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[bookmark: _Toc214280381][bookmark: _Toc109727646]Executive summary
This report presents the outcomes of my Fuel and Core Design assessment of the Holtec SMR-300 as part of Step 2 of the Office for Nuclear Regulation (ONR) Generic Design Assessment (GDA). This assessment is based upon the information presented in revision 1 of Holtec’s safety, security and environment case (SSEC) (comprising a preliminary safety report (PSR), preliminary environment report (PER), preliminary safeguards report (PSgR), and general security report (GSR)), the design reference point (DRP) revision 1.1, and supporting documentation. 
ONR’s GDA process calls for a step-wise assessment, which increases in detail as the project progresses. The focus of my assessment in this step was towards the fundamental adequacy of the SMR-300 design and PSR, and the suitability of the methodologies, approaches, codes, standards and philosophies which form the building blocks for the design and generic safety and security cases.
[bookmark: _Hlk192240831]In accordance with my assessment plan I targeted my assessment at the aspects of the SMR-300 design that are novel, contentious, or where significant safety claims are made.  My expectations were informed by ONR’s Safety Assessment Principles (SAPs), Technical Assessment Guides (TAGs) and other guidance which ONR regards as relevant good practice. Regarding SSEC maturity, in accordance with ONR’s Guidance to Requesting Parties, I expected sufficient information to be submitted during Step 2 to allow me to judge whether it is likely that the final design will be compliant with UK regulatory requirements and expectations.
I targeted the following aspects in my assessment of the SMR-300 DRP and SSEC:
· The nuclear design of the SMR-300 core and approach to validation of the selected nuclear analysis codes.
· The thermal hydraulic design of the core, primarily core inlet flow distribution.
· Aspects of the SMR-300 fuel design, including the applied design criteria and operating experience with the presented design. 
· The justification of fuel integrity in dry storage and the adequacy of the SMR-300 in-containment spent fuel pool capacity.
Based upon my assessment, I have concluded the following:
· [bookmark: _Hlk207355207]Holtec’s final GDA Step 2 submissions are of good quality.
· Holtec has presented a set of nuclear design criteria and fuel design criteria in a structured fashion and explained the purpose and the basis of each. In my opinion, at Step 2 this is a strength of the safety case.
· The methodology by which Holtec has developed and optimised its core nuclear design to date is adequate. In all but one case, the presented equilibrium core design is compliant with the nuclear design criteria at this stage. However, I have identified a shortfall against relevant good practice and Holtec’s own design criteria in terms of the allowable burnup for fuel rods containing gadolinia poison. I judge that this does not represent a fundamental shortfall because there are multiple potential options to resolve it. However because of the potential impact on the wider plant and safety case of some of these options, I have raised a regulatory observation (RO), RO-HOLTECSMR300-005, to manage this topic.
· Holtec’s verification and validation strategy for its chosen nuclear design codes is likely to enable an adequate demonstration of code validity for the SMR-300 in future, if it is fully implemented as described during GDA Step 2.
· The high aspect ratio of the SMR-300 core design does not represent a fundamental shortfall.
· Holtec’s thermal hydraulic sub-channel analysis methodology is consistent with relevant good practice and should enable an adequate safety case to be built in future if the design continues to be developed on the same basis. Assessment of completed core sub-channel analyses was outside of the scope of Step 2 due to the level of design maturity.
· Validation of Holtec’s core inlet flow distribution analysis using hydraulic testing is necessary to achieve a high level of confidence that the asymmetric coolant flow inlets to the SMR-300 reactor pressure vessel do not represent a fundamental shortfall in the SMR-300 design. This testing has not yet taken place. However, Holtec has stated a clear intent in the safety case to undertake such testing and raised an associated GDA commitment. I judge that it would be disproportionate to expect such testing to have already been undertaken before GDA Step 2.
· Holtec has presented sufficient information to demonstrate that the fuel design for SMR-300 contains no fundamental shortfalls, but has informed ONR that a further change to the fuel design is likely post GDA. The exact nature of such a change would determine the impact it had on my assessment conclusions.
· Holtec has presented a justification that fuel integrity can be maintained during and after fuel transfer to dry storage without needing to increase the capacity of the spent fuel pool. I judge this justification is sufficient to demonstrate the issue does not present a fundamental shortfall in the design.
· If Holtec continues to develop the SMR-300 design and safety case on a similar basis, the shortfalls identified in this report are addressed and any changes to the fuel design are adequately justified, I judge it likely that a demonstration can be made in future that risks are reduced to as low as reasonably practicable (ALARP).
[bookmark: _Hlk168596328]Overall, based on my step 2 assessment, I have not identified any fundamental safety shortfalls from a Fuel and Core Design perspective that would prevent ONR permissioning the construction of a power station based on the generic Holtec SMR-300 design.
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[bookmark: _Toc214280383]Introduction
This report presents the outcomes of my Fuel and Core Design assessment of the Holtec SMR-300 as part of Step 2 of the Office for Nuclear Regulation (ONR) Generic Design Assessment (GDA). This assessment is based upon the information presented in version 1 of the Holtec SMR-300 safety, security, safeguards, and environment Case (SSEC) (refs. [1], [2], [3], [4], [5], [6]), the design reference point (DRP) (ref. [7]) and supporting documentation.
Assessment was undertaken in accordance with the requirements of ONR’s management system. It follows ONR’s risk informed and targeted engagements policy (RITE) (Ref [8]). Guidance on the mechanics of assessment (ref. [9]), ONR safety assessment principles (SAPs) (ref. [10]) and the principles detailed in the supporting technical assessment guides (TAGs) (ref. [11]) have been used as the basis for this assessment. 
Background
ONR’s GDA process (ref. [12]) calls for a step-wise assessment of the requesting party's (RP) submissions with the assessments increasing in detail as the project progresses. Holtec International is the RP for the GDA of the Holtec SMR-300 design. Holtec International has designated Holtec Britain to manage the GDA project, including developing the SSEC. Holtec Britain is a wholly owned UK subsidiary of Holtec International.
In October 2023 ONR, together with the Environment Agency and Natural Resources Wales (NRW), began Step 1 of the GDA for the Holtec SMR-300. Step 1, which is the preparatory part of the design assessment process and mainly associated with initiation of the project and preparation for technical assessment in later steps, was successfully completed in August 2024 (ref. [13]).
Holtec International confirmed that it only intends to complete GDA up to the end of Step 2. The output of Step 2 GDA is a GDA Statement.
Step 2 commenced in August 2024. The focus of ONR’s assessments in this step is towards the fundamental adequacy of the design and SSEC, and the suitability of the methodologies, approaches, codes, standards and philosophies which form the building blocks for the design and generic SSEC. The objective is to undertake an assessment of the design against regulatory expectations to identify any fundamental safety, security, or safeguards shortfalls that could prevent ONR granting permission for construction of a power station based on the design. Regarding SSEC maturity, in accordance with ONR’s guidance to requesting parties, sufficient information should be submitted during Step 2 to allow a judgement as to whether it is likely that the final design will be compliant with UK regulatory requirements and expectations (ref. [12]).
Prior to the start of Step 2 I prepared a detailed assessment plan for Fuel and Core Design (ref. [14]). This has formed the basis of this assessment and was also shared with the RP to maximise openness and transparency.  
This report describes one of a series of assessments which support ONR’s overall judgements at the end of Step 2, which are recorded in the Step 2 Summary Report (ref. [15]).
Scope
The assessment documented in this report is based upon the DRP and SSEC for the Holtec SMR-300 as summarised in the SSEC chapters and supporting documentation. 
The overall scope of the Holtec SMR-300 GDA is described in the preliminary safety report (PSR) chapters A1 and A2 (refs. [1], [2]). The GDA scope was agreed in Step 1 although this has been modified, with agreement of the regulators, during Step 2. Holtec International has indicated that it intends to complete a two-step GDA with the objective of receiving a GDA Statement from ONR, and has aligned its GDA scope with this objective. The GDA scope defines the generic plant and layout and includes all systems, structures and components that are identified as being important to safety, security and safeguards, all modes of operation, and all stages of the plant lifecycle.
My Fuel and Core Design assessment scope is defined in my assessment plan (ref. [14]). It is discussed in detail in section ‎4.1 and includes:
core nuclear design
core thermal hydraulic design (including the design of flow distribution features inside the reactor pressure vessel (RPV))
fuel design
non-fuel core component design (only if any safety claims are placed on core components that differ significantly from reactor designs previously assessed by ONR)
whether adequate consideration has been given to fuel degradation mechanisms that could affect the spent fuel storage design 
However, given that this is a fundamental assessment and the design of the Holtec SMR-300 is still developing, not all aspects of the facility design are within the GDA scope. The following aspects are therefore out of scope:
core sub-channel thermal hydraulic analysis
fuel performance and mechanical design analysis

[bookmark: _Toc214280384]Assessment standards and interfaces
For ONR, the primary goal of the GDA Step 2 assessment is to reach an independent and informed judgment on the adequacy of the design as detailed in the DRP, and the safety, security and safeguards case for the reactor technology being assessed. ONR has a range of internal guidance to enable inspectors to undertake a proportionate and consistent assessment of such cases. This section identifies the standards which have been considered in this assessment.
This section also identifies the key interfaces with other technical topic areas.
Standards 
1. The ONR SAPs (ref. [10]) constitute the regulatory principles against which the RP’s case is judged. Consequently, the SAPs are the basis for ONR’s assessment and have therefore been used for the Step 2 assessment of the Holtec SMR-300.
The International Atomic Energy Agency (IAEA) safety standards and nuclear security series are a cornerstone of the global nuclear safety and security regime. They provide a framework of fundamental principles, requirements and guidance. They are applicable, as relevant, throughout the entire lifetime of facilities and activities.
Furthermore, ONR is a member of the Western European Nuclear Regulators Association (WENRA). WENRA has developed reference levels (ref. [16]), which represent good practices for existing nuclear power plants, and Safety Objectives for new reactors (ref. [17]).
The SAPs are embodied and expanded on in the ONR TAGs (ref. [11]). The relevant SAPs and TAGs have been benchmarked against IAEA and WENRA guidance available at the time of publication. Throughout most of this report I have taken credit for this and referred primarily to the SAPs and TAGs rather than directly to international guidance. I have referred to IAEA guidance where it provides directly relevant advice on some topics.
Safety Assessment Principles (SAPs)
The key SAPs applied within my assessment are EKP.2, EAD.1, EAD.2, ERC.1, ERC.2, ERC.3, FA.7, AV.1, AV.2 and AV.3.
The EKP and ERC SAPs set engineering principles that are fundamental to the design of the reactor core and fuel. The EAD SAPs are important because of the way in which fuel and core performance evolve during operation as fuel is depleted, as well as the degradation mechanisms that affect fuel assemblies under irradiation. SAP FA.7 is important because it sets an expectation that fault consequences be predicted conservatively, which has implications for the fuel and core data and methods used in fault analyses. The AV SAPs are important because the complex nature of phenomena occurring in the core mean that the design and safety case are reliant on outputs from computer codes. The AV SAPs set expectations for assuring the validity of data and models used or outputted by such codes.
2. A full list of the SAPs used in this assessment is recorded in Appendix 1.
Technical Assessment Guides (TAGs)
3. The following TAGs have been used as part of this assessment:
· NS-TAST-GD-005 – Regulating Duties to Reduce Risks to ALARP (ref. [18])
· NS-TAST-GD-075 – Safety of Nuclear Fuel in Power Reactors (ref. [19])
· NS-TAST-GD-096 – Guidance on Mechanics of Assessment (ref. [9])
National and international standards and guidance
4. The following international standards and guidance have been used as part of this assessment:
· IAEA, Safety of Nuclear Power Plants: Design, Specific Safety Requirements No. SSR-2/1 (ref. [20])
· IAEA, Deterministic Safety Analysis for Nuclear Power Plants, Specific Safety Guide No. SSG-2 (ref. [21])
· IAEA, Design of the Reactor Core for Nuclear Power Plants, Specific Safety Guide No. SSG-52 (ref. [22])
IAEA, Format and Content of the Safety Analysis Report for Nuclear Power Plants, Specific Safety Guide No. SSG-61 (ref. [23])
Integration with other assessment topics
5. I have worked closely with other topics (including the Environment Agency) as part of my assessment. Similarly, other assessors sought input from my assessment. These interactions are key to the success of GDA to prevent or mitigate any gaps, duplications or inconsistencies in ONR’s assessment. 
6. The key interactions with other topic areas were:
The Fault Studies inspector (ref. [24]) has assessed the adequacy and maturity of design basis analysis for SMR-300, which will be important to a future demonstration that the fuel and core design contribute to reduce risks to ALARP (subsection ‎4.3.2.2).
I supported the Fault Studies inspector’s assessment of shutdown system diversity and of acceptance criteria in faults.
I worked closely with Nuclear Liabilities Regulations (NLR) inspector (ref. [25]) to assess the justification of fuel integrity in dry storage and the adequacy of the spent fuel pool (SFP) capacity (subsection ‎4.6).
The Chemistry inspector (ref. [26]) has assessed the adequacy of primary chemistry control and potential for fuel cladding corrosion and crud. I supported this assessment, which has also informed my view on the applicability of fuel operating experience (OpEx) (subsection ‎4.5.3).
The Probabilistic Safety Assessment (PSA) inspector advised me that the plant risk profile presented in GDA is not sensitive to a lower-than-normal claim on probability of failure for the RCCAs to insert, which informed my assessment strategy in subsection ‎4.1.
Together with Radiation Protection and Criticality inspectors, I supported the Structural Integrity inspector’s assessment (ref. [27]) of RPV lifetime (influenced by neutron fluence).
I supported the Environment Agency’s assessment of whether the SMR-300 uses best available techniques (BAT) to minimise generation of radioactive wastes, by explaining the outcomes of my own assessment of the core nuclear design (subsection ‎4.3) and the associated safety significance.
Use of technical support contractors
During Step 2 I engaged a technical support contractor (TSC) to support the following specific aspects of my assessment of Fuel and Core Design for the Holtec SMR-300: 
The core nuclear design (in particular any implications of a high core aspect ratio)
The core thermal hydraulic design (in particular any implications of asymmetric coolant flow inlet(s) to the RPV)
The TSC provided me with a literature review of light water reactor core designs with a high core aspect ratio and/or asymmetric flow inlets, including design information and OpEx. This gave me a greater understanding of the level of novelty inherent in these aspects of the SMR-300 design and supported my assessment of the core flow distribution and core nuclear design. It should be noted that all regulatory judgements have been made exclusively by ONR.
[bookmark: _Toc214280385]Requesting party’s submission
The RP’s principal submissions are a series of drawings and documents that make up the DRP and a series of SSEC chapters and other supporting references, which provide its preliminary safety, security, safeguards and environment cases for the generic SMR-300 design. This section presents a summary of the SMR-300 design and safety case for Fuel and Core Design. It also identifies the supporting documents submitted by the RP which have formed the basis of my Fuel and Core Design assessment.
Summary of the Holtec SMR-300 design
The Holtec SMR-300 design is a pressurised water reactor (PWR) with a single steam generator, including an integrated pressuriser and two reactor coolant pumps (RCPs) providing forced circulation in normal operation. The target electrical power output of each SMR-300 unit is 320 MW(e) (from a thermal power of 1,050 MW(th)) with a design life of 80 years for non-replaceable components. The SMR-300 design submitted for assessment in GDA is a twin-unit design comprising two SMR-300 reactors and associated plant.
The reactor core contains 69 zirconium alloy clad uranium dioxide (UO2) fuel assemblies. Reactivity is controlled by a combination of control rods, soluble boron in the coolant and fixed burnable poisons within the fuel. The fuel assemblies in the design for GDA each contain 264 fuel rods with a standard active length, 24 control rod guide tubes and a single instrument tube in a 17x17 array; a common design for PWRs. The specific fuel assembly in the GDA reference design is the Framatome ‘GAIA’ model and the specific clad material used is ‘M5’, a proprietary alloy developed by Framatome. The GAIA fuel assembly uses a different spacer grid design than other Framatome fuel assemblies. The fixed burnable poison used is distributed gadolinia (Gd2O3).
The design of the GAIA fuel assembly included in the SMR-300 for GDA is mature, having been operated at some reactor plants internationally. However, the RP informed ONR during Step 2 that the fuel design was likely to evolve after GDA due to a change in the fuel assembly proposed for the SMR-300 in the US (ref. [28]). This has no impact on the GDA reference design.
The control rods in the GDA reference design are in the form of rod cluster control assemblies (RCCA), each having 24 absorber tubes connected by a spider assembly at the top. These are a common design for PWRs. The specific RCCA design in the GDA design is the Framatome ‘HARMONI’ model, using silver-indium-cadmium absorber material. There are 29 RCCAs in total.
The core is contained within the reactor pressure vessel (RPV) and held in place by a core barrel, lower core support plate and upper core support plate, in a configuration recognisable from other PWRs worldwide. The outlet plenum above the core contains a number of control rod guide assemblies used to position the RCCAs accurately with respect to the fuel assembly guide tubes. The lower core support plate and reactor vessel support flow distribution features consisting of {REDACTED}. Surrounding the core, supported by the lower core support plate, is a metallic heavy reflector designed to reduce neutron leakage from the core.
The SMR-300 is equipped with a number of supporting systems for normal operations and a range of safety measures to provide cooling, criticality control, and contain radioactivity under fault conditions. Passive safety features are preferred to active components, reflecting the RP’s design philosophy. 
The SMR-300 has a compact layout. The RPV, which holds the fuel assemblies, the steam generator, RCPs and associated pipework, the SFP and the passive safety systems, are all held within a steel containment structure (CS) and a secondary steel and concrete containment enclosure structure (CES). An annular reservoir, containing a large volume of water, is located between the CS and CES. The annular reservoir is used to provide the ultimate heat sink to the passive safety systems.  
The twin unit design is comprised of two separate reactors in separate containment buildings. Each reactor has dedicated normal operation systems, safety measures and SFP, however there is a single control room for the twin unit SMR-300.
The Holtec SMR-300 design has been developed by the RP based upon well-established PWR technology. The RP claims that the design of the SMR-300 is based upon the following principles:
redundant and passive engineered safety features
simplified plant design with structures designed to withstand all postulated external events
ability to mitigate design basis accidents with no operator action
ability to cope with an extended loss of all AC power for at least 72 hours
defence-in-depth approach to beyond design basis accident mitigation
highly reliable active systems to support normal plant operation
SSEC approach and structure
The SSEC for the SMR-300 consists of the PSR, the preliminary environment report (PER), the generic security report (GSR) and the preliminary safeguards report (PSgR), along with their supporting documents. The complete set of SSEC documentation submitted for the GDA is captured within the master document submission list (MDSL) (ref. [29]). 
The SSEC has been developed for a twin-unit reactor design to be constructed, operated, and decommissioned on any generic site that is within the bounds of the generic SMR-300 generic site envelope.
The fundamental purpose of the SSEC is to demonstrate that the SMR-300 can be constructed, commissioned, operated, and decommissioned on a generic site in the United Kingdom to fulfil the future licensee’s legal duties to be safe, secure and protect people and the environment (ref. [1]).
The SSEC and supporting documents have been prepared using the claims, arguments and evidence (CAE) concept. SSEC Chapter A3 (ref. [3]) provides a high-level route map which links the claims made throughout the SSEC to the fundamental purpose.
[bookmark: _Ref204257574]Summary of the requesting party’s case for Fuel and Core Design 
[bookmark: _Ref204256214]The SMR-300 safety case for fuel and core design is captured in PSR chapter B2 (ref. [6]) and is linked to the RP’s high level SMR-300 claim 2.2: “the design of the systems and associated processes have been developed taking cognisance of relevant good practice and substantiated to achieve their safety and non-safety functional requirements”. Chapter B2 contains four sub-claims that support claim 2.2, three of which align with the three fundamental safety functions:
Claim 2.2.1: adequate provision for the control of reactivity is incorporated into the design of the reactor systems, engineered safety features, and fuel and core design.
Claim 2.2.2: adequate provision for the removal of heat from the reactor core and SFP is incorporated into the design of the reactor systems, engineered safety features, and fuel and core design.
Claim 2.2.3: adequate provision for the control of radiation exposure and control of release of radioactive material is incorporated into the design of the reactor systems, supporting facilities, engineered safety features, and fuel and core design.
Claim 2.2.12: the objective of preventing damage to the fuel and core components is appropriately accounted for within their design and safety function.
Chapter B2 presents an overview of the design of SMR-300 fuel and core components (including RPV internal structures), a further breakdown of the above sub-claims, a summary of the codes and standards applied in the design, an overview of the structure of supporting safety case references, and a summary of the arguments and evidence presented to show that the sub-claims are met. It also includes a section explaining how chapter B2 contributes to the overall approach for demonstration that risks are reduced to ALARP.
The arguments and evidence summarised in chapter B2 are broadly grouped under two headings: definition of the safe envelope of operation for fuel and core (including definition of safety case requirements for fuel and core components) and an assessment of the safe envelope of operation (showing that the safety case requirements are met, to a maturity level that the RP judges is appropriate for PSR).
[bookmark: _Ref204257263]Definition of the Safe Envelope of Operation for Fuel and Core
7. This section of chapter B2 argues that risks and failure modes for the fuel and core components are defined and captured within a set of safety case requirements. It explains how these requirements have been derived, why they are considered complete, how acceptance criteria have been established for the requirements, and how the requirements relate to plant top level safety functions.
8. The safety case requirements cover the fuel rod and assembly design, the RCCA design, neutron source design, core nuclear design, core thermal hydraulic design, other requirements associated with performance in design basis faults and dry storage, and lifecycle aspects.
Assessment of the Safe Envelope of Operation for Fuel and Core
9. This section of chapter B2 argues that sound methods for assessing fuel and core components against the safety case requirements are in the process of being defined, that assessments performed thus far demonstrate the requirement acceptance criteria are satisfied or likely to be satisfied, and that the assessments also substantiate the derived sub-claims supporting claims 2.2.1-2.2.3 (the fundamental safety functions).
10. The methods and assessments discussed cover core nuclear design analysis, core thermal hydraulic analysis, fuel rod performance analysis and fuel assembly mechanical design. The safety case for RCCAs and neutron source assemblies in SMR-300 is less mature at this stage, but the RP states that there is extensive use of these components within PWRs internationally.  
11. The RP has summarised in this section how the various evidence presented in the safety case supports the sub-claims listed in paragraph ‎42.
Demonstrating Risks are Reduced ALARP
PSR chapter A5 presents an overall summary of the RP’s demonstration that risks from the generic SMR-300 design are likely to be ALARP. It focuses largely on the methodology and approach, covering the adoption of relevant good practice (RGP), consideration of ALARP during design development, tolerability of risk and the consideration of options to further reduce risk. However, no arguments or evidence are presented in this chapter to demonstrate that the fuel or core designs specifically contribute to reduce risks to ALARP.
PSR Chapter B2 (ref. [6]) sets out explicitly the arguments as to how the core design contributes to the overall demonstration that risks are (or will be) reduced to ALARP. This encompasses arguments that the SMR-300 core design aligns with RGP (or will do when more mature), arguments that it will be subject to evaluation of risk through fault analysis, and a discussion of options considered to further reduce risk.
Basis of assessment: requesting party’s documentation
The principal documents that have formed the basis of my Fuel and Core Design assessment are:
· Holtec SMR-300 GDA PSR Part B Chapter 2 Reactor (‘chapter B2’) (ref. [6]), as described in section ‎3.3.
· Overview of Holtec SMR-300 fuel design and core components (ref. [30]), which presents the design of the fuel and core (including RPV internal structures) consistent with the DRP, and some optioneering and design decisions undertaken prior to GDA.
· Holtec SMR-300 GDA Fuel Design Criteria and Limits (ref. [31]), which presents and justifies the safety case requirements discussed in subsection ‎3.3.1.
· Holtec SMR-300 Nuclear Design Basis (ref. [32]), which summarises the nuclear design requirements, methods, proposed design, assessment results to date and considerations for future work.
· Holtec SMR-300 Thermal and Mechanical Design Basis (ref. [33]), which summarises the thermal hydraulic and fuel thermal-mechanical design requirements, methods, proposed design, (limited) assessment results to date, supporting OpEx and considerations for future work.

[bookmark: _Ref203113207][bookmark: _Toc214280386]ONR assessment
[bookmark: _Ref203035748]Assessment strategy
My assessment strategy has largely followed that laid out in my Step 2 assessment plan (ref. [14]). I have targeted matters:
which allow me to form a judgement on the fundamentals of the SMR-300 design and safety case in line with the objectives of Step 2;
which I judge to be the most safety significant or where the hazards appear least well controlled;
where I consider that justification and scrutiny of the design or safety case may be needed due to factors such as novelty or uncertainty; and
where the SMR-300 design or safety case differs from established RGP.
I have targeted the nuclear design of the SMR-300 core, and approach to validation of the selected nuclear analysis codes. The core design is novel in having an unusually high aspect ratio (tall with a comparably small core diameter). It incorporates a metallic heavy reflector around the core periphery to reduce the high neutron leakage caused by this design choice. In my opinion the core nuclear design is a fundamental part of the SMR-300 design because it has strong effect on the plant response to fault conditions and because a change in the core geometry, if it were required, could cause significant changes to the wider plant concept.
[bookmark: _Hlk203031017]I have targeted the thermal hydraulic design of the core, primarily the topic of core inlet flow distribution. The SMR-300 design incorporates a novel single combined steam generator / pressuriser and an asymmetric reactor coolant loop layout, with flow entering from both cold legs on the same side of the RPV. This could be expected to lead to asymmetric flow within the RPV. I have assessed whether the design incorporates features to ensure a sufficiently even and stable flow distribution at core inlet, and whether its effects are accounted for in the safety case. In my opinion this is a fundamental aspect of the SMR-300 design and safety case because an inability to adequately control, understand or account for asymmetry in reactor core flow could undermine the single steam generator concept. International PWR OpEx shows the importance of adequate control of core flow distribution (for example see references [34] and [35]).
I have targeted aspects of the fuel design. The SMR-300 core contains a reference fuel assembly design (Framatome ‘GAIA’) with a grid design that is novel to the UK. I have assessed the identification and management of fuel safety requirements set by the RP to check that they are complete and any novel or contentious aspects are justified. I have reviewed the approach to justifying the grid design and OpEx submitted to support justification of the design. However, the RP informed ONR during Step 2 that the fuel design was likely to evolve after GDA due to a change in the fuel assembly proposed for the SMR-300 in the US (ref. [28]) and I judged that a more in-depth assessment would have limited value. Accordingly, I have not assessed in any detail how the GAIA fuel assembly design has been developed to reduce risk (such as prior optioneering activity, or identification of further options to reduce risk for SMR-300). I have not assessed any evidence from detailed analysis or testing to substantiate the design. Nor have I assessed the suitability of the fuel design and manufacturing codes & standards identified in Step 2, given Framatome’s long standing as an international PWR fuel supplier. However, I am satisfied that the assessment I have conducted is sufficient to allow me to reach a conclusion as to whether the SMR-300 reference fuel design presents any fundamental shortfalls. 
I have targeted the topic of fuel integrity in dry storage. The SMR-300 design incorporates an SFP inside containment, which is therefore constrained in size. The capacity for wet storage of spent fuel appeared lower than for other PWRs whose safety cases have been assessed by ONR, meaning a shorter cooling time before the fuel must be dried and transferred to dry storage. If the cooling time were insufficient, that could pose a risk to fuel integrity during and after the drying process. I therefore assessed whether the RP is giving adequate consideration to this topic in developing the SMR-300 design and safety case. In my opinion it is a fundamental aspect of the SMR-300 design because a significant increase in spent fuel cooling time may only be possible by increasing the size of the containment structure.
In my assessment plan (ref. [14]) I stated that if any safety claims were placed on non-fuel core components (for example in-core instrumentation or RCCAs) that differ significantly from reactor designs previously assessed by ONR, I would assess whether these claims are supported by the component design(s), arguments and preliminary evidence presented. ONR’s PSA inspector has advised me that the PSA model submitted in GDA Step 2 does claim a probability of failure of the RCCAs to insert that is an order of magnitude lower than usually claimed, but that the presented risk profile is not currently sensitive to this change. Their view is that this is not a potential fundamental shortfall for SMR-300 and that assessment of the evidence supporting the claim can be undertaken post GDA Step 2. I have therefore not assessed whether this claim is supported by the RCCA or fuel designs in Step 2. I have however observed that the proposed ‘HARMONI’ RCCA design is a standard Framatome product similar to those currently used in many PWRs around the world, including the UK. I uncovered no other unusual claims on non-fuel core components during my assessment, so they have not been a target for my attention.
Safety Case Structure and Content
The RP has summarised the consolidated fuel and core safety case for SMR-300 within revision 1 of the PSR, Chapter B2 (ref. [6]). I have assessed the content of this against guidance in IAEA SSG-61 (ref. [23]), while cognisant of the maturity usually expected in a PSR and of guidance on the submissions to be provided for GDA Step 2 in Appendix 3 of ONR’s guidance to requesting parties [12]. Ref. [23] provides guidance on the format and content of safety analysis reports for nuclear power plants, with paragraphs 3.4.1-3.4.10 providing guidance on reactor core topics.
Although the structure varies, I judge that PSR Chapter B2 and supporting references adequately cover the large majority of content outlined in this IAEA guidance, at a sufficient level of detail to allow me to carry out a meaningful assessment in GDA Step 2. Sufficient information to demonstrate the effectiveness of two diverse shutdown systems has not been provided during Step 2 (IAEA SSG-61 paragraph 3.4.8 advises that the safety documentation should provide an evaluation of the combined functional performance of such systems). However, this topic is covered in ONR’s Fault Studies Step 2 assessment report (ref. [24]) so I have not discussed it further here.
For the remainder of my assessment I have generally referred to supporting references that provide more specific arguments and evidence on particular topics, rather than to the PSR itself. I found the quality of the RP’s final GDA Step 2 submissions to be good. In the Fuel and Core Design topic the key references were authored by Holtec Britain staff, but I have seen evidence that they were also reviewed and contributed to by staff in the wider Holtec International organisation.
[bookmark: _Ref204768445]Nuclear Design
The nuclear design of a reactor core includes the definition of the fuel assembly arrangement in the core, the selection of fuel assembly types for every location in the core, and the selection of fuel enrichments and burnable poison loadings in each fuel rod. It includes definition of core re-load designs intended to make appropriate use of burnt fuel assemblies and eventually reach a stable ‘equilibrium cycle’. It includes the selection of locations in the core for RCCAs (and their groupings), for in-core instrumentation, for neutron sources and the selection of any materials with the potential to affect core neutronics. It also includes definition of a number of operating limits and conditions including RCCA bank insertion limits, boron concentration limits and the intended operating cycle length.
The nuclear design is fundamental to achieving the desired power output, cycle length and fuel burnup for a reactor design. In turn, these parameters are fundamental to achieving the desired economic performance. From a safety perspective, the nuclear design has a direct impact on all three fundamental safety functions referred to by SAP ERC.1 because it determines global and local reactivity behaviour and heat production in the core. It effectively sets a wide variety of nuclear performance parameters, which have a significant influence on the plant response to abnormal conditions, the worth of protection systems and the safety margin available in faults. As a result, an inadequate or poorly-modelled nuclear design will likely lead to a loss of fault tolerance.
The nuclear design of a reactor core with all the above in mind is a complex multi-objective optimisation task with many variables. NS-TAST-GD-075 (ref. [19]) states “The inspector should be satisfied that limits have been placed on key core design parameters that influence the plant response to abnormal conditions and the worth of protection systems. These limits should be consistent with the data provided to fault analysis. Such limits place active constraints on the core design.”
It is not possible to assess individual elements of the nuclear design (for example, a particular fuel enrichment decision) in isolation because the reactor’s performance is a result of interaction between all of these elements together. My assessment of the nuclear design therefore has several strands, to allow me to reach a judgement on whether the SMR-300 nuclear design is likely to meet regulatory expectations:
an assessment of the design limits that the RP has set on the nuclear design that are important to safety, and how the limits are managed;
an assessment of whether the design has been developed and optimised in a way that should allow risks to be reduced to ALARP;
an assessment of the evidence provided that the reference design for GDA complies with the design limits (with particular focus areas identified in paragraph ‎66); and
an assessment of the applicability and validity of the selected nuclear analysis codes for the SMR-300 design.
[bookmark: _Ref192500547]Given the novel aspects of the core design identified in subsection ‎4.1, my particular focus areas included the demonstration of axial core stability, primary shutdown capability and an acceptable power distribution.
[bookmark: _Ref192515280]Nuclear Design Limits 
Informed by guidance in NS-TAST-GD-075 (ref. [19]) I expect the RP to place limits on key core design parameters that influence the plant response to abnormal conditions and the worth of protection systems. NS-TAST-GD-075 (ref. [19]) and IAEA SSG-52 (ref. [22]) provide a list of typical core design parameters to be limited. In particular, informed by SAPs EAD.1, ERC.1, ERC.2 and ERC.3 I expect limits to be set on:
maximum fuel assembly and/or fuel rod burnup, effectively defining a safe working life for the fuel in terms of irradiation;
the power distribution to ensure sufficient heat removal from all parts of the core during normal operation and faults;
reactivity coefficients to ensure adequate control of reactivity during normal operation and faults;
shutdown margin to ensure that sub-criticality can be achieved by the primary shutdown system in the most reactive conditions permitted by the safety case; and
stability indices (or equivalent) to ensure the reactor is stable to xenon oscillations in normal operation.
Following engagement during GDA, the RP has issued a dedicated fuel design criteria and limits report (ref. [31]) which includes nuclear design limits, alongside a nuclear design basis report (ref. [32]). I have found that ref. [31] presents all the nuclear design limits in a structured fashion and explains the purpose and the basis of each. In my opinion, at Step 2 this is a strength of the safety case. In future, the limits should be formally captured in a manner consistent with the project’s wider requirements management approach. The RP’s approach to requirements management has been assessed in Step 2 by ONR’s Management for Safety and Quality Assurance inspector (ref. [36]).
Ref. [31] presents a limit on maximum fuel assembly average burnup in GWd/Te. It also presents two limits on maximum fuel rod average burnup, one applying to all fuel rods and a lower one applying only to fuel rods containing gadolinia poison. The RP has not presented any justification for these limits in Step 2. However, I am satisfied that they are consistent with limits applied internationally to UO2 fuel rods with zirconium alloy cladding and I judge that they do not present a potential fundamental shortfall.
I have found that conventional limits on core power distribution are set using thermal hydraulic analysis presented in a thermal design limits and operating envelope report (ref. [37]). I am satisfied that the analysis is suitable at GDA Step 2 and the limits should help to ensure adequate heat can be removed from the core. The values should be validated or refined when SMR-300 design basis fault analysis is more mature. The status of design basis fault analysis at the time of GDA Step 2 is discussed in ONR’s Fault Studies assessment report (ref. [24]).
Ref [31] states that reactivity coefficients including the moderator temperature coefficient, Doppler temperature coefficient, isothermal temperature coefficient, power coefficient and void coefficient shall all be negative throughout core life. Criteria are also included to ensure that the core shall remain stable, and power peaking remain acceptable, in the presence of xenon oscillations. Based on my experience with other reactor designs, these requirements are conventional. I judge that compliance with these criteria will help to ensure adequate control of reactivity and core stability because increases in power, fuel or coolant temperature will act to reduce reactivity.
A minimum shut down margin limit criterion has been set. The RP has not presented any justification for the limit in Step 2, but it is widely applied internationally and early analysis shows that significant margin is available to the limit (see also paragraph ‎85).
None of the nuclear design limits presented in Ref. [31] appear novel or contentious. Informed by SAPs EAD.1, ERC.1, ERC.2, ERC.3 and guidance in NS-TAST-GD-075, I judge that the nuclear design limits presented for SMR-300 are consistent with my expectations for GDA Step 2 and contain no fundamental shortfalls.
[bookmark: _Ref192604740]Development and Optimisation of the Nuclear Design
The RP has presented the nuclear design of the core at GDA Step 2 in the nuclear design basis report (ref. [32]) and supporting documents that form part of the GDA design reference point (refs. [7], [38], [39], [40]). Core loading patterns are presented for the first operating cycle and for cycle 5 (representing the equilibrium cycle). I have chosen to sample the process by which the nuclear design of the core has been developed and optimised to date. The purpose of this is to allow me to judge whether it is likely the core design process will ultimately enable risks to be reduced to ALARP.
My expectations for an adequate demonstration that risks are reduced to ALARP are informed by NS-TAST-GD-005 (ref. [18]). In this case, I expect RGP to be followed through compliance with a set of suitable design limits (see subsection ‎4.3.1 and ‎4.3.3) and I expect the design to be informed by a suitable and sufficient risk assessment. NS-TAST-GD-005 also advises that all relevant design options to reduce risk should be considered. I expect the RP to be able to explain the chosen core size and to identify any alternative options considered for the type of fuel loading pattern. However, as noted previously, the nuclear design of a reactor core is a complex multi-objective optimisation task with many variables. Being proportionate and informed by SAP EKP.2, I expect the RP to demonstrate that its nuclear design optimisation process will reduce risks by minimising the plant’s sensitivity to faults, rather than to report explicit consideration of every possible permutation of the core design.
The RP has not submitted a formal process describing how core nuclear design should be undertaken within its organisation. However, key elements are covered within the SMR-300 nuclear design basis report (ref. [32]).
Optioneering and Optimisation of the Core Design
The Holtec SMR-300 evolved from a lower power ‘SMR-160’ reactor design prior to GDA. The nuclear design basis report (ref. [32]) explains at a high level the logic behind the size of the SMR-300 core. To accommodate the power up-rate without greater impact on the wider plant design, the number of fuel assemblies was increased to 69 and forced flow provided for heat removal in normal operation. The length of the fuel assemblies was unchanged. To enable the desired 18-month cycle length to be achieved for SMR-300, changes were also made to the average fuel U-235 enrichment and gadolinia poison content.
I am satisfied that ref. [32] adequately sets the context for the nuclear design by explaining the basis for the size of the SMR-300 core. I did observe that the average U-235 enrichment across the core is only just under 5% (the maximum generally used in commercial PWRs). This is not a shortfall but in my opinion it could potentially limit the ‘design space’ available for optimisation of the core loading pattern to meet all relevant requirements.
Ref. [32] identifies that several high level options were considered for the SMR-300 core loading pattern. The {REDACTED} was chosen for further optimisation because the RP considers that it provides an acceptable balance between fuel utilisation, neutron leakage and power peaking. I understand from engaging with the RP during GDA (ref. [41]) that {REDACTED} is in fact the only one of those considered that the RP believes will allow both its limits on power distribution and its desired cycle length to be achieved, because the SMR-300’s small core radius causes high neutron leakage. In my view, {REDACTED} therefore provides an appropriate starting point for further optimisation.
Ref. [32] goes on to explain that several nuclear design limits were used as figures of merit to optimise the nuclear design. These were burnup limits, power distribution limits, shutdown margin, reactivity coefficients and the commercial target to achieve an 18-month cycle length. I observe that apart from the cycle length target, these are consistent with a subset of the limits presented in ref. [31] and discussed in subsection ‎4.3.1. In my experience from other reactor programmes, power distribution limits, reactivity coefficients and shutdown margin are particularly important in determining safety margin in faults. I judge that using these limits as figures of merit should enable the core design to be optimised in a way that minimises sensitivity to faults and thereby reduces risk.
[bookmark: _Ref204767700]Risk Assessment
In terms of risk assessment to inform the core design, this should ultimately be provided through design basis fault analysis. The fault analysis for SMR-300 is immature at GDA Step 2 (see ONR’s Fault Studies assessment, ref. [24]), resulting in ONR’s Fault Studies inspector raising a regulatory observation (RO). However, I have found during GDA Step 2 that insights from early fault analysis have been used to inform the core nuclear design. A change was made to the number and layout of RCCAs in the core design just before the start of Step 2 (as discussed in an engagement early in Step 2, ref. [42]). The RP explained that this change was made primarily to reduce the severity of a postulated RCCA ejection fault. I have also found that the quantification of power distribution limits in the operating envelope report (ref. [37]) is based on the need to ensure sufficient operating margin to fault acceptance criteria. An additional allowance is made for the impact of faults, in lieu of a comprehensive analysis.
Overall, I am satisfied that the core nuclear design process used by the RP to date is adequate. I anticipate that the design will continue to be developed as part of normal business post Step 2, as further optimisation work takes place and a fuller suite of fault analysis becomes available. The core design process should be integrated with the project’s wider design control and development processes. The RP’s approach to design control and development has been assessed in Step 2 by ONR’s Management for Safety and Quality Assurance inspector (ref. [36]).
[bookmark: _Ref198643867]Nuclear Design Compliance
I expect the RP to provide evidence that the reference core nuclear design complies with the nuclear design basis limits. A fully detailed examination of this evidence supporting the design will not take place until GDA Step 3 or a site-specific assessment. However, because of the importance of the core nuclear design to the overall safety of the plant and the novel aspects described previously, I have sought a sub-set of early evidence in Step 2 to demonstrate that there are no shortfalls that call in to question the fundamental adequacy of the SMR-300 design.
My focus areas included the demonstration of axial core stability, sufficient shutdown margin and acceptable power distribution. Following initial review of the evidence presented, I also challenged the RP’s position with respect to maximum fuel rod burnup, because the reference equilibrium cycle core design for GDA Step 2 is not compliant with one of the RP’s burnup limits. Anticipating that the core design will continue to be developed post Step 2, my focus here was to seek a demonstration that a fully compliant SMR-300 core design is nevertheless feasible and it is therefore likely that regulatory expectations can be met in future.
Power Distribution and Shutdown Margin
[bookmark: _Ref204873159]Data in ref. [32] shows that power distribution limits are met throughout cycles 1 and 5 (cycle 5 representing the equilibrium cycle), albeit with small margin in the limiting core states. The shutdown margin results, while only presented for cycle 1, show that the design has significant margin to the limit. Informed by SAPs paragraph 685 (ref. [10]), I sought to check whether these analyses account for uncertainties. For power distribution data, I sampled how nuclear analysis uncertainties are addressed in the nuclear design basis report (ref. [32]) and how engineering uncertainties are addressed in the thermal and mechanical design basis report (ref. [33]). Although some uncertainties remain to fully be quantified post GDA Step 2, I am satisfied that adequate margins exist at this stage of the project. For shutdown margin, I sampled the analysis in an RCCA analysis report submitted as part of the design reference (ref. [40]). In my opinion, accounting for guidance in NS-TAST-GD-075 (ref. [19]) and IAEA SSG-52 (ref. [22]), the approach taken to uncertainties is adequate. Overall I am satisfied that the power distribution and shutdown margin data presented by the RP is consistent with my expectations for GDA Step 2 and does not indicate any fundamental shortfall in the design.
Core Stability
Informed by SAP ERC.3, I sought a demonstration of core stability to axial xenon oscillations in GDA Step 2 because of the SMR 300’s high core aspect ratio. Following engagement during GDA, the RP has described its method for assessing stability to xenon oscillations and provided an initial assessment of the SMR-300 in ref. [32]. I observed that the method described should bound the impact of xenon oscillations due to planned power manoeuvres, or movements of the RCCAs to/from their insertion limits during operation. A stability index is calculated as a result of the transient xenon behaviour predicted by the nuclear analysis codes, with a negative stability index indicating a stable system.
The results in ref. [32] show that in the majority of cases the stability index is negative, indicating the core is stable with no operator intervention and xenon oscillations will naturally decay. Following a large power change at the end of cycle, the results suggest that the stability index will be slightly positive, indicating that oscillations would naturally increase without operator intervention. However, ref. [32] states that in all cases, safety case power distribution limits remain respected throughout the modelled period (of several days after the power change), without operator intervention. It states that axial offset (a measure of the relative power density in the top and bottom of the core) will remain within the target operating band in all cases if operator intervention is assumed after a number of hours to control the oscillations using RCCA movements and adjust boron concentration.
The RP argues overall in ref. [32] that the reactivity of the SMR-300 design will be controllable because of the axial stability results described above, stability to radial xenon oscillations and negative reactivity coefficients (moderator temperature coefficient, Doppler coefficient and overall power coefficient).
In judging the adequacy of this position I have used guidance from IAEA SSG-52 (ref. [22]). This recommends in paragraphs 3.18 and 3.23 that power distribution limits (peaking factors) should include allowance for xenon oscillations and that variations in the power distribution caused by effects such as xenon instability should be addressed in the design of the reactivity control system. Based on ref. [32], I judge that if the RP continues to develop the SMR-300 design and safety case in the same way, it is likely these recommendations will be met for the SMR-300 core.
To make a more informed decision about whether the high core aspect ratio of the SMR-300 design could present any fundamental shortfalls, I also engaged a TSC to conduct a literature review searching for any OpEx with such reactors. The TSC’s final report (ref. [43]) states that 17 PWRs have been identified with a relatively high core aspect ratio of ~ 1.5, and no negative OpEx was identified that was specifically linked to this characteristic. The SMR-300 core has the same active fuel height as these reactors, but a slightly narrower core and therefore higher aspect ratio.
On balance I judge it is likely that the expectations set by SAP ERC.3 and IAEA SSG-52 can be met if the RP continues to develop the SMR-300 design and safety case on the current basis. This judgement is based on the RP’s stability analysis results to date and the findings of the TSC report. I therefore judge in GDA Step 2 that the high core aspect ratio does not constitute a fundamental shortfall in the SMR-300 design.
Fuel Burnup
Through review of ref. [32] I found that the SMR-300 core design for cycle 5 (representing the equilibrium cycle) does not comply with the RP’s specified design limit for maximum rod-average burnup in fuel rods containing gadolinia poison.
Informed by SAP EAD.2, I expect that compliance be demonstrated with such burnup limits in order to show that adequate margins exist throughout the life of the fuel to allow for the effects of material ageing and degradation processes. Compliance with the limit is also necessary to ensure the validity of some of the fuel design and performance calculations that justify fuel integrity in normal operation and faults. Research has shown that the structure of fuel pellet material changes at higher burnups and may affect fuel behaviour in faults, as described in an IAEA TECDOC on the topic [ref. [44]. IAEA SSG-52 (ref. [22]) states that “fuel discharge burnup limits, which depend on the performance of the fuel rods and fuel assembly, and on the fuel management approach, should be assessed and justified accordingly.” The RP has recognised this non-compliance and raised an internal ‘design challenge paper’ intended to determine how the topic should be addressed [32]. It has also raised a GDA commitment (C_Fuel_128) to track the issue, which is captured in the PSR [6].
As discussed in subsection ‎4.3.2, I anticipate that the SMR-300 core design will continue to be developed post GDA Step 2 and I am satisfied that the process used by the RP for core design optimisation to date is adequate. However, during GDA Step 2, the RP has not provided a demonstration that this burnup limit non-compliance can be addressed through core design optimisation alone. Instead, within Ref [3] the RP has reported new analysis to show that if core thermal power was reduced slightly, the fuel burnup limits would be met. Alternatively, in my view it may be possible to address the non-compliance by reducing the cycle length (currently set at 18 months) or by introducing an advanced fuel design that allows for a higher uranium loading. However, these options could all have wider impacts on the SMR-300 plant design.
It is apparent to me that the RP has several potential options to resolve this shortfall. However, it is not clear whether the shortfall can be resolved without any impact on the wider SMR-300 plant or its design characteristics. I therefore judge it appropriate to manage this shortfall using an RO.
The RO capturing this topic is RO-HOLTECSMR300-005 (Ref. [45]). In brief, the RO actions are to (i) undertake optioneering to determine the means by which the non-compliance should be addressed, (ii) to provide evidence that the core nuclear design is then compliant with all relevant nuclear design limits and criteria, and (iii) to provide an assessment of any wider impacts of the chosen option. The RP has produced a resolution plan (Ref. [46]). This contains actions that I am confident should allow the shortfall captured by the RO to be addressed if they are properly enacted.
Nuclear Analysis Codes
The nuclear design of a reactor core makes use of complex computer codes to predict performance parameters like those discussed in previous subsections. Such parameters are important in determining the plant response to faults and the outcome of fault analyses. I have targeted the RP’s verification and validation (V&V) strategy for the nuclear design codes it is using because of the design of the SMR-300 core, with a high aspect ratio and heavy reflector. The RP is primarily making use of the CASMO/SIMULATE 5 code suite, owned by Studsvik.
My expectations for this strategy are informed by SAPs AV.1, AV.2, AV.3, AV.6 and associated guidance (ref. [10]). I expect that the validation should be performed by comparison with actual experience, appropriate experiments or tests, for each application of the code. I expect independent checks to be made against diverse methods, I expect uncertainties to be accounted for with an appropriate safety margin in the results, and I expect sensitivity studies to be conducted to key inputs and assumptions. The limits of applicability for the methods should bound the characteristics of the SMR-300 core, including the high aspect ratio and use of a heavy reflector.
The RP has summarised its V&V strategy in the nuclear design basis report (ref. [32]) and provided some additional information in response to a regulatory query (RQ), RQ-01847. I also observed a meeting on this topic between the RP and the United States Nuclear Regulatory Commission (US NRC), which was part of early engagement activities before a future construction permit application by the RP for an SMR-300 in the US. In summary the RP’s strategy is to take as its basis an existing topical report for the CASMO/SIMULATE 5 code suite that has been evaluated by the US NRC for application to other PWRs, and then undertake some extra work to demonstrate its applicability to the SMR-300 design. The non-proprietary version of the existing topical report is available at ref. [47] and the US NRC’s evaluation is available at ref. [48].
In the nuclear design basis report (ref. [32]), the RP has described the existing validation base for the code suite, stating that it includes a range of PWR plant measurements, experimental data and code-to-code comparisons. The information presented suggests that the experimental database includes measurements taken on cores with aspect ratios bounding that of the SMR-300 core, and with heavy reflectors.
The code suite has also been benchmarked against results from a Monte-Carlo code (MCNP6). The nuclear design basis report (ref. [32]) states that the RP will undertake further code-to-code comparisons to help derive uncertainty factors for application to safety-related core physics parameters. The RP’s response to RQ-01847 states that sensitivities to inputs including nuclear data and heavy reflector composition will also be considered to demonstrate the robustness of the modelling.
Ref. [32] states that CASMO/SIMULATE 5 predictions will be compared against low power physics test measurements from the first SMR-300 plant at Palisades in the US, assuming that it begins operation before the first SMR-300 plant in the UK.
At GDA Step 2 I am content to take some credit for the fact that the CASMO/SIMULATE 5 code suite has been widely applied for PWRs internationally and evaluated with a positive outcome by US NRC. I judge that the RP’s V&V strategy for these codes is consistent with my expectations at GDA Step 2, and contains no fundamental shortfalls.
Conclusion
In all but one area, I judge the information that has been submitted about the SMR-300 core nuclear design is consistent with my expectations for GDA Step 2. My expectations were guided by SAPs EKP.2, EAD.1, EAD.2, ERC.1, ERC.2, ERC.3, AV.1, AV.2, AV.3, AV.6, NS-TAST-GD-005, NS-TAST-GD-075 and IAEA SSG-52. If the RP continues to develop the SMR-300 design and safety case on this basis and also addresses the shortfall identified in paragraph ‎105, I judge it is likely that the final design will be compliant with UK regulatory requirements and expectations. ONR will assess the final design and safety case in future activities.
[bookmark: _Ref201749637]I have identified a shortfall against RGP and the RP’s own design criteria in terms of the allowable burnup for fuel rods containing gadolinia poison. I judge that this does not represent a fundamental shortfall with the design or safety case because there are multiple potential options to resolve it. However because of the potential impact on the wider plant and safety case of some of these options, I have raised RO-HOLTECSMR300-005 to manage it. The RP has produced a resolution plan (Ref. [46]). This contains actions that I am confident should allow the shortfall captured by the RO to be addressed if they are properly enacted.
Thermal Hydraulic Design
Thermal hydraulic design and analysis of the reactor core is necessary to demonstrate that the fundamental safety function to remove heat from the core is delivered with an appropriate degree of confidence, in accordance with the principle set by SAP ERC.1.
There are two novel aspects to the thermal hydraulic design of the SMR-300 core. The first is that the reference ‘GAIA’ fuel assembly design incorporates designs of spacer grid that are new to the UK. Spacer grids affect the fuel assembly pressure drop and extent of mixing within the core, so affect the margin to thermal hydraulic safety limits. I have assessed the RP’s approach to justification of these from a thermal hydraulic perspective in subsection ‎4.4.3. The second aspect, and most fundamental to the SMR-300, is the asymmetric plant configuration and therefore greater potential for asymmetric flow at core inlet.
All PWR designs have to consider means to distribute the flow from the RPV inlet to the fuel in the reactor core. This often involves dedicated geometrical features below the reactor core and sometimes at the bottom of the downcomer. Without these, there is operational experience in PWRs of large vortices being generated underneath the core, which can cause uneven or fluctuating core flow. The asymmetric nature of the SMR-300 reactor coolant system might be expected to increase this type of effect if not adequately addressed by the design.
The potential consequences of a significant asymmetry in flow, or of large fluctuations in flow distribution, are threefold:
There may be reduced cooling flow to some of the fuel, potentially reducing margin to thermal limits and therefore fault tolerance.
There may be a modified power distribution in the core due to differences in cooling flow and the moderator temperature reactivity coefficient. This may cause an uneven burnup distribution across the core, which could affect control rod differential worths and make reactivity control more challenging.
There may be high cross-flows induced across the core at the lower end of the fuel assemblies as flow redistributes. This would make the fuel more vulnerable to grid-to-rod fretting failures caused by flow-induced vibration, and therefore could threaten fuel integrity in normal operation.
The potential consequences of an uneven core flow distribution therefore impact upon all three fundamental safety functions referred to by SAP ERC.1 and are difficult to mitigate through any means other than addressing the flow distribution itself.
I have assessed the RP’s justification of the reference core flow distribution design in GDA in subsection ‎4.4.1 and its plans for validation of the design in subsection ‎4.4.2.
[bookmark: _Ref192662013]Core Flow Distribution Design
Informed by SAPs ERC.1, ERC.3, FA.7, IAEA SSG-52 (ref. [22]) and NS-TAST-GD-005 (ref. [19]), my expectations for this topic are that:
the design should incorporate features to ensure a sufficiently even and stable flow distribution at core inlet;
the safety case should present optioneering work to demonstrate that the chosen design will reduce risks to ALARP; and
any flow asymmetry or instability that is predicted at core inlet should be adequately accounted for in both thermal hydraulic fault analysis and the fuel assembly mechanical design justification.
Guided by NS-TAST-GD-005 (ref. [18]) I have also sought evidence that all relevant design options for the reactor coolant system loop arrangement itself have been considered to reduce risk, before the RP decided on the presented asymmetric loop configuration.
The RP’s position on this topic is provided in its Overview of Fuel & Core Components report (ref. [30]) (design overview, some optioneering) and Thermal and Mechanical Design Basis report (ref. [33]) (optioneering, flow distribution acceptance criteria, analyses, fault studies allowances). The design of core flow distribution features has evolved in parallel with GDA Step 2 and the reference design at the conclusion of my assessment is recorded in SMR-300 design reference point 1.1 (Refs. [7], [49]).
Design Optioneering and Flow Distribution in Normal Operation
Appendix A to ref. [33] describes the high level design options considered for the reactor coolant system loop arrangement, in the context that the SMR-300 is a plant with a single steam generator and two reactor coolant loops. It also explains the factors considered within the optioneering process, which include the influence on coolant flow through the reactor, as well as the ease of correcting potential flow imbalances. The high level options considered include: (1) symmetrical hot leg nozzles and cold leg nozzles but with either the two hot legs or the two cold legs having different lengths to each other; (2) symmetrical cold leg nozzles and asymmetric hot leg nozzles; (3) symmetric hot leg nozzles and asymmetric cold leg nozzles; and (4) fully symmetrical arrangements in both hot and cold legs, enabled by the cold leg nozzles being placed directly below the hot leg nozzles. Appendix A to ref. [33] explains the assessed benefits and disbenefits of each option. I have not assessed any detailed evidence underlying this optioneering process, but I am satisfied that all relevant design options have been considered to reduce risk in this context, and the presented arguments in favour of the selected option (3) are logical.
The RP has presented analysis of four different design options for core flow distribution features using a computational fluid dynamics (CFD) model of the flow upstream of the core inlet, in pumped flow conditions. The results show clear differentiation between the different options in terms of their performance in managing the flow distribution, and the RP's selected option is that which reduces flow maldistribution and asymmetry the most. The resulting predicted maldistribution is bounded by the assumptions that the RP states will be used in its thermal hydraulic fault analysis, and is similar in magnitude to that which I have seen predicted for other reactor designs. The RP has also provided evidence that the effect on neutronic performance in the core should be insignificant if the maldistribution predictions are correct.
Following assessment of this work, I am satisfied that the reference design now incorporates features to ensure a sufficiently even flow distribution and the predicted maldistribution should be adequately accounted for within the fault analysis. I am also satisfied that adequate optioneering has been undertaken to refine the design and reduce risks at this stage, both in respect of the reactor coolant system loop arrangement and the core flow distribution features themselves. The CFD analysis supporting all this has not yet been validated. I have reported my consideration of this topic in subsection ‎4.4.2.
Although no mature thermal hydraulic or fuel mechanical design justification is yet available for the SMR-300 fuel, I judge that if the predicted flow maldistribution can be validated in future then it does not represent a fundamental risk to the design. This is because it is bounded by the assumptions that the RP states will be used in its thermal hydraulic fault analysis, and is similar in magnitude to that which I have seen predicted for other reactors.
Flow Stability and Flow Distribution under Natural Circulation Flow
The RP has not yet provided any evidence of the stability of the SMR-300 core flow distribution. However, the RP has raised a GDA commitment (C_Fuel_129) in the PSR to address this in future. It states “additional justification is required regarding thermal-hydraulics and fuel mechanical performance in relation to coolant flow stability… to include time-dependent modelling of coolant flow and sensitivity studies…” (ref. [6]). I judge that it would be disproportionate to expect the completion of such an analysis in GDA Step 2, given that design development of the flow distribution features has only recently taken place. This topic may be subject to ONR attention as part of future regulatory activities.
The RP has also not yet provided any quantitative evidence that the core inlet flow distribution will be adequately managed when decay heat removal in the core is by natural circulation rather than by pumped flow, as will be the case in many faults. V&V of predictions of the SMR-300 plant’s natural circulation performance in faults is a subject of the ONR Fault Studies assessment (ref. [24]), but that work has not considered core inlet flow distribution, so I have covered the topic here. In response to RQ-02112, the RP has provided the qualitative justification that once the reactor is shutdown, core flow distribution at inlet is less important because flow in the core is buoyancy-driven. Hotter areas of the core will drive higher local flow rates and as long as the core remains covered, the RP expect that there will be sufficient decay heat removal.
The RP explained that this approach to flow distribution with natural circulation will be substantiated in future using the sub-channel code COBRA-FLX, and that its cross-flow model is valid for both forced flow and natural circulation (I have not sampled the evidence supporting this in GDA Step 2). The RP explained that sensitivity studies will be run to determine conservative flow maldistributions to use in fault analysis, and to show that fault acceptance criteria are still met. This should substantiate the argument put forward above that core inlet flow distribution is not an important factor in determining decay heat removal through natural circulation. I accept these arguments for the purpose of GDA Step 2, but note that supporting evidence may nevertheless be subject to ONR attention as part of future regulatory activities.
Operating Experience with Highly Asymmetric Flow at RPV Inlet
Due to the novel nature of the SMR-300’s asymmetric primary loops and because the design has not been experimentally validated at the time of GDA Step 2 (see subsection ‎4.4.2), I engaged a TSC to conduct a literature review searching for any OpEx with similar reactor designs. The TSC’s final report (ref. [43]) states that two reactors (José Cabrera in Spain and BR-3 in Belgium) have been identified to have operated with a single external coolant loop and corresponding asymmetric positioning of the main coolant pipework connections to the RPV. In my view the BR-3 reactor is not strictly relevant because it was largely an experimental facility with much lower thermal power. However, the José Cabrera plant was a single loop PWR power station that operated between 1968 and 2006. Based on information in ref. [43], it had a similar power density to the SMR-300, although a lower power-to-flow ratio. My TSC reports that no negative OpEx was identified that was specifically linked to asymmetric flow at core inlet. In my opinion, this OpEx constitutes some supporting evidence that the SMR-300’s asymmetric loop concept is not fundamentally flawed.
[bookmark: _Ref201761283]Overall, based on the arguments and evidence provided in Step 2, I judge that the asymmetric nature of the SMR-300 reactor coolant system and its impact on core flow distribution does not represent a fundamental shortfall in the design. However, the evidence presented by the RP is dependent on successful validation of its CFD analysis. I have covered this topic in subsection ‎4.4.2.
[bookmark: _Ref192671296]Core Flow Distribution Validation
At the time of GDA Step 2, the design of the SMR-300 core flow distribution features and the RP’s predictions of their performance are reliant on an ANSYS Fluent CFD analysis that has not yet been validated for the application.
My expectations for the validation of the SMR-300 core flow distribution are guided by SAPs AV.1, AV.2 and associated paragraph 679. This states that where possible, analytical models should be validated by comparison with actual experience, appropriate experiments or tests. IAEA SSG-2 (ref. [21]) also provides guidance on validation of computer codes from paragraph 5.21-5.39. I consider this guidance to be relevant because of the importance of core flow distribution to the plant safety analysis. Based on this guidance (particularly paragraphs 5.25-5.26), my expectation is that the validation of the SMR-300 core flow distribution should not be wholly reliant on analysis but should include testing. Further, it should include integral effect tests that are directly related to the SMR-300 plant, representing all or most of the relevant physical processes. The testing may be undertaken at a reduced scale.
I also note that practice in other reactor design programmes (with more conventional reactor coolant loop arrangements) has included the use of scale hydraulic tests to validate the performance of core inlet flow distribution devices. In my opinion this represents good practice, which is particularly relevant for a novel asymmetric design like the SMR-300.
The RP’s position on this topic is provided in Thermal and Mechanical Design Basis Revision 1 (ref. [33]) and in PSR Chapter B2 (ref. [6]). It states “It is Holtec International’s intention to performed instrumented scaled tests of reactor core flow prior to operation of the first SMR-300. Holtec is presently assessing the viability of using an existing test rig (such as those operated by the fuel vendor) and is also giving consideration to constructing a test rig which is bespoke to the SMR-300. Such a test rig will be used to validate numerical analysis performed for the SMR-300. The UK SMR-300 will benefit from these tests.” The report also states that the first of a kind SMR-300 plant in the US will have an instrumented RPV internals design, particularly to look for flow induced vibration, and from which OpEx could inform the UK programme. 
Ref. [33] also identifies the following future work “Development and commitment to a thermal-hydraulics test programme for the SMR-300 in order to validate thermal-hydraulics assessments”. A related GDA commitment (C_Fuel_129) has been raised in [6].
I judge that validation of the RP’s core flow distribution analysis using hydraulic testing is necessary to achieve a high level of confidence that there is no fundamental shortfall in the SMR-300 design (see paragraph ‎123). However, the RP has stated a clear intent in the safety case to undertake such testing, and I judge that it would be disproportionate to expect such testing to have already been undertaken before GDA Step 2. I have therefore not raised an RO to manage this topic. Whilst it will not be tracked, future project stages will be subject to appropriate regulatory assessment.
[bookmark: _Ref192671124]Spacer Grids and Sub-channel Thermal Hydraulics
The Framatome GAIA fuel assemblies included in the SMR-300 reference design contain a new design of spacer grid and intermediate mixer grid that are novel to the UK. These are described in ref. [30] and documents supporting the GDA design reference point (ref. [7]). They are important to removal of sufficient heat from the fuel because the pressure losses and the turbulent mixing caused by the grids influence the local coolant properties and margin to critical heat flux (CHF). A dedicated set of CHF correlations and associated sub-channel analysis methods for predicting departure from nucleate boiling ratio (DNBR) has been developed by Framatome for use with these grid designs. I have therefore assessed the RP’s mechanical and thermal design basis report (ref. [33]) to determine whether the methods developed appear to be in line with RGP and are likely to enable an adequate safety case to be built in future.
The methods described in ref. [33] include CHF correlations (named ORFEO-GAIA and ORFEO-NMGRID) that have been derived statistically using experimental data. They are designed to provide at least a 95% probability that departure from nucleate boiling will not occur on the limiting fuel rods at a 95% confidence level. Guided by NS-TAST-GD-075 (ref. [19]) and prior experience with other nuclear projects in the UK, I am satisfied that this approach is consistent with RGP.
I have also found from review of ref. [33] that:
the two different CHF correlations have been developed and will be applied together in order to ensure the correct grid geometry (mixing grid or non mixing grid respectively) is accounted for in the sub-channel analysis at each axial height in the fuel;
the correlations have applicability ranges that are expected to bound the SMR-300 operating conditions;
the correlations have been developed from experiment using the same analysis code (COBRA-FLX) with which they will be applied in the safety case, eliminating any associated code-to-code uncertainty;
the need for penalties in the DNBR limit to account for fuel rod bow and fuel assembly bow has been recognised;
allowances will be made in the DNBR analysis for core bypass flow and flow maldistribution (noting this is influenced by the core flow distribution, see subsection ‎4.4.1);
a conservative approach is being taken to definition of bounding power peaking factors for DNBR analysis; and
engineering and measurement uncertainties affecting the power distribution are accounted for.
Informed by SAPs ERC.1, FA.7, AV.1, AV.3 and SAPs paragraphs 685-686, I judge that the presented information is consistent with RGP for this topic. If the RP continues to develop the SMR-300 design and safety case on this basis, I judge it likely that the SMR-300 sub-channel analysis methods will allow an adequate safety case to be made in due course and do not present any fundamental shortfalls.
I have not assessed the experimental evidence underlying the CHF correlations (ORFEO-GAIA and ORFEO-NMGRID) in Step 2. Neither have I assessed the experimental evidence underlying the validity of the COBRA-FLX subchannel code. In GDA Step 2 I have taken credit for the fact that topical reports on these methods have previously been accepted by the US NRC (refs. [50], [51], [52]) and therefore judge that they are unlikely to present a fundamental shortfall for SMR-300. They may nevertheless be subject to ONR attention as part of future regulatory activities.
Conclusion
I judge the information that has been submitted about the SMR-300 core thermal hydraulic design is consistent with my expectations for GDA Step 2. My expectations were guided by SAPs ERC.1, ERC.3, FA.7, AV.1, AV.2, AV.3, NS-TAST-GD-005, NS-TAST-GD-075, IAEA SSG-2 and IAEA SSG-52.
I judge that validation of the RP’s core flow distribution analysis using hydraulic testing is necessary to achieve a high level of confidence that there is no fundamental shortfall in the SMR-300 design. This testing has not yet taken place. However, the RP has stated a clear intent in the safety case to undertake such testing, and I judge that it would be disproportionate to expect such testing to have already been undertaken before GDA Step 2. I have therefore not raised an RO to manage this topic. 
If the RP successfully completes this validation activity and continues to develop the SMR-300 design and safety case on the basis presented, I judge it is likely that the final design will be compliant with UK regulatory requirements and expectations. ONR will assess the final design and safety case in future activities.
[bookmark: _Ref203035681]Fuel Design
[bookmark: _Ref203035464]The SMR-300 fuel and core component designs are set out in ref. [30] and supporting design reference point documents (refs. [7], [53], [54]). The reference design for GDA includes a fuel assembly (Framatome ‘GAIA’) containing a grid design that is novel to the UK. The RP has informed ONR that the fuel design is likely to evolve after GDA due to a change in the fuel assembly proposed for the SMR-300 in the US (ref. [28]), but has not changed the GDA reference design. A change in fuel assembly design post GDA is not unique to this programme. GDA technical guidance (ref. [55]) states: “ONR recognises that the design of fuel assemblies routinely offered by fuel manufacturers can change in the interval between applying for a GDA and fabrication of the fuel assemblies. However, the design of other plant items depends on the fuel assembly performance too much to allow a GDA based on a loosely defined concept design. Any potential problems with a fuel assembly design need to be identified at an early stage and resolved. It is therefore necessary for GDA to assess a detailed reference design.”
I therefore consider that assessment of the reference fuel design for SMR-300 remains meaningful. However, in GDA Step 2 I have targeted my assessment carefully to avoid nugatory work. I have focused on:
fuel safety limits (requirements) set by the RP, to assess whether they are comprehensive and whether any novel or contentious limits have been justified (some of these limits become acceptance criteria for fault analysis and other core analysis, so are important interfaces between the fuel and wider plant);
the RP’s approach to justification of the spacer grids, which are the most novel part of the GAIA fuel assembly design; and
evidence provided by the RP that international OpEx with GAIA fuel to date is positive and does not indicate any significant shortcomings.
[bookmark: _Ref203035465]I have not assessed how the GAIA fuel assembly design has been developed to reduce risk (such as prior optioneering activity, or identification of further options to reduce risk for SMR-300.) I have not assessed any evidence from detailed analysis or testing to substantiate the design. Nor have I assessed the suitability of the fuel design and manufacturing codes & standards identified in Step 2, given Framatome’s long standing as an international PWR fuel supplier. However I am satisfied that my approach allows me to judge whether the fuel assembly reference design for SMR-300 presents any fundamental shortfalls and therefore whether it presents a valid interface for the rest of the reference design.
Fuel Safety Limits
The SAPs relevant to my assessment of the fuel safety limits are ERC.1, FA.7, AV.3 and SC.4. In summary, I expect that the fuel safety limits:
are set to ensure that the fuel clad will continue to meet its fundamental safety function to confine radioactive material;
are set conservatively and therefore enable conservative fault analyses if used as acceptance criteria;
are supported by relevant experimental evidence; and
are demonstrably complete (in other words, the set of limits is comprehensive).
However, in many cases the presented limits are familiar to me from other reactor programmes and I have not sought evidence from the RP to demonstrate their validity in GDA Step 2. NS-TAST-GD-075 and IAEA SSG-52 provide guidance on specific types of design criteria that should be applied for fuel in fault analysis, which I have used to inform my judgement about the completeness of the RP’s criteria.
The thermal and mechanical design basis report for the SMR-300 fuel (ref. [33]) describes a number of the fuel limits used in a narrative fashion. It provides reference to a published topical report on GAIA fuel, ANP-10342NP-A, GAIA Fuel Assembly Mechanical Design (ref. [56]), which it states is the “primary reference for the mechanical design assessments of the GAIA fuel assembly”. While the public version of this report is partially redacted and not specific to the SMR-300, I have been able to review the nature of mechanical design criteria used in it for the GAIA fuel design. Following engagement during GDA, the RP has also issued a dedicated fuel design criteria and limits report (ref. [31]). I have found that ref. [31] presents all the fuel safety limits in a structured fashion and explains the purpose and the basis of each. In my opinion, at Step 2 this is a strength of the safety case. In future, the limits should be formally captured in a manner consistent with the project’s wider requirements management approach. The RP’s approach to requirements management has been assessed in Step 2 by ONR’s Management for Safety and Quality Assurance inspector (ref. [36]).
I have found that limits are included on fuel clad stress and strain in normal operation and faults, clad fatigue, shipping and handling loads, fretting wear, clad oxidation and hydriding, fuel rod internal pressure and fuel assembly lift-off. Further limits are included to prevent failure due to clad hydriding, clad collapse, overheating in faults, a loss of fuel assembly structural integrity (hence coolability) during a loss of coolant accident (LOCA) or seismic event, or breaching of US NRC-established criteria for LOCA analyses and reactivity insertion accidents.
Informed by NS-TAST-GD-075 (ref. [19]) and IAEA SSG-52 (ref. [22]), it is my opinion that the fuel safety limits presented in refs. [31] and [33] are largely complete and do not contain any novel or contentious aspects that could present a fundamental shortfall for SMR-300.
I have found one shortfall, associated with prevention of fuel clad failures due to pellet clad interaction (PCI) and consequent stress corrosion cracking. Informed by refs. [19] and [22] I expect a limit to be set to preclude failure by PCI based on experimental ramp tests. The RP argues that prevention of PCI-induced failure will be achieved by showing that its clad strain limits and fuel melting limits are met. However, based on prior experience and after reviewing section 4.2 of the US NRC document NUREG-0800 (ref. [57], from where these two limits are sourced), my opinion is that they are unlikely to be sufficient to preclude failure of the fuel through PCI in all relevant conditions. I advised the RP of my position on this topic during GDA. The RP has stated in ref. [31] a recommendation that “limits for PCI could potentially be refined or altered on the basis of ramp test data”.
I judge the omission of a limit set to preclude failure by PCI based on experimental ramp tests to be a shortfall against my expectations at this time. However I judge that this does not represent a fundamental shortfall of the design or safety case. Such a limit can be added to the safety case and prevention of PCI-induced failures demonstrated at a later project stage. Whilst this shortfall will not be tracked, future project stages will be subject to appropriate regulatory assessment.
Spacer Grid Design Substantiation
The spacer grid designs used in the GAIA fuel assembly are novel to the UK and incomplete design information has been made available in GDA due to the lack of an appropriate non-disclosure agreement between Framatome US and ONR. Only limited design information is available in public through the non-proprietary version of ref. [56], which is cited by the RP in the SMR-300 mechanical and thermal design basis report (ref. [33]). However, this non-proprietary topical report does include information about the work done to substantiate the mechanical performance of the spacer grid design in the US. I have used this to build confidence that the spacer grid mechanical justification does not present any fundamental shortfalls for the SMR-300 safety case. I addressed thermal hydraulic aspects in subsection ‎4.4.3 of this report.
Informed by SAPs AV.3 and EAD.2 I have sampled ref. [56] to determine whether an adequate set of analyses and tests have been completed to verify the mechanical performance of the spacer grids in faults and to verify the mechanical resistance to degradation through fretting wear.
I have found that mechanical testing has been undertaken to understand the static and dynamic mechanical characteristics of the fuel assembly. These data have been used in analysis of the structural deformation of the fuel assembly in a combined ‘safe shutdown earthquake’ and LOCA to demonstrate the continued ability to insert the RCCAs and cool the fuel. I have found that fretting wear tests have been undertaken with full scale GAIA fuel assemblies in two different flow test loops at representative operating conditions, including assemblies that represent end of life conditions and cross flows representing those expected to be found at the lowermost span of fuel assemblies in the reactor. Due to the novel nature of the design, these tests were supplemented by additional mechanical tests in which the rod was excited by an electro-magnetic system.
I have not been able to review the details of these tests and analyses, nor the results. For the purpose of GDA Step 2, I am satisfied that the tests have been done and can take some credit for the fact that US NRC has approved the use of such fuel assemblies. On this basis I judge it is unlikely the nature of the tests or results will present any fundamental shortfalls for the SMR-300 safety case. I do not require further detailed information to enable a meaningful assessment in GDA Step 2. However, due to the novel nature of the spacer grid design in the UK, these topics may be subject to regulatory attention in future project stages.
[bookmark: _Ref204768000]GAIA Fuel Operating Experience
In accordance with guidance in NS-TAST-GD-075 (ref. [19]), I expect the introduction of the GAIA design to be supported by a programme of pilot loadings and sufficient relevant OpEx. In GDA Step 2, I have sought to gain assurance that international OpEx with GAIA fuel to date is positive and does not indicate any significant shortcomings.
This topic is addressed by ref. [33], supported by a Framatome letter containing a summary of fuel OpEx data (ref. [58]) and an analysis of lead fuel rod post irradiation examinations (PIE) previously presented in a conference paper (ref. [59]). In summary, from assessment of these references I found that:
GAIA lead fuel rods were subject to a variety of measurements during the reported PIE campaigns and the relevant results did not present any cause for concern;
GAIA lead fuel assembly test programmes have taken place in four different reactors worldwide, up to fuel assembly average burnups bounding the fuel assembly average burnup limit specified for SMR-300;
GAIA fuel assemblies have been used in reload quantities in five different reactors worldwide; and
no failures of GAIA fuel rods or other GAIA fuel assembly components have occurred in operation to date.
I have not been able to review the specific conditions under which this OpEx has been generated. However I judge that it is likely to be largely applicable because the environment under which the SMR-300 fuel will operate is not particularly novel. In particular, power density is in a conventional range, the core is not a high duty core in a thermal hydraulic sense (this topic being addressed in RQ-1687) and ONR’s Chemistry inspector has found no fundamental shortfalls in respect of primary chemistry control, cladding corrosion and crud (ref. [26]).
I therefore judge that sufficient OpEx exists to conclude that the GAIA fuel assembly captured in the SMR-300 reference design for GDA contains no fundamental shortfalls.
Conclusions
I have not identified any fundamental shortfalls against my expectations in GDA Step 2. My expectations were guided by SAPs ERC.1, EAD.2, FA.7, AV.3, SC.4, NS-TAST-GD-075 and IAEA SSG-52.  However I have identified one aspect (associated with the criteria to prevent fuel clad failure due to PCI) where the safety case does not fully align with my expectations. The RP has acknowledged this and I am satisfied that it can be addressed as part of ongoing design developments post GDA.
The RP has informed ONR that a further change to the fuel design is likely post GDA, but has not changed the GDA reference design. The exact nature of such a change would determine the impact it had on my assessment conclusions.
[bookmark: _Ref204767840][bookmark: _Hlk192844355]Fuel Integrity in Spent Fuel Storage
The RP’s strategy for management of SMR-300 spent fuel is outlined in ref. [60] and involves:
cooling of spent fuel assemblies for a minimum of 3 years in the SFP;
use of a multi-purpose canister (MPC) to transfer spent fuel assemblies from the SFP to a fuel handling area in the reactor auxiliary building, where processing (de-watering, drying and sealing/welding) for dry storage will take place; and
cross-site transfer of the MPC to an on-site independent dry fuel storage location.
The spent fuel drying process imposes a temperature transient on the fuel and clad. The magnitude of this transient depends on both the drying process and the remaining fuel decay heat, which itself is strongly influenced by the fuel’s cooling time in the SFP since it was last discharged.
Adequacy of the arrangements for management of SMR-300 spent fuel is largely in the scope of ONR’s NLR inspectors (ref. [25]). However, the nature of the fuel safety limits set to prevent a loss of fuel clad integrity during processing, transfer and storage is a specialist Fuel and Core topic. After consulting with the NLR inspector, I judged that this topic was potentially important to a fundamental assessment of the SMR-300. This is because the selected limits impact the required spent fuel cooling time, which in turn impacts the required SFP size. The SMR-300 SFP size is constrained by the containment structure, so a significant increase in spent fuel cooling time may only be possible by increasing the size of the containment structure.
ONR technical guidance for GDA (ref. [55]) states “In the case of the interim spent fuel storage design, ONR expects that in normal operation there are two barriers to the release and dispersal of radioactivity. It is necessary to substantiate design criteria for interim storage and to provide credible design calculations and arguments to demonstrate that sufficient SFP storage is available to safety operate the plant, but ONR will not expect detailed design of an interim spent fuel facility during GDA provided that no potentially ALARP design option is unreasonably foreclosed.”
My expectations for this topic are also informed by SAP ENM.6 and NS-TAST-GD-075 (ref. [19]). Dry storage fuel safety limits should be set to retain the integrity of the cladding as a barrier to fission product release, with consideration given to relevant degradation mechanisms. However, at GDA Step 2 I do not expect evidence supporting the limits to be provided unless a novel approach is proposed.
The RP set out its position on this topic in GDA Step 2 in response to an RQ (RQ-01558). The RP’s fuel limits and criteria report (ref. [31]) describes several fuel safety limits for dry storage in a qualitative fashion. Although the limits have not yet been fixed and will be developed further after GDA Step 2, I am satisfied from reviewing this report and RQ response that the RP’s intent is to set limits to prevent a loss of clad integrity. The limits and supporting discussion in ref. [31] show that the RP is considering all of the relevant fuel degradation mechanisms including clad creep (leading to high clad strain), clad corrosion and hydrogen embrittlement (including the potential effects of hydride reorientation). 
As there are no fixed fuel safety limits for SMR-300 at this stage, the RP is unable to present a dedicated SMR-300 analysis to prove that SFP capacity is sufficient to ensure that fuel integrity can be maintained on entry to dry storage. It has not yet conducted analysis to predict limiting fuel temperatures in SMR-300 dry storage. However, it argues in ref. [60] that some conclusions can be drawn for SMR-300 from existing analysis in the final safety analysis report (FSAR) submitted for dry storage of PWR fuel in a Holtec MPC-37 canister in a Holtec UMAX system in the US. It argues that:
the FSAR shows that in the US, fuel safety limits are met for 37 fuel assemblies in an MPC-37 canister with a three year cooling time;
the average fuel assembly burnup (which impacts decay heat) assumed in the FSAR significantly exceeds that predicted for the SMR-300;
the current intent is to load only up to 29 SMR-300 fuel assemblies per MPC-37 canister (that being the quantity discharged from the core each cycle), rather than the full 37; and therefore
calculated maximum temperatures for SMR-300 fuel with a three year cooling time should show greater safety margins than those predicted in the FSAR.
The RP also presents calculations of SFP capacity in ref. [60] to show that there is capacity for a cooling time of more than three years if necessary. The allocation in the SFP is enough to store spent fuel discharged from up to four operating cycles, in addition to space reserved for a full core offload. This means that in the limit, the RP states the plant could operate up to the end of cycle 5 before generation would have to cease if it was not possible to transfer fuel to dry storage. Ref. [60] states that in practice, it is assumed that 29 SFAs would be removed during the first planned dry fuel storage campaign at the end of cycle 4. At that stage, the fuel discharged after the first cycle should have had a cooling time in the SFP of around four and a half years.
The RP has identified other potential options to free up more SFP capacity if necessary, by either extending the pool or transferring fresh fuel directly from a submerged MPC to the reactor core during refuelling. The practicability of these has not yet been demonstrated. However, in my opinion the RP’s justification in GDA Step 2 that fuel integrity can be maintained during and after transfer to dry storage without needing to increase the capacity of the SFP is sufficient to demonstrate this issue does not represent a fundamental shortfall in the design.
In conclusion, the information that has been submitted on this topic is consistent with my expectations, guided by SAP ENM.6, NS-TAST-GD-075 and the ONR technical guidance for GDA (ref. [55]). If the RP continues to develop the SMR-300 design and safety case on this basis I consider it likely that the final design will be compliant with UK regulatory requirements and expectations. ONR will assess the final design and safety case in future activities.
Demonstrating Risks can be Reduced ALARP
A nuclear licensee or dutyholder in Great Britain has a legal requirement to reduce risks so far as is reasonably practicable (SFAIRP). NS-TAST-GD-005 (ref. [18]) provides guidance to ONR inspectors in regulating this topic. The term ALARP is usually used when referring to the level to which risks must be reduced in order to meet the legal requirement, and is considered equivalent to SFAIRP.
RGP in a particular situation is the collection of controls that, if implemented, would usually lead to the risk being reduced to ALARP based on the experience of similar circumstances (ref. [18]). Throughout this report I have assessed aspects of the SMR-300 fuel and core designs against expectations guided by RGP. In all cases except where I identified an explicit shortfall in prior sections of this report, I found that the information presented by the RP for SMR-300 was consistent with these expectations (commensurate with the maturity expected for GDA Step 2, per [12]) and therefore with RGP in that particular context.
I have found that the SMR-300 PSR Chapter B2 (ref. [6]) sets out explicitly the arguments as to how the core design contributes to the overall demonstration that risks are (or will be) reduced to ALARP. This encompasses arguments that the SMR-300 core design aligns with RGP (or will do when more mature), arguments that it will be subject to evaluation of risk through fault analysis, and a discussion of options considered to reduce risk.
The RP has also conducted its own review of the SMR-300 design and safety case against IAEA SSG-52 (ref. [22]) during GDA Step 2, as a source of RGP. I have sampled this review (ref. [61]) and found that it appears to be thorough and to have identified areas for future focus. In my view this piece of work is a positive development and improves the likelihood that the SMR-300 design will ultimately reduce risks to ALARP.
I used further guidance from ref. [18] to inform my assessment of some parts of the SMR-300 safety case where I sought a more explicit demonstration that risks have been reduced ALARP by consideration of options to reduce risk. These were the development and optimisation of the core nuclear design (subsection ‎4.3.2) and the core flow distribution design (subsection ‎4.4.1). In both these areas my expectations were met.
I have not assessed how the reference GAIA fuel assembly design has been developed to reduce risk (such as prior optioneering activity, or identification of further options to reduce risk for SMR-300.) This is because of the likelihood of further change to the fuel design after GDA Step 2 (see subsection ‎4.5, paragraphs ‎138 - ‎140).
Overall, guided by ref. [18] I have not identified any fundamental shortfalls in the SMR-300 design. If the RP continues to develop the SMR-300 design and safety case on a similar basis, the shortfalls identified in this report are addressed and any changes to the fuel design are adequately justified, I judge it likely that a demonstration can be made in future that risks are reduced to ALARP. ONR will assess the final design and safety case in future activities.
[bookmark: _Toc214280387]Conclusions
12. This report presents the Step 2 Fuel and Core Design assessment for the GDA of the Holtec SMR-300 design. The focus of my assessment in this step was towards the fundamental adequacy of the design and safety case. I have assessed the SSEC, SMR-300 design, and relevant supporting documentation provided by the RP to form my judgements. I targeted my assessment, in accordance with my assessment plan (ref. [14]), at the aspects of the SMR-300 design that are novel, contentious, or where significant safety claims are made. My expectations were informed by ONR’s SAPs, TAGs and other guidance which ONR regards as RGP. 
Based on my assessment, I have concluded the following:
The RP’s final GDA Step 2 submissions are of good quality.
The RP has presented a set of nuclear design criteria and fuel design criteria in a structured fashion and explained the purpose and the basis of each. In my opinion, at Step 2 this is a strength of the safety case.
The methodology by which Holtec has developed and optimised its core nuclear design to date is adequate. In all but one case, the presented equilibrium core design is compliant with the nuclear design criteria at this stage. However, I have identified a shortfall against relevant good practice and the RP’s own design criteria in terms of the allowable burnup for fuel rods containing gadolinia poison. I judge that this does not represent a fundamental shortfall with the design or safety case because there are multiple potential options to resolve it. However because of the potential impact on the wider plant and safety case of some of these options, I have raised a regulatory observation (RO), RO-HOLTECSMR300-005, to manage this topic.
The RP’s V&V strategy for its chosen nuclear design codes is likely to enable an adequate demonstration of code validity for the SMR-300 to be produced in future, if it is fully implemented as described during GDA Step 2.
The high aspect ratio of the SMR-300 core design does not represent a fundamental shortfall.
The RP’s thermal hydraulic sub-channel analysis methodology is consistent with relevant good practice and should enable an adequate safety case to be built in future if the design continues to be developed on the same basis. Assessment of completed core sub-channel analyses was outside of the scope of Step 2 due to the level of design maturity.
Validation of the RP’s core inlet flow distribution analysis using hydraulic testing is necessary to achieve a high level of confidence that the asymmetric coolant flow inlets to the SMR-300 RPV do not represent a fundamental shortfall in the SMR-300 design. This testing has not yet taken place. However, the RP has stated a clear intent in the safety case to undertake such testing and raised an associated GDA commitment. I judge that it would be disproportionate to expect such testing to have already been undertaken before GDA Step 2. 
The RP has presented sufficient information to demonstrate that the fuel assembly design for SMR-300 contains no fundamental shortfalls, although has informed ONR that a further change to the fuel design is likely post GDA. The exact nature of such a change would determine the impact it had on my assessment conclusions.
The RP has presented a justification that fuel integrity can be maintained during and after fuel transfer to dry storage without needing to increase the capacity of the in-containment spent fuel pool. I judge this justification is sufficient to demonstrate that this issue does not represent a fundamental shortfall in the design.
If the RP continues to develop the SMR-300 design and safety case on a similar basis, the shortfalls identified in this report are addressed and any changes to the fuel design are adequately justified, I judge it likely that a demonstration can be made in future that risks are reduced to ALARP.
Overall, during GDA Step 2 I have not identified any fundamental safety shortfalls in the generic Holtec SMR-300 design. Subject to the provision and assessment of suitable and sufficient supporting evidence in future, I have found nothing that would prevent ONR permissioning the construction of a power station based on this design.
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	SAP reference
	SAP title

	SC.4
	The regulatory assessment of safety cases. Safety case characteristics.

	EKP.2
	Engineering principles: key principles. Fault tolerance.

	EAD.1
	Engineering principles: ageing and degradation. Safe working life.

	EAD.2
	Engineering principles: ageing and degradation. Lifetime margins.

	ENM.6
	Engineering principles: control of nuclear matter. Storage in a condition of passive safety.

	ERC.1
	Engineering principles: reactor core. Design and operation of reactors.

	ERC.2
	Engineering principles: reactor core. Shutdown systems.

	ERC.3
	Engineering principles: reactor core. Stability in normal operation.

	FA.7
	Fault analysis: design basis analysis. Consequences.

	AV.1
	Fault analysis: assurance of validity of data and models. Theoretical models.

	AV.2
	Fault analysis: assurance of validity of data and models. Calculation methods.

	AV.3
	Fault analysis: assurance of validity of data and models. Use of data.

	AV.6
	Fault analysis: assurance of validity of data and models. Sensitivity studies.
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