy
has historically been public perception and the
complexity of the regulatory process (Barbarino et al.,
2025). Fusion energy, however, benefits from being
inherently safe; the reaction is selflimiting and
cannot lead to a meltdown (Ashraf & Barbarino,
2025; FIA, 2025). To reflect this, many jurisdictions
are developing bespoke regulatory frameworks that
are distinct from those used for fission (IAEA, 2025).
In the United States, the ADVANCE Act of 2024
and subsequent Nuclear Regulatory Commission
(NRC) rulings in 2025 have provided a streamlined
pathway that regulates fusion machines under the
"byproduct materials" framework (10 CFR Part 30)
rather than the more restrictive "utilization facility"
framework used for fission (NRC, 2024; NRC,
2026). This shift significantly reduces the licensing
timeline for pilot plants like SPARC and Infinity
Two (Clean Air Task Force, 2025). Internationally,
the IAEA’s World Fusion Energy Group, established

in late 2024, is working to harmonize safety

standards, ensuring that fusion remains a non-
proliferative and low-risk technology (IAEA, 2025;
Odhong, 2025).

Summary

The progress achieved in nuclear fusion between
2020 and 2025 represents a structural shift from
scientific discovery to technological maturation. The
demonstration of scientific ignition at the National
Ignition Facility and the energy records set by JET
provided the necessary proof-of-concept for the
viability of controlled fusion (Abu-Shawareb et al.,
2024; Mailloux et al.,, 2024). Concurrently, the
breakthrough in HTS magnet technology has
enabled the design of compact reactors that can be
built at a fraction of the cost and size of previous
devices (Hartwig, 2024; White et al., 2025). The
immediate future of the field will be defined by the
operation of the ITER tokamak and the initial
testing of breeding blanket systems (Giancarli, 2025;
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Ying et al., 2026). Private companies are expected to
deliver pilot plant results in the early 2030s, which
will serve as the foundation for the first generation of
commercial fusion power plants (FIA, 2025). While
significant engineering challenges remain particularly
in material durability under neutron flux and the
realization of a selfsustaining tritium fuel cycle the
synergy between international collaboration and
private-sector innovation has positioned fusion
energy as a definitive solution for the world's long-
term clean energy needs (IAEA, 2025; Lazard, 2025).
The convergence of Aldriven plasma control,
advanced  composites, and HTS  magnetic
confinement suggests that the "fusion era" is no
longer a distant theoretical goal but an impending
reality. The technical milestones reached in the last
five years have effectively moved the Lawson
criterion from a limit to be reached to a benchmark
to be exceeded, signaling a new age of sustainable
energy independence (Abu-Shawareb et al., 2024;
FIA, 2025; Zylstra et al., 2025).
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