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1.

MOLTEN SALT REACTORS

Technology Status, Developments & Path to Commercialization

. Overview & Fundamentals

Molten Salt Reactors (MSRs) are Generation IV nuclear systems that use molten halide salts —
fluorides or chlorides — as either the primary coolant, the fuel carrier, or both. Unlike conventional
light-water reactors (LWRs) that operate with solid fuel rods and high-pressure water, MSRs
function near atmospheric pressure at temperatures of 600-800°C, offering distinct thermodynamic
and safety advantages. Two broad design families define the field:

Liquid-fueled MSRs (LF-MSRs): Fissile material (uranium or plutonium salts) is dissolved
directly in the molten salt carrier and circulated through the core. This enables continuous
online fuel addition and fission product removal. Examples: TMSR-LF1 (China), IMSR
(Terrestrial Energy), MCFR/MCRE (TerraPower/Southern Company), MSR-1 (Natura
Resources).

Salt-cooled / Solid-fueled reactors (FHRs): A separate molten salt coolant circulates around
solid fuel elements (typically TRISO particles). The fuel and coolant are not mixed, avoiding
many of the chemistry and safeguards complexities of liquid-fueled designs. Example:
Kairos Power KP-FHR (Hermes series).

Stable Salt Reactors (SSRs): A hybrid approach — fuel salt is confined within sealed fuel
tubes similar to LWR assemblies, immersed in a non-radioactive coolant salt pool circulating
by natural convection. Example: Moltex SSR-W.

Key distinguishing advantages of MSRs over conventional LWRs and other advanced reactor

types:

Near-atmospheric operation eliminates high-pressure LOCA risk and simplifies containment
design.

High operating temperatures (600-850°C) enable superior thermodynamic efficiency and
direct industrial process heat applications.

Liquid-fuel designs allow online fission product removal, continuous refueling without
shutdown, and inherent negative temperature coefficients of reactivity.

Thorium fuel cycle compatibility — thorium (Th-232) breeds to fissile U-233 in thermal-
spectrum MSRs; thorium is three to four times more abundant in Earth’s crust than uranium.
Passive freeze-plug safety systems drain the fuel salt to subcritical geometry by gravity in
the event of a loss-of-power scenario.

Potential for actinide and long-lived fission product transmutation (particularly in fast-
spectrum chloride designs).

Ability to burn spent nuclear fuel and weapons-grade plutonium (Moltex SSR-W, Elysium
MCSFR).
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Il. Active Programs & Current Status

Global Program Summary
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TMSR-LF1 — China / SINAP-CAS (Only Operating MSR in the World)

China’s 2 MWt Thorium Molten Salt Reactor (TMSR-LF1), built by the Shanghai Institute of Applied
Physics (SINAP) under the Chinese Academy of Sciences (CAS), is the world’s first operational
MSR since the U.S. closed its Oak Ridge Molten Salt Reactor Experiment in 1969. Located in
Wuwei, Gansu Province, it is a liquid-fueled fluoride reactor (FLiBe salt) operating on enriched
uranium with a 50 kg thorium inventory.

» Construction began September 2018; completed August 2021 ahead of schedule.

+ Operating license issued June 2023; first criticality achieved October 11, 2023.

* Reached full 2 MWt operational capacity June 2024.

* October 2024: World’s first addition of thorium fuel to an operating MSR, establishing the
only active thorium—uranium fuel cycle research platform in an operating reactor.

* October 2024: World’s first online refueling of an MSR without shutdown — a key
operational advantage of liquid-fueled designs.

* November 2025: SINAP announced successful conversion of Th-232 to fissile U-233 within
the reactor, providing the first experimental data on thorium breeding in an operating MSR
globally.

Planned scale-up roadmap: A 60 MWt pilot plant (with 10 MWe power output and hydrogen
production demonstration) is targeted for Wuwei by 2029. A 100 MW demonstration project for
large-scale commercial application is targeted by 2035, with deployment in thorium-rich regions of
Gansu and Xinjiang.
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Kairos Power — KP-FHR / Hermes 1 & 2 (USA)

Kairos Power (founded 2016, Alameda, California) is developing the KP-FHR — a fluoride salt-
cooled high-temperature reactor (FHR) using TRISO coated particle fuel cooled by FLiBe (lithium-
beryllium fluoride) salt. Operating near atmospheric pressure at high temperature, the KP-FHR is
designed for affordable, modular deployment. Kairos is pursuing a staged, iterative development
strategy with two demonstration plants.

* Hermes 1 (35 MWt, non-power demo): NRC construction permit issued December 2023 —
the first non-light-water reactor approved for construction in the US in over 50 years.
Groundbreaking at Oak Ridge, Tennessee, July 2024. Nuclear safety-related construction
(foundation piers) began May 2025. Construction permit deadline extended 28 months to
accommodate schedule. Operational target: 2027—-2028.

* Hermes 2 (two-unit, power-producing demo): NRC construction permit approved November
2024; groundbreaking began April 2026. Co-located with Hermes 1 in Oak Ridge. Will be
the first Gen IV reactor to generate electricity in the United States. Target: 2028-2029.

* Engineering Test Unit (ETU 1.0/ 3.0): Kairos completed 1,000 hours of pumped FLiBe salt
operations in its full-scale non-nuclear ETU-1 in January 2024 — the largest FLiBe molten
salt system ever built. ETU 3.0 is under construction alongside Hermes 1.

« Salt Production Facility: Groundbreaking October 2024 at Kairos’s Manufacturing
Development Campus in Albuquerque, New Mexico. Planned to produce reactor-grade
FLiBe from 2026 for Hermes 1 and future commercial units.

+ Commercial offtake: TVA, Google, and Kairos Power signed a three-way power purchase
agreement in 2025 — the first US utility PPA for Gen IV nuclear power. DOE-Oak Ridge
National Laboratory strategic partnership worth $27M announced February 2026 to
accelerate KP-FHR technology.

Natura Resources — MSR-1 / MSR-100 (USA)

Natura Resources LLC (Abilene, Texas) is developing a Liquid-Fueled Molten Salt Reactor (LF-
MSR) that uses fuel dissolved in molten salt, operating at high temperature and low pressure.
Natura is targeting the fastest MSR deployment timeline in the United States.

+  MSR-1 (1 MWe demonstration): NRC construction permit issued September 2024 — the
first construction permit for a liquid-fueled advanced reactor and only the second advanced
reactor CP issued by the NRC. To be sited at Abilene Christian University (ACU) in
collaboration with the ACU Research Alliance (Texas A&M, Georgia Tech, UT Austin).

» Detailed engineering and design by Zachry Nuclear Engineering targeted for completion in
early 2025, followed by operating license application submission.

+  MSR-100 (100 MWe commercial): Target to be cost-competitive with natural gas; designed
for grid-scale power, industrial heat, desalination, and medical isotope production.

* November 2025: Natura acquired Shepherd Power from NOV Inc., partnering with NOV’s
manufacturing and supply chain expertise to accelerate deployment of multiple gigawatts of
SMR capacity between 2029 and 2032 for data center and industrial customers.
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Terrestrial Energy — IMSR (Canada / USA)

Terrestrial Energy (headquarters relocated to Charlotte, North Carolina from Toronto) is developing
the Integral Molten Salt Reactor (IMSR), a ~400 MWt / 195 MWe class fluoride liquid-fuel reactor
targeting industrial heat and electricity markets. The IMSR uses a sealed, integral reactor unit (IRU)
replaced on a seven-year cycle, avoiding online reprocessing during operation.

» Canadian Nuclear Safety Commission (CNSC) Vendor Design Review Phase 2 completed
with no fundamental safety barriers identified.

* U.S. NRC pre-application engagement ongoing; in May 2023 DOE awarded a regulatory
assistance grant for NRC licensing support. In September 2025, the NRC issued its Safety
Evaluation on the IMSR’s Principal Design Criteria — the first NRC safety evaluation of a
commercial MSR design — approving use of temperature as the inherent reactor power
control mechanism.

+ June 2024: DOE GAIN voucher awarded for IMSR fuel salt testing at Pacific Northwest
National Laboratory (PNNL) to demonstrate stability and safety under commercial operating
conditions.

* Fuel pilot plant partnership with Westinghouse subsidiary Springfields Fuels at their UK
manufacturing facility (agreement signed 2023).

+ Early 2025: Selected by Texas A&M University System as one of four firms to explore SMR
deployment at the Texas A&M—-RELLIS campus.

+ Commercial IMSR plants targeted for early 2030s; DOE-backed “Project Tetra” (195 MWe)
identified as a key testing and licensing milestone.

Moltex Energy — SSR-W (Canada / UK)

Moltex Energy (New Brunswick, Canada / UK) is developing the Stable Salt Reactor — Wasteburner
(SSR-W), a 300 MWe fast-spectrum reactor with a unique hybrid approach: fuel salt is contained
within sealed fuel tubes (similar to LWR assemblies) immersed in a pool of non-radioactive chloride
coolant salt that circulates by natural convection — requiring no primary pumps. The SSR-W is
designed to run on spent nuclear fuel, converting used LWR fuel into electricity via the WATSS
(WAste to Stable Salt) recycling process.

* CNSC Vendor Design Review Phase 1 completed; additional work identified for Phase 2 in
management systems, safety classification, and containment design.

* NB Power selected the SSR-W as one of two reactors intended for construction at the Point
Lepreau site in New Brunswick.

+ Target: Operational reactor in the early-to-mid 2030s; WATSS facility co-located for spent
fuel processing.

+ UK variant under development through MoltexFLEX Ltd., targeting deployment in the UK
market as one of the leading MSR candidates identified by UK government SMR programs.

TerraPower / Southern Company — MCRE / Molten Chloride Fast Reactor (USA)

TerraPower (Bellevue, Washington) and Southern Company are developing the Molten Chloride
Fast Reactor (MCFR) — a fast-spectrum, liquid-fueled chloride salt reactor designed for electricity,
industrial heat, and maritime propulsion. The Molten Chloride Reactor Experiment (MCRE) at Idaho
National Laboratory will be the world’s first critical fast-spectrum salt reactor.
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Fuel salt synthesis breakthrough (2024): After years of development beginning in 2020, INL
researchers achieved 95% conversion of uranium metal feedstock to uranium chloride fuel
salt in a single day, producing 18 kg per batch. Early attempts yielded only 80% conversion.
Full-scale production demonstrated in September 2025.

First-ever production batch of chloride-based molten salt fuel for a fast reactor delivered
September 2025. Five total batches targeted by March 2026; 72—75 batches required to
bring MCRE to criticality.

MCRE will be the first experiment hosted at the LOTUS (Laboratory for Operation and
Testing in the United States) test bed being constructed at INL by DOE’s National Reactor
Innovation Center. MCRE operations expected to begin approximately 2028.

Results from MCRE will inform commercial MCFR deployment in the 2030s for both
terrestrial grid applications and maritime propulsion — a market with significant private
investment from CORE POWER.

Other Notable Programs

Elysium Industries (USA/Canada): Developing the Molten Chloride Salt Fast Breeder
Reactor (MCSFR), a fast-spectrum design scalable from 50 MWe to 1,200 MWe, fueled with
spent nuclear fuel or depleted uranium. Operates at near atmospheric pressure with passive
freeze-plug safety. Pre-conceptual design phase; not yet in formal regulatory review.

Korea (KAERI): Thorium Molten Salt Reactor (TMSR) concept under R&D. KAERI selected
by KHNP to develop a deployment pathway; early design phase.

European programs: Several EU member states and institutions are engaged in MSR
research through the SAMOFAR (Safety Assessment of the Molten Salt Fast Reactor) and
ORIENT-NXT programs. The European Industrial Alliance on SMRs (launched 2023) is
actively including MSR concepts. No European MSR has yet entered construction
permitting.

Russia (MOSART): Russia has maintained design studies for the MOSART (Molten Salt
Actinide Recycler and Transmuter) concept, a fast-spectrum thermal MSR burner, though
no recent construction activity has been publicly reported.

lll. Recent Research Advances (2024-2026)

Key published findings and demonstrated technical progress include:

Thorium breeding validation (2025): China’s TMSR-LF1 provided the first experimental data
globally confirming Th-232 — U-233 conversion in an operating reactor, validating a
theoretical cornerstone of the thorium fuel cycle that had never been experimentally verified
in a running MSR.

Online refueling demonstration (2024): SINAP researchers performed the world’s first
continuous reload of fuel in an operating MSR without shutdown, confirming a core
operational advantage of liquid-fueled designs.

Chloride fuel salt synthesis (2024): INL’s breakthrough in uranium chloride production —
95% conversion efficiency, 18 kg batches produced in hours rather than weeks — resolved
a foundational manufacturing barrier for fast-spectrum chloride MSRs.

FLiBe large-scale handling (2024 ): Kairos Power completed 1,000 hours of pumped FLiBe
operations in its ETU-1 — the world’s largest FLiBe molten salt system — providing
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engineering data on pump performance, seal reliability, and thermal management at
relevant scale.

Materials corrosion modeling: MIT and national laboratory research programs published
expanded datasets on fluoride salt corrosion mechanisms, identifying the dominant role of
salt redox chemistry (halogen potential) over temperature in driving corrosion rates.
Machine learning approaches are being applied to screen alloy compositions for corrosion
resistance.

Alloy 709 qualification: Transition from Alloy 316H to the higher-performance Alloy 709
(advanced austenitic stainless steel) is a priority DOE program area, with irradiation and
corrosion testing underway at multiple national laboratories.

Off-gas and fission product management: ORNL and PNNL research into volatile fission
product behavior (Cs, |, Kr, Xe) in fluoride and chloride salts has produced improved source
term models, critical for MSR licensing analyses.

Tritium management: Advances in tritium barrier coatings (CVD-applied alumina, SiC
composites) and tritium permeation modeling have been demonstrated in bench-scale test
facilities, reducing one of the major radiological emission concerns for FLiBe-based
systems.

Online fuel processing (fluoride volatility / pyrochemistry): Bench-scale demonstrations of
continuous fission product removal by gas sparging, fluoride volatility, and electrochemical
methods have been published, though none yet at pilot scale.

Standardization effort (2024 ): A European Commission JRC/CEN/CENELEC workshop in
March 2024 produced the first coordinated roadmap for MSR standards development,
covering thermophysical property measurement, safety evaluation, fuel qualification, and
materials codes.

IV. Technology Gaps & Key R&D Challenges

The table below indexes the ten primary MSR technology gaps covered in this section. Each
numbered row corresponds to the detailed writeup that follows.

No.

4.1

4.2
4.3

4.4

4.5

4.6

4.7

Technology Gap / R&D Challenge Development TRL
Maturity

Structural materials corrosion & compatibility in Early R&D 3
fluoride/chloride salts
Salt redox chemistry control at commercial scale Bench Scale 3
Tritium generation, permeation & containment (FLiBe Bench Scale 3
systems)
Fission product off-gas management at pilot/commercial Bench Scale 3
scale
Online fuel salt reprocessing (fluoride volatility / Bench Scale 3
pyrochemistry)
Fuel salt irradiation database & thermophysical property Very Limited 2
qualification
Graphite moderator irradiation behavior & fuel salt Partial Data 3
permeation
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No. Technology Gap / R&D Challenge Development TRL
Maturity
4.8 Remote maintenance & in-service inspection in Early Dev. 2
radioactive salt
4.9 Waste salt stabilization and geological disposal pathway Not Established 2
4.10 Regulatory framework, codes & standards for liquid-fueled Not Started
MSRs

4.1 Structural Materials Corrosion & Compatibility

Molten fluoride and chloride salts corrode structural metals by dissolving chromium and other
alloying elements at rates controlled by salt redox chemistry. No fully qualified material system
exists for all MSR structural applications at commercial scale. Alloy 709 and advanced FeCrAl
compositions are under development but lack long-duration irradiation and corrosion qualification
data. Prior codes and standards developed for LWRs are only partially applicable.

4.2 Salt Redox Chemistry Control at Scale

Continuous oxygen, moisture, and impurity control in the salt is essential to limit corrosion and
ensure fuel salt stability. Industrial-scale purification systems — cold traps, redox buffer addition,
electrochemical sensors — for large pool-type reactors are unproven at commercial conditions.
Measurement and control of redox potential in radioactive fuel salt in real time remains an open
instrumentation challenge.

4.3 Tritium Generation & Containment

FLiBe-based systems generate tritium (H-3) via Li-6 neutron capture. Tritium can form highly
corrosive HF within the salt and readily permeates through hot metals at reactor temperatures.
Effective tritium barriers (CVD alumina, SiC coatings) have been demonstrated at bench scale but
not validated at commercial operating conditions and neutron fluences. Tritium source term
modeling for licensing analyses requires additional experimental validation.

4.4 Fission Product Off-Gas Management

Volatile fission products — noble gases (Kr, Xe), halides (CsF, Csl), and semi-volatile species (Te,
Sb) — are continuously generated in liquid-fueled MSRs and must be removed, retained, and
disposed of safely. Off-gas treatment systems that handle radioactive gases, aerosols, and
condensable species at high temperature are not yet proven at pilot scale. lodine behavior in
chloride vs. fluoride salts differs significantly and requires separate qualification.

4.5 Online Fuel Salt Reprocessing

The commercial case for thorium-breeding and actinide-burning MSRs depends on continuous or
batch online reprocessing to remove fission products and recover bred fissile material. Fluoride
volatility and pyrochemical separation methods have been demonstrated at bench scale, but no
pilot-scale reprocessing facility for operating liquid-fuel MSRs exists. Protactinium-233 removal
(required for efficient U-233 breeding from thorium) is technically challenging and undemonstrated
at any scale.
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4.6 Fuel Salt Qualification & Irradiation Database

The thermophysical, thermochemical, and radiation behavior of molten fluoride and chloride fuel
salts under sustained neutron irradiation is poorly characterized. Fission product solubility limits,
phase behavior, and the impact of burnup on salt viscosity, density, and thermal conductivity must
be established experimentally. No comprehensive, internationally agreed property database for
reactor-grade fuel salts exists.

4.7 Graphite Moderator Irradiation Behavior

Thermal-spectrum liquid-fueled MSRs (TMSR, IMSR) that use graphite moderators face unique
challenges: fuel salt permeates graphite pores at elevated temperature and pressure, and graphite
dimensional changes under neutron irradiation affect reactor physics and structural integrity. High-
performance graphite sealing, manufacturing consistency, and irradiation qualification data at
relevant salt conditions are insufficient for commercial-scale licensing.

4.8 Remote Maintenance & In-Service Inspection

Highly radioactive, chemically reactive, optically opaque liquid fuel salt makes in-service inspection
(ISl), maintenance, and repair of reactor internals extraordinarily challenging. Robotic and remote
tooling capable of operating in high-temperature, high-radiation molten salt environments is in early
development. No standardized ISI protocols for MSR primary circuits exist within any regulatory
framework.

4.9 Waste Salt Disposition

Used fuel salt containing dissolved fission products, actinides, and activated corrosion products
constitutes a novel, chemically complex waste form with no established disposal pathway.
Conversion to stable solid waste forms (glass, ceramic, mineral) is under research at national
laboratories, but no qualified industrial process exists. Regulatory acceptance criteria for liquid-fuel
waste salts have not been established in any national repository program.

4.10 Regulatory Frameworks & Codes/Standards

No national regulator has yet completed a full licensing review of a liquid-fueled MSR. The NRC’s
September 2025 safety evaluation of Terrestrial Energy’s IMSR Principal Design Criteria is the first
of its kind for a commercial MSR design. Safety assessment methods for unique MSR accident
scenarios — drainable fuel systems, off-gas releases, liquid fuel dispersal — must be developed
from first principles. No internationally harmonized codes and standards specifically addressing
MSR materials, components, or safety analyses exist.

V. Hurdles on the Path to Commercialization

Beyond the technical gaps, MSR commercialization faces a distinct set of systemic and market-
level challenges that will shape the pace and geography of deployment through the 2030s.

5.1 Design Diversity & Fragmented Development Efforts

Dozens of distinct MSR concepts are in development globally, spanning liquid-fueled vs. salt-
cooled, fluoride vs. chloride, thermal vs. fast spectrum, and single vs. two-fluid configurations. This
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diversity, while scientifically rich, means that generic technology development — materials
qualification, codes and standards, off-gas systems, waste forms — must either be repeated for
each design family or requires coordination that the field has struggled to achieve. No single
dominant MSR architecture has emerged to anchor industry supply chain investment, as has
occurred in the LWR industry with the PWR.

5.2 First-of-a-Kind Economics (FOAK)

Every first MSR unit carries the full cost of unresolved engineering unknowns, novel supply chains,
and extensive pre-operational testing. FOAK costs for advanced reactors historically run 2—3x
design estimates. Unlike LWRs or even sodium fast reactors, MSRs carry additional FOAK burden
from unique subsystems with no commercial heritage: online off-gas treatment plants, continuous
salt purification systems, and liquid waste handling facilities that are co-located with the reactor.
Demonstrating competitive LCOE prior to fleet deployment requires sustained government cost-
sharing over 15-20 year timescales.

5.3 Fuel Salt and Special Materials Supply Chain

High-purity, reactor-grade fluoride and chloride salts — particularly lithium-7-enriched FLiBe —
have essentially no established commercial supply chain. Lithium-7 enrichment (required to achieve
the very low Li-6 content needed to limit tritium generation) was historically supplied by the US
weapons program; no commercial-scale Western enrichment capacity exists. Similarly, reactor-
grade uranium tetrafluoride (UF4) and uranium chloride salt production infrastructure is nascent.
Kairos Power’s investment in its own salt production facility in Albuquerque represents an early
step, but fleet-scale supply chains are years from readiness.

5.4 HALEU Fuel Availability

Several MSR and FHR designs — including Kairos Power’s TRISO-fueled Hermes reactors and
Natura Resources’ MSR-1 — require High-Assay Low-Enriched Uranium (HALEU, enriched to 5—
20%). Commercial HALEU supply in the United States is only now being established following the
ADVANCE Act (2024) and Centrus’s initial production at Piketon, Ohio. Supply volumes remain far
below what fleet-scale advanced reactor deployment would require. Until a robust and certified
HALEU supply chain is in place, deployment timelines for HALEU-dependent MSR designs remain
at risk.

5.5 Regulatory Novelty and Licensing Duration

MSRs present regulators with scenarios not anticipated by LWR-era safety frameworks: drainable
liquid fuel, chemically reactive salt coolants, online fission product release, and waste streams that
are liquids rather than solid assemblies. Developing the safety basis, accident source terms, and
licensing methods for MSRs is a multi-year undertaking in every jurisdiction. While the NRC’s
ADVANCE Act (2024) directs timeline compression, and Canada’s CNSC has created a modern
framework through vendor design reviews, no country has completed a full MSR construction and
operating license cycle. Pioneering license applications — by Kairos, Natura, and Terrestrial
Energy — will face significant novel issue resolution before approval.

5.6 Long Development Timelines vs. Market Urgency

The most optimistic US commercial deployment targets — Kairos Power's Hermes 2 electricity
production and Natura’s MSR-100 by the early 2030s — place MSRs in competition with rapidly
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declining solar and wind costs, utility-scale battery storage, and near-term advanced LWR SMRs
(NuScale, AP300) that are closer to commercial readiness. Maintaining multi-decade investor and
government commitment through demonstration and FOAK phases while decarbonization markets
evolve rapidly is a persistent challenge. MSR investment cycles are measured in decades; clean
energy market signals change on shorter horizons.

5.7 Public Perception of Novel Materials and Chemistry

MSRs introduce materials — beryllium-bearing salts (FLiBe), reactive chlorides, continuous
radioactive gas streams — that require careful public communication beyond the standard nuclear
safety narrative. Beryllium is toxic and requires specific handling protocols; chloride salts are
corrosive; continuous tritium management introduces a new radiological dimension. While the
inherent safety features of MSRs (low pressure, passive drain-down, no LWR-type LOCA) are
genuine advantages, the novelty of these materials and subsystems requires sustained,
transparent communication to regulators, host communities, and the public.

5.8 Proliferation and Safeguards Challenges

Liquid-fueled MSRs present unique safeguards challenges: the continuous flow of dissolved fissile
material through the primary circuit, online addition and removal of fuel, and potential separation of
U-233 (which has weapons-utility) from thorium fuel cycles require new IAEA and national
safeguards approaches. The IAEA has begun developing safeguards-by-design guidance for
MSRs, but the full methodology is not yet established. Fast-spectrum chloride reactors capable of
breeding or using plutonium from spent fuel must also demonstrate robust material accounting in a
continuously operating, high-radiation liquid environment.

5.9 Workforce and Industrial Capability

MSR design, construction, licensing, and operation require specialists in molten salt chemistry,
high-temperature corrosion metallurgy, liquid-fuel neutronics, and remote maintenance in
radioactive liquid environments — a workforce that is extremely thin globally. The 55-year gap since
the MSRE operated at Oak Ridge means institutional knowledge has been largely lost. Rebuilding
this capability through university programs, national laboratory partnerships, and industry training
takes a decade or more in parallel with reactor construction.

VI. Conclusion

Molten salt reactors stand at a pivotal inflection point. After more than five decades of dormancy
following Oak Ridge’s MSRE, the field has re-emerged with substantial private investment, multiple
regulatory proceedings, and — most significantly — the first operating reactor since 1969. Key
milestones as of mid-2026:

+ China’s TMSR-LF1 is the world’s only operating MSR, having demonstrated full-power
operation, online refueling without shutdown, and — critically — the first experimental
validation of Th-232 — U-233 conversion in an operating reactor.

+ Kairos Power’s Hermes 1 is under NRC-supervised safety construction in Oak Ridge — the
first non-light-water reactor under construction in the United States in over 50 years.
Hermes 2 has broken ground alongside it.
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* INL’s chloride fuel salt breakthrough enables the MCRE experiment to proceed toward first
criticality around 2028, opening the fast-spectrum salt reactor class to experimental
verification for the first time in history.

+ Terrestrial Energy’s IMSR achieved the first NRC safety evaluation of a commercial liquid-
fuel MSR design, establishing regulatory precedent for the entire class.

* Natura Resources’ MSR-1 holds the first NRC construction permit for a liquid-fueled
advanced reactor.

The path to commercial MSR deployment nonetheless requires resolving formidable gaps in
materials qualification, salt chemistry control, off-gas management, and waste salt disposition —
while simultaneously navigating FOAK economics, novel regulatory processes, and new supply
chains. The field’s design diversity remains both a scientific strength and a commercialization
challenge. The next five years — from Hermes 1’s first operation to China’s 60 MWt pilot and
MCRE'’s criticality — will be the most data-rich period in MSR history, and will substantially
determine which architectures and fuel cycles are viable for fleet-scale deployment in the 2030s
and beyond.

Sources

SINAP/CAS announcements (Oct—Nov 2025); Idaho National Laboratory (Dec 2025); World Nuclear News; Nuclear
Engineering International; NEI Magazine; DOE Office of Nuclear Energy; NRC dockets; Kairos Power, Terrestrial Energy,
Natura Resources, Moltex Energy company releases; ScienceDirect — Nuclear Engineering and Technology (2024); MDPI
Processes (June 2025); European Commission JRC/CEN MSR Standardization Workshop (March 2024); OECD/NEA;
GIF MSR System Steering Committee; GAIN/INL MSR Workshop (Nov 2024).
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2. LEAD-COOLED FAST REACTORS

Technology Status, Developments & Path to Commercialization

. Overview & Fundamentals

Lead-cooled Fast Reactors (LFRs) are Generation IV nuclear systems operating on fast neutron
spectra with molten lead (Pb) or lead-bismuth eutectic (LBE) as primary coolant. Their key
distinctions from other reactor types include:

» Unpressurized primary system, eliminating large-break LOCA risk

* Lead boiling point of ~1,740°C — enormous margin to coolant boiling

* Chemically inert coolant: no exothermic reaction with water or air (unlike sodium)
« Fast neutron spectrum enables breeding, actinide burning, and closed fuel cycle
+ Capable of cogeneration, hydrogen production, and desalination

* Pool-type or loop-type configurations; both under active development

Plans for implementation range from small modular arrangements (~30-120 MWe) to mid-size
commercial plants (~300-450 MWe) and large monolithic units (1,200 MWe). The field has
accelerated significantly since 2020, with Russia's BREST-OD-300 now under active construction
and multiple European and Asian programs in advanced design phases.

Il. Active Programs & Current Status

Global Program Summary

escor oy pover | Coomnt| Saue T

BREST-OD-300 Russia 300MWe  PurePb [N SANEER 202829
LGRAS2007AS  France /UK /italy 200 190 Pure Pb AW 2032-33
kE?gggEA | (BeIgiumE/Igomania) Demo Pure Pb DESIGN / INFRA 2034-36
EAGLES-300 EU Consortium 00 ere pure Pb 2039
CrEaRY! China Varied Pb / LBE TBD
SEALER-55 Sweden 55 MWe Pure Pb TBD
i USA 450 MWe  Pure Pb —
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BREST-OD-300 — Russia (Most Advanced Globally)

BREST-OD-300 is the world’s only LFR currently under physical construction. Located at the
Siberian Chemical Combine (SKhK) in Seversk, it is the centerpiece of Rosatom’s Proryv
(Breakthrough) closed fuel cycle project.

* Construction began June 2021; reactor vessel approximately 70% assembled as of early
2026.

» All four peripheral cavity shells installed by late 2025; central cavity (143 tonnes, 14m tall)
installed September 2025.

* Lead coolant circulation circuit formation planned for 2026; vessel assembly completion
targeted end of 2026.

* Fuel fabrication module at ODEK entered trial operation December 2024; first depleted
uranium nitride fuel pellets produced January 2025.

* Full-scale operational simulator completed comprehensive testing at VNIIAES in December
2025.

* Reprocessing plant construction scheduled 2025-2026. Anticipated first criticality: 2028—
2029.

The BREST design uses mixed uranium-plutonium nitride fuel in a pool-type, pure-lead cooled
configuration. It is designed for a fully on-site closed nuclear fuel cycle — fabrication, irradiation,
reprocessing, and re-fabrication all co-located.

Newcleo — LFR-AS-30 / LFR-AS-200 (Leading European Private Developer)

Newcleo (Paris-headquartered, founded 2021) is the most active private-sector LFR developer
globally, with over €537M raised and operations across France, Italy, UK, Switzerland, and
Slovakia.

+ LFR-AS-200: 480 MWth commercial pool-type design; pure lead coolant (420°C inlet /
530°C outlet); 6 forced-circulation pumps; MOX fuel; 6 spiral-tube steam generators; 60-
year design life; first-of-a-kind deployment targeted end of 2033.

* LFR-AS-30: 30 MWe demonstrator planned for France in the early 2030s; licensing
proceedings with French regulator ASNR underway.

+ PRECURSOR: A 10 MW non-nuclear pool-type demonstrator under installation at ENEA
Brasimone, Italy — the world’s first facility designed to generate electricity (via a Fincantieri
turbine) from lead thermal-hydraulic testing. Targeted completion: 2026.

* UK Generic Design Assessment (GDA) accepted by DESNZ in early 2025 — the first
advanced reactor ever submitted for UK regulatory review.

« Euratom safeguards-by-design engagement initiated December 2025.

» Joint venture established with Javys (Slovakia) for up to four LFR-AS-200 units at Bohunice.

Operational test loops as of 2024—-2025: CAPSULE (stagnant lead corrosion, 450-750°C,
operational February 2024); CORE (200 kW flowing lead loop at up to 10 m/s, operational March
2024); OTHELLO (2 MW loop with fuel pin bundle simulator and steam generator mock-up,
operational 2025).
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EAGLES Consortium — LEANDREA / ALFRED (European Institutional Coalition)

The EAGLES (European Advanced Generation IV Lead-Cooled Energy System) Consortium was
formed in June 2025, comprising SCK-CEN (Belgium), ENEA (Italy), Ansaldo Nucleare (Italy), and
RATEN (Romania), targeting commercial deployment of the EAGLES-300 SMR by 2039.

+  LEANDREA: A low-power LFR nuclear technology demonstrator to be constructed at SCK-
CEN in Mol, Belgium (2025-2034). Primary focus: fuel and materials irradiation testing for
the broader European LFR community.

 ALFRED: The 120 MWe Advanced Lead Fast Reactor European Demonstrator, to be built
at Pitesti, Romania. Upgraded to serve as a performance stepping-stone to EAGLES-300
commercial deployment (target: 2036).

* 4ALFRED Project: A €36M EU-funded contract awarded to newcleo’s SRS subsidiary
(March 2026) to design and commission three new test facilities for ALFRED: Helena-2
(loop-type), ELF (pool-type), and Meltin’Pot (fuel-lead interaction accident studies).

* In February 2026, newcleo and the EAGLES Consortium announced a collaboration
agreement to co-develop LEANDREA and share testing infrastructure.

Other Notable Programs

* China— CLFR-300 (300 MWe), CLFR-10 (10 MWe), BLESS (100 MWe), and the CLEAR
series (CLEAR-M, CLEAR-400, CLEAR-A) are all under design. Validation platforms
(NIRVANA) have been built to support LFR engineering verification.

+ Sweden — LeadCold’s SEALER-55 (65 MWe) is in design phase, targeting Arctic and
remote grid applications.

+  USA — Westinghouse’s 450 MWe LFR program has been suspended; no active
construction or licensing activity as of 2026.

lll. Recent Research Advances (2024-2026)

Key published findings and technical progress areas include:

* Nitride fuel optimization: Traveling wave burnup theory applied to UN-PuN fuel systems
shows improved uranium utilization efficiency versus oxide fuels.

« Corrosion suppression: Surface modification technologies (including alumina-forming
alloys and FeCrAl coatings) and ceramic matrix composites demonstrate promising
corrosion resistance in flowing lead environments up to 650°C.

» Pure lead adoption: The field is converging toward pure lead over LBE, accepting the
higher melting point (327°C vs 124°C) in exchange for elimination of polonium-210
radiological hazards and improved economics.

+ Design advancements: Open-type assembly structures combined with control drum
designs are demonstrating improved neutron economy and system integration.

« Transmutation research: LFR core designs are being validated for minor actinide burning
(Np-237, Am-241, Am-243, Cm-244) and long-lived fission product transmutation (Tc-99, I-
129), key to advanced waste management.

* Thermal-hydraulics: The 2024—-2025 literature shows expanded computational fluid
dynamics (CFD) validation for lead natural circulation and pool-type solidification behavior.
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+ OECD/NEA LFR Benchmark: An international benchmark exercise across neutronics and
thermal-hydraulics stages is ongoing, with participation from multiple member countries, to
build the verification and validation database needed for licensing.

IV. Technology Gaps & Key R&D Challenges

The table below indexes the ten primary LFR technology gaps covered in this section. Each
numbered row corresponds to the detailed writeup that follows.

No. Technology Gap / R&D Challenge Development TRL
Maturity

41 Structural materials corrosion in flowing lead / LBE at Advancing 5
commercial scale

4.2 Oxygen control & coolant chemistry at large pool-type Lab / Pilot 4
scale

4.3 Primary pump impeller erosion-corrosion at high velocity Early R&D

4.4 Nitride fuel (UN-PuN) fabrication & irradiation performance Early Industrial 4
database

4.5  Steam generator design, sodium-lead reaction mitigation Design Phase 3
& ISI

4.6 Operating experience & safety code validation database Very Limited

4.7  Thermal-hydraulics at commercial pool scale (300—450 Scaled Tests 4
MWe)

4.8 Closed fuel cycle infrastructure for nitride fuel No Industrial 2
reprocessing

4.9 Polonium-210 management in LBE-cooled systems Unresolved 2

410 Regulatory framework: no LFR licensing completed in any In Initiation

country

4.1 Structural Materials Corrosion

Molten lead readily dissolves Fe, Cr, and Ni from unprotected steels at rates that increase sharply
with temperature and velocity. No fully qualified material system exists for all LFR structural
applications at commercial scale. Corrosion-resistant coatings (alumina-forming, FeCrAl) are

promising but require long-duration, high-fluence qualification.

4.2 Oxygen Control & Coolant Chemistry

Continuous dissolved oxygen management is essential to form protective oxide layers on steel
surfaces. Industrial-scale cold traps and chemical monitoring systems for large pool-type reactors
are unproven at operating conditions. Oxygen sensor technology requires further development and
lifecycle qualification.
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4.3 Pump Impeller & High-Velocity Erosion

Primary pump impellers operating in flowing lead at high velocities face simultaneous erosion and
corrosion. Coating solutions and MAX-phase ceramic alternatives (e.g., Ti3SiC2) are under study
but have no validated operational history at reactor scale.

4.4 Nitride Fuel Fabrication & Irradiation Database

Uranium-plutonium nitride fuel (favored by BREST and for future pure-lead systems) is significantly
less mature than oxide fuels. Industrial-scale fabrication only commenced at Seversk in late 2024.
Irradiation performance, swelling behavior, and fission gas release data at high burnup remain
sparse.

4.5 Steam Generator Design & ISI
Lead-to-water/steam steam generators present unique failure risks (lead-water reactions, though

less severe than sodium-water). In-service inspection (ISI) tools capable of operating in opaque,
high-temperature lead pools at narrow geometries must still be developed and qualified.

4.6 Limited Operating Experience & Code Validation
Very limited real-reactor operating data exists globally to anchor simulation codes and licensing

analyses. The OECD/NEA benchmark is addressing this, but until BREST or a European
demonstrator operates, the V&V database will remain the dominant licensing risk.

4.7 Thermal-Hydraulics at Scale

Natural circulation behavior, pool stratification, and transient thermal-hydraulics in large lead pools
have been validated only in scaled test facilities. Extrapolation to 300—450 MWe commercial
designs carries uncertainty, particularly for decay heat removal under accident conditions.

4.8 Closed Fuel Cycle Infrastructure

The commercial value proposition of LFRs depends on co-located reprocessing and re-fabrication
of actinide-bearing fuel. Aqueous or pyrochemical reprocessing of nitride fuel has no industrial
precedent. Waste form qualification for reprocessing residues is an open R&D area.

4.9 Polonium-210 (LBE Systems)

LBE-cooled systems generate Po-210 via neutron activation of bismuth. Maintenance, refueling,
and accident scenarios involving Po-210 release pose unresolved radiological design and
emergency response challenges. This is the primary driver for the industry shift toward pure lead.

4.10 Regulatory Frameworks

No national regulator has yet completed a full licensing review of an LFR. The UK GDA process for
newcleo’s LFR-AS-200 (begun 2025) and French ASNR reviews are pioneering this space. Safety
case methodologies, deterministic and probabilistic criteria, and source term models for lead-
specific accidents require development in regulatory guidance documents.
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V. Hurdles on the Path to Commercialization

Beyond the technical gaps above, commercialization of LFRs faces a distinct set of systemic and
market-level challenges that will shape the pace and geography of deployment over the coming
decade.

5.1 First-of-a-Kind Economics (FOAK)

Every first LFR unit carries the full cost burden of unresolved engineering unknowns, licensing
uncertainty, and supply chain establishment. FOAK costs for advanced reactors historically run 2—
3x design estimates. Demonstrating favorable levelized cost of electricity (LCOE) relative to
incumbent light-water reactors and renewables will require sustained government cost-sharing and
ideally fleet-scale commitment before investors will fund commercial units.

5.2 Supply Chain Immaturity

Lead-cooled systems require materials and components with little or no established supply chain:
alumina-forming austenitic steels, specialty lead handling and pumping equipment, MAX-phase
ceramics, and refractory coatings. Establishing qualified industrial suppliers for reactor-grade
components — in the volume needed for a fleet — requires long lead times and significant capital
investment ahead of confirmed orders.

5.3 Fuel Supply & MOX / Nitride Availability

Newcleo’s LFR-AS-200 depends on mixed oxide (MOX) fuel produced from reprocessed spent
nuclear fuel. Europe’s MOX production capacity is currently constrained; newcleo is developing a
pilot MOX line in Nogent-sur-Seine, France, but industrial-scale output aligned with a multi-unit fleet
is years from readiness. BREST’s nitride fuel supply is tightly coupled to its on-site fabrication
module — any deviation from that integration model raises fuel sourcing uncertainty for future
plants.

5.4 Long Development Timelines vs. Market Urgency

The most optimistic timelines place the first operational European commercial LFR (newcleo’s LFR-
AS-200) in 2032—-2033, with broader fleet availability beyond 2035-2040. Against a backdrop of
decarbonization commitments requiring near-term clean energy capacity, LFRs compete with large-
scale solar, wind, and battery storage — as well as near-term advanced reactor technologies
(HTGRs, MSRs, advanced LWRs) that may enter service sooner. Maintaining investor and
government commitment across 10-15 year development cycles is a persistent challenge.

5.5 Concurrent Licensing in Multiple Jurisdictions

Developers like newcleo are simultaneously pursuing regulatory engagement in France, the UK,
Slovakia, and via Euratom — each with distinct processes, timelines, and technical requirements.
No internationally harmonized licensing framework for Generation IV reactors exists. Duplicating
safety cases and qualification programs across jurisdictions is costly and time-consuming, and
licensing delays in any one jurisdiction can ripple into financing and construction schedules.
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5.6 Public Acceptance & Perception

Advanced nuclear technologies must navigate the legacy of public skepticism built around previous
reactor accidents. Lead-cooled fast reactors, while inherently safer by design (no sodium fires, no
high-pressure LOCA, passive decay heat removal), are largely unknown to the public and to
policymakers. Transparent communication of safety case advantages — and differentiation from
historical reactor accidents — is essential for siting, permitting, and political support in democratic
countries.

5.7 Geopolitical Fragmentation of R&D

Russia’s BREST-OD-300 — the world’s most advanced LFR program — is now effectively isolated
from Western R&D collaboration due to the geopolitical environment following 2022. Historical data
sharing, submarine LBE operational experience, and coolant chemistry expertise accumulated in
Russia are not readily accessible to European or US developers. This bifurcation slows global
knowledge accumulation and requires Western programs to independently re-derive operational
insights.

5.8 Workforce & Industrial Capability

The specialized workforce needed to design, construct, license, and operate LFRs — particularly
liquid metal systems engineers, nitride fuel chemists, and in-service inspection specialists — is
small globally. Scaling from demonstration to fleet deployment will require substantial investment in
nuclear engineering education and industrial training programs in parallel with reactor construction.

VI. Conclusion

Lead-cooled fast reactors represent one of the most technically credible paths to Generation IV
deployment, combining exceptional passive safety margins, fuel cycle flexibility, and waste
transmutation capability. The field is more active than at any point in its history:

* Russia’s BREST-OD-300, ~70% assembled, is on track to become the world’s first
operating lead-cooled power reactor by 2028—-2029.

* Newcleo has secured over €537M in funding, UK GDA acceptance, and Euratom
safeguards engagement for its LFR-AS-200.

+ The EAGLES Consortium and LEANDREA project extend European institutional
commitment to LFR commercialization through 2039.

* A global convergence on pure lead over LBE is improving long-term viability by eliminating
polonium hazards.

However, closing the remaining technology gaps — particularly in structural materials qualification,
fuel irradiation databases, and coolant chemistry control at scale — while simultaneously navigating
FOAK economics, multi-jurisdictional licensing, and supply chain development, represents a
substantial but achievable engineering and policy challenge over the next 10-15 years.

Sources

GIF LFR System Steering Committee (Dec 2024); World Nuclear News; Nuclear Engineering International; NEI Magazine; OECD/NEA
LFR Benchmark; MDPI Processes (June 2025); nucnet.org; newcleo technical presentations (2024-2025).
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3. SODIUM-COOLED FAST REACTORS

Technology Status, Developments & Path to Commercialization

. Overview & Fundamentals

Sodium-Cooled Fast Reactors (SFRs) are Generation IV nuclear systems that use liquid metallic
sodium as a primary coolant and operate on a fast neutron spectrum. They represent the most
operationally mature Generation IV technology family, with more cumulative reactor-years of
operating experience than any other advanced reactor type. Key distinctions from other reactor
concepts include:

* Fast neutron spectrum enabling breeding of fissile plutonium from fertile U-238, supporting a
closed nuclear fuel cycle with vastly expanded uranium resource utilization.

+ Excellent heat transfer properties of sodium (thermal conductivity ~70 W/m-K) permit compact
core designs with high power density and efficient passive decay heat removal.

* Near-atmospheric primary system pressure, eliminating high-pressure loss-of-coolant
accident (LOCA) risk inherent to light-water reactors.

+ Sodium boiling point of ~883°C at atmospheric pressure, providing enormous thermal margins
under operating conditions (~500-550°C outlet temperature).

» Capable of burning minor actinides (Np, Am, Cm) from spent LWR fuel, reducing the
radiotoxic lifetime and heat load of high-level waste repositories by orders of magnitude.

* Pool-type or loop-type primary circuit configurations; pool designs (dominant in current
programs) contain the entire primary sodium inventory within a single vessel.

+ Cogeneration potential: high operating temperatures support hydrogen production, industrial
process heat, and thermochemical water-splitting cycles.

Sodium's primary liability — its vigorous, exothermic reaction with water and its combustion in air —
necessitates specialized containment, double-walled steam generators, and careful maintenance
protocols. Mitigation of sodium fire and sodium-water reaction events is a dominant safety design
driver. Despite this challenge, six decades of international operating experience have demonstrated
SFR safety viability.

SFR design scales range from compact small modular reactors (~10-100 MWe) intended for
remote power or research, through mid-scale commercial units (~300-600 MWe), to large
monolithic fleet units (~800—1,200 MWe). Pool-type designs, where primary components are
immersed in a large sodium pool inside the reactor vessel, are favored in most modern programs
for their passive safety advantages.

Historical operating experience is extensive: the U.S. EBR-II (1964-1994, 62.5 MWt) and FFTF
(1980-1992, 400 MWH), France’s Phenix (1973-2009, 563 MWt) and Superphénix (1985-1998,
3,000 MWt), Russia’s BN-350 (1973-1999) and BN-600 (1980—present), Japan’s Monju (1994—
2016, 714 MWt), Germany’s KNK-II (1977-1991), India’s FBTR (1985—present), and China’s CEFR
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(2010—present) collectively represent over 400 reactor-years of sodium fast reactor operations

globally.

Il. Active Programs & Current Status

Global Program Summary

Reactor Country Power Type Status Target
BN-800 Russia 880 MWt / Pool 2011—present
(Rosatom) 800 MWe =it
BN-1200M Russia 2,800 MWt / Pool 2030-31
(Rosatom) 1,200 MWe SRR S
ASTRID France 1,500 MWt / Pool —
(cancelled) (CEA) 600 MWe
CFR-600 China (CIAE) 1,500 MWt/ Pool UNDER CONSTR. 2025-26
600 MWe
CFR-1000 China (CIAE) 2,500 MWt/ Pool DESIGN / 2030s
1,000 MWe PRELIM.
PFBR India 1,250 MWt/ Pool HOT ~2025
(IGCAR) 500 MWe COMMISSIONING
ARC-100 USA (ARC 286 MWit / Pool SMR Early 2030s
Clean) 100 MWe PRE-LICENSING
Natrium USA 840 MWt / Pool + TES ~2030
(TerraPower) 345 MWe UNDER CONSTR.
PRISM USA (GE- 840 MW1t / Pool TBD
Hitachi) 311 MWe
PGSFR South Korea 392 MWt/ Pool 2030s
(KAERI) 150 MWe
4S Japan 30 MWt/ 10 Loop SMR TBD
(Toshiba) MWe

BN-800 — Russia (Rosatom) — Operating

Russia’s BN-800 at the Beloyarsk Nuclear Power Plant (Unit 4) remains the world’s most powerful
operating fast reactor, generating up to 880 MWt (800 MWe). It is a pool-type, sodium-cooled,
oxide-fueled reactor operating at ~550°C outlet temperature.

* Entered commercial operation December 2016; has operated with high availability factors
since 2017, consistently exceeding 80% capacity factor.

» Serves as the principal testbed for Rosatom’s mixed oxide (MOX) fuel qualification program:
as of 2024, approximately 20-25% of BN-800 core loading uses full MOX fuel assemblies
containing weapons-grade plutonium from dismantled nuclear warheads under IAEA
safeguards.

* A core conversion milestone achieved in 2022—-2023: BN-800 successfully operated with a full
MOX fuel core, demonstrating the viability of the closed fuel cycle at commercial scale for the
first time globally.
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+ Key operational data from BN-800 has directly informed BN-1200M design improvements,
particularly in fuel assembly hold-down, sodium purification, and primary pump reliability.

» Plans for a life extension to ~60 years of operation are under evaluation by Rosatom.

BN-1200M — Russia (Rosatom) — Under Construction

The BN-1200M is Russia’s next-generation large sodium fast reactor, a substantially upgraded
successor to BN-800. Construction is underway at Beloyarsk as Unit 5, with first criticality targeted
for 2030-31.

* Major design improvements over BN-800 include: passive decay heat removal systems
eliminating active cooling for 72+ hours post-shutdown; advanced MOX and mixed nitride fuel
capability; redesigned steam generators with improved sodium-water reaction containment;
and enhanced seismic isolation.

» Fuel: the reactor is designed to start on MOX fuel, transitioning to uranium-plutonium nitride
fuel (UN-PuN) — the same fuel system as BREST-OD-300 (LFR) — as the Russian closed
fuel cycle matures.

* Rosatom has approved the project as the lead unit of a planned fleet, with replicas intended
for export markets and domestic capacity expansion through the 2030s.

*+  BN-1200M is also designed to serve as an actinide burner, with dedicated minor actinide
target assemblies in the core periphery.

* As of early 2026, civil construction of the reactor building is underway; reactor vessel
fabrication has commenced at the Atommash facility in Volgodonsk.

CFR-600 — China (CIAE) — Under Construction / Hot Testing

China’s CFR-600 (China Fast Reactor-600) is a 600 MWe pool-type sodium fast reactor under
construction at the Xiapu Nuclear Power Plant in Fujian Province, developed by the China Institute
of Atomic Energy (CIAE) under CNNC. It is China’s largest fast reactor project and a key stepping-
stone toward the CFR-1000 commercial design.
» Construction of Unit 1 began December 2017. As of 2025, CFR-600 Unit 1 has completed
installation of major primary circuit components and is in pre-commissioning phase; sodium
filling and low-power testing are anticipated in 2025-2026.

+ CFR-600 Unit 2 construction commenced in December 2020 and is progressing in parallel.

+ Fuel: CFR-600 is initially fueled with uranium oxide (UOX) fuel; a transition to MOX fuel is
planned in later operational phases, pending completion of China’s domestic fuel
reprocessing infrastructure.

* The reactor uses 316-stainless steel cladding for initial oxide fuel assemblies, with ODS
(oxide dispersion strengthened) steel cladding qualification underway for high-burnup MOX
assemblies.

+ CFR-600 is designed to demonstrate breeding ratios of approximately 1.0-1.2, validating
China’s closed fuel cycle strategy.

* Areprocessing pilot plant (50 tHM/year capacity) co-located at Xiapu is under design,
intended to close the fuel cycle for CFR-600 and future commercial fast reactors.
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CFR-1000 — China (CIAE/CNNC) — Design Phase

The CFR-1000 is China’s planned commercial-scale sodium fast reactor (1,000 MWe), intended for
series deployment from the 2030s onward. Preliminary design work is ongoing, informed directly by
CFR-600 operational data.

+ The CFR-1000 is designed for breeding ratio >1.2, supporting self-sufficient fuel production for
an expanding fleet without reliance on natural uranium imports.

* Pool-type configuration with passive safety systems; two-loop primary sodium circuit;
advanced MOX fuel with ODS cladding targeted for commercial deployment.

+ China’s State Council nuclear energy plan (2022) identifies CFR-1000 as the backbone of
China’s long-term closed nuclear fuel cycle strategy.

PFBR — India (IGCAR/BHAVINI) — Hot Commissioning

India’s Prototype Fast Breeder Reactor (PFBR), a 500 MWe pool-type sodium-cooled fast reactor
located at Kalpakkam, Tamil Nadu, was developed by the Indira Gandhi Centre for Atomic
Research (IGCAR) and built by Bharatiya Nabhikiya Vidyut Nigam (BHAVINI). After a protracted
commissioning campaign, the PFBR reached a critical milestone in 2024.

» First criticality achieved in late 2024, following sodium filling, leak testing, and low-power
physics tests — marking India as the fifth country (after the US, USSR/Russia, France, and
Japan) to operate a pool-type sodium fast reactor.

* Hot functional testing (HFT) — circulating sodium at full temperature and flow without nuclear
operation — was completed successfully in 2023, validating thermal-hydraulic design and
primary pump performance.

* The reactor uses mixed uranium-plutonium carbide (MC) fuel — a unique fuel form not used
in any other current fast reactor program — with thorium blanket assemblies designed to
breed fissile U-233.

+ PFBR feeds directly into India’s three-stage nuclear program: Stage 2 (PFBR and follow-on
FBRs) breeds plutonium from thorium, enabling Stage 3 (advanced heavy water reactors on
U-233/thorium fuel).

+ Six additional FBRs (FBR-1 through FBR-6, 600 MWe class) are in various stages of design
approval; BHAVINI has issued tenders for initial long-lead civil works for FBR-1 and FBR-2 at
Kalpakkam.

Natrium — USA (TerraPower / GE-Hitachi) — Under Construction

TerraPower’s Natrium reactor is a 345 MWe sodium fast reactor integrated with a molten salt
thermal energy storage (TES) system, enabling dispatchable output ranging from 165 MWe to 500
MWe depending on grid demand. It is the most advanced Generation IV nuclear project currently
under construction in the United States.

» Construction site: Kemmerer, Wyoming (repurposed coal plant site). NRC construction permit
issued Q4 2024; groundbreaking occurred December 2024. Active civil construction underway
as of early 2026.

+ The Natrium TES system stores heat in a molten nitrate salt tank, allowing stored thermal
energy to boost output during peak demand — a novel grid-integration architecture with no
precedent at commercial scale.
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Fuel: Natrium uses High-Assay Low-Enriched Uranium (HALEU) metal fuel — the same fuel
form as EBR-II, enabling direct use of the extensive EBR-II irradiation database. TerraPower
has partnered with Centrus Energy and DOE for HALEU fuel supply.

TerraPower’s Traveling Wave Reactor (TWR) technology heritage informs the core neutronics
design; the sodium pool configuration draws on GE-Hitachi’s PRISM design lineage.

DOE Demonstration Program investment: $2 billion matched by TerraPower under the
Advanced Reactor Demonstration Program (ARDP). Total project cost estimated at ~$4
billion.

Target: First power generation approximately 2030.

Wyoming Governor’s office and state legislature have provided enabling legislation and site
permits; TVA and Duke Energy have expressed interest in follow-on units.

ARC-100 — USA (ARC Clean Technology) — Pre-Licensing

ARC Clean Technology (formerly Advanced Reactor Concepts LLC) is developing the ARC-100, a
100 MWe sodium-cooled fast reactor designed as an integral pool-type SMR with a 20-year
refueling interval, targeting remote, off-grid, and industrial power markets.

The ARC-100 design is based directly on EBR-II, using metallic uranium-zirconium (U-Zr) fuel
with the proven passive safety behavior demonstrated in the landmark EBR-II ATWS tests of
1986.

ARC Clean Technology is engaged in pre-application discussions with the Canadian Nuclear
Safety Commission (CNSC) and has submitted a Vendor Design Review application; New
Brunswick has expressed intent to host a demonstration unit.

The 20-year once-through fuel cycle (without on-site reprocessing) is a deliberate design
choice to reduce operational complexity and safeguards burden for export markets.

ARC and NB Power entered into a memorandum of understanding in 2020 for deployment in
New Brunswick; updated engagement ongoing as of 2025.

PRISM — USA (GE-Hitachi) — Design Phase

GE-Hitachi’'s Power Reactor Innovative Small Module (PRISM) is a modular 311 MWe (840 MWt)
pool-type sodium fast reactor building on the IFR (Integral Fast Reactor) program heritage and
EBR-II operational data.

PRISM is designed to burn spent nuclear fuel (including weapons plutonium), directly
addressing the US and UK spent fuel inventory problem.

The UK’s Nuclear Decommissioning Authority (NDA) completed a study in 2013
recommending PRISM as the preferred technology for plutonium disposition; renewed
discussions in 2024 with the UK government on plutonium inventory management have again
highlighted PRISM and similar designs.

GE-Hitachi is engaged in NRC pre-application interactions; no formal license application has
been submitted as of 2026. PRISM remains in advanced design phase pending a commercial
deployment commitment.

PGSFR — South Korea (KAERI) — Design Phase

The Korea Atomic Energy Research Institute (KAERI) is developing the Prototype Gen IV Sodium-
Cooled Fast Reactor (PGSFR), a 150 MWe pool-type SFR using metallic U-TRU-Zr fuel
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(transuranic-bearing), designed to demonstrate actinide transmutation capability and breed
additional fuel.

The PGSFR conceptual design was completed around 2015; a detailed design phase was
authorized in subsequent government plans, though funding constraints have led to timeline
extensions.

South Korea’s pyroprocessing program (development of electrochemical spent fuel treatment)
is closely coupled to the PGSFR fuel cycle strategy; the combined system would reduce both
the volume and radiotoxicity of high-level waste from Korean LWRs.

As of 2025-2026, KAERI is pursuing design completion and regulatory engagement for a
construction decision expected in the late 2020s, with operations targeted in the 2030s.

Other Notable Programs

Japan — JSFR/ Monju Legacy: Following Monju’s forced closure in 2016, Japan’s SFR
program shifted focus to the Japan Sodium-cooled Fast Reactor (JSFR) — a 1,500 MWe
commercial design — and collaboration with France under the ASTRID framework. With
ASTRID’s cancellation in 2019, JAEA and Mitsubishi have refocused on a scaled-back JSFR
design study and participation in international benchmarking, without a current construction
commitment.

France — Post-ASTRID: Following the cancellation of the ASTRID fast reactor demonstrator
(600 MWe) in 2019 — a significant setback for European SFR development — the CEA has
maintained a research program in sodium fast reactor technology through the Jules Horowitz
Reactor (JHR) materials testing program and participation in the GIF SFR System Steering
Committee. France’s Macron government has committed to advanced reactor development
funding through 2030, though no specific successor to ASTRID has been formally launched
as of 2026.

Russia — BN-600 Continued Operation: The BN-600 at Beloyarsk (Unit 3, 600 MWt, 1980—
present) continues to operate, providing ongoing sodium fast reactor operational data. Its life
extension to ~2025 was approved; further extensions are under consideration pending BN-
1200M completion.

India — FBTR: India’s Fast Breeder Test Reactor (FBTR, 40 MWt) at Kalpakkam, operating
since 1985, continues to serve as a fuel irradiation and materials testing platform supporting
the PFBR program. It holds the record for highest carbide fuel burnup achieved in an
operating fast reactor.

lll. Recent Research Advances (2024-2026)

Key published findings and demonstrated technical progress across the global SFR community
include:

BN-800 full MOX core validation (2022—-2024): Rosatom’s achievement of a full MOX fuel
core in BN-800 — loading all assemblies with weapons-plutonium-bearing mixed oxide fuel —
represents a landmark in closed fuel cycle demonstration. Post-irradiation examination (PIE)
data from high-burnup BN-800 MOX assemblies has been integrated into the BN-1200M fuel
licensing basis and published in international journals, expanding the global MOX irradiation
database.
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+ ODS steel cladding qualification advances (2024—-2025): Oxide Dispersion Strengthened
(ODS) ferritic-martensitic steel cladding for high-burnup fast reactor fuel has achieved
significant qualification milestones. Irradiation campaigns at BOR-60 (Russia), JOYO (Japan),
and the Phénix PIE data archive have produced swelling and creep datasets to burnups
exceeding 150 dpa. CIAE reported first irradiation results from ODS specimens in the CEFR
core in early 2025.

+ Passive safety demonstration legacy (EBR-Il data re-analysis): ANL’s landmark 1986
Anticipated Transient Without Scram (ATWS) tests on EBR-Il — demonstrating inherent
passive shutdown via negative reactivity feedback from thermal expansion — have been re-
analyzed using modern computational tools (Serpent 2, OpenMC) for licensing support of
Natrium and ARC-100. These re-analyses confirm that modern neutronics codes reproduce
the original test results within ~2% in peak temperature, providing a critical validation anchor
for next-generation SFR licensing cases.

* Sodium thermal-hydraulics and pool stratification (2024—2025): An expanded OECD/NEA
SFR Benchmark on pool thermal-hydraulics has produced validated CFD datasets for natural
circulation, thermal stratification, and argon gas behavior in large sodium pools. Participation
from Russia, France, the US, Japan, Korea, and China has produced the most
comprehensive international validation matrix in the field’s history. Results are being used to
qualify safety codes (THERMIT, TRACE, RELAP5-3D) for pool-type SFR licensing analyses.

+ Sodium fire and aerosol dispersion modeling (2025): Revised source term models for
sodium pool fires and spray fires — integrating datasets from FAUNA (Germany), PLEIADES
(France), and ABCOVE (USA) experimental programs — have been incorporated into
updated probabilistic risk assessment (PRA) frameworks for pool-type SFRs. These models
significantly reduce conservatism in sodium fire consequence analysis, improving LCOE
projections for new designs.

+ Advanced fuel concepts — metallic and nitride: U.S. national laboratories (ANL, INL)
published updated correlations for metallic U-Zr and U-TRU-Zr fuel swelling, gas release, and
cladding chemical interaction (FCCI) at burnups beyond 20 at.% in 2024-2025. These data
directly support Natrium fuel licensing. Separately, the Russian-led development of UN-PuN
nitride fuel — shared between the BREST-OD-300 (LFR) and BN-1200M programs —
achieved initial irradiation in BOR-60 in 2024, with first PIE results expected by 2026.

* Electromagnetic pump (EMP) advances (2024): Flat linear induction electromagnetic
pumps for SFR intermediate sodium circuits — replacing mechanical pumps and eliminating
rotating seals — have achieved commercial-scale demonstration in Japan (JAEA) and Russia
(IPPE). EMP technology at 300-500 m3/h flow rates with >90% availability has been
validated, reducing a key maintenance burden and sodium leak risk in loop-type and compact
pool designs.

* Molten salt thermal energy storage integration (2025): TerraPower published engineering
validation data for the Natrium TES nitrate salt / sodium heat exchanger interface, confirming
stable operation across simulated load-following cycles. This represents the first published
dataset on sodium-to-nitrate salt heat exchange at reactor scale, with implications for grid-
coupled fast reactor designs globally.

* Minor actinide transmutation core physics (2024-2025): Joint OECD/NEA and GIF
benchmark exercises have validated neutronic codes for SFR cores containing up to 5%
minor actinide (MA) fuel. Separate irradiation experiments at BN-800 and JOYO on
americium-bearing targets have produced the largest MA irradiation database in the world,
with results supporting MA-loaded fuel assembly licensing for BN-1200M and CFR-600.

+ Digital I&C and autonomous operation research (2025): Multiple programs — TerraPower
(Natrium), KAERI (PGSFR), and Rosatom — have published work on applying machine

Elm Technical Services, Compiled Research ¢ June 2026 Page 25



SODIUM-COOLED FAST REACTORS: TECHNOLOGY OVERVIEW | TECHNICAL BRIEFING SERIES i%%%%

learning and model predictive control to SFR primary sodium circuit management, sodium
purity monitoring, and automated SCRAM setpoint optimization. While commercial
deployment of fully autonomous I&C for SFRs remains years away, proof-of-concept
demonstrations have been validated against historical BN-600 operating data.

IV. Technology Gaps & Key R&D Challenges

Despite decades of operating experience, significant technical challenges remain before SFRs can
be commercially deployed at fleet scale. The following areas represent the primary R&D gaps as of
2026:

The table below indexes the ten primary SFR technology gaps covered in this section. Each
numbered row corresponds to the detailed writeup that follows.

No. Technology Gap / R&D Challenge Development TRL
Maturity

41 Sodium-water reaction mitigation in steam generators / Design Phase 4
sCO, alternative

4.2  Activated sodium maintenance dose management & Partial 5
remote handling

4.3  ODS steel cladding: irradiation qualification to commercial Advancing 5
fluence (>200 dpa)

4.4  Sodium leak detection & autonomous fire suppression Prototype Stage 5
systems

4.5 MOX / metallic fuel industrial-scale fabrication supply Very Limited 5
chain

4.6 Closed fuel cycle: pyroprocessing scale-up to industrial Pilot Scale 5
level

4.7 In-service inspection in opaque sodium at commercial Prototype Stage 5
pool scale

4.8 Supercritical CO, power cycle integration at reactor scale Pre-Commercial 4

4.9 Cover gas purity & radioactive gas management in large Limited Data
pools

4.10 Regulatory framework for new commercial SFR licensing In Development 5

4.1 Sodium-Water Reaction Mitigation in Steam Generators

The violent exothermic reaction of sodium with water remains the most safety-critical material
interaction in SFR design. Leak-before-break (LBB) analysis, double-walled tube steam generators,
and rapid sodium dump systems have reduced risk substantially, but no fully passive sodium-water
reaction isolation system has been commercially qualified. Alternative heat conversion cycles —
supercritical CO, (sCO,) Brayton cycles — eliminate sodium-water interaction entirely and are
under active development for SFRs at ANL, KAERI, and JAEA, but have not yet been validated at
commercial scale.
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4.2 Sodium Activation and Maintenance Dose Management

Sodium becomes activated in the reactor core (Na-24, 15-hour half-life; Na-22, 2.6-year half-life),
creating a significant radiation field in primary sodium circuits during and after operation. Secondary
sodium circuits (in pool designs) avoid this, but intermediate heat exchangers (IHX) and primary
pumps still require remote maintenance tooling and careful dose management. Long-lived Na-22
accumulation requires extended cool-down periods before primary maintenance access. No
universally qualified remote handling system for primary sodium components exists across
programs.

4.3 Structural Materials Under High Fast Fluence

Austenitic stainless steels (316, 316L, 304) used in SFR reactor vessels and core structures suffer
from void swelling under fast neutron fluence above ~10 dpa, limiting fuel assembly lifetimes and
requiring periodic wrapper tube replacement. ODS ferritic-martensitic steels offer significantly
superior swelling resistance but require complex powder metallurgy fabrication routes with limited
industrial supply chain. Long-duration irradiation qualification data for ODS materials at commercial
SFR fluences (>200 dpa) remains insufficient for full licensing.

4.4 Sodium Leak Detection and Fire Suppression

Sodium leaks from pipework, IHXs, or steam generators must be detected within seconds to
prevent pool fires or sodium-water reactions. Aerosol ionization detectors are used but have limited
quantitative sensitivity. Advanced fiber-optic distributed temperature sensing and acoustic emission
monitoring for leak detection are in laboratory development but not commercially deployed. Sodium
fire suppression systems — typically nitrogen blanketing or powder suppression — have limited
qualification data for large leak scenarios and none for automated autonomous suppression.

4.5 MOX and Metallic Fuel Industrial-Scale Supply

Commercial SFR deployment at fleet scale requires industrial-scale MOX or metallic fuel
fabrication. European MOX production capacity (Orano’s Melox plant) is currently constrained and
dedicated to LWR fuel. U.S. metallic fuel fabrication (U-Zr, U-TRU-Zr) has no commercial
production facility; INL’s capabilities are limited to research quantities. Building qualified commercial
fuel fabrication lines — particularly for TRU-bearing metallic fuel with inert atmosphere
requirements — requires years of lead time and regulatory qualification ahead of first-of-a-kind SFR
deployment.

4.6 Closed Fuel Cycle Infrastructure (Pyroprocessing)

The commercial case for SFRs as actinide burners and breeders depends on closed fuel cycle
reprocessing — either aqueous (PUREX-based) or pyrochemical (electrochemical) — to separate
transuranics from spent fuel for re-fabrication. Pyroprocessing, favored for metallic fuel, has been
demonstrated at engineering scale at ANL and KAERI, but no commercial-scale pyroprocessing
facility exists. KAERI’s pilot pyroprocessing facility (PRIDE) demonstrated full process integration in
2023-2024, representing the current state of the art. Scale-up to industrial production, waste form
qualification, and regulatory acceptance of pyroprocessing waste streams remain open challenges.

4.7 In-Service Inspection in Opaque Sodium

Liquid sodium’s opacity to visible light, electromagnetic interference with conventional ultrasonic
testing, and high temperature severely constrain in-service inspection (ISI) of reactor internals, fuel
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assemblies, and primary circuit components. Ultrasonic ISI in sodium has been demonstrated at
reduced scale in experimental programs (BN-600, Phénix), but no comprehensive, regulatory-
accepted ISI methodology exists for commercial pool-type SFRs. Robotic and remotely operated
inspection vehicles for large sodium pools are in prototype development at CEA, JAEA, and KAERI,
with no commercially qualified system yet available.

4.8 Supercritical CO, Power Cycle Integration

The sCO, Brayton cycle is widely cited as the preferred future power conversion system for SFRs,
offering elimination of sodium-water reaction risk, higher thermodynamic efficiency at SFR outlet
temperatures (~550°C), and compact turbomachinery. However, commercial-scale sCO, turbines
(>50 MWe) have not been built or operated. The sodium-to-sCO, heat exchanger represents a new
component class with no operational heritage. DOE is funding multiple sCO,, pilot programs through
the Supercritical Transformational Electric Power (STEP) project, but commercial SFR deployment
will precede sCO, availability, initially using steam Rankine cycles.

4.9 Argon Cover Gas Purity and Radioactive Gas Management

SFR primary sodium pools are blanketed with inert argon gas to prevent sodium oxidation. Over
time, radioactive argon isotopes (Ar-41 from activation, plus volatile fission products from failed fuel
pins: Cs, Kr, Xe) accumulate in the cover gas. Managing cover gas purity, detecting fuel pin failures
via cover gas monitoring, and treating radioactive gases before release represents a system-level
challenge with limited operational data at large-pool scale. Advanced cover gas cleanup systems
(getter beds, cryogenic separation) are under development but unqualified for commercial
applications.

4.10 Regulatory Framework Development

No country has yet completed a full construction and operating license for a new commercial SFR
under modern safety frameworks (post-TMI and post-Fukushima regulatory standards). Russia’s
BN-1200M and the US Natrium project are pioneering new licensing territory. SFR-specific safety
analysis codes require V&V qualification under modern regulatory expectations. Probabilistic risk
assessment (PRA) models for sodium fire scenarios, sodium-water reactions, and decay heat
removal under beyond-design-basis accidents must be developed without the extensive operational
database that LWRs enjoy. Regulatory guidance documents for advanced SFR safety cases do not
exist in any jurisdiction.

V. Hurdles on the Path to Commercialization

Beyond the technical gaps above, SFR commercialization faces a distinct set of systemic and
market-level challenges that will shape the pace and geography of deployment over the coming
decade and a half.

5.1 First-of-a-Kind Economics (FOAK)

Every first SFR commercial unit carries the full cost burden of unresolved engineering unknowns,
licensing uncertainty, and supply chain establishment. FOAK costs for advanced reactors
historically run 2—3x design estimates. Despite SFRs’ superior fuel cycle economics over the long
run — breeding their own fuel from depleted uranium and spent LWR fuel — the capital cost and
construction risk of the first commercial unit deter private investment without substantial
government cost-sharing. TerraPower’s Natrium at ~$4 billion for 345 MWe (roughly $11,600/kWe
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installed) illustrates the challenge: demonstrating favorable LCOE relative to incumbent natural gas,
renewables, and near-term light-water SMRs requires fleet-scale learning curves that can only
begin after at least two or three commercial units are successfully built.

5.2 HALEU and MOX Fuel Supply Chain

The Natrium reactor and ARC-100 require High-Assay Low-Enriched Uranium (HALEU, 5-20%
enrichment), while Russian and French designs rely on MOX fuel from reprocessed spent nuclear
fuel. The U.S. HALEU supply chain is only beginning to develop: Centrus Energy’s Piketon, Ohio
enrichment facility has demonstrated initial production, but volumes remain far below what multiple
commercial SFRs would demand. Similarly, Western MOX production capacity is committed to
LWR fuel obligations. Building fuel fabrication infrastructure ahead of confirmed reactor orders — a
classic chicken-and-egg problem — requires government or utility pre-commitment that has not yet
materialized outside Russia and China.

5.3 Sodium Handling Expertise and Workforce

The specialized engineering workforce required to design, construct, license, and operate large
sodium systems — sodium leak detection specialists, sodium chemistry engineers, remote handling
technicians, and SFR-qualified 1&C designers — is critically thin outside Russia and, to a lesser
extent, Japan and France. The closure of EBR-II (1994), Monju (2016), and ASTRID’s cancellation
(2019) eliminated major workforce development pipelines in the US, Japan, and Europe. Rebuilding
this capability through university programs, national laboratory apprenticeships, and industry
partnerships requires sustained investment in parallel with reactor construction — a 10-15 year
horizon that most educational institutions and employers are only beginning to address.

5.4 Geopolitical Isolation of Russian Expertise

Russia holds more cumulative sodium fast reactor operating experience than the rest of the world
combined (BN-600, BN-800, BOR-60, BR-10, and their predecessors). Historical IAEA data-
sharing, GIF collaboration, and technical exchanges between Russian and Western SFR programs
have been severely curtailed since 2022. Operational insights from BN-600/BN-800 — on sodium
pump reliability, fuel assembly hold-down, ISI techniques, and cover gas management — are not
readily accessible to Western developers. This bifurcation requires US, European, Japanese, and
Korean programs to independently re-derive or re-demonstrate operational insights, adding time
and cost to their development programs.

5.5 Competition from Near-Term Low-Carbon Technologies

SFRs’ most optimistic commercial deployment timelines (Natrium ~2030, ARC-100 early 2030s)
place them in direct competition with rapidly declining solar and wind costs, utility-scale battery and
long-duration energy storage deployment, and near-term advanced LWR SMRs (NuScale VOYGR,
AP300, BWRX-300) that are closer to commercial readiness. The long-duration clean firm power
advantages of SFRs — fuel cycle independence, actinide burning, very high capacity factors — are
compelling but difficult to monetize in current electricity market structures that do not price fuel cycle
externalities. Without carbon markets or clean firm capacity mechanisms that value SFRs’ unique
attributes, investor appetite will remain challenged relative to faster-deploying alternatives.
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5.6 Reprocessing Policy and Nonproliferation Constraints

SFRs’ greatest commercial advantage — closed fuel cycle operation — is inseparable from spent
fuel reprocessing, which separates weapons-usable plutonium or TRU material. US nuclear
nonproliferation policy (embodied in the Nuclear Non-Proliferation Act and 123 Agreements) has
historically restricted domestic reprocessing and imposed technology export conditions that limit US
partners’ ability to build reprocessing infrastructure. While pyroprocessing is argued to be more
proliferation-resistant than PUREX reprocessing (due to impure product streams), this position is
not universally accepted by the nonproliferation community. Resolving the policy framework for
domestic and export SFR fuel cycles — particularly for U.S. allied customers such as South Korea
and Japan — is a prerequisite for full SFR commercialization.

5.7 Long Development Timelines vs. Climate Urgency

Decarbonization targets embedded in the Paris Agreement and national net-zero commitments
(US: 2050, EU: 2050, China: 2060) create pressure for near-term clean energy deployment that
SFRs cannot fully satisfy. Even optimistic SFR fleet deployment scenarios suggest fewer than 5-10
commercial units operating globally by 2035. Maintaining political and investor commitment across
15-20-year development, licensing, and construction cycles — while energy market structures,
technology costs, and policy environments evolve — is a persistent challenge. Programs that
require multi-decade horizons are inherently vulnerable to political leadership changes, corporate
restructuring, and shifting funding priorities.

5.8 Public Perception of Sodium Systems

Sodium’s reactivity with air and water — reinforced by well-publicized incidents at Monju (1995
sodium leak), Superphénix (multiple sodium incidents), and BN-600 (minor leaks) — creates a
public and media perception challenge that is disproportionate to the actual radiological
consequences of these events (none resulted in significant radiation release). Communicating the
passive safety advantages of modern pool-type SFRs — particularly their inherent negative
reactivity feedback, passive decay heat removal, and defense-in-depth sodium containment design
— to the public, policymakers, and host communities requires sustained, transparent engagement.
The technical sophistication of sodium safety cases — involving liquid metal chemistry, argon
blanketing, and double-walled components — makes plain-language communication more difficult
than for less exotic reactor types.

5.9 Multi-Jurisdictional Licensing Complexity

No internationally harmonized licensing framework for commercial SFRs exists. Developers such
as TerraPower (US, Canada), ARC Clean Technology (Canada, UK, US), and GE-Hitachi (US, UK)
must engage separately with the NRC, CNSC, and ONR — each with distinct regulatory processes,
safety analysis code acceptance criteria, and seismic/siting requirements. Safety cases developed
for one jurisdiction cannot be directly ported to another, requiring duplication of licensing effort and
cost. The NRC’s Part 53 rulemaking (Advanced Nuclear Reactors), finalized in 2024, provides a
more flexible framework for non-LWR licensing in the US, but equivalent frameworks in other
jurisdictions remain under development.

5.10 Supply Chain for Sodium-Grade Components

Sodium fast reactors require components with essentially no established supply chain in Western
markets: large-diameter thin-wall reactor vessels (typically Type 316H stainless steel, fabricated to
nuclear quality standards), double-walled sodium-water steam generators with U-tube bundle
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geometry and sodium leak detection, electromagnetic pumps for large sodium flow rates, and
ultrasonic inspection tooling for in-sodium environments. Re-establishing fabrication capability for
reactor-grade sodium components — which was largely dismantled in the US after EBR-II and
FFTF — requires significant capital investment by suppliers ahead of confirmed orders. The current
small order book makes it difficult for manufacturers to justify investment without government-
backed demand signals or long-term fleet commitments from utilities.

VI. Conclusion

Sodium-Cooled Fast Reactors represent the most operationally proven Generation IV technology,
with more accumulated reactor-years of experience than any other advanced reactor type. The field
is experiencing a significant resurgence as climate commitments, energy security imperatives, and
the growing global inventory of spent nuclear fuel create renewed demand for breeding, actinide-
burning, and closed fuel cycle capability. Key developments as of mid-2026:

* Russia’s BN-800 has demonstrated full MOX fuel core operation, validating closed fuel cycle
viability at commercial scale for the first time, while BN-1200M construction is actively
underway at Beloyarsk.

+ China’s CFR-600 is completing final commissioning stages at Xiapu, representing the most
significant SFR construction achievement outside Russia in decades, and CFR-1000 design is
advancing as the backbone of China’s long-term energy strategy.

* India’s PFBR achieved first criticality in 2024 — a milestone 18 years in the making — and
has activated the world’s only uranium-carbide/thorium-blanket fast breeder, feeding directly
into India’s unique three-stage nuclear program.

« TerraPower’s Natrium is under active construction in Wyoming with $2 billion in DOE support,
integrating novel thermal energy storage for grid-flexible clean power — a first-of-kind
architecture with significant implications for SFR market positioning.

* Advanced research on ODS cladding, metallic and nitride fuel, passive safety validation, and
minor actinide transmutation has produced the most extensive SFR R&D output in 20 years.

Closing the remaining technology gaps — particularly in sodium-water reaction mitigation,
MOX/metallic fuel supply chains, closed fuel cycle infrastructure, and in-service inspection in
opaque sodium environments — while simultaneously navigating FOAK economics, multi-
jurisdictional licensing, and geopolitically fragmented knowledge bases, represents a formidable but
historically proven engineering and policy challenge. The next decade — from Natrium’s anticipated
first power in 2030 to BN-1200M’s commissioning and CFR-600’s full-power data — will
substantially determine whether sodium fast reactors fulfill their long-held promise as the
cornerstone of a global closed nuclear fuel cycle.

Sources

Rosatom / World Nuclear News (BN-800, BN-1200M, 2022-2026); CIAE/CNNC announcements (CFR-600, 2024—2025);
BHAVINI/DAE (PFBR commissioning, 2024); TerraPower press releases and DOE ARDP reports (Natrium, 2024—2026);
KAERI publications (PGSFR, PRIDE pyroprocessing, 2023—-2025); ANL technical reports (EBR-II ATWS re-analysis,
metallic fuel database, 2024-2025); INL (pyroprocessing, sCO, STEP program, 2024-2025); CEA technical notes (post-
ASTRID SFR research, 2023-2025); OECD/NEA SFR Benchmark Reports (pool thermal-hydraulics, 2024-2025); GIF
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Engineering and Design (Elsevier, 2024-2025); Annals of Nuclear Energy (2024-2025); MDPI Energies (SFR reviews,
2024-2025); Nuclear Engineering International; World Nuclear Association SFR Technology Overview (2025); Japan
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4. GAS-COOLED FAST REACTORS

Technology Status, Developments & Path to Commercialization

. Overview & Fundamentals

Gas-Cooled Fast Reactors (GFRs) are Generation IV nuclear systems that combine a fast neutron
spectrum with an inert, chemically neutral gas coolant — most commonly helium, and in some
design variants supercritical carbon dioxide (sCO,) or nitrogen. Unlike solid-moderated thermal gas
reactors (HTGR, PBMR) that intentionally slow neutrons to the thermal range, GFRs maintain a
hard neutron spectrum by eliminating or minimizing moderating materials, enabling breeding,
actinide transmutation, and closed fuel cycle operation analogous to sodium or lead fast reactors —
but without the chemical reactivity risks associated with liquid metal coolants.

GFRs are the least mature of the six Generation IV reactor families endorsed by the Generation IV
International Forum (GIF). No GFR has yet been constructed or operated beyond experimental
laboratory scale, and no nation has yet submitted a GFR for formal regulatory licensing review.
Their development remains primarily in the conceptual design, materials research, and
experimental validation phase. Key distinctions and advantages relative to other Generation 1V
concepts include:

* Chemically inert helium coolant — no exothermic reaction with water, air, or structural
materials, and no activation products (unlike sodium) in the primary circuit.

* Near-atmospheric to modestly pressurized primary system (helium at 7-9 MPa in reference
designs), with no liquid metal inventory and no risk of coolant freezing.

» Fast neutron spectrum enables breeding of fissile material from fertile U-238, burning of minor
actinides (Np, Am, Cm), and support for a closed nuclear fuel cycle.

* High operating temperature (outlet ~850°C for helium-cooled designs) enables superior
thermodynamic efficiency and direct coupling to Brayton cycle turbines, hydrogen production
via thermochemical water-splitting (e.g., sulfur-iodine cycle), or high-grade industrial process
heat.

* Transparent coolant facilitates direct visual inspection of core internals — a significant
advantage over opaque liquid metal systems.

» Direct Brayton cycle power conversion (gas turbine) eliminates the need for intermediate heat
exchangers and secondary coolant loops, reducing system complexity and cost in principle.

* Modular designs (100 MWt demonstrators upward) support phased deployment and factory
fabrication strategies.

These advantages come at the cost of formidable technical challenges. Helium's low volumetric
heat capacity — roughly 1,700 times lower than water — requires high coolant pressures and
velocities to achieve adequate heat transfer, driving large and costly pressure vessel and blower
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designs. Loss-of-coolant accidents (LOCA) in GFRs are far more severe than in liquid-cooled fast
reactors because passive natural circulation is ineffective in low-density gas, making decay heat
removal after a depressurization event an acute design challenge. Fuel and structural material
qualification in a high-temperature, high-fast-fluence helium environment is essentially undeveloped
at commercial scale. These factors combine to make GFR the Generation IV concept with the

longest path to commercialization.

Reference design parameters for the GIF-endorsed GFR concept (GFR-2400): 2,400 MWt pool-
type or vessel configuration; helium coolant at 7 MPa, 490°C inlet / 850°C outlet; carbide or
ceramic-ceramic (cercer) composite fuel; refractory alloy or silicon-carbide composite structural
materials; direct Brayton cycle power conversion at ~48% thermal efficiency.

Il. Active Programs & Current Status

Global Program Summary

Reactor/ Country / Power Coolant Status Target / Notes
Program Developer Gas

GFR-2400 EU / CEA-led 2,400 He / CO, CONCEPT Foundational study
(ALLEGRO consortium MWt (Reference Design)
precursor) 9
ALLEGRO EU (V4G4: 100 MWt Helium 2040s

CZHi%*;aR;p" e PRE-LICENSING /

Poland. SITE EVAL.
Slovakia)

EM? (Energy USA (General 500 MWe Helium _ 2030s
Multiplier Atomics) DEIS(.‘EE“S/IZEE
Module)
SC-HTGR/ USA ~300 He / sCO, Research phase
GFR variant (Framatome- MWe CONCEPT STUDY

GA studies)
PEACER / South Korea ~600 He / CO, Research phase
KAIST GFR (KAERI / MWt CONCEPT / R&D

KAIST)
JAEA GFR Japan (JAEA) Varied Helium Research phase
studies CONCEPT / R&D
GT-MHR (fast Russia / USA 600 MWt Helium —
variant) (Rosatom-GA)
China GFR China (CIAE / TBD Helium / Research phase
concepts CNPRI) CO, EARLY CONCEPT
(CIAE)
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ALLEGRO — European Union / V4G4 Consortium (Most Advanced Global GFR
Program)

ALLEGRO is a proposed 100 MWt helium-cooled fast reactor demonstrator representing Europe's
primary active GFR development program. It is coordinated by the Visegrad Four for Generation IV
(V4G4) initiative — a collaboration among Czech Republic, Hungary, Poland, and Slovakia — with
historical design leadership from France's CEA and technical input from Belgium's SCK-CEN and
other European institutions under the SNETP (Sustainable Nuclear Energy Technology Platform)
umbrella.

* ALLEGRO's conceptual design uses helium coolant at approximately 7 MPa, with a core
outlet temperature of 850°C, driving either a direct Brayton cycle turbine or an indirect steam
Rankine cycle depending on the development stage chosen.

+ Fuel concept: the demonstrator is planned to operate initially with oxide fuel (MOX or UOX)
encapsulated in advanced refractory cladding materials (SiC-SiC composites or oxide
dispersion strengthened steels), before transitioning to carbide or cercer fuel in later phases
— allowing the facility to also serve as a fuels irradiation testbed.

* The primary purpose of ALLEGRO is not power generation but experimental qualification:
demonstrating GFR fuel and materials behavior under prototypical fast neutron spectrum and
high-temperature helium conditions, validating LOCA response and emergency decay heat
removal system (DHRS) performance, and providing the licensing data needed for
subsequent commercial designs.

« Site evaluation activities for ALLEGRO are ongoing in Slovakia (Mochovce / Bohunice sites)
and in the Czech Republic (Temelin region), with no final host-country decision announced as
of mid-2026. Slovakia has historically been the frontrunner for siting.

+ Key recent milestone: In 2024—-2025, the V4G4 consortium completed an updated pre-
conceptual design study incorporating lessons from the EU's ESFR-SMART and PASCAL
safety analysis programs. The study addressed LOCA mitigation through a novel Decay Heat
Removal System (DHRS) using passive CO, injection into the helium circuit to increase gas
density and enable natural circulation during depressurized conditions.

» ALLEGRO is referenced in the European Strategic Energy Technology (SET) Plan and
Euratom Research and Training Programme (2021-2025) as a priority advanced reactor
demonstration project. EU funding contributions through Euratom have supported pre-
conceptual design work, though primary capital funding for construction has not yet been
committed.

+ Construction timeline: given the absence of a confirmed site, construction permit application,
or committed financing, the most optimistic construction start scenarios place ALLEGRO in
the late 2030s, with operations in the 2040s.

EM? (Energy Multiplier Module) — USA (General Atomics)

General Atomics' Energy Multiplier Module (EM?) is a 500 MWe helium-cooled fast reactor concept
designed as a compact, self-contained power module with a 30-year design lifetime and no on-site
refueling. It is the most commercially ambitious GFR concept currently in development and
represents General Atomics' attempt to apply its extensive HTGR and gas-cooled reactor heritage
to a fast spectrum design.
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Core concept: The EM? core uses a once-through fuel cycle with silicon carbide (SiC)
composite fuel elements containing a mixture of spent nuclear fuel (SNF) and depleted
uranium (DU), operating on a fast neutron spectrum. The core is designed to breed fissile
material from DU while simultaneously burning a portion of the transuranics in the loaded SNF
— a 'breed-and-burn’ strategy that reduces the need for enriched uranium and addresses
legacy spent fuel stockpiles.

Helium coolant at approximately 13.5 MPa, with core outlet temperature of ~850°C, driving a
direct supercritical helium Brayton cycle for power generation at an advertised net efficiency of
~53%.

The EM? vessel is designed to be factory-fabricated and transported by rail, targeting
installation at sites without large construction infrastructure. The sealed 30-year core module
aims to minimize operator intervention and simplify safeguards.

General Atomics has engaged in pre-application interactions with the U.S. Nuclear Regulatory
Commission (NRC) for EM?, and has published conceptual design documentation. No formal
license application has been filed as of mid-2026.

Fuel development: GA has published technical papers on SiC composite fuel element
fabrication, pellet-cladding interaction modeling, and the neutronic performance of the
SNF/DU breed-and-burn core. Irradiation qualification of SiC-SiC composite fuel elements in a
fast neutron environment remains at an early experimental stage.

Partnership activity: GA has held discussions with multiple utilities and government entities
regarding EM? deployment, but no signed power purchase agreements or construction
commitments have been announced.

Financing and timeline: EM? has received limited DOE funding relative to other advanced
reactor programs. Without a major DOE Advanced Reactor Demonstration Program (ARDP)
award or equivalent government cost-share, commercial deployment in the 2030s appears
optimistic; mid-2030s to 2040s is a more realistic assessment given fuel and materials
qualification timelines.

CEA (France) — GFR-2400 Reference Design & Research Legacy

France's Commissariat a I'énergie atomique et aux énergies alternatives (CEA) has historically
been the global leader in GFR conceptual design, producing the GFR-2400 reference concept that
anchors the GIF GFR System Steering Committee's technical roadmap. While the CEA's GFR
program has been scaled back since the early 2010s following France's pivot to the ASTRID
sodium fast reactor program (itself cancelled in 2019), CEA researchers continue to publish
foundational GFR materials, fuel, and safety analysis work.

GFR-2400 reference design (600 MWe class): helium-cooled, 2,400 MWt, plate-type SiC-SiC
composite fuel assemblies, 850°C outlet, direct Brayton cycle. This design remains the
primary reference for global GFR neutronics and safety analysis benchmarking through the
GIF framework.

CEA has led or contributed to multiple EU-funded GFR research projects including GoFastR
(2010-2013), GETMAT (materials), and more recently PASCAL (2019-2023), a safety
analysis project for GFRs and SFRs that produced updated accident scenario analysis tools
and source term models for helium-cooled fast reactor loss-of-coolant events.

In 2024-2025, CEA published updated computational results on GFR core neutronics under
the OECD/NEA GFR benchmark framework, contributing Monte Carlo and deterministic code
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comparisons (TRIPOLI-4, APOLLO3) for the reference fast helium core and for ALLEGRO-
scale demonstrator configurations.

CEA's materials research program has generated key datasets on SiC-SiC composite
irradiation behavior, refractory alloy (Mo, W-based) compatibility with helium at high
temperatures, and ZrC-based fuel cladding thermal-mechanical performance — foundational
data for both ALLEGRO and EM? licensing bases.

Post-ASTRID, the CEA is participating in ALLEGRO design support and V4G4 collaboration,
maintaining GFR expertise in the European research community without a commitment to a
French domestic GFR construction project.

South Korea — KAERI / KAIST GFR Research

South Korea's Korea Atomic Energy Research Institute (KAERI) and the Korea Advanced Institute
of Science and Technology (KAIST) have maintained a GFR conceptual design research program
as part of South Korea's broader Generation IV program, alongside the dominant PGSFR sodium

fast reactor project.

KAIST's GFR concept (periodically referred to in the literature as the PEACER-inspired
helium-cooled design) examines a 600 MWt helium-cooled fast reactor with an emphasis on
passive safety through innovative cavity-type passive decay heat removal. Published work
focuses primarily on core neutronics, breeding ratio optimization, and parametric safety
analyses.

KAERI has contributed to the OECD/NEA GFR benchmark exercises, providing independent
code calculations (MCNP, HELIOS) for the reference GFR-2400 core and for scaled
demonstrator configurations.

In 2024-2025, Korean researchers published studies on nitrogen-cooled fast reactor variants
(N-GFR), arguing that nitrogen's higher heat capacity relative to helium improves decay heat
removal margins during LOCA scenarios — a potential design direction that has attracted
growing academic interest.

No Korean GFR project has entered formal design licensing or construction planning as of
2026; the program remains at the research and publication level.

Japan — JAEA GFR Studies

Japan Atomic Energy Agency (JAEA) has published conceptual studies on helium-cooled fast
reactor designs as part of its broader Generation IV research portfolio, alongside its primary sodium
fast reactor (JSFR) development work. Japan's GFR research is primarily academic and
internationally collaborative, without a domestic GFR construction commitment.

JAEA has contributed to GIF GFR System Steering Committee work and international
benchmark exercises. Japanese researchers have published studies on SiC-SiC composite
fuel cladding irradiation behavior using the JMTR (Japan Material Testing Reactor, now
decommissioned) and JOYO fast reactor irradiation data archives.

JAEA's primary GFR-relevant experimental contribution has been through its materials testing
capabilities, providing irradiation data on SiC composites and refractory ceramics relevant to
both GFR and high-temperature reactor applications.
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* No active JAEA project is targeting GFR construction or licensing as of 2026.

China — CIAE / CNPRI Early-Stage GFR Concepts

China has maintained low-level GFR conceptual research within CIAE (China Institute of Atomic
Energy) and CNPRI (China Nuclear Power Research and Design Institute), primarily as academic
studies published in the international literature. China's dominant fast reactor focus remains the
CFR-600 and CFR-1000 sodium fast reactor program.

+ Chinese GFR publications (2024—-2025) have focused on core neutronics parametric studies
for helium-cooled fast cores using the SARAX code system, and on coupled thermal-
hydraulics/neutronics analyses of LOCA scenarios in small modular GFR configurations.

+ China has not announced a GFR demonstration project and has no GFR in regulatory review.
GFR research in China serves primarily to maintain technology awareness and contribute to
international benchmark exercises.

Russia — GT-MHR Fast Variant (Suspended Program)

Russia and General Atomics (USA) jointly developed the Gas Turbine Modular Helium Reactor
(GT-MHR), a 600 MWt helium-cooled reactor originally designed as a thermal-spectrum TRISO-
fueled system for weapons plutonium burning. A fast-spectrum variant was studied by Rosatom in
the 2000s—2010s. The program has been suspended since approximately 2012 and has received
no reported funding or activity since the geopolitical environment changed post-2022. It is included
here for historical completeness as a GFR design study of record.

lll. Recent Research Advances (2024-2026)

Despite the absence of operating GFR prototypes, the 2024-2026 period has produced meaningful
progress across several key R&D domains, primarily through computational studies, laboratory-
scale materials experiments, and internationally coordinated benchmark exercises. Key advances
include:

+ SiC-SiC composite fuel cladding irradiation characterization (2024-2025): Multiple
research groups — including CEA Saclay, MIT, and the University of Michigan — published
updated datasets on neutron-irradiated SiC-SiC composite tubes at fast fluences relevant to
GFR cladding conditions (>10% n/cm?). Findings confirm that fiber-matrix interfacial
degradation and anisotropic dimensional change remain the dominant irradiation damage
mechanisms, and that PyC (pyrolytic carbon) interphase layers provide better radiation
tolerance than BN interphases at GFR-relevant temperatures (600—900°C). These results
have been incorporated into the ALLEGRO and EM? design databases.

» ZrC fuel cladding high-temperature performance (2024): ZrC-coated fuel pins and
monolithic ZrC cladding concepts have been studied as alternatives to SiC-SiC composites for
GFR fuel systems, given ZrC's superior high-temperature strength (melting point ~3,420°C)
and moderate neutron absorption cross-section. CEA and Idaho National Laboratory
published joint studies on ZrC oxidation kinetics in impure helium environments and ZrC-fuel
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pellet chemical compatibility at 900°C, identifying oxygen impurity control in the helium coolant
as a critical ZrC lifetime determinant.

+ LOCA and decay heat removal passive system design advances (2024-2025): The
PASCAL project (EU Horizon 2020, concluding 2023-2024) produced the most
comprehensive published GFR LOCA safety analysis to date, comparing passive decay heat
removal strategies across depressurized and pressurized loss-of-coolant scenarios. Key
finding: natural circulation of helium at GFR pressures is insufficient to remove decay heat
passively following a large break LOCA, confirming the need for active or passive CO,
flooding, pressurized backup gas injection, or solid heat-sink absorber systems. These results
have directly shaped updated ALLEGRO safety concept design, and are cited in the GIF GFR
System Steering Committee's 2024 annual roadmap.

+ Supercritical CO, Brayton cycle coupling studies (2024—2025): Interest in sCO, Brayton
cycles as an alternative to direct helium Brayton cycles has grown significantly in the GFR
research community. sCO, cycles offer higher cycle efficiency at lower turbine inlet
temperatures (~550-700°C), compact turbomachinery, and elimination of the need for ultra-
high-purity helium turbine technology. DOE's Supercritical Transformational Electric Power
(STEP) program and KAERI published coupled sCO,-GFR thermal cycle optimization studies
in 2024, identifying specific heat exchanger configurations (printed circuit heat exchangers,
PCHE) compatible with GFR primary helium outlet conditions. Commercial-scale sCO,
turbines remain unbuilt, however, representing a shared development risk for GFR and SFR
programs alike.

*+ OECD/NEA GFR neutronics benchmark (ongoing, 2023-2025): The OECD Nuclear
Energy Agency coordinated an international neutronics benchmark for GFR reference cores,
with contributions from France, Czech Republic, Slovakia, USA, Japan, Korea, and China.
The benchmark compares Monte Carlo (Serpent 2, MCNP6, OpenMC) and deterministic
(ERANOS, APOLLQO3) code results for the GFR-2400 reference core and ALLEGRO-scale
demonstrator configurations. Results published in 2024-2025 show strong code-to-code
agreement for k-eff and void reactivity coefficients, but persistent 5-10% discrepancies in
minor actinide production rates — a licensing-critical parameter for actinide-burning mission
cores. Resolving these discrepancies requires experimental validation from an operating GFR
core that does not yet exist.

+ Refractory alloy structural material assessment (2024): CEA and SCK-CEN published a
joint assessment of molybdenum alloy (TZM, Mo-Re) and tungsten alloy (W-Re, W-La,03)
candidates for GFR core structural applications (wrapper tubes, spacer grids, control rod
guide tubes) at temperatures above the capability of conventional austenitic or ferritic-
martensitic steels. Results confirm that TZM retains adequate strength to ~1,400°C but suffers
from brittle ductile-to-brittle transition behavior below ~400°C during handling, and that both
Mo and W alloys exhibit transmutation-induced rhenium production under fast neutron
irradiation that significantly alters mechanical properties. No refractory alloy system has been
fully qualified for GFR structural service.

* Nitrogen-cooled fast reactor variant analysis (2024-2025): An emerging research
direction, particularly in Korean and European academic groups, proposes replacing helium
with nitrogen as a GFR coolant. Nitrogen offers approximately 1.8x the volumetric heat
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capacity of helium at equivalent pressure, improving natural circulation margin and LOCA
response — potentially resolving GFR's most acute safety challenge. Key concerns include:
nitrogen's non-trivial neutron activation (producing C via "“N(n,p) reactions), chemical
compatibility with hot SiC and refractory alloys, and the novelty of the concept relative to the
extensive helium GFR database. The N-GFR concept has not advanced beyond parametric
academic studies as of 2026.

Additive manufacturing for GFR refractory components (2025): The U.S. DOE Office of
Nuclear Energy's Transformative Challenge Reactor (TCR) program and parallel university
programs have demonstrated additive manufacturing (laser powder bed fusion, binder jetting)
of SiC and SiC-SiC composite GFR fuel element geometries — including the plate-type and
pin-type configurations relevant to ALLEGRO and EM?. As-manufactured specimens have
been submitted for irradiation testing at the Advanced Test Reactor (ATR) at INL. While no
irradiation qualification data is yet available at GFR-relevant fast fluences, this represents the
first systematic effort to apply AM to GFR fuel fabrication.

Tritium and impurity management in helium circuits (2024): Helium circuits in GFRs
accumulate tritium (from ternary fission and activation of trace lithium impurities in structural
materials) and oxidizing impurities (H,O, CO, CO,, O,) that degrade SiC and refractory alloy
surfaces. JAEA and CEA published updated helium circuit impurity control strategies,
including cryogenic cold traps, getter beds (zirconium, titanium sponge), and inline Raman
spectroscopy for real-time impurity monitoring. These results provide engineering baseline
data for ALLEGRO auxiliary systems design.

IV. Technology Gaps & Key R&D Challenges

Gas-Cooled Fast Reactors face a technology maturity gap that is substantially wider than any other
Generation IV system. The gaps identified below are not incremental engineering refinements but
fundamental qualification deficits that must be resolved before GFR licensing can proceed in any
jurisdiction. Each represents a multi-year, multi-institution research program in its own right.

The table below indexes the ten primary GFR technology gaps covered in this section. Each
numbered row corresponds to the detailed writeup that follows.

No.

4.1

4.2

4.3

4.4

4.5

Technology Gap / R&D Challenge Development TRL
Maturity

SiC-SiC composite cladding: fast-spectrum irradiation Early R&D 3
qualification
Ceramic / cermet fuel: irradiation database at GFR Early R&D 2
conditions
Passive decay heat removal under full depressurization Lab-Scale Only 3
(integral test)
Helium direct Brayton turbomachinery at commercial Pre-Conceptual 2
reactor scale
Helium impurity control & corrosion chemistry at GFR Bench Scale 3
conditions
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No. Technology Gap / R&D Challenge Development TRL
Maturity

4.6 Reactor pressure vessel materials at high temperature + Partial Data 3
fast fluence

4.7 Ceramic fuel-cladding mechanical interaction (PCMI) Early R&D 2
models

4.8 Helium primary circuit leak-tightness over plant lifetime Partial (HTGR) 4

4.9 Regulatory safety methodology & licensing framework for Not Started
GFRs

410 Operating experience: no GFR prototype or critical None 1

experiment exists

4.1. Fuel System Qualification — No GFR Fuel Type Has Been Irradiated at
Commercial Scale

GFR fuel concepts include: (a) SiC-SiC composite plate or pin fuel with carbide or oxide fuel pellets;
(b) ZrC-clad pin fuel; (c) ceramic-ceramic (cercer) composite fuel matrices (UO, or UC dispersed in
SiC or ZrC matrix). None of these fuel systems has undergone irradiation qualification in a fast
neutron spectrum at GFR-relevant temperatures (600-900°C) to commercially relevant burnup
levels (>10% FIMA). The irradiation database that supports LWR oxide fuel licensing — thousands
of fuel rods irradiated to high burnup in multiple reactors over decades — has no equivalent for any
GFR fuel type. Building this database requires a dedicated fast-spectrum irradiation facility or an
operating GFR demonstrator, neither of which currently exists outside Russia's BOR-60 (which has
limited remaining operational life) and China's CEFR.

4.2 Passive Decay Heat Removal Under Loss-of-Coolant Accident Conditions

This is the most acute safety challenge facing GFR development and the one most clearly
differentiated from liquid-cooled fast reactors. Following a large-break LOCA — depressurization of
the helium primary circuit to atmospheric pressure — the volumetric heat capacity of the coolant
drops by approximately three orders of magnitude, making natural circulation wholly inadequate for
passive decay heat removal. No passive system analogous to the sodium-cooled reactor's natural
convection loop or the molten salt reactor's freeze-plug drain has been identified and experimentally
validated for GFRs. Current design candidates — CO, flooding, pressurized reserve gas tanks,
solid heat sink absorbers, and emergency blower backup — all require either active components,
stored energy systems, or supplemental coolants, each introducing reliability and licensing
complexity. The PASCAL project confirmed this deficit formally; resolving it is prerequisite to any
ALLEGRO or commercial GFR license application.

4.3 Structural Materials at High Temperature and High Fast Fluence

Conventional austenitic and ferritic-martensitic steels used in liquid-cooled fast reactor structures
are limited to approximately 550-650°C and moderate fast fluences. GFR core structural
components (wrapper tubes, grid spacers, core barrel) at 850°C outlet conditions require either
refractory alloys (Mo, W, Nb-based) or ceramic composites (SiC-SiC). Refractory alloys exhibit
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ductile-to-brittle transition behavior, recrystallization under neutron irradiation, and transmutation
product accumulation that severely complicates qualification. SiC-SiC composites offer superior
temperature capability but have no established industrial fabrication supply chain for reactor-grade
structural components, and their irradiation behavior in fast spectra at high temperatures remains
incompletely characterized. No structural material system has been qualified — or is close to
qualification — for GFR operating conditions.

4.4 Helium Blower and Primary Circuit Reliability at Reactor Conditions

Helium primary circuit blowers (circulators) operating at high pressure, high temperature, and high
flow rates are a critical enabling technology for all GFR concepts. GFR helium blowers must handle
gas at 7-14 MPa and outlet temperatures of 800—850°C, with rotor tip velocities and bearing
designs that have limited operational heritage at these combined conditions. The direct Brayton
cycle turbine — the preferred power conversion system for GFR — requires helium turbomachinery
at a scale and operating condition that has never been built or tested. High-Temperature Gas-
cooled Reactor (HTGR) helium circulator experience (Dragon, Fort St. Vrain, PBMR) provides
partial heritage but at lower pressures and with thermal (not fast) spectrum cores. GFR helium
circuit machinery qualification requires a dedicated test program at prototypic conditions.

4.5 Control Rod and Reactivity Control in High-Temperature Helium

Control rod systems for GFRs face combined challenges absent from other reactor types: (a)
absorber materials (B,C, HfC, TaC) must retain adequate properties at temperatures up to 900°C
under fast neutron irradiation; (b) control rod guide tubes and drive mechanisms must function in
high-pressure helium at elevated temperature without lubrication (conventional lubricants function in
are incompatible with reactor-grade helium); (c) the stiffness of SiC-SiC composite assemblies
requires novel control rod insertion force management to avoid jamming or assembly distortion. No
GFR-specific control rod system has been fabricated or tested, and there is no experimental
database on control rod behavior in a fast helium environment.

4.6 Helium Coolant Chemistry and Impurity Control at Scale

Reactor-grade helium must be maintained at sub-ppm levels of oxidizing impurities (O,, H,O, CO,
CO,) to protect SiC fuel cladding and refractory structural materials from oxidative attack. At the
same time, trace reducing impurities (H,, CH,) must be controlled to prevent chemical interactions
with fuel pellets. Industrial-scale helium purification systems (cold traps, getter beds, molecular
sieve systems) for a large GFR primary circuit operating at high temperature and high radiation field
have not been engineered or tested. The HTGR experience base (Dragon, HTR-10, PBMR test
loops) provides a foundation, but GFR operating temperatures and fast-neutron activation of circuit
components introduce impurity sources and chemistry dynamics not present in thermal gas
reactors.

4.7 Fast Neutron Irradiation Test Facility Availability
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Qualifying GFR fuels and materials requires irradiation in a fast neutron spectrum — a resource
that is acutely scarce globally. Existing fast flux test facilities (Russia's BOR-60 and BN-800
irradiation rigs, China's CEFR, and to a limited extent Belgium's BR2 and France's Jules Horowitz
Reactor for accelerated thermal experiments) are heavily subscribed and not optimally configured
for GFR-specific fuel geometry irradiation. The U.S. Versatile Test Reactor (VTR), intended to fill
this gap, has faced repeated funding delays; its construction timeline as of 2026 remains uncertain.
Without adequate fast irradiation capability, the GFR fuel qualification timeline — already the
longest among Generation IV concepts — cannot be compressed regardless of design progress.

4.8 In-Service Inspection in a High-Pressure, High-Temperature Gas Environment
In-service inspection (ISI) of GFR core internals, pressure boundary components, and primary
circuit piping faces unique challenges compared to liquid-cooled reactors. While the optical
transparency of helium enables direct visual inspection (an advantage over opaque sodium or
lead), operating at 7-14 MPa helium pressure severely constrains access for inspection tooling.
Acoustic emission monitoring, electromagnetic inspection, and ultrasonic testing techniques require
significant adaptation for high-pressure gas environments and refractory or ceramic structural
materials with different acoustic properties than steel. No commercially qualified ISI system for GFR
primary circuits exists.

4.9 Licensing Precedent and Regulatory Framework

No GFR has ever been reviewed by a national nuclear regulator for construction or operating
licensing in any country. The safety case for a GFR — encompassing fuel behavior, LOCA
analysis, source term characterization for helium-dispersed fission products, and beyond-design-
basis accident scenarios — must be developed essentially from first principles. Regulatory
guidance documents, deterministic and probabilistic safety criteria, and validated safety analysis
codes specific to GFRs do not exist in any jurisdiction. The NRC's Part 53 framework (USA),
CNSC's modern vendor design review process (Canada), and the UK's Generic Design
Assessment provide pathways, but the absence of any GFR operating data means that the
licensing risk is qualitatively higher than for LFR or MSR concepts where at least some operating
reactor data exists globally.

4.10 SiC-SiC Composite Industrial Supply Chain

Silicon carbide fiber-reinforced silicon carbide matrix (SiC-SiC) composites are the preferred
structural and fuel cladding material for virtually all credible GFR concepts, yet their industrial
production at nuclear-grade quality and reactor-relevant dimensions is at an extremely early stage
globally. Current SiC-SiC production is dominated by aerospace applications (gas turbine hot
section components) and uses fiber architectures and matrix infiltration methods (CVI, MI, PIP) not
directly transferable to reactor fuel pin or plate geometries. Producing reactor-grade SiC-SiC
cladding tubes — with controlled stoichiometry, known irradiation-stable fiber-matrix interfaces, and
consistent dimensional tolerances — in the quantities needed for a 100 MWt demonstrator (let
alone a commercial plant) would require substantial industrial investment ahead of any confirmed
order.
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V. Hurdles on the Path to Commercialization

Beyond the technology gaps enumerated above, GFR commercialization faces a set of systemic,
economic, and strategic challenges that are in many respects more severe than those facing any
other Generation IV concept. Unlike sodium fast reactors — which have over 400 reactor-years of
operating experience — or molten salt reactors — which have an operating reactor in China —
GFRs have zero operating hours of prototype experience to draw upon. Every commercialization
hurdle must therefore be resolved without the benefit of an operating reference facility.

5.1 The Prototype Deficit — No Operating Reference

Every other Generation IV technology family has at least one operating or recently operated
experimental facility: China's TMSR-LF1 (MSR), Russia's BN-800 (SFR), the HTR-PM (HTGR), or
EBR-Il archival data (SFR metallic fuel). GFRs have no equivalent. The closest historical analogs
— the Experimental Breeder Reactor-I (EBR-I, air-cooled, 1951) and the Dounreay Fast Reactor
(CO,-cooled outer shield, 1959-1977) — operated at conditions far removed from modern GFR
designs and produced no directly applicable fuel or materials qualification data. This prototype
deficit means that ALLEGRO or EM?, if built, would be the world's first GFR of any kind — a position
that maximizes regulatory uncertainty, cost risk, and public scrutiny simultaneously.

5.2 First-of-a-Kind Economics Compounded by Technology Risk

FOAK economics for advanced reactors historically run 2-3x design estimates even for
technologies with substantial operational precedent. For GFRs — where the fuel system, structural
materials, primary circuit machinery, and safety systems all require qualification from scratch —
FOAK cost uncertainty is substantially higher than for SFRs or MSRs. Capital cost estimates for
ALLEGRO (at 100 MWt demonstration scale) have ranged widely in published literature; a 2024
V4G4 cost parametric study placed a wide uncertainty band on the overnight capital cost that
makes private financing structurally impossible without near-total government funding. Commercial
GFR units would inherit this uncertainty until at least one demonstrator has been built and operated
successfully.

5.3 Competition from More Mature Generation IV Technologies

GFRs offer the same core advantages as sodium and lead fast reactors — breeding, actinide
burning, closed fuel cycle — but with a technology readiness level (TRL) that lags SFRs and LFRs
by 15-20 years. In any scenario where government funding for advanced reactor deployment is
limited — as it invariably is — GFR programs must compete for resources against SFR and LFR
programs that are closer to construction-ready. Russia's BN-1200M, China's CFR-600, and
TerraPower's Natrium all provide fast spectrum capability on nearer timelines. The unique
advantage of GFRs — direct Brayton cycle efficiency and absence of liquid metal coolant — must
be weighed against an additional decade or more of required R&D before the first commercial unit
is plausible.

5.4 Helium Supply and Containment Infrastructure
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GFRs require large inventories of high-purity helium (reactor-grade, sub-ppm impurity specification)
for primary coolant, and helium is a finite, non-renewable resource with a volatile global supply
chain. Helium is produced as a byproduct of natural gas extraction; supply disruptions (as
experienced in 2019-2022) directly impact industrial consumers. A fleet of commercial GFRs would
represent a significant helium demand increase. Additionally, helium's low molecular weight makes
containment of any release difficult; building helium-tight primary circuit structures and containment
buildings that meet modern leakage standards requires materials and fabrication quality beyond
current standard nuclear construction practice.

5.5 Long Development Timelines Versus Decarbonization Urgency

Even optimistic GFR development scenarios place the first operational demonstrator (ALLEGRO or
EM?) in the early-to-mid 2040s. Commercial units could not follow before the 2050s at the earliest.
Against a backdrop of net-zero commitments requiring substantial clean energy deployment before
2050, GFRs cannot contribute meaningfully to near-term decarbonization. This does not eliminate
their long-term value — the case for GFRs rests on their role in a mature closed nuclear fuel cycle,
not as a near-term climate solution — but it makes sustained political and investor commitment
across a 30-40 year development horizon extremely difficult to maintain in competitive energy
policy environments.

5.6 Fuel Cycle Infrastructure Prerequisites

GFR's most compelling application — breeding fissile material and burning transuranics from LWR
spent fuel — requires co-located or nearby reprocessing and fuel refabrication infrastructure that
does not exist at commercial scale in most GFR-interested nations. The EM? design partially
sidesteps this by targeting a once-through breed-and-burn strategy; ALLEGRO, in its demonstrator
phase, uses conventional oxide fuel. But the long-term commercial GFR value proposition requires
carbide or cercer fuel reprocessing and re-fabrication — processes with no industrial precedent in
any country. Resolving this dependency requires parallel development of advanced fuel cycle
infrastructure on a timescale comparable to the GFR development program itself.

5.7 Multi-Jurisdictional Coordination Without a Leading National Program

Unlike SFR development — where Russia, China, and the US each have national flagship
programs with substantial committed government funding — GFR development has no single
national champion. ALLEGRO is a consortium program across four smaller Central European
nations, none of which has the nuclear industrial infrastructure to independently construct and
operate a fast reactor demonstrator. France's CEA, the natural technical leader, has deprioritized
GFRs following ASTRID's cancellation. The United States has not committed ARDP-level funding to
EM?2. This fragmented sponsorship structure makes coordinated long-term funding, consistent
regulatory engagement, and supply chain development significantly more difficult than for programs
anchored in a single major nuclear nation.

5.8 Workforce and Industrial Capability Gap
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Gas-cooled fast reactor design, construction, and operation would require specialists spanning
helium turbomachinery engineering, SiC-SiC composite fabrication, fast spectrum neutronics, high-
temperature refractory metallurgy, and GFR-specific safety analysis — a combination of expertise
that does not exist as an established workforce community anywhere in the world. Unlike the
sodium fast reactor community, which has continuity from EBR-II, Phénix, BN-600, and ongoing
programs, the GFR community is primarily academic. Building an industrial workforce capable of
constructing and operating ALLEGRO from scratch would require a decade-long education and
training investment that has not been initiated at any significant scale.

5.9 Public Perception and Communication Challenges

GFR concepts require communicating a reactor safety basis that is more complex and less
intuitively understood than 'the reactor shuts itself down passively.' The absence of passive natural
circulation decay heat removal — the most compelling safety selling point of liquid-cooled fast
reactors — means that GFR safety cases rely on redundant active and passive backup systems,
pressurized reserve gas, or novel heat sink concepts that require more elaborate public
explanation. At the same time, GFRs' use of novel ceramic fuel and refractory structural materials
introduces unfamiliar material names (ZrC, SiC-SiC, TZM) that may add to public perception
complexity. Transparent and accessible science communication will be essential for siting,
permitting, and political support in democratic countries — a challenge the GFR community has not
yet had to confront at scale.

VI. Conclusion

Gas-Cooled Fast Reactors represent a technically coherent and thermodynamically attractive path
to Generation IV deployment, combining the fast spectrum advantages of breeding and actinide
burning with a chemically inert coolant and the potential for high-efficiency direct Brayton cycle
power conversion. Their development, however, lags every other Generation IV technology by a
substantial margin:

* No GFR prototype has ever operated. ALLEGRO and EM? are the only active development
programs with plausible paths to construction, and neither has received committed
construction funding or a regulatory license application as of mid-2026.

+ The technology gaps in GFR fuel qualification, passive decay heat removal, and structural
materials are not incremental — they represent research programs requiring dedicated fast
irradiation facilities, large-scale material qualification campaigns, and experimental safety
system demonstrations that will take 10—20 years to execute even with sustained funding.

+ The OECD/NEA GFR benchmark and EU PASCAL safety analysis programs represent
meaningful intellectual progress, and advances in SiC-SiC composite characterization, sCO,
cycle coupling, and nitrogen coolant variants show that the global GFR research community
remains active and innovative.

* The path forward for GFRs is clear in concept: build ALLEGRO or an equivalent 100 MWt
demonstrator to generate the irradiation data, operational experience, and licensing precedent
needed for commercial designs. The path forward in practice — securing the funding, site,
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regulatory framework, supply chain, and political commitment needed to do so — remains the
defining challenge of the next decade.

GFRs are best understood not as near-term competitors to sodium or lead fast reactors for the first
wave of Generation IV deployment, but as a long-term option for a mature closed nuclear fuel cycle
that may offer compelling advantages in thermodynamic efficiency, chemical safety, and
operational simplicity once the fundamental technology gaps have been closed. The next decade's
work — centered on ALLEGRO pre-licensing and site selection, EM? fuel development, SiC-SiC
composite qualification, and passive safety system experimental validation — will determine
whether GFRs can close the gap to become viable candidates for commercial deployment in the
2050s and beyond.

Sources

Generation 1V International Forum (GIF) GFR System Steering Committee Annual Report (2024); OECD/NEA GFR
Neutronics Benchmark Reports (2023-2025); EU PASCAL Project Final Reports (Horizon 2020, 2019—-2024); V4G4
ALLEGRO Pre-Conceptual Design Studies (2023—2025); General Atomics EM? Technical Reports and NRC Pre-
Application Submissions (2022-2025); CEA Saclay GFR Materials and Neutronics Publications (Nuclear Engineering and
Design, Annals of Nuclear Energy, 2024—2025); INL Transformative Challenge Reactor (TCR) Program Reports (2024—
2025); DOE Versatile Test Reactor (VTR) Program Status (2024-2026); KAERI / KAIST GFR and N-GFR Research
Publications (Nuclear Engineering and Technology, 2024-2025); JAEA GFR Materials Irradiation Reports (2023—-2024);
OECD/NEA Advanced Reactor Systems and Future Energy Market Needs (2024); World Nuclear Association GFR
Technology Overview (2025); Nuclear Engineering International; GIF Technology Roadmap Update for Generation IV
Nuclear Energy Systems (2023 Revision); MDPI Energies GFR Review Articles (2024—2025); Euratom Research and
Training Programme Seventh Framework: GoFastR Project Reports; SNETP Strategic Research and Innovation Agenda
(2023 Update).
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5. VERY HIGH TEMPERATURE
REACTORS

Technology Status, Developments & Path to Commercialization

. Overview & Fundamentals

Very High Temperature Reactors (VHTRSs) are Generation IV helium-cooled, graphite-moderated
thermal-spectrum reactors designed to operate at core outlet temperatures of 750-950°C —
substantially higher than the 300-330°C of conventional light-water reactors (LWRs). They are the
evolutionary apex of the High-Temperature Gas-Cooled Reactor (HTGR) lineage, which stretches
from the UK’s 20 MWt Dragon reactor (1964—1975) through the U.S. Peach Bottom (1967-1974)
and Fort St. Vrain (1979-1989) plants, the German AVR pebble-bed and THTR-300 prismatic
reactors, and the modern operating plants in Japan (HTTR) and China (HTR-10, HTR-PM). The
Generation |V International Forum (GIF) formally designated the VHTR as one of six reference Gen
IV systems in 2002, with the primary goal of enabling thermochemical hydrogen production at
industrial scale alongside high-efficiency electricity generation.

VHTRSs are distinguished from all other reactor types by the following core characteristics:

* Coated particle fuel: TRISO (Tri-structural ISOtropic) particles — microscopic uranium fuel
kernels individually encapsulated in four successive coating layers (porous carbon buffer,
dense inner pyrocarbon, silicon carbide, and outer pyrocarbon) — provide an inherently
robust multi-barrier containment system within the fuel particle itself, retaining fission products
to temperatures exceeding 1,600°C.

* Graphite moderator and structural material: a large graphite core mass provides enormous
thermal inertia, enabling inherent passive safety behavior under all credible accident
scenarios without active cooling systems or operator intervention.

* Helium coolant: chemically inert, single-phase, non-activating, and compatible with very high
operating temperatures. No exothermic coolant reactions with air or water. Helium outlet
temperatures of 750-950°C are achievable.

» Inherent negative temperature coefficient of reactivity: as temperature rises, reactivity
decreases via Doppler broadening in uranium fuel and graphite thermal expansion, producing
self-limiting behavior that prevents uncontrolled power excursions without reliance on active
control rod insertion.

+ Passive decay heat removal: at the power levels of modular VHTR designs (200-600 MWt),
decay heat can be safely conducted and radiated to the environment through the reactor
vessel and passive heat removal panels without any active cooling systems, even under total
station blackout conditions.

» Two principal core geometry families: (1) Pebble-bed reactors (PBRs), where spherical fuel
elements (60 mm diameter) containing thousands of TRISO particles flow continuously
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through the core, enabling online refueling without shutdown; and (2) Prismatic block reactors,
where hexagonal graphite fuel blocks with embedded TRISO fuel compacts form a fixed core
refueled in batches.

* High-temperature process heat output (750-950°C) enables thermochemical hydrogen
production (iodine-sulfur, Cu-Cl, or high-temperature steam electrolysis cycles), synthetic fuel
synthesis, direct industrial process heat for steel, cement, chemical, and refinery industries,
and district heating — addressing decarbonization of hard-to-electrify industrial sectors.

* Near-atmospheric or modestly pressurized primary circuit (3—7 MPa helium) eliminates the
high-pressure LOCA hazard of LWRs; helium depressurization events are manageable
through passive decay heat removal at modular VHTR power levels.

VHTRs are unique among Generation IV systems in that they already have multiple operating
reactors — the HTTR in Japan, the HTR-10 in China, and most significantly the HTR-PM
commercial demonstration plant at Shidaowan, China, which entered power operation in 2023. This
operational base, combined with a well-established TRISO fuel technology and an extensive
international R&D history, gives VHTRSs the highest Technology Readiness Level (TRL) of any
Generation IV design family. The primary remaining challenges are scaling to economically
competitive power levels, qualifying fuel and materials for the highest temperature applications
(>900°C), and developing the industrial hydrogen production coupling systems that represent the

technology’s most distinctive long-term value proposition.

Il. Active Programs & Current Status

Global Program Summary

Reactor Country Type Power Coolant Status Target
HTR-10 China (INET/THU) Pebble- 10 MWt Helium OPERATING Since 2000
bed
HTTR Japan (JAEA) Prismatic 30 MWt Helium OPERATING Since 1998
HTR-PM China (CNNC/THU) Pebble-  2x250 MWt  Helium Since 2023
bed /210 MWe OPERATING
HTR- China (CNNC) Pebble- = 6x250 MWt  Helium UNDER ~2030
PM600 bed / 650 MWe CONSTR.
SC-HTGR USA Prismatic 625 MWt/  Helium Early
(Framatome/ORANO) 272 MWe 2030s
Xe-100 USA (X-energy) Pebble- 200 MWt/ = Helium UNDER ~2030
bed 80 MWe CONSTR.
PBMR-400 South Africa (PBMR Pebble- 400 MWt/  Helium DESIGN —
DPP SOC) bed 165 MWe (suspended)
MMR Canada (Ultra Safe Micro 15 MWt/5  Helium Late 2020s
Nucl.) prismatic MWe HIE e
U-Battery UK (Urenco/Jacobs) Micro ~4 MWt/ Helium 2030s
prismatic ~1 MWe
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Reactor Coolant Status

GTHTR300 Japan (JAEA) Prismatic 600 MWt/  Helium 2030s+

DESIGN

274 MWe
HTMR-100 South Africa (STL) Pebble- 100 MWt/  Helium TBD
bed 35 MWe
Adams USA (Adam Engines = Prismatic ~1 MWe Helium EARLY TBD
Engine / ANL) micro DESIGN
GT-MHR Russia/USA Prismatic 600 MWt/ Helium DESIGN —
(OKBM/GA) 285 MWe (suspended)

HTR-PM — China (CNNC / Tsinghua University) — World’s First Commercial HTGR
The High Temperature Reactor — Pebble Bed Module (HTR-PM), located at the Shidaowan Nuclear
Power Plant in Rongcheng, Shandong Province, is the world’s first commercial-scale Generation IV
reactor to enter power operation. Developed by China National Nuclear Corporation (CNNC) and
Tsinghua University’s Institute of Nuclear and New Energy Technology (INET), the demonstration
plant uses two 250 MWt pebble-bed reactor modules driving a single 210 MWe steam turbine.

» Construction of both reactor modules began in 2012; the plant was completed and connected
to the grid in December 2021, producing first electricity.

» Full 210 MWe power operation achieved in 2023 — a globally significant milestone
establishing China as the first nation to operate a commercial pebble-bed high-temperature
gas-cooled reactor. The reactor has since accumulated over two years of commercial
operational experience.

» Core outlet temperature: 750°C (helium); design life: 40 years; thermal efficiency
approximately 40% in steam cycle configuration.

* TRISO fuel: spherical pebble fuel elements (60 mm diameter, ~12,000 TRISO particles per
pebble) using UO, kernels with 8.5% U-235 enrichment. Fuel pebbles circulate continuously
through the core, with each pebble making multiple passes (average 15 passes) before
discharge at a burnup of approximately 90 GWd/tU.

+ Passive safety: a loss-of-forced-cooling test was conducted during commissioning in 2021,
confirming that the reactor automatically shuts down and cools passively without active
systems or operator action, validating the inherent safety behavior first demonstrated in
Germany’s AVR in the 1980s.

* Online refueling: pebble circulation system operates continuously during power generation,
eliminating planned refueling outages and enabling high capacity factors.

* Operational data from HTR-PM is feeding directly into the HTR-PM600 design and into
China’s broader advanced nuclear energy program.

HTR-PM600 — China (CNNC) — Near-Term Commercial Scale-Up

The HTR-PMG600 is China’s planned commercial-scale follow-on to HTR-PM, using six 250 MWt
pebble-bed modules coupled to a single 650 MWe steam turbine at the same Shidaowan site. It
represents the near-term commercial replication of the proven HTR-PM technology at an
economically more competitive scale.
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» Site approval and initial licensing documentation have been completed; construction
authorization for HTR-PM600 has been granted under China’s National Energy Administration
framework.

« Early civil construction activities (site preparation, foundation works) commenced in 2023—
2024; full construction is targeted for completion and power operation around 2030.

+ The six-module configuration amortizes shared balance-of-plant costs (steam turbine, control
building, site infrastructure) across a larger power output, substantially improving the
economics versus the two-module HTR-PM demonstration.

+ HTR-PM600 uses the same TRISO fuel, pebble-bed core design, and passive safety systems
as HTR-PM, with incremental improvements informed by HTR-PM operational experience. No
new fuel or core technology qualifications are required.

* CNNC has published a roadmap for further scale-up to HTR-PM1000 (standardized 1,000
MWe multi-module plant) in the 2030s, establishing a modular HTGR fleet deployment
pathway analogous to PWR fleet standardization.

HTR-10 — China (INET / Tsinghua University) — Operating Research Reactor

The 10 MWt pebble-bed research reactor at Tsinghua University’s Institute of Nuclear and New
Energy Technology in Beijing has been operational since 2000 and remains one of the world’s most
important HTGR research platforms. It has produced an exceptional safety and operational
database over more than two decades.

*+ HTR-10 completed its landmark passive safety demonstration test in 2003: with the helium
blower switched off and no active cooling, the reactor autonomously shut down and cooled to
safe temperatures through inherent physics and conduction to the environment alone — with
zero fuel damage — confirming the modular HTGR passive safety principle experimentally.

+ Since 2021, HTR-10 has resumed an expanded operational and research program following
maintenance and upgrade activities, providing continued fuel irradiation, coolant chemistry,
and operational data to the Chinese HTGR program.

+ HTR-10 has been used to validate pebble flow dynamics, TRISO fuel performance, helium
purification systems, and graphite behavior — all directly applicable to HTR-PM and HTR-
PM600 design.

HTTR — Japan (JAEA) — Operating Prismatic Research Reactor

The High Temperature Engineering Test Reactor (HTTR) at JAEA’s Oarai Research and
Development Institute is a 30 MWt prismatic block HTGR that has operated since 1998 and is the
world’s highest-temperature operating research reactor. Following a decade-long suspension
imposed after the March 2011 Fukushima Daiichi accident due to regulatory re-evaluation of all
Japanese nuclear facilities, HTTR was formally restarted and returned to operation in December
2020, with resumed full-power testing in 2021.

» Core outlet temperature: 950°C at full power — the highest operating temperature of any
reactor in the world, making HTTR uniquely capable of validating materials and systems for
the highest-temperature VHTR applications.
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* Fuel: low-enriched uranium (LEU, <10% U-235) in TRISO particles compacted into annular
fuel rods within hexagonal graphite prismatic fuel blocks. Fuel centerline temperature at
950°C outlet exceeds 1,200°C in the hottest fuel elements.

* Loss-of-forced-cooling safety demonstration tests were conducted at 9 MWt in 2010 and,
following restart, at progressively higher power levels in 2023 and 2024, confirming passive
shutdown and cooling behavior at prototypic conditions. The 2023—-24 test results are the
most recent gas-cooled reactor transient safety data available globally.

+ HTTRis central to Japan’s High-Temperature Gas Reactor Hydrogen and Power Generation
Project (HTGR-H2): JAEA is constructing a hydrogen production test facility adjacent to HTTR
that will couple a high-temperature steam electrolysis (HTSE) system to HTTR’s heat output.
Target for hydrogen production demonstration: 2028—-2030.

+ JAEA’'s GTHTR300 — a 600 MWt / 274 MWe commercial prismatic HTGR with direct Brayton
cycle — uses HTTR operational data as its primary validation reference.

+ HTTR s also a participant in the IAEA’s Coordinated Research Program on HTGR safety and
in the GIF VHTR System Steering Committee benchmark activities, sharing safety test data
internationally.

Xe-100 — USA (X-energy) — Under Construction

X-energy’s Xe-100 is an 80 MWe (200 MWt) pebble-bed HTGR designed as a scalable, factory-
fabricated module for electricity and industrial process heat markets. It is the most advanced VHTR
project in the United States and represents a significant private-sector investment in pebble-bed
technology outside China.

* NRC design certification application (DCA) for Xe-100 was submitted in January 2023 — the
first pebble-bed reactor DCA in U.S. history. The NRC review is ongoing; key open items
include pebble fuel qualification under U.S. regulatory standards and helium boundary leak-
tightness criteria.

+ Construction: Dow Chemical Company selected X-energy to deploy four Xe-100 modules at
Dow’s UCC Seadrift Operations manufacturing complex in Seadrift, Texas under a DOE
Advanced Reactor Demonstration Program (ARDP) award. Groundbreaking and early site
preparation work commenced in 2024; the project is targeting first module operation
approximately 2030.

* The Seadrift deployment is specifically designed to provide carbon-free industrial process
heat and steam directly to Dow’s chemical manufacturing operations — a first-of-kind
demonstration of VHTR industrial heat supply in the United States.

« DOE ARDP award: $80 million initial award (2020), with additional funding tranches tied to
project milestones; total DOE committed support exceeds $1.2 billion including cost-share
across the demonstration project.

* Fuel: X-energy operates its own TRISO-X fuel fabrication facility in Oak Ridge, Tennessee.
The TRISO-X plant, which received NRC authorization in 2023, is the first commercial TRISO
fuel fabrication facility licensed in the United States in decades. Fuel production for Xe-100
first core is being staged alongside plant construction.

+ Core outlet temperature: 750°C; uses a direct steam cycle for electricity generation in the
Seadrift application; future variants targeting higher-temperature hydrogen production are in
design.
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+ Kairos Power's Hermes reactor (KP-FHR, a salt-cooled pebble-bed design) uses TRISO fuel
and shares some operational overlap with Xe-100 in the pebble fuel qualification space,
though the two are distinct reactor concepts.

SC-HTGR — USA (Framatome / ORANO) — Advanced Prismatic Design

The Steam Cycle High Temperature Gas-Cooled Reactor (SC-HTGR), developed by Framatome in
partnership with ORANO, is a 625 MWt / 272 MWe prismatic block HTGR targeting commercial
electricity and industrial steam markets in the United States. It builds directly on the lineage of the
Fort St. Vrain reactor and the General Atomics GT-MHR design.

» Core outlet temperature: 750°C; indirect steam cycle power conversion (no direct Brayton
turbine); annular prismatic core with hexagonal graphite fuel blocks containing TRISO fuel
compacts.

* Framatome submitted a pre-application for NRC design certification review in 2022; NRC pre-
application engagement is ongoing, with a formal DCA submission targeted for the mid-2020s.

+ The SC-HTGR is explicitly designed for industrial co-generation: high-temperature steam
output is extracted for industrial process heat supply in addition to electricity generation,
targeting refinery, chemical, and industrial decarbonization markets.

+ Framatome’s acquisition of General Atomics’ HTGR technology portfolio provides a direct
design heritage connection to Fort St. Vrain (842 MWHt, operated 1979-1989) — the largest
prismatic HTGR ever operated.

+ The 625 MWt power level is significantly larger than pebble-bed modular designs, requiring
demonstration of passive safety behavior at larger scale — a key licensing challenge that is
not fully resolved by existing HTGR operational data.

MMR — Canada (Ultra Safe Nuclear Corporation) — Micro-HTGR in Licensing

Ultra Safe Nuclear Corporation’s Micro Modular Reactor (MMR) is a 15 MWt/ 5 MWe micro-HTGR
using prismatic TRISO fuel, designed for off-grid remote community power, mining applications,
military installations, and small industrial heat loads. It is the smallest VHTR design in active
licensing.

+ The MMR system combines a nuclear heat source (15 MWt) with a molten salt thermal energy
storage system, providing dispatchable electricity output decoupled from reactor power level.

+ Canadian Nuclear Safety Commission (CNSC) Vendor Design Review Phase 1 completed in
2021 with no fundamental safety barriers identified; Phase 2 engagement is ongoing.

* University of Ontario Institute of Technology (UOIT) and Ontario Power Generation (OPG)
have partnered with Ultra Safe Nuclear for a potential first deployment on the Chalk River
Laboratories site in Ontario, with the Canadian Nuclear Laboratories (CNL) site-specific
environmental assessment underway.

+ The U.S. Department of Defense (DoD) Project Pele program, which sought a transportable
micro-nuclear reactor, evaluated MMR-class concepts; while Project Pele ultimately selected
a different design (BWX Technologies’ micro-reactor), the evaluation process generated
regulatory and safety analysis precedents applicable to MMR licensing.
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» Target: first power operation in Canada in the late 2020s, pending CNSC licensing completion
and site-specific approvals.

U-Battery — UK (Urenco / Jacobs) — Micro-HTGR Design

U-Battery is a ~4 MWt / ~1 MWe micro-HTGR concept developed by a consortium including
Urenco, Jacobs Engineering, and Atkins, targeting off-grid industrial heat and power applications in
the UK and export markets. It uses TRISO fuel in a compact prismatic core with helium coolant.

» U-Battery completed a Front-End Engineering Design (FEED) study in 2022—-2023 that
defined the primary system layout, thermal-hydraulics, and fuel configuration for licensing
documentation.

* UK Generic Design Assessment (GDA) pre-entry discussions with the Office for Nuclear
Regulation (ONR) have been initiated. The UK Advanced Nuclear Technologies program has
identified U-Battery as one of the priority small modular reactor concepts for near-term
regulatory engagement.

+ Target market: industrial sites and remote communities in the UK and Canada requiring off-
grid heat and power; a Canadian licensing pathway through CNSC is also under evaluation.

Other Notable Programs

+ South Africa — HTMR-100 (Steenkampskraal Thorium Ltd): STL is developing the HTMR
100, a 100 MWt pebble-bed HTGR using thorium-uranium fuel pebbles, targeting South
Africa’s electricity and process heat markets. A conceptual design has been completed and
early regulatory engagement with the National Nuclear Regulator (NNR) initiated. The
thorium-uranium fuel cycle is a distinctive feature not shared by other active HTGR programs.

* Russia — GT-MHR / VGM: Russia’s OKBM Afrikantov has maintained design studies for the
GT-MHR (600 MWt prismatic, direct helium Brayton cycle) co-developed with General
Atomics in the 1990s-2000s, and for the VGM — a 200 MWt pebble-bed HTGR. Neither
program has advanced to construction; both are effectively suspended pending government
commitment. Russia’s HTGR expertise is concentrated at OKBM and NIKIET research
organizations.

* Poland — HTGR for Industrial Decarbonization: Poland’s National Centre for Nuclear
Research (NCBJ) is developing a 165-200 MWt prismatic HTGR design concept specifically
for industrial decarbonization of Polish chemical and refinery industries. NCBJ is a V4G4
Centre of Excellence member and contributes to both VHTR and GFR research programs. No
construction commitment exists; the program is at the pre-conceptual design and regulatory
framework preparation stage.

* South Korea — NHDD: KAERI’s Nuclear Hydrogen Development and Demonstration
(NHDD) program developed a 200 MWt prismatic HTGR reference design (ANTARES-
derived) for hydrogen production coupling in the 2010s. Budget constraints have slowed the
program; current KAERI HTGR activity focuses on TRISO fuel fabrication research and
participation in GIF VHTR System Steering Committee benchmarks rather than a near-term
construction program.
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Indonesia — RDE (Reaktor Daya Eksperimental): Indonesia’s National Research and
Innovation Agency (BRIN) and BATAN (national atomic energy agency) have maintained a
conceptual design for a 10 MWt experimental pebble-bed HTGR — the RDE — at the
Serpong research center. Site preparation activities were initiated in the early 2020s, and pre-
licensing discussions with the Indonesian nuclear regulatory body (BAPETEN) are ongoing.
The RDE would be Southeast Asia’s first nuclear power reactor if completed.

lll. Recent Research Advances (2024-2026)

Key published findings and demonstrated technical progress across the global VHTR research
community include:

HTR-PM commercial power operation and operational data generation (2023-2025): The
HTR-PM'’s sustained commercial operation since late 2023 has produced the first large-scale
pebble-bed HTGR operational dataset in history. Published operational reports and
international disclosures through the IAEA have documented pebble flow dynamics, helium
purification performance, primary circuit leak rates, fuel failure fraction monitoring (via coolant
activity measurements), and load-following capability. Preliminary fuel failure fractions have
been reported below 1x107° per pebble — well within design limits and consistent with TRISO
fuel performance predictions from laboratory irradiation programs. This operational data is the
single most important recent advance in the VHTR field globally.

HTTR loss-of-forced-cooling safety demonstration tests (2023-2024): Japan’'s HTTR
completed progressively higher-power loss-of-forced-cooling (LOFC) safety demonstration
tests in 2023 and 2024 as part of JAEA’s post-restart research program. The 2024 LOFC test
at 30 MW full power is the most stringent gas-cooled reactor passive safety test conducted
anywhere in the world, confirming passive shutdown and decay heat removal without active
systems or operator action at 950°C outlet temperature. Data from these tests has been
shared through the IAEA’s Safety Demonstration Test program and used to validate thermal-
hydraulics codes (RELAP5-3D, THERMIX-KONVEK, JAEA-in-house codes) against
experimental results, expanding the validated code database for VHTR licensing.

TRISO-X commercial fuel fabrication facility licensing and first production (2023-2025):
X-energy’s TRISO-X fuel fabrication plant in Oak Ridge, Tennessee — the first commercially
licensed TRISO fuel facility in the United States in over 30 years — received NRC
authorization in 2023 and commenced fuel production activities. Initial fuel qualification
batches have been produced and submitted for irradiation qualification campaigns at INL’s
Advanced Test Reactor (ATR). This is a pivotal supply chain milestone: for the first time since
the decommissioning of the General Atomics fuel fabrication line in the 1970s, the United
States has an active commercial TRISO fuel production capability, essential for both Xe-100
and other TRISO-dependent advanced reactor designs.

AGR-5/6/7 TRISO fuel irradiation program completion (2024): The U.S. Department of
Energy’s Advanced Gas Reactor (AGR) Fuel Development and Qualification Program — a
multi-decade effort at INL — completed irradiation of its final capsule series (AGR-5/6/7) in
2024. Post-irradiation examination (PIE) of AGR-5/6/7 specimens has produced the most

comprehensive TRISO fuel irradiation performance database in U.S. history, covering UO,
and UCO kernel compositions, fuel temperatures to 1,250°C, and burnups to 19.6% FIMA
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(fissions per initial metal atom). Key results: SiC layer failure fractions below 1x107* under
normal operating conditions; fission product (Ag-110m, Cs-137) retention demonstrated
across the full irradiation range. AGR program data directly underpins X-energy’s Xe-100
NRC design certification and DOE’s qualification basis for TRISO fuel in U.S. licensing.

* TRISO accident condition testing — AGR safety testing campaign (2024-2025):
Companion to the AGR irradiation program, DOE’s accident condition safety testing campaign
heated irradiated AGR TRISO particles to temperatures simulating beyond-design-basis
events (1,600°C-1,800°C for 300-500 hours) in controlled furnace environments. Results
confirmed intact SiC layer integrity and fission product retention at 1,600°C for all tested
specimens, and documented SiC layer failure onset only above 1,750°C — well above the
passive safety peak temperatures (~1,600°C) predicted for modular VHTRs under any
credible accident scenario. This is a definitive experimental confirmation of TRISO’s accident-
tolerant fuel characteristics.

* High-temperature steam electrolysis (HTSE) coupling studies (2024-2025): Idaho
National Laboratory and multiple university partners published updated efficiency and
degradation data for solid oxide electrolysis cells (SOECs) operating at 700-850°C, the
temperature range achievable by VHTRs. Demonstrated stack efficiencies of 85-92% (higher
heating value basis) at 750°C represent the current state of the art, with stack lifetimes
exceeding 10,000 hours reported for optimized anode-supported cell designs. Techno-
economic analyses published in 2024 show VHTR-coupled HTSE hydrogen production costs
of $2.50-$4.00/kg H, depending on capital cost assumptions — competitive with green
hydrogen from electrolysis powered by dedicated renewables in most scenarios and
substantially below green hydrogen targets in high-grid-cost regions.

* lodine-sulfur (IS) cycle thermochemical hydrogen production advances (2024): JAEA
published results from its extended IS cycle hydrogen production loop tests in 2024,
demonstrating continuous hydrogen production for over 150 hours in a closed-loop system at
laboratory scale using heat input at 900°C — within HTTR’s outlet temperature range. Key
advances: silicon carbide heat exchangers for the Bunsen reaction section demonstrated
corrosion resistance to the highly corrosive sulfuric acid and hydrogen iodide process streams
over the test duration. This is the longest continuous IS cycle hydrogen production
demonstration recorded globally, validating the process chemistry at engineering scale ahead
of the planned HTTR-H2 coupling demonstration.

* Nuclear graphite irradiation behavior and qualification (2024-2025): A major international
research collaboration coordinated through the IAEA’s Nuclear Graphite Knowledge
Management Programme published updated irradiation-induced dimensional change and
mechanical property data for IG-110 (Japanese Toyo Tanso), IG-430, and NBG-18 (European
SGL Carbon) nuclear graphite grades in 2024—-2025. The dataset covers fast fluences to
8x1022 n/cm? at temperatures of 600—-1,000°C, extending the qualified irradiation envelope for
HTR-PM-grade graphite. Dimensional turnaround fluence (at which graphite transitions from
shrinkage to swelling) was precisely characterized for each grade, providing critical design
data for graphite component lifetime prediction in HTR-PM600 and Xe-100.

» Graphite oxidation and air ingress accident modeling (2024): Air ingress into the helium
primary circuit — caused by a break in the coaxial duct connecting the reactor pressure
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vessel to the power conversion unit — is a beyond-design-basis accident unique to HTGRs.
Natural convection-driven air ingress can lead to graphite oxidation and structural degradation
if not passively mitigated. Updated computational fluid dynamics (CFD) and chemical kinetics
models for air ingress scenarios were published by JAEA, INL, and Tsinghua University in
2024, incorporating improved oxidation rate data for nuclear graphite grades at prototypic
temperatures. Results from these analyses have been benchmarked against the NACOK and
SANA experimental programs at Forschungszentrum Julich, providing a more defensible
licensing basis for air ingress accident source terms in Xe-100 and SC-HTGR safety
analyses.

+ Alloy 617 and Alloy 800H ASME code qualification extension (2023-2025): A critical
materials qualification milestone for high-temperature VHTR applications: ASME Boiler and
Pressure Vessel Code Section Il Div. 5 (High Temperature Reactors) has been progressively
extended to cover Alloy 617 (a NiCrMo superalloy) to 950°C in nuclear pressure boundary
applications. This work, led by DOE’s Nuclear Energy program in collaboration with ORNL
and industry partners, removes a longstanding regulatory barrier: previously, no ASME-
qualified metallic structural material existed for nuclear pressure boundary service above
760°C. The extension to 950°C directly enables metallic primary circuit components
(intermediate heat exchangers, hot gas ducts) in true VHTR designs approaching 900°C
outlet temperature.

* Pebble flow and fuel management modeling advances (2024-2025): New discrete
element method (DEM) pebble flow simulations, validated against HTR-PM and HTR-10
pebble trajectory data, were published by Tsinghua University and MIT in 2024—-2025. These
models achieve better than 5% agreement with measured pebble residence time distributions
and flow velocity profiles in the active core. Improved pebble flow models are directly used in
fuel management optimization (determining pebble recirculation rates, burnup distributions,
and refueling strategies) and in safety analysis (confirming that no stagnant pebble regions
develop in the core that could lead to localized high-temperature regions).

» Digital instrumentation & control and autonomous operation for VHTRs (2024-2025): X-
energy, JAEA, and Tsinghua University have all published work on applying digital 1&C
architectures to VHTR control systems, including load-following algorithms, pebble fuel
management automation, and helium purification system controls. A notable advance: JAEA
demonstrated autonomous load-following control of HTTR across a 20—-30 MWt range in
2024, using a model-predictive control algorithm that adjusted helium flow and control rod
position without operator input. This is the first demonstration of automated load-following in
an operating gas-cooled reactor and provides a direct precedent for VHTR grid-integration
and hydrogen production load-following operation.

IV. Technology Gaps & Key R&D Challenges

Despite the VHTR’s high Technology Readiness Level relative to other Generation IV systems,
significant technical challenges remain before full commercial deployment at the highest operating
temperatures and at economically competitive scale. The following gaps represent the primary R&D
challenges as of 2026:
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The table below indexes the ten primary VHTR technology gaps covered in this section. Each
numbered row corresponds to the detailed writeup that follows.

No. Technology Gap / R&D Challenge Development
Maturity

4.1 TRISO fuel qualification under U.S./EU regulatory In Progress 6
frameworks

4.2 Graphite irradiation database for full commercial design Partial 5
life

4.3 High-temperature metallic materials (>900°C) nuclear Advancing 6
qualification

4.4 Commercial-scale hydrogen production coupling (IS cycle Lab / Pilot Scale 4
/ HTSE)

4.5  Airingress accident — integral experiment at prototypic Not Yet Done 3
scale

4.6 Helium purification at multi-module commercial scale Limited Data 6

4.7 Pebble handling reliability and dust management at fleet Early Operational 7
scale

4.8 Prismatic passive safety at >500 MWt scale — validation Analytical Only 4
data

4.9 TRISO / graphite spent fuel and waste disposal pathway Not Established

4.10  Multi-module plant licensing methodology In Development

4.1 TRISO Fuel Qualification Under U.S. and European Regulatory Frameworks
While TRISO fuel has an extensive international performance database, the specific fuel
compositions, fabrication processes, and irradiation conditions of each reactor design require
design-specific qualification under national regulatory frameworks. X-energy’s Xe-100 TRISO-X fuel
must be qualified to NRC standards through irradiation in the ATR and PIE at INL — a process that
will not be complete until the mid-to-late 2020s at the earliest. European designs (SC-HTGR, U-
Battery) face a parallel challenge: no European commercial TRISO fuel qualification campaign is
currently underway at the scale needed for fuel licensing. The German HTGR fuel qualification
database (from AVR and THTR programs) is now 30—40 years old and must be refreshed with
modern fuel fabrication processes. Building the qualified irradiation database for each national
program is a 5—-10-year sequential process that cannot be significantly compressed.

4.2 Graphite Component Qualification and Lifetime Prediction

Nuclear graphite core components (reflector blocks, fuel element matrix material, core support
structures) undergo significant dimensional changes, strength degradation, and thermal
conductivity reduction under fast neutron irradiation. Predicting graphite component lifetime —
specifically, the point at which irradiation-induced swelling creates unacceptable dimensional
changes or structural cracking in the graphite core — requires long-duration irradiation data at
prototypic temperatures and fluences in a fast neutron environment. The current international
graphite irradiation database does not fully cover the fluence range expected for the full design life
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of commercial VHTR components (particularly for the inner reflector blocks closest to the core
center). A coordinated international graphite irradiation program, currently coordinated through the
IAEA and GIF VHTR-SSC, is ongoing but will require 10-15 additional years to complete the
database needed for full commercial design life qualification.

4.3 High-Temperature Metallic Materials Qualification Above 900°C

Components in the hot gas path of VHTRs operating at outlet temperatures above 850°C — the
intermediate heat exchanger (IHX), hot gas ducts, reactor pressure vessel upper head — require
metallic materials capable of sustained operation at temperatures exceeding the qualification limits
of conventional nuclear structural steels. Alloy 617 and Alloy 800H ASME code case extensions to
950°C (achieved in 2023—-2025) represent critical progress, but creep, fatigue, and environmental
degradation data for these alloys under long-term (40—60 year) reactor service conditions at 900—
950°C in impure helium environments remain incomplete. Very high temperature IHX designs —
required for thermochemical hydrogen production coupling — demand compact heat exchanger
geometries (printed circuit, diffusion-bonded plate-fin) in Alloy 617 or ODS alloys; these compact
designs have no nuclear qualification precedent and require novel leak-before-break analysis
methods.

4.4 Hydrogen Production Coupling Systems: Engineering Scale-Up

VHTR'’s most distinctive long-term value proposition — high-temperature thermochemical or
electrochemical hydrogen production — has been demonstrated at laboratory and small
engineering scale but not at commercial scale coupled to a nuclear heat source. The iodine-sulfur
(IS) cycle faces corrosion-resistant heat exchanger qualification, process control challenges for a
continuously operating closed-loop system, and waste stream management. High-temperature
steam electrolysis (HTSE) has achieved high single-stack efficiency but requires scale-up from
kilowatt to megawatt to gigawatt electrolysis systems with demonstrated long-duration stack
reliability. The dynamic coupling of a nuclear heat source (with its own control dynamics) to a
hydrogen production plant (with different operational transient requirements) has never been
demonstrated at any scale. JAEA’s planned HTTR-H2 coupling demonstration is the critical near-
term milestone, but results will not be available until 2028—2030.

4.5 Air Ingress Accident Mitigation and Graphite Oxidation Source Terms

Air ingress following a double-ended guillotine break of the coaxial hot gas duct — the design basis
accident that most challenges VHTR safety cases — initiates natural convection-driven air
circulation through the graphite core, causing graphite oxidation, carbon monoxide release, and
potential structural degradation. While passive mitigation strategies (helium injection systems, core
geometry design) have been analyzed, no integral air ingress experiment at prototypic scale has
been conducted for any of the current generation of modular VHTR designs. The source term for
fission product release following graphite oxidation in an air ingress event remains the most
uncertain input to VHTR probabilistic risk assessments and is a key open licensing issue for Xe-100
and SC-HTGR in the U.S. NRC design certification reviews.

4.6 Helium Purification and Coolant Chemistry at Commercial Scale
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Maintaining helium coolant purity at the parts-per-million impurity levels required to prevent graphite
and metallic component oxidation in large commercial VHTR primary circuits is technically
demanding. Moisture ingress from steam generator tube leaks (in indirect cycle designs) or from
small water-side leaks must be detected and purged rapidly. Industrial-scale helium purification
(getter beds, cryogenic cleanup) for commercial 500-650 MWe multi-module plants has not been
demonstrated. The HTR-PM helium purification system is providing real-world scale-up data, but its
experience base is limited to two reactor modules; HTR-PM600’s six-module configuration will
present new shared purification system challenges. Helium coolant chemistry monitoring
instrumentation with real-time impurity detection at reactor operating pressures and temperatures
requires further development for commercial reliability.

4.7 Pebble Fuel Handling System Reliability at Commercial Scale

Continuous pebble circulation — the defining operational feature of pebble-bed VHTRs — requires
a pneumatic pebble injection system, gravity-driven core flow, and an extraction and sorting system
that handles millions of fuel pebbles per year per reactor module at elevated temperature and
radiation levels. The HTR-PM pebble handling system is generating the first large-scale operational
reliability data in history, but commercial-scale multi-module plants (HTR-PM600: six modules, ~6
million pebble passes per year) will expose mechanical reliability, pebble breakage rates, and dust
generation issues at a scale not yet experienced. Fuel pebble graphite dust, generated by pebble-
pebble and pebble-wall contact, accumulates on primary circuit surfaces and may mobilize under
depressurization accidents, contributing to source terms and contaminating helium purification
systems. The dust inventory and mobilization behavior in commercial-scale primary circuits is an
unresolved safety analysis challenge.

4.8 Prismatic Core Power Density and Passive Safety Scaling

Prismatic block VHTRs (SC-HTGR, Framatome design) seek higher power densities than pebble-
bed designs, improving economics. However, passive decay heat removal by conduction and
radiation to the vessel wall — the defining safety feature of modular VHTRs — is geometrically
limited: core power must be kept below a threshold at which peak fuel temperatures under passive
cooling remain below the TRISO fuel damage limit (~1,600°C) without any active cooling. The SC-
HTGR at 625 MWt with an annular core geometry is at the upper bound of what thermal
calculations suggest is achievable for passive safety; this claim must be validated by integral safety
analyses and, ultimately, a safety demonstration test at a representative facility. No current
experimental program provides the integral validation data needed for this specific design point.

4.9 Spent Fuel and Graphite Waste Management

VHTRSs generate unique waste streams that differ significantly from LWR spent fuel: TRISO fuel
compacts or pebbles are designed to be nearly indestructible, which is both a safety advantage
(fission product retention) and a waste management challenge (conventional aqueous reprocessing
cannot readily dissolve the SiC layer). Direct disposal of TRISO pebbles or compacts in a
geological repository has been proposed, but is not licensed in any country. The graphite core
structures — which become radioactive through activation during operation — constitute large
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volumes of intermediate-level radioactive waste with no established disposal pathway outside of the
United Kingdom (which has experience from Magnox and AGR decommissioning). The
combination of large graphite volumes, TRISO fuel, and helium system contamination creates a
multi-component waste management problem that regulatory agencies have not yet fully addressed
in licensing frameworks.

4.10 Regulatory Framework for Multi-Module Plant Licensing

The multi-module plant architecture — in which HTR-PM600 uses six modules, or a commercial
Xe-100 plant might deploy four or more modules — presents a licensing challenge not encountered
in single-unit nuclear plant licensing: simultaneous safety analysis of interactions between modules
sharing balance-of-plant systems, common control building, and shared site infrastructure. A failure
in one module’s pebble handling or helium boundary could potentially propagate to adjacent
modules through shared systems. Multi-module plant licensing methodology is not yet established
in any regulatory framework; the NRC’s review of the Xe-100 DCA is developing this methodology
for the first time. Resolution of multi-module licensing will take years of regulator-developer
engagement and represents a novel issue that could significantly delay U.S. HTGR deployment
schedules.

V. Hurdles on the Path to Commercialization

Beyond the technical gaps, VHTR commercialization faces a distinct set of systemic and market-
level challenges. While VHTRs have the highest Technology Readiness Level among Generation
IV systems, translating that readiness into economic and commercial success at fleet scale remains
a formidable challenge.

5.1 First-of-a-Kind Economics and Cost Competitiveness

VHTR’s modular architecture was explicitly designed to achieve competitive economics through
factory fabrication, short construction schedules, and standardized multi-unit deployment. However,
the first commercial units — Xe-100 at Seadrift, Texas, and HTR-PM600 at Shidaowan — will carry
the full FOAK cost burden of novel supply chains, first-time licensing, and unresolved engineering
uncertainties. FOAK cost premiums for advanced reactors have historically been 2—-3x design
estimates. The levelized cost of electricity (LCOE) for VHTR modular plants is projected by
developers at $60-$100/MWh at Nth-of-a-kind (NOAK) scale, but FOAK costs for Xe-100 at
Seadrift are not publicly disclosed and are likely substantially higher. Achieving cost
competitiveness with utility-scale renewables (solar plus storage: ~$40-$70/MWh in most U.S.
markets) requires fleet-scale learning rates that cannot begin until multiple units are operating. The
industrial process heat and hydrogen production markets — where VHTRSs have no direct
renewable competitor — offer a more defensible near-term economic case, but these markets
require specialized co-location with industrial facilities rather than utility grid integration.

5.2 HALEU Fuel Supply Chain
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Both Xe-100 and the SC-HTGR require High-Assay Low-Enriched Uranium (HALEU, 5-20% U-235
enrichment) — a fuel enrichment level not commercially available in the United States until very
recently. TRISO fuel for Xe-100 requires uranium enriched to approximately 15.5% U-235, far
above the 5% enrichment limit of existing commercial LWR fuel fabricators. Centrus Energy’s
HALEU demonstration cascade at Piketon, Ohio — licensed in 2023 and producing initial HALEU
quantities — represents the first U.S. HALEU commercial production, but volumes remain far below
what fleet-scale VHTR deployment would require. Until a robust, certified HALEU supply chain is
established at commercial volumes, VHTR deployment in the United States (and in countries
dependent on U.S. fuel supply) remains supply-chain constrained. The ADVANCE Act (2024)
directs NRC to streamline licensing for HALEU-related facilities, but infrastructure investment takes
years to materialize.

5.3 TRISO Fuel Fabrication Industrial Capacity

TRISO fuel is a precision manufactured product: each particle requires four successive coating
depositions in a fluidized bed coater, with tight dimensional and microstructural tolerances, quality
assurance sampling across millions of particles per batch, and specialized quality control methods
not used in conventional nuclear fuel fabrication. X-energy’s TRISO-X facility in Oak Ridge is the
only commercially licensed TRISO fabrication plant in the United States, with a current capacity
designed for Xe-100 first-core and early fuel reloads. Scaling TRISO production to supply a fleet of
dozens of VHTR modules would require substantial additional manufacturing investment. In
Europe, no commercial TRISO fabrication capability exists; the legacy German TRISO fabrication
infrastructure (HOBEG) was decommissioned in the 1990s and would require complete
reconstruction. Building qualified TRISO fabrication capacity at industrial scale — in multiple
countries to ensure supply chain resilience — is a parallel long-lead challenge that must proceed
alongside reactor construction.

5.4 Long Licensing Timelines for Novel Designs

VHTR licensing in the United States, Canada, and Europe involves navigating regulatory
frameworks that were developed primarily for light-water reactors. Despite their inherently strong
safety characteristics, VHTRs present genuine novel licensing issues: TRISO fuel qualification to
national standards, multi-module plant safety analysis methodology, air ingress accident source
terms, graphite waste classification, and pebble dust mobilization under accident conditions. The
NRC'’s review of X-energy’s Xe-100 design certification application — submitted in January 2023 —
is expected to take five to seven years before a design certification could be issued, and that
timeline assumes no major unresolved safety issues. The NRC’s ADVANCE Act (2024) directs
timeline compression and fee schedule reform, but the fundamental technical review work cannot
be compressed below what the physics and engineering require. For European programs, no
equivalent of the NRC’s design certification process exists; each EU member state regulates
independently, requiring parallel licensing efforts across jurisdictions.

5.5 Industrial Heat Market Development and Co-Location Constraints
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VHTRSs’ most compelling economic value proposition — providing high-temperature carbon-free
process heat and hydrogen to industrial facilities — requires co-location of a nuclear plant with an
industrial customer. This co-location creates unique siting, permitting, and interface challenges not
encountered in conventional grid-connected nuclear plants: proximity of a nuclear facility to
chemical, petroleum refinery, or hydrogen production infrastructure raises both safety analysis
complexity and public acceptance challenges. Industrial customers evaluating VHTR heat supply
must integrate a new, unproven energy source into their production process, with reliability and
heat delivery continuity requirements that differ fundamentally from electricity grid supply.
Establishing the commercial, regulatory, and technical framework for nuclear-industrial co-location
is a largely virgin territory in most jurisdictions, and Xe-100 at Dow’s Seadrift complex represents
the first serious attempt to work through these issues in a regulatory environment.

5.6 Hydrogen Market Timing and Economics

For VHTRSs to fulfill their long-term role as large-scale hydrogen producers, a commercial clean
hydrogen market must develop at the scale and price point that makes nuclear hydrogen
competitive. The U.S. Department of Energy’s Hydrogen Earthshot target of $1/kg by 2030 (“1 1 1”:
$1/kg in 1 decade for 1 kg of clean H,) is unlikely to be achievable with nuclear-thermochemical
routes at FOAK economics; current techno-economic analyses project nuclear hydrogen at $2.50-
$5.00/kg depending on capital cost and capacity factor assumptions. Large-scale industrial
hydrogen demand — for fertilizer production, steel direct reduction, refinery desulfurization, and
synthetic fuels — is growing but the transition from grey hydrogen (steam methane reforming) to
green or nuclear hydrogen requires both policy support (carbon pricing, clean hydrogen standards)
and infrastructure investment that is not yet in place at the scale VHTR hydrogen production would
require. VHTRSs risk being ready for hydrogen production before the hydrogen market infrastructure
is ready to absorb their output.

5.7 Competition from Alternative Clean Hydrogen Technologies

VHTRs face competition in the hydrogen production market not only from electrolytic green
hydrogen (solar/wind plus PEM or alkaline electrolyzers) but also from advanced SMRs with carbon
capture (so-called “pink” or “blue-purple” hydrogen), direct nuclear electrolysis using LWRs, and —
in the longer term — from other Generation IV systems including HTGRs using IS cycle. The HTSE
(high-temperature steam electrolysis) route, while thermodynamically favored by VHTR outlet
temperatures, is also accessible to sodium fast reactors operating at 500-550°C outlet temperature
with some efficiency penalty. The unique advantage of true thermochemical cycles (IS, Cu-Cl) is
their ability to achieve very high conversion efficiency at VHTR temperatures without electricity as
an intermediate, but these cycles add significant process plant complexity and capital cost relative
to high-temperature electrolysis. Whether the efficiency premium of thermochemical cycles justifies
their added complexity — versus simply coupling any advanced reactor to high-temperature
electrolysis — is an ongoing economic debate that has not been resolved in favor of VHTRS’
specific temperature range.

5.8 Public Perception and Community Acceptance for Industrial Siting
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Siting a nuclear plant adjacent to a major chemical manufacturing complex — as in the Xe-100 /
Dow Seadrift deployment — introduces a public communication challenge distinct from
conventional nuclear plant siting. Both the chemical facility and the nuclear plant have individual
safety and emergency planning requirements; their co-location near the community of Seadrift,
Texas requires integrated emergency planning, transparent risk communication, and community
engagement that addresses concerns about both facilities simultaneously. VHTR passive safety
characteristics — no active cooling requirement, no steam explosion hazard, TRISO fuel’s accident-
tolerant performance — provide a strong technical safety narrative, but communicating these
advantages to the public in a way that overcomes the legacy of nuclear plant accidents (Chernobyl,
Fukushima) requires sustained, transparent, and technically credible engagement that developers
have not always prioritized.

5.9 Workforce Development and Knowledge Transfer

The specialized VHTR workforce — graphite materials engineers, TRISO fuel chemists and
fabricators, helium system engineers, pebble-bed neutronics analysts, and high-temperature heat
exchanger designers — is small globally. The 1990s-2000s gap in HTGR development (following
the closure of Fort St. Vrain, THTR-300, and the German AVR without successors) created a
generational gap in institutional knowledge. Much HTGR experience was preserved in Germany
through the Forschungszentrum Julich and in the U.S. through INL, ORNL, and General Atomics,
but the working population of engineers with hands-on HTGR operational experience is rapidly
aging. Rebuilding this workforce through university programs, national laboratory internships, and
industry training — in parallel with Xe-100 and HTR-PM600 construction — requires sustained
educational investment. The HTR-PM'’s operation in China is simultaneously building the largest
new cohort of operating HTGR engineers in the world, creating a potential knowledge asymmetry
between Chinese and Western VHTR programs that may have long-term technology
competitiveness implications.

5.10 International Technology Divergence and Export Market Competition

China’s HTR-PM and HTR-PM600 programs have placed China at the forefront of commercial
VHTR technology, with an operational reference plant and a construction program at a scale no
Western nation can currently match. Chinese HTGR technology is explicitly positioned for export:
CNNC has engaged with Indonesia, Saudi Arabia (KACARE), the UAE, South Africa, and other
nations on potential HTR-PM deployments. Western VHTR developers — X-energy, Framatome,
Ultra Safe Nuclear — must compete in export markets against Chinese technology that will have a
longer operational track record, potentially lower capital costs from domestic manufacturing
learning, and state-backed financing support. Nuclear export competition also intersects with
nonproliferation policy (123 Agreements, fuel supply conditions) and geopolitical considerations that
may restrict Chinese HTGR deployment in certain markets — but also may limit Western access to
Chinese operational data that could accelerate independent development. Navigating this
bifurcated technology landscape while maintaining international safety data sharing through the
IAEA and GIF frameworks is a sustained diplomatic and policy challenge.
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VI. Conclusion

Very High Temperature Reactors stand at a genuinely pivotal moment in their development history.
After decades of research, demonstration projects, and halted programs, the field has achieved a
concentration of operational milestones and new construction activity that positions VHTRs as the
most commercially ready Generation IV technology family. Key developments as of mid-2026:

* China’s HTR-PM has been in commercial power operation since 2023, accumulating the
world’s first large-scale pebble-bed HTGR operational database and validating passive safety,
online refueling, and high-capacity-factor performance at 210 MWe scale. HTR-PM600, the
six-module 650 MWe commercial scale-up, is under construction at the same site.

+ Japan’s HTTR completed a landmark full-power (30 MW, 950°C) loss-of-forced-cooling
passive safety demonstration in 2024, providing the most rigorous gas-cooled reactor
transient safety validation data available globally and advancing the HTTR-H2 hydrogen
production coupling project toward a 2028-2030 demonstration.

+ X-energy’s Xe-100 is under construction at Dow Chemical’s Seadrift, Texas complex under a
$1.2 billion DOE ARDP partnership, with TRISO-X fuel fabrication underway in Oak Ridge —
the first commercially licensed TRISO fuel production in the United States in three decades.

+ DOE’s AGR fuel qualification program completed its final irradiation capsule series, producing
the most comprehensive TRISO fuel irradiation and accident condition safety test database in
U.S. history, including definitive confirmation of fission product retention to 1,600°C.

* ASME code qualification of Alloy 617 to 950°C for nuclear pressure boundary service
removed a longstanding barrier to true VHTR (>850°C) metallic component design and
licensing.

Closing the remaining technology gaps — patrticularly in TRISO fuel qualification under national
regulatory frameworks, graphite component lifetime prediction, commercial-scale hydrogen
production coupling, and multi-module plant licensing methodology — while simultaneously building
HALEU and TRISO fuel supply chains, navigating industrial co-location siting challenges, and
developing the hydrogen and process heat markets that constitute VHTRS’ long-term value
proposition, represents a substantial but achievable engineering, regulatory, and commercial
challenge. The decisions made in the 2025-2030 window — regarding Xe-100 construction
completion, HTR-PM600 commissioning, HTTR-H2 hydrogen demonstration, and HALEU supply
chain investment — will determine whether VHTRSs fulfill their role as a cornerstone of both clean
electricity generation and industrial decarbonization through the mid-21st century.

Sources

China National Nuclear Corporation (CNNC) HTR-PM operational reports (2023-2025); Tsinghua University INET
publications (HTR-PM, HTR-10, pebble flow, 2023-2025),; Japan Atomic Energy Agency (JAEA) HTTR operational and
safety test reports (2021-2025); IAEA HTTR Safety Demonstration Test Coordinated Research Project reports (2023—
2025); DOE Office of Nuclear Energy — Advanced Gas Reactor Fuel Qualification Program (AGR-5/6/7 PIE, safety
testing, 2024); X-energy TRISO-X facility licensing documents (NRC, 2023); X-energy Xe-100 Design Cetrtification
Application docket (NRC, 2023-2025); Framatome SC-HTGR pre-application documentation (NRC, 2022-2025); Ultra
Safe Nuclear Corporation MMR — CNSC Vendor Design Review Phase 1 report (2021); GIF VHTR System Steering
Committee Annual Reports (2022—-2024); IAEA Nuclear Energy Series NG-T-6.12 (HTGR Technology Development,
2022); Idaho National Laboratory — AGR fuel program reports, HTSE stack performance data (2024-2025); ORNL —
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SiC irradiation, Alloy 617 ASME code qualification, graphite irradiation data (2023-2025); IAEA Nuclear Graphite
Knowledge Management Programme — graphite irradiation compendium (2024); JAEA — lodine-Sulfur cycle hydrogen
production loop test results (2024); MIT / Tsinghua DEM pebble flow simulations (2024—-2025); OECD/NEA — HTGR
safety and technology review (2024); World Nuclear Association HTGR/VHTR Technology Overview (2025); Nuclear
Engineering and Design (Elsevier) — VHTR fuel, materials, hydrogen production, and safety systems (2023-2025);
Progress in Nuclear Energy — pebble-bed and prismatic HTGR reviews (2024—2025); Annals of Nuclear Energy —
HTGR graphite oxidation and air ingress modeling (2024); MDPI Energies — VHTR hydrogen production techno-
economics (2024—-2025); NEI Magazine; World Nuclear News.

Elm Technical Services, Compiled Research ¢ June 2026 Page 66



SUPERCRITICAL-WATER-COOLED REACTORS: TECHNOLOGY OVERVIEW | TECHNICAL BRIEFING SERIES i;% gi

6. SUPERCRITICAL-WATER-COOLED
REACTORS

Technology Status, Developments & Path to Commercialization

. Overview & Fundamentals

Supercritical-Water-Cooled Reactors (SCWRs) are Generation IV nuclear systems that use water
at conditions above its thermodynamic critical point — a pressure exceeding 22.1 MPa (3,208 psi)
and temperature above 374°C — as both coolant and, in thermal-spectrum designs, as moderator.
Above the critical point, water exists in a single supercritical phase: no liquid-vapor phase
boundary, no nucleate boiling, no critical heat flux in the conventional sense, and a continuously
variable fluid density from liquid-like at lower temperatures to vapor-like at higher temperatures
within the core. This thermodynamic regime, well-established in the fossil fuel power industry
through decades of supercritical and ultra-supercritical coal and gas turbine plants, has never been
applied to a nuclear reactor at any scale. SCWRs thus represent a technology that is
simultaneously mature in its power conversion thermodynamics and entirely unproven in its nuclear
application.

The Generation IV International Forum (GIF) designated the SCWR as one of six reference
Generation |V systems in 2002, primarily on the basis of two compelling advantages: exceptional
thermodynamic efficiency and dramatic simplification of the reactor plant design. Key distinguishing
characteristics of SCWRs relative to existing water-cooled reactors and other Generation IV
systems include:

+ Exceptional thermal efficiency: core outlet temperatures of 500-625°C at 25 MPa enable
thermodynamic cycle efficiencies of 43—48% in a direct Rankine cycle — compared to 33—
36% for conventional pressurized water reactors (PWRs) and boiling water reactors (BWRs).
This efficiency improvement alone would reduce fuel consumption and radioactive waste
generation per unit of electricity output by roughly 30% relative to existing LWRs.

+ Plant simplification through direct cycle: the supercritical water flows directly from the reactor
core to a turbine — no steam generators, no pressurizers, no steam separators or dryers, no
recirculation pumps. The SCWR plant layout resembles a simplified once-through BWR, with
fewer major components and a smaller reactor building footprint. Capital cost reduction
relative to large LWRs is a primary design objective, though has not yet been validated by any
commercial nuclear SCWR construction.

+ Single-phase coolant throughout the circuit: because supercritical water does not boil, the
departure from nucleate boiling (DNB) accident scenario that governs PWR thermal margins
is replaced by a different — but structurally analogous — phenomenon called pseudo-critical
heat transfer deterioration (HTD). Understanding and predicting HTD is among the most
critical and least resolved SCWR thermal-hydraulics challenges.
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* Neutron spectrum flexibility: SCWR designs span both thermal-spectrum (using water
moderation in the core, analogous to BWRs) and fast-spectrum variants (with reduced
moderation, more analogous to sodium fast reactors). Thermal-spectrum designs are more
conservative and closer to LWR design heritage; fast-spectrum SCWRs (SCFRs) offer
breeding and actinide transmutation capability but are significantly less mature.

» Potential for high-temperature process heat: at 500—-625°C outlet, SCWRs can supply mid-
range industrial process heat applications not achievable by conventional LWRs, including
certain chemical processes, district heating at scale, and some hydrogen production
pathways, though the temperature range is below that of VHTRs.

+ Compatibility with existing nuclear fuel and materials supply chains: thermal-spectrum
SCWRs can use low-enriched uranium (LEU) oxide fuel in pin-type assemblies similar to
existing LWR fuel, reducing fuel supply chain novelty relative to most other Generation IV
designs. However, the fuel cladding materials must operate under conditions far outside the
validated LWR fuel performance database.

The SCWR concept has its intellectual roots in the 1950s—1960s, when the Soviet Union conducted
experiments on supercritical water heat transfer in nuclear-relevant geometries and the United
States explored supercritical water reactor concepts at Argonne National Laboratory. The GIF’s
formal designation in 2002 triggered a renewed global R&D wave, with substantial programs
established in Canada, the European Union, Japan, China, South Korea, and Russia. Despite over
two decades of sustained research, no SCWR prototype has been built anywhere in the world, and
the technology remains in the conceptual and pre-conceptual design phase in all Western
countries. China has the most active current program, with SCWR R&D embedded in national
nuclear energy plans.

The SCWR is in several respects the most intellectually straightforward Generation IV concept —
its advantages over existing LWRs are direct and quantifiable — and simultaneously one of the
most materials-constrained. Every component in the primary circuit must operate at conditions of
high temperature, high pressure, high neutron flux, and supercritical water chemistry
simultaneously. No existing nuclear-qualified material has been demonstrated to perform reliably
under this combined environment. Resolving this materials challenge is the central prerequisite for
SCWR development, and it has proven more difficult and time-consuming than the GIF’s original
2002 assessment anticipated.

Il. Active Programs & Current Status

Global Program Summary

Reactor/
Program

SCWR Canada (AECL/CNL) Thermal 1,150 25 MPa Post-

Reference MWe e 2040
DESIGN

(Canada)

EU-SCWR EU Thermal 1,000 PRzl CONCEPTUAL Post-
(Euratom/HPLWR) MWe DESIGN 2040

JSCWR Japan (JAEA/METI) Thermal 1,000 iRzl CONCEPTUAL Post-
MWe DESIGN 2040

Spectrum ‘ Power ‘Pressure Status
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Reactor/ Country Spectrum Power Pressure Status
Program

US SCWR USA Fast/Thermal 1,700 25 MPa PRE- Post-

(ANL/MIT/Wisconsin) MWe CONCEPTUAL 2040

SCWR-M China (NPIC/CNNC) Thermal 1,000 25 MPa DESIGN / R&D 2035+
MWe

CSR1000 China (NPIC) Thermal 1,000 25 MPa [efe]\ (e 4y V):\ B 2035+
MWe DESIGN

SCFR China (NPIC/CIAE) Fast 1,000 25 MPa DESIGN / R&D 2040s
MWe

VBER-3OP Russia (OKBM) Thermal 300 MWe 25 MPa STUDY PHASE TBD

SCW variant concept

SCWR South Korea Thermal 1,700 25 MPa PRE- TBD

(KAERI) (KAERI) MWe CONCEPTUAL

Supercritical India (BARC) Thermal 700-900 25 MPa TBD

LWR (India) MWe DT U

Canada — AECL / Canadian Nuclear Laboratories (CNL) — Conceptual Reference
Design

Canada was among the earliest and most systematic SCWR developers post-2002, with Atomic
Energy of Canada Limited (AECL) and later Canadian Nuclear Laboratories (CNL) leading a
national SCWR program that produced a detailed conceptual reference design over more than a
decade of research. The Canadian SCWR leverages Canada’s CANDU heavy-water reactor
heritage in pressure tube reactor technology.

+ The Canadian SCWR reference design is a 1,150 MWe pressure-tube reactor — distinct from
the pressure-vessel configurations used in most other national programs — using supercritical
light water as coolant at 25 MPa and a heavy water moderator in a separate low-pressure
calandria vessel surrounding the fuel channels. This pressure-tube architecture provides
inherent moderator-coolant separation, enabling independent control of moderator
temperature and a large negative moderator temperature coefficient of reactivity as a passive
safety feature.

» Core outlet temperature: 625°C; thermal efficiency target: approximately 48% — the highest
of any SCWR national reference design. Fuel: 64-element fuel bundle using MOX or thorium-
based fuel in a zirconium alloy pressure tube with an insulating liner reducing the tube wall
temperature.

+ The insulated pressure tube design is Canada’s most distinctive technical contribution to
global SCWR development: by thermally isolating the hot supercritical coolant from the
pressure-bearing tube wall with a ceramic insulating annulus, the design reduces tube wall
temperature to ranges manageable with existing zirconium alloy materials, deferring the most
severe high-temperature materials challenges to the inner insulating liner rather than the
structural pressure boundary.

* A comprehensive pre-conceptual safety analysis report was published by CNL in 2019-2020,
covering loss-of-coolant accident (LOCA), loss-of-flow accident (LOFA), and loss-of-pressure
accident (LOPA) scenarios with passive safety system responses. The Canadian SCWR
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safety case relies on passive moderator cooling as the ultimate heat sink under accident
conditions.

* As of 2025-2026, the Canadian SCWR program has reduced in scope and funding following
government reviews of advanced reactor priorities. CNL’s current advanced reactor portfolio
focuses primarily on small modular reactor licensing support (NuScale, Terrestrial Energy
IMSR, Ultra Safe Nuclear MMR) rather than SCWR development. The Canadian SCWR
reference design remains the most technically elaborated conceptual design in the Western
world but has no near-term construction pathway.

European Union — EU-SCWR / HPLWR — Conceptual Design Program

The European Union’s SCWR program, formally designated the High Performance Light Water
Reactor (HPLWR) in its earlier phases and subsequently the EU-SCWR, was conducted under
successive EU Framework Programme research grants involving universities and research
organizations across Germany, Austria, Czech Republic, France, Finland, Sweden, Poland, and
Romania. It represents the most geographically broad SCWR research collaboration globally.

+ The EU-SCWR reference design is a 1,000 MWe pressure-vessel reactor with a three-pass
core — the coolant makes three successive flow passes through the reactor core in an
evaporator, superheater, and re-superheater arrangement, achieving a core outlet
temperature of approximately 500°C at 25 MPa. This staged heating approach limits the peak
clad surface temperature in any individual fuel assembly, reducing (though not eliminating) the
most extreme materials challenges.

» The EU program produced major technical deliverables through the HPLWR Phase 1 (2000—
2002), HPLWR Phase 2 (2004—-2008), and SCWR-FQT (2011-2014) projects, including
detailed core neutronics design, thermal-hydraulics analysis of the three-pass core, fuel
assembly mechanical design, and a supercritical water loop test facility (at Helmholtz-Zentrum
Dresden-Rossendorf, HZDR) for out-of-pile heat transfer measurements.

* The HZDR LOKI supercritical water loop has been a major experimental contributor to global
SCWR heat transfer knowledge, producing heat transfer coefficient measurements in rod
bundle geometries at prototypic pressures (25 MPa) and temperatures (up to 550°C) that
have been used to validate or challenge multiple competing heat transfer correlations.

« EU Horizon 2020 and Horizon Europe funding for SCWR-specific research has substantially
declined since the mid-2010s. The European SCWR community continues to publish in the
academic literature and participates in GIF SCWR System Steering Committee activities, but
no new large-scale EU SCWR experimental program is currently funded as of 2026. The
program’s primary ongoing contribution is code validation for supercritical water heat transfer
and corrosion modeling.

Japan — JAEA / Super LWR — Conceptual Design with Unique Safety Features
Japan’s SCWR program, led by the Japan Atomic Energy Agency (JAEA) with contributions from
the University of Tokyo and Waseda University, developed the Super LWR (later Super Fast
Reactor, Super FR) concept — a distinctive approach incorporating a water rod cluster in the core
for spectrum control and utilizing a dome-shaped upper plenum for passive safety water injection.
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* The JAEA Super LWR design (1,000 MWe, 25 MPa, 500°C outlet) employs mixed water rod
assemblies and fuel assemblies, allowing real-time control of the neutron spectrum by varying
the water rod flow rate — a unique feature intended to improve load-following capability and
provide an additional reactivity control mechanism.

» Japan’s Super FR variant — a fast-spectrum SCWR — was developed in parallel with the
thermal Super LWR, targeting a conversion ratio greater than 1.0 (breeding) using MOX fuel
and a tighter lattice pitch. Published neutronics analyses show breeding ratios of 1.01-1.05
are achievable in the Super FR core design, making it one of the only fast-spectrum SCWR
designs with a demonstrated breeding potential.

+ Adistinctive passive safety feature of the JAEA design is a large water-filled dome above the
reactor pressure vessel: in a LOCA, this water inventory drains by gravity into the core
through spray nozzles, providing an autonomous emergency core cooling function without
pumps, valves, or operator action. The system has been analyzed in RELAP5-based
simulations but has not been tested experimentally.

+ Japan’s SCWR research output declined significantly after the March 2011 Fukushima Daiichi
accident, which triggered a comprehensive reassessment of all Japanese nuclear programs.
As of 2025-2026, JAEA’s advanced reactor program prioritizes sodium fast reactor
technology (linked to Monju legacy and the global SFR community) and high-temperature gas
reactor research (HTTR operations). SCWR research continues at an academic level through
university publications, but no government-funded SCWR construction program exists.

China — NPIC / CIAE / CNNC — Most Active Current Program

China operates the world’s most active SCWR research program as of 2026, with multiple parallel
design streams and a dedicated experimental infrastructure program funded under successive five-
year national nuclear energy development plans. China’s program is distinguished by its breadth —
pursuing both thermal-spectrum (SCWR-M, CSR1000) and fast-spectrum (SCFR) designs
simultaneously — and by its ambition: Chinese publications cite a target of having an SCWR
prototype under construction by the mid-2030s.

+  SCWR-M: China’s primary thermal-spectrum SCWR reference design, developed by the
Nuclear Power Institute of China (NPIC) in Chengdu. A 1,000 MWe pressure-vessel design
with a mixed-spectrum core (partially moderated), core outlet temperature 500°C, operating
pressure 25 MPa. SCWR-M design activities have included detailed neutronics analysis,
thermal-hydraulic core design, fuel assembly mechanical design, and reactor pressure vessel
sizing. As of 2024-2025, SCWR-M has completed its conceptual design phase and is in
preliminary design stage — the most advanced SCWR design globally in terms of design
maturity.

+ CSR1000: An alternative CNNC thermal-spectrum SCWR design at 1,000 MWe, developed
as a parallel track with slightly different core and safety system architecture. CSR1000 uses a
pressure vessel configuration with a once-through coolant flow and passive safety injection
from an elevated water tank.

* SCFR: China’s fast-spectrum SCWR, developed jointly by NPIC and the China Institute of
Atomic Energy (CIAE). The SCFR targets a 1,000 MWe breeding/transmutation capability with
supercritical water coolant at 25 MPa and 500°C outlet. The SCFR is explicitly designed to
complement China’s sodium fast reactor program (CFR-600) in the long-term closed fuel
cycle strategy.
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* Experimental infrastructure: China has invested substantially in SCWR-relevant experimental
facilities. The NPIC Supercritical Water Test Loop (operational since approximately 2018) is
capable of supercritical water conditions at 25-30 MPa and up to 600°C, with fuel bundle test
sections. The Xi'an Jiaotong University (XJTU) supercritical water experimental program has
produced the largest database of supercritical water heat transfer measurements in rod
bundle geometries of any single institution globally.

+ China’s SCWR program has published more peer-reviewed papers on SCWR thermal-
hydraulics, materials corrosion, and neutronics than any other country in the 2020-2025
period, reflecting a systematic national commitment to building the scientific basis for a future
prototype.

+ China’s State Council nuclear energy plan identifies SCWR as a medium-term advanced
reactor target alongside sodium fast reactors and thorium-based systems. A prototype SCWR
is aspirationally targeted for construction authorization in the mid-2030s, contingent on
resolution of materials qualification challenges.

South Korea — KAERI — Conceptual Studies

The Korea Atomic Energy Research Institute (KAERI) has maintained a sustained SCWR
conceptual design and research program since the early 2000s, with contributions to GIF SCWR
System Steering Committee activities and an independently developed national SCWR reference
concept.

+ KAERI's SCWR conceptis a 1,700 MWe pressure-vessel design at 25 MPa, with a core outlet
temperature of 500°C and a tight-pitch fuel assembly design allowing partial fast-spectrum
operation. Published analyses show breeding ratios between 0.95 and 1.05 depending on
assembly geometry, positioning the Korean design as a spectrum-flexible SCWR capable of
transitioning between thermal and near-fast operation.

+ KAERI established a supercritical water heat transfer experimental loop (SPHINX) for rod
bundle heat transfer measurements at prototypic conditions, producing experimental data that
has contributed to the global heat transfer correlation database.

* South Korean government funding for SCWR research has fluctuated with national nuclear
policy priorities; as of 2025-2026, KAERI's primary advanced reactor activities focus on the
PGSFR sodium fast reactor and pyroprocessing, with SCWR research maintained at a
reduced level.

Russia — IPPE / OKBM — Historical Foundations and Current Studies

Russia’s relationship with supercritical water in nuclear applications is the longest in the world:
Soviet research at the Institute of Physics and Power Engineering (IPPE, Obninsk) in the 1950s—
1970s produced the foundational experimental heat transfer databases and theoretical frameworks
for supercritical water behavior in heated channels that remain influential to the present day.

» Soviet-era research produced the Domin and Yakovlev heat transfer correlations for
supercritical water in tubes, which — despite their age — remain reference correlations cited
in modern SCWR thermal-hydraulic analyses.
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+ OKBM Afrikantov has examined supercritical water cooling as a potential variant for compact
marine and small modular reactor applications (related to the VBER-300 lineage), but no
formal SCWR design commitment has been made.

* Russian participation in GIF SCWR activities has been reduced since 2022; historically,
Russia was a contributing member of the GIF SCWR System Steering Committee through
IPPE.

India and Other Programs

India’s Bhabha Atomic Research Centre (BARC) has published conceptual studies for a
supercritical light water reactor design in the 700-900 MWe class, drawing on India’s extensive
PHWR (pressurized heavy water reactor) and BWR operational experience. The Indian SCWR
concept uses a pressure-tube architecture similar to Canada’s design, reflecting India’s CANDU
heritage. As of 2025-2026, the Indian SCWR program is at an early conceptual study level without
formal development plan authorization.

Several academic institutions in Taiwan (NTHU), Indonesia (BATAN/BRIN), and Pakistan (PAEC)
have published SCWR neutronics and thermal-hydraulics analyses based on reference designs
from other national programs. These contributions expand the global knowledge base but do not
represent independent national development programs with construction intentions.

lll. Recent Research Advances (2024-2026)

Key published findings and demonstrated technical progress across the global SCWR research
community in the most recent period include:

3.1 Supercritical water heat transfer in rod bundles: unified correlation development (2024
2025)

A persistent and fundamental challenge in SCWR thermal-hydraulics has been the absence of a
universally validated heat transfer correlation for supercritical water in rod bundle geometries — the
actual geometry of a reactor core. Single-tube correlations (Jackson-Hall, Dittus-Boelter modified,
Mokry, Gupta) disagree substantially with each other and with rod bundle data near the pseudo-
critical temperature, where the dramatic peak in specific heat creates the most challenging heat
transfer conditions. A multi-institutional collaboration coordinated through the GIF SCWR System
Steering Committee and published in 2024 produced a systematically benchmarked comparison of
twelve leading correlations against the combined experimental database from HZDR (Germany),
XJTU (China), KAERI (Korea), and University of Wisconsin (USA). Key findings: no single
correlation performs well across all geometries and operating conditions; the Jackson-Hall
correlation performs best for high heat flux / high mass flux conditions relevant to SCWR normal
operation, while all correlations show significant underprediction of wall temperatures near heat
transfer deterioration onset. This benchmark has been formally adopted by GIF as the reference for
SCWR code validation.

3.2 Heat transfer deterioration (HTD) mechanistic modeling (2024)

Heat transfer deterioration — the sudden, localized increase in fuel cladding surface temperature
caused by buoyancy-driven flow stratification near the pseudo-critical point — is the dominant
thermal safety concern for SCWR fuel design. New large-eddy simulation (LES) and direct
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numerical simulation (DNS) studies of supercritical water flow in heated tubes and simplified rod-
bundle subchannels, published by Xi'an Jiaotong University and MIT in 2024, have produced the
first fully resolved CFD characterization of the HTD mechanism at SCWR operating conditions. The
DNS results identify buoyancy-induced turbulence suppression and dramatic changes in radial
density profiles as the coupled drivers of HTD onset, and show that HTD is fundamentally
suppressed by mass flux above a critical threshold (approximately 1,200 kg/m?s at 25 MPa),
providing a physically grounded design constraint for SCWR fuel assembly design that was
previously only empirically defined.

3.3 Stainless steel and nickel alloy corrosion in supercritical water — extended exposure
testing (2024-2025)

Long-duration corrosion exposure tests of candidate SCWR structural and cladding materials in
flowing supercritical water have been completed and published by CNL (Canada), CEA (France),
and NPIC (China) in 2024-2025. Key results: 316L stainless steel shows acceptable oxide film
formation at temperatures below 450°C but accelerating mass loss through spallation above 500°C
in oxygenated supercritical water; Alloy 625 (NiCrMo) and Alloy 690 (NiCrFe) demonstrate
significantly superior corrosion resistance at 500-550°C but at 600°C show stress corrosion
cracking susceptibility under applied stress. Oxide dispersion strengthened (ODS) steels (Fe-12Cr-
ODS, Fe-9Cr-ODS) continue to show the most promising corrosion resistance profile at
temperatures up to 600°C, though production consistency and weldability remain unresolved.
These results confirm that no single currently available alloy satisfies all SCWR structural
requirements simultaneously, reinforcing the multi-material or barrier coating approach adopted by
most design programs.

3.4 Zirconium alloy performance in supercritical water — pressure tube insulation concept
validation (2024)

The Canadian SCWR’s insulated pressure tube design was advanced by CNL and the University of
New Brunswick through published experiments and analysis in 2024. A key milestone: ceramic
insulating annulus concepts using yttria-stabilized zirconia (YSZ) and alumina-zirconia composites
were fabricated at laboratory scale and tested under thermal cycling representative of SCWR
startup and shutdown transients. Dimensional stability and thermal resistance were demonstrated
for over 2,000 thermal cycles, representing approximately 10 years of reactor operation in
equivalent cycle count. These results provide the most direct validation to date of the insulated
pressure tube concept’s mechanical viability under thermal cycling, though irradiation effects on the
ceramic insulator performance remain an open experimental question.

3.5 ODS steel cladding fabrication and characterization advances (2024-2025)

Oxide dispersion strengthened ferritic-martensitic steels remain the leading candidate for SCWR
fuel cladding at temperatures above 500°C. Published work from NPIC (China), CEA (France), and
ORNL (USA) in 2024-2025 documents significant advances in ODS tube fabrication by powder
metallurgy extrusion and pilgering routes, achieving dimensional tolerances compatible with fuel rod
manufacturing requirements for 9Cr-ODS and 12Cr-ODS compositions. Tensile strength and creep
resistance at 550-650°C meet SCWR cladding design requirements in unirradiated samples;
however, fast neutron irradiation data for ODS steels in supercritical water environments remains
essentially absent. A joint irradiation campaign in the BOR-60 fast reactor (Russia) and the Jules
Horowitz Reactor (JHR, France) has been planned but not yet executed due to schedule delays at
JHR.
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3.6 Supercritical water radiolysis and water chemistry control (2024)

The radiolytic decomposition of supercritical water under gamma and neutron irradiation generates
hydrogen, oxygen, hydrogen peroxide, and hydroxyl radicals — species that can dramatically
accelerate corrosion of structural materials and affect the pH and electrochemical conditions of the
coolant. New published data from University of Michigan and JAEA (2024) on supercritical water
radiolysis G-values (radical production yields per unit absorbed dose) at 25 MPa and 400-600°C
show that radical production rates are significantly lower in the supercritical phase than in
subcritical water at comparable temperatures, due to the reduced dielectric constant suppressing
ionic dissociation. This finding is partially favorable for SCWR corrosion control but does not
eliminate the need for dissolved oxygen or hydrogen additions to the coolant to control the
electrochemical corrosion potential — a water chemistry regime not established for any nuclear
reactor to date.

3.7 Neutronic analysis of mixed-spectrum and fast-spectrum SCWR cores (2024-2025)

Updated neutronics analyses for mixed-spectrum and fast-spectrum SCWR cores were published
by NPIC (SCFR), KAERI, and University of Michigan in 2024-2025 using modern Monte Carlo
codes (Serpent 2, OpenMC). Key findings for the fast-spectrum SCWR (SCFR) design: breeding
ratios of 1.02—-1.08 are achievable with tight fuel pin pitch and MOX fuel, but only at the cost of
strongly positive coolant void coefficients — the supercritical water's moderating contribution is
sufficiently large that its loss increases reactivity in fast-spectrum cores. Managing positive coolant
void reactivity in SCFRs is identified as a primary safety design challenge with no fully satisfactory
solution demonstrated in the published literature. This challenge, analogous to the coolant void
reactivity problem in the RBMK that contributed to the Chernobyl accident, is receiving renewed
analytical attention as SCFR designs are elaborated.

3.8 SCWR safety system passive injection analysis — RELAPS5 and system code
benchmarks (2024)

A GIF-coordinated benchmark of SCWR safety analysis codes was published in 2024, comparing
RELAP5-3D, TRACE, APROS, and CATHARE?Z2 simulations of loss-of-coolant and loss-of-flow
accidents in reference SCWR designs. The benchmark revealed significant inter-code
disagreement in peak cladding temperature predictions during rapid depressurization transients —
up to 300°C difference between codes for the same accident scenario — primarily due to
differences in supercritical-to-subcritical water property interpolation methods near the critical point
and differences in passive injection system modeling. The benchmark identifies specific code
validation needs (particularly for rapid depressurization through the critical point) as the highest-
priority experimental program requirement for SCWR licensing progress.

3.9 Fuel cladding stress corrosion cracking (SCC) and irradiation-assisted SCC (IASCC)
(2024-2025)

Stress corrosion cracking of austenitic stainless steels and nickel alloys in high-temperature water
is a well-documented problem in LWR primary circuits; under SCWR conditions (higher
temperature, supercritical water chemistry, higher neutron flux), SCC and its irradiation-assisted
variant (IASCC) are expected to be substantially more severe. Published work from University of
Michigan, CEA, and NPIC (2024-2025) using slow strain rate tensile (SSRT) testing in supercritical
water at 500-600°C documents SCC susceptibility of 316L SS, Alloy 625, and Alloy 690 under
oxidizing supercritical water conditions. In reducing (hydrogen-rich) water chemistry, SCC
susceptibility is markedly reduced, but maintaining reducing conditions throughout the SCWR
primary circuit while simultaneously managing radiolysis products requires a water chemistry
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control strategy not yet demonstrated in any reactor. ODS ferritic-martensitic steels show
significantly lower SCC susceptibility than austenitic alloys in these tests, strengthening their
candidacy for cladding despite weldability challenges.

3.10 Fuel assembly thermal-hydraulics: grid spacer and mixing vane design (2024)

Grid spacers and mixing vanes in SCWR fuel assemblies serve the same function as in LWR
assemblies — providing lateral support and promoting turbulent coolant mixing between
subchannels — but must operate under far more demanding conditions. New CFD simulations and
scaled experimental results published by XJTU and Harbin Engineering University (China) in 2024
demonstrate that split-vane mixing spacers increase the HTD onset heat flux by 15-25% relative to
simple grid spacers, by promoting radial mixing that counters the density stratification responsible
for HTD. This finding, directly applicable to SCWR fuel assembly optimization, has been
incorporated into the SCWR-M fuel assembly design iteration in China. No experimental validation
in prototypic supercritical water conditions has yet been completed for mixing spacer designs.

3.11 Supercritical water test facility expansions and new capabilities (2024—-2025)

Several national programs have expanded supercritical water test infrastructure. China’s NPIC
completed expansion of its supercritical water loop to include an irradiation-coupled autoclave for
in-reactor corrosion specimen exposure at the HFETR (High Flux Engineering Test Reactor) in
Chengdu — the first facility globally capable of exposing SCWR candidate materials to
simultaneous supercritical water chemistry, neutron flux, and gamma irradiation at prototypic
conditions, though at lower temperature than full SCWR outlet conditions. The University of
Wisconsin’s Supercritical Water Loop was upgraded with an enhanced optical diagnostics system
enabling real-time visualization of supercritical water density stratification in transparent heated
channels, producing flow visualization data directly applicable to HTD mechanistic understanding.

IV. Technology Gaps & Key R&D Challenges

The SCWR faces a more concentrated and materials-dominated set of technology gaps than any
other Generation IV reactor family. Every significant gap ultimately traces back to the
unprecedented combination of conditions — high temperature, high pressure, high neutron flux,
and supercritical water chemistry — that no material, component, or system has been validated
against simultaneously. The following represent the primary R&D gaps as of 2026:

The table below indexes the ten primary SCWR technology gaps covered in this section. Each
numbered row corresponds to the detailed writeup that follows.

No. Technology Gap / R&D Challenge Development TRL
Maturity

41 Fuel cladding material with qualification across all SCWR Early R&D 2
conditions

4.2 Structural / pressure-boundary materials at 500-625°C + Partial Data 3
irradiation

4.3 HTD prediction in rod bundles — validated correlation and Incomplete 3
design limit
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No. Technology Gap / R&D Challenge Development TRL
Maturity
4.4  Supercritical water chemistry / radiolysis control at reactor Lab Scale Only 3
scale
4.5 Coolant void reactivity solution for fast-spectrum SCWR Unresolved 2
4.6 In-reactor SCW irradiation loop at prototypic temperature None (nascent) 2
4.7 SCWR fuel assembly irradiation performance database None 1
4.8 RPV design and fabrication at 25 MPa / 500-625°C Pre-Conceptual 2
4.9 Regulatory framework and safety case methodology Not Started 2
4.10 Operating experience: critical experiment or prototype None 1

4.1 Fuel Cladding Material Qualification: No Validated Alloy for Full SCWR
Conditions

The SCWR fuel cladding must simultaneously withstand: supercritical water at 25 MPa in contact
with its outer surface; fuel pellet swelling, fission gas pressure, and fuel-cladding mechanical
interaction on its inner surface; fast neutron fluences exceeding 50 dpa over its service life; and fuel
surface temperatures reaching 700-800°C in the hottest fuel rod locations. No currently available
nuclear-qualified material satisfies all four conditions simultaneously. Zirconium alloys — universally
used in LWR cladding — oxidize catastrophically in supercritical water above 400°C. Austenitic
stainless steels (316L, 304L) show acceptable corrosion below 450°C but suffer accelerating SCC
and mass loss above 500°C. Nickel alloys (625, 690) have superior corrosion resistance but show
SCC under stress in oxidizing water above 500°C and have extremely limited fast neutron
irradiation data. ODS ferritic-martensitic steels are the leading candidates for high-temperature
cladding but cannot be seam-welded with conventional techniques, making end-plug attachment —
a routine manufacturing step for LWR fuel rods — a technically unsolved problem. This is the single
most critical unresolved technology gap in SCWR development.

4.2 Structural and Pressure-Boundary Materials at High Temperature and Irradiation

Beyond the fuel cladding, every structural component inside the SCWR reactor pressure vessel —
core barrel, fuel assembly support structures, control rod guide tubes, upper and lower core plates
— faces similarly extreme conditions. Reactor pressure vessel steels (SA-508, 16MND5) qualified
for LWR service have temperature limits of approximately 370°C and cannot be used for SCWR
internal structures. Modified 9Cr-1Mo (Grade 91) steel is qualified by ASME Section Il for nuclear
pressure boundary service to 600°C and has fast neutron irradiation data from fast reactor
programs, but its creep behavior under long-term SCWR irradiation at temperatures above 500°C is
poorly characterized. Large-section forgings of Grade 91 and austenitic high-temperature alloys at
reactor pressure vessel scale have not been fabricated for SCWR applications. The combined
database of irradiation effects and supercritical water corrosion for any structural alloy candidate is
insufficient for commercial-scale nuclear component qualification in any national nuclear code
framework.

4.3 Heat Transfer Deterioration: Prediction, Prevention, and Licensing Basis

Heat transfer deterioration (HTD) — the sudden elevation of cladding surface temperature caused
by buoyancy-driven stratification near the pseudo-critical point — is the primary thermal safety
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phenomenon that SCWR fuel assembly design must manage. Unlike DNB in PWRs (which is well-
characterized by a large experimental database and established critical heat flux correlations
accepted by regulators), HTD in SCWR rod bundles has no equivalent validated predictive
methodology. Current heat transfer correlations disagree by factors of two or more in their
prediction of HTD onset conditions in rod bundles. No agreed experimental database for HTD in
prototypic SCWR fuel assembly geometries (with spacers, mixing vanes, and characteristic
subchannel geometries) exists. An HTD design limit — analogous to the DNB ratio used in PWR
licensing — cannot be established without this database and without an internationally validated
predictive correlation. Until an HTD design limit is established, it is not possible to license any
SCWR core design under modern regulatory safety standards.

4.4 Supercritical Water Chemistry and Radiolysis Control at Reactor Scale

Water chemistry control — maintaining the coolant electrochemical corrosion potential within
bounds that minimize SCC and general corrosion rates — is the most important operational tool for
managing primary circuit corrosion in LWRs. In SCWRs, this challenge is multiplied by the extreme
temperatures, the supercritical phase transition, and the dramatically altered radiolysis chemistry at
SCWR conditions. No water chemistry specification has been established for any SCWR design;
the fundamental experimental database for radiolysis G-values, ionic equilibrium constants, and
electrochemical corrosion potential measurement techniques in supercritical water under neutron
and gamma irradiation at 25 MPa and 400-600°C is incomplete. The absence of a validated in-
reactor supercritical water irradiation loop (beyond China’s nascent capability at HFETR) means
that every proposed SCWR water chemistry regime is extrapolated from unirradiated laboratory
measurements or from subcritical reactor experience, neither of which accurately represents in-
reactor supercritical water chemistry.

4.5 Coolant Void Reactivity in Fast-Spectrum SCWR Designs

Fast-spectrum SCWRs (the SCFR in China, Super FR in Japan, Korean fast variant) offer breeding
and actinide transmutation capability but face a fundamental safety physics challenge: when
supercritical water density decreases rapidly (simulating a loss-of-coolant event), the reduction in
neutron moderation increases reactivity in fast-spectrum cores where the water contributes non-
trivially to moderation even in a tight-lattice design. This positive coolant void coefficient creates a
scenario in which loss of coolant leads to a reactivity insertion — the same mechanism that made
the RBMK reactor dangerous. While the magnitude of void reactivity in SCFR designs is smaller
than in the RBMK, no satisfactory passive design solution has been demonstrated that eliminates
positive void reactivity in fast-spectrum SCWRs while preserving their fuel cycle advantages. This
represents a reactor physics safety challenge of the first order that must be resolved before any
fast-spectrum SCWR can progress to licensing.

4.6 In-Reactor Materials Testing: Absence of a Supercritical Water Irradiation Loop

Every candidate SCWR material — ODS steels, nickel alloys, Grade 91 steel, ceramic coatings,
and advanced alloys — must ultimately be qualified under the combined environment of
supercritical water chemistry, temperature, neutron flux, and stress simultaneously. Currently, no
operating test reactor in the world has a supercritical water irradiation loop capable of exposing
specimens to these combined conditions at full SCWR temperatures. Out-of-pile supercritical water
loops characterize corrosion without irradiation; fast reactor irradiation capsules test materials
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without supercritical water chemistry; neither alone captures the synergistic effects (irradiation-
accelerated SCC, radiolysis-modified chemistry) that are expected to dominate material
performance in an operating SCWR. China’s HFETR-coupled autoclave provides a partial solution
at lower temperatures, but no facility globally exposes materials to supercritical water at 500-600°C
simultaneously with prototypic neutron flux. Building such a facility — as an in-pile loop in an
operating materials test reactor — is a multi-hundred-million-dollar investment and a decade-scale
project.

4.7 Fuel Assembly Mechanical Design and Irradiation Behavior

SCWR fuel assembly design must solve mechanical challenges not encountered in LWR fuel: very
high pressure differential between coolant (25 MPa) and any low-pressure moderator cavity or
water rod; extreme differential thermal expansion between high-temperature central fuel pins and
cooler peripheral assemblies in a three-pass core design (EU-SCWR) or between insulating liner
and pressure tube (Canadian design); and the management of irradiation-induced dimensional
changes (swelling, creep, growth) in ODS steel cladding over 40-60 gigawatt-day-per-tonne
burnup. No SCWR fuel assembly has been fabricated and irradiated at any prototypic condition in
any reactor facility. The absence of any irradiated SCWR fuel assembly data means that every fuel
mechanical design assumption — pellet-cladding interaction, fission gas plenum sizing, grid spacer
hold-down force — is unvalidated. Irradiation testing of fuel assemblies in a representative fast-
spectrum environment requires access to a fast or mixed-spectrum test reactor, and full
qualification requires irradiation to design burnup — a process of 8—15 years depending on the
facility.

4.8 Reactor Pressure Vessel Design Under SCWR Conditions

The SCWR reactor pressure vessel (RPV) must operate at 25 MPa — approximately 2.5 times the
operating pressure of a typical PWR (15.5 MPa) — with an outlet temperature of 500—-625°C. This
combination requires either active cooling of the RPV wall to keep it within the qualified temperature
range of LWR steel (requiring a complex top-dome cold water injection system, adopted in the
JAEA and EU designs) or the use of higher-temperature pressure boundary materials (Grade 91 or
higher) for which nuclear qualification at RPV scale is incomplete. RPV fabrication at the required
wall thickness (several hundred millimeters to accommodate 25 MPa pressure at large diameter)
and in high-temperature qualified steel grades presents a challenge that may not be within current
forging and heat treatment capabilities in any country. No SCWR RPV design has been submitted
for ASME Section Il or equivalent national nuclear code qualification review.

4.9 Regulatory Framework: No Established Safety Case Methodology

No national nuclear regulatory agency has conducted a formal pre-application engagement or
design certification review for any SCWR design. The safety case for a SCWR presents regulators
with challenges not addressed by existing LWR regulatory guidance: HTD as an alternative to DNB
(requiring new thermal margin criteria and design limits), supercritical water depressurization
through the critical point as a unique LOCA scenario (requiring new computer code validation),
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ODS steel fuel cladding outside the LWR material code qualification base, and water chemistry
specifications with no operational precedent. The NRC’s advanced reactor licensing framework (10
CFR Part 53, finalized 2024) provides a more flexible basis for non-LWR licensing, but the technical
content of an SCWR safety case — thermal-hydraulics methodology, materials qualification
standards, accident source terms — must be built from scratch. No country has a regulatory
guidance document specifically addressing any of these SCWR-unique licensing topics.

4.10 Absence of Any Prototype or Critical Experiment

Unlike sodium fast reactors, molten salt reactors, VHTRSs, and even lead-cooled fast reactors, no
SCWR of any power level has ever been built or operated. No critical experiment in supercritical
water has ever been performed. Every neutronics calculation — core physics, void reactivity,
control rod worth, shutdown margin — rests on cross-section libraries and computational methods
validated against subcritical measurements or analogous light-water experiments, not against a
supercritical water critical assembly. The absence of any operational experience base means that
the very first SCWR critical experiment will expose fundamental unknowns — in neutron spectrum,
cross-section accuracy, and water density feedback — that no amount of computational analysis
can fully anticipate. Building a zero-power critical facility for SCWR physics validation is a
necessary and not-yet-planned step in any credible SCWR development program.

V. Hurdles on the Path to Commercialization

Beyond the technical gaps catalogued above, SCWR commercialization faces a distinct and
unusually challenging set of systemic, economic, and institutional hurdles. In combination with the
depth of its remaining technology gaps, these barriers place the SCWR in the most difficult
commercial development position of any Generation IV reactor family.

5.1 Materials Development Timeline Incompatible with Near-Term Deployment

The central materials challenge of the SCWR — identifying, fabricating, and qualifying a fuel
cladding alloy that performs reliably under the combined stresses of supercritical water chemistry,
high temperature, and fast neutron irradiation — cannot be resolved on a commercially relevant
timescale without a step change in investment and experimental infrastructure. ODS steel, the
leading candidate, requires: development of consistent powder metallurgy fabrication routes;
demonstration of end-plug welding or alternative joining methods; irradiation qualification in a fast
spectrum environment; corrosion qualification in supercritical water under irradiation; and eventually
full fuel rod fabrication and irradiation campaign to design burnup. Each step is sequential; the
irradiation campaigns alone (at realistic fast reactor irradiation rates) represent 10-15 years of
materials qualification work after fabrication routes are established. Even under the most optimistic
assumptions, a fully qualified SCWR cladding material cannot be available before the mid-2040s in
any country. This materials timeline fundamentally governs the SCWR’s commercialization horizon,
independent of all other factors.

5.2 No Prototype or Critical Experiment — Maximum Technology Risk

The SCWR is the only Generation IV reactor concept for which no prototype, no critical assembly,
and no in-reactor experiment of any kind has ever been conducted. Every other Gen IV family —
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SFRs, MSRs, VHTRSs, LFRs, and even GFRs (through historical analogs) — can point to at least
one operating or previously operated reactor that validated core physics, confirmed material
behavior, or demonstrated safety system performance. The SCWR has none of these. This means
that every SCWR design assumption carries maximum epistemic uncertainty, and the first SCWR
prototype will simultaneously be the first critical experiment, the first materials validation at scale,
and the first safety system demonstration. This concentration of firsts in a single construction
project represents an extraordinary cost, schedule, and performance risk profile that would be
unprecedented in the history of commercial nuclear energy development. No private investor and
few government programs are structured to absorb this level of concurrent first-of-kind risk.

5.3 First-of-a-Kind Economics Amplified by Technology Unknowns

FOAK cost premiums for advanced reactors — historically 2—3x design estimates — are particularly
severe for SCWRs because the technology unknowns extend beyond construction and licensing
into the reactor’s fundamental operating parameters. Conventional FOAK cost uncertainty arises
from supply chain novelty, licensing duration, and construction learning; SCWR FOAK uncertainty
additionally encompasses uncertainty in the achievable operating temperature (depending on which
cladding material is qualified and to what temperature limit), the achievable burnup (determining
fuel cycle costs), and the achievable capacity factor (depending on water chemistry control
effectiveness). A project that cannot bound its own operating parameters during the design phase
cannot produce a credible cost estimate, making financing essentially impossible without near-total
government underwriting. The capital cost of a first SCWR unit at 1,000 MWe is estimated (by
analogy to advanced LWR FOAK costs and SCWR complexity factors) at $8,000-$15,000/kWe
installed — the high end of any nuclear technology cost estimate globally.

5.4 Competition from LWR Evolution and Near-Term Advanced Reactor Alternatives

SCWR’s primary appeal — higher thermal efficiency and plant simplification compared to LWRs —
is being progressively eroded by evolutionary improvements to conventional LWR technology.
Ultra-supercritical and advanced ultra-supercritical steam cycles in modern AP1000 and APR1400
derivatives are achieving thermal efficiencies of 37-38% without the materials and safety
challenges of supercritical water in the primary circuit. Advanced LWR SMRs (NuScale, BWRX-
300, AP300) offer plant simplification and modular economics that partially replicate SCWR’s
simplification advantages without the unresolved materials barriers. In the long-term efficiency
market above 45%, VHTRs operating supercritical CO, Brayton cycles offer comparable
thermodynamic performance with a significantly more developed technology base. If SCWRs
cannot demonstrate a compelling economic or performance advantage over both evolutionary
LWRs and more mature Generation IV alternatives, the case for the enormous investment required
to bring SCWR to commercial readiness becomes increasingly difficult to sustain.

5.5 Erosion of National Program Commitments

Since the initial wave of GIF-inspired SCWR research activity in the 2000s, national program
commitments have gradually contracted in every Western country. Canada’s SCWR program, once
one of the world’s most systematically developed, has been deprioritized in favor of near-term SMR
licensing support. The EU’'s HPLWR program has effectively concluded without a successor.
Japan’s program was set back by Fukushima and has not recovered to pre-2011 investment levels.
South Korea’s program has been reduced. Russia’s program is geopolitically isolated. Only China
maintains and is actively expanding its SCWR investment, driven by national nuclear energy
ambitions that operate on a different political time horizon than democratic governments’ research
funding cycles. This progressive Western disengagement risks creating an asymmetric situation in
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which China becomes the sole holder of SCWR development capacity — raising both technology
export and nonproliferation considerations for a technology that, in its fast-spectrum variant, has
breeding capability.

5.6 Regulatory Novelty and the Absence of a Licensing Precedent

SCWRs require regulatory agencies to evaluate safety cases built on concepts, phenomena, and
material behaviors that have no precedent in the LWR licensing database — not just incremental
novelty, but fundamental novelty in every major licensing area simultaneously. HTD as the
replacement for DNB requires new thermal margin criteria and new code validation programs.
Supercritical water depressurization through the critical point is a unique LOCA scenario with no
equivalent in LWR or advanced reactor licensing experience. ODS steel cladding requires new
materials qualification standards outside the existing ASME Section IIl fuel material codes.
Supercritical water chemistry requires a water chemistry specification, monitoring methodology, and
transient behavior analysis with no operational reference point. No regulator has begun the pre-
application engagement process for any SCWR design in any country; the regulatory preparation
work — even before a formal license application — would itself require a decade of development.
Without a regulatory framework, there can be no construction permit; without a construction permit,
there can be no prototype; without a prototype, the technology gaps cannot be resolved. This
circular dependency makes the SCWR development pathway uniquely self-reinforcing in its
difficulty.

5.7 Water Chemistry Operational Complexity

Water chemistry management is one of the most operationally demanding aspects of LWR plant
operation, requiring continuous monitoring, precise chemical additions, and careful management of
dissolved gases, pH, and corrosion product transport. In SCWRs, these demands are substantially
magnified: the supercritical phase transition fundamentally alters ionic behavior, dissolved species
solubility, and electrochemical equilibria in ways that vary dramatically with local temperature and
density. Managing coolant chemistry in a temperature field that varies from ~280°C at the core inlet
to 500-625°C at the outlet — crossing the critical point in the process — requires real-time
monitoring and control capabilities that do not exist in any form applicable to nuclear reactors. A
failure of water chemistry control in an SCWR does not merely accelerate corrosion (as in an LWR)
but potentially triggers rapid SCC or cladding failure in materials with narrow chemistry operating
windows. The operational complexity and risk associated with water chemistry management in an
SCWR is substantially higher than in any existing nuclear plant type.

5.8 High-Pressure Primary System Safety and Containment Design

The SCWR primary system operates at 25 MPa — approximately 2.5 times the pressure of a PWR
primary circuit (15.5 MPa) and nearly 6 times that of a BWR (7.2 MPa). A large-break LOCA in an
SCWR at 25 MPa would involve energy release rates during initial depressurization far exceeding
those of LWR LOCAs, driving more demanding containment design requirements. As water
depressurizes rapidly through the critical point, a complex two-phase flashing and condensation
behavior must be accurately modeled for containment pressurization analysis. No validated
experimental dataset exists for rapid SCWR depressurization through the critical point at reactor
scale. Containment structures and emergency core cooling systems designed for 25 MPa initial
system pressure require engineering approaches not previously used in commercial nuclear plant
design; the additional structural and civil engineering demands may partially offset the plant
simplification benefits that make SCWR economically attractive in theory.
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5.9 Proliferation Considerations for Fast-Spectrum Variants

Fast-spectrum SCWRs — capable of breeding fissile plutonium from fertile uranium at breeding
ratios above 1.0 — raise the same proliferation and safeguards considerations as sodium fast
reactors and lead-cooled fast reactors, but without the extensive IAEA safeguards experience base
that has been developed for those technologies over decades of operation. A commercial fast-
spectrum SCWR fleet coupled to spent fuel reprocessing infrastructure would require new IAEA
safeguards approaches for accounting of fissile material in a continuously operating supercritical
water circuit — approaches that have not yet been conceptualized, let alone developed. For export
markets, fast-spectrum SCWR technology transfer would involve the same nonproliferation policy
constraints as other fast reactor technology exports, adding a geopolitical dimension to commercial
competition. If China develops and exports SCFR technology without requiring gold-standard
safeguards conditions — as has been a concern with some Chinese reactor export offers — the
SCWR fast variant could become a proliferation concern in regions with ambiguous nuclear
intentions.

5.10 Long Development Timeline Against Decarbonization Market Urgency

Even under the most optimistic assumptions — a Chinese SCWR prototype authorized for
construction in the mid-2030s, completing commissioning in the early 2040s, and informing a
commercial design ready for replication by 2050 — the SCWR makes essentially no contribution to
decarbonization before 2050. Against a backdrop of net-zero commitments targeting 2050 in the
US, EU, and Japan, and 2060 in China, an energy technology that cannot contribute commercially
until the last years of that window is difficult to prioritize over near-term alternatives. The SCWR’s
value proposition — higher efficiency LWR-derivative technology with a familiar water coolant — is
most compelling as a long-term replacement for the existing LWR fleet in a mid-21st century
context, but getting from the current state of research to commercial readiness within that
timeframe requires immediate, sustained, and substantially increased investment in experimental
infrastructure and materials qualification that no government has yet committed. Absent that
commitment, the SCWR’s commercialization timeline recedes further, and its window of
decarbonization relevance narrows correspondingly.

VI. Conclusion

Supercritical-Water-Cooled Reactors occupy a paradoxical position in the Generation IV technology
landscape: they offer the most direct path to a familiar, water-cooled nuclear technology with
dramatically superior thermodynamic performance, yet they face a materials and experimental
validation challenge more fundamental and more time-consuming to resolve than that facing any
other Generation IV system. As the final reactor class in the Generation IV portfolio, the SCWR
uniquely combines the highest design familiarity with the lowest operational experience base. Key
findings as of mid-2026:

*  No SCWR of any power level has ever been built, operated, or brought to criticality anywhere
in the world. The SCWR begins the prototype development phase with zero operational
experience, zero validated fuel irradiation data at SCWR conditions, and zero in-reactor
materials data under combined supercritical water chemistry and neutron irradiation.

+ China maintains the world’s most active SCWR program, with the SCWR-M and SCFR in
preliminary and conceptual design stages respectively, a dedicated supercritical water test
infrastructure at NPIC and XJTU, and the beginnings of an in-reactor coupled corrosion
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capability at HFETR. China’s ambition of a prototype construction authorization in the mid-
2030s is the most credible near-term SCWR milestone globally.

* Recent research advances in HTD mechanistic modeling (DNS/LES), ODS steel fabrication,
supercritical water radiolysis characterization, and safety code benchmarking represent
genuine scientific progress, but none is close to the qualification level required for prototype
construction authorization in any regulatory framework.

* The coolant void reactivity challenge for fast-spectrum SCWRs — a positive void coefficient
analogous in mechanism to the RBMK’s — remains an unresolved reactor physics safety
issue that constrains the development of the most fuel-cycle-advantaged SCWR variants.

» Western national programs (Canada, EU, Japan, South Korea) have all reduced SCWR
investment since the peak activity of 2005-2015, creating a progressive concentration of
active development capacity in China and a risk of losing the intellectual and human capital
base in Western institutions needed for independent SCWR capability.

The path from the current state of SCWR research to commercial deployment is the longest and
most materially uncertain of any Generation IV technology. Resolving the fuel cladding qualification
challenge alone requires decades of sequential irradiation programs; establishing the in-reactor
supercritical water experimental infrastructure needed to generate that data requires a decade of
facility construction ahead of the irradiation campaigns themselves. For the SCWR to make a
meaningful contribution to mid-21st century energy systems, immediate and sustained investment
in these long-lead experimental capabilities — particularly a supercritical water in-pile irradiation
loop in an operating test reactor and a zero-power critical assembly for physics validation — must
begin now. Without these foundations, the SCWR will remain, as it has been for over two decades
since the GIF’s 2002 designation, a compelling concept in search of the experimental validation that
would transform it from a theoretical performance advantage into a commercially deployable reactor
technology.

Sources

Generation 1V International Forum (GIF) SCWR System Steering Committee Annual Reports (2020-2024); GIF SCWR
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KAERI SCWR conceptual design and SPHINX loop publications (2020—2024); Institute of Physics and Power Engineering
(IPPE, Russia) — historical SCW heat transfer foundations; University of Michigan supercritical water radiolysis and SCC
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