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Commercial Fusion Energy: From Ignition to Deployment

Advances in plasma science and engineering, driver technology, materials, advanced manufacturing, high-performance
computing, and accelerating developments in artificial intelligence (Al) are building a strong foundation for fusion reactor
systems. The achievement of breakeven fusion energy at the National Ignition Facility in 2022 and growing interest from
private-sector investment have increased confidence that fusion can become a practical source of carbon-free power.

As fusion technologies move closer to commercial deployment, attention is increasingly turning toward the engineering
capabilities required to build, operate, and sustain

fusion systems.

Among the most significant challenges are achieving the scalability, reliability, manufacturability, supply chain,

cost competitiveness, and long-term performance needed for viability and widespread adoption. Future fusion

power plants must sustain fuel cycles, deploy materials and components capable of operating in extreme fusion
environments, maintain high reliability over decades of operation, and support practical approaches to manufacturing
and maintenance. Achieving these objectives will depend on coordinated advances across materials discovery, fuel-
cycle technologies, diagnostics and controls, advanced manufacturing, digital engineering, thermal engineering, and
integrated plant design.

To identify high-impact engineering research opportunities for the decades ahead, the Engineering Research Visioning
Alliance (ERVA) convened 48 experts from academia, industry, national laboratories, and government. Participants
represented a broad range of knowledge and practical experience spanning fusion science and engineering, materials
research, computation, Al, and systems design. Together, they examined the engineering capabilities, emerging
technologies, and research directions that could enable fusion energy to evolve from fusion pilot plants to first-of-a-
kind commercial energy systems. To maintain sharp focus, the visioning event discussions deliberately avoided topics
that have been considered in previous workshops organized by other organizations (e.g., reactor concept design,
confinement, and instability science). Strategic thinking on a research and development timeline was influenced by the
goal of deployment at scale.

Engineering a Scalable Fusion Future

Participants envisioned scenarios in which fusion energy becomes an essential component of global energy
infrastructure. These futures featured power plants capable of operating for decades with high availability, sustainable
fuel cycles that support growing power plant fleets, advanced materials that withstand extreme environments,

and manufacturing capabilities that enable large-scale construction of fusion systems. Participants also anticipated
myriad industrial and societal applications that may become more viable with this low-cost energy source, ranging
from desalination and hydrogen production to industrial heat and space transportation and exploration. In many
applications, the value of fusion may derive from the direct use of heat and other fusion outputs rather than electricity
generation alone.

These future technology scenarios motivate practical focus on the engineering capabilities required to transform

fusion from a collection of viable technologies into a scalable and enduring energy industry. It is important to note that
not all useful and relevant fusion energy systems must be at the power-plant scale; systems of different sizes may be
appropriate or valuable for deployment in different environments. Although the U.S. Department of Energy’s June 2026
Fusion Science & Technology Roadmap identifies near- to mid-term strategies to address significant barriers, the research
opportunities identified in this report highlight a non-exhaustive set of high-impact engineering research priorities that
could help bridge the gap between emerging fusion technologies and widespread deployment.
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Five Key Research Domains and Engineering Research
Priorities to Address Them

01: sustainable Fuel Cycles and Fusion Resource Stewardship

Commercial fusion depends on the ability to establish fuel cycles that are secure, sustainable, and scalable. Current
fusion concepts rely heavily on tritium, a fuel with limited global availability that must ultimately be bred, recovered,
monitored, and recycled within fusion power plants. Future deployment will require reliable access to lithium resources,
robust isotope management systems, and approaches that minimize environmental releases while maintaining public
trust. Together, these challenges extend beyond fuel supply to encompass long-term stewardship of critical materials,
isotopes, and byproducts across growing fleets of fusion power plants.

Opportunities to strengthen the entire fusion fuel lifecycle emerged during the workshop discussions as potential game-
changers for reducing operational risks and requirements, including technologies spanning fuel production and delivery,
recovery, recycling, and long-term stewardship. Lithium-6 enrichment, tritium breeding and extraction technologies,
high-efficiency fueling systems, and direct recycling approaches could reduce required fuel inventories and improve
plant economics. Isotope monitoring, accounting, and control enabled by sensing, automation, robotics, and data-driven
management systems may further enable fuel-cycle architectures capable of supporting commercial fusion deployment
while reducing operational risk and resource requirements.

Targeted engineering research priorities may include advanced tritium breeding, extraction, and recovery technologies;
low-inventory fuel-cycle architectures; high-efficiency fueling and direct recycling systems; advanced sensing, monitoring,
and accountancy approaches; alternative breeding strategies and lithium utilization pathways; and predictive fuel-cycle
modeling capabilities enabled by integrated digital twins and improved neutron data.

Expertise in multiple disciplines is needed to advance this research, including fusion, mechanical, chemical, and nuclear

engineers; geological engineering specialists; materials scientists; sensor and instrumentation specialists; data scientists;
and systems engineers with expertise in fuel-cycle design, monitoring, and resource stewardship.
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02: Materials, Testing, Manufacturing, and Qualification at Scale

Many of the materials needed for commercial fusion have yet to be developed. Some materials have demonstrated
promising performance in laboratory environments but have not been qualified or manufactured at industrial scale.
Future fusion systems must operate under extreme combinations of heat, radiation, particle flux, magnetic fields,

and mechanical stress while maintaining performance over long operating lifetimes. The challenge extends beyond
discovering new materials to establishing the manufacturing methods, integration technologies, testing infrastructure,
and qualification pathways needed to support the transition from laboratory-scale demonstrations to widespread
commercial deployment. Integrated sensor and signal processing technologies have enabled key advances in monitoring
and just-in-time maintenance of manufacturing systems, which can translate to fusion energy systems operations.

Several recurring themes emerged regarding the challenge of transitioning fusion materials from laboratory discovery
to commercial deployment, including the need for manufacturing and qualification approaches that support economical
scaling and component interchangeability. Advanced materials and material systems are needed for plasma-facing
components, breeder blankets, and other critical subsystems while meeting requirements for performance, durability,
safety, cost, and public acceptance. Advancing fusion materials from coupon-level testing to qualified components

will require validated multi-physics models, representative testing methodologies, and qualification frameworks that
establish confidence in material performance under fusion-relevant operating conditions. The link between process,
structure, property, and performance of a material across multiple length and time scales emerged as a recurring priority.
Cross-cutting efforts in shared data resources, real-time monitoring, Al-enabled experimentation, and coordinated
standards development may accelerate materials development while helping establish the qualification pathways
needed for widespread deployment.

Targeted engineering research priorities may include advanced materials for plasma-facing and blanket components,
advanced cooling technologies, scalable manufacturing and integration technologies, dissimilar-material joining, design
for maintenance, and interface engineering. Shared or collaborative resources could include representative-condition
testing infrastructure, accelerated qualification and lifetime assessment methods, materials validation and qualification
frameworks, standards and certification pathways, and process-structure-property-performance modeling. Addressing
this challenge could potentially be accelerated through development of Al-enabled materials discovery methods and self-
driving laboratories.

Expertise in multiple disciplines is needed to advance this research, including materials scientists; computational

materials researchers; manufacturing, nuclear, mechanical, chemical, and industrial engineering; data scientists; and
experts in qualification, testing, and lifecycle assessment.

03: Reliable, Maintainable, and Autonomous Fusion Plants

Commercial fusion power plants must achieve levels of reliability, availability, maintainability, and inspectability (RAMI)
that support economical operation over decades. Unlike experimental facilities, commercial plants will be judged

by uptime, maintenance costs, operational flexibility, and lifecycle economics. Many fusion systems will operate in
environments characterized by radiation, extreme temperatures, activated materials, and limited human access,
requiring advances in robotics, remote handling, predictive maintenance, and maintainability-centered

design approaches.

Commercial fusion power plants will need systems engineering frameworks that integrate RAMI and operational
performance across the full plant lifecycle. These frameworks must be tailored to fusion systems, which will require
advanced autonomous maintenance technologies and engineering methodologies compatible with extreme conditions.
Reliability and maintainability considerations must be incorporated into plant architectures from the outset.
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Modular replacement strategies, standardized interfaces, asset management approaches, and intelligent monitoring
systems capable of identifying degradation and predicting failures before they affect plant operations emerged as
important priorities.

As fusion systems transition from experimental facilities to commercial infrastructure, maintenance, inspection, and
component replacement must become routine, safe, and economically viable. This will require coordinated advances in
autonomous systems, robotics, controls, diagnostics, and long-term operational planning. More broadly, self-driven test
beds and dedicated test facilities would accelerate progress in this area.

Targeted engineering research priorities may include fusion-specific RAMI frameworks and methodologies, lifecycle
reliability modeling, and digital maintenance planning tools that can guide design and operations. Research should
include the development of integrated diagnostics and analysis for operational monitoring and inspection, allowing
for early problem detection. Degradation forecasting that relies on uncertainty-aware predictions anchored with
experimental input and data could reduce unplanned downtime. In parallel, engineering research should focus on
maintainability-centered design, including autonomous robotic maintenance, remote handling technologies, modular
replacement strategies, standardized interfaces, and common architectures that make fusion plants easier to service,
upgrade, and operate at commercial scale.

Expertise in multiple disciplines is needed to advance this research, including robotics engineers, systems and
operations engineers, diagnostics and controls specialists, reliability engineers, human-machine systems researchers,
nuclear materials scientists, radiation scientists, nuclear engineers, health physicists, radiation hardened electronics
engineers, and experts in reliability engineering, autonomous systems, and infrastructure operations.

04: Integrated Energy Conversion and Utilization

Fusion reactions produce energy, neutrons, and other outputs that can support a wide range of industrial and societal
applications. While electricity generation remains a primary objective, commercial fusion may also create value through
industrial heat, manufacturing, chemical production, transmutation, resource recovery, and other energy-intensive
processes. Realizing these opportunities will require engineering approaches that extend beyond the fusion core and
integrate fusion systems into broader industrial and energy ecosystems.

Beyond electricity generation, fusion systems may support a broad range of industrial and commercial applications.
Although some neutron-enabled applications already exist, including the production of certain medical isotopes,
expanded fusion deployment could create new opportunities for industrial and commercial utilization. Realizing these
opportunities will require improved understanding of neutron interactions, materials responses, and process design
approaches that can leverage fusion outputs beyond conventional electricity generation. As fusion deployment expands,
the ability to create value from heat, neutrons, and other fusion outputs may become increasingly important to the
economics, attractiveness, and broader impact of commercial fusion energy systems.

Targeted engineering research priorities may include integrating fusion-generated heat and power into industrial
processes, advanced energy conversion approaches, transportation, and designing hybrid facilities that can produce
multiple energy and industrial products. Engineering research is also needed for direct neutron utilization technologies,
neutron-data-informed process design, fusion-enabled manufacturing, and resource recovery.

Expertise in multiple disciplines is needed to advance this research, including energy systems, nuclear, chemical,
electrical, industrial, mechanical, and materials and process engineering specialists, manufacturing specialists, and
researchers with expertise in biomedical applications, radioisotope production, industrial process integration, and
neutron-enabled technologies.
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05: Enabling Technologies

Commercial fusion systems depend on a range of enabling technologies, including magnets, plasma-heating systems,
drivers, power electronics, pulsed power, and related subsystems, that strongly influence system performance, efficiency,
reliability, and economic viability. Advances in driver technologies, magnets, power electronics, beam delivery systems,
and related subsystems have historically shaped the feasibility of fusion concepts and will continue to determine the
pace and economics of commercial deployment. Disruptive technologies like additive manufacturing can enable new
materials and geometric configurations that could transform the performance of subsystems, such as improved cooling
channels in high-T superconducting magnets.

Advances in enabling subsystem technologies could substantially improve fusion performance, reduce system complexity,
improve economics, and facilitate scalability. For inertial fusion energy concepts, it is essential to demonstrate the
assembly and synchronization of hundreds of multiplexed driver modules. Opportunities include improvements

in driver efficiency and lifetime, high-power electronics, magnetic systems, wide-bandgap semiconductors, high-
temperature superconductors, and modular subsystem architectures to improve power density, operational flexibility,
and manufacturability. Participants identified challenges and opportunities in enabling technologies to adapt and

expand existing supply chains, accelerating the deployment of innovative technologies, and increasing the availability of
advanced materials and components essential to fusion energy systems.

Targeted engineering research priorities may include improving the efficiency and operating lifetime of driver and target
technologies, as well as advanced switches and capacitors for repetitive high-frequency operation. Engineering research
is needed to develop high-power electronics and power-conditioning systems, cooling technologies, wide-bandgap
semiconductor technologies, advanced high-temperature superconducting systems, liquid-compatible component
designs, and modular or miniaturized subsystem architectures. Integrated subsystem engineering will be required to
ensure overall performance, robustness, and scalability of a fusion plant.

Expertise in multiple disciplines is needed to advance this research, including electrical engineers, materials scientists,
plasma and fusion engineers, superconductivity researchers, power electronics specialists, mechanical engineers,
manufacturing engineers, and systems engineers focused on complex energy technologies.

Cross-Cutting Opportunities

Many of the research opportunities identified throughout this report are interconnected and may simultaneously
advance multiple research focus areas. Advances in predictive digital engineering, digital twins, Al, manufacturing,
testing, and qualification emerged as crosscutting enabling capabilities for fuel-cycle systems, fusion materials, plant
operations, energy utilization, and subsystem technologies. Broadly available engineering testbeds are needed to
accelerate progress along many of these directions. Progress toward commercial fusion will require integration

of advances in fusion science, computation, materials discovery, and engineering disciplines spanning design,
manufacturing, operations, physical Al, and systems integration.
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