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[bookmark: _Toc215737797][bookmark: _Toc109727646]Executive summary
[bookmark: _Int_aXyNMGQl]This report presents the outcomes of my structural integrity 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 stepwise 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.
 I targeted the following aspects in my assessment of the SMR-300 DRP and SSEC:
[bookmark: _Hlk198821342]The RP’s safety case structure;
The RP’s design basis for the nuclear safety significant steel structures, systems and components (SSCs) of the nuclear island;
The RP’s approach to design assessments of these SSCs.
The scope of my Step 2 assessment is broadly in line with the scope I previously identified in Step 1. The lack of maturity of the SMR-300 design at the time of GDA limited my assessment to the RP’s approach with regards to the design of the reactor pressure vessel (RPV), the containment structure (CS) and to the conceptual aspects of the integral pressuriser, steam generator and primary pipework. The RP however provided sufficient information to support my structural integrity assessment within the scope of a Step 2 GDA.
The conclusions of my structural integrity assessment are as follows. 
In general, I found the quality of the RP’s final GDA Step 2 submissions to be good.
The RP has presented a set of design assessment 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 information within the PSR was presented at a high-level. It is incomplete in some areas. This is indicative of the lack of maturity of the SMR-300 design. Further substantiation will be required as the design develops.
Based on the information presented within the PSR, the RP has demonstrated a satisfactory knowledge of the relevant design codes. In all but three areas, I judge the information that has been submitted about the SMR-300 design assessment is consistent with my expectations for GDA Step 2.
The RP has in my opinion demonstrated a good understanding of the safety classification of SSCs. The RP’s approach in this regard is broadly consistent with ONR expectations ECS.1 and ECS.2. I have identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved (RO-HOLTECSMR300-006). The RP has provided a resolution plan which, if properly enacted, is appropriate to address this RO.    
The RP’s approach with regards to very high reliability (VHR) demonstration is in my view consistent with ONR SAP expectations EMC.1, EMC.2 and EMC.3. 
I have identified potential regulatory shortfalls which require action and new work by the RP to be resolved (RO-HOLTECSMR300-006, RO-HOLTECSMR300-008 and RO-HOLTECSMR300-009). The RP’s resolution plans corresponding to these topics, if properly enacted, are appropriate to address these ROs. 
The RP’s ALARP justification demonstrates that risk reduction measures have been an important aspect for the development of the SMR-300 design. Within the scope of a Step 2 GDA, the RP’s ALARP justification is in my opinion acceptable. Further development of the design should however confirm that the risks are understood and reduced to ALARP.
Overall, based on my assessment to date, and subject to the provision and assessment of suitable and sufficient supporting evidence, I have not identified any fundamental safety shortfalls that could prevent ONR granting permission for construction of a power station based on the generic Holtec SMR-300 design.
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[bookmark: _Toc215737799]Introduction
This report presents the outcomes of my structural integrity 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, Safeguard, and Environment Case (SSEC) (refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36]) the Design Reference Point (DRP) (ref. [37]), and supporting documentation (ref. [38]).
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 [39]), guidance on the mechanics of assessment (ref. [40]), ONR Safety Assessment Principles (SAPs) (ref. [41] [42]), together with the principles detailed in the supporting Technical Assessment Guides (TAGs), have been used as the basis for this assessment. 
Background
ONR’s GDA process (ref. [43]) calls for a stepwise 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. [44]).
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 (ref. [43]).
Prior to the start of Step 2, I prepared a detailed assessment plan for structural integrity (ref. [45]). 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. [46]).
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 PSR chapters A1 and A2 (ref. [1] [2]). The GDA scope was agreed in Step 1 although this has been modified, with agreement of the regulators, during Step 2 (refs. [47] [48]). 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 structural integrity assessment scope is defined in my assessment plan (ref. [45]) which is discussed in detail in section 4.1 and includes the following topics:
The RP’s safety case structure;
The design basis for the nuclear safety significant SSCs in the nuclear island;
The RP’s approach to design assessments of these SSCs.


[bookmark: _Toc215737800]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. [41]) 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 (ref. [49]) and nuclear security series (ref. [50]) 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. [51]), which represent good practices for existing nuclear power plants, and Safety Objectives for new reactors (ref. [52]).
2. The relevant SAPs, IAEA standards and WENRA reference levels are embodied and expanded on in the TAGs (ref. [53]).
1.1.1. Safety Assessment Principles (SAPs) 
3. The key SAPs applied within my assessment are EMC.1 to EMC.34 on the integrity of metal components and structures (EMC.1 to EMC.3 are relevant to highest reliability claims); ECS.1 to ECS.3 on safety classification; and EAD.1 to EAD.4 on ageing and degradation.
4. A list of the SAPs used in this assessment is recorded in Appendix 1.
Technical Assessment Guides (TAGs)
5. The following TAGs have been used as part of this assessment:
· NS-TAST-GD-005 – Regulating duties to reduce risks to ALARP (ref. [54]). 
· NS-TAST-GD-016 – Integrity of metal structures, systems and components (ref. [55]).
NS-TAST-GD-094 – Categorisation of safety functions and classification of structures, systems and components (ref. [56]).
· NS-TAST-GD-096 – Guidance on mechanics of assessment (ref. [40]).
National and international standards and guidance
6. The following international standards and guidance have been used as part of this assessment:
IAEA, Format and content of the safety analsyis report for nuclear power plants, specific safety guide No. SSG-61 (ref. [57])
IAEA, Safety of nuclear power plants: design, specific safety requirements SSR-2/1 (ref. [58])
IAEA, Design of the Reactor Coolant System and Associated Systems for Nuclear Power Plants, Specific Safety Guide SSG-56 (ref. [59])
IAEA, Ageing Management and Development of a Programme for Long Term Operation of Nuclear Power Plants, Specific Safety Guide No. SSG-48 (ref. [60])
The American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code Sections II, III and XI (ref. [61])
European Methodology for Qualification of Non-Destructive Testing. European Network for Inspection and Qualification (ENIQ) Report No. 61 Issue 4 March 2019 (ref. [62]).
Specific international guidance is referenced in the main text of this assessment when relevant.
Integration with other assessment topics
7. I have worked closely with other topics as part of my structural integrity 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. 
8. During my assessment, I interacted with other specialisms as follows:
The fault studies assessment provides input to the categorisation of safety functions and the classification of SSCs. This work is led by ONR's fault studies discipline.
The structural integrity assessment provides input to the missile generation, pipe-whip, and internal flooding aspects of the internal hazards assessment. The results of the RP's indirect consequences assessment inform the structural integrity classifications. This work is led by ONR's internal hazards discipline. 
The structural integrity assessment provides input to the civil engineering assessment of the annular reservoir (AR), particularly the interface of the design with the metallic CS.
The chemistry discipline provided input to materials selection and the assessment of potential through-life degradation aspects of the structural integrity assessment.
The fuel & core specialists have provided some input to my structural integrity assessment of the RPV and the irradiation aspects of the RP’s design life justification.
In addition to the above there have been interactions between structural integrity and several other technical areas at various stages of the assessment, for example, with ONR’s specialists for probabilistic safety assessment (PSA), mechanical engineering and management for safety and quality assurance (MSQA). These interactions are important to ensure consistency across ONR's assessment of specific technical aspects of the SMR-300 design and are discussed where relevant.
Use of technical support contractors
During Step 2 I have not engaged Technical Support Contractors (TSCs) to support my structural integrity assessment for the Holtec SMR-300. 


[bookmark: _Toc215737801]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 provides 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 structural integrity. It also identifies the supporting documents submitted by the RP which have formed the basis of my structural integrity assessment of the SMR-300.
Summary of the Holtec SMR-300 design
[bookmark: _Int_Gcb92x3I]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 MWe (from a thermal power of 1,050 MWth) 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 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 and the Spent Fuel Pool (SFP) are all held within a steel CS and a secondary steel and concrete Containment Enclosure Structure (CES). An AR, containing a large volume of water, is located between the CS and CES. The AR 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 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. [38]). 
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 (GSE).
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 (UK) 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 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.
Summary of the requesting party’s case for Structural Integrity 
Design principles
The aspects covered by the Holtec SMR-300 safety case for structural integrity are captured in PSR chapter B18 (ref. [20]) to support the overarching SSEC claim 2.2 that:
‘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.’
To support the SSEC claim, chapter B18 of the PSR presents structural integrity arguments to support the following claim 2.2.9:
“Higher Reliability SSCs are justified using appropriate methods such that risk is tolerable and As Low as Reasonably Practicable (ALARP).”
The structural integrity claim is supported by four subclaims as follows.
Subclaim 2.2.9.1 - Structural Integrity SSCs are designed using appropriate Codes and Standards.
Subclaim 2.2.9.2 - Higher reliability SSCs Structural Integrity is achieved through quality design, analysis, manufacture, and testing
Subclaim 2.2.9.3 - Higher reliability components will be tolerant of defects demonstrated by the avoidance of fracture.
Subclaim 2.2.9.4 - Through life monitoring, maintenance and inspection will provide forewarning of failures.
Chapter B18 (ref. [20]) presents an overview of the design of SMR-300 components in the nuclear island, 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 B18 contributes to the overall approach for demonstration that risks are reduced to ALARP.
The arguments and evidence summarised in chapter B18 are broadly grouped under two headings:
[bookmark: _Hlk206761277]definition of the structural integrity assessment methodology for higher reliability components and;
definition of beyond design code requirements for the demonstration of higher reliability components.
Chapter B18 presents some arguments that SSCs have been justified using appropriate methods in the derived sub-claims 2.2.9.1 to 2.2.9.4. The methods and assessments discussed cover the RP’s designated ‘Higher Reliability’ (HR) components. The RP divides the demonstration into two parts as follows:
‘achievement of integrity’ and;
‘demonstration of integrity.’
9. The RP’s approach to demonstrating beyond-design code expectations is laid out in section 18.7 of chapter B18 (ref. [20]). The RP’s ‘demonstration of integrity’ leg of the safety case is supported by subclaim 2.2.9.3:
‘Higher Reliability components will be tolerant of defects demonstrated by the avoidance of fracture’ 
The subclaim is itself divided into a defect tolerance assessment, fracture toughness testing and inspection qualification requirements set by the RP.
Ageing and degradation
The RP’s PSR Part B Chapter 9 (ref. [11]) explains that ageing and degradation management will be achieved through compliance with design codes and standards. The chapter describes the use of operational experience, identifies operational limits and outlines Examination, Maintenance, Inspection and Testing (EMIT) protocols for the plant's lifecycle.
 Reactor Pressure Vessel
The RP summarises the design basis of the RPV in section 3 of the design basis report (refs. [6] and [63]). These reports summarise the geometry, codes, and standards followed for the RPV's design and manufacture. It outlines design parameters, methodology, preliminary calculations, materials selection, and specific requirements. The document describes manufacturing methods and inspections, along with future work commitments for substantiation.
Integral pressuriser
The RP did not formalise the design submission for the pressuriser in the PSR documentation. For my assessment of the SMR-300 integral pressuriser design, I have used the RP’s response to Regulatory Query RQ-01675 (ref. [64]) and its supporting reference document in ref. [65]. These documents provide details of the design and inspections for the steam generator, included the welded integral pressuriser.
Once-through steam generator
The SMR-300 will include a single once-through steam generator. The RP’s design basis report (ref. [63]) provides a description of the design, materials, manufacture, inspection processes and stress analysis methodologies used for the once-through steam generator. In addition, the RP provided further details to support the design basis for the steam generator in response to RQ-01675 (ref. [64]). 
Primary coolant system
Section 2 of the design basis report (ref. [63]) provides a brief overview of the reactor coolant system. To support the arguments, I used the RP’s response to RQ-2101 (ref. [66]).
Containment structure
The RP provided a detailed reference document to support the design of the CS (ref. [67]). The document provides the design basis and an ALARP demonstration for the CS.
Demonstrating Risks are Reduced ALARP
To demonstrate that the risks are reduced ALARP, the RP presents an overarching argument in PSR chapter A5 (ref. [5]). This chapter of the PSR focuses 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. 
Specific to structural integrity, the PSR includes an ALARP demonstration in Chapter B18 (ref. [20]) which is supported by a specific argument in ref. [68].
Claim 2.2.9 in chapter B18 of the PSR 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 design aligns with the appropriate codes and standards (or will do when the design is more mature), implementation of beyond-design code measures for components that are classified as Very High Reliability (VHR) and in-service monitoring.
The RP’s structural integrity demonstration of ALARP (ref. [68]) brings further arguments explaining how risk reduction considerations have influenced the design of nuclear safety significant SSCs and how compliance with codes and standards supports the demonstration that risks are reduced ALARP.
Basis of assessment: requesting party’s documentation
The principal documents that have formed the basis of my structural integrity assessment are:
· Holtec SMR-300 GDA PSR Part B Chapter 1: Reactor Coolant System and Engineered Safety Features (‘chapter B1’)(ref. [6]).
· Holtec SMR-300 GDA PSR Part B Chapter 18: Structural Integrity (‘chapter B18’) (ref. [20]), as described in section 3.3 above.
· Holtec SMR-300 GDA PSR Part B Chapter 9: Description of Operational Aspects Conduct of Operations (‘chapter B9’) (ref. [11]).
· Structural Integrity Demonstration of ALARP (ref. [68]).
· Overview of Holtec SMR-300 Structural Integrity Main Metallic Structures and Components (ref. [69]).
· Structural Integrity Principles and Methodology (ref. [70]).
Codes and Standards for Structural Integrity (ref. [71]).
Containment Structure System-Based View (ref. [67]).

[bookmark: _Toc215737802]ONR assessment
Assessment strategy
The scope of my assessment was initially informed from the nuclear safety significance of the SSCs. This objective has led my assessment to primarily consider the RP’s approach with regards to the structural integrity demonstration of highest reliability components as described in EMC.1, EMC.2 and EMC.3 of ONR SAPs (ref. [41]). The RP designates such components as VHR components. I assessed the RP’s general approach to design and structural integrity assessments and how this compares to ONR’s expectations in the SAPs (ref. [41]). In my assessment, I also sought to focus on the structural integrity aspects of the SMR-300 which may constitute a departure from established design codes and standards. However, I also considered design features of the SMR-300, SSCs and materials which may be considered novel such as the material selected for the RPV, the once-through steam generator, the integral pressuriser, the use of stainless steel-clad ferritic pipework for the reactor coolant system and the CS.
The scope of my Step 2 assessment is broadly in line with the scope I previously identified in Step 1 (ref. [45]). The lack of maturity of the SMR-300 design at the time of GDA limited my assessment to the RP’s approach with regards to the design of the RPV, the CS and to the conceptual aspects of the integral pressuriser, steam generator and primary pipework. The RP however provided sufficient information to support my structural integrity assessment within the scope of a Step 2 GDA.
[bookmark: _Ref199510913]Assessment
Safety case structure
The RP’s approach to structural integrity is primarily defined in PSR chapter B18 – structural integrity (ref. [20]), supported by refs. [63], [68], [69], [70] and [71]. The RP’s safety case for structural integrity follows a Claim, Arguments and Evidence (CAE) structure, which is in my opinion clear, logical, and easy to follow.
In general, I found the RP’s presentation of the claim and arguments supporting the structural integrity safety case to be clear and well structured. The quality of the RP’s final GDA Step 2 submissions is good and in line with ONR’s experience with similar structural integrity demonstrations in GDA (refs. [72] and [73] for example). 

Safety classification
ONR’s expectations with regards to nuclear safety categorisation of SSCs are detailed in ECS.1 (safety categorisation), ECS.2 (safety classification of SSCs), paragraphs 158-168 of the SAPs, paragraph 97 of ONR’s TAG 94 (ref. [74]) and TAG 16 (ref. [55]). 
PSR Part A chapter 2 (ref. [2]) presents the RP’s design philosophy for the SMR-300. From a structural integrity perspective, the principles of the SMR-300 design, which is developed to follow a US regulatory framework, are largely applicable to the UK. PSR Part A chapter 2 identifies potential differences between UK and US regulatory expectations. Concerning structural integrity, the RP identified the concept of higher reliability components and the approach to safety categorisation and classification of SSCs.
The mechanical aspects of the classification are covered by the mechanical engineering chapter of the PSR (ref. [21]) and in the corresponding ONR specialist assessment (ref. [75]). The broader aspects of the RP’s approach to classification are addressed in the ONR’s fault studies specialist assessment (ref. [76]).
I have assessed the RP’s approach to nuclear safety classification with regards to structural integrity demonstrations. The classification, and therefore the standards of the design assessment and manufacturing, is consistent with ONR’s expectations (ECS.1 and ECS.2). Due to their nuclear safety significance, I sampled the RP’s approach to high reliability components in the rest of my assessment.
[bookmark: _Ref211602495]Very High Reliability (VHR) components
For components for which the consequences of gross failure are deemed not to be tolerable, ONR expects a clear and robust demonstration (EMC.1, EMC.2 and EMC.3). Such components are classified and termed ‘highest reliability components’ in ONR SAPs and typically include large metallic components such as the RPV.
The RP designates highly nuclear safety components as VHR. The RP provided a list of VHR components in GDA. The list includes components such as the RPV, the steam generator, the pressuriser, the RCP, and the reactor coolant system (RCS) primary pipework. The RP’s VHR list is not yet definitive, but the list provided in ref. [69] aligns with the components designated as highest reliability in similar PWR designs.
The RP’s preferred approach is to avoid the VHR classification by an appropriate design and engineered defence-in-depth solutions where possible (ref. [20]). This approach is consistent with ONR expectations in TAG 16 (ref. [55]).
The RP has developed a standard method to demonstrate structural integrity for VHR components, which aligns with the structure presented in ref. [77]. Although there is no mandated demonstration format, the RP has provided sufficient evidence to demonstrate that its approach to VHR demonstrations is consistent with UK RGP (TAG 16, ref. [54]).
To demonstrate ONR’s expectations with respect to highest reliability components, the RP has introduced a series of beyond-design code measures which include a defect tolerance assessment, inspection qualification, direct fracture toughness testing (including in the RPV surveillance programme), and a strict manufacturing process (ref. [70]). The proposed measures are consistent with ONR’s expectations EMC.1, EMC.2 and EMC.3 and with previous GDA experience in refs. [72] and [73] for example. 
Within GDA, the RP had not yet implemented the VHR assessment methodology described in ref. [70] into the design assessment. This work is not required within a Step 2 GDA and can be addressed as part of ongoing design developments post GDA.
Overall, the RP’s design assessment approach proposed for the SMR-300 aligns with UK practice and ONR expectations relevant to highest reliability demonstration: EMC.1 (safety case assessment), EMC.2 (use of scientific and technical issues) and EMC.3 (evidence). The beyond-design code measures proposed by the RP are in my opinion appropriate and consistent with my expectations. I did not identify any fundamental shortfalls in this area of the PSR.
High reliability components
[bookmark: _Int_JelZYVxW]PSR chapter B18 introduces a safety class termed high reliability components (see ref. [20]), which are positioned between class 1 and VHR classifications. The high reliability class would apply to components for which the consequences of failure are deemed to be “highly undesirable”, which the RP presents as events which might lead to unacceptable levels of radiological release. The RP defines high reliability as those components “where some protection exists but may only be evidenced to be functionally capable using best estimate techniques or data”. The high reliability classification would therefore be supported by a consequence argument.
Whilst I am satisfied the VHR above class 1 meets expectations of ONR classification EMC.1-3. In this step, I have seen no underpinning evidence to justify an intermediate class between class 1 and VHR. At the time of GDA, the RP had not identified any components which would fall within the ‘high reliability’ safety class and had therefore not demonstrated how the process would be applied in practice. If such arrangements become necessary structural integrity scrutiny may be necessary to confirm they meet ONR’s expectations. This may be followed up as routine business if an intermediate SSC classification is subsequently identified.  
Code and standards
ONR guidance on ‘Safety Standards’ (ECS.3) identifies that components and structures important to safety should be designed, manufactured, installed, examined, and inspected using codes, specifications, and standards commensurate with their safety classification. As such, the starting point for design is compliance with relevant national and international codes and standards. 
The RP summarised the structural integrity assessment methodology for the SMR-300 in ref. [70]. The SMR-300 is developed following the requirements of the ASME design code. The RP has selected ASME edition 2021 for the design of the SMR-300 (ref. [71]). The ASME design code is internationally recognised and is well established in the nuclear industry. Many of the light-water reactors built in the world have been designed to this code and the ASME design code has been applied for decades for UK nuclear facilities. The ASME code is considered to be RGP in ONR’s structural integrity guidance (TAG 16, ref. [55]). 
The RP identified that the safety case may need to be adapted to meet ONR’s expectations with regards to leak-before break (LBB) claims (see TAG 16 in ref. [55]). However, within GDA, the RP considered the application of the LBB concept in the safety case would not have a major impact on the SMR-300 design. It is therefore, in my view, reasonable to conclude that the current approach is proportionate at this stage. 
Overall, the RP has provided sufficient documents to support my structural integrity assessment of the codes and standards. The RP has provided preliminary scoping calculations for the RPV, in accordance with ASME, and has demonstrated a good knowledge and experience of ASME during GDA. I note the RP’s extensive experience in spent fuel casks manufacturing which provides further confidence of the RP’s capability in design code assessments and with the high manufacturing and design standards expected of the nuclear industry. The RP’s approach to design code assessments is in my view consistent with RGP and with ECS.1 and ECS.2.
The ASME design code proposed for the SMR-300 and the standards used to support structural integrity assessments, including SSC manufacture, are acceptable in the UK. I judge there are no fundamental shortfalls in this regard.
Design for inspectability
PSR chapter B9 (ref. [11]) describes how EMIT design code requirements will be met throughout the lifetime of the plant. For SSCs which will be classed as safety class 1, 2 and 3, the RP will follow the inspection requirements in ASME Section XI (ref. [61]). The RP’s approach to inspection is in my opinion appropriate and sufficient for these SSCs. For highest reliability components, the RP has introduced beyond-design code inspection measures, notably inspection qualification, in ref. [63].
The RP explains how the SMR-300 accounts for inspectability in the ALARP justification report supporting structural integrity (ref. [68]). Pipework and nozzle connections will be spaced and oriented in order to allow for inspections.
Overall, the RP’s approach with regards to design for inspectability is consistent with RGP and ONR’s expectation EMC.8. I did not find any shortfall within my assessment. However, the PSR information is presented at a relatively high level as the development of the SMR-300 is still ongoing at the time of GDA. I judge this to be a topic for follow-up as part of future normal regulatory business. 
Within the scope of GDA, I conclude that the RP has provided sufficient evidence to demonstrate that the SMR-300 design meets ONR’s expectations with regards to design for inspectability (EMC.8). I have not identified any fundamental shortfalls in this area.. 
Ageing and degradation
The design and the choice of materials for each system, structure and component (SSC) of a nuclear reactor is influenced by several factors: 
The nuclear safety function requirements of the SSC;
The tolerance to degradation of the SSC in the operating environment; 
The potential hazards and risks, which should either be eliminated, reduced, and/or controlled by an appropriate design and material selection process.
Some of the pressure equipment of particular concern to structural integrity, such as the RPV and the steam generator, in my opinion, will be difficult to replace during the lifetime of the plant. It is therefore important for ONR to gain confidence in the RP’s considerations of ageing and degradation and how these considerations have influenced the design and the material selection of the SMR-300.
For metallic SSCs, the consideration of ageing and degradation at the design stage and during service is long established practice (TAG 16, ref. [55]). ONR views international guidance and recommendations for ageing and degradation management, as described in IAEA, WENRA, US Nuclear Regulatory Commission (NRC) and Electric Power Research Institute (EPRI) documents, as being RGP (refs. [78], [58], [79], [80], [81], [82], [83], [84], [85] and [86]). These guidelines are reflected in ONR’s expectations for ageing and degradation management (EMC.3(c), EMC.3(d), EMC.11, EMC.13, EAD.1 and EAD.2).
The expectation is that the RP delivers an ageing and degradation strategy following the UK and international guidelines. Consistent with international recommended practices, ONR’s expectations are that ageing and degradation mechanisms should be considered at the design stage of the facility to inform the material selection process, the design, and future operations, including EMIT, through the lifetime of the facility (EAD.1, EAD.2). 
It is therefore fundamental for the RP to identify the relevant ageing and degradation mechanisms at the design stage and how these might affect the ability of the SSCs to continue to carry out their nuclear safety functions for the life of the plant. Proactive ageing and degradation management should be employed through life to ensure related risks are effectively managed. 
In the context of the 80-year design life claim, it is also fundamental for the RP to demonstrate that the materials selected for the main pressure components of the SMR-300 are the result of a robust process which includes a review of operational experience and the predictions for the rates of degradation of the SSCs.
The RP’s PSR Part B Chapter 9 (ref. [11]) explains that ageing and degradation management will be achieved through compliance with design codes and standards. The chapter describes the use of operational experience, identifies operational limits and outlines EMIT protocols for the plant's lifecycle. The supporting arguments for an 80-year design life of the plant may be summarised from the PSR and from engagement with the RP as follows (see RP’s response to RQ-1599 in ref. [87]):
Use of proven ASME materials;
Compliance with design code inspection requirements;
EPRI’s conclusion on operational experience;
US NRC’s recent approvals for licence extensions to 80 years.
Although these considerations may be important considerations at a high-level, these are in my opinion insufficient to demonstrate that the RP has duly considered the long-term effects of ageing and degradation to support the design and the material selection process.
In the absence of an ageing and degradation management plan drawn out at the design stage, my judgement is that the RP is yet to clearly demonstrate how the design life ambitions for the SMR-300 will be achieved. 
In line with international guidelines, ONR’s expectations are therefore that the RP develops an ageing and degradation management strategy at the design stage, with the aim to support the material selection and the design process. An inspection strategy should derive from the application of the ageing and degradation management plan. 
At the time of GDA, and within the information presented in the PSR, it is unclear how ageing and degradation has informed the material selection process and supports the design life ambitions for the SMR-300.
I have identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved. I therefore raised Regulatory Observation (RO) RO-HOLTECSMR300-008 (ref. [88]) for the RP to provide further justification to support the material selection process and the RP’s approach to ageing and degradation management. The RP has produced a resolution plan (ref. [89]). This contains actions that I am confident should allow the potential shortfall captured by the RO to be addressed if they are properly enacted.
The design considerations should be considered through the resolution of the RO. This RO does not represent a fundamental shortfall of the SMR-300 design, but I judge it needs further consideration from the RP due to its nuclear safety significance.
RPV
Importance of the RPV
The RPV is the principal component of nuclear reactors. The principal role of the RPV is to contain the reactor core, wherein nuclear fission reactions occur. The RPV encloses the reactor core and water under high pressure to facilitate efficient heat transfer from the core. The RPV must therefore be capable of withstanding substantial pressures and elevated temperatures, as well as irradiation. Demonstrating the structural integrity of the RPV is therefore essential for the design substantiation of the SMR-300.
I sampled the RP’s approach with regards to RPV design in refs. [6], [63], supported by the RP’s responses to RQ-01560 (ref. [90]), RQ-01772 (ref. [91]), RQ-01691 (ref. [92]), RQ-2230 (ref. [93]), for my assessment due to its nuclear safety significance. I also sought to determine how the RP has considered the requirements for achieving 80 years in the development of the RPV design.
Design principles
The RPV is likely to be classed as a VHR component, although the RP committed to confirm the classification following its fault assessment review. The RP’s preliminary classification for the RPV is in my opinion consistent with similar designs (ref. [72], [73] for example). The RP indicated the methodology it intends to follow but had yet to implement beyond design code considerations in the design assessment. This is acceptable as the details of the assessments are not a requirement of the GDA Step 2 review. 
The RPV of the SMR-300 will be made of thick forgings which will avoid the need for seam welds. The RPV will also avoid having a weld in the RPV beltline, where irradiation flux is the highest. The design principles for the RPV are therefore consistent with ONR expectations EMC.9 (product form) and EMC.10 (weld positions) to minimise the number and the length of welds and to avoid placing welds in high degradation locations.
At the time of GDA, the RP was still considering different design options to facilitate a fleet-wide deployment and manufacturing capabilities, for example for the design of the nozzles. Although these details still have to be confirmed in future developments of the SMR-300, the RP has in my opinion considered some of the practical aspects of manufacturing in the design process, which aligns with ONR’s expectation EMC. 14 (techniques and procedures). These details of the design are not required within the scope of a GDA Step 2 assessment. The RP’s argument with regards to its approach to manufacturing is therefore in my opinion consistent with expectations in GDA Step 2 (ref. [43]).
The RP provided preliminary scoping ASME design code calculations to support GDA in ref. [63]. The stress calculations only considered pressure stresses as the RP is still developing the fault studies aspects of the analysis. These preliminary design calculations however helped to demonstrate the RP’s capability and its understanding of ASME. The RP’s approach to stress analysis and its knowledge and experience of the ASME design code are, in my opinion, consistent with ONR expectation EMC.32 (stress analysis).
[bookmark: _Ref211600211]The RPV will be composed of a lower section and a thicker upper section where the nozzles will be attached. The RP selected this design arrangement to place all the nozzles and openings of the RPV in the upper section. The RP stated that this design was being developed in order to minimise the risk of uncovering the core in a loss-of-coolant accident (LOCA). Such an event would in my opinion be unlikely. However, the RP has in my view taken appropriate steps to reduce the risks to ALARP by the design of the RPV. I noted the proximity of a circumferential weld with a change in the thickness forgings between the mid shell and the upper shell of the RPV. In my opinion, welding close to such locations may affect the resistance of the RPV due to the combination of stress concentrations, lower fracture toughness properties in the heat-affected zone, welding residual stresses and the higher likelihood of flaws which are inherent to welding. 
In response to RQ-01691 question 6 (ref. [92]), the RP responded that ‘as the design develops, it is the intention to investigate what is practicable in terms of sizing and design of the forged sub-components’. The RP further stated that ‘It is noted that the current concept design could be shown to be acceptable through design-by-analysis but it is expected that the design will develop to eliminate some of these known issues’. The details of the RPV design are therefore likely to evolve as the SMR-300 matures. These future design developments may be addressed as part of normal business in the future. The concept of the RPV and the lines of development are however in my opinion consistent with the stages of evolution within the GDA process.
In conclusion, the RPV design presented at the GDA stage is consistent with ONR’s expectations with regards to classification (ECS.1, ECS.2) and manufacturing considerations (EMC.9, EMC.10 and EMC.14), subject to the RP's ongoing commitment to further design development (see paragraph 1021 above). I did not identify any fundamental shortfalls within the GDA Step 2 documentation with regards to the RP’s approach to stress assessments (EMC.32).
RPV material selection process
Fracture resistance properties
The material selection process for the RPV is fundamental to the design and typically limits the lifetime of the plant. Ductility is the property which describes the propensity of a material to plastically deform under constraints, which is essential for steel structure design (EMC.11, EMC.12, EMC.23).      
Modern practice for RPVs is to control chemical composition during manufacture within strict allowable limits and to select a ductile material with good fracture resistance properties to maintain a suitable margin against the risk of brittle fracture through life (see hydrogen-cracking and macro-segregation in RPV steels case studies in appendix 3 of TAG 16, ref. [55]). Paragraph 291 of ONR’s SAPs (ref. [41]) explains that ‘the RPV will need to have a very low frequency of gross failure’, and then ‘the approach is one of sound engineering practice’. I therefore sampled the fracture toughness aspects of the RPV in this assessment. I have been supported in this part of my assessment by ONR’s fuel and core specialists (ref. [94]) and by ONR’s metallurgy specialists.
There are in my opinion two important aspects when considering the fracture resistance properties of steels:
the margin between the ductile-to-brittle transition temperature and the minimum operating temperature. This is referred to as reference temperature for nil-ductility transition (RTNDT) in ASME (ref. [61]). The design code requires the demonstration of a minimum start-of-life Charpy energy value at a given temperature through testing. 
the upper shelf fracture toughness which may be determined from compact tension (CT) tests; see ONR SAP EMC.3(f) with regards to direct confirmatory testing of resistance to fracture (ref. [41]).
Both the RTNDT and the upper shelf fracture toughness are affected by neutron irradiation, which reduces the margin against brittle fracture over time. Since the risk of brittle fracture increases over time because of neutron embrittlement, selecting a material with good start-of-life fracture resistance properties and good resistance to irradiation is a key aspect of the RPV design (SAP EMC.23).
The RP’s design life claim of 80 years is beyond currently available operational experience. I therefore assessed the RP’s material selection process for the RPV in chapter B1 of the PSR (ref. [6]) and section 3.6 of the design basis report (ref. [63]), supported by the RP’s responses to RQ-1691 (ref. [92]), RQ-1772 (ref. [91]), RQ-2101 (ref. [66]) and RQ-2230 (ref. [93]). I also considered the material’s start-of-life fracture resistance properties and the RP’s justification for the achievement of the claimed design life of the RPV. In the absence of current operational experience beyond 60 years, I focused my assessment on the RP’s justification for the end-of-life neutron fluence predictions at the RPV wall, albeit the latter were only provided as being indicative and were based on the SMR-160 design which the RP provided in response to RQ-1772 (ref. [91]), supported by Appendix C of ref. [95]. These calculations however provide the basis for the RP’s design process and can allow for an evaluation of the end-of-life fluence predictions for the SMR-300 RPV to be made.
Material selection
For the RPV, the RP selected a readily available ASME material. The RP set strict copper and phosphorus limits in the RPV beltline to reduce neutron embrittlement. These elements are a well-documented source of RPV damage. The RP’s approach with regards to limiting impurities within the RPV material provides a reasonable mitigation strategy and aligns with RGP (see refs. [96] and [97] for example).
At the time of GDA, the RP had yet to engage with potential RPV manufacturers in order to define the material specification for the RPV. The RP’s material specification for the RPV should demonstrate that reasonable improvements will be made compared to the minimum design code allowances, consistent with modern RPV manufacturing expectations (refs. [98], [99] and [100]). A detailed material specification is however not required within Step 2 GDA. The RP is however yet to provide sufficient detailed design justification which will require further work as the design develops.
The RPV material of the SMR-300 will have less onerous start-of-life fracture resistance property requirements, measured by Charpy tests in the design code, than the material which is more commonly used in modern RPVs (see the relevant material requirements in ref. [101]). This could result in a less ductile material. As neutron embrittlement reduces the margin against brittle fracture over time, it is essential that the RP demonstrates that the RPV material will comply with design code criteria and that the margin against the risk of brittle fracture is suitably assessed. I have therefore identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved (RO-HOLTECSMR300-009, ref. [102]); see section 4.2.8.4.
Irradiated properties
The material which the RP selected is novel for RPV manufacture although it is often found in SSCs for non-irradiated use. Its behaviour under irradiation therefore is not known from tests or from surveillance programmes. The RP did not provide evidence of relevant operational experience with this material being used for RPVs during GDA. 
Although strength is important, modern RPV materials are usually selected for their good fracture resistance properties in addition to their strength. The chemical composition of the material selected for the SMR-300 RPV will be comparable to that for modern RPVs. The lower tempering temperature requirement during manufacturing could however affect the microstructure and therefore the ductility of the material, including its fracture toughness (ref. [100]). This is reflected by the less onerous RTNDT requirements in ASME section II part A for the SMR-300 RPV material compared to the requirements for the more usual material class (corresponding Table 3 in ref. [101]).
In response to RQ-1599 (ref. [87]), the RP provided a page extracted from an EPRI guidance document which defines ‘proven materials’ as ‘those with the same nominal composition and subsequent processing steps (e.g., heat treatment, fabrication and installation) and same exposure conditions as those used successfully for at least several years in existing LWRs’.
Due to the lack of experience or experimental data under irradiation for the material proposed for the RPV and due to the differences in the heat-treatment process with the class of the material more commonly used for RPVs, I therefore considered the application of the material selected for the RPV to be novel for its use under irradiation. ONR SAPs allow for the use of novel materials. However, EMC.3(f) expects that the use of novel materials is supported by appropriate evidence.
The material selected for the RPV of the SMR-300 is not listed in ASME section III Appendix G, which refers to fracture toughness predictions for design assessments. Materials which are not included in this appendix may still meet ASME standards. However, the appendix has additional testing requirements to demonstrate that the fracture toughness curve may be applied. The RP has not demonstrated how the additional testing requirements of the ASME design code in Section III, Appendix G (ref. [61]), will be met.
For the RTNDT end-of-life demonstration of the material, the RP intends to use the US NRC’s model in Regulatory Guide (RG) 1.99 which depends on copper and nickel content (ref. [103]). Due to uncertainties for high-fluence predictions (ref. [104]), the RP also intends to use the American Society for Testing and Materials (ASTM) E900 model (refs. [105], [106]). The RG 1.99 and the ASTM E900 models are both empirical models and only require key aspects of the alloy composition for the predictions of the RTNDT shift to be made. These models do not account for other key parameters which may affect the fracture resistance such as microstructure or manufacturing conditions for example. Irradiated property models are therefore generally derived from specific material test data from existing surveillance programmes and from materials test reactors. The application of these models to a material requires a thorough understanding of the range of applicability of the model, including the uncertainties of the model (refs. [107], [108]). Given the nuclear safety significance of the RPV, the application of these models to a novel material should therefore be validated by a robust assessment process (paragraph 318 of ONR’s SAPs in ref. [41]).
The start-of-life ductility requirements for the material selected for the RPV of the SMR-300 are lower than the more common material class for modern RPVs (see table 3 of the corresponding material specification in ref. [101]). There is a lack of irradiated data and operational experience beyond 60 years to confirm the validity of the models. A number of experts have expressed opinions that existing models may not be readily extrapolated beyond existing operational experience due to less well understood damage phenomena after 40 or 60 years (see ref. [109] for example). There is therefore, in my opinion, a concern that the empirical models may provide a non-conservative estimate for the RTNDT values and the fracture toughness of the RPV material selected for the SMR-300, particularly to support the claimed design life of 80 years. 
Given the importance of microstructure and the novel use of the material under irradiation, in my opinion, the RP has yet to demonstrate how existing models will be shown to be applicable to conservatively predict the fracture resistance properties, RTNDT and fracture toughness, for the SMR-300 RPV until the end of the design life. I have identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved (RO-HOLTECSMR300-009, ref. [102]); see section 4.2.8.4. 
End-of-life neutron fluence predictions
The RP provided initial scoping calculations to evaluate the end-of-life neutron fluence at the RPV wall in response to RQ-1772 (ref. [91]), supported by ref. [95]. The neutron fluence calculations were not available for the SMR-300 at the time of GDA, but were indicative of the SMR-160, an earlier version of the design. The higher reactor power of the SMR-300 will likely result in a higher neutron flux at the RPV wall. The RP was considering different design options to limit the effects of neutron damage on the RPV at the time of GDA. The RP’s documentation however provided a useful insight on the design principles of the SMR-300 and the objectives of the RP.
The RP’s scoping calculations for the SMR-160 indicate that the maximum end-of-life neutron fluence at the RPV wall after 80 years are comparable to the values expected for larger RPVs at 60 years. The RP’s design intent is to maintain the end-of-life predictions for the SMR-300 within similar bounds, although the calculations need to be updated for the SMR-300. These calculations, although indicative, provide a route to support the 80-year design life of the SMR-300 RPV, pending further confirmatory work from the RP (see section 4.2.8.4). 
Surveillance programme
The RP provided high-level information on the surveillance programme intended for the RPV in ref. [63]. The RP refers to ASTM E185 (ref. [110]) which I judge to be RGP. However, the information provided in ref. [63] does not explain how fracture toughness testing required to support the VHR safety case of the RPV are included in the surveillance programme. I therefore raised Action A3 in Regulatory Observation RO-HOLTECSMR300-009 for the RP to confirm the approach intended with regards to fracture toughness testing of the RPV, which includes the methodology for determining the RTNDT shift at the end of life.
Conclusions on the RP’s approach to the RPV design
Overall, I consider that the RP’s approach with regards to the classification of the RPV and to design code assessment are consistent with ONR’s SAPs ECS.1, ECS.2, EMC.9, EMC.10, EMC.14 and EMC.32 (ref. [41]). The use of the ASME design code, supported by ASTM and other reputable standards, is consistent with UK RGP (see [73] for example) and therefore it is acceptable for the SMR-300 design. 
Given the context of an 80-year design life claimed for the SMR-300 and the nuclear safety significance of the RPV, I have identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved. I raised RO-HOLTECSMR300-009 for the RP to provide further justification to support the RPV material selection and design life expectations. The RP has produced a resolution plan (ref. [111]) to address this potential regulatory shortfall. The RP’s resolution plan addresses the main elements of the RO and has been agreed in consultation with ONR. The RP’s resolution plan therefore addresses the elements of the RO and is appropriate.
I do not consider the potential gap against RGP identified in RO-HOLTECSMR300-009 to be a fundamental shortfall of the design as there are various options for the RP to address this RO.
[bookmark: _Ref211602556]Integral pressuriser
A prominent feature of the SMR-300 is the use of an integral pressuriser designed to maintain the pressure in the reactor's primary coolant system (ref. [69]). In the SMR-300 design, the integral pressuriser is not a separate vessel; it is welded directly to the top of the steam generator. The pressuriser / steam generator therefore forms a single pressure vessel. 
The integral pressuriser design removes the need for a surge line, which is attached to the reactor cooling system in other PWRs, and according to the RP, this reduces the risk of a LOCA. Operational experience shows that surge lines in PWRs may be subject to fatigue damage due to low flow conditions and thermal stratification (ref. [112]). I therefore agree the removal of the surge line provides a considerable safety advantage over more common PWR designs. In principle, the integral pressuriser design is likely to improve the safety of the plant.
The RP was not aware of any relevant experience which could provide operating experience with the integral pressuriser design. The RP recognises that the damage assessment resulting from regular thermal cycles during operation could present a challenge, but the details of the design justification will be addressed as part of the normal design process in subsequent stages of the development of the SMR-300. 
The RP identified the pressuriser and the SG as likely ‘VHR’ components (Table 2 of ref. [69]), which will require demonstration of beyond-design code expectations. The classification, and therefore the standards of the design assessment and manufacturing, is consistent with ONR’s expectations (ECS.1 and ECS.2). I have not identified any fundamental shortfalls to the use of an integral pressuriser for the SMR-300. The RP is however yet to provide sufficient detailed design justification which will require further work as the design develops.
Once-through steam generator (OTSG) design
Design description
The RP’s approach to the design of the OTSG is summarised in the design basis report in ref. [63], the overview of the main SSC report (ref. [69]) and the design specification report (ref. [113]), in addition to the RP’s response to RQ-1675 in ref. [64]. The RP however did not provide any calculation details for the design. This is acceptable as a detailed assessment is not within the scope of a GDA Step 2 review.
The SMR-300 will have a single OTSG to transfer heat from the reactor cooling system to the turbine. From the structural integrity perspective, the RP’s classification of the OTSG as a ‘VHR’ is appropriate as the risk associated with OTSG failure could lead to a large release to the environment (not accounting for any mitigation measures). The RP’s classification for the OTSG is consistent with that for steam generators for PWR designs (see ref. [73] for example). The RP’s classification of the OTSG is therefore consistent with ECS.1 and ECS.2. The RP will design the OTSG according to the ASME design code (ref. [61]). This is, in my opinion, consistent with ONR ECS.3.
Recirculating inverted U-tube steam generators are the most common type of steam generator in PWRs. For the SMR-300, the RP however selected an OTSG design, which provides a better steam efficiency. The main difference between the OTSG design and re-circulating U-tube steam generators is the use of straight vertical boiler tubes in the OTSG. OTSGs are simpler (ref. [69]) and have operational benefits in terms of the rapid response to power demand, although this may become a disadvantage in severe accident situations. The OTSG design also allows for the pressuriser to be welded at the top, which removes the need for a surge line.
OTSGs are larger than more common recirculating inverted U-tube designs. The SMR-300 OTSG will therefore require a larger volume of space in the nuclear island. The hot legs transferring hot water from the RPV to the top of the OTSG will therefore be long compared to more compact designs using inverted U-tube steam generators. 
Operational experience with OTSGs
A comprehensive examination of scientific and technical evidence is important to demonstrate the structural integrity of highest reliability components (EMC.2, EMC.3). The design of the steam generator itself, apart from the welded joint with the pressuriser, is standard and has substantial operational experience in the US. According to the RP’s response to RQ-1675 (ref. [64]), the OTSG design has been selected based on US experience, but the RP did not provide further details in GDA. 
Operational experience in the US however shows that the long straight tube design in OTSGs has led to excessive vibrations and premature tear and wear during operation in a number of plants (ref. [114]). These issues have led to an early replacement of the OTSGs. The design specification for the steam generator in ref. [113] provides a requirement for a vibration analysis. The RP’s safety justification provided in GDA however does not explicitly refer to operational experience relating to excessive vibrations in OTSG tubes. The RP is therefore yet to demonstrate how the SMR-300 design will account for previous operational experience with OTSGs of a similar design. The RP is also yet to provide sufficient detailed design justification on ageing and degradation in support of the 80 year design life expectations which will require further work as the design develops. 
Design life
The RP does not intend to replace the OTSG during the 80-year design lifetime (ref. [64]). However, concerning replacement options of the OTSG, the RP states that ‘some conceptual and high level feasibility work has been undertaken with regards to removal of the SG to ensure options remain open as the understanding of the execution of an 80-year plant life progresses’.
In principle, it is my opinion that the metallic CS could be cut open to replace the OTSG although the practice is difficult and would require careful considerations. Similar operations have already been carried out in the US where there is already substantial experience with steam generator replacements (refs. [115]) and [114]). 
Given the US operational experience with OTSG designs, which have highlighted the potential for excessive tube vibrations, and the lack of experience beyond 60 years with steam generators in general, I am of the opinion that operation of the OTSG for 80 years could be challenging. The RP’s justification remains at a high level and does not provide sufficient information to support the design life claim for the OTSG. The RP is yet to provide sufficient detailed design justification on ageing and degradation in support of the 80 year design life expectations which will require further work as the design develops.
Conclusion on the OTSG design
The RP’s approach to the design of the OTSG is in my opinion consistent with ECS.1, ECS.2 and ECS.3, noting the supporting documentation for the OTSG only provided high level information on the design.
I have not identified any fundamental shortfalls to the use of an OTSG for the SMR-300. The RP is however yet to provide sufficient detailed design justification on ageing and degradation in support of the 80 year design life expectations which will require further work as the design develops. 
Primary Reactor Coolant System (RCS) pipework 
Design description
The reactor coolant line is designed to transport coolant from the RPV to the top of the OTSG (ref. [6]). This design results in long so-called ‘hot legs’ of the primary pipework compared to more conventional inverted ‘U-tube’ steam generator designs. The RP indicated there is operational experience in the US which suggests that the design is achievable (query #13 in ref. [92]).
The vertical ‘hot legs’ of the primary pipework will be made of low-alloy ferritic steel clad with stainless steel. The RP has indicated its intention to classify the primary pipework as VHR (Table 2 of ref. [69]), which is consistent with the classification for similar designs (refs. [73] and [116] for example).
Design considerations
To limit the system loads on the nozzles due to thermal expansion, the RP selected a ferritic low-alloy steel pipework clad with a protective stainless-steel layer for the reactor coolant line. This design differs from the usual practice as PWR reactor coolant lines are typically made of austenitic stainless steels to provide corrosion resistance against the effects of boric acid which is used for reactivity control in the reactor coolant.
The RP justifies the choice of a clad-ferritic pipework as the coefficient of thermal expansion for ferritic steels is lower than that for austenitic steels (see RP’s response to query #13 in ref. [92]). The RP has therefore selected a clad-ferritic steel for the primary pipework in order to reduce the system loads to within acceptable levels. 
Cladding is typically carried out for the RPV, so the principles of clad ferritic steel are not novel. At the time of GDA, the RP had not yet developed the procedure for cladding the primary pipework. However, the RP intends to follow US guidance in ref. [117]. I also note some experience with clad-ferritic steel primary pipework which in my opinion supports the concept proposed for the SMR-300 (see section 2.6.1 of IAEA TECDOC in ref. [118] for example).
Benefits of clad-ferritic steel primary pipework
Using ferritic low alloy carbon steel clad with austenitic steel for the main coolant line has both advantages and disadvantages compared to fully austenitic steel pipework, which is more commonly used in PWRs.
In terms of the advantages, ferritic steels are more easily inspectable than austenitic steels. The use of a ferritic steel for the primary pipework also removes the need for a dissimilar weld, where thermal mismatch strains can occur, between austenitic and ferritic components at the RPV nozzle. These are notable examples of areas which would benefit from the use of a ferritic low-alloy steel over stainless steel.
From the design viewpoint, the use of carbon steel will reduce bending forces at the RPV and pressuriser nozzles since thermal movements of the hot pipework will be less than if austenitic steels were used. The RP did not provide any indication of the resulting forces within the GDA process and still needs to evaluate these forces as part of the normal design development process following GDA.
Potential disbenefits of clad-ferritic steel primary pipework
The RP has selected a material with relatively high carbon content, which could affect the weldability of the pipework. I did not review the suitability of the RP’s welding arrangements as the RP still has to develop these as part of the design development. I judge this to be a topic for follow-up as part of future normal regulatory business.
The RP will however apply pre-heating to improve weldability. The RP also designated the primary pipework of the RCS a VHR component. Therefore, fabrication and inspections will be subject to beyond-design code measures including inspection qualification and defect tolerance assessment. The design and inspection process should therefore be able to confirm that the pipework is free of significant defects before entering service and during in-service inspections.
The difference between the thermal expansion coefficients of the base metal and the austenitic layer will cause a thermal strain mismatch at the interface. The RP’s design assessment process will determine the acceptability of the design as part of the normal development process. II judge this to be a topic for follow-up as part of future normal regulatory business.
Conclusion on the primary RCS pipework
At the time of GDA, the RP is yet to carry out a design code assessment to demonstrate the design code compliance of the primary pipework, including the beyond-design code requirements expected for VHR SSCs (EMC.1-3). The RP is also yet to develop the cladding process for the primary pipework which would demonstrate that the reliability requirements of the cladding and the pipework have been achieved. I judge this to be a topic for follow-up as part of future normal regulatory business.
I did not find any fundamental issue with the design proposed for the primary pipework of the SMR-300 RCS. 
Containment structure 
Description
The RP has produced a detailed design basis document to support the design process for the CS (ref. [67]). The report is of good quality and forms the basis of my assessment below.
The CES is a civil engineering structure and is therefore mainly reviewed in ONR’s civil engineering assessment (ref. [119]). The CS forms the metallic pressure boundary between the AR and the nuclear island. Its primary function is to ensure a leak-tight boundary against potential radioactive releases, consistent with existing CS designs for other PWRs. As a freestanding metallic vessel, the containment structure forms part of ONR’s structural integrity review (SAPs paragraph 280 of ref. [41]).
An important aspect of my assessment, and a novel aspect of the SMR-300 CS design, has been to consider the additional duty for the AR to function as a permanent water storage facility above the nuclear island. In the SMR-300 design, the CS will therefore be permanently under water. The weight of the CS and that of the water in the AR will be supported by the composite Steel Concrete Containment Vessel (SCCV) via a transfer girder. 
I am not aware of any similar design which could be used for comparison or of an existing design code which could be directly applicable. In accordance with ECS.4 (absence of established codes and standards), I therefore referred to operational experience with atmospheric storage tanks and international guidance with regards to CS designs to support my assessment (refs. [120], [121], [122] and [123]).
In reaching my conclusions concerning the RP’s approach to the CS design, I have consulted opinions from ONR’s fault studies, internal hazards, PSA, and civil engineering specialists. 
Safety classification process for the CS
ONR’s expectations with regards to nuclear safety classification of SSCs are detailed in ECS.1 (safety categorisation), ECS.2 (safety classification of SSCs), paragraphs 158-168 of the SAPs, paragraph 97 of ONR’s TAG 94 (ref. [74]) and TAG 16 (ref. [55]). The safety classification of SSCs is determined from the assessment of their unmitigated failure consequences, usually bounded by the consequences of gross failure.
At the time of GDA, the RP was yet to develop a fault schedule from which the consequences of failure, and hence the classification, will be determined (see ONR’s faults studies assessment in ref. [76]). In the absence of a fault schedule, the RP preliminarily classed the CS as a nuclear safety class 1 structure – SSC which has a principal role to nuclear safety (TAG 94, ref. [74]). The RP’s fault sequence which led to the RP’s preliminary classification of the CS is examined in ONR’s internal hazards specialist assessment in ref. [124].
The RP’s preliminary nuclear safety classification for the CS as a class 1 SSC is in line with other more common PWR designs (see ONR’s structural integrity assessment for the AP1000 design in ref. [73] for example). However, the wet conditions of the CS can pose an additional risk of corrosion, brittle fracture and structural collapse which may lead, in my opinion, to flooding of the nuclear island with potentially significant consequences. The RP’s preliminary classification process has excluded the consequences of gross failure of the CS on the basis that the CS will be designed to a well-established design code. 
According to ONR TAG 94 ref. [74]), ‘the consequence of failing to deliver the safety function is interpreted as the potential unmitigated radiological doses that could be received by a person on the licensed site and a person outside the licensed site’. It is therefore, in my opinion, not appropriate for a design code assessment to be claimed in order to discount a credible failure mode from the safety classification process. The RP should demonstrate that the nuclear safety classification process duly accounts for the consequences of gross failure of the CS. In addition, ONR’s SAP paragraph 168 (ECS.2) states that ‘auxiliary services that support components of a system important to safety should be considered part of that system and should be classified accordingly unless failure does not prejudice successful delivery of its safety functions’. The RP’s preliminary classification for the protective coating is however class 2. Since the CS is preliminarily classed as a class 1 SSC and both the coating and the CS are part of the same system, the RP should therefore demonstrate that the nuclear safety classification process for the protective coating of the CS is consistent with ECS.2. I have raised action A1 in RO-HOLTECSMR300-006 for the RP to provide further justification regarding the classification of the CS, including its protective coating (ref. [125]).
Design code approach
The CS will be made of metallic plates welded together to form a large cylindrical structure above the nuclear island. The containment shell comprises a cylindrical section along its vertical axis and an ellipsoidal closure dome at the top.
The material selected for the manufacture of the CS is consistent with that for similar structures and does not represent a departure from RGP. The fabrication processes proposed for the CS of the SMR-300 are consistent with established practices and therefore they are not novel with respect to its proposed manufacture process (ref. [126]).
The RP intends to follow the design methodology and requirements in the ASME design code, section III, subsection NE which is applicable to the most common containment structures. To consider the additional weight of the water on the CS, the RP proposes to supplement the ASME section III subsection NE calculations by a code case assessment of buckling, ASME code case N-284-4 (ref. [127]). The code case has been accepted by the NRC (ref. [128]). In my opinion, ASME section III subsection NE, supplemented by code case N-284-4, can be considered to be RGP for dry CS designs. 
[bookmark: _Int_3ntUDZVP]The RP’s corrosion allowance for the CS is in my opinion small given the wet conditions of the CS and the possibility of corrosion. Paragraph NE-3121 of the ASME III design code (ref. [61]) specifically requires that the need for a corrosion allowance be evaluated. I judge this to be a topic for follow-up as part of future normal regulatory business. I have however identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved (RO-HOLTECSMR300-006, ref. [125]) – see section 4.2.12.6. 
Storage tank function of the containment structure
The CS of the SMR-300 will be part of the passive coolant system provided by the AR and will be in contact with water, although the metallic plates forming the CS should be protected by a coating. Chemistry control will be important to minimise the risk of corrosion through life. ONR’s chemistry specialist noted the lack of a chemistry clean-up system which may hinder achieving chemistry and structural integrity claims (ref. [129]). The RP therefore raised a commitment to incorporate the capacity for temporary demineralisation skids and assess if these enable risks to be reduced SFAIRP (C_Reac_105) (ref. [25]).
The claim on the reliability of the protective coating is in my opinion substantial to demonstrate that the level of corrosion in the CS will remain acceptable through life. The RP will carry out corrosion tests to evaluate the performance of the protective coating (ref. [67]). In my opinion, these are suitable measures to control and predict the rate of corrosion. The reliability of the protective coating should therefore be established accordingly, supported by representative test data. Operational experience with storage tanks indicates that corrosion is an important design parameter which primarily affects the base and the lowest section of the CS shell (see refs. [121] and [122]). This is also where visual inspections of the CS could be the most difficult. Design codes specific to atmospheric storage tanks, such as API 650 for example (ref. [130]), provide a useful benchmark for comparing the design requirements for the CS under ASME III subsection NE with those expected for metallic SSCs used for storing a large volume of fluid. These codes have specific corrosion and stability requirements for the design of storage tanks. 
Given the use of the CS as a storage facility and the nuclear safety significance of the CS for other SSCs in the nuclear island, it is not clear how operational experience with atmospheric storage facilities and specific design codes, which may be applicable to the specific conditions in the SMR-300 design, have informed the design process for the CS. I have identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved in RO-HOLTECSMR300-006 (ref. [125]); see section 4.2.12.6.  
Exemption to post-weld heat treatment (PWHT)
The SMR-300 design will invoke ASME code case N-841 (ref. [131]) to justify an exemption to PWHT following welding of the metallic plates composing the CS (see ref. [67]). The code case has been accepted by the NRC in ref. [128] and has been applied in the GDA justification for the AP1000 (ref. [132]). There is therefore some precedence to support PHWT exemption during CS manufacture. The technical basis for this justification is also supported by experimental evidence (ref. [126]).  
PWHT has structural integrity benefits in terms of fracture toughness improvements, welding residual stress, and hydrogen removal. The additional risks from PWHT exemption may be deemed acceptable for dry conditions. For the submerged conditions of the CS in the SMR-300 design, the lack of PWHT could however exacerbate the risk of brittle fracture. To address this risk, the RP has introduced beyond-design code measures such as additional inspections supported by fracture toughness test data and fracture mechanics assessments to ASME section XI (ref. [61]). These measures are applicable to class 1 components. 
Defect tolerance assessments supported by representative fracture toughness test data and additional inspections will be essential for the RP to demonstrate that PWHT exemption of the CS will not result in adverse effects. At this stage in GDA, the RP’s arguments therefore provide some assurance that the additional design requirements are appropriate to assess the risk of brittle failure in the context of a class 1 component. 
Conclusion on containment structure design
There is precedence for the design process, proposed material and for the manufacturing conditions for the CS, albeit for dry conditions (ref. [73]). The buckling assessment methodology proposed by the RP is in my opinion appropriate. The additional inspection, fracture toughness testing and defect tolerance assessment for the CS are in my opinion appropriate to evaluate the margin against the risk of brittle fracture.
However, the design of the CS for the SMR-300 presents some unique challenges due to the large amount of water stored directly above it. In my opinion, the RP’s classification process for the CS does not sufficiently consider the consequences of gross failure on the basis that the CS will meet design code requirements. The classification process is independent of the design code assessment and should consider the unmitigated consequences of failure (TAG 94, ref. [74]). The RP should therefore demonstrate that its approach with regards to SSC classification will meet ONR’s expectations ECS.1 and ECS.2 in the SAPs (ref. [41]). The RP should also demonstrate that the nuclear safety classification process for the protective coating of the CS is consistent with ECS.2. Given the use of the CS as a permanent water storage facility, the RP should demonstrate that the design process will meet the relevant design code requirements. I have therefore identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved. I raised RO-HOLTECSMR300-006 (ref. [125]) for the RP to provide further justification to support the approach to the design of the CS. This RO should be viewed in conjunction with internal hazards RO-HOLTECSMR300-007 (ref. [124]). The RO has been discussed and the actions have been agreed with the RP. The RP has produced a resolution plan (ref. [133]). This has been agreed in consultation with ONR. The RP’s resolution plan addresses the elements of the RO and is in my opinion appropriate.
Whilst the potential shortfalls identified in RO-HOLTECSMR300-006 are significant, the regulatory processes for closing the RO actions will be used to ensure that they are addressed appropriately post GDA. Consequently, at this stage of my assessment I have not identified any fundamental shortfalls in the SMR-300 design. 
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. [54]) 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 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. [54]). I used further guidance from ref. [54] 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. 
Throughout this report I have assessed aspects of the SMR-300 design against expectations guided by RGP. In all cases except where I identified a potential 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) and therefore with RGP in that context.
In my opinion, chapter B18 of the PSR (ref. [20]) sets out explicitly the arguments as to how the design contributes to the overall demonstration that risks are (or will be) reduced to ALARP. This encompasses arguments that the SMR-300 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’s ALARP justification is supplemented by ref. [68] which is specific to the structural integrity argument. 
The structural integrity information presented in the PSR, and in its supporting documentation, overall shows a reasonable consideration of risk reduction and mitigation measures. These generally align with ALARP principles. The RP’s ALARP justification is however not complete (ref. [68]), which in my view reflects the lack of maturity of the SMR-300 design at the time of GDA.
I have raised a number of ROs throughout this process for the RP to provide further substantiation in order to support some of the risk arguments. However, within the scope of a GDA Step 2, I have not identified any fundamental shortfalls in the SMR-300 design with regards to ALARP.
[bookmark: _Toc215737803]Conclusions
10. This report presents the Step 2 structural integrity 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. [45]), 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 relevant good practice. 
11. Based on my assessment, I have concluded the following:
The scope of my Step 2 assessment is broadly in line with the scope I previously identified in Step 1 (ref. [45]). The lack of maturity of the SMR-300 design at the time of GDA limited my assessment to the RP’s approach with regards to the design of the RPV, the containment structure (CS) and to the conceptual aspects of the integral pressuriser, steam generator and primary pipework. The RP however provided sufficient information to support my structural integrity assessment within the scope of a Step 2 GDA.
In general, I found the quality of the RP’s final GDA Step 2 submissions to be good.
The RP has presented a set of design assessment 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 information within the PSR was presented at a high-level. It is incomplete in some areas. This is indicative of the lack of maturity of the SMR-300 design. Further substantiation will be required as the design develops.
Based on the information presented within the PSR, the RP has demonstrated a satisfactory knowledge of the relevant design codes. In all but three areas, I judge the information that has been submitted about the SMR-300 design assessment is consistent with my expectations for GDA Step 2.
The RP has in my opinion demonstrated a good understanding of the safety classification of SSCs. The RP’s approach in this regard is broadly consistent with ONR expectations ECS.1 and ECS.2. I have identified a potential regulatory shortfall which requires action and new work by the RP for it to be resolved (RO-HOLTECSMR300-006). The RP has provided a resolution plan which, if properly enacted, is appropriate to address this RO.  
The RP’s approach with regards to VHR demonstration is in my view consistent with ONR SAP expectations EMC.1, EMC.2 and EMC.3. 
I have identified potential regulatory shortfalls which requires action and new work by the RP for it to be resolved (RO-HOLTECSMR300-006, RO-HOLTECSMR300-008 and RO-HOLTECSMR300-009). The RP’s resolution plans corresponding to these topics, if properly enacted, are appropriate to address these ROs. 
The RP’s ALARP justification demonstrates that risk reduction measures have been an important aspect for the development of the SMR-300 design. Within the scope of a Step 2 GDA, the RP’s ALARP justification is in my opinion acceptable. Further development of the design should however confirm that the risks are understood and reduced to ALARP.
Overall, based on my assessment to date, and subject to the provision and assessment of suitable and sufficient supporting evidence, I have not identified any fundamental safety shortfalls that could prevent ONR granting permission for construction of a power station based on the generic Holtec SMR-300 design.
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	SAP reference
	SAP title

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

	EKP.3
	Engineering principles: key principles. Defence in depth.

	EMC.1
	Integrity of metal components and structures: highest reliability components and structures. Safety case and assessment.

	EMC.2
	Integrity of metal components and structures: highest reliability components and structures. Use of scientific and technical issues

	EMC.3
	Integrity of metal components and structures: highest reliability components and structures: Evidence

	EMC.4
	Integrity of metal components and structures: general. Procedural control

	EMC.5
	Integrity of metal components and structures: general. Defects

	EMC.6
	Integrity of metal components and structures: general. Defects

	EMC.7
	Integrity of metal components and structures: design. Loadings

	EMC.8
	Integrity of metal components and structures: design. Requirements for examination

	EMC.9
	Integrity of metal components and structures: design. Product form

	EMC.10
	Integrity of metal components and structures: design.
Weld positions

	EMC.11
	Integrity of metal components and structures: design.
Failure modes

	EMC.12
	Integrity of metal components and structures: design.
Brittle behaviour

	EMC.13
	Integrity of metal components and structures: manufacture and installation.
Materials

	EMC.17
	Integrity of metal components and structures: manufacture and installation.
Examination during manufacture

	EMC.21
	Integrity of metal components and structures: operation.
Safe operating envelope

	EMC.23

	Integrity of metal components and structures: operation.
Ductile behaviour

	EMC.24
	Integrity of metal components and structures: monitoring.
Operation

	EMC.27
	Integrity of metal components and structures: pre- and in-service examination and testing.
Examination

	EMC.28
	Integrity of metal components and structures: pre- and in-service examination and testing. 
Margins

	EMC.29
	Integrity of metal components and structures: pre- and in-service examination and testing. 
Redundancy and diversity

	EMC.30
	Integrity of metal components and structures: pre- and in-service examination and testing. Control

	EMC.32
	Integrity of metal components and structures: analysis.
Stress analysis

	EMC.33
	Integrity of metal components and structures: analysis.
Use of data

	EMC.34
	Integrity of metal components and structures: analysis.
Defect sizes

	EAD.1
	Ageing and degradation.
Safe working life

	EAD.2
	Ageing and degradation.
Lifetime margins

	EAD.3
	Ageing and degradation.
Periodic measurement of material properties

	EAD.4
	Ageing and degradation.
Periodic measurement of parameters

	ECS.1
	Safety classification and standards.
Safety categorisation

	ECS.2
	Safety classification and standards.
Safety classification of structures, systems, and components

	ECS.3
	Safety classification and standards. Standards
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