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EXECUTIVE SUMMARY

This report presents the findings of my assessment of the Fuel and Core aspects of the UK
HPR1000 reactor design undertaken as part of the Office for Nuclear Regulation’s (ONR)
Generic Design Assessment (GDA). My assessment was carried out using the Pre-
Construction Safety Report (PCSR) and supporting documentation submitted by the
Requesting Party (RP).

The objective of my assessment was to make a judgement, from a Fuel and Core perspective,
on whether the generic UK HPR1000 design could be built and operated in Great Britain, in a
way that is acceptably safe (subject to site specific assessment and licensing), as an input into
ONR’s overall decision on whether to grant a Design Acceptance Confirmation (DAC).

The scope of my GDA assessment was to review the safety aspects of the generic UK
HPR1000 design by examining the claims, arguments and supporting evidence in the safety
case. My GDA Step 4 assessment built upon the work undertaken in GDA Steps 2 and 3, and
enabled a judgement to be made on the adequacy of the Fuel and Core information contained
within the PCSR and supporting documentation.

My assessment focussed on the adequacy of the following aspects of the generic UK
HPR1000 safety case:

n the reactor core nuclear design, reactor core thermal hydraulic design and
reactor fuel system thermo-mechanical design;

n reactor fuel and core data provided for the purpose of design basis analysis;

n parts of the reactor core safety case in which interactions between nuclear,

thermal hydraulic and / or thermo-mechanical phenomena in the reactor core
are particularly important;

n parts of the reactor core safety case associated with how the UK HPR1000
plant will be operated;

n evidence underlying the validity of the reactor fuel and core computer codes
used; and

n the explicit demonstration that the reactor fuel and core designs reduce risks

As Low As Reasonably Practicable (ALARP).
The conclusions from my assessment are:

n the reactor core nuclear design, reactor core thermal hydraulic design and
reactor fuel system thermo-mechanical design are generally adequate when
judged against the Safety Assessment Principles (SAPs) and international
relevant good practice;

n reactor core data provided for the purpose of design basis analysis are
adequate when judged against the SAPs but | identified shortfalls in the
evidence underlying a small selection of the fuel acceptance criteria, which
should be addressed by the licensee;

n the parts of the reactor core safety case | sampled in which interactions
between nuclear, thermal hydraulic and / or thermo-mechanical phenomena in
the reactor core are particularly important are largely adequate, but | identified
areas where further work is needed to fully substantiate the RP’s claim that a
coolable geometry will be maintained in the unlikely event of a LB-LOCA,;

n the parts of the reactor core safety case | sampled associated with how the UK
HPR1000 plant will be operated are largely adequate for the purpose of GDA,
but | identified shortfalls against relevant good practice in the strategy for failed
fuel management during operation;
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n further work is required post-GDA to ensure that all safety case assumptions
and requirements associated with operating rules, commissioning and
Examination, Maintenance, Inspection and Testing (EMIT) are sufficiently clear
and traceable;

n the evidence underlying the validity of the reactor fuel and core computer codes
and associated documentation are generally adequate for the purposes of their
specific applications in the fuel and core safety case in GDA; and

n an explicit demonstration that the reactor fuel and core designs reduce risks
ALARP has been provided, which addresses the key expectations for new
reactor designs within ONR ALARP guidance and is adequate for GDA.

These conclusions are based upon the following factors:

n a detailed and in-depth technical assessment, on a sampling basis, of a wide
scope of safety submissions at all levels of the hierarchy of the generic UK
HPR1000 safety case documentation;

n independent reviews and analysis of key aspects of the generic safety case
undertaken by Technical Support Contractors (TSC); and
n detailed technical interactions on many occasions with the RP, alongside

the assessment of the responses to the substantial number of Regulatory
Queries (RQ) and Regulatory Observations (RO) raised during the GDA.

A number of matters remain, which | judge are appropriate for a licensee to consider and take
forward in its site-specific safety submissions. These matters do not undermine the generic
UK HPR1000 design and safety submissions, but are primarily concerned with the provision of
site-specific safety case evidence which will become available as the project progresses
through the detailed design, construction and commissioning stages. | have captured these
matters in 11 Assessment Findings.

Overall, based on my assessment undertaken in accordance with ONR'’s procedures, the
claims, arguments and evidence laid down within the PCSR and supporting documentation
submitted as part of the GDA process present an adequate safety case for the generic UK
HPR1000 design. | recommend that from a Fuel and Core perspective a DAC may be granted.
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LIST OF ABBREVIATIONS

ALARP As Low As Reasonably Practicable

ATWS Anticipated Transient Without Scram
ASME American Society of Mechanical Engineers
BAT Best Available Techniques

BMS Business Management System

BOC Beginning of Cycle

BSL Basic Safety Level (in SAPS)

BSO Basic Safety Objective (in SAPS)

C&l Control and Instrumentation

CGN China General Nuclear Power Corporation Ltd
CHF Critical Heat Flux

CILC Crud Induced Localised Corrosion

CIPS Crud Induced Power Shift

CRGA Control Rod Guide Assembly

CVCS Chemical and Volume Control System
DAC Design Acceptance Confirmation

DBA Design Basis Analysis

DBC Design Basis Condition

DEC Design Extension Condition

DMGL Delivery Management Group Lead

DNB Departure from Nucleate Boiling

DNBR Departure from Nucleate Boiling Ratio
ELPO Extended Low Power Operation

EMIT Examination, Maintenance, Inspection and Testing
EOC End of Cycle

Fan Enthalpy rise hot channel factor

FFRD Fuel Fragmentation, Relocation and Dispersal
FMEA Failure Modes and Effects Analysis

Fo 3D heat flux hot channel factor

GDA Generic Design Assessment

GNI General Nuclear International Ltd.

GNSL General Nuclear System Ltd.

GRS Gesellschaft Fuer Reaktor Sicherheit

HIC High Integrity Component

IAEA International Atomic Energy Agency
IB-LOCA Intermediate Break LOCA

IEF Initiating Event Frequency
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JEFF
JENDL
LB-LOCA
LOCA
M/P
MDSL
MOC
MTC
NEA
NSS
OECD
ONR
OpEx
PCER
PCI
PCMI
PCSR
PCT
PFC
PSA
PWR
RAFPE
RCCA
RCP
RCS
RGP
RO

RP
RPS
RPV
RQ
SAP(s)
SCC
SCCA
SDM
SED
SFAIRP
SFIS
SFR

Joint Evaluated Fission and Fusion File
Japanese Evaluated Nuclear Data Library
Large Break LOCA

Loss of Coolant Accident
Measured-to-Predicted

Master Document Submission List
Middle of Cycle

Moderator Temperature Coefficient
Nuclear Energy Agency (within OECD)
Nuclear Sampling System
Organisation for Economic Cooperation and Development
Office for Nuclear Regulation
Operating Experience

Pre-construction Environmental Report
Pellet Clad Interaction

Pellet Clad Mechanical Interaction
Pre-construction Safety Report

Peak Clad Temperature

Primary Frequency Control
Probabilistic Safety Analysis
Pressurised Water Reactor

Radially Averaged Fuel Pellet Enthalpy
Rod Cluster Control Assembly

Reactor Coolant Pump

Reactor Coolant System

Relevant Good Practice

Regulatory Observation

Requesting Party

Reactor Protection System

Reactor Pressure Vessel

Regulatory Query

Safety Assessment Principle(s)

Stress Corrosion Cracking

Stationary Core Component Assembly
Shutdown Margin

Strain Energy Density

So Far As Is Reasonably Practicable
Spent Fuel Interim Storage

Safety Functional Requirement
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SG
SoDA
SPND
SSC
TAG
TSC

US NRC
WENRA
WIMS
WLUP
V&V

Steam Generator

(Environment Agency’s) Statement of Design Acceptability
Self-Powered Neutron Detector

Structures, Systems and Components

Technical Assessment Guide(s)

Technical Support Contractor

US Nuclear Regulatory Commission

Western European Nuclear Regulators’ Association
Winfrith Improved Multigroup Scheme

WIMS-D Library Update Programme

Verification and Validation
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1

11

1.2

INTRODUCTION
Background

This report presents my assessment conducted as part of the Office for Nuclear
Regulation (ONR) Generic Design Assessment (GDA) for the generic UK HPR1000
design on the topic of Fuel and Core.

The UK HPR1000 is a Pressurised Water Reactor (PWR) design proposed for
deployment in the UK. General Nuclear System Ltd (GNSL) is a UK-registered
company that was established to implement the GDA on the UK HPR1000 design on
behalf of three joint requesting parties (RP), i.e. China General Nuclear Power
Corporation (CGN), EDF SA and General Nuclear International Ltd (GNI).

GDA is a process undertaken jointly by the ONR and the Environment Agency.
Information on the GDA process is provided in a series of documents published on the
joint regulators’ website (www.onr.org.uk/new-reactors/index.htm). The outcome from
the GDA process sought by the RP is a Design Acceptance Confirmation (DAC) from
ONR and a Statement of Design Acceptability (SoDA) from the Environment Agency.

The GDA for the generic UK HPR1000 design followed a step-wise approach in a
claims-argument-evidence hierarchy which commenced in 2017. Major technical
interactions started in Step 2 which focussed on an examination of the main claims
made by the RP for the UK HPR1000. In Step 3, the arguments which underpin those
claims were examined. The Step 2 reports for individual technical areas, and the
summary reports for Steps 2 and 3 are published on the joint regulators’ website. The
objective of Step 4 was to complete an in-depth assessment of the evidence presented
by the RP to support and form the basis of the safety and security cases.

The full range of items that form part of ONR’s assessment is provided in ONR’s GDA
Guidance to Requesting Parties (Ref. 1). These include:

n Consideration of issues identified during the earlier Step 2 and 3 assessments.

n Judging the design against the Safety Assessment Principles (SAPs) (Ref. 2)
and whether the proposed design ensures risks are As Low As Reasonably
Practicable (ALARP).

n Reviewing details of the RP’s design controls and quality control arrangements
to secure compliance with the design intent.

n Establishing whether the system performance, safety classification, and
reliability requirements are substantiated by a more detailed engineering
design.

n Assessing arrangements for ensuring and assuring that safety claims and
assumptions will be realised in the final as-built design.

n Resolution of identified nuclear safety and security issues, or identifying paths

for resolution.

The purpose of this report is therefore to summarise my assessment in the Fuel and
Core topic, which provides an input to the ONR decision on whether to grant a DAC or
otherwise. This assessment was focused on the submissions made by the RP
throughout GDA, including those provided in response to the Regulatory Queries (RQ)
and Regulatory Observations (RO) I raised. Any ROs issued to the RP are published
on the GDA joint regulators’ website, together with the corresponding resolution plans.

Scope of this Report

This report presents the findings of my assessment of the Fuel and Core aspects of the
generic UK HPR1000 design undertaken as part of GDA. | carried out my assessment
using the Pre-construction Safety Report (PCSR) (Ref. 3) and supporting
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documentation submitted by the RP. My assessment was focussed on considering
whether the generic safety case provides an adequate justification for the generic UK
HPR1000 design, in line with the objectives for GDA.

1.3 Methodology

8. The methodology for my assessment follows ONR’s guidance on the mechanics of
assessment (Ref. 4).

9. My assessment was undertaken in accordance with the requirements of ONR'‘s How?2
Business Management System (BMS). ONR’s SAPs, together with supporting
Technical Assessment Guides (TAG), were used as the basis for my assessment.
Further details are provided in Section 2. The outputs from my assessment are
consistent with ONR’s GDA Guidance to RPs (Ref. 1).
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10.

2.1

11.

12.

13.

2.2

14.

15.

16.

17.

ASSESSMENT STRATEGY

The strategy for my assessment of the Fuel and Core aspects of the generic UK
HPR1000 design and safety case is set out in this section. This identifies the scope of
the assessment and the standards and criteria that have been applied.

Assessment Scope

A detailed description of my approach to this assessment can be found in assessment
plan ONR-GDA-UKHPR1000-AP-19-013 (Ref. 6).

| considered all the main submissions within the remit of my assessment scope, to
various degrees of breadth and depth. | chose to concentrate my assessment on those
aspects that | judged to have the greatest safety significance. My assessment was also
influenced by the claims made by the RP, my previous experience of similar designs
for other reactors, and gaps | identified in the original submissions made by the RP. A
particular focus of my assessment has been the relevant RQs and ROs raised, and the
resolution thereof. | raised an RQ where more information was required to allow me to
reach a judgement about a claim or argument in the safety case. | raised an RO where
| identified a potential shortfall in the safety case that | judged required significant work
to address and would benefit from a greater degree of regulatory control over the
programme to resolution.

The Fuel and Core safety case includes documentation describing and substantiating
the fuel design and core designs themselves, as well as documentation presenting
specialist analysis and data to support other parts of the safety case, including fault
analyses. | have assessed both these aspects of the safety case.

Sampling Strategy

In line with ONR’s guidance on the mechanics of assessment (Ref. 4) and informed by
other relevant standards and guidance identified in subsection 2.4, | chose a sample of
the RP’s submissions to undertake my assessment. The main themes | considered
were the nuclear design of the core, the thermal hydraulic design of the core and the
thermo-mechanical design of the fuel system. By considering these three themes |
ensured that my assessment of the engineering designs of the fuel and core were
comprehensive.

Within each of these three main themes, | considered the adequacy of the design
bases used, the safety margins presented and the limits or performance data provided
for use in fault analysis. | also considered the adequacy of the evidence underlying the
computer codes used in the analyses. In all of these areas, | have reviewed the safety
case documentation and then sampled more deeply in specific areas of greater safety
significance or where | observed potential shortfalls.

These three main themes of fuel and core design cannot be considered in isolation of
each other in the safety case because nuclear, thermal hydraulic and thermo-
mechanical phenomena all interact. Therefore, within my assessment | have also
sampled areas of the safety case where these interactions are particularly important
and in which I initially observed potential shortfalls, to gain confidence that any
shortfalls were adequately addressed in GDA. These topics include safety analyses
associated with Pellet Clad Interaction (PCI), fuel modelling in a Loss of Coolant
Accident (LOCA) and, in conjunction with Chemistry inspectors, the impact of fuel
deposits (‘crud’).

| have also considered parts of the fuel and core safety case associated with how the
UK HPR1000 plant will be operated. This included the reduction of risks posed by core
mis-loads (due to their high safety significance), the categorisation of in-core flux
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monitoring functions (due to the use of monitoring methods that have been developed
newly by the RP for HPR1000) and the strategy for management of failed fuel (which |
initially observed was not coherently presented). | also examined whether safety case
assumptions about operating limits and conditions, examination, maintenance,
inspection and testing (EMIT) activities and physics tests were clearly identified.

18. Finally, I have sampled the RP’s overall demonstration that the fuel and core designs
reduce all relevant risks to ALARP.

19. Backed by relevant standards and guidance (subsection 2.4), | judge that this strategy
has allowed me to reach a well-informed view on the overall adequacy of the fuel and
core designs and safety case, and therefore whether or not to recommend provision of
a DAC. | have also ensured that the strategy adequately covers the list of shortfalls for
follow-up that were identified in the GDA Step 3 assessment and captured in Ref. 5.

2.3 Out of Scope Items
20. The following items were outside the scope of my assessment:

n Visits to the fuel fabrication facility to verify that arrangements in place to
control the manufacturing process and product quality are adequate to support
the assumptions of the safety case. | became aware early in Step 4 that the
location of manufacture for UK HPR1000 fuel has not yet been selected. It will
be for the licensee and its fuel supplier to decide where fuel will be
manufactured, and what arrangements will be used to ensure the
manufacturing processes and product quality are adequately controlled.

n Visits to the RP’s safety case analysis team(s) to verify that arrangements for
quality assurance associated with technical analysis, computer code and data
management are adequately implemented. In mitigation, | have been able to
gain confidence in correct application of some of the codes for GDA through a
confirmatory analysis programme. It will be for the licensee to decide what
computer codes it utilises to support its safety case and operations, and what
arrangements it uses to control their use and ensure their adequacy.

n Assessment of the consequences on pressure drop and heat transfer in the
fuel assembly of any debris introduced via coolant re-circulated from
containment under cooling conditions after a LOCA. For GDA, | have excluded
this topic from my scope because the design and supply of system filters and
insulation, which influence the debris source term, have not yet been finalised.
Some of the wider aspects of this topic are considered within the Fault Studies
Assessment Report (Ref. 7).

n Assessment of fuel behaviour in faults in which significant core melt is
predicted. ONR'’s assessment of this topic is within the scope of the Severe
Accident Analysis Assessment Report (Ref. 8).

n Assessment of the criticality safety case for storage of new and irradiated fuel
in the fuel building. ONR'’s assessment of this topic is within the scope of the
Radiation Protection and Criticality Assessment Report (Ref. 9).

n Assessment of any safety case or documentation associated with use of mixed
oxide (MOX) fuel, or any other fuel except for low-enriched UO; fuel. The
entirety of the UK HPR1000 Fuel and Core safety case submitted in GDA is
based on the use of low-enriched UO; fuel, described further in Section 3.

n Assessment of the safety case for the transition (second and third) cycle core
designs. To build confidence in the fundamental design of UK HPR1000 and in
accordance with advice in the GDA technical guidance (Ref. 10) | have
focussed my assessment of the UK HPR1000 nuclear design on the first cycle
and equilibrium cycle core designs. However, the RP have provided some
information for the transition cycles and | have used this to inform my
judgements about the adequacy of the wider safety case where appropriate.
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n Assessment of any safety case or documentation associated with shorter or
longer equilibrium cycle designs than 18 months. My detailed assessment in
this report is all based upon the 18-month equilibrium cycle that forms part of
the design reference for GDA.

n Assessment of fully mature fuel safety case information for Spent Fuel Interim
Storage (SFIS) operations. The SFIS design presented in GDA is at concept
stage and the scope of my assessment, described in sub-section 4.5.1.2, was
limited accordingly.

2.4 Standards and Criteria

21. The relevant standards and criteria adopted within this assessment are principally the
SAPs, TAGs, relevant national and international standards, and Relevant Good
Practice (RGP) informed from existing practices adopted on nuclear licensed sites in
Great Britain. The key SAPs and any relevant TAGs, national and international
standards and guidance are detailed within this subsection. RGP, where applicable, is
cited within the body of the assessment.

2.4.1 Safety Assessment Principles

22.  The SAPs (Ref. 2) constitute the regulatory principles against which ONR judge the
adequacy of safety cases. A full list of the SAPs | applied within my Fuel and Core
assessment is included within Annex 1 of this report.

23. The key SAPs applied within my assessment were EKP.1, EKP.2, EKP.3, EKP.4,
EAD.1, EAD.2, ERC.1, ERC.2, ERC.3, ERC.4, FA.7, AV.1, AV.2 and AV.3.

24. The EKP and ERC SAPs set engineering principles that are fundamental to the design
of the reactor core and fuel. The EAD SAPs are important because of the significant
way in which fuel and core performance evolve during operation as fuel is depleted, as
well as the degradation mechanisms that affect fuel assemblies under irradiation. SAP
FA.7 is important because it sets an expectation that fault consequences be predicted
conservatively, which has implications for all of the fuel and core data and methods
used in fault analyses. The AV SAPs are important because the highly complex nature
of neutronic, thermal hydraulic and thermo-mechanical phenomena occurring in the
core mean that the design and safety case are reliant on outputs from analyses using
computer codes. The AV SAPs set expectations for assuring the validity of data and
models used within, or outputted by, such codes.

25. Specific advice is given to inspectors in NS-TAST-GD-075 (Ref. 11) on the
interpretation of the EKP and ERC SAPs for fuel and core design. In many places in
this report, | have referred to the advice in NS-TAST-GD-075 rather than to the EKP
SAPs because the advice in Ref. 11 is more directly relevant to my assessment.

2.4.2 Technical Assessment Guides
26.  The following TAGs were used as part of this assessment:

n NS-TAST-GD-005, Guidance on the Demonstration of ALARP (Ref. 12)
n NS-TAST-GD-006, Design Basis Analysis (Ref. 13)
n NS-TAST-GD-042, Validation of Computer Codes and Analysis Methods (Ref.

14)

n NS-TAST-GD-075, Safety of Nuclear Fuel in Power Reactors (Ref. 11)

n NS-TAST-GD-081, Safety Aspects Specific to Storage of Spent Nuclear Fuel
(Ref. 15)

n NS-TAST-GD-094, Categorisation of Safety Functions and Classification of

Structures, Systems and Components (SSC) (Ref. 16)
n NS-TAST-GD-096, Guidance on Mechanics of Assessment (Ref. 4)
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24.3

27.

28.

29.

30.

2.5
31.

32.

National and International Standards and Guidance

The following standards and guidance were used as part of this assessment:

n International Atomic Energy Agency (IAEA) Specific Safety Requirements SSR-
2/1, Safety of Nuclear Power Plants: Design (Ref. 17)

n IAEA Specific Safety Guide SSG-2, Deterministic Safety Analysis for Nuclear
Power Plants (Ref. 18)

n IAEA Specific Safety Guide SSG-52, Design of the Reactor Core for Nuclear
Power Plants (Ref. 19)

n Western European Nuclear Regulators’ Association (WENRA) Report, Safety

of new NPP designs (Ref. 20)

The relevant SAPs and TAGs have been benchmarked against IAEA and WENRA
guidance available at the time of publication. In particular, Ref. 11 and Ref. 13 were
both updated in 2020 and explicitly benchmarked against IAEA guidance in Ref. 18
and Ref. 19, which were published in 2019. Throughout most of Section 4 this report |
have taken credit for this and referred primarily to the SAPs and TAGs rather than
directly to international guidance. However, | have referred specifically to IAEA
guidance where it provides the most directly relevant advice on some topics.

| also used Ref. 19 alongside Ref. 11 as a benchmark when developing my
assessment scope and sampling strategy (subsection 2.2).

| have used some other international sources of advice and Operating Experience
(OpEX) to inform my judgments recorded in this report, but which | would not consider
to be established standards. They are referred to where applicable in Section 4. An
example | have used multiple times is the Organisation for Economic Co-operation and
Development / Nuclear Energy Agency (OECD/NEA) Nuclear Fuel Safety Criteria
Technical Review (Ref. 21).

Use of Technical Support Contractors

It is usual in GDA for ONR to use Technical Support Contractors (TSC) to provide
access to independent advice and experience, analysis techniques and models, and to
enable ONR’s inspectors to focus on regulatory decision making.

Table 1 sets out the areas in which | used TSCs to support my assessment. | required
this support to provide independent advice and experience on the topic of code
validation as well as access to analysis tools and infrastructure for confirmatory
analyses.

Table 1: Work Packages Undertaken by TSCs

Number Description

1 ONR396 — Confirmatory Analyses. This included a set of confirmatory core
physics analyses to:

1) Provide data for comparison with the output from the RP’s core physics
analyses to provide greater confidence in the neutronics modelling
used in UK HPR1000.

2) Provide transient data for use in confirmatory Fault Studies analyses for
comparison with the output from the RP’s Fault Studies analyses
(supporting Fault Studies inspectors’ assessments).
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Description

2 ONR385 — Code Documentation Reviews. This included a set of
independent reviews of the documentation and evidence associated with
the following computer codes to support my judgments about code validity:
PINE, COCO, POPLAR, BIRCH, PALM, LINDEN.

33. Whilst the TSC undertook detailed technical reviews, this was done under my direction
and close supervision. The regulatory judgment on the adequacy, or otherwise, of the
generic UK HPR1000 safety case in this report has been made exclusively by ONR.

34.  The output of Work Package 1 is summarised in Ref. 22. Ref. 22 references out to
additional underlying reports, which | have also referenced where relevant within
Section 4 of this report. The outputs of Work Package 2 are reported in separate
documents for each code, which | have referenced in sub-section 4.13 of this report.

2.6 Integration with Other Assessment Topics

35. GDA requires the submission of an adequate, coherent and holistic generic safety
case. Regulatory assessment cannot be carried out in isolation as there are often
issues that span multiple disciplines. | have therefore worked closely with a number of
other ONR inspectors and the Environment Agency to inform both their and my
assessments. The key interactions in which my assessment was informed by other
disciplines were:

n Fault Studies inspectors have assessed the overall adequacy of the RP’s
Design Basis Analysis (DBA), including radiological consequence predictions.
A number of judgements | made in my assessment were informed by sensitivity
analyses conducted by the RP using the DBA as a starting point.

n Fault Studies inspectors have assessed the adequacy of the RP’s fault
identification, fault sequence development and design basis categorisation
according to fault frequency. A number of judgements | made in my
assessment were informed by the frequencies and categories assigned to
certain faults.

n Fault Studies inspectors have led the assessment of Fault Studies computer
codes including LOCUST and GINKGO. The RP has used these codes in
conjunction with the Fuel and Core codes | have assessed and aspects of our
assessment have therefore been collaborative.

n Fault Studies inspectors have assessed the RP’s generic process for
categorisation of safety functions and classification of SSCs. | have relied on
their assessment when conducting my own assessment of the categorisation of
functions for in-core instrumentation.

n Chemistry inspectors have assessed aspects of the fuel deposits safety
justification that are associated with water chemistry phenomena and plant
materials. Water chemistry, materials and core-related phenomena are heavily
inter-related in this area so the assessment was undertaken collaboratively.

n Chemistry inspectors have assessed the adequacy of specific quantified
coolant activity limits for the purpose of failed fuel identification during
operation.

n Structural Integrity inspectors have assessed the adequacy of the structural

integrity case for the Reactor Pressure Vessel (RPV) internals, including
sensitivity to irradiation damage. An understanding of the sensitivity of the
lower core plate to irradiation damage informed my assessment of part of the
fuel system design.
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n Probabilistic Safety Analysis (PSA) inspectors have assessed the Initiating
Event Frequency (IEF) calculations provided to me by the RP for core mis-
loading faults and have assessed the importance of different fault types to
overall plant risk.

n Electrical Engineering inspectors have assessed the overall position of UK
HPR1000 with respect to grid code compliance. We have worked
collaboratively in this area and | have assessed the Fuel and Core aspects of
some reports that were submitted to support the RP’s claims about grid code
compliance. Electrical Engineering inspectors have raised an Assessment
Finding on the topic of grid code compliance and its resolution is likely to
require further fuel and core analysis by the licensee.
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3 REQUESTING PARTY’S SAFETY CASE
3.1 Introduction to the Generic UK HPR1000 Design

36. The generic UK HPR1000 design is described in detail in the PCSR (Ref. 3). Itis a
three-loop PWR designed by CGN using the Chinese Hualong technology. The generic
UK HPR1000 design has evolved from reactors which have been constructed and
operated in China since the late 1980s, including the M310 design used at Daya Bay
and Ling'ao (Units 1 and 2), the CPR1000, the CPR1000* and the more recent
ACPR1000. The first two units of CGN’s HPR1000, Fangchenggang Nuclear Power
Plant (NPP) Units 3 and 4, are under construction in China and Unit 3 is the reference
plant for the generic UK HPR1000 design. The generic UK HPR1000 design is claimed
to have a lifetime of at least 60 years and has a nominal electric output of 1,180 MW.

37. The reactor core contains 177 zirconium alloy clad uranium dioxide (UO) fuel
assemblies. Reactivity is controlled by a combination of control rods, soluble boron in
the coolant and fixed burnable poisons within the fuel. The fuel assemblies in the
design for GDA each contain 264 fuel rods with an active length of 12 feet (3.658 m),
24 control rod guide tubes and a single instrument tube in a 17x17 array; a common
design for PWRs. The specific fuel design in the GDA design is the Framatome ‘AFA
3GAA’ model and the specific clad material used is ‘M5’, a proprietary alloy developed
by Framatome. The fixed burnable poison used is distributed gadolinia (Gd.O3).

38.  The control rods in the GDA design are in the form of Rod Cluster Control Assemblies
(RCCA), each having 24 absorber tubes connected by a spider assembly at the top.
These are a common design for PWRs. The specific RCCA design in the GDA design
is the Framatome ‘HARMONI’ model. Some of the RCCAs are designated ‘grey rods’
of lower reactivity worth. These grey rod RCCAs have 8 tubes containing silver-indium-
cadmium absorber material and 16 tubes containing stainless steel. The other RCCAs
designated ‘black’ all have 24 tubes containing silver-indium-cadmium absorber
material. There are 68 RCCAs in total, organised into several banks for control

purposes:

n four shutdown banks (‘S banks’) dedicated to providing shutdown capability,
which are always fully extracted during power operation;

n one temperature regulation bank (‘R bank’) to regulate temperature in response

to small reactivity changes and to control axial offset, which is always partially
inserted at the top of the core; and

n four power compensation banks (‘G banks’ and ‘N banks’), the two G banks
consisting of all the grey rod RCCAs and the N banks consisting of black
RCCAs, all of which are fully extracted at full power, but increasingly inserted
as power is reduced below baseload in order to compensate for the reactivity
change caused by the power reduction.

39. Other non-fuel core components include neutron sources and in-core instrumentation.
The neutron sources are used to provide a stable, detectable neutron flux signal during
re-load and start-up. In-core instrumentation provides for RPV level measurement,
core outlet temperature measurement and in-core neutron flux measurement. The in-
core neutron flux detectors are arranged in 42 fuel assembly locations across the core
and in seven axial segments to cover the full height of the fuel. They are Self-Powered
Neutron Detectors (SPNDs) that use rhodium as the active material.

40.  The core is contained within a steel RPV and held in place by a stainless steel core
barrel, lower core support plate and upper core support plate, in a configuration
recognisable from other PWRs worldwide. The outlet plenum above the core contains
a number of control rod guide assemblies used to position the RCCAs accurately with
respect to the fuel assembly guide tubes. The lower core support plate has an
attached flow distribution device consisting of a perforated colander designed to
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41.

42.

43.

3.2

44,

45,

46.

47.

provide for more even flow at core inlet. The reflector region surrounding the core
(inside the core barrel) is mostly water, with stainless steel baffle and former plates
used to direct the desired amount of flow through the reflector region.

The RPV is connected to the Reactor Coolant System (RCS) components, including
the Reactor Coolant Pumps (RCP), Steam Generators (SG), pressuriser and
associated piping, in a three-loop configuration. The design also includes a number of
auxiliary systems that allow normal operation of the plant, as well as active and
passive safety systems to provide protection in the case of faults, all contained within a
number of dedicated buildings.

The reactor building houses the reactor and primary circuit and is based on a double-
walled containment with a large free volume. Three separate safeguard buildings
surround the reactor building and house safety systems and the main control room.
The fuel building is also adjacent to the reactor, and contains the fuel handling and
short term storage facilities. Finally, the nuclear auxiliary building contains a number of
systems that support operation of the reactor. In combination with the diesel, personnel
access and equipment access buildings, these constitute the nuclear island for the
generic UK HPR1000 design.

The formal record of the generic UK HPR1000 design at the end of GDA is captured in
the Design Reference Report (Ref. 23).

The Generic UK HPR1000 Safety Case

In this subsection | provide an overview of the Fuel and Core aspects of the generic
UK HPR1000 safety case as provided by the RP during GDA. Details of the technical
content of the documentation and my assessment of it are reported in Section 4.

The UK HPR1000 GDA safety case has one overarching safety objective according to
PCSR Chapter 1. This is that the generic design could be constructed, operated, and
decommissioned in the UK on a site bounded by the generic site envelope in a way
that is safe, secure and that protects people and the environment. The RP has defined
a series of high level claims to provide structure to its safety case. The link between
this safety objective and the reactor core in the PCSR is through Claim 3: “The design
and intended construction and operation of the UK HPR1000 will protect the workers
and the public by providing multiple levels of defence to fulfil the fundamental safety
functions, reducing the nuclear safety risks to a level that is ALARP.”

The RP has indicated in PCSR Chapter 1 that the reactor core is addressed in sub-
claim 3.3: “The design of the processes and systems has been substantiated and the
safety aspects of operation and management have been substantiated.” In this context
the substantiation is against the three fundamental safety functions (control of
reactivity, removal of heat, confinement of radioactive material) and against the
objective to reduce nuclear safety risks ALARP.

The detailed description of the RP’s definition of the reactor core is in PCSR Chapter 5
(Ref. 3). This document describes the design and the safety case claims on the SSCs
that make up the reactor core, including the fuel. These claims are that:

n the Safety Functional Requirements (SFR) or design basis have been derived
for the reactor core design;

n the reactor core design satisfies the SFRs or design basis;

n all reasonably practicable measures have been adopted to improve the design;

n the reactor core performance will be validated by commissioning and testing;
and

n the effects of ageing of the reactor core have been addressed in the design and

suitable EMIT are specified.
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55.

The RP has identified sub-claims, arguments and evidence for each of the SFRs, most
of which are divided into groups. There are SFRs for the fuel system design, the
nuclear design of the core and thermal hydraulic design of the core. In PCSR Chapter
5, the RP details the safety functions in these groups and references to further
documentation to provide evidence that the generic UK HPR1000 design can achieve
them.

The fuel system design section and supporting documents contain a systematic
evaluation of phenomena that can cause a loss of radiological material confinement
through fuel cladding failure. This evaluation is intended to show that fuel failures due
to these phenomena are precluded in Design Basis Condition (DBC)-1 operations,
DBC-2 faults and more frequent DBC-3 faults. In practice, this means any fault with an
IEF greater than 1072 per year. The demonstration that fuel failures are reduced
ALARP in less frequent DBCs is referenced out to PCSR Chapter 12 (Fault Studies).

Separately the fuel system design includes an evaluation of conditions that could
prevent control of reactivity. These are conditions that impact the ability of control rods
to insert. This evaluation shows that none of the analysed faults will prevent control rod
insertion.

The nuclear design section and supporting documents contain an evaluation of nuclear
parameters including burnup, reactivity control, power distributions, stability and
Shutdown Margin (SDM) in various conditions to show that design basis limits are met.
This is intended to support claims that there are adequate margins between operating
parameters and reactor protection setpoints in DBC-1, and that protective actions will
be triggered that prevent fuel failures and allow operators to restore DBC-1 operations
when a DBC-2 or frequent DBC-3 fault occurs.

The thermal hydraulic design is a detailed evaluation of the core cooling behaviour
during DBC-1 and DBC-2 conditions. This is intended to demonstrate that in all these
conditions no fuel rods will experience Departure from Nucleate Boiling (DNB), no fuel
rods will reach the fuel melting temperature, core flow meets the minimum requirement
and hydrodynamic instability will not occur. The evaluation shows that these objectives
are met, with allowances for uncertainties. Examination of core cooling in less frequent
DBCs is referenced out to PCSR Chapter 12.

PCSR Chapter 5 has a section to justify that the reactor core design has reduced risks
ALARP. The RP has described the evolution of the generic UK HPR1000 design from
its predecessors and carried out a review of RGP and relevant OpEx. Following risk
assessment using DBA, the RP has made a modification to a trip setting within the
Reactor Protection System (RPS) to avoid PCI fuel failures in frequent faults. It argues
that further modifications, to reduce the number of fuel rods experiencing DNB in
infrequent faults, are not reasonably practicable. On this basis, the RP concludes that
the fuel and core design has reduced risk ALARP.

The RP has included two sections to address future EMIT and commissioning
activities. These explain that the generic design will allow the licensee to carry out
appropriate commissioning testing to validate the analysis methods and assumptions,
and give an indication of the types of EMIT activities that can be implemented to
mitigate the impacts of ageing and in-service degradation. This includes a discussion
on the RP’s strategy for failed fuel management. The PCSR presents these as an
overview because they will be developed further by the site licensee.

PCSR Chapter 5 also includes an appendix and reference to supporting documents
that describe the computer codes used and provide Verification and Validation (V&V)
evidence.
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62.

The fuel and core design supports some of the fault analysis reported in PCSR
Chapter 12. This is to support Claim 3.2 “A comprehensive fault and hazard analysis
has been used to specify the requirements on the safety measures and inform
emergency arrangements” and Claim 3.4 “The safety assessment shows that the
nuclear safety risks are ALARP”. Against these claims the fuel and core analysis
provides both neutronic data and acceptance criteria that, if met, ensure the delivery of
the three fundamental safety functions in faults.

The RP’s documentation underpinning PCSR Chapter 5 is arranged in a tiered
structure. PCSR Chapter 5 itself is a Tier 1 document. The key documents describing
the design, design bases and substantiation in each area described above are Tier 2
documents. The further documents required to provide detailed supporting evidence
are Tier 3 documents. Tier 2 documents are mostly references to the PCSR and Tier 3
documents are mostly references to Tier 2 documents. The document hierarchy is
described within the RP’s Production Strategy for Fuel and Core Design (Ref. 24). Ref.
24 presents useful diagrams showing the hierarchy for fuel system design, nuclear
design and thermal hydraulic design, which | have included in Annex 3 to this report.

Requesting Party Organisation and Information-Sharing

As described in Section 1, GNSL is a UK-registered company that was established to
implement the GDA on the UK HPR1000 design on behalf of CGN, EDF SA and GNI.

As noted in ONR’s summary report for Step 3 of GDA (Ref. 25), the UK HPR1000 core
design changed from using CGN’s STEP-12 fuel design to the AFA 3GAA fuel
designed by Framatome. The technical and safety aspects of this change were
considered as part of my assessment, but this change also brought additional
complexities to the RP’s organisation that were specific to the Fuel and Core topic, and
therefore are noted here. Specifically, CGN sub-contracted Framatome to provide fuel
system design information and a range of supporting safety case evidence in GDA.

All the safety case documents submitted in the Fuel and Core topic in GDA were
authored by either CGN or Framatome. Most of these were submitted via GNSL.
However, for commercial reasons, a small number of documents were unable to be
shared amongst all the RP organisations, so were submitted by CGN or Framatome
directly to ONR. The documents affected mostly related to computer code V&V
evidence and a small subset of the evidence underlying the fuel design and fuel
performance analysis.

Importantly during GDA:

n the RP was able to put arrangements in place to share relevant information to
enable development of their safety case submissions; and
n my own access to information has been unaffected by this matter so | have

been able to undertake a meaningful assessment of the safety case.

However, such constraints on information sharing, if they were carried forward to the
licensee, could present a barrier to these documents being used to fully understand
the risks associated with its activities or to further develop the site-specific safety case.
SAP MS.2 (Capable Organisation) and the associated guidance in Ref. 2 describe a
series of expectations associated with a dutyholder’s organisation, access to
information and ‘intelligent customer’ role. It will be important that the licensee
implements an organisational structure and information-sharing mechanisms that allow
it to develop and maintain an adequate intelligent customer capability. Such matters
would be an important consideration in any future licensing activities undertaken by
ONR, but are outside the scope of my assessment during GDA.
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63.

64.

65.

66.

67.

ONR ASSESSMENT
Structure of Assessment Undertaken

The structure of this section of my report is aligned with that of my assessment scope
and sampling strategy described in Section 2.

The main three themes considered in my assessment were the nuclear design of the
core, the thermal hydraulic design of the core and the thermo-mechanical design of the
fuel system. Within each of these three main themes, | considered the adequacy of the
design bases used, the safety margins presented, the limits or performance data
provided for use in fault analysis and the computer codes, modelling methods and
assumptions used. For ease of readability | have separated out subsections of this
report on neutronic data from that on the nuclear design and on fuel design criteria and
safety limits from that on fuel system design. | have also separated out all my
assessments of the validity of computer codes and modelling methods, which are
placed together towards the end of the report.

In addition, | have sampled several safety-significant areas in which interactions
between neutronic, thermal hydraulic and/or fuel thermo-mechanical phenomena are
particularly important. My assessment of PCI safety analyses, fuel modelling in LOCA
and the impact of fuel deposits are each contained in their own dedicated subsections
of this report.

Further, | have considered safety-significant parts of the fuel and core safety case
associated with how the UK HPR1000 plant will be operated. All of these topics have
links back to the three main themes discussed above but are assessed in separate
subsections of this report. | have combined my assessments of the reduction of the
risks posed by core mis-loads and of the requirements for monitoring using in-core
instrumentation in a single subsection because detection of a core mis-load is reliant
upon the adequacy of the instrumentation specified within the design. Separate
subsections are used to record my assessment of the management of failed fuel in
operation, and of operating limits and conditions, commissioning and EMIT.

My report concludes with my assessment of the overall demonstration that risks have
been reduced ALARP and of whether all of the safety case information presented to
me in GDA has been adequately consolidated in to the PCSR and supporting
documents by the end of the process. | have also provided a summary of the
standards, guidance and RGP that | have used at the end. The resulting structure of
this sub-section is as follows:

Core nuclear design

Neutronic and kinetics data for use in fault analysis

Fuel system design

Fuel design criteria

Thermal hydraulic design and criteria

Protection against PCI

Fuel behaviour in a Large Break LOCA (LB-LOCA)

Fuel deposits

Core mis-loading and in-core neutron detectors
Management of failed fuel in operation

Operating limits and conditions, commissioning and EMIT
Computer code validity

Demonstration that relevant risks have been reduced ALARP
Consolidated safety case

Comparison with standards, guidance and RGP

33333 33333333333
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68.

69.

70.

71.

72.

73.

Core Nuclear Design
Assessment

The nuclear design of a reactor core includes the definition of the fuel assembly
arrangement in the core, the selection of fuel assembly types for every location in the
core, and the selection of fuel enrichments and burnable poison loadings in each fuel
rod. It includes definition of core re-load designs intended to make appropriate use of
burnt fuel assemblies and eventually reach a stable ‘equilibrium cycle’. It includes the
selection of locations in the core for RCCAs (and their groupings), for in-core
instrumentation, for neutron sources and the selection of any materials with the
potential to affect core neutronics. It also includes definition of a number of operating
limits and conditions including RCCA bank insertion limits, boron concentration limits
and the intended operating cycle length.

The nuclear design is fundamental to achieving the desired power output, cycle length
and fuel burnup for a reactor design. In turn, these parameters are fundamental to
achieving the desired economic performance. From a safety perspective, the nuclear
design has a direct impact on all three fundamental safety functions referred to by SAP
ERC.1 because it determines global and local reactivity behaviour and heat production
in the core. It effectively sets a wide variety of nuclear performance parameters, which
have a significant influence on the plant response to abnormal conditions, the worth of
protection systems and the safety margin available in faults. As a result, an inadequate
or poorly-modelled nuclear design will likely lead to a loss of fault tolerance.

The nuclear design of a reactor core with all the above in mind is a complex multi-
objective optimisation task with many variables. NS-TAST-GD-075 (Ref. 11) states
“The inspector should be satisfied that limits have been placed on key core design
parameters that influence the plant response to abnormal conditions and the worth of
protection systems. These limits should be consistent with the data provided to fault
analysis. Such limits place active constraints on the core design.”

It is not possible to assess each element of the nuclear design (for example, a
particular fuel enrichment decision) in isolation because the reactor’s performance is a
result of interaction between all of these elements together. My assessment of the
nuclear design therefore has several strands, to allow me to a reach judgement on
whether the complete nuclear design meets regulatory expectations:

n an assessment of the design objectives and limits that the RP has set on the
nuclear design that are important to safety, and the evidence provided that the
design complies with them (reported in this subsection);

n an assessment of whether the design has been developed or else evolved from
its predecessors in such a way as to improve safety (reported in this subsection
and in subsection 4.14);

n an assessment of how feedback from design basis fault analysis has been
used to further improve the design and reduce risks ALARP (reported in
subsection 4.14); and

n an assessment of the adequacy of nuclear data provided for use in fault
analyses (reported in subsection 4.3).

| have discussed the second and third items above in subsection 4.14 as well as this
subsection because of their importance to the RP’s demonstration that the fuel and
core design reduces risks ALARP.

| have applied SAPs EKP.2, ERC.1, ERC.2, ERC.3, ERC.4, EAD.1, FA.7 and AV.3in
reaching a judgement about the adequacy of the nuclear design for UK HPR1000. |
have also used NS-TAST-GD-075 (Ref. 11) and SSG-52 (Ref. 19) to benchmark my
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expectations for aspects of the nuclear design that should be evaluated and/or limited
by the design process.

The RP has submitted the nuclear design basis for the UK HPR1000 core design (Ref.
26). This presents the limits set on the nuclear design to ensure that adequate safety
margin exists to either criteria at which one of the fundamental safety functions could
be compromised, or to assumptions made in fault analyses. Design information and
nuclear data has been provided in full for the UK HPR1000 first cycle core design (Ref.
27) and for the predicted equilibrium cycle core design (Ref. 28). Complete core
designs and a sub-set of the nuclear data have also been provided for the transition
cycles (cycles 2 and 3) within the fuel management report (Ref. 29). This is sufficient
for me to make judgements about the adequacy of the UK HPR1000 nuclear design
and its evaluation against the nuclear design basis.

The demonstration that risks have been reduced ALARP for the UK HPR1000 reactor
core design is presented by the RP in Ref. 30, which | have assessed against
guidance from NS-TAST-GD-005 (Ref. 12) in subsection 4.14 of this report. Ref. 30
states that the UK HPR1000 core design is an evolution of that used in the Chinese
CPR1000 operating plants. The changes from the CPR1000 core design primarily
constitute the addition of 20 fuel assemblies at the edge of the core (which slightly
reduces the height/diameter ratio, reducing neutron leakage) and a slight reduction in
the core average power density. The RP argues that the reduced power density will
result in a higher thermal margin and hence provide a safety benefit, whilst the reduced
neutron leakage will result in slightly higher average discharge fuel burnup and
therefore fewer spent fuel assemblies per unit of energy production.

| am satisfied with the arguments presented that the nuclear design of the core has
evolved from the design used in the CPR1000 fleet in China in ways that should
improve safety. | have not observed any potential safety detriments to the changes.
However, safety improvements can only be demonstrated through the detailed analysis
that is assessed later in this report and in the Fault Studies Assessment Report (Ref.
7). Other changes from the CPR1000 core design, such as the number of RCCAs and
locations of ex-core detectors, simply follow from the increased number of fuel
assemblies. The only aspect of the core design that constitutes a significant change
from CPR1000 is the use of in-core SPNDs. The detailed design of these detectors will
be finalised post GDA, but Ref. 30 provides an adequate explanation for the selected
number of SPNDs and their locations. | judge that these detectors should provide for a
practical safety improvement in UK HPR1000 over the CPR1000 fleet by providing the
operators with earlier visibility of any unexpected distortions in the core power
distribution. | have more fully assessed their functionality and safety classification in
subsection 4.10 of this report.

Ref. 30 also briefly compares the 18-month equilibrium cycle that has been selected in
GDA with 12-month and 24-month options. The data presented includes a comparison
of achievable average fuel discharge burnup, cycle length and key nuclear safety
parameters for the three designs. The 18-month cycle used in the GDA design is
stated to be the best choice because the analysis shows that the nuclear safety
parameter limits are met, because it provides for better average discharge burnup than
the other designs and because it is aligned with OpEx at the CPR1000 plants from
which the generic UK HPR1000 design has evolved. | am therefore satisfied that the
decision to use an 18-month equilibrium cycle is supported by the available evidence
and my detailed assessment in this report is all based upon the 18-month equilibrium
cycle that forms part of the design reference for GDA. However, | note that | have not
seen evidence that the 12-month or 24-month options considered in Ref. 30 were
optimised and | recognise that the licensee may wish to design a different equilibrium
fuel cycle. Were this to be the case, it would be subject to appropriate ONR attention
as part of routine regulatory interventions associated with licensing and permissioning.
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The nuclear design reports for the first and equilibrium cycle core designs (Ref. 27 and
Ref. 28) present core loading patterns, locations of RCCAs, primary and secondary
source assemblies and in-core instruments. The chosen locations provide for
symmetrical reactivity insertion with each RCCA bank, reasonable core coverage with
shutdown bank RCCAs and reasonable core coverage with each group of in-core
SPNDs. In my opinion, this is a necessary enabler for an adequate shutdown system
and adequate core monitoring capability, as expected by SAPs ERC.2 and ERC.4.
However, these capabilities should also be verified by suitable quantitative analysis. |
have discussed the quantitative analysis for the shutdown system in sub-section
4.2.1.4 and for the in-core detectors in subsection 4.10 of this report.

| have observed that the fuel enrichments and poison loadings used by the UK
HPR1000 nuclear designs are within ranges used in other PWRs.

In my opinion the nuclear design basis (Ref. 26) shows that the RP has taken a
systematic approach to the core nuclear design and that most of the nuclear
performance parameters | would expect to see, using guidance from Ref. 11 and Ref.
19, are captured. Where exceptions exist, | have discussed them in this report.

| have reviewed all UK HPR1000 submissions associated with the nuclear design of
the core to satisfy myself that adequate limits are placed on nuclear parameters and
that the results of the design evaluation show compliance with the stated limits. On
some specific topics that are either particularly important to reduction of risk or where
additional information was required to form a judgment on the argument being made in
the safety case, | sampled the underlying evidence more deeply. These areas are as
follows:

Burnup Limits

Power Distributions

Moderator Temperature Coefficient (MTC)
Control rods and SDM

Tolerance to core mis-loading faults

533333

The last of these topics is discussed in subsection 4.10 due to its close relationship
with the requirements on in-core instrumentation. The others are covered in the
remainder of this subsection.

4.2.1.1 Burnup Limits

83.

84.

The safe working life of nuclear fuel rods and fuel assemblies is usually defined in
terms of ‘burnup’, which is a measure of the time-integrated irradiation per unit mass
that the fuel has undergone in the reactor core. Fuel behaviour in normal operations
and faults varies as a function of burnup, so it is important not only to define a
maximum burnup beyond which fuel must not be irradiated further, but also to
demonstrate that the validation limits of computer codes and methods applied to fuel in
the safety case bound this limit. The burnup reached by the fuel is a function of the
nuclear design of the core. Informed by SAP EAD.1, my assessment expectations are
firstly that burnup limits be derived to which the fuel can operate safely and for which
fuel behaviour can be predicted using validated methods, and secondly that the
predicted peak fuel burnup at End of Cycle (EOC) in the equilibrium cycle design does
not exceed these limits.

Ref. 26 presents design limits for maximum fuel burnup of 57,000 MWd/Te (fuel rod
average) and 52,000 MWd/Te (fuel assembly average). These values are relatively
modest compared to other PWRs that have passed through GDA in the UK and are
well within the range of burnups experienced internationally by Framatome AFA 3GAA
fuel assemblies with M5 clad, presented in the fuel assembly OpEx report (Ref. 31). |
judge the level of fuel reliability in normal operation shown for this fuel type and burnup

Office for Nuclear Regulation Page 24 of 159



Report ONR-NR-AR-21-021
CM9 Ref: 2021/23724

85.

86.

87.

range by Ref. 31 to be adequate, as discussed latterly in subsection 4.4. | am also
satisfied that the fuel criteria used in fault analyses are valid up to the specified burnup
limits, implying that if fault analysis concludes that the criteria are met, then fuel within
these burnup limits should behave in the expected manner. My assessment of the fuel
criteria used in fault analyses is reported in subsection 4.5.

The specified burnup limits above are well within the validation envelope of the fuel
performance code COPERNIC (Ref. 32) for UO; fuel rods on a rod-average basis and |
have also satisfied myself that the nuclear design codes PINE and COCO will provide
adequate modelling of the core up to this burn up range (see subsection 4.13 for my
assessment of these codes). However, | observed during my assessment that the limit
of the COPERNIC validation range for UO»-Gd»Os (that is, gadolinia-poisoned) fuel
rods is slightly lower than the fuel rod average burnup limit specified for the nuclear
design in Ref. 26. | therefore looked for assurance that the UO,-Gd.Os fuel rods in the
UK HPR1000 core are not in practice predicted to reach burnups that exceed the
COPERNIC validation range for that fuel type.

The nuclear design report for the equilibrium cycle (Ref. 28) and fuel management
report (Ref. 29) present burnup maps of the whole core to demonstrate that the core
design meets the burnup limits specified above with some additional margin at the end
of the equilibrium cycle. However, Ref. 28 and Ref. 29 do not specifically present the
peak burnup reached by UO,-Gd»O3; fuel rods. | therefore requested evidence through
RQ-UKHPR1000-0574 (Ref. 33) that the lower COPERNIC validation limit for UO-
Gd,0Os rods still bounds the peak burnup values reached in the UK HPR1000 core for
this fuel type. The RP’s response to the RQ showed this to be true because the peak
burnup in UO»-Gd,Os fuel rods is significantly lower than that in UO- fuel rods, due to
the lower fuel enrichment used in the UO,-Gd,O3 rods. | was therefore satisfied that
the peak fuel burnup reached by all fuel rods in the presented core designs is well
bounded both by OpEx and by relevant core computer code validation limits, for both
UO; and UO,-Gd»0Os fuel rods. | consider it a minor shortfall in the safety case that a
separate, lower fuel rod burnup limit is not specified in the nuclear design basis for
UO,-Gd»03 rods that limits their burnup to within the validation range of the
COPERNIC computer code.

Overall, | judge that the burnup limits presented in the UK HPR1000 safety case are
adequate and | am satisfied that the presented core designs meet the limits with
reasonable margin.

4.2.1.2 Power Distributions

88.

89.

90.

The local power produced in a reactor core varies considerably because of the
different rates of fission, neutron moderation, neutron absorption and neutron leakage
in different parts of the core. The safety margin available to fuel design criteria in faults
is generally smallest in the locations of highest power. The ratio between peak local
power and average core power is usually quantified in terms of ‘power peaking factors’.
The magnitude of these power peaking factors directly drives the local power in the
hottest parts of the core. They have a significant impact on the ability to remove
sufficient heat from the core and on the fault tolerance of the plant.

Informed by SAPs ERC.1, EKP.2, FA.7 and NS-TAST-GD-075 (Ref. 11), my
expectations are therefore that reasonably practicable steps be taken in core design to
limit power peaking factors and that, most importantly, they are evaluated for each core
design and core operating state for which fault analysis is required in the safety case,
to show that fault analysis assumptions are valid.

Limits are set by the RP in the nuclear design basis (Ref. 26) and fuel management
report (Ref. 29) on power peaking factors in the UK HPR1000 nuclear design. In
normal operational states these include the total 3-D heat flux hot channel factor

Office for Nuclear Regulation Page 25 of 159



Report ONR-NR-AR-21-021
CM9 Ref: 2021/23724

91.

92.

93.

94.

95.

(termed Fg) and enthalpy rise hot channel factor (termed Fqy), which is a measure of 2-
D radial power peaking. As discussed further in subsection 4.3, | have satisfied myself
that these limits are consistent with assumptions made in relevant fault analyses.

The RP’s safety case claims associated with clad corrosion and fuel deposits require
that Fqn be limited to keep hot channel void fraction below 5% in normal operation (Ref.
34), irrespective of the safety margin available in faults. Evidence was not initially
provided that the stated limit on Fqy in Ref. 29 would keep hot channel void fraction
below 5% in normal operation for UK HPR1000. However, the RP submitted this
evidence in response to RQ-UKHPR1000-0835 (Ref. 33) and subsequently in an
analysis of thermal and boiling parameters for the UK HPR1000 core (Ref. 35).

The first cycle and equilibrium cycle core designs developed against the RP’s power
distribution limits are presented in Ref. 27 and Ref. 28. No particular core design
measures (such as use of axial fuel enrichment zoning or ‘axial blankets’) have been
taken to reduce axial power peaking in the UK HPR1000 core. However, the design
limit on Fq and the peak local heat flux are both lower than equivalent values for
AP1000 at the time of GDA or for Hinkley Point C at PCSR3 stage, so | am satisfied
such measures are not necessary. Having assessed the nuclear design methods used
in subsection 4.13 of this report, | judge that evidence provided by the RP in Ref. 27,
Ref. 28 and the neutronic data for LOCA analysis report (Ref. 36) is adequate to
demonstrate that the stated limit on Fg is met by the first and equilibrium cycle core
designs in all relevant core operating states.

| observed that the first cycle core loading pattern effectively flattens the radial power
distribution across the core, with more reactive fuel placed at the core edge. Ref. 27
shows that there is large margin to the specified Fqn limit for the first cycle, providing
for additional fault tolerance in this cycle. However, the equilibrium cycle loading
pattern presented in Ref. 28 uses a lower-leakage loading pattern with less reactive
assemblies at the core edge, which leads to more radial power peaking and higher Fgy.
The equilibrium cycle core design also uses relatively high concentrations of gadolinia
poison in some fuel rods (albeit within the ranges used successfully in other PWR
designs), which will increase peak Fqny due to the different reactivity of these fuel rods
compared to those around them.

It is important that Fgy adheres to the stated design limit in all core operating states so |
have sampled the safety case in particular depth on this topic. Fqn varies strongly
between cycles and through a cycle, and as a function of RCCA bank insertion. In the
fuel management report (Ref. 29), Fqn is evaluated throughout using an ‘all-rods-out’
condition. In both Ref. 27 and Ref. 28, it is also evaluated in an overly-pessimistic
configuration with the R bank of RCCAs fully inserted (well beyond the bank insertion
limits). In the latter case, the limit on Fq4 is shown to be breached and | judged that
neither evaluation was adequate to provide evidence that the Fqy limit will be met
throughout the permitted RCCA bank insertion range. In practice the R bank of RCCAs
will be inserted a small way during operation at full power, the permitted range
(between ‘bite point’ and insertion limit) being defined in Ref. 27 and Ref. 28 for each
cycle design. | requested further evidence on this topic and in response to RQ-
UKHPR1000-0684 (Ref. 33), the RP presented additional radial power distribution
maps calculated with the R bank inserted to its insertion limit. This data was sufficient
to satisfy me that the Fqn limit for UK HPR1000 is met throughout the allowable RCCA
bank insertion r