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[bookmark: _Hlk203565152]INTRODUCTION: The U.S. nuclear industry is evolving to meet higher energy demands and carbon-free goals, with Framatome supporting through efforts to increase fuel enrichment and burnup limits, and to deploy enhanced accident tolerant fuel technologies. Framatome’s Advanced Fuel Management (AFM) program and PROtect Cr design use proven M5Framatome cladding and upgraded capabilities its HRR fuel fabrication facility to offer fuel designs that enable more efficient, safe reactor operation. This comprehensive strategy supports both immediate improvements and future adoption of advanced fuels.
[bookmark: _Hlk203565325]OVERVIEW
The nuclear power landscape in the United States has rapidly evolved over the past few years owing to rising energy demands and change in public perception of nuclear as a safe means of generating stable, carbon-free energy. Major initiatives for the US light water reactor fleet include extending the enrichment limits above 5%, extending rod average burnup limits above 62 GWd/MTU, and deployment of new advanced and accident tolerant fuel (ATF) products. Framatome’s AFM program is our coordinated effort to realize plant operation with higher enrichments and burnups. Framatome’s enhanced ATF (E-ATF) design for near-term deployment is PROtect Cr. The proven performance of M5Framatome cladding underpins both AFM and E-ATF strategies
 Advanced Fuel Management
Utilization of fuel assemblies containing uranium enriched above 5 weight percent (wt%) U-235, now commonly referred to as LEU+ for materials <10 wt% U-235, enables packing of the energy needed for the fuel cycle into fewer bundles, thereby reducing the cost of generating more electricity. Increased energy production is made more economical by demonstrating that the fuel can be safely operated to higher burnups. The increases are critical to support high power density 17x17 PWRs transitions from 18-month to 24-month cycles while maintaining economical batch sizes. Generically, the fleet can benefit from cycle optimization and power uprates that would be enabled by either or both of these increases. 
Increased enrichment requires significant infrastructure development. The different possible approaches were assessed relative to the industry need. Because the Richland Washington Horns Rapid Road (HRR) fuel production plant has been continuously modernized, LEU+ implementation was readily practicable by upgrading the existing product lines [1]. The site upgrade project was initiated well before the first need giving time to set a pace that took advantage of low production periods and planned outages, while keeping the HRR site in operation throughout the process. The NRC approved enrichment extension of Framatome’s advanced code and methods for PWRs in 2023.
Increased burnup primarily requires licensing of fuel products and codes and methods. Framatome’s strategy [2] is to employ fuel components with a service record of robust performance and to build up a foundation of NRC-approved advanced code and methods that provide the features and flexibility for AFM core designs. Framatome’s M5Framatome cladding is an advanced technology cladding with over 20 years of operation across a wide range of PWR operating conditions and fuel assembly designs. M5Framatome cladding has been deployed in over 7 million fuel rods worldwide and is recognized for its mechanical properties, superior corrosion resistance, and very low hydrogen pickup. Owing to the low hydrogen content, which is widely recognized as the principal factor governing cladding embrittlement under accident conditions, M5Framatome allows operational flexibility to be maintained even at high burnup. M5Framatome cladding, Framatome’s fuel performance code (GALILEO), and Framatome’s 3D coupled neutronics code (ARCADIA) are already NRC-approved for high burnup. Extension to high burnup for the remaining NRC-approved codes and methods, including statistical non-LOCA, 3D rod ejection, and LOCA, were submitted in Framatome’s Increased Burnup topical report in 2024, with NRC-approval expected in 2026. The topical report includes two provisions important for AFM core design flexibility: an increase of the rod internal pressure limit (relying on performance benefits of M5Framatome) and a solution to Fuel Fragmentation, Relocation, and Dispersal (FFRD) for LOCA. The FFRD solution supports high burnup operation without relying on NRC changes to 10 CFR 50.46. 
ENHANCED ACCIDENT TOLERANT FUEL
Framatome’s evolutionary fuel product, PROtect Cr, further improves upon the performance of the existing design. Following the Fukushima event, the global nuclear industry accelerated research into E‑ATF with the intent of improving safety characteristics and adding performance value for commercial light water reactors. For use in PWRs, PROtect Cr includes fuel rods with chromium coated M5Framatome cladding and Cr2O3 doped UO2 pellets [3]. The two components can be used in combination or separately. Framatome’s Chromia-doped fuel is already NRC-approved for both BWRs and PWRs.
The Cr-coated cladding was developed as a solution to reduce the high temperature steam oxidation of the cladding. The Cr-coating protects the cladding from oxidation and from the diffusion of oxygen within the underlying zirconium substrate that leads to cladding embrittlement, thereby providing benefits in accident conditions. 
The implementation of a new cladding solution in fuel reload quantities requires the qualification of its behavior in normal and accident conditions. This qualification usually takes 15 to 20 years due to the need for irradiation data, typically obtained incrementally from materials to full fuel assemblies. Framatome’s qualification plan was designed to bring this product to market significantly faster. This implementation strategy relies on a step-by-step process that moves from materials irradiation to reload deliveries, facilitated by key partnerships with US and French national research labs. 
Framatome tested several different Cr coatings with various partners, ending with the selection of a Cr coating deposited using Physical Vapor Deposition (PVD). The resulting product has a homogeneous coating thickness, strong adhesion to the cladding surface, and no significant alteration of the substrate. The initial development, performed in lab-scale PVD chambers, was used to assess the benefits of the Cr coating and establish the basis for the production process. Building on that knowledge, the production was scaled up to Full-Length Prototypes (FLP), capable of coating simultaneously several full-length cladding tubes. The mastery gained in the process supported the final scale up step to an industrial pilot coating machine. The industrial pilot coating machine will be qualified at the Framatome Paimboeuf cladding facility by the end of 2026 and will be capable of producing up to 100,000 Cr‑coated M5Framatome tubes per year.
The first irradiation of Cr-coated M5Framatome claddings under representative PWR conditions started in 2016 in the Gösgen NPP where 6 cycles have been completed. This irradiation was followed by irradiation in research reactors, with full-length Lead Fuel Rods (LFR) insertion in Vogtle, Gösgen and ANO NPPs in 2019 and Blayais 3 in 2023 and Lead Fuel Assembly insertion in Calvert Cliffs 2 in 2021. With Vogtle and ANO LFRs achieving their last cycle in 2023 and 2024, Gösgen LFR having achieved 5 cycles and reached a burnup of 73 GWd/MTU, data is being utilized to update the codes and methods in support of the topical report to be submitted to the NRC. 
SUMMARY AND CONCLUSIONS
Framatome’s comprehensive approach to AFM and E-ATF leverages manufacturing upgrades,  the performance of M5Framatome cladding, state-of-the-art analytical tools, and a robust development and licensing framework. This enables utilities to achieve longer cycles, greater efficiency, and safety assurance with proven products and capabilities, while also providing a pathway for the adoption of enhanced accident tolerant fuels. 
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