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PREFACE

The Office for Nuclear Regulation (ONR) was created on 1st April 2011 as an Agency of the Health
and Safety Executive (HSE). It was formed from HSE's Nuclear Directorate (ND) and has the same
role. Any references in this document to the Nuclear Directorate (ND) or the Nuclear Installations
Inspectorate (NII) should be taken as references to ONR.

The assessments supporting this report, undertaken as part of our Generic Design Assessment
(GDA) process and the submissions made by EDF and AREVA relating to the UK EPR™ reactor
design, were established prior to the events at Fukushima, Japan. Therefore, this report makes no
reference to Fukushima in any of its findings or conclusions. However, ONR has raised a GDA
Issue which requires EDF and AREVA to demonstrate how they will be taking account of the
lessons learnt from the events at Fukushima, including those lessons and recommendations that
are identified in the ONR Chief Inspector’s interim and final reports. The details of this GDA Issue
can be found on the Joint Regulators’ new build website www.hse.gov.uk/newreactors_and in
ONR’s Step 4 Cross-cutting Topics Assessment of the EDF and AREVA UK EPR™ reactor.
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EXECUTIVE SUMMARY

This report presents the findings of the Reactor Chemistry assessment of the UK EPR reactor
undertaken as part of Step 4 of the Health and Safety Executive’'s (HSE) Generic Design
Assessment (GDA). The assessment has been carried out on the November 2009 Pre-
construction Safety Report (PCSR) and supporting documentation submitted by EDF and AREVA
during Step 4.

This assessment has followed a step-wise-approach in a claims-argument-evidence hierarchy. In
Step 3 the claims and arguments made by EDF and AREVA were examined.

The scope of the Step 4 assessment was to review the safety aspects of the UK EPR reactor in
greater detail, by examining the evidence, supporting arguments and claims made in the safety
documentation, building on the assessments already carried out during Step 3, and to make a
judgement on the adequacy of the Reactor Chemistry information contained within the PCSR and
supporting documentation.

It is seldom possible, or necessary, to assess a safety case in its entirety, therefore sampling is
used to limit the areas scrutinised, and to improve the overall efficiency of the assessment process.
Sampling is done in a focused, targeted and structured manner with a view to revealing any topic-
specific, or generic, weaknesses in the safety case. To identify the sampling for the Reactor
Chemistry an assessment plan for Step 4 was set-out in advance.

My assessment has focussed on obtaining further evidence from EDF and AREVA and assessing
the chemistry of:

e The EDF and AREVA safety case for the justification, implications and control of primary
coolant chemistry during all modes of operation. This included consideration of nuclear
reactivity control using boron, the effects of coolant chemistry on the integrity of pressure
boundaries, protection of fuel and core components and production, transport and deposition of
radioactivity, including its influence on radiological doses to workers and ultimately to wastes.

e Those features of the design, material choices or chemistry controls which reduce radioactivity
so far as is reasonably practicable.

e The main secondary circuit systems which control or are influenced by chemistry. This includes
consideration of the implications of system design on chemistry choices and the interaction of
chemistry with materials and corrosion susceptibility.

e Those engineered systems which allow licensee staff to control, monitor or change the plant
chemistry.

e The storage of nuclear fuel within ponds, including the effects of pool chemistry.

e Those systems which mitigate the release of radioactivity to the environment in either the liquid
or gaseous form.

¢ Design basis and beyond design basis accidents, including the production, release and control
of hydrogen and fission product nuclides.

e The arrangements for moving the safety case to an operating regime, including the derivation
of suitable limits and conditions and the arrangements for specifying plant chemistry.

A number of items have been agreed with EDF and AREVA as being outside the scope of the GDA
process and hence have not been included in my assessment. A full list and description of these
items can be found in the text of the report.
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From my assessment, | have concluded that:

While the precise values for chemistry related limits and conditions have not been assessed as
part of GDA, EDF and AREVA have provided me with sufficient confidence to conclude that a
suitable case could be made for UK EPR in this regard. EDF and AREVA have presented their
intended operating chemistry for UK EPR, which is similar to many current operating plants
with adaptations for the specific design and taking account of operating experience, mainly
from the extensive French and German PWR fleets. Notable differences include:

() Unlike many, but similar to some current PWRs (including in Germany), EDF and AREVA
have designed UK EPR to use Enriched Boric Acid (EBA). Boron control is a main safety
priority for any PWR. Use of EBA has a number of advantages for chemical safety including
a lower volume, higher freezing point and less acidity per equivalence of *°B but requires
extra controls on the enrichment. | assessed systems for managing boron, which include a
multiplicity of monitoring devices in UK EPR. ND has requested continued work after Step 4
on the diversity of the boron monitoring system, which | will support. It may be desirable to
recycle EBA and this may cause some impurities and radioactivity to accumulate in the
coolant. | have asked EDF and AREVA to quantify the production and loss of significant
components in the coolant in this way. With these exceptions, | am content with the
proposed design for boron control in UK EPR for GDA.

(i) EDF and AREVA expect UK EPR to operate with dissolved hydrogen levels in the primary
coolant which are at the lower end of current operating experience. This is mainly expected
to bring benefits in radiation levels. | remain unconvinced of the evidence to support
reducing values to lower levels, but am content that the design of UK EPR is capable of
operation at more established concentrations if necessary.

(iif) When added to the primary coolant, traces of zinc are claimed to minimise radiation fields
within reactors and EDF and AREVA propose zinc addition for UK EPR. | asked for
evidence to support this process, and extensive documentation was provided. Apart from
an unresolved question related to the distribution of **C, which | am content is not a safety
issue, | conclude that waste generation will be no worse with zinc and radiation should be
lower. Thus it appears that zinc addition is justified. So far, EDF and AREVA do not
propose to add zinc during commissioning and this will need to be reviewed by the
Licensee post GDA.

| assessed the major chemistry systems which allow the Licensee to control, monitor and
change the primary chemistry, including those that are used during accidents. The UK EPR
has a number of sophisticated systems for these aspects which are derived from, and often
improve on, successful systems which are in operation in PWRs today.

During Step 3 | noted that the safety case for UK EPR was almost entirely based on
experience with previous reactor designs, none of which are directly comparable to UK EPR.
Our expectations are that a nuclear safety case is based upon a balance of experience and
supporting calculations. Bounding estimates of the radioactive materials such as tritium and
cobalt isotopes that would be produced by UK EPR, have been provided by EDF and AREVA
based on experience and comparisons with other reactors, primarily in France. These
estimates took no account of the size and power of UK EPR which are greater than existing
French PWRs. Initially, EDF and AREVA did not consider such figures would be relevant
because any predictions would be purely theoretical at this stage. | commissioned independent
calculations which showed that UK EPR will, not surprisingly, produce more of the cobalt
isotopes than current French PWRs, although this needs to be reconciled with the increased
power output of UK EPR. In response, EDF and AREVA are starting to predict levels of tritium
and other quantities, which reveal some improvements to their coolant management strategy
may be needed. These figures are arriving too late for me to assess and EDF and AREVA
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have agreed to provide more calculated data as part of a GDA Issue. These are important
additions to the safety case and this process will need to further continue as the UK EPR safety
case develops during subsequent plant approval, construction and commissioning stages.

¢ In addition to the operating chemistry the material choices can have important impacts on the
radioactivity and corrosion performance of a PWR. EDF and AREVA have engineered many
known ‘problem’ alloys out of the UK EPR design entirely, have reduced many to levels
consistent with ALARP and have demonstrated an appropriate level of understanding and
control over aspects such as surface finishing and fabrication. Given developments with robotic
methods of inspection and in use of zinc, EDF and AREVA see no need to electropolish the
steam-generator internals.

e Despite some aspects of the secondary circuit being outside of the scope of the GDA
assessment, | have assessed a number of aspects of the design including principal material
choices, corrosion threats, chemistry control and tolerance of abnormal chemistry. In general,
reasonable arguments have been made by EDF and AREVA in these areas although | have
identified a number of Assessment Findings where further work will be required going forward.
The main deficiency is that a holistic analysis for the secondary circuit, considering chemistry
and material choices, is not yet available, although | am content that there are no fundamental
hindrances to safe operation of the plant. It is clear that considerable forethought has been put
into the design in a number of areas related to chemistry and the safety case does not present
these as well as it could.

e The UK EPR has been designed to prevent accidents and make unplanned releases smaller
and less likely. | assessed the chemistry occurring during Steam Generator Tube Rupture
(SGTR) events, during accidents which involve generation and release of combustible gases
and in the unlikely event of an accident severe enough to melt fuel. These have all been areas
of challenge to past reactor designs. In general, while further work will be required by the
Licensee in many of these areas the overall EDF and AREVA case for chemistry during
accidents in UK EPR was acceptable for GDA. The main exception to this is for the UK EPR
system which is used to control and remove combustible gases released into the containment
during an accident. This system is based on the use of Passive Autocatalytic Recombiners
(PARSs) which convert hydrogen to water. These devices are new to the UK for this application
although are used extensively in Europe and, being reliant on a chemical process, are
potentially susceptible to chemical interferences. EDF and AREVA provided much information
on this system during GDA, including details of the modelling and assessment undertaken,
which is sophisticated and comprehensive, and this allayed most of my concerns in this area.
However, | am not content that an adequate case has yet been made regarding the effects of
degraded PAR performance on the plant, performance under bounding accident conditions or
when consideration is given to their potential interaction with volatile iodine. | am content that
these can be resolved, but expect this to be done before the start of nuclear related
construction and | have raised a GDA Issue on this aspect.

e For the extremely unlikely event that the core becomes hot enough to melt fuel, UK EPR
provides a core melt stabilisation system. This comprises a melting pit, a fusible plug, a transfer
tunnel and a water-cooled spreader. | assessed the chemical performance of individual steps in
this system. | assessed the extensive testing and calculation by AREVA, by European research
institutions and elsewhere. | concluded that whilst individual steps in this system have been
validated, the composite sequence of steps was not demonstrated. However, | am satisfied
that its result, in terms of the overall containment goal for large early release, is assured.

e As aresult of the GDA assessments, the PCSR for UK EPR has been updated and now
includes a sub-chapter dedicated to Reactor Chemistry. This is a valuable addition to the safety
case and will provide a basis for further developments of the plant chemistry. EDF and AREVA
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have demonstrated that the development of limits, conditions or specifications related to
chemistry parameters should be possible for UK EPR. | expect that a ‘chemistry manual’ or
similar documentation will be required and produced by the Licensee.

In some areas there has been a lack of detailed information which has limited the extent of my
assessment. As a result ND will need additional information to underpin my conclusion and these
are identified as Assessment Findings to be carried forward as normal regulatory business. These
are listed in Annex 1.

Some of the observations identified within this report are of particular significance and will require
resolution before HSE would agree to the commencement of nuclear safety-related construction of
a UK EPR reactor in the UK. These are identified in this report as GDA Issues and are listed in
Annex 2. In summary these relate to:

GI-UKEPR-RC-01 — EDF and AREVA need to provide further evidence supporting operation of
the combustible gas mitigation system.

GIl-UKEPR-RC-02 - Demonstration that ex-core radiation levels in UK EPR are minimised so
far as is reasonably practicable and can be controlled.

In addition, there are a number of GDA Issues raised in other assessment areas which need to be
satisfactorily resolved before an adequate Reactor Chemistry safety case can be made. These
relate to the consolidated GDA safety case (GI-UKEPR-CC-02), the boron meters (GI-UKEPR-FS-
01) and the Steam Generator Tube Rupture (SGTR) safety case (GI-UKEPR-FS-04).

Overall, based on the sample undertaken in accordance with ND procedures, | am broadly
satisfied that 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 EPR reactor design. The UK EPR reactor is therefore suitable for construction in the
UK, subject to satisfactory progression and resolution of GDA Issues to be addressed during the
forward programme for this reactor and assessment of additional information that becomes
available as the GDA Design Reference is supplemented with additional details on a site-by-site
basis.
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ABP
ADG
AFNOR
AHP
AlICC
AlSI
ALARP
ASN
ATD
AVS
AVT
BCMS
BDBA
BMS
BOA
BOC
BWR
CANDU
CCWS
CDS
CEA
CEX
CFD
CGCS
CHRS
CILC
CIPS
Clv
CMF
CMSS
CP
CPP
CPS
CRDM

Revision 0

LIST OF ABBREVIATIONS

Low Pressure Feedwater Heater System

Feedwater Tank

Association Frangaise de NORmalisation (French standards body)
High Pressure Feedwater Plant and Heater System

Adiabatic Isochoric Complete Combustion

American Iron and Steel Institute

As Low as Reasonably Practicable (see also SFAIRP)
Autorité de sdreté nucléaire (Nuclear Safety Authority, France)
Start-up Condensate and Feedwater Purification Plant
Annulus Ventilation System [EDF coding system — EVS]

All Volatile Treatment

Boron Concentration Measurement System (in the CVCS)
Beyond Design Basis Analysis

(ND) Business Management System

Boron Offset Anomaly

Beginning of Cycle

Boiling Water Reactor

CANadian Deuterium-Uranium reactor

Component Cooling Water System [EDF coding system — RRI]
Coolant Degasification System [EDF coding system — TEP4]
Commissariat a I'énergie atomique (Research organisation, France)
Condensate Extraction System

Computational Fluid Dynamics

Combustible Gas Control System [EDF coding system — ETY]
Containment Heat Removal System [EDF coding system — EVU]
Crud-Induced Localised Corrosion

Crud-Induced Power Shift

Containment Isolation Valves

Change Management Form

Core-Melt Stabilisation System

Corrosion Product

Condensate Polishing Plant

Coolant Purification System [EDF coding system — TEP2]
Control Rod Drive Mechanism [EDF coding system — RGL]
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CREDO
CRF
Css
CSTS
CTS
CVCS
cvi
DBA
DDT
DE
DER
DSEAR
EBA
EBS
EDF
EFWS
EP
EPRI
ESWS
ETB
EXLWDS
FAC
FA3
FP
FPCS
FPPS
FW
GDA
GWPS
HEPA
HFT
HP
HSE
HVAC
IAEA

Revision 0

LIST OF ABBREVIATIONS

Chemical and Radiochemical EPR Design Optimisation
Circulating Water System

Coolant Storage and Supply system [EDF coding system — TEP1]
Condensate Storage and Treatment System [EDF coding system — TEP]
Coolant Treatment System [EDF coding system — TEP3]
Chemical and Volume Control System [EDF coding system — RCV]
Condenser Vacuum System

Design Basis Analysis

Deflagration to Detonation Transition

Dose Equivalent

Operational Chilled Water System

Dangerous Substances and Explosive Atmosphere Regulations
Enriched Boric Acid

Extra Boration System [EDF coding system — RBS]

Groupe Electricité de France

Emergency Feedwater System [EDF coding system — ASG]
Electropolishing

Electric Power Research Institute (US)

Essential Service Water System [EDF coding system — SEC]
Effluent Treatment Building

Additional Liquid Waste Discharge System [EDF coding system — TER]
Flow Accelerated Corrosion

Flamanville 3

Fission Product

Fuel Pool Cooling System [EDF coding system — PTR]

Fuel Pool Purification System [EDF coding system — PTR]

Feed Water

Generic Design Assessment

Gaseous Waste Processing System [EDF coding system — TEG]
High Efficiency Particulate Air

Hot Functional Testing

High Pressure

(The) Health and Safety Executive

Heating, Ventilation and Air Conditioning

The International Atomic Energy Agency
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IASCC
IGA
IGSCC
IRSN
IRWST
LB
LHSI
LOCA
LOOP
LP
LRMDS
LTCP
LTOP
LWPS
LWR
MAAP
MCCI
MFWS
MHI
MHSI
MOX
MP
MSB
MSL
MSR
MSSS
NAB
ND

N
NPP
NRC
NSS
NVDS
oD
OECD

Revision 0

LIST OF ABBREVIATIONS

Irradiation-Assisted Stress-Corrosion Cracking

Inter-granular Attack

Inter-granular Stress Corrosion Cracking

L'Institut de Radioprotection et de Slreté Nucléaire (France)
In-Containment Refuelling Water Storage Tank

Large Break

Low Head Safety Injection system [EDF coding system — RIS]
Loss of Coolant Accident

Loss of Off-Site Power

Low Pressure

Control and Discharge of Effluents from nuclear island [EDF coding system — KER]
Low-temperature Crack Propagation

Low Temperature Overpressure Protection

Ligquid Waste Processing System [EDF coding system — TEU]
Light Water Reactor

Modular Accident Analysis Program

Molten Core-Concrete Interaction

Main Feedwater System

Mitsubishi Heavy Industries

Medium Head Safety Injection system [EDF coding system — RIS]
Mixed Oxide Fuel

Medium Pressure

Main Steam Bypass system [EDF coding system — GCT]
Main Steam Lines

Moisture Separator Reheater [EDF coding system — GSS]
Main Steam Supply System [EDF coding system — VVP]
Nuclear Auxiliaries Building

(HSE) Nuclear Directorate

Nuclear Island

Nuclear Power Plant

Nuclear Regulatory Commission (US)

Nuclear Sampling System [EDF coding system — REN]
Nuclear Vents and Drains System [EDF coding system — RPE]
Outside Diameter

Organisation for Economic Cooperation and Development
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OEF
ONR
ORE
OSSA
OTS
PAR
PASS
PCC
PCER
PCSR
POSR
PRMS
PRT
PSA
PSR
PWR
PWSCC
PZR
RBWMS
RCP
RCS
RES
RH
RHRS
R
RIA
RO
ROA
RPV
SA
SAP
SB
SCC
SDA
SDM

LIST OF ABBREVIATIONS

Operator Experience Feedback

Office for Nuclear Regulation

Operator Radiation Exposure

Operating Strategies for Severe Accidents
Operating Technical Specifications
Passive Autocatalytic Recombiner
Post-Accident Sampling System

Plant Condition Category
Pre-Construction Environmental Report
Pre-Construction Safety Report
Pre-Operational Safety Report

Plant Radiation Monitoring System [EDF coding system — KRT]
Pressuriser Relief Tank

Probabilistic Safety Analysis

Preliminary Safety Review

Pressurised Water Reactor

Primary Water Stress Corrosion Cracking

Pressuriser

Report ONR-GDA-AR-11-024
Revision 0

Reactor Boron and Water Makeup System [EDF coding system — REA]

Reactor Coolant Pump

Reactor Coolant System [EDF coding system — RCP]

Steam Generator Secondary Sampling System (part of NSS)
Relative Humidity

Residual Heat Removal System [EDF coding system — RRA]
Regulatory Issue

Regulatory Issue Action

Regulatory Observation

Regulatory Observation Action

Reactor Pressure Vessel

Severe Accident (see also BDBA)

Safety Assessment Principles

Small Break

Stress Corrosion Cracking

Nuclear Island Demineralised Water Distribution System

System Design Manual
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SDS
SED
SER
SFAIRP
SFP
SG
SGBD
SGBS
SGTR
SINCAD
SIR
SIS
SIT
SML
SRI
SSC
SSER
SSS
STUK
TAG
TQ
TS
TSC
TSP
TT
UK
URD
us
USA
VCT
VGB

VPU

Revision 0

LIST OF ABBREVIATIONS

Seawater Demineralisation System

Nuclear Island Demineralised Water Distribution System
Conventional Island Demineralised Water Distribution System
So Far as is Reasonably Practicable

Spent Fuel Pool

Steam Generator

Steam-Generator Blowdown

Steam Generator Blowdown System [EDF coding system — APG]
Steam Generator Tube Rupture

Sliver-INdium-CADmium alloy

French acronym for Chemical Reagent Injection System in EPR
Safety Injection System [EDF coding system — RIS]

Feedwater Sampling System

Master Submission List

Conventional Island Closed Cooling Water System

System, Structure or Component

Safety, Security and Environmental Report

Start-up and Shutdown Feedwater System [EDF coding system — AAD]
Sateilyturvakeskus (Radiation and Nuclear Safety Authority, Finland)
(Nuclear Directorate) Technical Assessment Guide

Technical Query

Tube Sheet (in Steam Generator)

Technical Support Contractor

Steam Generator Tube Support Plate

Thermally Treated alloy (specifically Inconel 600 or 690)

United Kingdom

Utility Requirements Document

United States (of America)

United States of America

Volume Control Tank

Verenigate Grosskraftwerke Betreiber (Federation of Large Power Station Operators,
Germany)

Steam Line Drain System
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INTRODUCTION

This report presents the findings of the Step 4 Reactor Chemistry assessment of the
November 2009 UK EPR Pre-construction Safety Report (PCSR) (Ref. 11) and
supporting documentation provided by EDF (Groupe Electricité de France) and AREVA
under the Health and Safety Executive's (HSE) Generic Design Assessment (GDA)
process. The approach taken was to assess the principal submission, i.e. the PCSR and
the supporting evidentiary information derived from the Submission Master List (Ref.
175), and then undertake assessment of the relevant supporting documentation on a
sampling basis in accordance with the requirements of Nuclear Directorate’s (ND)
Business Management System (BMS) procedure AST/001 (Ref. 2). The Safety
Assessment Principles (SAPs) (Ref. 4) have been used as the basis for this assessment.
Ultimately, the goal of assessment is to reach an independent and informed judgment on
the adequacy of a nuclear safety case.

During the assessment a number of Technical Queries (TQ) and Regulatory
Observations (RO) were issued and the responses made by EDF and AREVA assessed.
Where relevant, detailed design information from specific projects for this reactor type
has been assessed to build confidence and assist in forming a view as to whether the
design intent proposed within the GDA process can be realised.

A number of items have been agreed with EDF and AREVA as being outside the scope
of the GDA process and hence have not been included in this assessment.

GDA Process

In accordance with HSE’s guidance document (Ref. 5), our work on GDA has been
conducted in a step-wise approach with the assessment becoming increasingly detailed
at each step. Reports of our overall GDA assessment work have been issued at the end
of Step 2 and Step 3. Reactor Chemistry assessment began at the beginning of Step 3
and was first reported at the end of that step.

Step 1 The preparatory part of the design assessment process involving discussions
between the Requesting Parties (RPs) and the Regulators to agree
requirements and how the process would be applied.

Step 2 An overview of the fundamental acceptability of the proposed reactor design
concept within the UK regulatory regime to identify any fundamental design
aspects or safety shortfalls that could prevent the proposed design from being
licensed in the UK.

Step 3 An ND review of the safety aspects of the proposed reactor design to progress
from the fundamentals of Step 2 to an analysis of the design, primarily by
examination at the system level and by analysis of the RPs’ supporting
arguments.

This is the report of our work in Step 4 which was an in-depth ND assessment of the
safety case and generic site envelope submitted. This included a detailed examination of
the evidence, on a sampling basis, given by the safety analysis presented in the Step 4
PCSR (Ref. 11) and supporting documentation.
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NUCLEAR DIRECTORATE’'S ASSESSMENT STRATEGY FOR REACTOR
CHEMISTRY

The intended assessment strategy for Step 4 for the Reactor Chemistry topic area was
set out in an assessment plan (Ref. 1) that identified the intended scope of the
assessment and the standards and criteria that would be applied. This is summarised
below:

Definition of Reactor Chemistry

In order to understand the scope of the assessment that was conducted, it is first sensible
to consider the definition of Reactor Chemistry that was applied during the assessment
such that the boundaries are clearly understood. For the purpose of this assessment
Reactor Chemistry was taken to be defined as:

the chemistry of the design including the effects of coolant chemistry on reactivity,
pressure boundary integrity, fuel and core component integrity, fuel storage in
cooling pools, radioactive waste generation and radiological doses to public and
workers

Thus, for the purpose of GDA the Reactor Chemistry assessment was principally
concerned with five main areas; control of coolant reactivity, protection of the structural
materials (specifically related to integrity of the pressure boundaries), maintaining fuel
integrity and performance, minimisation of out of core radiation fields and minimisation of
releases during accident conditions. The relative influence each of these can have on
safety varies depending upon the specific system under assessment; however these
main areas were considered throughout.

Assessment Methodology

This report has been prepared in accordance with relevant ND guidance (Refs 2 and 3),
which also informs the methodology used, namely a sampling basis, dictated by
consideration of risk and hazard significance, in coordination with the other assessment
disciplines and the scope defined in the assessment plan (Ref. 1).

The Step 4 assessment process consists of examining the evidence to support the claims
and arguments in the EDF and AREVA UK EPR PCSR (Ref. 11) and supporting
documentation. This is then assessed against the expectations and requirements of the
SAPs and other guidance considered appropriate. Further details on the information that
supported this assessment are given in Section 2.4 of this report.

The basis of the assessment undertaken to prepare this report is therefore:

e Reading the appropriate elements of the RP’s GDA submissions.

e Consideration of internal and international standards and guidance.

e Consideration of international experience, operational feedback and expertise.

¢ Consideration of assessments performed by other regulators, especially their findings.
e Interaction with other relevant technical areas (where appropriate).

e Following the GDA interface arrangements (Ref. 5); raising and issuing of Technical
Queries (TQs), Regulatory Observations (ROs) and Regulatory Issues (RIs), as
appropriate, followed by assessment of RP responses.
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2.3
13

14

15

23.1
16

17

18

19

¢ Holding the necessary technical meetings to progress the identified lines of enquiry.

Consistent with the GDA deadlines and to provide ND with information for use in our
assessment of Reactor Chemistry in the EDF and AREVA UK EPR, | completed a
significant programme of work involving a number of Technical Support Contractors
(TSC). Further details of this support programme, and its relevance to the assessment
conducted is given in Section 2.3.4 of this report.

Assessment Approach

As identified in Ref. 1, in addition to the Step 4 UK EPR safety case produced at the end
of 2009 (Ref. 11), assessment included four principal mechanisms to form a regulatory
position on the adequacy of the EDF and AREVA UK EPR safety case during Step 4.
These were:

e Assessment of the outputs produced by EDF and AREVA in response to the
Regulatory Observations Actions (ROAS) raised at the end of Step 3 and during Step
4

e Assessment of the responses to Technical Queries (TQs) produced during Step 4
e Technical meetings held with the RP throughout Step 4
e Consideration of TSC outputs and reports produced throughout Step 4

The overall strategy was to build upon the assessment conducted during Step 3,
focussing on the detailed examination of the evidence presented by EDF and AREVA to
support the claims and arguments previously identified. For Reactor Chemistry the
distinction between claims, arguments and evidence is sometimes somewhat opaque,
and the form that evidence can take varies widely; including calculations, assessments
and studies, reviews of experience, arguments from first-principles or detailed numerical
modelling. As such some degree of overlap between the Step 3 and Step 4 assessments
was inevitable and accepted. Nonetheless, the evidence as presented was assessed
against the standards and criteria described in Section 2.4.

The following subsections provide an overview of the outcome from each of the
information exchange mechanisms in further detail.

Regulatory Observation Actions

The Regulatory Observations (ROs) and associated Actions (ROAs) raised with EDF and
AREVA during Step 4 are given in Ref. 9.

Three ROs were produced and issued in the Reactor Chemistry area at the end of Step
3, which contained a total of six ROAs. These covered the scope of the PCSR, general
radiation levels and the use of zinc in the primary coolant. During Step 4 an additional
four actions were raised under these existing ROs.

Two further ROs, covering radioactivity in the nuclear island and hydrogen control in the
containment during an accident, were issued during Step 4. These observations carried a
further five actions.

Overall Reactor Chemistry issued five ROs and fifteen ROAs during GDA, in addition to
several joint or cross-cutting ROs with other assessment areas.
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2.3.2
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24

2.3.3
25

26

27

234
28

EDF and AREVA did not complete responses to all of the Reactor Chemistry ROAs in
time for incorporation into the Step 4 assessment. These gaps have resulted in
Assessment Findings or Issues as appropriate, as detailed later in this report.

The deliverables provided by EDF and AREVA in response to these actions were
assessed by ND during Step 4. Commentary on the individual responses to the ROAs is
included in the assessment section later in this report as appropriate. The responses
provided by EDF and AREVA to these actions supplied a number of deliverables which
contribute significantly to the overall Reactor Chemistry safety case for UK EPR.

Technical Queries

A total of 151 Technical Queries (TQs) were raised with EDF and AREVA for the Reactor
Chemistry assessment, 137 during Step 4. Refer to Ref. 8.

EDF and AREVA completed responses to all of the Reactor Chemistry TQs, however,
some were not provided in time for incorporation into the Step 4 assessment. These gaps
have resulted in Assessment Findings or Issues as appropriate.

The responses provided by EDF and AREVA to the TQs were assessed by ND during
Step 4. Commentary on the most important and relevant TQ responses is included in the
assessment section later in this report as appropriate. The responses provided by EDF
and AREVA to these actions supplied further evidence supporting the overall Reactor
Chemistry safety case for UK EPR.

Technical Meetings

As part of the Step 4 planning process a series of technical meetings were arranged with
EDF and AREVA. These meetings occurred at regular intervals throughout 2010 when
most of the Step 4 assessment took place. Approximately 30 days of main technical
exchange meetings were undertaken during Step 4, in addition to numerous
teleconferences and smaller meetings, as necessatry.

The principal focus of the meetings was to discuss progress and responses to ROs and
TQs, technical exchanges and discussions with EDF and AREVA technical experts on
emergent issues. A further key output was the direct interaction between EDF and
AREVA experts and TSC contractors to allow for dialogue and the ready exchange of
information to enable TSC contracts to be fulfilled.

Further meetings were also attended in cross-cutting areas with other assessment areas
in GDA; most notably with severe accidents, radwaste and decommissioning and
radiation protection.

TSC Outputs

As detailed in Section 2.5.4, a number of technical support contracts were placed in
technical areas which align with the Step 4 Reactor Chemistry assessment topics. The
outputs from these contracts were mainly in the form of reports summarising the review
work undertaken by the TSC in completing the task and containing expert conclusions
and recommendations. Outputs from these contracts were used as an input into the Step
4 assessment of UK EPR undertaken by ND and are an input into the conclusions of this
report.
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32

2.4.3
33
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Further details of the TSC contracts are provided in Section 2.5.4, and Ref. is made to
the most important and relevant TSC contracts in the assessment section of this report,
as appropriate.

Standards and Criteria

The following section outlines the relevant standards and criteria that have informed the
Reactor Chemistry assessment during Step 4.

Safety Assessment Principles

Of all of the standards and criteria that inform the assessment, it is the selection of the
relevant Safety Assessment Principles (SAP) (Ref. 4) that plays a key role in determining
the scope of assessments in ND. The SAPs considered relevant to the Step 4
assessment are listed in Table 1. These SAPs are focussed on the functions and
systems leading to the largest hazards or risk reduction and are similar to those
considered throughout the Step 3 assessment.

Other ND Guidance

Assessment was conducted to relevant ND internal standards and guidance (Refs 2 and
3 and Table 2).

External Standards and Guidance

Generally, external standards and guidance specific to Reactor Chemistry are very
limited in number.

The International Atomic Energy Authority (IAEA) has prepared a standard on Reactor
Chemistry (Ref. 21). Although authoritative, wide-reaching and consistent with the
assessment conducted for GDA Step 4, this document was only available as a draft issue
during the Step 4 assessment, although it has recently been fully issued (Ref. 22), and as
such is only suitable as advisory guidance. Similar guidance is also available for the
Spent Fuel Pool (Ref. 23), containment systems (Ref. 24) and for defining limits and
conditions of operation (Ref. 25) and these were similarly used as advisory during the
assessment.

During Step 2 of the UK assessment the IAEA conducted a review of the Preliminary
Safety Report for EPR and | examined output from the IAEA review (Ref. 26). IAEA
considered the Preliminary Safety Review (PSR) did not address the following aspects of
the fuel in sufficient detail: swelling, chemical effects, maximum centreline temperature,
Fission Product (FP) release. Some of these aspects are discussed in this report in sub-
sections covering lithium, hydrogen, crud and accidents.

A large number of operating Pressurised Water Reactors (PWRs) worldwide base their
chemical specifications on standards and guidance produced by industry bodies like the
Electric Power Research Institute (EPRI) (Refs 27 and 28) and the German Federation of
Large Power Station Operators (VGB Powertech) (Ref. 29). Some of these documents
are authoritative and contain detailed justifications for the recommendations made, whilst
other simply list limits and action levels. They are also generally based around
operational aspects, which tend to mean the focus is on commercial or other concerns
rather than safety explicitly. As such they have been used as advisory guidance.
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40
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251
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A review of levels defined by the Western European Nuclear Regulators’ Association
(WENRA) (Ref. 6) found none specific to Reactor Chemistry.

Assessment Scope

Historically, Reactor Chemistry was poorly controlled in early Pressurised Water Reactors
(PWRs) which gave rise to a humber of safety issues related to structural integrity, fuel
damage and high radiation fields as might be expected. Subsequently, recognition of the
importance of proper chemical control led to great improvements in each of these areas
and modern PWRs would be expected to operate under a regime where due
consideration has been given to such problems and controls are available to limit their
occurrence.

In line with the definition, methodology and approach for the Step 4 Reactor Chemistry
assessment, the assessments of Reactor Chemistry concentrated on chemical processes
that:

e May cause an uncontrolled variation in core reactivity.
e May threaten the containment of nuclear matter.

e Contribute to operator radiation exposure.

¢ Generate radioactive waste and discharges.

e Determine source terms for severe accident analysis.

Due to the nature of the GDA process, it was not considered feasible or realistic for EDF
and AREVA to be able to fully define the chemistry that may be used at this stage as
there will also be the need for Licensee input for a specific site. In fact, it was considered
beneficial not to compel EDF and AREVA to precisely define every aspect of UK EPR
chemistry at this stage due to the likely changes in ‘good’ practice that may occur
between GDA and operation of any reactor. However, the Step 4 assessment was based
on what the ‘expected’ UK EPR chemistry regimes would be (i.e. a baseline case), with
further Licensee specific development required during Phase 2 (licensing). The Step 4
assessment also included the provision to identify a range around this ‘baseline’ such that
potential ‘cliff edge’ effects are avoided.

Detailed site specific aspects and commissioning were excluded from the Step 4
chemistry assessment and are to be considered during Phase 2.

The following section outlines the scope of the Reactor Chemistry assessment conducted
during Step 4 in more detalil.

Assessment Topics

The Reactor Chemistry assessment topics identified for Step 4 were those which |
believed, based upon the assessment conducted during Step 3, held the greatest safety
significance and therefore potentially could have the largest impact on the generic design.
These were the same to those identified for the Step 3 assessment. These are presented
in Table 3, which also includes a brief description of the assessment objective for each
identified topic.

The original intent was to allow some flexibility in the assessment conducted during Step
4, whilst still meeting the overall objective of undertaking a targeted and proportional
assessment of the UK EPR safety case. For instance assessment in the other ND
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technical areas, may lead to the need for additional Reactor Chemistry support. Similarly,
progress during Step 4 may indicate that some topics require more assessment than
others, due to weaknesses or deficiencies in the evidence provided by EDF and AREVA.
This original intent was found to be adequate and the originally identified topics were
those assessed during Step 4.

These were assessed according to the assessment plan (Ref. 1) and according to the
approach described in Section 2.3, in order to form an informed position on whether the
assessment objective had been met based upon the evidence presented by EDF and
AREVA.

Findings from GDA Step 3

The Step 3 Reactor Chemistry Assessment Report (Ref. 7) conclusions are given in
Table 4.

Overall the arguments presented during Step 3 were reasonable; however they were
generally at a high level. Much of the information presented was outside the main
submission and the PCSR was found to be lacking in a number of key areas in relation to
Reactor Chemistry.

It is worth noting that none of the other disciplines assessed during Step 3 raised any
additional issues related to Reactor Chemistry during their Step 3 assessment work.

Additional Areas for Step 4 Reactor Chemistry Assessment

Assessment during Step 4 largely followed up the Step 3 assessment report (Ref. 7). No
additional technical areas, outside those examined during Step 3, were assessed during
Step 4.

Use of Technical Support Contractors

Technical Support Contractors (TSCs) were engaged to assist with the Reactor
Chemistry assessment work undertaken during Step 4.

In general the TSCs were contracted to undertake detailed technical reviews of EDF and
AREVA submissions in discrete technical areas which aligned closely with the ND
assessment topics identified for Step 4. In some instances an initial ‘good practice’ review
was also undertaken, based upon publically available information, to inform ND and the
TSC and to provide a transparent basis for the subsequent RP specific review. The
outputs from these reviews are reports summarising the technical review and providing
expert conclusions and recommendations. All TSC work was undertaken under close
direction and supervision by ND and in line with the overall assessment plan for Step 4
(Ref. 1). Collectively, our TSC generated over 1500 pages of reports, summarising
various aspects of the design of UK EPR.

While the TSC provide an input into the Step 4 assessment, the regulatory judgment on
the adequacy or otherwise of the UK EPR Reactor Chemistry safety case was made
exclusively by ND. The TSC outputs were used as an input to this decision making
process.

The TSC reports are referenced in this report under the relevant assessment section, as
appropriate.
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Visibility of TSC work and feedback on progress and outcomes of TSC work was
provided to EDF and AREVA throughout Step 4.

Cross-cutting Topics

As a discipline, chemistry is not alone in its potential for impact across reactor designs
and hazard types. To cope with these interactions some functions or plant areas had a
lead inspector coordinating effort. These topics are by their nature ‘cross-cutting’ and
Reactor Chemistry contributed to the following, as detailed throughout the assessment:

e Severe Accidents (incl. core catcher)
e Categorisation and Classification

e Limits and Conditions

e Design Reference

e Definition of Scope

e Boron Dilution

e Smart Instruments

e Source Terms

None of these areas impinged significantly on the chemistry assessment planned for Step
4 and the assessment conducted, and described in this report, contributed to the overall
ND regulatory position on these topics.

Integration with Other Assessment Topics

Reactor Chemistry is an area which interacts with a number of other GDA technical
assessment disciplines. Principal amongst these are the radiation protection, structural
integrity, fault studies and radwaste and decommissioning areas where chemistry could
have a direct impact on consequences and hence safety. For all the disciplines there was
an appropriate coordination between technical areas to ensure that the regulatory effort is
proportionate and targeted. The Step 4 Assessment Plan (Ref. 1) contains a matrix that
captures areas for assessment co-ordination during Step 4 of the GDA process.

Out of Scope ltems

The following items have been agreed with the RP as being outside the scope
of GDA and as such influenced the scope of the Step 4 Reactor Chemistry assessment:

e Use of Mixed Oxide (MOy) fuel.

¢ Detailed site specific aspects; which include construction, commissioning and site-
specific operational matters such as marine fouling.

e The implications and design provisions for any routine load-following.
¢ Mid-loop working.

e Aspects of the secondary circuit design, as defined in Section 4.4.
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e Conventional chemical hazards; for example the application of the Control of
Substances Hazardous to Health (CoSHH) and the Dangerous Substances and
Explosive Atmosphere Regulations (DSEAR).
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EDF AND AREVA'’S SAFETY CASE

The EDF and AREVA safety case for UK EPR is based around a Pre-Construction Safety
Report (PCSR), Pre-Construction Environmental Report (PCER) and supporting
documentation, as identified in the Submission Master List (SML) (Ref. 175).

The safety case used as the basis of the Step 4 assessments was that submitted during
November 2009 (Ref. 11). The PCSR in this submission was not formally updated until
the final consolidated GDA submission was produced in March 2011. This PCSR was
produced in June 2009 and was the same as that used during Step 3 from a Reactor
Chemistry perspective; as such the comments made at the end of the Step 3 assessment
remain valid for the Step 4 submission.

During Step 4 the safety case for Reactor Chemistry in UK EPR was subject to two
significant updates, namely:

e Production of a draft Reactor Chemistry Chapter (February 2011) — In response to my
assessment during GDA, EDF and AREVA agreed to produce and incorporate
information related to Reactor Chemistry into the PCSR. They presented their plans
for the new chemistry chapter in UK EPR during the autumn of 2010. This was
incorporated as a sub-chapter to Section 5 of the PCSR, “Reactor Coolant System
and Associated Systems”, with sub-chapters dealing with the primary and secondary
circuit water chemistry requirements. This chapter was received in draft in February
2011 (Ref. 103).

e Production of a consolidated PCSR (March 2011) — At the end of Step 4 EDF and
AREVA produced a “consolidated” PCSR, the purpose of which was to incorporate all
the relevant Step 4 assessment into the UK EPR safety case. This included all GDA
assessment areas, including Reactor Chemistry. This PCSR was received at the end
of March 2011 (Ref. 105).

General commentary on the EDF and AREVA safety case for UK EPR is provided in the
following sections, with more detailed commentary on specific aspects given in the
assessment sections of my report as appropriate; see Section 4. The commentary that
follows uses a chronological approach, first describing the Step 4 PCSR, then the draft
Reactor Chemistry Chapter and finally the consolidated PCSR.

Step 4 Submission (November 2009)

The following commentary is based on the Step 4 PCSR (November 2009) submission
only (Ref. 11). In addition to responses to TQs and ROs, these documents are the basis
for the Step 4 assessment. The following presents a high-level overview of the safety
case, with more detailed assessment of the safety case presented in the subsequent
sections of this report.

Subsequent references to the PCSR later in the assessment sections (Section 4
onwards) of my report refer to this revision of the PCSR, unless stated otherwise.

Structure

The EDF and AREVA safety case for UK EPR was contained within a PCSR (Ref. 11)
which contains claims and some arguments, but very scant evidence with some
references out to supporting documents. The UK PCSR was developed from a
Preliminary Safety Review (PSR) originally produced for the French Nuclear Safety
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Authority, ASN (Autorité de sdreté nucléaire), and does not contain a dedicated section
on chemistry. As such the most significant evidence lies in documents outside the PCSR
and the most useful information for the Step 4 assessment of Reactor Chemistry has
been obtained in response to ROAs and TQs and from discussions with experts in EDF
and AREVA.

While it was clear that EDF and AREVA have a sound understanding of Reactor
Chemistry, and | expect this will eventually translate to safety improvements in UK EPR, it
is apparent that the formal presentation of safety claims, arguments and evidence
involving chemistry, and for providing an auditable trail identifying responsibilities, was
incomplete in the PCSR as presented. The omission of much chemistry related
information from the PCSR was a clear failure to meet my expectations for a UK safety
case. This was the subject of an ROA during Step 4 (RO-UKEPR-44.A4, Ref. 9) which
resulted in development of a specific Reactor Chemistry Chapter to address many of
these aspects. This is discussed later in Section 3.2.

Since the Step 4 PCSR did not contain a dedicated section on Reactor Chemistry and
chemistry interacts with many systems, structures and components throughout the entire
plant, precise references to the PCSR are provided within later subsections of this report.
Table 5 lists the main sections of the Step 4 PCSR relevant to Reactor Chemistry.

Content

As indicated above, the vast majority of Reactor Chemistry content was outside the
PCSR, however some general comments can be made on the content of the Step 4
submission:

e The overall claims-argument-evidence structure of the PCSR is weak from a Reactor
Chemistry perspective, with much information related to safety during normal
operations lacking. Further documentation is required to fully substantiate the
‘evidence’ stage of the assessment. It is apparent that the ‘evidence’ that is currently
presented is very much biased towards operational experience with other reactors.
This is a valid input to an evidence based argument, but should be balanced with
other evidence, such as calculations or modelling, where appropriate. The lack of
theoretical or quantitative analyses weakens some arguments, especially where UK
EPR differs and this balance will need to be addressed as part of the safety case
development.

e EDF and AREVA provided little information on the chemistry of the primary circuit. No
evidence was provided in relation to a number of key safety concerns related to the
selection of primary circuit chemistry parameters and their interaction with
radioactivity, structural integrity and fuel protection. The use of enriched boric acid in
UK EPR represents a specific difference in the design where the safety case is
lacking in information on how this important material is controlled and monitored.

e The PCSR is significantly lacking in information for a number of secondary circuit
systems, some of which are important to the Reactor Chemistry safety assessment.
The PCSR also contains very little information on the chemistry associated with many
other safety relevant systems in the UK EPR design including:

i) Component Cooling Water System (CCWS)

i) Chemistry requirements associated with the Spent Fuel Pool (SFP) and connected
systems, such as the In-containment Refuelling Water Storage Tank (IRWST)

iif) Safety systems, such as the Extra Boration System (EBS)
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e EDF and AREVA have clearly put a lot of effort and development into the design
basis and severe accident areas. However, there is a lack of information on how
chemistry has been applied specifically to the UK EPR design and a number of the
assumptions and modelling approaches taken are somewhat opaque in many
instances.

e The As-Low-as-Reasonably-Practicable (ALARP) case presented only considers the
major hazards from the plant; no consideration was presented for routine activities
which affect operator radiation exposure, waste generation or environmental
discharges. This is considered more of a presentational issue with the PCSR, rather
than deficiencies in the design, and should be addressed as the safety case is
developed.

Summary

While sufficient for Step 3, the PCSR was insufficient from a Reactor Chemistry
perspective for assessment during Step 4, lacking much of the arguments and evidence
necessary for assessment. As such, many of the deficiencies highlighted above were the
subject of ROs during Step 4, in order to provide the requisite evidence to conduct the
assessment. This evidence was assessed as part of Step 4, and has resulted in the
development of a new PCSR sub-chapter which is discussed further in Section 3.2.

Draft PCSR Reactor Chemistry Chapter (February 2011)

The following section describes the draft PCSR Chemistry Chapter submitted in February
2011 (Ref. 103). This chapter is the draft version of that submitted as part of the
consolidated GDA submission, see Section 3.3 below.

EDF and AREVA submitted an “outline” draft of the PCSR Chapter in response to RO-
EPR-44.A4 (Ref. 9) in December 2010 (Ref. 104), containing the structure of the
proposed chapter with little of the detailed text. | discussed this structure with EDF and
AREVA during Step 4.

EDF and AREVA claim that the information contained in this draft chapter is based upon
the TQ and RO responses and as such should be consistent with the detailed
assessment of UK EPR that follows in Section 4 of my report.

Structure

The draft Chemistry Chapter is a completely hew Section 5.5 of the PCSR. This chapter
contains information on the main primary and secondary circuit systems, in separate
sections, covering the operating chemistry. It does not cover auxiliary circuit chemistry,
accident chemistry or related issues such as operational strategies and construction and
commissioning and, under the main Section 5 (Reactor Coolant System and Associated
Systems), this would not appear appropriate. Some of these later aspects may be
covered in other sections of the overall PCSR, but this cannot be confirmed from the draft
PCSR Chemistry Chapter alone. Fundamentally, the addition of this sub-chapter is an
immediate and significant improvement in the safety case assessed during Step 4, but
this only presents the normal operating chemistry requirements for the plant.

Both the sub-sections which deal with the primary and secondary circuit chemistry have a
similar content, so the following applies equally to both, unless stated otherwise.
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Initially the ‘claims and arguments’ for the operating chemistry are presented. These
claims are relatively high level, such as “integrity of the first barrier [fuel cladding]” or
“reduce the radiation fields”, but do broadly cover the main safety claims | would
expect to see for Reactor Chemistry in an operating reactor. The corresponding
arguments again are reasonably presented; for example “integrity of the first barrier
[fuel cladding]” cites minimising fuel crud deposition (via zinc, hydrogen, pH control
and limiting impurities) and minimising fuel cladding corrosion (via alloy selection and
fuel failure monitoring) as the main arguments for how the chemistry is influencing the
claim. As with the overlying claims, the arguments as presented appear reasonable.

The main bulk of the sub-sections are the ‘evidence’ supporting the initial claims and
arguments. In fact, these are actually more detailed arguments, with most of the
evidence likely to be found in references. The draft (Ref. 103) contains no specific
reference section, but does indicate that a number of the reports provided as part of
the GDA ROA responses may be referenced. The level of detail appears reasonable
for a PCSR, but the links to references is of obvious importance. This sub-section is
also organised in a slightly different way, presenting each of the main parameters (i.e.
boron, pH, hydrogen etc.) and then the ‘evidence’ for their impact on whichever of the
claims they influence. This is perhaps a more sensible way of presenting the
information, rather than trying to link to the claims which would repeat many sections
due to the interrelation of many of the chemical parameters. These are also usefully
summarised in tabular form. The final version (Ref. 105) does contain the references.

The final sub-section provides an “identification and classification” of the safety
significant chemical and radiochemical parameters. This summarises what the
expected “control” and “diagnostic” parameter are for UK EPR, for each of the main
areas such as integrity, Operator Radiation Exposure (ORE), wastes etc.

A further sub-section provides information on the controls which are expected for
chemical parameters in UK EPR, defining the idea of “control” and “diagnostic”
parameters, “action levels” and “expected values”.

The final sub-section tabulates the preliminary primary and secondary parameters. These
are essentially the chemistry “limits and conditions”, and provides some indication of the
values.

Content

As for the Step 4 submissions, some general comments can be made on the draft PCSR
Chemistry Chapter:

The overall claims-argument-evidence structure is much improved, presenting a
logical and structured description of the plant chemistry influences on safety. At this
stage of GDA the level of detail presented appears reasonable, and does not stray
into too much technical background or detail. While not presented completely in the
draft PCSR, the link to the detailed references will be important. EDF and AREVA
need to link to the specific analysis conducted throughout GDA, for example on fuel
crud and tritium control, as appropriate. Ref. 105 provided the references after this
report was written. Even from the draft, it is clear that the presented information is
specific to UK EPR, rather than PWRs in general.

In terms of the “scope” of the chapter (Reactor Coolant System and Associated
Systems), the content appears comprehensive and reasonable. Others areas where
Reactor Chemistry can influence the plant safety, as described in Section 3.2.1, need
to be included in the PCSR as a whole.
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e The chapter does not present the safety Classification and Categorisation for the
chemistry relevant systems. These were presented outside the chemistry chapter in
Subchapter 3.2 of the new PCSR. | was content with the classification and
categorisation of the systems on the basis of the content described in Section 3.2.1.

e The chapter presents useful information on chemistry related limits or conditions for
the safe operation of the plant. As an overall ‘output’ from the safety case in the
chemistry area, this is summarised in the chapter. While preliminary, and not
assessed in detail, the identification and classification of the parameters is an
important stage in the development of the safety case, and ultimately plant operating
procedures. The structure and content lends itself to understand how these have
been derived through the claims-arguments-evidence structure.

Summary

Overall, the draft chapter is much improved on the Step 4 submissions and EDF and
AREVA should take credit for the significant improvement to the UK EPR safety case for
Reactor Chemistry that this represents. While the scope of the chapter does not embody
all of the Reactor Chemistry expected throughout the safety case, as presented it makes
a reasonable case for the normal operating chemistry of the main primary and secondary
circuits.

Consolidated GDA Submission (March 2011)

The following section describes the consolidated PCSR submissions submitted in March
2011 (Ref. 105). This submission includes a new revision to all of the PCSR chapters and
includes a number of new sub-chapters, all of which were included by EDF and AREVA
in response to the GDA assessment, including the incorporation of the draft PCSR
Reactor Chemistry Chapter from February 2011 (Ref. 103), see Section 3.2 above.

EDF and AREVA summarised the changes made for the consolidated PCSR in letter
EPRO0844N (Ref. 188). The consolidated PCSR updates the Step 4 PCSR (November
2009), taking account of:

¢ Introduction of supplementary technical information arising from responses to
Regulator Queries (Technical Queries, Regulatory Observations, Regulatory Issue
and Technical Meeting Technical Actions)

¢ Inclusion of additional Supporting References in the PCSR, for relevant supporting
documents transmitted to the Regulators in response to Regulator Queries

¢ Inclusion of key recommendations from the Design Safety Review Committee and
Independent Safety Reviews by EDF and AREVA.

e Consistency with relevant Design Changes
e Minor editorial changes

e Consistency with the updated PCER

¢ Organisational and procedural changes

In addition EDF and AREVA provided a “Route Map” which detailed the technical
changes made to the consolidated PCSR relative to the previous version of the PCSR
submitted in November 2009.
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As my Step 4 assessment was based on the Step 4 PCSR (November 2009) and TQ/RO
responses, the consolidated PCSR should accurately reflect these. As part of my Step 4
assessment | sampled several chapters of the consolidated PCSR to confirm this. This
was not a detailed technical review, but was intended to be a factual accuracy and
completeness check to confirm or otherwise that the consolidated PCSR accurately
reflects the GDA assessment and that the incorporated response information was
appropriately reflected.

Structure

The overall structure of the consolidated PCSR remains very similar to the Step 4 PCSR,
with the notable addition of the Reactor Chemistry Chapter in Sub-section 5.5.

Content
Chapter 5.5 — Reactor Chemistry

Much of my review of the consolidated PCSR concentrated on the Reactor Chemistry
Chapter 5.5. The formal issue of this chapter (Ref. 105) is not significantly different from
the draft version submitted in February 2011 (Ref. 103), so the comments made in
Section 3.2 above apply. Aside from minor changes to improve language, clarity etc. the
only substantive changes of note are:

e Some changes to the presentation of arguments for secondary circuit chemistry. This
removes some of the emphasis from Flow Accelerated Corrosion (FAC) and generally
appears to improve the case presented for this area, by offering a more balanced
approach. The underlying evidence remains that presented during Step 4.

¢ Some of the Limits and Conditions presented have changed. This will not affect my
Step 4 assessment as | did not assess these in detail during GDA (see Section 4.1.3)
and these are listed as “preliminary”.

e Removal of the section on “action levels”. This does not substantially affect the
claims-arguments-evidence as presented and does not impact on the Step 4
assessment | have completed, as described in Section 4.

| reviewed Chapter 5.5 against the responses to TQs and ROs | asked during Step 4 (see
Refs 8 and 9). | was content that EDF and AREVA had adequately included the
information from these responses into the chapter and had identified those most relevant
for inclusion. The overall content adequately represents the responses | assessed
throughout Step 4.

The references to Chapter 5.5 of the consolidated PCSR appear appropriate and are
mainly RO responses and system manuals. EDF and AREVA did prepare 5 new
references for the chapter, none of which were available to ND before the consolidated
PCSR was produced; however, these appear to be summaries of various TQ responses
received during Step 4. While it has not been possible to review these in detail due to
their size, | am content that they do not contain any new information. This is confirmed by
EDF and AREVA in letter EPR00841N (Ref. 124) which states that “These reports do not
delineate any new or previously un-submitted information” and includes an appendix
which indicates which TQs have been summarised in the various references.

EDF and AREVA also indicate 2 references which have not yet been produced. These
appear to be the responses to RO-UKEPR-74.A2 and A3 (Ref. 9), neither of which were
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received during Step 4 and are subject of GDA Issue GI-UKEPR-RC-02, see Section
4.3.2.7 of my report that follows.

Other Relevant Chapters

In addition to the Reactor Chemistry Chapter | also reviewed a sample of other chapters,
both where EDF and AREVA had indicated that some of my TQ and RO responses had
been included and where my assessment had overlapped with the content of these
chapters. This mainly involved those chapters related to limits and conditions (18.2) and
accidents (16.2 and 16A). The incorporation of responses in these chapters appears
reasonable. In general changes to these chapters from those assessed during Step 4
were minimal and have no effect on my assessment that follows. While Chapter 18.2 was
updated significantly, this was consistent with the response to RO-UKEPR-55 (Ref. 91),
assessed in Section 4.1.3 of my report.

As per Section 3.1.2 above, | noted that the Step 4 PCSR (Ref. 11), from November
2009, did not contain information on a number of chemistry relevant systems (such as the
SFP and IRWST). | also note that the Reactor Chemistry Chapter only relates to the
primary and secondary circuits. The consolidated PCSR does not incorporate any
changes in this regard from the Step 4 (November 2009) PCSR. There are a humber of
Assessment Findings later in my report related to these aspects.

Summary

The Step 4 assessment for Reactor Chemistry commenced with consideration of the
relevant chapters of the PCSR and supporting references available at that time, and
these are referred to as appropriate in this report. As the GDA submission developed
during Step 4, in response to my regulatory questions, amendments were made as
appropriate to the PCSR and its supporting references. A review has been made of the
updates to the GDA submission in my technical topic area and the conclusion of this
review is that:

The updates to the GDA submission are as expected and contain no new information.
The consolidated PCSR (Ref. 105) and its supporting references are therefore
acceptable as the reference point for an Interim Design Acceptance Confirmation (IDAC).

Assessment Findings

Based upon the assessment of the UK EPR safety case as described in Section 3 above,
I have identified no general Reactor Chemistry Assessment Findings for the UK EPR
safety case overview.

GDA Issues

Based upon the assessment of the UK EPR safety case as described in Section 3 above,
I have identified no Reactor Chemistry GDA Issues in this area, but there is a cross-
cutting GDA Issue concerning the assessment of the PCSR, GI-UKEPR-CC-02, see Ref.
197, which requires a satisfactory resolution before an adequate Reactor Chemistry
safety case can be made:

GI-UKEPR-CC-02 — Consolidated Final GDA Submission Including Agreed Design
Change for the UK EPR — EDF and AREVA to continue to control, maintain and
develop the GDA submission documentation, including the SSER, SML and design
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reference document and deliver final consolidated versions of these as the key
references to any DAC/SODA ONR or Environment Agency (the joint Regulators)
may issue at the end of GDA. These should include the management and
acceptance of changes to GDA submission documentation impacted by design
changes agreed for inclusion in GDA.
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GDA STEP 4 NUCLEAR DIRECTORATE ASSESSMENT FOR REACTOR CHEMISTRY

The following sections detail the specific assessment undertaken for each of the main
technical areas identified for Reactor Chemistry in Step 4.

Each section follows the same outline structure:

e Firstly, a summary of the assessment is provided, detailing the work undertaken,
external inputs into this assessment (e.g. TSC reports), the principal RP deliverables
reviewed and the conclusions of the assessment. As each main technical area may
be further divided into sub-topics this first section may contain several sub-sections.

e Secondly, if appropriate, a summary of the Assessment Findings in that area is given.

e Finally, if appropriate, a section summarising the GDA Issues in that area is given.

Chemistry Standards, Limits and Conditions
Overview

Chemical standards are used to define the chemistry around reactor circuits to ensure
that the levels of purposeful additions and potentially deleterious impurities are
maintained within acceptable limits. The derivation of an acceptable chemical regime is a
key step in assuring the safety of reactor operations. A significant percentage of the
world’s reactor operators make use of external guidance, such as the EPRI (Refs 27 and
28) or VGB guidelines (Ref. 29), in determining the most appropriate chemical regime.

As indicated in Section 2.5, it was not the aim of the assessment to compel EDF and
AREVA to devise and detail the exact UK EPR chemistry regimes at this stage of a
potential new build project. The focus was instead on understanding how this will be
done, building upon the safety case that has been presented during GDA, and how a
prospective Licensee would be able to determine the relative importance of the various
parameters that would constitute a chemistry standard.

Details of the expected chemistry regimes for the various plant systems have been
provided in numerous documents supplied in response to TQs and ROAs during Step 4.
The assessment of these particular regimes is not discussed under this section, but later
in this report under the appropriate sections of the assessment. Notwithstanding the
above, the Licensee of a UK EPR will be required to fully define and justify the operating
chemistry regimes to be applied in the various plant systems. | consider this to be an
Assessment Finding AF-UKEPR-RC-01. This finding also relates to other conclusions in
this report which highlight the importance of specifying detailed chemistry requirements
for fabricators and licensee staff.

An important related topic is the derivation and definition of Limits and Conditions. These
define the safe operating envelope of the plant, specify the controls that are in place to
ensure an unsafe condition is not reached and the actions to be taken if one is
approached. For this reason, the EDF and AREVA approach to Reactor Chemistry in this
important cross-cutting topic is also discussed in this section.

Assessment — Chemistry Standards

During Step 3, the assessment in this area concentrated on exploring the proposed
chemical standards for the design, how these were being derived and approved and how
the design has been influenced by these standards. Based on the information available to
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me at that time it appeared that the mechanism for developing the UK EPR chemistry
standards was based around a EDF and AREVA derived approach termed 'Chemical and
Radiochemical EPR Design Optimisation' (CREDQO). EDF and AREVA claimed that this
approach was developed based upon existing EDF and international experience and to
take account of the specific differences in the EPR design compared to the latest
generation of EDF PWRs. CREDO takes into consideration a number of factors that are
directly relevant to the current assessment, namely; nuclear safety, radiological
protection, protection of assets (which from a safety point of view | have taken to mean
‘mitigation of damage and failures’), optimisation of effluents and solid wastes production
and optimising maintenance requirements.

In effect, CREDO is a formalised version of the process that was applied in the UK (and
elsewhere) to develop reactor specific standards based on in-house expertise and
experience.

Overall, at the end of Step 3 | was satisfied that CREDO appeared to be an appropriate
methodology for improving the design for chemistry and it was also clear that the CREDO
approach had led to design improvements to the original EPR design which have been
carried through to Flamanville 3 (FA3) and subsequently UK EPR. However, it was also
clear that this approach would not lead directly to chemistry standards for UK EPR, and
this aspect was assessed further during Step 4.

Similarly, what was not apparent during Step 3 was the link between chemistry standards
and the UK EPR safety case for chemistry and this was a key line of enquiry which was
explored with EDF and AREVA during Step 4.

Chemistry can be a somewhat subjective topic to apply when considering the importance
of chemistry parameters to limits, conditions, criteria, levels and so forth. A few chemistry
parameters have a direct and immediate impact on reactor safety, and as such would be
expected to appear in the top tier of limits and conditions, while rather more have a
slower effect on reactor safety, albeit with similar consequences and are often ‘classified’
at a lower level. The treatment of this latter group of chemistry parameters within the
safety case is also important as these can often influence other related hazards such as
ORE and waste production. Overall, our expectations were for the UK EPR safety case to
demonstrate that all safety significant chemistry parameters had been captured and the
relative importance of these to plant safety was presented or could be inferred by a
potential Licensee from the documentation.

A TSC contract (Ref. 32) was let to examine the application of chemistry standards
across the nuclear industry and to undertake a technical comparison of the
recommendations provided in the various guidelines. The conclusions from this review
are consistent with the assessment that follows.

TQ-EPR-690 (Ref. 8) queried how chemistry related conclusions from the safety case
would be transferred to an operational UK EPR, based upon the responses provided on
the CREDO approach. The response provided a general overview of the current EDF
approach to developing chemistry standards, based upon the French regulatory system.
The approach suggested described the suite of documentation that would define the
chemistry of UK EPR and indicated that careful consideration had been given to the
‘classification’ of the various chemistry parameters, with some falling under the top tier
“Operating Technical Specification” level and other being linked to the other potential
hazards such as ORE or environmental releases. Although the response indicated that
such decisions are site and Licensee dependant, the approach suggested provided a
degree of confidence that the results of such an undertaking would yield a satisfactory
link between the safety case and operating documents.
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As the UK EPR chemistry standards are most likely to be based upon existing EDF
standards it is likely that they will follow a similar structure and include “action zones”
which limit the duration that a given parameter can spend outside of the expected range.
As EDF and AREVA make claims that the design of UK EPR will allow equivalent or
better control over chemistry parameters compared to existing reactors, TQ-EPR-155
(Ref. 8) was raised to understand if any maodifications were anticipated on the historically
used ‘action zone’ boundaries specifically for UK EPR based upon Operator Experience
Feedback (OEF, i.e. evidence of learning from experience in defining chemistry
standards). EDF and AREVA provided two responses to this TQ, dealing with the primary
and secondary chemistry separately.

For the primary side data was provided for the four most modern French N4 plants
(Chooz 1 and 2 and Civaux 1 and 2) as these are the most representative of likely EPR
operations. Current EDF practice is to define three “Operating Technical Specification”
parameter groups for the primary coolant chemistry; impurities (sodium, chloride and/or
fluoride and sulphate), hydrogen and the lithium-boron coordination. Each set has defined
‘action zones’ which instruct the operators in the management of the plant and remedial
actions to be taken:

e Zone 1 (Expected Value) — This zone corresponds to the target value for the
parameter to meet the full design intent of the plant.

e Zone 2 (Limit Value) — When a parameter enters Zone 2 from Zone 1, the operator is
expected to take corrective action to return to Zone 1. It is recommended to return to
Zone 1 as soon as possible, although this need not take priority over other plant
operations and no specific time limit is applied.

e Zone 3, 4 and 5 are above the ‘normal’ operating limits (Zones 1 and 2) defined for
each parameter. Specific restorative actions must be taken within defined timescales
when in these zones, dependant upon the parameter and zone. When a parameter
enters Zone 3, 4 or 5, the operator usually still has the opportunity to carry out actions
to return to Zones 1 and 2. Timescales are generally ‘days’ for Zone 3 and ‘*hours’ for
Zone 4. Zone 5 is restricted to 1 hour. Failure to return to normal operations (Zones 1
and 2) in the specified time requires a plant shutdown.

The response provides data from the aforementioned N4 plants, which shows very limited
excursions above Zone 1 and 2 values, and even then mainly to Zone 3. Information is
also provided on the reporting and management arrangements regarding analysis of such
out of specification events. While it would be inappropriate to comment on the detailed
data presented, the response does demonstrate that such a system may be reasonable
and appropriate for a UK EPR. The precise values and timings could be defined at a later
stage. Similar data is also presented for the secondary circuit conductivity/sodium values,
which supports the above.

Summary
Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of chemistry standards in UK EPR are:

e EDF and AREVA have described a proposed basis for developing chemistry
standards for UK EPR, including chemical specifications and associated chemistry
documentation.

e Although it is the Licensee who will eventually determine and justify the chemistry
standards approach for UK EPR, | am encouraged that the approach suggested
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appears a reasonable compromise and should yield acceptable results,
notwithstanding the specific comments made later in this report. | note several areas
where further work will be required to complete the safety case in this assessment
area and have raised Assessment Findings to cover these. | am satisfied these can
be resolved post GDA.

Overall, | judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of chemistry standards in UK EPR described in Section
4.1.2 above, and from other sections of this report, | have identified the following
Assessment Finding which needs to be addressed, as normal regulatory business, by the
Licensee, during the design, procurement, construction or commissioning phase of the
new build project:

AF-UKEPR-RC-01 — The Licensee shall specify the normal operating chemistry
regimes for the primary, secondary and auxiliary circuits of UK EPR. The
specifications should be comprehensive and incorporate evidence for all modes of
operation. The regimes should be consistent with the plant safety case, particularly
the limits and conditions required by AF-UKEPR-RC-02. This Assessment Finding
should be completed before plant operations using the intended operating chemistry
commence. Target milestone — Cold Ops.

GDA Issues

Based upon the assessment of chemistry standards in UK EPR described in Section
4.1.2 above, | have identified no Reactor Chemistry GDA issues in this area.

Assessment — Limits and Conditions

An important input to the development of chemistry standards, and a vital part of any
nuclear safety case, is the definition of plant specific limits and conditions. The prime
purpose of setting limits and conditions is to prevent operation in unsafe conditions and to
limit the consequences of accident conditions should they arise. The safety case should
define what these conditions are and how the plant is operated and controlled to maintain
within them. From a Reactor Chemistry perspective this should include limits for the
operational chemistry.

RO-UKEPR-55 (Ref. 9) was issued to EDF and AREVA as a cross-cutting RO requesting
evidence of how limits and conditions specific to UK EPR would be developed. The RO
specifically made reference to chemistry related parameters and the response provided a
section detailing ‘Chemical and Radiochemical Specifications’. Much of the response to
this RO (Ref. 91) dealt with aspects which, although related, were not directly within the
remit of the Reactor Chemistry area such as plant loading conditions, periodic testing,
inspection and maintenance. A summary of my assessment of this response, as
applicable to Reactor Chemistry, is provided in the following paragraphs. | also undertook
a TSC contract to review the EDF and AREVA response to RO-UKEPR-55, specifically
for chemistry (Ref. 33). The conclusions from this review are consistent with the
assessment that follows.
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The response does provide further details of the links between the limits and conditions
(referred to as “Operating Technical Specifications” (OTS)) and the UK EPR safety case
presented for GDA. EDF and AREVA indicate that the responsibility for the definition of
precise OTS values, actions and timescales resides with the Licensee, which | agree is a
reasonable position for GDA. However, | would also expect EDF and AREVA to be able
to identify those which are already included within the safety case at this stage of GDA,
even if the various values associated with them are not precisely known at present. It is
important that any potential Licensee can identify the importance of chemistry control
from the PCSR and supporting documents.

In the response EDF and AREVA provide a rationale for the selection of chemistry
parameters which are relevant to limits and conditions. This is the same basis presented
in the response to TQ-EPR-155 (Ref. 8), building upon the TQ response, and | consider
this to be a reasonable position to take at present, albeit at a high level, recognising that
this may change for the final plant.

Specifically for chemistry, the notion of ‘control’ and ‘diagnostic’ parameters is described.
The latter provides a means of monitoring plant performance, without limiting operations,
while the former are used to control the plant and require a corrective action if an
associated limit is breached. This type of approach is almost universally applied in PWR
chemistry and is very similar to that proposed in both the EPRI (Refs 27 and 28) and
VGB guidelines (Ref. 29).

A number of chemistry and radiochemistry parameters are identified in the response to
RO-UKEPR-55 as being relevant to plant safety, including the primary, secondary and
safety systems. It is apparent that the list of parameters presented does not represent all
the chemistry requirements for operating a UK EPR. This indicates that EDF and AREVA
expect a number of these to be classified as ‘lower tier' limits, perhaps residing in
operating manuals or specifications. Of those presented, notably absent are any limits on
secondary circuit feedwater oxygen or Component Cooling Water System pH control,
amongst others. According to the criteria suggested by EDF and AREVA, these would
both be implicated in “integrity of barriers in the medium to long term”. These are specific
examples of the generic shortfall described below.

In response to my questions, EDF and AREVA provided further information (in Refs 158,
159 and 92). These supporting documents provided details of the expected approach on
limits and conditions for the FA3 EPR. In general, the parameters suggested align with
the approach taken by EDF in France, as reported by my TSC review in this area (Ref.
33) and the final selection of chemistry parameters for control of UK EPR will take place
later in the project, by the Licensee. It is notable that no overall justification was provided
on which parameters were included or otherwise, but again EDF and AREVA state that
this aspect will be provided later in the project.

While the response is ‘preliminary’ in terms of the final approach that may be taken in an
operating UK EPR, as indicated in Section 3.2.2, my expectation for GDA was an
identification of all relevant safety parameters would be provided. | do not believe this is a
fundamental deficiency in the UK EPR safety case, and can be rectified as the project
progresses and the plant chemistry becomes finalised. As limits and conditions require a
complete understanding of the plant chemistry regimes in all operating modes, some of
which are still being developed for UK EPR, this can be satisfactorily addressed at a later
stage. Post GDA, the Licensee of any UK EPR should detail all limits and conditions for
UK EPR, including full justification for the actions and timings. | consider this to be an
Assessment Finding AF-UKEPR-RC-02.
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An important point made in the response to RO-UKEPR-55 is that; “depending upon the
approach adopted in developing OTS, the radiation and chemistry limits may either
feature in the OTS, chemical specifications and radiochemical specifications..., or only in
the chemical and radiochemical specifications”. While | accept that this decision is in the
hands of the Licensee, ND expectations would be that an appropriate balance be struck
on ‘classification’ of the relevant chemistry parameters depending upon their importance
to safety. As described above, this can be a subjective area, but based on the information
available at present | believe that a number of chemistry parameters should be part of the
highest level plant limits and conditions, with many more at the level just below this. The
justification for the final approach taken by the Licensee would be required post GDA.
This is part of Assessment Finding AF-UKEPR-RC-02.

The draft PCSR Chemistry Chapter (Ref. 103), described in Section 3.2, contains
information on the expected limits and conditions in UK EPR. The description given there
is consistent with the assessment described above. Further information on some of the
preliminary UK EPR limits and conditions is described in Section 4.2.10 of my report in
terms of the holistic approach to primary circuit chemistry.

During construction and commissioning of any UK EPR, a detailed chemistry document,
containing the basis and description of the chemistry requirements for the various
Systems, Structures or Components (SSCs) through all phases of operation, for example,
purity, cleanliness or material compatibility, will be necessary. TQ-EPR-1349 (Ref. 8) was
raised to understand the EDF and AREVA expectations for when and what form such
documentation would take for UK EPR. The response indicated that EDF and AREVA
expect several documents to be produced, dealing with site chemistry and cleanliness
requirements during erection and initial operations. While reasonable, a wider range of
information will be needed. Chemical specifications are essential for all phases from
component fabrication onwards and also include the preventative exclusion of foreign
materials, reagent purity, guides to operating make-up and purification systems and
expected surveillance and cleanliness during fabrication, commissioning and in normal
operations. Such guides and specifications would make the chemistry in the various
systems transparent to all involved and any problems should be avoided. Production of
this type of documentation should be pursued at a later stage and | consider this to be an
Assessment Finding AF-UKEPR-RC-03.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of limits and conditions in UK EPR are:

e EDF and AREVA have described a proposed basis for developing chemistry related
limits and conditions for UK EPR, including the ‘preliminary’ identification of some of
the parameters which are expected to be included.

e The approach suggested appears to consider the main chemistry parameters | would
consider needed in chemistry related limits and conditions and | am encouraged that
the approach suggested appears a reasonable compromise and should yield
acceptable results, notwithstanding the specific comments made above. | note several
areas where further work will be required to complete the safety case in this
assessment area and have raised Assessment Findings to cover these. | am satisfied
these can be resolved post GDA.

e The specification of a normal operating regime, which is finding AF-UKEPR-RC-01,
clearly relates to the definition of the controls which bound it. The finding below
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expects the Licensee to specify in the safety case all chemistry limits and conditions,
including radiochemistry parameters that have an impact on safety, identifying the
timescales over which corrective action would be needed.

Overall, | judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of chemistry standards in UK EPR described in Section
4.1.3 above, and in other sections of this report, | have identified the following
Assessment Findings which need to be addressed, as normal regulatory business, by the
Licensee, during the design, procurement, construction or commissioning phase of the
new build project:

AF-UKEPR-RC-02 - The Licensee shall specify in the safety case all chemistry
limits and conditions, including radiochemistry parameters, that have an impact on
safety including ORE, wastes, combustion hazards, maintenance and testing. Limits
and conditions for all modes of operation should be stated. The justification and
classification for the limits should be made clear. Where appropriate, the nature and
timescale of any corrective action should be justified. This Assessment Finding
should be completed before the first stages of commissioning are undertaken and
such limits or conditions may be needed. Target milestone — Cold Ops.

AF-UKEPR-RC-03— The Licensee shall specify detailed chemistry related
requirements for all phases of construction and commissioning through to normal
operations. This Assessment Finding will be staged throughout the new build
project, but should begin with the production of a plan for developing appropriate
documentation. The main stages will include delivery to site of major equipment
(such as the Reactor Pressure Vessel, RPV) and subsequent commissioning.
Requirements should be set before delivery to site of major equipment. Target
milestone — Mechanical, Electrical and C&I Safety Systems, Structures and
Components — delivery to Site.

GDA Issues

Based upon the assessment of chemistry standards in UK EPR described in Section
4.1.3 above, | have identified no Reactor Chemistry GDA Issues in this area. There is a
cross-cutting issue that contains an action requiring the specification of operating limits
and conditions for UK EPR; GI-UKEPR-CC-02, see Section 3.5 of this report.

Primary Circuit
Overview

The principal system in the primary circuit is the Reactor Coolant System (RCS). The UK
EPR RCS is described in detail in the PCSR (Ref. 11, Section 5). The UK EPR RCS
configuration is a conventional four-loop design, developed from both the latest French
(N4) and German (‘Konvoi’) designs. The Reactor Pressure Vessel (RPV) contains the
fuel and reactor core, through which the reactor coolant is pumped and heated. The
reactor coolant flows through each of the four loops before returning to the core, cooler
after the transfer of heat to the secondary coolant via the Steam Generators (SGs). Each
loop comprises a hot leg pipe, SG, Reactor Coolant Pump (RCP) and cold leg pipe. A
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pressuriser (PZR) is connected to one hot leg via the surge line and to two cold legs by
the spray lines. This arrangement is shown below, including the connections to the main
support systems (Ref. 11):
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Figure 1: UK EPR Reactor Coolant System

130 Many of the main components used in the UK EPR RCS have been used in previous
French and German designed PWRs, with adaptations for the specific design of EPR.
Section 1.3 of the PCSR (Ref. 11) provides a comparison of UK EPR to similar reactors.
New features of the EPR and relevant to this assessment include the:

e Relatively large volume to core power ratios for the RPV, PZR and SGs, which is
claimed as a safety feature.

e Higher steam pressures in the SGs to increase efficiency.
e Addition of a core-melt stabilisation system.

131 The control of the primary coolant chemistry plays a key part in the normal operation of
any Light Water Reactor (LWR). It contains the soluble boron, as part of nuclear reactivity
control, and its interaction with the metallic structural materials can result in undesirable
corrosion. In extreme cases, corrosion may challenge the integrity of components of the
reactor. The coolant and the minute quantities of corrosion products it carries are made
radioactive by their passage through the core. Dissolved solids may deposit on the heat
transfer surfaces of the fuel rods, accelerating their corrosion and absorbing boron in
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extreme cases. Chemicals are deliberately added to the coolant to control these effects
and some impurities can be very damaging; thus the control of primary coolant chemistry
must achieve a balance between all of these effects and much effort during operations is
concerned with ensuring that the coolant chemistry remains within required ranges.

The primary coolant chemistry in UK EPR, as with every commercial PWR, is dominated
by the requirement to add soluble boron for nuclear control purposes. Boric acid is
present throughout most of the operating cycle and a number of key faults relate to the
loss or dilution of boron. The boron is particularly needed at the start of the cycle and
during shutdowns. Unchecked, the use of boric acid acidifies the coolant, resulting in
increased corrosion, so lithium hydroxide is added to adjust the pH to alkaline, mitigating
these effects. However lithium itself can adversely affect the fuel cladding if too much is
used and produces radioactive tritium. The water itself is subject to radiolysis as it passes
through the radiation field in the core producing reactive oxidising species, so hydrogen is
dissolved in the coolant to avoid formation of these species. As with a number of current
operating PWRs, EDF and AREVA proposes to add soluble zinc to the coolant in UK
EPR to minimise plant radiation levels.

As stated in Section 2.5, the aim of the assessment was to assess the ‘expected’
chemistry regimes for UK EPR, rather than a ‘final’ specification that may be applied.
Throughout Step 4 EDF and AREVA provided details of the expected chemistry regime to
be applied to the primary, secondary and a number of auxiliary circuits in UK EPR. In
response (Ref. 172 and 51) to RO-UKEPR-44.A1 (Ref. 9), EDF and AREVA proposed
the following primary circuit chemistry for UK EPR, which is the basis for the assessments
that follow:

e A constant pHzgo-c as early as possible in the fuel cycle, with a target value of pHsggec
= 7.2. A maximum lithium concentration of [JJlfif mg kg™ at Beginning of Cycle
(BOC) in combination with the use of Enriched Boric Acid (EBA) make this possible.

e A minimum hydrogen concentration of 17 cm® kg™ (STP), assessed in Section 4.2.7
(note that cm® kg™ referred to here, and subsequently in this report, refers to cm?® of
hydrogen gas per kg of coolant at Standard Temperature and Pressure (STP)
conditions of 0 °C and 100 kPa)

e Limitation of impurities to avoid localised RCS and fuel materials corrosion
e Add zinc acetate to achieve 10 + 5 ug kg™ zinc, assessed in Section 4.2.6.

In addition to the coolant chemistry, the design of the reactor, choice of materials and
their finishes determine the ease with which corrosion and its consequences can be
controlled. With the proper selection of materials, finishes and adequate passivation,
threats to structural integrity from normal chemistry are limited. The limited corrosion that
does occur is nevertheless responsible for much of the radioactivity outside the core
during shutdowns. Whilst some radioactivity in the coolant is unavoidable (for example,
®N), much can be controlled and even reduced by careful management of coolant
chemistry and design choices such as material selection and the design of the Chemical
and Volume Control System (CVCS). In addition to the RCS and CVCS, other systems
on which the primary coolant could have an effect in normal operation include the Safety
Injection System / Residual Heat Removal System (SIS/RHRS) and In-containment
Refuelling Water Storage Tank (IRWST) and these in turn can affect successful cooling.
The largest surface area of any single metal is the alloy from which the SGs heat transfer
tubes are constructed. The second largest surface is the cladding of the fuel and this
barrier retains more than 99% of the radioactivity in the reactor. Only a small proportion of
the material that corrodes in a modern PWR comes from the Steam Generators or the
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fuel cladding. As a result, the steels which make up smaller areas in the remainder of the
circuit are becoming increasingly important.

In UK EPR, a number of other systems are connected to the RCS, which support
chemical control, sampling and safety functions of the primary circuit, including
specifically for the UK EPR:

e The Safety Injection System / Residual Heat Removal System (SIS / RHRS)
e The Accumulators

e The Extra Borating System (EBS)

e The Chemical and Volume Control System (CVCS)

e The Nuclear Sampling System (NSS)

The overall arrangement of the primary circuit in UK EPR is shown in the figure below,
from Ref. 174.

Figure 2: UK EPR Primary Circuit and Connected Systems

The main systems that control the coolant chemistry are the Chemical Volume control
System (CVCS, Section 4.2.2) supported by the Nuclear Sampling System (NSS, Section
4.2.9) and the water make-up systems (Section 4.4.2.1.9), all of which are assessed in
this report. While the functions of the safety systems are assessed elsewhere (mainly,
Ref. 58) their impacts on plant chemistry are assessed in this report.

Overall, the assessment of primary circuit chemistry during GDA has sampled a number
of interrelated areas namely; control of coolant chemistry, protection of the structural
materials (specifically related to integrity of the pressure boundaries), maintaining fuel
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integrity and performance and minimisation of out of core radiation fields. The approach
was to identify the current EDF and AREVA approach and expectations for primary circuit
chemistry in UK EPR, to determine whether or not the chemistry supports plant safety.
The areas sampled were:

e Chemical Control

e The influence of Materials and Chemistry on Radioactivity
e Material Integrity and Corrosion Control

e Fuel Integrity

e Zinc Addition

¢ Hydrogen Addition

e Control of Safety System Chemistry

e Sampling Systems

e Holistic Approach to Normal Operating Chemistry
e Start-up and Shutdown Chemistry

¢ Hot Functional Testing

Each of these is discussed in detail in the following sections.

Assessment — Chemical Control

This section assesses the capability of the chemical control systems for supporting the
chemical requirements of the plant; namely, a demonstration that the system
performance and reliability requirements of the plant are substantiated by the detailed
engineering design. As stated previously, the main system which controls the primary
coolant chemistry in UK EPR is the CVCS, and this section focuses on this system during
normal plant power operations; transient conditions such as start-up and shutdown are
considered elsewhere (Section 4.2.11), as is the use of the CVCS to support refuelling
operations (Section 4.3).

Assessment of the CVCS in UK EPR was started during Step 3 and significant further
assessment was undertaken on this important system during Step 4, which included
commissioning specific TSC support in this area (Ref. 150). During Step 3, | was broadly
satisfied with the overall claims and arguments presented, noting several features and
potential improvements the design offered over existing comparable systems. However, |
recognised that the system was complex and further work would be needed in Step 4
covering:

e The letdown coolant flow is high (like the ‘Konvoi’ stations) and filtration is taken as
the principal step for reducing the radioactivity carried by the coolant, thus placing
higher demands on filters and their control systems.

e The extent of reliance on boron monitoring is greater in UK EPR.

e Splitting and diverting the coolant flow through a number of optional processes,
including ion-exchange and make-up or recovery of water, boron and lithium, injection
of hydrogen, zinc dosing and degassing increases the system sophistication and
consequently the potential for some faults.
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e Most of the letdown coolant flow bypasses the CVCS Volume Control Tank (VCT),
which is smaller than those in comparable reactors and is covered with nitrogen, as
opposed to hydrogen.

e Hydrogen addition is performed in a dedicated ‘hydrogenation station’ which adds
hydrogen to the flowing coolant stream, as opposed to the more common cover gas
approach.

e Recycling boron may lead to the build-up of contaminants or activity in the coolant
and an accumulation of radioactivity in the recycling plant.

¢ Material choices for CVCS valves and other components in contact with the coolant,
potentially including Stellite™, require clarification and justification.

e The linear velocity of coolant through the ion exchange beds in UK EPR may be high.

Although EDF and AREVA claim that the UK EPR has been designed to permit load
following, which would put further demands on the CVCS, ND did not assess this feature
in GDA. Load-following is out of scope of GDA.

CVCS Overview

As in most PWRs, the CVCS for UK EPR (Ref. 11, Section 9.3.2) is mostly outside the
containment building and its principal components operate at ambient temperatures and
pressures. Coolant flows in and out of the CVCS through separate letdown and make-up
lines via one regenerative heat-exchanger and a series of isolating valves. The CVCS
also provides coolant to the pressuriser, main Reactor Coolant Pump (RCP) seals and
various other cooling and safety reservoirs. It is a large and sophisticated system,
comprising three ion-exchange beds, several filters, a gassifier and degassifiers, a
volume control tank (VCT) and has multiple connections to separate storage, recovery
and waste-treatment systems. The CVCS in UK EPR supports a very high coolant
flowrate and consequently possesses anti-dilution features for boron

The CVCS in UK EPR is described in the PCSR (Ref. 11, Section 9.3.2) and in the
System Design Manual (SDM) (Ref. 167). The functions provided by the CVCS are
closely linked to two further systems:

e Coolant Purification, Degasification, Storage and Treatment System (CSTS). The
CSTS is described in the PCSR (Ref. 11, Section 9.3.3) and associated SDM (Ref.
113).

e Reactor Boron and Water Make-up System (RBWMS). The RBWMS is described in
the PCSR (Ref. 11, Section 9.3.4) and associated SDM (Ref. 114).

While EDF and AREVA distinguish between the CVCS, CSTS and RBWMS, the
functions provided by the CVCS are dependant on the CSTS and RBWMS; hence for the
purposes of the assessment that follows | have taken these systems to collectively
comprise the CVCS in UK EPR.

The CVCS has a central role supplying coolant to many parts of the reactor and the
coolant it supplies must always a) contain enough boron to control the nuclear chain-
reaction, b) be conditioned to minimise corrosion and c) treated to control radioactivity so
far as is reasonably practicable. However in UK EPR the CVCS as a whole is not safety
classified and there are only a small number of important safety functions claimed. There
are safety classifications (in Ref. 20) applicable to a few of the CVCS components,
several having a C3 classification; for instance, the pressuriser spray line has Al
classification along part of its length, to prevent leakage but not to provide a spray,
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whereas the charging pumps themselves are C3. The safety functions were presented in
Section 9.2 of the PCSR (Ref. 11) and may be summarised as:

Reactivity control by adjusting the boron concentration in the primary circuit coolant to
respond to power changes and fuel burn-up, in all modes of operation

To prevent / mitigate boron dilution accidents
Assist provision of coolant in small Loss of Coolant Accident (LOCA)

Ensure leak-tightness of the main coolant pump seals, even if letdown from the main
circuit is unavailable

Control chemistry (lithium, hydrogen, silica etc.) to limit corrosion
Provide auxiliary spray water to the pressuriser

Help prevent overfill of the steam-generators

Maintain the coolant pressure boundary

Ensure containment isolation in an accident

These are repeated in the system functional specification for the CVCS (Ref. 167) and
augmented by two additional safety functions:

Control the volume of water in the core when the Residual Heat Removal System
(RHRS) is in use.

Supplement the boron supplied by the Safety Injection System (SIS) in a total loss of
feedwater; however this is not credited in the fault analysis which assumes boron is
supplied by the Extra Boration System.

The CVCS performs the following operational functions (amongst others) which were also
considered in this assessment:

Continuous control of the RCS water inventory during all normal plant operating
conditions utilising the charging and letdown flow path.

Adjusting of the RCS boron concentration as required for power variation control,
plant start-up or shutdown, or core burn-up compensation through the addition of
boron and/or demineralised water.

Cooling and purifying water into the RCP seals to ensure cooling and leak tightness
and return of any seal leakage.

Provide primary coolant chemical control by interfacing with the coolant pH control,
purification, treatment, degasification and storage systems (CSTS and RBWMS).

Control the concentration and the nature of dissolved gases in the RCS by
maintaining the required hydrogen concentration in the charging flow and degasifying
the reactor coolant, when required.

The following figure provides the schematic design for the CVCS (from Ref. 160):

Page 30



Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

150

151

Figure 3: UK EPR Chemical and Volume Control System

The CVCS is the interface between the high pressure RCS and the low pressure systems
outside containment. The CVCS provides a flow path for the continuous letdown and
charging of RCS water and maintains the RCS water inventory at the desired level via the
Pressuriser (PZR) level control system and provides auxiliary spray for PZR cool down.
The system is normally in continuous operation during all modes of plant operation from
normal power operation to cold shutdown. The specific functions these systems have in
shutdowns and start-ups are covered in a separate section of this report (Section 4.2.11).

In normal operations, coolant flows in and out of the CVCS through separate letdown and
make-up lines via one regenerative heat-exchanger, one of two parallel let-down heat
exchangers (cooled by the Component Cooling System (CCWS)) and pressure reducing
station. These components are inside the containment boundary. The let down line is
taken from the RCS hot leg on loop 1, while the return line feeds both the Loop 2 and 4
cold legs. The CVCS also provides a small portion of the return flow to provide coolant to
the RCP seals on all four loops. The cooled and depressurised coolant which enters the
CVCS is subject to a number of optional processes whilst inside the CVCS, via
connections to associated systems, mainly the NSS, CSTS and RBWMS; these include
sampling, purification, degasification and storage. Those processes that operate
continuously during normal operations include:

e A high proportion of the coolant that enters the CVCS passes through the purification
sub-system, comprising two parallel coolant filters, three ion-exchange beds and a
resin trap (Ref. 167). The normal flow path will be through one filter followed by one
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mixed resin ion-exchange bed. The first two ion-exchange beds are parallel duplicate
beds, while the third is intended to be used mainly during shutdowns for corrosion
product removal. The filters are duplicates providing back-up capability. Treated
coolant is returned back to the main CVCS flow. The purification sub-system is
located in the Nuclear Auxiliary building.

e The letdown flow passes to the two parallel high pressure charging pumps. In doing
so it passes through the hydrogenation system, which includes the Volume Control
Tank (VCT) and system for adding dissolved hydrogen to the coolant. Only a small
portion of the coolant passes to the VCT, with most passing to the pumps via the
hydrogen addition system.

e Other additions can also be made to the coolant before it is returned to the RCS.
Continuous additions will include hydrogen and zinc (acetate). Other additions, such
as boric acid, lithium (hydroxide), hydrazine or hydrogen peroxide, can be added as
required. The systems which do this are described in more detail and assessed in
later sections of this report.

Once purified, chemically conditioned and pressurised by the charging pumps the return
coolant flow is split, with the majority of the flow passing back to the RCS via the cold leg
make-up connections. On request, this flow can be diverted automatically into the
pressuriser auxiliary spray. The bulk flow exiting the charging pumps is subject to boron
measurement by the boron meter system. This aspect is assessed further in Section
4.2.2.2.1 of this report. A smaller flow is permanently diverted to the RCP seals. Before
reaching the RCPs this flow passes through one of two parallel seal flow filters. Inside
containment the seal flow line is split to provide flow to all four RCPs. The return flow
from the RCP seals similarly combine to a single return line which is filtered by a further
seal flow filter before returning to the CVCS, normally to the VCT.

The systems to which the CVCS is connected in UK EPR include the:

e Reactor Boron and Water Makeup System (RBWMS) for recycling boric acid. (Ref.
11, Section 9.3.4). The RBWMS consist of three separate sub-systems which supply,
mix and store boric acid and demineralised water for the Safety Injection System
(SIS), accumulators, IRWST, RCS and the spent fuel pools and accepts water
recycled from the CSTS.

e Coolant Storage and Treatment System (CSTS) for storing, cleaning and degasifying
coolant for reuse or disposal. The CSTS comprises four separate sub-systems; the
coolant storage and supply system (CSS), the coolant treatment system (CTS),the
coolant degassification system (CDS) and the coolant purification system (CPS). The
CPS is provided to limit the accumulation of impurities and activity in the RBWMS. A
full description of each of these sub-systems can be found in the UK EPR PCSR (Ref.
11, Section 9.3.3) and is not repeated here.

¢ Normal Residual Heat Removal System (RHRS) for cooling in shutdown.

e The In-containment Reactor Water Storage Tank (IRWST) also provides coolant to
the CVCS for use in certain faults.

e Pressuriser auxiliary spray, for use in cool-down and start-up.
¢ Main Coolant Pumps (MCP), to keep the pump bearings cooled and sealed.

Each of these systems can be connected or by-passed by operator or the control
computers. The relationship that the CVCS has with some of these systems will be
described in more detail below.
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EDF and AREVA propose the use of isotopically enriched (in *°B) boric acid for UK EPR.
This would, by necessity, also be dissolved in all stocks of emergency coolant and pond
waters. The enrichment and concentrations used will depend on the fuel management
and pH profile eventually specified for the UK EPR. The boron enrichment is defined by
the characteristics of the fuel. The sub-criticality criterion at cold shutdown and minimum
pH define the amount and form of boron actually needed. EDF and AREVA have
specified bounding upper values for the enrichment and concentration of the boron as
part of GDA. The boric acid storage tanks in UK EPR, particularly the Extra Boration Tank
(EBS) and IRWST are too small to permit the use of natural boric acid with modern
uranium fuel. This has several consequences on the primary circuit chemistry of UK EPR,
and the CVCS design as described later in this section and later in my assessment.

In addition to the findings from Step 3, in Step 4 | assessed the manner in which the
design of CVCS in UK EPR had been changed from that of its progenitor, the CVCS in
the German Konvoi reactors. TQ-EPR-905 (Ref. 8) was raised to identify these features,
the rationale behind the changes and any implications in terms of the distributions of
silica, **C, zinc and boron between different parts of the reactor. The reply provided by
EDF and AREVA included three principal changes which | assessed:

e The provision of coolant filters upstream of the ion-exchange beds and absent in
Konvoi, which is discussed in the sub-section on filtration (Section 4.2.2.3.2).

e The emergency seal water supply is taken from the IRWST, instead of the boron
make-up system in Konvoi.

e The use of a class Al (F1A in France) on-line boron metering system for the anti-
dilution protection function (Section 4.2.2.2.1).

My assessment of each of these changes is also presented below. The other four
changes quoted in TQ-EPR-905 (Ref. 8) were made for mechanical reasons and were
therefore not considered further in my assessment. | also note the following specific
features apparent from the response to TQ-EPR-905 (Ref. 8):

e The ratio of the CVCS flow to the total coolant flow is a significant factor determining
the overall efficiency of the coolant purification and treatment systems. For instance,
an adjustment to the concentration of an additive takes a finite time to reach all of the
coolant. UK EPR is no different from any other PWR in this respect, and may in fact
be better due to the relatively large CVCS flow rates. | took account of such effects in
my assessment.

e Flowrates through the CVCS will be very high in UK EPR. This has implications for
the analysis of Steam Generator Tube Rupture (SGTR) faults which are discussed in
Section 4.6.2. It also has implications for boron dilution, which is discussed in Section
4.2.2.2.1.

TQ-EPR-717, 772 and 1140 (Ref. 8) were raised to request a number of documents
which described the CVCS. Some of these refer to Flamanville Unit 3 (FA3), the French
EPR currently under construction which is also the reference plant for UK EPR, see TQ-
EPR-908 (Ref. 8).

Chemical Additions

The following section describes the assessment of the capabilities of the UK EPR CVCS
to provide the chemical additions necessary to control the primary coolant chemistry. This
section does not assess the implications associated with the concentrations of any
particular species added, which are assessed later in this report.
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Boron is dissolved in the primary coolant to regulate rates of nuclear reaction at power
and as a backup to the shutdown control-rods at other times. The more boron that is
dissolved in the coolant the less nuclear reaction can take place, but there is a limit at
high concentration above which further boron becomes unreliable as a means of control.
Stocks of coolant for use in emergencies, shutdowns and the Spent Fuel Pool are held
with a sufficiently high boron concentration to completely suppress nuclear chain
reaction, and these are routinely checked and occasionally adjusted by the station
chemists. At power, the concentration of boron in the circulating primary coolant is
modified on a daily or weekly basis to compensate for variations in the fissile content of
the fuel and contraction of the coolant in a shutdown.

The precise enrichment of the boron required and its concentration at any one time are
determined by nuclear physics. Safety regulators normally demand at least two methods
of preventing unintentional nuclear reaction and the operators of any PWR must have
rigorous control over the boron in use, as it is often one of the two controls employed (the
other usually being control rods). Exercising this control is a normal activity for all PWR
operators.

In Step 3, my assessment covered two separate aspects of boron addition; a) the
increase in boron needed mid-cycle when burnable poisons are used and b) the effect of
boron on the pH of the primary coolant. | was satisfied that a) use of burnable poisons
would not require an unsuitably high concentration of boron mid-cycle and b) use of
Enriched Boric Acid (EBA) would permit a stable operating pH at a high-enough level to
minimise effects from corrosion. During Step 4 | raised a nhumber of further queries with
EDF and AREVA on boron control in UK EPR, patrticularly related to the capabilities of
the CVCS to deliver and control boron and the hazards posed by homogeneous boron
dilutions, where the boron concentration is slowly diminished rather than rapidly removed
entirely (heterogeneous dilution). The latter of these faults is assessed elsewhere (Ref.
58).

Boron Addition

Details of boron control in UK EPR were provided in the response (Ref. 172) to RO-UK
EPR-44.A1 (Ref. 9), which asked for a justification of primary coolant chemistry in UK
EPR.

In addition to boron changes to maintain the correct pH, if power changes take place and
the new power level is maintained for a long period, the boron concentration may need to
be adjusted to offset xenon effects and ensure an adequate shutdown margin. In either
case this entails injection of borated or demineralised water from the RBWMS, via the
CVCS. The RBWMS injects boron (or water) after the coolant purification demineralisers
and before the VCT.

EDF and AREVA have designed UK EPR to operate using Enriched Boric Acid (EBA).
This has benefits for many other aspects of reactor operations, but potentially
complicates the management of boron and means that UK EPR is equipped with a
means of recycling the boric acid discharged from the plant so as to reduce losses of the
valuable EBA. Essentially this involves distilling the waste boric acid to recover a
concentrated boric acid solution and create (almost) boron free water which can be
disposed using the radioactive waste treatment systems. This operation is part of the
CSTS and is discussed later in Section 4.5.1. The implications for this type of control

Page 34



Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

166

167

168

169

170

171

172

arrangement on radioactivity (Section 4.2.2.3.3), refuelling activities (Section 4.2.3.3.3)
and boron dilution events (this Section) are discussed in my report.

The main components of the RBWMS are a boric acid mixing tank and two parallel boric
acid storage tanks, plus associated pumps, filters and connections to served and feed
systems. The RBWMS is made from stainless steel. The boric acid tanks are maintained
above 20 °C by the plant ventilation systems to avoid boron crystallisation. Headspaces
in the tanks are connected to the Gaseous Waste Processing System (GWPS, see
Section 4.5.1). Stocks in the RBWMS would be sampled and analysed prior to use in any
system.

The boric acid mixing tank is used to prepare a solution of 4 wt. % boric acid (7000 mg
kg™), of the correct enrichment, by dissolving granular boric acid in heated demineralised
water at elevated temperature (around 50 °C). This mixing tank is used to feed the two
boric acid storage tanks and the EBS tanks directly. Other systems are fed with boric acid
diluted with demineralised water. This process will be used to feed the plant at the first
start-up, but much less during normal operations, only that required to make-up for losses
as the plant is intended to operate on a ‘closed cycle’ for boron.

The boric acid storage tanks contain the entire mass of boron required for normal
operation of the plant. The amount of 4 wt. % boric acid in these tanks varies throughout
the cycle, from nearly full at the end of a cycle to their lowest point at the start of cycle
when the RCS is at the cold shutdown concentration. During operation boric acid
concentrate is recovered from the CSTS evaporator to gradually refill the tanks. The boric
acid is fed to the CVCS from these tanks.

Purely from the perspective of delivering a solution of boric acid to the primary circuit of
UK EPR these arrangements appear reasonable, however it is notable that the controls
and processes required to achieve the level of control of boron anticipated for UK EPR
are complex and will require detailed operating procedures and controls to be developed
and applied by the Licensee. | see no reason why these are not possible for UK EPR.

Control of Boron Enrichment

The use of EBA requires additional controls on the boron usage in UK EPR; in addition to
the overall concentration of boric acid used, the enrichment must be strictly controlled to
ensure there is no inadvertent reduction in the '°B content. Such a process happens
throughout the fuel cycle by the poisoning effect of the boron. In other reactors which do
not recycle the boric acid this effect is not seen as the boron is continuously refreshed
with ‘new’ natural (around 20% *°B) boric acid.

I queried several points related to the use of EBA in TQ-EPR-1235 (Ref. 8). EDF and
AREVA provided details on how the enrichment will be controlled and changed
throughout a cycle when using EBA. These responses were based upon the FA3 analysis
so are not directly applicable to UK EPR, but do suggest that such effects are controllable
in UK EPR. For example, the FA3 analysis shows that the RCS enrichment drops by
several percent during a fuel cycle. | understand that the isotopic enrichment of the boron
will be increased back to the required level by the addition of a small amount of nearly
100% EBA, thus increasing the overall enrichment. | was content with the EDF and
AREVA responses in this regard. EDF and AREVA indicate that detailed arrangements
will be provided by the Licensee, which is a reasonable position.

The response to TQ-EPR-1235 (Ref. 8) provides a description of the risk analysis
approach for EBA usage in the FA3 EPR. While a high level description, this appears to
consider the main impacts | would expect to see in such an analysis. EDF and AREVA
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confirmed that an exhaustive analysis has been carried out in order to determine the
boron management. The Response to TQ-EPR-1235 (Ref. 8) states that this analysis for
FA3 was based upon:

e Justification for the use of EBA
¢ Identification of the required control parameters

¢ Identification of the different scenarios having an impact on boron depletion and
uncertainties:

Fuel management conditions

Stretch out periods and intermediate shutdowns
Margins associated with enrichment strategy
Boron measurement uncertainties

Isotopic impurity of boric acid provided by suppliers

© 0 O O o o

Boron solution preparations differences due to the volumes and mass
measurements by NPP [Nuclear Power Plant] chemistry staff laboratories

The individual margins lead to an estimation of a global and conservative uncertainty
inherent in the boron enrichment. Identification of operator actions was based on the
global uncertainty calculation and:

e Criteria applied to perform the boron make-up, including the method of preparation
and injection of high enriched boron

e On-line monitoring in RCS/RHRS/CVCS

¢ Grab sampling at other times and locations:

after filling and homogenisation of EBA preparation tank
RBWMS boron after recycling before CVCS connection
IRWST

EBS tank

SIS accumulator

o O O O O

0 Spent Fuel Pool

All of these elements have been used to define an overall strategy of EBA monitoring and
EBA enrichment for FA3 EPR including the safety considerations and the human factors.
EDF and AREVA will provide several tools and procedures to the UK licensee including
conversions, quantifiable depletion simulations, and corrective actions (make-up,
enrichment process, etc.). These simulations are also performed for UK-EPR taking into
account the different scenarios (shutdowns, stretch-out, and fuel management). EDF and
AREVA will provide the overall EBA strategy to the UK licensee as an operational
procedure.”

By doing this work for FA3, this means that EDF and AREVA have effectively already
identified the requirements and scope for an EBA strategy in the UK. | am content with
their approach and consider that such an analysis, fully justifying the EBA strategy to be
applied by a Licensee for UK EPR will be required once UK specific details are available
on fuel management and chemistry. This analysis should also consider other factors
necessary to ensure the correct control of EBA, including:
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¢ Physical control of enriched boron stocks and control over any natural boron on the
site

¢ Availability of a suitable analytical technique for enrichment measurements
e Implementation of a boron dosing and metering plan

e The application of zinc treatment

| consider this to be an Assessment Finding AF-UKEPR-RC-04.

The implications of EBA on boron dilution are assessed below.

Boron Dilution

In this section | describe my assessment in Step 4 of certain faults involving boron. This
assessment was supported by a TSC review, Ref. 150. My assessment included several
aspects of boron control, certain CVCS faults, the anti-dilution protection in the CVCS
and specifically the design and operation of the boron meters intended to prevent boron
dilution.

There are two general types of boron dilution fault:

e Heterogeneous dilution - in which a sudden slug of un-borated water, from an internal
or external, is swept into the core.

e Homogeneous dilution - in which the boron concentration gradually reduces until the
control rods cannot cope.

The heterogeneous dilution was assessed by the Fault Studies Inspector in ND (Ref. 58).
My assessment in Step 4 considered chemical and process perturbations that might
cause homogeneous dilution, and how these would be detected and stopped.
Homogeneous dilution events tend to be slow and are challenging because they allow all
of the coolant to reach the threshold value, at which point the anti-dilution protection
system is required to act promptly. The protection system must take account of the
deliberate adjustments in the boron concentration, which take place regularly in any
PWR.

Using EBA has several advantages but introduces the possibility of enrichment-loss
through the accidental use of natural boron. Before describing some of the faults and
protection methods, | outline the normal method of boron control and protection in the
design of UK EPR.

In normal dilution mode, the RBWMS supplies EBA at a concentration just lower than the
main coolant concentration and at a nominal flowrate of 1 t hr?, via the CVCS. At the
same time, the CVCS bleeds the more concentrated coolant to the CSTS. This can be
done automatically or in a manual mode. Towards the end of a cycle or in stretch-out (a
period of reduced-power operation beyond the normal end of a cycle), the volumes of
coolant needed for dilution may be larger than the ability of the CSTS to cope. In this
case the licensee may choose to use one of the ion-exchange beds to absorb EBA from
the coolant. lon-exchange resins would be checked before use to prevent isotopic dilution
of the EBA in the primary coolant. The loss of EBA through the inappropriate use of ion-
exchange beds was considered by EDF and AREVA as a heterogeneous dilution fault,
despite it being slow acting, so is not considered here.

As stated above, the CVCS in UK EPR can feed coolant more quickly into the core than
many operating PWRs, such that the potential dilution rate is higher. To counter this
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effect EDF and AREVA have specified a fast-acting automated detection and shut-off
system to provide anti-dilution protection, which requires some processing by digital logic.
The dedicated boron metering system, classified at the highest A1 (F1A in France) safety
category, is fitted in the CVCS return flow after the High Pressure (HP) charging pumps.
The Boron Concentration Measurement System (BCMS) consists of four measurements
of °B in the returning coolant based upon attenuation of neutrons from a self contained
source. The measurement process is entirely external to the coolant pipe, the following
figure provides a schematic view of the boron meter from TQ-EPR-1146 (Ref. 8):

Figure 4: UK EPR CVCS Boron Metering System

| raised a number of TQs covering various aspects of boron control and discussed
dilution faults and anti-dilution protection with EDF and AREVA during several of our
meetings in 2010. | raised one action under RO-UKEPR-44 (Ref. 9); Action 6 covered the
specification for the boron meters and its diversity. Actions A1 and A4 under the same
RO-UKEPR-44 (Ref. 9) requested further information and justification for the control of
boron in addition to other requirements for a chemistry topic report and PCSR chapter, all
of which contain further information on boron controls. In total | raised eleven TQs on
boron faults and their prevention (TQ-EPR-96, 131, 904 and 1142 to 1149). This
relatively large number of queries reflects the number of connections to the CVCS, the
need to maintain flow to the main pump seals and finally the complexity of the boron
meters. The following paragraphs consider un-isolable dilutions caused by the CVCS,
then subsequent paragraphs outline isolable dilutions.

The CVCS High Pressure Cooler is downstream of the BCMS and a breakage in this heat
exchanger might cause in-leakage of un-borated water into the CVCS. An un-isolable
dilution from this cause would only be possible in shutdown (mode 6) with the reactor
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depressurised. With the reactor pressurised, the net flow of coolant would be outwards
and the fault would be a LOCA. TQ-EPR-1144 (Ref. 8) concerned the safety systems that
do protect the dilution fault in shutdown and the time needed for a response. The first line
of defence would be the neutron monitors in the core with alarms in the control room,
which should prompt the operator to find and isolate the dilution. If the dilution continued
to the point that re-criticality might occur, the Extra Boration System (EBS) would activate
automatically to provide additional boron.

The PCSR (Ref. 11) claims the EBS can cope with all dilution flowrates but really it is
designed to cope with leaks. Estimations by my TSC (Ref. 150) suggest that the CVCS
running a maximum flowrate can just out-run the EBS. Achieving such a rapid rate of
dilution would need at least two other faults to occur with no operator response after 30
minutes, so | consider this to be highly unlikely.

My assessment gave me confidence that un-isolable dilution from the CVCS would not
challenge the reactor and that the anti-dilution system outside of the CVCS would protect
against un-isolable dilutions which might originate within the CVCS. Regular laboratory
analysis should provide back-up and confidence tests for these systems.

Sources of water in the CVCS, other than a leaking High-Pressure Cooler, can be
isolated near to their origin. The first line of anti-dilution protection for these sources
comprises the CVCS instrumentation and the containment isolation valves. In the event
of a dilution, the containment isolation valves are closed and a number of other valves
and adjustments are made, depending on the operating mode of the reactor. Even when
the CVCS is isolated, seal-water flow to the main cooling pumps must be maintained.

A number of TQs were raised, covering the various instruments and computations made
to control the valves that isolate and realign coolant flow:

e TQ-EPR-1142 (Ref. 8); Response time of the valve shut-off terminating a dilution
source. This response gave me confidence that the actuation system was capable of
operating in a timely manner.

o TQ-EPR-1143 (Ref. 8); Existence of anti-dilution protection in all plant states. This
response assured me that anti-dilution protection was available in all plant states.

e TQ-EPR-1145 (Ref. 8); Clarified the re-routing of primary coolant that would occur if a
dilution were detected modes 1 — 4 (cold standby with RCP running). The main
coolant pump seals would be supplied with EBA from the IRWST and the balancing
main coolant bleed would be dumped whilst other CVCS bleeds and feeds would be
isolated, see Section 4.2.2.4.1.

e TQ-EPR-1146 (Ref. 8); Provided further clarification of the interconnection of the
IRWST and the CVCS and method used by the computers for calculating the
expected boron level.

If a dilution occurred during refuelling, the main coolant pumps would not be running and
the RHRS system would be providing coolant flow. In this case there would be additional
isolations of the RHRS connection to the CVCS, the low-pressure reducing station and
the volume control tank and coolant returning from the seals would be dumped to
radwaste.

In order to achieve the isolation, it is first necessary to detect the dilution of coolant
leaving the CVCS. Because the boron concentration might be varying deliberately, the
expected concentration must be calculated and compared with the actual rate of change.
The primary instrumentation provided to do this are the BCMS. Corrections are made to
the measured concentration using readings from the CVCS flowrate and temperature
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monitors. All the calculations are performed by computers. The computers, software and
voting logic which actuate the isolation system are not Reactor Chemistry aspects and
were assessed with all other smart logic, in the ND assessment of Control and
Instrumentation, Ref. 20.

TQ-EPR-904, 1148 (Ref. 8) and RO-UKEPR-44.A6 (Ref. 9) were raised to obtain detailed
technical descriptions of the boron meters in the CVCS. In addition to the BCMS there is
also a boron meter on-line in the sampling system. There are a number of such devices
in use in PWRs worldwide, but almost none have an Al (F1A in France) safety
classification.

TQ-EPR-1146 and 1149 (Ref. 8) also clarified the calculation methods and ranges of
error and uncertainty involved in calculating the expected boron level and the
determination of set-points for the boron metering and control system. The cumulative
effect of measurement and calculation uncertainties would result in actuation of the
protection slightly later than necessary in fast transients and prematurely in a slow
transient (Ref. 150) but these effects should be small.

By measuring '°B, these systems will protect against losses of enrichment of the EBA,
such as an accidental feed of natural boron. Much effort has been put into the design of
the boron metering system and there is clearly a lot of redundancy in the four detectors,
with the system designed to cope with operation on a reduced number of detectors for
limited periods.

During discussions with several staff at EDF and AREVA, it became clear that these were
sophisticated systems and, quite apart from the Control and Instrumentation aspects,
operational controls would be needed to prevent externally created (mainly ‘user common
mode’ type) errors, see SAP EDR3. Along with other colleagues in ND, | questioned
whether the meters were diverse enough to achieve Al reliability and this has become
the subject of a Fault Studies lead cross-cutting GDA Issue, GI-UKEPR-FS-01, see Ref.
58, which | will support as appropriate to ensure an adequate resolution of the Reactor
Chemistry aspects.

The CVCS in-line boron meters are claimed in the UK EPR fault analysis as a means of
protection. However, the boron meters in the sampling system are the ones quoted in the
Chemistry PCSR Chapter (Ref. 103), where the in-line CVCS meters are not mentioned.
This is inconsistent and | find that the Licensee should clearly identify the boron metering
system used for safety to identify procedures that assure common-mode calibration
errors do not arise. | consider this to be an Assessment Finding, AF-UKEPR-RC-05,
which applies to all boron meters which rely in neutron absorption.

4.2.2.2.2 Lithium

194

Most PWR have safety limits and action levels associated with the primary coolant pH. In
order to limit corrosion within the RCS, lithium hydroxide is added to the boric acid in the
primary circuit to produce an alkaline pH. As the boron concentration changes through
the cycle, so must the lithium concentration. Similarly Lithium is produced during a cycle
from the boron neutron absorption reaction. The addition of the correct quantity of lithium
has an overall beneficial effect in terms of corrosion and radiation, but adding the wrong
amount can negate these benefits. Having too much or too little lithium (or the wrong
isotope of lithium) can impact on a number of systems. The specification for lithium
concentration is assessed in several sections of my report that follow and summarised in
Section 4.2.10 (Holistic Approach).
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In UK EPR, lithium would be highly enriched in Li. This avoids °Li which is a main source
of tritium in the reactor, see Section 4.2.3.3.3. Enriched lithium will be recovered from the
coolant by the stand-by mixed-bed ion exchange unit in the CVCS, avoiding de-lithiation
on the operating bed which is already fully pre-lithiated. The presence of the correct
isotope should be confirmed by laboratory measurement before use.

The arrangements for injecting lithium in UK EPR are described in the CVCS SDM (Ref.
167). Additions will be made to the common header before the HP charging pumps using
an automatic system based on on-line lithium measurements taken in the Nuclear
Sampling System (NSS), see Section 4.2.3.3.3. EDF and AREVA provided details of
lithium controls in the response to RO-EPR-44.A1 (Ref. 172). The automatic system to be
used for injecting lithium in UK EPR is described in Ref. 167, a prototype of the device
has been in use at the EDF Tricastin 2 plant for several cycles, with positive results. The
system is primarily aimed at control lithium during load-follow operations when boron, and
hence lithium, must be frequently changed. This system includes:

¢ A total conductivity measurement to estimate the lithium concentration.

e A control computer, to calculate and automate the injection based on acquired data.
e An electromechanical assembly which injects lithium hydroxide via the CVCS.
Automatic lithium hydroxide injection is activated when either:

e The difference between the measurement / reference [target] value exceeds 0.05 mg
kg™,

e Considerable water movements (due to dilution, for example) lead to a significant
reduction of the lithium hydroxide concentration in the primary system.

In TQ-EPR-1235 (Ref. 8), | asked what provisions were made in UK EPR to prevent the
automatic system from dosing too much (or too little) lithium. In reply EDF and AREVA
confirmed the existence of automatic alarms and controls that should control the lithium
concentration normally. In the event of a more significant failure of the automatic system,
manual sampling and cross-checks would still be possible. Operation with lithium
between i and 5 mg kg™ would only be permitted for 24 hours. If lithium increased
above 5 mg kg™, the reactor would be shut down. | was content that these arrangements
do not pose additional risks over more conventional ‘manual’ dosing arrangements.

I note that the lithium addition line is separate from the zinc addition line, so that zinc will
not be precipitated before it enters the main circuit.

Overall, | was satisfied with the design of the system proposed for lithium injection and
control in UK EPR.

4.2.2.2.3 Hydrogen
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In normal operation of any PWR, hydrogen is dosed into the primary coolant in small
quantities to a) suppress oxidising species production in the core and b) help prevent
cracking of high nickel alloys and c¢) maintain iodine in a non-volatile form. Section 4.2.7
assesses the need for, and concentrations of hydrogen used in the coolant.

The hydrogen addition system in UK EPR was also reviewed by my TSCs (Ref. 138 and
150), their conclusions are consistent with the assessment that follows.

In any PWR there are losses of hydrogen by various processes so that dosing must be
carried out (semi) continuously. These losses are; radiolytic reactions, diffusion through
the SG tubes, boiling of the coolant and deliberate operation of degasification equipment.
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In most PWRs, hydrogen is added by pressurising the ullage of the VCT with hydrogen
gas. The hydrogen concentration in the coolant is thus controlled by Henry’s law, which is
a simple and reliable method. However, if this were attempted in UK EPR, there would be
between 5 and 15 m® of hydrogen gas in the VCT and the low flow through the VCT
would need a proportionally higher hydrogen concentration in the cover gas, or higher
operating pressure. Both of these factors would result in a significant risk of deflagration if
the VCT leaked or if there was ingress of air.

As such the VCT will not be used in this way in UK EPR; the design includes a dedicated
“hydrogenation station” as part of the CVCS. This comprises an injection jet pump
followed by a mixing element. TQ-EPR-865 and 1269 (Ref. 8) were raised to obtain
further information on the hydrogenation station design and the following figure shows the
hydrogenator in relation to the VCT and the main letdown-charging line in CVCS:
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Figure 5: UK EPR Hydrogen Addition System

A small flow of coolant is taken from downstream of the HP charging pumps and used to
mix with hydrogen gas in a water jet pump. The outlet from this pump, which contains
coolant with both dissolved and un-dissolved hydrogen bubbles, is mixed with the main
coolant flow before passing through a mixing pipe to further solubilise the hydrogen. The
flow enters a gas separator where un-dissolved hydrogen is removed, and along
additional hydrogen gas, returned to the water jet pump for re-mixing. The coolant which
now contains only soluble hydrogen passes to the HP charging pumps, after mixing with
the VCT outlet flow.

In this system the dissolved hydrogen concentration in the coolant is controlled by varying
the hydrogen partial pressure in the hydrogen addition station. Since the head-space of
the jet pump and the separator vessel will primarily contain hydrogen, the partial pressure
will be set by the VCT head-space nitrogen over-pressure, which is controlled by injection
of nitrogen and purged to GWPS.

In their reply to TQ-EPR-865 (Ref. 8), EDF and AREVA confirmed the design of the
hydrogenation station is closely based on the design of similar systems in eight operating
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German Konvoi stations, which has operated successfully for several years. A further two
German stations are back-fitting this system. Graphs of the performance of the German
hydrogenation system were provided to ND, which showed steady control in the long
term. Short term variations are expected to be slow acting due to the low rates of loss
expected.

By adopting such a system, the quantity of hydrogen gas in the hydrogenation station of
UK EPR would be around 0.045 m® at 2.7 bar abs, greatly reducing the flammability risk
compared to the alternative of using the VCT for hydrogenation. The presence of nitrogen
in the cover-gas of the VCT may produce some ammonia by radiolysis. Ammonia
production by such routes should be quantified as part of AF-UKEPR-RC-01.

| assess target concentrations for hydrogen dosing in Section 4.2.7 of this report. Since
expert opinions differ on the optimum hydrogen concentration for controlling stress-
corrosion cracking, some believing they should be increased to above 50 cm® kg™ and
others that they should be reduced, it is important that UK EPR should be able to provide
whatever level of hydrogen dosing will be expected in the future within these likely bands.
| asked EDF and AREVA what the maximum hydrogen concentration achievable in UK
EPR would be. They replied that the maximum dissolved hydrogen level would be limited
by the VCT pressure to 60 cm® kg™. The minimum hydrogen concentration recommended
for radiolysis control is 10 cm® kg™®. In UK EPR this minimum concentration still
corresponds to a VCT pressure more than double the cavitation pressure of the HP
charging pumps. It is clear from this that UK EPR can provide hydrogen at any
concentration in the likely expected range.

In TQ-EPR-1269 (Ref. 8) | asked if the mixing element of the hydrogenation system might
also remove radioactive gases out of coolant. | was satisfied with the reply from EDF and
AREVA, that even if this was the case any gases from the mixing element would normally
be recycled to the coolant and the hydrogenation station is not vented, except for
maintenance. This may put further requirements on the CDS and pressuriser vents to
degasify the coolant in operation.

In TQ-EPR-1235 (Ref. 8) | asked how much coolant boiling would deplete hydrogen in
solution. EDF and AREVA replied that boiling up to 5% would deplete dissolved hydrogen
by a maximum of 20%.

I concluded that the hydrogenation station would be capable of replenishing hydrogen
losses by various processes and is a satisfactory alternative to the use of the VCT.

4.2.2.2.4 Zinc

213
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EDF and AREVA propose to add zinc to the primary coolant of UK EPR, in the form of
zinc acetate solution. The effects of zinc addition are assessed further in Section 4.2.6.
The zinc addition system consists of a zinc injection tank and injection pump plus
associated valves and controls necessary. Zinc acetate, at the required concentration is
prepared manually in the tank and injected at a low constant flow rate to the CVCS
pipework at the HP charging pump header where it mixes (but not mechanically) with the
CVCS flow. The zinc flow will be set manually (between 0.01 and 10 cm® min™) based on
operating conditions in the CVCS. Operational procedures to control and check
concentrations and flowrates will be specified in a later phase.

This is a simple system, similar to many that have been retro-fitted to operating plants.
EDF and AREVA have verbally confirmed that the maximum pump flowrate will be very
small, so it is not a realistic dilution source although it should appear on the schedule of
potential dilution sources. It could however, over-pressurise the reactor at certain times
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and should be included in Low Temperature Overpressure Protection (LTOP)
arrangements. The zinc addition line is distant from the lithium make-up, in accordance
with recommended guidelines (Ref. 187) to avoid immediate precipitation as the
hydroxide, Section 4.2.6.1.1.

Overall, I am content that the zinc addition system in UK EPR is adequate. The addition
of an engineered means of addition is a positive step.

4.2.2.2.5 Other Chemicals
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4.2.2.3
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Other chemicals may need to be added to the RCS on occasion, mainly during transients
such as start-up and shutdown. The main of these will be hydrogen peroxide (shutdown)
and hydrazine (start-up and shut-down). These additions are assessed further in Section
4.2.9.

In UK EPR these are added from pre-purchased sealed containers with quick connect
couplings containing the requisite solution. A three-way valve connects these to an
injection pump capable of adding up to 0.2 m® hr' to the CVCS, into the HP charging
pump header.

Coolant Purification Systems

The following section describes the assessment of the UK EPR CVCS chemical
purification systems. The coolant letdown from the main circuit in UK EPR is subject to
chemical purification by filtration and degasification in CVCS and its associated systems.
There are a number of resin beds in the CVCS and CSTS for chemical purification by ion-
exchange and each has a slightly different role. These differences were clarified through
TQ-EPR-1141 (Ref. 8), discussed below. Significantly, there is an evaporator in the
CSTS to concentrate and recycle the EBA, which as well as being the primary means of
‘purifying’ the coolant for boron, will concentrate some solutes whilst removing others,
which is assessed in Section 4.2.2.3.3.

The entire CVCS purification chain can also be used to purify water from the spent fuel
pool.

The CVCS will be the main outlet for liquid and gaseous radioactive wastes created
elsewhere in the reactor. Other than spent fuel itself, the main solid radwaste products of
the CVCS in UK EPR, i.e. the ones containing the bulk of the radioactivity, will be spent
ion-exchange resins and the main coolant filters. The quantities of resin produced will be
determined by factors relating to corrosion in the rest of the reactor, which are discussed
in Section 4.2.3.

Arrangements for sampling, to monitor the system performance, are described in Section
4.2.9, while operations under start-up and shutdown conditions, when much of the
demand on the CVCS purification systems is at its highest, is described in Section 4.2.11.
EDF and AREVA presented an overview of the principal chemical functions of the CVCS
in FA3 in Ref. 102.

4.2.2.3.1 lon Exchange

222

There are number of ion-exchange vessels in the CVCS, supported by similar vessels in
the CSTS, provided to purify the coolant chemically. These beds are intended to remove
soluble species from the coolant, including radioactivity and impurities. The main vessels
are those within the CVCS itself. The vessels are located within the Nuclear Auxiliary
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building, so are accessible during normal operations, and the system includes the
facilities for flushing and removing spent beds to radwaste; spent resins will be fluidised
with water then discharged by hydraulic transfer, Ref. 167. This type of practice is now
standard at many stations to reduce operator radiation exposure.

The SDM for the CVCS (Ref. 167) provides much information on the various
configurations for the CVCS under different operating modes. The following diagram
(PCSR Section 9.3.2, Ref. 11) shows the arrangement of the main ion exchange and
filtration systems for primary coolant, while operating under ‘normal’ conditions:
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Figure 6: UK EPR Coolant Purification Sub-system

Currently there are three ion-exchange vessels in the CVCS, arranged in such a way that
the first two beds are parallel and the third in series. The first two beds contain 2 m® resin,
while the third is slightly larger at 2.2 m*. The beds are:

e Two ‘normal’ demineraliser vessels, with one intended for use during a full cycle. EDF
and AREVA expect the operating bed to be in the ‘Li* / BO3 form, while the standby
bed will be in the H" / BO; form. This arrangement avoids de-boration and allows
recovery of ’Li, by using the stand-by bed to remove lithium and swapping the full with
the empty bed once exhausted. This will remove a high proportion, but not all
radioactive species passing through it. This type of arrangement is standard for many
plants which have the capabilities to operate in this manner and has benefits in
reducing radwastes.

¢ One additional ‘shutdown and start-up’ demineraliser vessel which is normally
reserved for additional purification during shutdown or start-up but additionally
claimed for end-of-cycle de-boration.

EDF and AREVA state that the current intention is to use the third vessel for end of cycle
de-boration, in Ref. 167, but this may be inconsistent with its expected use in shutdown
and start-up, see Section 4.2.11. For example, if the resin is loaded with lithium because
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of de-boration, it would be less effective for removing corrosion products in a shutdown.
Conversely, if it is used to remove corrosion products, it will be less effective for de-
boration. Due to the sizing of the beds these effects may not be significant. This would
have been one of the main reasons why the further third vessel was added by AREVA
(Areva modifications CS50, CS244 and CS394). Ref. 172 suggests the third vessel
should be loaded with anion-exchange resin for efficient de-boration. This is an example
of where the precise operational details for the system are unknown at present; however
the design can be seen to offer multiple possibilities and a degree of redundancy and
diversity. Robust controls over the operation of the beds can be specified by the Licensee
at a later phase, when the precise operating strategy is known.

The letdown flow to the CVCS is cooled, partly because ion exchange beds are generally
sensitive to temperatures above 60 °C. The beds in UK EPR would normally be run at
less than 50 °C, which is common for many plants. Operation at this temperature will
result in some reduction in resin capacity over time, but as this is common practice will be
accounted for in the design by additional margins.

EDF and AREVA are aware that new lithium beds must be equilibrated with borated
coolant and the coolant discharged before use. This is to ensure that the new bed does
not excessively reduce the coolant boron level, a fault classed as heterogeneous dilution
in their analysis, see Section 4.2.2.2.1 above.

EDF and AREVA have not specified the precise resin types and loading patterns for use
in UK EPR. There is plenty of time for them to do this and there should be flexibility in the
design to respond to plant operating characteristics. Nevertheless, | raised TQ-EPR-903
and 909 (Ref. 8) to understand the factors determining the efficiency and lifetimes of the
resins.

In TQ-EPR-909 (Ref. 8), | queried the capacities of the beds and resin lifetimes. EDF and
AREVA replied that the decontamination factors will be regularly evaluated and a
decrease in this parameter below expected values (100 for some species) will trigger
further investigation and appropriate corrective action. Resins will be replaced once they
are used up, as measured by low fission product separation factors, ageing or high
differential pressure. The TQ response said there were currently no criteria on dose-
rates. | am content that EDF and AREVA have done enough to identify resin-change
criteria for GDA. The target normal separation factor will be identified later.

The response to TQ-EPR-909 also provided information on separation efficiencies of
individual elements. Resins have some ability to remove cobalt, caesium and zinc and
may remove sulphate and chloride but cannot remove species such as silica, hence the
importance of avoiding fibreglass filters or other sources of silica contamination (Refs 102
and 148).

Quoting recommendations for the EDF fleet, Ref. 169 recommends that resin beds be
replaced every 5 to 7 years, irrespective of usage. The resin beds in UK EPR will be quite
large and may well have capacity to last this long. However, in this time they will be
subject to various forms of physical and chemical degradation from attack by peroxide,
hydrazine, ammonia and radiolysis. In responding to TQ-EPR-903 (Ref. 8), EDF and
AREVA agreed that chemical effects would decrease the efficiency of the resins but only
guantified the effect for ammonia. Such effects would not be immediate and should be
detected as part of normal monitoring of the system performance.

lon-exchange resins and the filters which precede them will be the most radioactive and
significant types of solid radwaste produced by the CVCS. | have not seen a detailed and
realistic assessment of resin use in different modes, or a comparison of different loading
and management patterns. | accept the calculation presented for ammonia is reasonable
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but a realistic assessment would include allowances for other aging effects such as
poisoning and radiolysis. This will be needed to ensure that waste generation will be
effectively controlled. This is because the large size of the resin beds may lead to them
being discharged before they are consumed, increasing the volume of solid radwaste per
Becquerel.

Overall the main CVCS purification ion-exchange system does not include any novel
features over existing PWRs and potentially improves on them by including larger, higher
capacity vessels. The precise arrangements for usage and change of these beds still
need to be specified, but | am content this can be done later, as the fundamental design
appears adequate.

Additional ion-exchange material is included in the CSTS. This is part of the Coolant
Purification System (CPS) sub-system of the CSTS and consists of a single H'/OH" form
mixed bed. It is used to remove lithium, caesium and other isotopes not initially removed
by the CVCS purification demineralisers, as well as ionic and colloidal impurities to avoid
an accumulation in the Coolant Treatment System (CTS) (a sub-system of the CSTS)
and an eventual re-introduction of these impurities into the RCS. Further discussion on
how this vessel fits into the overall boron recycle system in UK EPR is given below, but
purely as an ion exchange purification system it appears reasonable and should further
reduce the potential for accumulation of impurities and unwanted material in the primary
coolant.

4.2.2.3.2 Filtration
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There are three pairs of filters in the CVCS which are used to remove activated corrosion
products and protect against resin ingress to the RCS; upstream and downstream of the
main CVCS resin beds and on the seal water inlet and return lines. They are arranged in
parallel pairs for duty and standby. Filters in a water-reactor generally fulfil two purposes;
they help to control the build-up of solid corrosion products in the coolant and they can
also prevent damage caused by any larger particles.

Glass-fibre filters should not be used in a water reactor, because of the small quantity of
silica which dissolves from the glass into the coolant. The silica could then deposit on
fuel, increasing the surface temperature and hence fuel cladding failure probability.

In TQ-EPR-906 (Ref. 8), | requested information on these filters. The French standard for
filter mesh is defined differently to the UK. In their response, EDF and AREVA said their
precise throughputs would be specific to the filter manufacturer but did provide some
information on changing the filters.

The primary function of the filters downstream of the resin beds is not to remove
corrosion products but to prevent resin beads from being flushed from their beds into the
main circuit. The escape of small quantities of resin would lead to a build-up of sulphur
compounds in the coolant, which are known to increase cracking and other corrosion
problems. Ref. 168 quotes an absolute filtration rating of 99.8% at 10 um, which |
consider adequate for this duty. Ref. 168 also notes that “glass fibre is not
recommended”, which is a positive step but not as restrictive as may be necessary.

UK EPR differs from the progenitor Konvoi CVCS design in having filters upstream of the
resin beds. These are the main filters for removing crud from the primary coolant. Ref.
168 specifies an absolute filtration rating of 99.8% at 1 um. Coarser filters may be
necessary during commissioning and the 1 um specification may only be achievable
some time later. The specification of the filter in use should be reviewed by the Licensee
as operational data become available and adjusted to achieve satisfactory filtration, but
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this is normal practice in PWRs. Along with the ion-exchange resins, these filters are
expected to be the most radioactive and significant source of solid radwaste from CVCS.
A sophisticated shielded and automated machine will be used to change them,
minimising ORE. Cartridges are used for all these filters, simplifying handling. Refs 167
and 168 describe techniques to minimise operator dose when changing filters.

Filters upstream of the resin beds offer the additional advantage of ensuring a physical
barrier to the gross escape of resin. An incident at Fessenheim in 2004 (Ref. 170) proved
how significant such a release could be, although that release occurred through a safety
valve which relieved back into the primary circuit. Because the incident challenged safety
systems at Fessenheim, EDF and AREVA took account of the experience when
designing UK EPR.

The design presented for UK EPR is clearly appropriate for detaining particulates as early
as possible and preventing their transfer to locations of potential harm. Mechanical
handling will reduce doses to operators changing the main high-radiation media. | am
content with the location and generic design of filters used in UK EPR.

The usage data provided by EDF and AREVA in TQ-EPR-906 describes the criteria for
changing the filters and does not identify how often they actually would be changed. The
frequency of filter change will be very dependent on the filter mesh size and the
performance of the plant in terms of generation of suspended solids in the coolant. | note
that Refs 168 and 169 are inconsistent in their specification of mesh size for these filters.
Clearer specifications will be needed before inactive commissioning. EDF and AREVA
have said that filter specifications would not be reviewed but the specification of the main
filter is optimistic and should be reviewed by the Licensee during commissioning and
thereafter. | consider this to be an Assessment Finding AF-UKEPR-RC-06.

Overall, | consider the design of the fixed filtration equipment to be suitable and sufficient
for the CVCS of UK EPR. Since various types of filter media exist and media are
disposable items, | am satisfied that the specifications for filter media are reasonable at
this stage, and | have identified a finding covering more detailed specifications. The
arrangements for filter change are sophisticated and it appears significant effort has been
invested in this regard by EDF and AREVA which should have benefits for ORE and
radwaste.

4.2.2.3.3 Evaporation
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EDF and AREVA wish to recover the EBA used to control reactivity in the core, for
economic reasons. Because of its cost, most EBA in use would be recycled, with very
little make up during operations — only that which is required to compensate for leakage
or isotopic depletion. To do this, discharged coolant will undergo evaporation as part of
the CSTS where EBA will be recovered from the evaporator concentrate and returned to
the RCS as part of the RBWMS. The CSTS is a complex system, providing a number of
functions. EDF and AREVA split the CSTS into four separate sub-systems:

e Coolant Storage and Supply System (CSS)
e Coolant Purification System (CPS)

e Coolant Treatment System (CTS)

e Coolant Degasification System (CDS)

The CSS consists of six storage tanks which are used to hold water (either fresh or
produced in the evaporator) or discharged coolant. The CPS consists of the ion exchange
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vessel described in Section 4.2.2.3.1, used to further purify the discharged coolant before
treatment in the CTS. The CDS (CSTS-4) is used to degasify the primary coolant, and is
assessed in Section 4.2.3.3.4, below. The CTS contains the evaporator part of the CSTS
and is used for:

e Separation of reactor coolant, which is discharged during normal operation of the
plant and which is temporarily stored by the CSS, into a concentrated boric acid
solution (4 wt. %) (concentrates) and demineralised water (distillates), for further
reuse in the primary circuit.

¢ Degassing (via CSTS-6) of the distillates prior to either their reuse in the primary
circuit and degassing of demineralised make-up water.

The CSTS SDM (Ref. 113) provides detailed information on the intended operation of the
CSTS, so is not repeated here. The SDM states that the main operating mode will be
“evaporation without degasification and with coolant recycling” and this arrangement is
shown below. Note however that this may not actually be the most frequent operating
mode, as this recycles the water from the evaporator as well as the EBA and has
implications for tritium controls in the plant; see Sections 4.5.1, 4.2.11 and 4.3.2.3. This
arrangement is shown in the following figure.

Figure 7: UK EPR Coolant Storage and Treatment System (operating with evaporation without
degasification and with coolant recycling)
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In this arrangement, coolant stored in the CSS is passed through several stages of pre-
heating by regenerative heat exchangers before entering the boric acid column. In this
column the coolant is separated into steam and boric acid by evaporative heating. The
separated boric acid solution at 4 wt. % is sent to RBWMS via one boric acid delivery
pump. The steam produced is extracted and compressed by 2 of the 3 vapour
compressors for condensing on the shell side of the evaporator thus bringing the heat of
evaporation back into the process. The condensed water, the distillate, is collected in the
condensate collector, cooled down by the evaporator and let into the condensate tank.
The distillate is sent by one of the condensate pumps (after cooling down to 50°C) back
into the CSS for storage. A small flow of demineralised water is routed via the three-way
valve back into the boric acid column for filling the bubble trays.

While the detailed engineering may be different in UK EPR, the process of evaporation to
recycle boric acid is well known and used in many PWRs. As such the consequences of
such operations are known and can be controlled. The main drawback with such
processes is the unintentional accumulation of other non-volatile species in the boric acid
concentrate over time, such as radioactivity, lithium, zinc or impurities such as silica. The
addition of the further ion exchange bed in the CPS before evaporation should minimise
these effects in UK EPR (see Ref. 102, TQ-EPR-910, Ref. 8 and Section 4.3.2.2 of this
report). This will also help to control ORE in the region of the evaporator.

Originally, EDF and AREVA thought the water distillates could also be recycled when
required. | recognised this would have implications for the tritium build-up in the plant.
Through RO-EPR-74.A1 (Ref. 9), | asked EDF and AREVA to justify levels of tritium in
the Nuclear Island (NI) systems, such as the RCS, SFP and IRWST. In response to this
RO, EDF provided a translation of the guidelines used by the rest of their fleet (Ref. 34).
Since UK EPR has different power and tritium production rates, | requested assessments
for tritium calculated specifically for UK EPR. EDF and AREVA responded with Refs 106
and 107, which are assessed in Section 4.2.11.4 of my report. As a result of these
discussions, EDF and AREVA now propose to dispose of most distillate from this
evaporator, see TQ-EPR-835 (Ref. 8). The coolant will be further cleaned and tested in
the liquid radwaste system, as assessed in Section 4.5.1, before discharge in accordance
with environmental discharge limits. | did not assess the potential for recycle of ammonia
as the bulk of the distillate will not be re-used.

Because the purification systems are not effective at removing impurities such as silica or
fluoride, there is no substitute for a high-purity demineralised water feed system, as has
been provided for UK EPR, see Section 4.4.2.1.9. However, irrespective of this some
level of impurities could accumulate within the evaporated boric acid. EDF and AREVA
provided some information on this in their response to TQ-EPR-1042 (Ref. 8) and EDF
states that there has never been a difficulty meeting the fluoride specification in their fleet
of N4 reactors. However, as this is dependant on the site specific strategy, the licensee
should show the effect of EBA recycle on impurities such as fluoride and silica, which are
not removed by the standard ion-exchange units in UK EPR, as part of their EBA strategy
for the plant. This is part of AF-UKEPR-RC-04.

4.2.2.3.4 Degasification

251

Gaseous species can accumulate within the primary coolant of any PWR from a number
of sources including purposeful additions (hydrogen), adventitious impurities (for example
oxygen or nitrogen) or from the fission or activation processes (for example xenon or
krypton isotopes from fuel leakage or helium from the soluble boron). These are all
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relatively small volumes, whereas large rapid intrusions, for example that might affect
safety system performance, are not considered as part of Reactor Chemistry.

UK EPR differs from other PWRs because most of the CVCS coolant flow by-passes the
Volume Control Tank (VCT). The coolant that does enter the VCT is maintained under a
nitrogen atmosphere hence may also pick up further dissolved nitrogen before mixing
with the main return flow. This would leave radioactive and non-radioactive gases to
circulate in the coolant and accumulate in the pressuriser. To prevent accumulation to
hazardous levels, these gases should be monitored and removed periodically.

To prevent activity releases in a shutdown and to prevent flammable gas mixtures
forming, the design of UK EPR includes an engineered degassing facility called the
Coolant Degasification System (CDS), part of the CSTS. The CDS will be operated just
before shutdowns and start-ups and can be operated at other times for adjustment. The
gases removed by the degassifier are usually passed to the Gaseous Waste Processing
System GWPS. Since operation of the CDS may introduce more gas than GWPS can
handle during start-up, the extracted gas can be sent to the Nuclear Auxiliary Building
(NAB) ventilation system instead. Start-ups and shutdowns are assessed in Section
4.2.11.

The reactor coolant, coming from the RCS via the CVCS, enters the degasifier column
above the top plate (bubble tray) with a temperature of approximately 50°C and descends
under counter current flow conditions through the rising vapour. The gaseous and liquid
phases are intimately mixed while passing the bubble trays. To allow the coolant to boil
the degasser is maintained at a sub-atmospheric pressure of 0.125 bar. Under these
conditions, most of the gases dissolved (> 99%) in the coolant are released and extracted
from the column to the GWPS (normally). The degasified coolant is pumped back to the
CVCS using the degasifier extraction pump. The degasifier can also be used as part of
the CSTS for preparing degasified demineralised water for use in the CVCS. The design
of the CDS makes provision for the condensation of the moisture inevitably created.

When CDS is operated at power, most of the hydrogen that is deliberately added to the
coolant will be lost, so the downstream hydrogen injection system would be used to
replenish dissolved hydrogen to the set level, see Section 4.2.2.3.

Any remaining permanent gases that do accumulate in the pressuriser would be removed
by a vent line in a controlled manner, see TQ-EPR-158 (Ref. 8). Whilst most of the **C
will be removed to gaseous waste by these methods, there is a paucity of data on the
fraction that remains within the coolant. This is not a problem with degasification and is
discussed further in the sections on zinc (Section 4.2.6) and radioactivity (Section 4.2.3).

| have examined these design features and find them a satisfactory alternative to use of
the VCT to provide degasification in UK EPR. The volume control tank in UK EPR will
have a greatly reduced role compared to other PWRs. Although the flow though the VCT
will be lower, the pressure in the VCT will still control the concentrations of gases in the
coolant. | was satisfied that the new arrangements for the control of radioactive and
flammable gases in the primary coolant would be adequate.

Other Aspects

In addition to the purification and treatment of coolant, my assessment of the CVCS
covered a number of other aspects. These included the provision of seal water, the
operation of valves and corrosion. These additional assessment areas are summarised
below.
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4.2.2.4.1 RCP Seal Water Supply
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As is common in PWRs the main RCPs in UK EPR have a seal system which prevents
leakage of active primary coolant. The UK EPR is no different in this respect and the
CVCS provides the seal water for these seals. Ref. 167 describes the provision of water
to the number 1 seal on the main cooling pumps as one of the “operating missions” of the
CVCSs.

The injected water is taken from the CVCS injection line in normal operation and passed
through one of two filters arranged in parallel (both filters are not used simultaneously).
Used seal water returns to the VCT. If there were a dilution fault and the CVCS were
isolated, the provision of seal water in UK EPR is unlike the arrangement in Konvoi
reactors. Water for the seals is supplied from the IRWST in UK EPR, unlike the Konvoi
reactors which maintain the seal coolant from Extra Boration System (EBS). If the CVCS
is isolated in UK EPR, the seal water would be supplied from the IRWST and the return
sent to radwaste.

The upstream (main) filters, the resin beds and downstream filters would probably be
used almost continuously, but the coolant flow can be diverted to avoid them. Because
the coolant does not always pass through the main filters, particles might reach and
damage the coolant pump seals, so filters are provided on the seal water feed to prevent
this. This was one of the main systems affected by the resin leak at Fessenheim in 2004
(Ref. 170).

Filters are provided on the seal water return to prevent material from pump bearing wear
(typically high cobalt) from being recycled to the RCS. Refs 168 and 169 are inconsistent
in their specification of mesh size for these filters, and this is a subject of Assessment
Finding AF-UKEPR-RC-06.

Usually, the seal water filters only see water that has already been filtered. Therefore |
expect the usage and radioactivity of the seal filters to be low. | am content that adequate
provision has been made for the supply of seal water in UK EPR.

4.2.2.4.2 CVCS Materials
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The internal surface area of the CVCS in UK EPR forms a small but potentially significant
fraction of the total metal area exposed to coolant in the reactor. There are a number of
components in the CVCS made from different alloys including motors, valves and some
joints with seals. The amount of cobalt and presence of any silver or antimony in these
materials could impact radioactivity in the reactor if released to the coolant and activated
in the core. This might arise due to corrosion, wear or maintenance activities. Activated
material might then deposit elsewhere in the reactor, as hot-spots in ponds, or return to
the CVCS for treatment as waste, also becoming a source of radiation to workers during
shutdown.

| have considered the CVCS as a particular source of material for the generation of
inadvertent radioactivity in Section 4.2.3 of my report. Overall, EDF and AREVA have
gone to great lengths to consider improved materials for most applications in the CVCS,
see Section 4.2.3.

4.2.2.4.3 Prevention of Leakage

266

The CVCS in UK EPR performs a number of different roles in preventing leakage, which
are given the high A1 and A2 (or F1A and F1B in France) classifications. The CVCS in
UK EPR features the isolation and containment valves | would expect to see for such
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duties. There are two unusual features which illustrate the complexity of this function,
both requirements not to overfill the reactor with coolant:

e Should a leak develop in the SG, primary coolant would flow into the secondary side
of the SG and the secondary side may begin to fill with radioactive primary coolant.
There is a signalling system to shut off the CVCS and prevent liquid coolant flowing
out of the secondary relief valves. The Reactor Chemistry aspects of such events are
assessed in Section 4.6.2 of my report.

e High-pressure charging pumps should not be operated when the primary circuit is
water solid. This hazard is similar in UK EPR to any other PWR and the plant features
Low Temperature Overpressure Protection (LTOP) for such instances. See Section
4.2.11 on start-up and shutdown operations and the assessment of start-up in Ref.
116.

4.2.2.4.4 Valves

267
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The CVCS in UK EPR contains a greater number of valves, pumps and vessels than
earlier generations of PWRs. In my assessment | looked for valve failures that might
create a particular hazard and identified two groups of valves whose failure might be
considered as safety challenges:

e Two valves and one check-valve in series, which supply the pressuriser with an
auxiliary spray have a significant role in controlling the reactor.

¢ Inthe main CVCS flow path, there are ten motorised valves, three check-valves, one
manual valve and three three-way valves in series. If any one of these were to stick
closed, all CVCS flow would stop.

It is foreseeable that one of these valves could stick closed, in which case there could be
an impact on the plant. Considering each of these carefully in terms of their overall safety
impact, | concluded that other installed safety systems (SIS, IRWST etc) would be
sufficient to protect the reactor should this unlikely event happen. Therefore | was content
that the design and categorisation of these valves in UK EPR was adequate.

Section 2.5.3 of the CVCS SDM (Ref. 167) identifies the key functions that require
periodic testing but does not identify specific valves. | have not seen operational
experience for some of these valves. Operational experience of these valves in
conditions representative of UK EPR operating conditions should be established and a
mechanism put in place to guide maintenance staff where new components will require
extra monitoring. It would be normal practice for the licensee to monitor the performance
of all new types of hardware until their performance and reliability have been well
established. The number of components in UK EPR increases the need for clear
operating instructions and displays. Overall, | consider the CVCS hardware in UK EPR to
be sophisticated and flexible rather than complex or unreliable in this regard.

4.2.2.45 CVCS as a Source of Coolant for Other Systems

270

The CVCS in any PWR performs a number of functions to purify and treat reactor coolant
for ancillary systems outside the RCS. For instance, when the reactor is opened for
refuelling, there is a significant exchange of cooling water and radioactive contamination
between the primary circuit, Spent Fuel Pool (SFP) and In-Reactor Water Storage Tank
(IRWST). In addition the CVCS is the source of concentrated boric acid for use in safety
supplies, as assessed in Section 4.2.8.
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EDF and AREVA described the design features and operating modes of the UK EPR
CVCS for clean-up of the IRWST and SFP and details are provided in the CVCS SDM
(Ref. 167). Whilst | was generally content with the flexibility of the design, two questions
arose:

¢ How much radioactive material did EDF and AREVA expect to be transferred to the
Spent Fuel Pool (SFP) and how could it be kept as low as reasonably practicable.

e How does UK EPR control and adjust boron in these and a number of other vessels.

My assessment of the former is addressed in Section 4.3 of this report. To address the
latter, | raised TQ-EPR-1235 (Ref. 8) asking EDF and AREVA to outline the actions
required to maintain the proper boron enrichment in all of the tanks and vessels in UK
EPR. This is as described in Section 4.2.2.2.1.

Summary

My assessment has focussed on its prime safety functions and areas that were new to
the design. | have assessed the CVCS in UK EPR as a radwaste processing system, as
a source of treated coolant and as a homogeneous dilution source. Based upon the
evidence presented during GDA, the main conclusions | draw for the CVCS assessment
are:

e Overall, | consider the CVCS hardware provides sophisticated and flexible facilities for
the treatment of coolant in UK EPR. The bulk of the design for the CVCS is closely
based on existing German plant that has run safely for many years. The number of
features that the CVCS has will increase the need for clear operating instructions and
displays.

e The CVCS in any PWR has a finite capability to clean up the coolant and does not
substitute for a high-purity feedwater system. The CVCS in UK EPR is no exception.

e The CVCS in UK EPR has a high coolant flowrate which creates more demand for a
strong dilution protection function. EDF and AREVA have engineered a highly
redundant system to protect against boron dilution faults, which is the subject of a
Fault Studies GDA Issue, GI-UKEPR-FS-01, see Ref. 58. In other respects the CVCS
provides suitable and comprehensive facilities for the control of boron. | note the use
of EBA proposed for UK EPR and consider that EDF and AREVA have clearly
considered implications for its application thoroughly. | have raised a finding related to
this.

e EDF and AREVA have proposed changes to the ‘normal’ means of adding lithium and
hydrogen to the primary coolant. These are based upon proven techniques applied at
existing PWRs. The zinc addition system is a simple process, similar to many
currently in use. | have assessed novel features in the design for the injection and
removal of gases and consider them a suitable alternative to the use of the VCT for
this purpose. | am content with the proposed arrangements for chemical dosing in the
CVCS of UK EPR.

e | am content that the systems in the CVCS have been designed to process radwaste
safely and effectively. The number of filters and resins for the purification of coolants
is comprehensive and their usage criteria appear reasonable. However, the CVCS
resins may have to be discharged before they are fully loaded, thereby increasing the
volume of solid radwaste from UK EPR in proportion to its radioactivity. The increase
in volume would however be small, at one or two cubic metres per year.
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e Several points identified in my assessment should be covered by documentation
being provided to the licensee. For instance:

i) Part of the process of achieving adequate control will include the quantification of
the normal operating chemistry for UK EPR and the specification of controls.
These are the subjects of findings elsewhere in this report.

ii) EDF and AREVA are developing documentation specifying purity and cleanliness
for components and processes from shop fabrication onwards.

e A number of components in the new reactor would need monitoring until their
performance and reliability have been well established. The performance of
components made with materials which differ from previous designs should be
reviewed as data becomes available.

| judge that the claims, arguments and evidence as presented for the CVCS appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of the CVCS in UK EPR described in Section 4.2.2 above, |
have identified the following Assessment Findings which need to be addressed, as
normal regulatory business, by the Licensee, during the design, procurement,
construction or commissioning phase of the new build project:

AF-UKEPR-RC-04 — The Licensee shall generate a detailed risk analysis, fully
justifying the boron strategy to be applied. This should include commissioning, the
fuel management and chemistry requirements, necessary control actions and
effects from evaporation on radioactivity and impurity accumulation. This
Assessment Finding should be completed before fuel is loaded into the reactor and
boron is required for reactivity control. Target Milestone — Fuel on-site.

AF-UKEPR-RC-05— The Licensee shall clearly identify the boron metering system
used for safety and specify procedures that ensure common-mode calibration errors
do not arise. This Assessment Finding should be completed before the first fuel is
brought onto site to ensure rigorous control of borated coolant used for reactivity
control. Target milestone - Fuel on-site.

AF-UKEPR-RC-06 — The licensee shall implement appropriate control over the
specifications for filters and other consumables with nuclear applications. The
specifications should include purity and cleanliness requirements and take account
of minor inconsistencies noted in this assessment regarding filter and resin aging
and replacement and consider conversion of French specifications for materials and
consumables to UK specifications. This Assessment Finding should be completed
before the first use of such consumables on site. Target milestone - Mechanical,
Electrical and C&l Safety Systems, Structures and Components — inactive
commissioning.

GDA Issues

Based upon the assessment of the CVCS in UK EPR described in Section 4.2.2 above, |
support the following GDA issue on boron control, originally raised by Fault Studies,
which requires resolution before | can be satisfied from a Reactor Chemistry perspective:
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GI-UKEPR-FS-01 — Heterogeneous Boron Dilution Safety Case — A safety case for
heterogeneous boron dilution events is required. Both external dilution events and
intrinsic dilution mechanisms from certain accident situations need to be addressed.

Assessment — Material, Chemistry and Radioactivity

Radioactivity carried by the primary coolant of a PWR is a principal source of ORE and
routine radioactive wastes as well as a potential source term in accidents. Roughly 90%
of the ORE in a PWR can arise from activated corrosion products, and the major source
of this is fuel crud. Unlike many other source terms in a PWR (core radiation, **N, spent
fuel etc.), the operator of a PWR can influence the amount of crud produced. As well as
activation of corrosion products, other sources of radioactivity arise from activation of the
coolant additives or impurities and releases of fission products from the fuel cladding,
either through diffusion or more directly, but unlikely, in the case of cladding defects.

From a Reactor Chemistry perspective an important characteristic of the primary circuit
systems are the materials which are in contact with the primary coolant. Corrosion
causes metallic corrosion products to be carried by the coolant into the core, where they
may become activated in the radiation field. The selection of materials in contact with the
coolant is a primary factor that determines the susceptibility of the reactor to the
production of activated corrosion products. In a PWR, essentially all of the activated
corrosion products within the plant are produced by the activation of material released
either via general corrosion or wear of the RCS materials in contact with the coolant.
Reactor Chemistry has a direct influence on the extent of general corrosion; in addition it
can influence the redistribution of released material around the RCS and connected
systems, depending on factors such as solubility or speciation.

Historically there has been a great variation in levels of radioactivity generated by
different PWRs. The figures below illustrate average world-wide annual worker doses (in
man.Sv) per PWR in different countries (Ref. 195). While it is difficult to directly compare
results of this nature, due to factors such as plant design, number of plants and cycle
history, these graphs do exemplify the general trend towards lower ORE seen in recent
years for PWRs:
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Figure 8: Evolution of Average PWR Collective Radiation Exposure by Country

One of the main reason for the wide variability is the interaction of the materials of these
reactors with the chemistry of the coolant. General corrasion, even if slight, results in the
passage of non-radioactive cobalt and nickel through the core to be activated to the
intensely radioactive isotopes **Co and ®°Co, which are the main sources even in the best
controlled plants. The nickel and cobalt dissolves in the coolant, agglomerates as fine
particulate, or deposits out on the fuel. The more corrosion product residing in the core at
any one time, the more radioactivity is produced. There are therefore four main ways of
avoiding this form of radiation build-up:

e Choice of materials to minimise the release of elements such as cobalt and nickel into
the coolant.

e Modifying the chemistry to reduce corrosion, by controlling a large number of
parameters including pH, levels of zinc and oxygen.

e Using the CVCS clean-up system to try and remove as many of the precursors and
radioactive products as possible.

e Maintain high purity specification make-up sources and avoid adventitious impurities.

The influence of material choices in UK EPR on chemistry, and vice versa, was an area
for assessment during Step 4. The overall assessment objective was to determine
whether or not primary circuit radioactivity had been reduced So Far as is Reasonably
Practicable (SFAIRP) in UK EPR, based upon both the chemistry and material choices.
The following sections describe my assessment of primary circuit chemistry and materials
on radioactivity in UK EPR. An outline of some of the activities undertaken by AREVA to
reduce radioactivity in EPR is presented in Ref. 190.

Overview

Decreasing personnel doses and controlling radwastes were important objectives for EDF
and AREVA in the design of UK EPR and Section 2.1 of Chapter 12.4 of the PCSR (Ref.
11) presented their claims for GDA that this goal had been achieved. The evidence which
supported this was based on the best performance of the French fleet. Since this
appeared to take little account of the specifics of the UK EPR design, | raised RO-
UKEPR-46 (Ref. 9) asking EDF and AREVA to justify that materials and chemistry
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specified for UK EPR would achieve the low levels of radioactivity claimed, based on both
the material (Action 1) and chemistry (Action 2) choices.

Their replies (Refs 13 and 161) outlined the main material choices and the chemistry
needed to minimise the concentration of corrosion products in the coolant and minimise
their deposition on fuel cladding and limit accumulation on out-of-core surfaces. This
would be achieved by controlling the pH and dissolved hydrogen at a steady value
throughout the cycle, avoiding oxidising conditions at temperature, and preventing the
ingress of impurities such as chloride, which are known to cause corrosion. The
information supplied in the RO responses was later supplemented by TQs requesting a
full material schedule and further fabrication details intended to control corrosion, as well
as information on calculations performed in TQ-EPR-864 (Ref. 8). In reply to TQ-EPR-
864, EDF and AREVA said no modelling of the corrosion product source term was
undertaken for UK EPR, although the PACTOLE code had been used for the calculation
of pH profiles. Therefore, | commissioned TSC support to undertake modelling of the
corrosion product source term in the UK-EPR (Ref. 133). | also commissioned TSC
support to review the materials of construction of UK EPR and chemistry of the primary
circuit (Ref. 149). The assessment that follows is consistent with this TSC review. The
information in these responses is summarised below.

Information on the basis for the UK EPR radiation analysis is provided in the following
documents:

e Source term overview: Use of source term in the different GDA areas (Ref. 176) , plus
associated references.

e Source term: Primary Source Term of the EPR Reactor (Ref. 60).

There were a number of parallel ROs and TQs raised in GDA on other aspects of
radioactivity in UK EPR:

¢ |raised RO-UKEPR-74 (Ref. 9), asking EDF and AREVA to quantify and justify levels
of radioactivity leaving the primary circuit and entering other systems in the Nuclear
Island (NI), including the Spent Fuel Pool and IRWST, mainly as a result of refuelling
activities. Some responses to this RO were received during the writing of this report
and others were not. Those received are assessed further in Sections 4.5.1, 4.2.11
and 4.3.2.3 of my report. EDF and AREVA have agreed to complete this work under
GDA Issue GI-UKEPR-RC-02.

¢ RO-UKEPR-73 (Ref. 9) was raised as a joint RO with Radiation Protection, Radwaste
and Decommissioning and the Environment Agency. This RO sought assurance that
the whole of the source term was applied consistently to the estimations of doses and
radwaste. The total source term for dose prediction includes some radiation sources
over which the licensee has little control but in a well-designed reactor these may be
one tenth of the radiation from corrosion-product sources described in this section.
These responses are assessed further in Sections 4.6.2.2 and 4.5.11

A number of other areas of the assessment are relevant to radioactivity:

e EDF and AREVA wish to add zinc to the coolant to further reduce out-of-core fields.
This would be new to the UK and the addition of zinc is discussed in Section 4.2.6.

e To prevent oxidising conditions, hydrogen is added to the coolant and this is
assessed in Section 4.2.7.
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My assessment also included tritium and **C, which are not major contributors to
occupational dose but are accumulated and discharged in radwaste of various types.
These are covered in Sections 4.2.3.3.3 and 4.2.3.3.4 of my report.

Most of the other radioactive fission products and actinides generated in UK EPR will
stay in the fuel. My assessment of the chemistry relating to the fuel concentrated on
preventing major releases by maintaining fuel integrity. Generally, chemistry that
minimises crud build-up on fuel helps to maintain fuel integrity (limiting defects
induced by cladding corrosion) as well as reduce the activation of corrosion products.

The fission products and actinides generated from tramp uranium or which escape
from defective fuel elements are captured by waste-treatment systems, described in
Section 4.5.1 of this report.

My assessment of the radioactive source term (mainly iodine) in accidents is
presented in Section 4.6.

EDF and AREVA have provided assurances that in normal operation, fission products will
be minor contributors to Operator Radiation Exposure. The following sections describe
my assessment of the bulk materials in the reactor, use of cobalt, other elements and
nuclides and my assessment of the chemistry, with initial results from the simulations that
I commissioned. | have coordinated with both the Radiation Protection and Radwaste and
Decommissioning inspectors in this important area throughout Step 4.

Materials

EDF and AREVA identified the significant nuclides that may be produced from the RCS
materials in UK EPR in Ref. 176:

Nuclide Origin Reaction(s) Approximate| Main gamma
half life energies / KeV
58 H 58n1: 58
Co Nickel alloys Ni (n,p) — *°Co 71 days 511 (30%)
(Inconel 690) and | *°Co (n,2n) — **Co 811 (99%)
Stainless steels | *Mn (o,n) — **Co
®Co Stellite™, *Co (n,y) » *Co 5.3 years 1173 (100%)
impurities of other | *®Ni (n,y) —> **Co —» *Co — 1333 (100%)
metallic materials | ®°Co
*Mn All the metallic | **Fe (n,p) - **Mn 312 days 5 (23%)
materials 835 (100%)
*Fe All the metallic | %®Fe (n,y) > *Fe 45 days 1100 (57%)
materials 1300 (43%)
19MAg | Neutron absorbers | *®Ag (n,y) — '°"Ag 250 days 658 (94%)
Ag-In-Cd in 885 (73%)
control rods, some
silver coated seals
2Sh | Pump bearings, |'?'sb (n,y) — *%Sb 2.7 days 567 (71%)
Second
#sb neutrc?r(l) goiZies #’sb (ny) — **sb 60 days 603 (98%)
1691 (48%)
2°3h 1245p (nyy) - **°Sb 2.8 years 400
670
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Nuclide Origin Reaction(s) Approximate| Main gamma
half life energies / KeV
ter All the metallic | *°Cr (n,y) - **Cr 28 days 5 (20%)
materials 320 (10%)

Table 6: Significant Radionuclides Produced from RCS Materials

The amount of corrosion that affects radiation production is very small and often invisible
to the naked eye. Nevertheless, the exchange of material that occurs in general corrosion
over several thousand square metres can create, indirectly, quantities of cobalt and other
nuclides which are significant for radioprotection. There are three main sources of
activated cobalt:

e Corrosion products from components made from cobalt or high cobalt alloy
e Corrosion of steels and alloys which contain traces of cobalt
e Corrosion of nickel alloys with subsequent activation of the released nickel

General corrosion is greatest at the beginning of a reactor’s life, and should fall by a large
factor over 4 — 8 cycles of operation (Ref. 148). This process is known as passivation and
the target for a good reactor is to achieve a high factor of improvement in the least
number of cycles. This does not diminish the need for careful chemistry control, which is
a vital part of this process.

| raised RO-UKEPR-46.A1 (Ref. 9) requesting justification from EDF and AREVA that the
materials in UK EPR had been selected so as to reduce levels of radioactivity So Far As
Is Reasonably Practicable (SFAIRP). In Ref. 133, they outlined the selection of bulk
materials, cobalt alloys and other materials for UK EPR. Many components would be
made entirely from stainless or nickel-based alloys that resist corrosion. Ferritic alloys are
used where greater strength is required, but have lower corrosion resistance. Stainless
alloys are therefore also used to clad the ferritic alloys. Almost all the wetted surfaces
would be made from stainless or Inconel, except the fuel and small areas where special
materials are needed. In UK EPR, the SG tubing would be made from Inconel 690, a
nickel-based alloy.

The surface area of each alloy is an important factor. Low-cobalt alloys with a very small
surface should make little contribution to activity build-up. Stellites™ and large surfaces
like the SGs, will have a bigger effect. In TQ-EPR-1236 (Ref. 8), | asked EDF and
AREVA which surfaces they thought were the most important. They replied that steam-
generators provide 88% of the surface of the reactor (excluding fuel) and expect them to
contribute 10 — 20% of the ®°Co activity. | requested further evidence of wetted material
surface areas in TQ-EPR-900 (Ref. 8), for the hard-surfaces and claddings in TQ-EPR-
1190 (Ref. 8) and for weld details in TQ-EPR-1194 (Ref. 8). The following table (from TQ-
EPR-900 (Ref. 8)) lists the wetted surface areas of the principal alloys.

Alloy Total Wetted Typical locations
Surface Area/m?

Inconels

Inconel 690 [ NEGcGczczN I SG tubes

Page 60




Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

293

Alloy Total Wetted Typical locations
Surface Area / m?

Inconel 52 [ G [ SG tube sheet cladding
Inconel 718 (aged) ] Fuel grids and springs
Stainless steels
] [ ] Fuel nozzles
I [ Fuel anti-debris filters
] I RPV cladding
I I Core internals
I [ ] Core support plates
I I RCP
I [ ] CVCS piping and tanks, RCP
I ] RCP internals
I I RCP coils
I I RCS loop piping
] [ ] CVCS heat exchanger tubes
High Cobalt alloys
Stellite™ e RPV internal, Control Rod Drive
Mechanism (CRDM) and RCP
Zircaloys
M5® ] Fuel cladding

Table 7: Wetted Surface Areas of the Principal Alloys Used in the UK EPR Primary Circuit

Generally, French grades of stainless steel were specified for much of the CVCS. It was
necessary to convert the French grades to their AISI (American Iron and Steel Institute)
equivalents for our assessment. It appears that most of the RPV wetted parts and internal
assemblies will be constructed of grades 308L, 304L and 304LN stainless steels. Other
primary circuit pipework (hot leg, cold leg, crossover leg etc.) are essentially constructed
from grade 304 and grade 304LN stainless steels. In addition, the lower and upper
support plates comprise Association Francaise de Normalisation (AFNOR) grades with
chromium and nickel levels comparable with 304LN. My assessment of these material
choices appears in the following sections, apart from the fuel cladding which is discussed
in Section 4.2.5.

4.2.3.2.1 Bulk materials

294

In a typical western PWR, successful reductions in ®°Co will leave proportionally more
*8Co because it is more difficult to replace Inconel than Stellite™ in reactors. Alloy 800 is
not an Inconel and could be a replacement, but its different thermal properties would
have a significant effect on the reactor design. The Inconel alloys used in most PWRs,
especially for SG tubing, contain a significant proportion of nickel. As the SG tubes make
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up a high percentage of the RCS internal surface area, any slight corrosion of such a
large area will result in some nickel transferring to the core of the reactor. Nickel does not
absorb neutrons as much as cobalt, but moderate absorption does produce a radioactive
product *8Co with a 71 day half-live.

To minimise corrosion, Inconel alloys contain chromium which is meant to form a
corrosion resistant layer. Unfortunately, the chromium level in the Inconel 600 used in
earlier PWRs was insufficient to prevent chromium-free regions developing at grain
boundaries during thermal treatment. The Inconel 690 specified for UK EPR has much
higher chromium content which helps to stabilise the grain boundaries. Steam-generator
tubing, tube divider plates and some radial supports and nozzles in the reactor head will
be made of Inconel 690.

A number of other radioisotopes are produced by activation of corrosion products from
the structural steel materials, including *°Fe and *'Cr. These materials are required to
preserve the integrity of the pressure boundary and cannot be replaced. As such
emphasis is based on controlling the corrosion rate of these materials by chemistry
optimisation and material treatments.

Radiation fields in modern PWRs are low, partly as a result of the use of Inconel 690
(Ref. 136). However, material selection is not the whole story because there have been
some reactors with Inconel 690 which passivated slowly or did not passivate at all. The
main reason for this seems to relate to the finishing treatments applied to metal
components by their manufacturers, and to the commissioning carried out. Passivation
prior to nuclear operations, Hot Functional Testing (HFT), is assessed in Section 4.2.12
of this report.

EDF and AREVA have specified austenitic stainless steel for the main pipework, which is
normal practice for a PWR (Ref. 13). This material is resistant to general corrosion and
erosion by primary coolant. It has been difficult to get clear unambiguous definitions of
the materials in UK EPR at times; but after several exchanges, | consider their selection
of bulk materials to be broadly sound. Remaining gaps in information presented relate to
minor components, such as bearings, seals and valve components, all of which have
been sources of elements of concern in the past. It is not appropriate that these (or their
surface finishes) should be specified at this stage of the project and | conclude that the
licensee will need to finalise the precise schedule of materials for UK EPR. | consider this
to be an Assessment Finding AF-UKEPR-RC-07.

As the SG tubes make such an important difference to the radiation behaviour of a given
plant, | selected the SG tube fabrication process for my assessment sample during Step
4. EDF and AREVA presented and described their processes for tubing manufacture in
Ref. 119. My assessment of these follows.

Conditioning, Manufacturing and Surface Finishing

The surface treatment of alloys used to construct UK EPR will also have an effect on
corrosion rates and activity pickup. Most surface treatments are intended to modify
stresses or help with Non-Destructive Testing (NDT), but by making the surface
smoother, some improve general corrosion or activity pick-up (Ref. 148). The surface
finish should be inspected so that sub-standard material can be rejected or repaired. This
is especially important with claddings that are built up by repetitive welding methods.

I commissioned TSC support to review surface finishing and conditioning, both in general
and for UK EPR specifically (Refs 134 and 117).
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EDF and AREVA provided some information on the SG tube manufacturing processes for
UK EPR in the response to RO-UKEPR-46.A1 (Refs 9 and 13). This information
demonstrated the importance of SG tube alloy manufacture on subsequent corrosion
releases, particularly the time taken to ‘passivate’ the new surfaces. EDF and AREVA
guote OEF from plants with Inconel 690 SG tubing to demonstrate the diminishment in
the *®Co release peak during shutdowns; this is taken as a measure of the rate of release
during the cycle. General information was also provided on the improvements in
manufacturing in the last 20 to 30 years which have much reduced the release rates from
SG tubing. Improvements cited include heat treatment processes, surface finishing,
degreasing and pilgering steps. EDF provided information on the improvement in
corrosion performance in steam-generator tubing as manufacturers developed surface
finishes over time in Ref. 191. This contained the following graph of the peak in *Co
production at forced oxygenation in their N4 reactors following SG replacement with
Inconel 690:

Manufacturing Process
Applied to SG tubing:

1% — Blue
2" _ Red
3" _ Green
4™ _ pPink

Figure 9: Comparison of Peak in *8Co Production at Forced Oxygenation in the N4 Reactors
Following SG Replacement with Inconel 690

The improvements in mass release rates are exemplified in the data below (from TQ-
EPR-1197 (Ref. 8), which shows total and average release rates for SG tubes
manufactured in 1987 and 2007 by the same manufacturer:
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Figure 10: Comparison of Measured Release Rates for Steam Generator Tubing Produced by
Different Manufacturing Processes

EDF and AREVA also presented data for the two main European manufacturers of tubing
which showed that they could now achieve similar, although not identical, corrosion
performance. The results were very similar but still varied by factors of around 3, albeit at
low values. It is clear from the data that variations between manufacturers seem to exist,
with some manufacturing routes appearing to produce better quality tubing from a
corrosion release perspective. The information provided by EDF and AREVA matched
that obtained by Office of Nuclear Regulation (ONR) from other sources (Refs 143 and
144).

I queried how ‘low’ release tubing would be assured for UK EPR in TQ-EPR-1236, Ref. 8.
In response EDF and AREVA referred to TQ-EPR-1197, Ref. 8. This TQ was raised to
cover surface finishes. Standards for tubing finish have been defined by ASME and
others (Refs 118 and 144) but EDF and AREVA replied that surface roughness was
generally controlled to the RCC-M standards (R, < 6.3 um for machined and ground
surfaces), but these do not provide sufficient control for SG tubing, for which they apply a
tighter specification (R, < 0.8 um). Micrographs and corrosion test results were presented
illustrating the orders of magnitude improvement in metal smoothness and corrosion
rates achieved for AREVA in tubes manufactured between 1987 and 2007. Pilgering can
produce SG tubing that is so smooth that conventional grit polishing would make it
rougher. However rigorous control is needed to ensure that the lubricants used in
fabrication (pilgering) do not permanently contaminate surfaces.

In my technical meetings with EDF and AREVA during September and November 2010, |
emphasised the importance that they should have good controls over the production of
components such as the SG tubing, in order to control corrosion release and radioactivity.
In response, EDF and AREVA provided Ref. 119 on the manufacture of SG tubing. This
included surface finishing. Of the numerous processes applied to Inconel tubing, there is
evidence that bright annealing after manufacture is one of the more significant steps in
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reducing the potential for corrosion (Refs 144 and 148). To be effective, the process
should use

Overall, EDF and AREVA have described the SG tube manufacturing and conditioning
processes to be applied to the UK EPR Inconel 690 tubing. These controls appear robust
and consistent with other industry guidance, such as EPRI, Ref. 118. | am content that
EDF and AREVA have demonstrated adequate controls are possible to assure ‘low’
release SG tubing for a UK EPR. The Licensee will be required to ensure this is
progressed as part of their normal business.

Electro-Polishing (EP) can reduce the accumulation of radioactivity on out of core
surfaces, but this process is expensive. EDF and AREVA provide details on EP in their
response to RO-UKEPR-46.A1, Refs 9 and 13. EP was considered for the internal
surfaces of the RCS coolant loops and the SG channel heads in UK EPR, but was not
adopted for either.

e EDF and AREVA consider that adequate arrangements are already in place for the
coolant loops to make an expensive EP treatment unjustifiable. Additionally there has
been no experience in current plants of EP in such areas.

e Applying the procedure recommended by the UK Health Protection Agency, EDF and
AREVA concluded that electropolishing the channel heads and water-chambers in the
SGs was not justified in UK EPR, due to the low doses that would be saved. EDF and
AREVA do recognise the benefits in EP of such areas, quoting the example of French
1300 Mega-Watt (MW) plants where dose rates in this region were 25 to 40% lower
on plants which had an EP treatment. The main argument against such a treatment
for UK EPR is the claimed higher corrosion resistance of Inconel 690 meaning less
man-access and hence lower doses. In terms of reactor chemistry performance the
decision to EP the channel heads is more of an ORE concern and | have shared this
information with the Radiological Protection inspector during Step 4.

A high standard of surface finish should also be applied to surfaces that have been clad
in stainless steel. This can be difficult if there has been repair-work that has led to
regrinding of the surface, e.g. with castings. The control of surface finish has been
covered by ND in the report on Structural Integrity, Ref. 116.

From my assessment of the surface conditioning and the control of radioactivity, |
conclude that adequate detail has been provided by EDF and AREVA for the present
stage.

Surface Cleanliness

When supplying and installing nuclear-grade equipment, attention must be paid to
surface cleanliness.

EDF and AREVA has provided details of their general control over fabrication of tubing
(Ref. 119), but it was not appropriate to assess detailed procedures for controlling foreign
materials during fabrication as part of GDA. Foreign material is defined as undesirable
material in or near a component which would not normally be present as part of the EPR
design. Foreign material may be introduced as a result of operations such as
manufacturing, installation, repair, maintenance, inspections, or other intrusive
procedures. During these processes, extreme care should be taken to prevent entry of
foreign materials into components after cleaning. The use of Foreign Material Exclusion
(FME) barriers such as temporary plugs, covers, or seals is strongly recommended during
any activity where foreign material may be introduced during installation, refuelling outage
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maintenance, and repair activities where post activity cleanliness is restricted.
Responding to TQ-EPR-1349 (Ref. 8), EDF and AREVA confirmed that a System
Commissioning Program document would be produced specifically to control chemistry
and purity during the erection and commissioning phases of UK EPR.

Sulphur, lead, copper, mercury, aluminium, antimony, arsenic, and other low-melting-
point elements and their alloys and compounds should be restricted in their use as
construction materials, erection aids, cleaning agents, and coatings. Contamination of
stainless steel and nickel-chromium-iron alloys by copper, low-melting-temperature
alloys, mercury, and lead should be prohibited.

The response to TQ-EPR-1197 (Ref. 8) states that; “Requirements regarding the
cleanliness of the components are given in RCC-M F6000. These requirements are
particularly severe for all surfaces in contact with the primary fluid. The compliance to
RCC-M cleanliness rules shall guarantee the absence of any harmful surface pollution,
thus avoiding any degradation of the material corrosion resistance.”

This reply implies that EDF and AREVA have yet to complete detailed specifications for
UK EPR for detrimental materials applicable to the different alloys used. Possible sources
of detrimental materials should be listed and controlled. Requirements should apply to all
finally cleaned surfaces and to any surface prior to welding and post weld heat or thermal
treatment. Controls on mercury and lead should apply at all stages of fabrication and
operation. These requirements should be applicable to all surfaces that contact the
operating fluid or maintain the integrity of the pressure boundary.

| have asked what documentation will be provided to the UK to enable suitable controls to
be implemented, in TQ-EPR-1349 (Ref. 8). EDF and AREVA replied that documentation
would be provided before operation of the reactor. Since some controls will need UK
implementation before then, this should be followed up soon after Step 4. While EDF and
AREVA have demonstrated an understanding of these principles | find that the licensee
should specify arrangements for the control of foreign materials and contaminants during
fabrication and site work. This is one of the objectives of an Assessment Finding AF-
UKEPR-RC-03 raised in Section 4.1.3.

4.2.3.2.2 High Cobalt Alloy Inventory
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Cobalt absorbs neutrons easily and even small amounts of cobalt in the core can cause
high levels of radiation from ®°Co, which is radiologically significant due to the high energy
gamma it emits. Radioactive cobalt is principally an issue for ORE during shut-down, but
it also impacts on waste production and decommissioning.

High cobalt alloys have had particular use as hard wearing alloys, particularly in the form
of an alloy known as Stellite™. Cobalt alloys are commonly used in PWR components
such as Control Rod Drive Mechanisms (CRDMs), valve seats and wear pads where this
property is desirable. Cobalt input into the primary circuit from Stellite™ arises from four
potential mechanisms, namely, corrosion, erosion-corrosion, wear and valve lapping. The
erosion-corrosion mechanism for material release occurs where large pressure drops
across valves induce large flow velocities. Unfortunately, it has been demonstrated that
these alloys have contributed much of the cobalt which caused significant radioactivity in
older PWRs. It is not certain how much of this was due to operational wear, corrosion or
poor maintenance. For instance, in-situ valve lapping (if allowed) may release cobalt
particulate into the circuit. Use of replacement alloys may result in different amounts of
wear and corrosion. Therefore, it is important that any Licensee should ensure there are
appropriate instructions for fabricators and operators to install, commission or maintain
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any hard-facing materials that may give rise to °°Co dose. | consider this to be an
Assessment Finding AF-UKEPR-RC-08.

Once Stellites™ were identified as significant, much work was undertaken, principally with
the ‘Konvoi’ reactors in Germany, progressively to eliminate Stellite™ from various
components, Ref. 157. The reduction in ORE reached a plateau at around 2 m? of
remaining Stellite™ even though the reduction programme continued until there was only
0.17m? in the core, excluding the CRDMs, which are very similar in UK EPR. This is
shown below (Ref. 13):

Figure 11: Evolution of Stellite™ Surface Area and Comparison to Primary Circuit Dose Rates in
German PWRs

It was important, when considering any replacement for Stellites™ is not actually worse
either in terms of its mechanical safety, but also corrosion of other elements in the alloy.
The Mechanical Engineering aspects of Stellite™ use are assessed elsewhere (Ref. 115).

EDF and AREVA presented the reduction of High Cobalt alloys for UK EPR in the
response to RO-UKEPR-46.A1 (Refs 9 and 13). Stellites™ have been replaced in most
components outside the core of UK EPR. The designers decided that no fluid deemed to
be radioactive should be in contact with valves or fittings containing Stellites™, and any
Stellites™ normally in such locations should be replaced with iron-based alloys, Ref. 133.
The main remaining areas of Stellite™ in UK EPR are:

. - m? in the CRDMs
« I ’ in the RCPs

o - m? in the RPV and RPV internals
e Lessthan - m? in valves and other fittings
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Thus the main areas remain in the control-rod drive mechanisms, main coolant pumps,
together with a small area (less than 1m? inside the core as shown in the following
comparison of EPR by AREVA with existing French and German reactors (Ref. 189):

Figure 12: Comparison of Stellite™ Surface Areas in the Latest Generations of French and
German PWRs to UK EPR

The CRDM Stellites are not considered sources of cobalt in the coolant. As can be seen
from the figure above, the overall wetted surface area of Stellite™ in UK EPR is just
under 2 m? (actually [l m.

In order to clarify where replacements had actually been made and how much Stellite™
was left in the design of UK EPR, TQ-EPR-907, 1190 and 1236 (Ref. 8) were raised. In
their responses EDF and AREVA confirmed their CRDM design is similar to the Konvoi
design and there is very little Stellite™ in the CVCS. Details of the Stellite™ replacements
in the CVCS are described in Section 4.2.3.2.5 of this report, which although relatively
small in terms of surface area could be more important to cobalt release due to higher
wear or corrosion rates.

In response to RO-UKEPR-46.A1 (Refs 9 and 13) EDF and AREVA identified the in-core
Stellite™ inventory as warranting particular attention. They described how “several
options for Stellite™ reduction were studied, taking into account factors such as
radiation  protection  (corrosion product source term), mechanical behaviour,
availability of alternate Cobalt free materials, and the associated industrial risk”. This
process roughly halved the inventory of in-core Stellites™ from the initial to current UK
EPR design. This still represents a quarter of all the Stellites™ remaining in UK EPR.
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EDF and AREVA justified the amount of Stellite™ in the response to RO-UKEPR-46.A1
(Ref. 13) by claiming it was a small fraction of the Stellite™ originally in PWRs and thus
any dose reduction would be subject to statistical uncertainty. EDF and AREVA also point
out that there is a balance between reducing quantities of cobalt and ensuring the
reliability of components, which | accept.

Therefore the principal source of cobalt from Stellite™ use in UK EPR will be from the
main coolant pump bearings. The coolant pump bearings have a similar design to those
used in other French reactors. They are hydrodynamic bearings that are not supposed
normally to wear. Any material lost should be picked up by the seal water return filters in
the CVCS and not return to the coolant. The bearings have been subject to extensive
testing for wear.

EDF and AREVA believe that most of the ®°Co in UK EPR will come from sources outside
the core, and this measure is predicted to reduce the *°Co source term by 39% compared
to French plants. Overall, they have made reasonable arguments to support the claim
that the high cobalt alloy inventory in UK EPR has been reduced SFAIRP, based upon
the current knowledge in this field. | am satisfied that EDF and AREVA have incorporated
OEF from the latest French and German PWRs in minimising the inventory of high cobalt
alloy in UK EPR. Currently some use of cobalt alloys seems unavoidable and other
chemistry measures outlined in this report can be optimised to make control of ®Co
releases effective. However, as this is an on-going area of research, a future Licensee for
UK EPR should ensure no suitable alternative to Stellite™ exists before acquiring
significant equipment containing hard-facings in contact with primary coolant. | consider
this to be an Assessment Finding AF-UKEPR-RC-09.

4.2.3.2.3 Trace elements
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In addition to the cobalt in Stellite™, there may be trace levels of natural cobalt or other
elements in other steels used to construct the reactor. High levels of cobalt impurity in
structural metals are associated with higher ®°Co levels. Cobalt levels in SG tubing have
been steadily reduced in French reactors and EDF and AREVA believe that this has been
more responsible for reductions in ®Co, rather than Stellite™ removal. Cobalt in other
alloys and other trace-elements also has an effect. In general EDF and AREVA control
these elements mainly through application of the RCC-M metallurgical codes listed in
Refs 96 and 149. The residual cobalt levels applied in the principal alloys are
summarised as below;

Location Co maximum / wt. %
SG tubes [
Stainless Steels or Ni-Cr-Fe alloys (other than tube bundle) — in-core 0.06
Stainless Steels or Ni-Cr-Fe alloys (other than tube bundle) — out-of-core 0.1

Table 8: UK EPR Cobalt Impurity limits in Primary Circuit Materials

It is not practicable (or even possible) to completely eliminate cobalt from metals but EDF
and AREVA have specified tight controls to limit cobalt in steam-generator tubing

, Mmaterials subject to neutron irradiation (<0.06%) and not subject to
neutron irradiation (0.1%), Ref. 189. This emphasis reflects the relative areas of these
metals and their significance in cobalt production.
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The RCC-M specification for SG tubes specifies a residual level of 0.018 wt. % cobalt,
which is higher than that specified by EDF and AREVA for UK EPR (TQ-UKEPR-1236
(Ref. 8). EDF and AREVA quote international OEF to support the lower levels, as
exemplified below (from TQ-UKEPR-1236). The figure below shows the levels of SG
tubing cobalt influencing primary circuit contamination levels:

°Co deposited activity on out-of-core surfaces (cycle 2)

0.6

GBg/m?

0 100 200 300 400 500 600
SG tube Co content (ppm)

Figure 13: Influence of Steam Generator Tubing Cobalt Content on Primary Circuit Contamination

The SG tube specification does allow some variations in SG tube cobalt content by “the
cobalt content in heat analysis shall be less or equal to 0.035 wt. %. The average cobalt
content for all heats constituting each bundle, weighted by the number of tubes in each
heat, shall be less than or equal to 0.015 wt. % during bundle procurement”. | queried
whether this allowable variation would have any influence on SG tube releases in TQ-
UKEPR-1236 (Ref. 8). EDF and AREVA responded that such variation has been used
historically and has not been shown to influence releases.

In responding to TQ-EPR-1236 (Ref. 8), EDF and AREVA said they would control the
specification of impurities, such as cobalt in alloys other than Stellite™, at the RCC-M
specification or may apply more restrictive specifications. EDF and AREVA will not make
specifications less restrictive than RCC-M. This also applies to welding materials.

In Ref. 13 EDF and AREVA also point out that the cobalt content of the ferritic alloy of the
reactor vessel will also be controlled at a low leve! |||l This is not in contact with
the coolant but is an important contributor to radiation fields due to activation.

The presence of other trace-elements in metals, such as sulphur and phosphorus,
impacts on all the properties of the metal, including corrosion. In Ref. 13 EDF and
AREVA state that other impurities in metals, such as sulphur and phosphorus, will also be
given tight limits. Many of these are related to Structural Integrity and are assessed
elsewhere (Ref. 96).

Antimony, tungsten and silver are covered in the next section below.

There has been a general trend towards better control and lower limits for trace-elements
in metals. | am satisfied that these specifications provided by EDF and AREVA are
appropriate at the present stage and that impurities can be controlled to very low levels.
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This will require careful controls during manufacturing to ensure such limits are accurately
and rigorously enforced, but EDF and AREVA have adequately demonstrated how this
might be achieved for UK EPR.

4.2.3.2.4 Other Materials - Antimony and Silver
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Any silver lost by materials in the reactor would be activated to *°"Ag in the core;
similarly any antimony would be activated to *’Sbh, '**Sb or '*Sh. These nuclides are
intensely radioactive and tend to plate out on surfaces outside the core and in fuel pools if
released. Once plated out, they are difficult to remove. Both silver and antimony
components have been used in the ancillary circuits of French N4 reactors in the past.

In Ref. 13, EDF and AREVA state that use of antimony and silver is forbidden anywhere
in the reactor building. However, Ref. 13 goes on to say that temporary use will be
permitted in controlled circumstances if no alternative exists. A list of “activatable
elements” will be provided to all potential suppliers of components in contact with primary
coolant.

Antimony is used within the UK EPR secondary neutron sources. While these are clad
and not expected to be exposed to the primary coolant, any leaks in the cladding will
result in dissolution and transfer of antimony to the coolant, Ref. 196. The specifications
for secondary neutron sources should be kept under review by the Licensee and
alternatives considered, if a substitution can safely be made. | consider this to be an
Assessment Finding AF-UKEPR-RC-10. This is also a radwaste question, since the
disposal of a used neutron source can be difficult.

In UK EPR the control-rod used for adjustment of reactor power are made from a Silver-
INdium-CADmium (SINCAD) alloy and Boron Carbide (B,C) pellets inside a stainless
steel tube. Like all PWR control rods these will have a defined service life and potentially
suffer from swelling. Any silver that escaped from an aged or damaged control-rod would
present a significant contamination risk in a reactor. The management of control rods to
ensure replacement before material is released should be part of the normal licensee
activities.

Preventative surveillance of control rods and secondary sources should therefore be
reviewed and justified by the Licensee. | consider this to be an Assessment Finding AF-
UKEPR-RC-11.

4.2.3.2.5 CVCS Materials
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| requested details of the materials of construction of the reactor through TQ-EPR-900
Ref. 8) and in the CVCS specifically through TQ-EPR-907 (Ref. 8). While the CVCS may
make up relatively little surface area of the primary circuit, it does contain numerous
valves and other working parts that could release corrosion or wear products into the
RCS. For instance, the pipework and tubing in CVCS will be similar to AISI 304L and
316L, grades which are known to have good corrosion resistance for this type of duty.
The RCC-M requirements for surface finishes are maintained, although the allowable
piping roughness is higher than the RCS at < 12.3 um (TQ-EPR-1197 (Ref. 8)).

In response to these TQs, EDF and AREVA have confirmed that:

e There are no cobalt-based alloys in contact with primary coolant in CVCS. There are
two small valves which do contain cobalt-bearing Stellite™, not in contact with
coolant. Their entire surface area is less that 0.003 m?.
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e Hard-facing valve components will be made from NOREM™, an alloy of iron,
chromium and nickel containing less than 0.2 % cobalt, or from grade 4/5 hardfacing
nickel alloy containing up to 1.5 % cobalt. NOREM™ valves have a surface area of
around 0.5 m?, with the nickel hard facing at less than 0.1 m?.

e Hard-facing pump components will be made of Colmonoy™ 62, an alloy of nickel and
chromium, containing less than 0.2 % cobalt. Their entire surface area is around 0.3
2
m-.
e The use of materials containing silver or antimony in contact with primary coolant will

be forbidden unless there is no alternative. There are no “tangible” quantities of silver
or antimony in CVCS.

The specification of replacements for Stellite™ requires some care, because replacement
materials can wear or corrode more than Stellite™ in harsh environments. EDF and
AREVA recognise this fact and indicate that such replacement materials for UK EPR
were subjected to qualification testing “regarding the friction behaviour and corrosion
resistance in environments representative of normal operation and shutdown conditions”.

I was content with the arguments put forward by EDF and AREVA regarding CVCS
material choices to reduce radioactivity. The removal of Stellite™ from CVCS valves is a
positive step in this regard and EDF and AREVA have recognised the need to test
replacement materials thoroughly.

Water Chemistry

In RO-UKEPR-46.A2 (Ref. 9), | asked EDF and AREVA to provide justification that the
chemistry of the primary coolant would be controlled so as to reduce levels of
radioactivity SFAIRP. Their response (Ref. 161) outlined the chemistry needed to
minimise the concentration of corrosion products in the coolant and minimise their
deposition on fuel cladding and limit accumulation on out-of-core surfaces. In general
terms this can be achieved by controlling the pH at an appropriate value throughout the
cycle, avoiding oxidising conditions at power and preventing the ingress of impurities,
such as chloride, which are known to cause corrosion. The addition of zinc is discussed
in Section 4.2.6 and should also help to limit radioactivity in the reactor. Identification of
the chemistry environment in contact with circuit materials during all stages of operation
was reviewed for ND (in Refs 148 and 149) and is not a simple task. Hydrogen must be
added to suppress radiolysis and to maintain reducing conditions but can have other
specific effects on the corrosion behaviour of materials. Nucleate boiling significantly
enhances the possibility that soluble species precipitate on the fuel surfaces forming fuel
crud. The formation of fuel deposits will increase the time that species carried by the
coolant reside in the neutron radiation of the core and so increase the quantity of
activated species.

There are two major objectives of primary coolant chemistry for control of radioactivity:

¢ Reduction of the rate of metal release from primary circuit materials as a
consequence of general corrosion.

¢ Avoiding the redeposition of the corroded material (or other impurities) as crud on the
fuel.

Chemistry is controlled to minimise the corrosion rates and to keep as much of the
radioactive species as possible in solution so that they can be removed by the ion
exchange units in the Chemistry and Volume Control System (CVCS) as the plant is shut
down, Section 4.2.11 (Ref. 156). In addition the water and the species added to the
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coolant to control the chemistry environment are themselves subject to the neutron
radiation field and can produce activated species. Some of these are unavoidable (such
as °N and '*C), but many can be controlled and minimised, depending upon the
chemistry. Some of the most common are given in the table below:

Nuclide Production Approximate half Production Source
life
°H B (n,20) — *H 12.3 years Boric acid
®Li (n,0) > °H Lithium hydroxide
"Li (n,no)) - °H Lithium hydroxide
L 98 (n,a) - "Li stable Lithium hydroxide
e Y0 (n,a) » ¥C 5730 years Water
N (n,p) > *C Dissolved nitrogen gas
N *0 (n,p) > *N 7.1 seconds Water
p B¢l (n,a) > P 14.3 days Contamination
23 (n,p) > P Contamination
P (np) - P Contamination
S ®Cl (n,p) » S 87.5 days Contamination
“Ar “Ar (n,y) > YAr 1.8 hours Argon in air

Table 9: Significant Radionuclides Produced from RCS Chemical Additions and Impurities

347 Tritium (®H) and **C, are discussed further in Sections 4.2.3.3.3 and 4.2.3.3.4, below.
During reactor operations **N is the dominant nuclide in the coolant and due to its high
activity and highly energetic y decay (around 6 MeV) access to the RCS is restricted and
is the main reason for shielding around the RCS. However, with a half life of only 7
seconds the activity follows the reactor power (i.e. neutron radiation) almost
instantaneously so is not an issue at shutdown. **N is used as an indicator of SG tube
leaks via gamma detectors in the main condenser off gas system. Although **P and *S
are only of minor concern from a dose perspective, they are of concern due to their
release to the environment from PWR operations. Both are produced from impurities in
the coolant, mainly chloride and phosphorus via the reactions given above. The operators
of water reactors do all they can to eliminate sulphur, chloride and phosphorus. Methods
used to eliminate these elements include preventing their ingress or removing them on
the CVCS mixed bed resins. **Ar is of little radiological consequence but is used as an
indicator for air ingress to the RCS.

4.2.3.3.1 Effects of Chemistry Controls on Radioactivity

348 As stated in Section 4.2.1, EDF and AREVA provided details of the expected chemistry
regime to be applied to the primary circuit in UK EPR. In response to RO-UKEPR-44.A1
(Refs 9, 172 and 51), EDF and AREVA proposed the following primary circuit chemistry
for UK EPR:
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e A constant pHzgo-c as early as possible in the fuel cycle, with a target value of pHsggec
= 7.2. A maximum lithium concentration of JJJlfll mg kg™ at Beginning Of Cycle
(BOC) in combination with the use of Enriched Boric Acid (EBA).

e A minimum hydrogen concentration of 17 cm?® kg'l, assessed in Section 4.2.7.
e Limitation of impurities to avoid localised RCS and fuel materials corrosion.
e Add zinc acetate to achieve 10 = 5 ug kg™ zinc, assessed in Section 4.2.6.

In their response to RO-UKEPR-46.A2 (Refs 13 and 161), EDF and AREVA justified
these specifications in terms of the “improvements that have been made to optimise the
radioactivity level in primary circuit”. EDF and AREVA concentrated on the minimisation
of corrosion product formation, activation and deposition. Their strategy considered the
primary coolant pH and hydrogen concentration for the normal operating chemistry of UK
EPR. Additional sections of Ref. 161 concentrated on start-up and shutdown (see Section
4.2.11 in this report) and Hot Functional Testing (HFT) (Section 4.2.12 of this report).
Their report (Ref. 161) outlined how the chemistry in each of these areas was justified for
UK EPR. Information in this report was supplemented by TQ-EPR-1234 and 1235 (Ref.
8). In these reports, EDF and AREVA gave attention to the effects of the reactor design
on tritium and *C. However, | considered that the reactor power, flowrates, boiling and
generally how EPR is operated influenced radioactivity to a greater extent than this, and |
requested further justification for the design choices made for UK EPR, which is
summarised in the remainder of this section.

In addition to helping to reduce the corrosion rates of primary circuit materials the
operating chemistry can influence the extent to which soluble corrosion products deposit
on the fuel surfaces and form fuel crud. As more fuel crud is produced the amounts of
activatable corrosion products in the RCS increases, as the residence time within the
neutron radiation field increases. Reactors can operate safely with some crud but with
more crud, more radiocobalt is produced. Radiocobalt is a significant contributor to out-of-
core radiation fields and contamination in spent fuel pools. It can be shown that reactors
with the best controls over fuel crud also tend to have lower radiation fields. The
production of fuel crud is a complex process which also involves aspects of the design
which are not related to the operating chemistry, such as the amounts of boiling and core
thermal hydraulic performance. Fuel crud can have other effects on reactor safety. This
section of the report only deals with the production of radiocobalt rather than any effects
on cladding corrosion or neutron control, which are discussed more fully in Section 4.2.5.

With the use of EBA, UK EPR is capable of operating with a constant pH “coordinated
chemistry” regime. In this type of regime the pH at temperature (pHasg-c) iS maintained
constant and the lithium concentration is balanced with the reducing boron content
throughout the cycle. This is possible in UK EPR due to the EBA enrichment used, which
determines the pH at the start of cycle. EDF and AREVA expect a minimum pHszggec Of
7.2. The control regime for lithium and boron in FA3 is shown below (Ref. 120), with 37%
EBA:
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Figure 14: Typical EPR Boron-Lithium Coordination (for FA3 with 37% EBA)

In Refs 161 and 172, EDF and AREVA provide arguments for the adoption of pHzggec 7.2
for UK EPR. Based on thermodynamic calculations, pHasgo-c in the range 6.9 — 7.4 is good
for iron control and 7.6 — 8.5 better for nickel control in the core. High pH tends to
precipitate more iron in the core. These calculations were performed by the PHREEQC
and the Multiple Equilibrium (MULTEQ) chemistry codes that do not consider flow or
boiling. EDF and AREVA concluded that a pHzoec in the range 6.9 to 7.4 was optimal for
radiation field control, when balanced with other effects. This is consistent with plant OEF
and industry guidance such as EPRI (Ref. 27) and VGB (Ref. 29). Based on the plant
OEF cited in the response to RO-UKEPR-46.A2 (Ref. 161), which included UK, US,
French and other European plant data, and the design of UK EPR, including the use of
EBA, EDF and AREVA have selected a pHazg-c 7.2 for UK EPR.

The pH programme in most water reactors is designed to reduce the deposit of metallic
compounds in the core. | raised TQ-EPR-1234 (Ref. 8) to explore the possibility of a
higher pHsooec than 7.2, such as had been used elsewhere. EDF and AREVA concluded
that high pH could not be achieved at BOC without increasing lithium above [l mg kg
! (as was tested at Comanche Peak, Ref. 164) and this had never been attempted in
France. Alternatively the enrichment of EBA could be increased or the fuel management
altered, both of which are significant changes not considered viable by EDF and AREVA.

Since boiling is believed to have a significant effect on crud deposition, the rate of boiling
is controlled at the start of cycle in some reactors. EDF and AREVA have not commented
on this method of controlling crud build-up. Boiling data representative of UK EPR only
became available in December 2010, and this is still being assessed through GI-UKEPR-
RC-02, along with a new report by EDF and AREVA on crud build-up, Ref. 112.

Roughly about half the activity carried around the coolant in many reactors takes the form
of microscopic particulates. These have a different physical and chemical behaviour to
dissolved species. Responding to TQ-EPR-773, EDF and AREVA said that coolant
chemistry in UK EPR maximised the soluble fraction of corrosion products to permit more
effective removal by ion-exchange in the CVCS.
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EDF and AREVA also consider the dissolved hydrogen concentration as the other
principal normal operating chemistry parameter that influences the control of corrosion
products in UK EPR. The response (Ref. 161) to RO-UKEPR-46.A2 (Ref. 9) contains
detailed evidence to support this claim citing both plant data and theoretical evaluations.
The effects of coolant hydrogen content are assessed further in Section 4.2.7.

During Step 4, the only estimates for the levels of corrosion products in UK EPR were
based on the source terms defined in Ref. 60. These sources were estimated for UK EPR
based upon the French N4 plant data. EDF and AREVA claim credit for “improvement in
the manufacturing processes of SG tubes on the EPR” to use these values as pessimistic
bounding values. This is stated not to take credit for other improvements on the source
term such as reduction in the quantity of Stellites™, improved passivation treatments and
pH optimisation. Thus the analysis is based on the statistical analysis of activity recorded
on the N4 series:

e Realistic source term — In steady-state operation, the selected activity values are
equal to the mean values observed on all units in the N4 series. In shutdown
transients, the selected activity values are equal to the mean values of the
oxygenation peaks of the N4 series.

e Biological shielding design source term — In steady-state operation, the selected
activity values are equal to the maximum values observed on all units in the N4
series. In shutdown transients, the selected activity values are equal to the maximum
values of the oxygenation peaks of the N4 series.

o Effluent treatment system design source term — In steady-state operation, the
selected activity values are equal to the maximum values observed on all units in the
N4 series. In shutdown transients, two types of activity value are considered;
maximum value transient observed in the power transients (load reduction) of all units
in the N4 series and maximum value oxygenation observed in oxygenation peaks of
the N4 series.

Thus far, responses by EDF and AREVA to my assessment all took the form of
gualitative comparisons of UK EPR with other reactors, concluding that radioactivity might
be relatively higher or lower. | requested estimates that were based on methods which
took account of the specifics of the UK EPR design, such as the size of the reactor and
boiling rates. In order to understand the consequence of this further | undertook three
strands of assessment, namely:

e At my request, EDF and AREVA provided estimates for the crud produced in the first
core design for UK EPR (Ref. 112). These calculations were based upon using the
EPRI code for Boron Offset Anomaly analysis (BOA version 2) code, which was state-
of-art when the calculations were performed in 2010.

e In TQ-EPR-1095 (Ref. 8) | also requested EDF and AREVA perform a comparison of
their calculations against the measured quantities of crud actually produced at the
Callaway reactor in the US, at a time when this plant was experiencing higher levels
of fuel crud production. Callaway has a high boiling duty, but had different SGs at the
time. The purpose of this request was to “benchmark” the EDF and AREVA
calculations against known plant data.

¢ Finally, I also commissioned expert analysis (Ref. 133) for the likely quantities of crud
expected, using the same base data (from TQ-EPR-716 (Ref. 8)) as the EDF and
AREVA calculations. These calculations were based on in-house methods that are
the basis for the (at the time unreleased) BOA v3 code. My TSC also reviewed the
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EDF and AREVA calculations and provided estimates for radioactivity transport
around the UK EPR RCS.

The results from these comparisons are discussed in more detail in Section 4.2.5 of my
report. It is important to stress that the purpose of using these new methods is to develop
our understanding of the relative importance of various underlying phenomena. Some of
the more important conclusions of the independent TSC analysis of UK EPR (Ref. 133)
from a radioactivity perspective are that:

e The calculations indicate the *®Co radioactivity levels in the UK EPR may be higher
than a standard non-boiling 4-loop PWR. However, this increase is within the normal
observed plant to plant and cycle to cycle variations, and does not necessarily
indicate UK EPR will experience excessive **Co radioactivity levels.

e The relatively low inventory of Stellite material in this plant will also help to maintain a
relatively low ®°Co level.

Overall the initial results from my simulation work (Ref. 133) tended to agree with the
initial claims made by EDF and AREVA but it should be recognised that UK EPR is
substantially larger than existing PWRs and will produce more radioactive material per
reactor than a smaller station, but this needs to be balanced against the higher electrical
output. Our modelling has indicated parameters which should help the licensee to identify
factors of importance and aid regulation until operational data become available. My
assessment of crud continues in Section 4.2.5.2 of this report, where GDA Issue GlI-
UKEPR-RC-02 is described.

In January 2011, | raised TQ-EPR-1455 (Ref. 8), asking EDF and AREVA to provide an
update of their latest data on corrosion and cobalt production. Their data arrived too late
to incorporate into our simulations for Step 4 of GDA.

Overall, EDF and AREVA expect the contribution of ®Co to dose rates in UK EPR to be
as low as the *®Co contribution and | would agree with this conclusion. However it will be
important to keep up the assessment of radioactivity production, as solid improvements
made in the design of UK EPR could be easily undone in the implementation.

Since the build-up of mobile radioactivity is significantly dependent on the corrosion
release of nickel and cobalt into the coolant, there should be target specifications in place
for the start of active operations that establish limits for the starting chemistry of the
coolant. | find that this will be an important factor in determining the radiation
characteristics of the reactor. This is part of Assessment Finding AF-UKEPR-RC-21.

4.2.3.3.2 Boron Recycle
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365

As described in Section 4.2.2.3.3, UK EPR will make use of boron recycling to retain the
expensive EBA within the plant. This could potentially influence the accumulation of
radioactivity within the coolant as the process will also inevitably concentrate some
activity within the concentrated boric acid returned to the RCS. Other species may
accumulate in the distilled water, should this be reused. The impact of boron recycle will
be different depending upon the properties of the radioactivity in the coolant; tritium will
mainly transfer to the distilled water while non-volatile species will remain in the boron
concentrate.

EDF and AREVA did not include consideration of this aspect in their response to RO-
UKEPR-46.A2 (Ref. 161) so | queried this further in TQ-EPR-1234 (Ref. 8). The response
to this TQ was not sufficient in providing the requested information. As such | raised RO-
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UKEPR-74 (Ref. 9) to understand how the specific features of UK EPR, including the
boron recycle system, would influence radioactivity within the Nuclear Island systems.

Action 1 of RO-UKEPR-74 (Ref. 9) concerned tritium and is discussed further in Sections
45.1, 4.2.11 and 4.3.2.3. As discussed earlier, Section 4.2.2.3.3, EDF and AREVA now
propose to dispose of the majority of the recycled distillate in UK EPR, meaning minimum
accumulation of tritium within the plant via these means.

Actions 2 and 3 of RO-UKEPR-74 (Ref. 9) concerned other (non-volatile) species and are
discussed further in Section 4.3.2.3. As per Section 4.2.2.3.1, the addition of the further
ion exchange bed in the CPS before evaporation should help to reduce these effects in
UK EPR by further purifying the coolant before recycling. EDF and AREVA did not
completely respond to this RO during Step 4, and | have raised this as part of GDA Issue
GI-UKEPR-RC-02, which is discussed further later in my report.

4.2.3.3.3 Tritium
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Tritium is a radioactive by-product of water reactors which can contribute to operator
exposure and is an important nuclide subject to environmental control. Tritium is, and has
been, a key feature in determining the shutdown profile in a number of PWRs. It is
produced by neutron bombardment of boron and lithium and also escapes slowly from
fuel pins, secondary neutron sources and some control-rods.

The amount of '°B in the coolant is determined by other safety considerations and cannot
be altered. EDF and AREVA have indicated that the FA3 EPR will use enriched boron,
which contains around 37 % of the useful '°B isotope. The precise value for UK EPR will
be determined by the Licensee once detailed fuel management arrangements are known.
The amount of lithium in the coolant is determined by the total amount of boron needed to
reach the target pH without leading to corrosion of the cladding. This is the primary
advantage of enriched boron in that it requires less lithium to compensate for the acidity
of the boric acid. This has consequential effects on reducing the tritium produced during a
cycle.

EDF and AREVA indicate in response to RO-UKEPR-46.A2 (Ref. 161) that UK EPR will
use 99.9% enriched ’Li and this is used in the safety case to determine tritium production.
The cheaper and more commonly available 98.4% enriched ’Li produces 16 times as
much tritium by neutron absorption compared to 99.9% enriched. The use of the higher
enriched lithium can be seen to be ALARP.

Secondary neutron sources are included within the core to provide a measureable
background neutron count-rate for the core detectors. The UK EPR design proposes the
use of Sb-Be sources. Beryllium in the source generates significant quantities of tritium
via the two step reaction °Be (n,a) oLi (n,a) 3H. This tritium readily diffuses through the
stainless steel cladding into the primary circuit coolant. Evidence from other PWRs
indicates that the presence of Sb-Be sources causes the tritium levels in the primary
circuit to build up over and above that expected due to other mechanisms. This is related
to Assessment Findings AF-UKEPR-RC-10 and AF-UKEPR-RC-11.

Tritium is generated by fission of the nuclear fuel and a small percentage diffuses through
the cladding of the fuel into the coolant. UK EPR will use M5® fuel cladding. EDF and
AREVA use a figure for tritium release from fuel of 0.01%. | queried and obtained
references for the source of this information through TQ-EPR-836 (Ref. 8). The niobium
content of M5® reduces tritium escape from fuel and EDF and AREVA claim that 0.01%
is a bounding estimate. Whilst EDF and AREVA are confident of this conclusion, it seems
to rely on the impermeable nature of the oxide film that develops on M5® cladding, rather
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than the thickness of the metal. An increase in this rate would make little difference to the
overall coolant tritium activity in UK EPR which is dominated by the reactions with the
soluble boron and lithium.

High levels of tritium mid-cycle would become a problem if it was necessary to lift the
reactor head under such circumstances. In the UK, there are limits on tritium to prevent
operator dose and uncontrolled discharge to atmosphere through the auxiliary building.
Section 4.2.11 of this report contains my assessment of head-lift control in UK EPR.

4.2.3.3.4 Carbon-14
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The *C produced in a PWR is minor in terms of dose and discharges from the station but
YC can become an issue for waste accumulation on sites where strict **C limits apply,
Ref. 173. 1*C is mainly produced from reaction of the water, which is unavoidable, or from
dissolved nitrogen present in the coolant. As described in Section 4.2.2.3.4, there are a
number of design features of UK EPR which may mean that the levels of dissolved
nitrogen in the coolant may be higher than other PWRs.

The UK EPR source term (Ref. 60) states that UK EPR will produce 518 GBq of **C per
year. Of this 80% of the *C comes from the *’O reaction, with the remaining 20% from
14N dissolved in the coolant. EDF and AREVA have considered the nitrogen blanketing of
the VCT and other vessels in calculating this figure, assuming a dissolved nitrogen
concentration of 27 mg kg®. This value was calculated based upon the maximum
(saturation) value of the VCT and assumes the whole RCS reaches this value, which is
unlikely.

The estimates of the amount of **C discharged to liquid and solid wastes provided by
EDF and AREVA in TQ-EPR-773 (Ref. 8) and elsewhere, were roughly 80% discharged
to atmosphere, 5% to liquid discharges and 15% to solid wastes. In other words, based
on the French data, there could be a discharge of 67 GBq of **C to a low-level repository
per year. Data collected from the Ringhals plant, Ref. 139, suggests up to 10% of the **C
ends up in solid waste, with 0.26 % in liquid wastes. It is thought that oxidising conditions
make the ion-exchange resins absorb more **C as carbonate. | have shared these results
with both the Environment Agency and the Radwaste and Decommissioning inspectors.

At several meetings with EDF and AREVA, | have discussed the fate of 4C and
experience at one US reactor where a measureable quantity of solid **C was found, Ref.
140. In their view, the latter could be explained as a one-off event. Further assessment of
the fate of **C in UK EPR is given in Section 4.2.6.1.2 of my report.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
primary radioactivity assessment are:

e EDF and AREVA have provided detailed information on how the material and
chemistry choices in UK EPR are predicted to influence the plant radiation fields,
however most of this information is based on OEF from other reactors and not on
analysis specific to UK EPR.

o Specifically the data for the radiochemical performance of UK EPR was not
distinguishable from any other PWR made of similar materials. Since the
radiochemistry of a reactor also depends on its size, power and other factors, | have
commissioned a comparative review and theoretical calculations from internationally
recognised experts in these fields. At my request EDF and AREVA have provided
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design data to support these calculations and recently completed their own analysis
for UK EPR.

e The calculations suggest that surface activities may be similar to existing plants if
managed correctly. Total activity may be slightly higher than existing plants but this
should be proportional to the power of the reactor. The significance of zinc, Stellite™,
boiling and surface areas have been identified. Parameters will be identifiable for
subsequent stages of the project. These key parameters include; the release rate
from steel surfaces in the reactor and the effect of zinc, and the level of dissolved (and
particulate) corrosion product at the start of cycle.

e Overall, UK EPR follows the well established and developed approach of restricting
the material in contact with the primary coolant to mainly austenitic stainless steels (or
cladding) or Ni-Cr-Fe alloys. EDF and AREVA have specified restrictive levels for
impurities in these alloys and have described how the important factors such as
conditioning and surface treatments will be specified to ensure releases are effectively
controlled. | am content with the material choices for UK EPR and am content that
EDF and AREVA have made an adequate ALARP argument for UK EPR,
notwithstanding my specific comments highlighted above.

e | have particularly considered the CVCS materials and note that EDF and AREVA
have taken great strides in removing cobalt alloys from wetted CVCS components
which is a positive benefit. EDF and AREVA note the care needed in removing proven
materials and state extensive test work to support this approach. They also intend to
eliminate the antimony and silver that was used in ancillaries of the N4 reactor.

e Overall, EDF and AREVA have presented reasonable arguments that cobalt
radioactivity in UK EPR will be significantly lower than in earlier generations of PWR
made with different materials.

e A number of contaminants (such as silver (by activation) or chloride (by corrosion))
can increase the radioactivity produced by any reactor and strict controls should be
developed to prevent their ingress at all stages from fabrication, through
commissioning to operations. Preventing this is one of the objectives of Assessment
Finding AF-UKEPR-RC-03 raised in Section 4.1.3.

| judge that the claims, arguments and evidence as presented for primary circuit
radioactivity in UK EPR appear reasonable and believe that EDF and AREVA have made
an adequate case to support GDA, although | note this area is closely linked to the GDA
Issue on ex-core radioactivity in UK EPR (GI-UKEPR-RC-02).

Assessment Findings

Based upon the assessment of radioactivity in the primary circuit of UK EPR described in
Section 4.2.3 above, | have identified the following Assessment Findings which need to
be addressed, as normal regulatory business, by the Licensee, during the design,
procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-07— The Licensee shall ensure that a complete and unambiguous
specification exists for all the materials to be used in UK EPR that could contact
primary coolant. This should include trace elements prone to activation and be
sufficiently detailed to allow sound procurement specifications to be produced This
Assessment Finding should be completed before such materials are delivered to
site, but certain aspects may need earlier consideration, for example, to ensure
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rigorous control during procurement activities. Target milestone — Mechanical,
Electrical and C&l Safety Systems, Structures and Components — delivery to Site.

AF-UKEPR-RC-08— The Licensee shall ensure there is sufficient control over
fabricators and operators that install, commission and maintain any hard-facing
materials, including lapping, that may give rise to ®°Co dose. This Assessment
Finding should be completed before operations creating loose cobalt may take
place on site, but certain parts may be necessary earlier, for example during
component manufacture. Target milestone — Mechanical, Electrical and C&l Safety
Systems, Structures and Components — delivery to Site.

AF-UKEPR-RC-09— The Licensee shall review and consider alternative materials
to Stellite™ for applications within UK EPR, and ensure that the final selection of
materials is ALARP in this respect. This Assessment Finding should be completed
before such materials are delivered to site for installation. Target milestone —
Mechanical, Electrical and C&I Safety Systems, Structures and Components —
delivery to Site.

AF-UKEPR-RC-10- The Licensee shall keep the specification of secondary
neutron sources under review and consider suitable alternatives. This Assessment
Finding should be completed before reactor operations. Target Milestone — Initial
criticality.

AF-UKEPR-RC-11— The licensee shall define a surveillance programme for control
rods and secondary neutron sources. The programme shall prevent the release of
materials such as tritium and antimony before there is significant contamination of
vessels or pipework. This Assessment Finding should be completed before nuclear
operations. Target Milestone — Initial criticality.

GDA Issues

Based upon the assessment of radioactivity in the primary circuit of UK EPR described in
Section 4.3.2 above, | have identified no Reactor Chemistry GDA issues in this area.
However this area is closely linked to the GDA Issue on control of ex-core activity in UK
EPR (GI-UKEPR-RC-02), detailed in Section 4.2.5.

Assessment — Material Integrity and Corrosion Control

The metals used for the RPV and other parts of the primary circuit must maintain their
integrity for the lifetime of the reactor, where these cannot or will not be replaced. This
means that they must have sufficient strength and not experience corrosion which would
reduce this strength to a degree that allows damage such as leaks or failures. Corrosion
may begin on the inside of the reactor, as a result of poor primary coolant chemistry
control, or may begin from the outside of the reactors primary circuit.

The areas that might be areas of concern for corrosion include:
e The main stainless steel pipework of the coolant circuits that retain pressure.

e Heat exchanger tubing that acts as a barrier between the radioactive primary circuit
and the nominally clean secondary circuits, particularly the steam-generator tubing for
which it is harder to isolate a leak.

e Internal components, such as of the control — rods and safety valves, for which
alignment and functional integrity are important.
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e The stainless-steel cladding that protects the low-alloy steel of the major reactor
pressure vessel and other components from the coolant.

Due to the types of alloys used, general primary side corrosion can be measured in um
per year. General corrosion from the inside is not a threat to modern PWRs as it is slow
and easily detectable. However, if the materials and coolant chemistry were mismatched,
localised corrosion phenomena, such as Stress Corrosion Cracking (SCC) or
Intergranular Attack (IGA) may occur that would be a concern if not detected in time:

e SCC requires a conducive environment to occur, meaning both a susceptible material
and a poorly controlled chemical environment. In PWRSs one of the main threats to
integrity is as a result of an interaction between mechanical stress in the material and
the cooling water, a phenomenon known as Primary Water Stress Corrosion Cracking
(PWSCCQC). It may also be assisted by irradiation in Irradiation-Assisted Stress-
Corrosion Cracking (IASCC).

¢ IGA mainly affects certain stainless steels subjected to a final heat treatment, and
exposed to coolant impurities such as chlorides, sulphates or fluorides at
concentrations outside normal PWR conditions. Steels that can be sensitised in this
way usually have a high-carbon content, which is why low-carbon grades (L suffix) are
often specified. There are tight controls on welding needed to minimise the effects
from local heating.

Nickel-based alloys, such as Inconel, may experience both IGA and Inter-granular Stress
Corrosion Cracking (IGSCC). Reactors containing Inconel 600 suffered a number of
problems of the use of this alloy. PWSCC of Inconel 600 remains a serious problem in
early PWRs and once the extent and cause of the problem was understood, operators in
France, the UK and USA switched to using Inconel 690. Operators in Germany and
Canada switched to alloy 800. Both alloys have much improved resistance to PWSCC.
All Inconel 600 has been engineered out of UK EPR and EDF and AREVA has specified
Inconel 690 which contains more chromium, which protects the alloy grain boundaries,
Refs 148 and 152. The nickel-chromium-iron pressure boundary components are now
limited to Inconel 690 and its associated weld-metals Alloy 52, 52M and 152. Steam
Generator (SG) tubes use Inconel 690 in its thermally treated form. EDF and AREVA
consider the chemistry that limits cracking of Inconel 600 will also be beneficial to modern
alloys and have presented a chemistry regime compatible with this.

Corrosion of the SG tubes which starts from the secondary side is covered in Section
4.4.3 of this report.

External corrosion, as can occur from when boric acid is allowed to leak and concentrate
by evaporation on external primary circuit surfaces such as happened at Davis Besse in
the USA (Ref. 31), is mainly an inspection matter and was covered briefly in my
assessment. In this section | mainly assess the potential for cracking of the reactor from
the inside, caused by primary coolant. Chemistry affecting the integrity of the fuel
cladding is described in Section 4.2.5. The containment building, which is the outmost
barrier for protection of the public, is covered in Section 4.2.8.2.

Whilst it was clear from my assessment in Step 3 of GDA that coolant-assisted cracking
should be less of a problem with a new PWR than it has been in the past, EDF and
AREVA still needed to provide evidence for the chemistry and material choices made in
UK EPR. | raised RO-UKEPR-44.A1 (Ref. 9) requesting a topic report on chemistry, the
response to which (Ref. 172) covered some of the material integrity aspects. In TQ-EPR-
614 (Ref. 8), | asked EDF and AREVA to identify areas of the design where they had
needed to make alterations to account for the potential for cracking. They initially replied
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that no changes were made to the design of UK EPR to account for cracking. In order to
understand the precautions taken in the design of UK EPR, | raised TQ-EPR-1235 (Ref.
8). My assessment in this area for UK EPR is described below.

Material Selection for Corrosion Prevention

The major materials of construction of UK EPR were identified by EDF and AREVA in
response to RO-UKEPR-46.A2 (in Ref. 161) and the responses to TQ-EPR-900 and 907
(Ref. 8). The main material choices for UK EPR are listed in Table 7 in Section 4.2.3.2.
Other than the Inconel, primary circuit components identified as areas potentially
susceptible to PWSCC or IGA employ high grade stainless steels on their wetted parts.
These are all valuable design choices in UK EPR:

e The low-alloy steels, from which the reactor vessel and certain other components are
made, do corrode in water and will be clad in RCC-M grades of stainless steels.

e Other structural components inside the reactor core will be made from RCC-M grades
of stainless steels.

e All piping will be fabricated from austenitic stainless steel with the minimum number of
welded joints. Pipework is stress-relieved subsequent to bending or other fabrication
operations thereby minimising the potential for the build up of residual stress.

e Valve components are manufactured from stainless steels.

Materials selection requires a balance between structural integrity, cost and minimising
radioactivity. | procured TSC support in reviewing the selection of materials for UK EPR,
the scope of their review covered compatibility of the metals chosen with the primary
coolant chemistry (Ref. 149). Their review of the response to RO-UKEPR-46 in Ref. 13
noted that the actual grades of alloy listed were not specified either by their AFNOR
grade or by chemical composition. The alloys were referred to only by their broadest
RCC-M designation e.g. RCC-M-4000 (i.e. a generic nickel-based alloy) therefore this
identification gave an impression of a precise materials selection whilst in fact it meant a
very open ended range of possible materials. More detailed material specifications on the
wetted materials were obtained by raising a series of TQs. Whilst my TSC reviewed
principally in terms of radiation, they examined specifications for hydrogen and the wetted
surface areas of welds, and concluded:

e The weld area may be important, as the susceptibility of welds to corrosion can
potentially have high consequence outcomes. EDF and AREVA confirmed that the
wetted surface area of Dissimilar Metal Welds (the welds of greater concern) has
been minimised at 0.59 m? per plant, and is significantly smaller than the wetted
surface area of homogeneous (stainless steel) welds at 1.3 m? per plant. Both are
small in comparison to the tubesheet / SG welds, at 50.5 m? per plant. This approach
is clearly the correct philosophy, minimising the risk of weld failure, TQ-EPR-900 and
1194 refer (Ref. 8).

e Ref. 149 noted that nickel-based alloys do not require oxygen for SCC to occur, but
that hydrogen levels are normally used to control crack initiation and growth. It may
not be possible to reduce the hydrogen level (as proposed for UK EPR) low enough to
reduce crack initiation at Toq . Furthermore, over the 60 year operating life of a
reactor, EPRI believes that cracking would have initiated anyway. Therefore, EPRI
believes that hydrogen concentrations should be higher, to limit crack growth. EDF
and AREVA claim that since cracking has never been observed in Inconel 690 in
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service, the UK EPR specifications for hydrogen are not based on cracking criteria.
This is discussed further in Section 4.2.7.

In order to assess the potential for SCC in UK EPR | commissioned TSC support to
review recent experience from other water reactors and look for systematic features of
other designs that were vulnerable to PWSCC (Ref. 145) and might be similar to UK
EPR. This review included SCC of Inconel 690, stainless steels and claddings in other
reactors.

e There have been no instances of PWSCC of Inconel 690 after more than 20 years of
reactor service in the UK and elsewhere. If deliberately stressed in the laboratory,
cracks in Inconel 690 can be made to propagate when exposed to hydrogen at low
temperatures. Low-Temperature Crack Propagation has not been a problem in
operating reactors under normal operations. Start-up and shutdowns are discussed in
more detail in Section 4.2.11.

¢ In stainless-steel, most instances of cracking occur as a result of non-uniform cold
work remaining from fabrication or occurred in regions of low coolant flow, such as
found near the control rods or in the pressuriser.

e Alloy X750 springs have also been subject to cracking (Ref. 142).

e The stainless-steels that clad the low-alloy structural components are designed to be
ductile. The pressure-vessel materials and welding procedures are chosen to avoid
underclad cracking.

e All wetted materials inside the reactor will be specified to be resistant to SCC under
normal operating conditions without repair or replacement for the entire life of the
reactor. The base metal will be alloy 20MND5.

e Use of sensitised austenitic stainless steel is prohibited anywhere inside the reactor
vessel.

e The control-rods will be made of 3 types of alloy; stainless steels, Inconel alloys and a
small amount of cobalt-based alloy, in addition to the control materials themselves,
which are clad.

e The reactor vessel head penetrations will also be made from Inconel 690.
e Any heat-treatments will be tightly controlled to avoid sensitisation.

¢ High levels of cleanliness will be maintained to minimise any risk of localised
corrosion such as IGA or SCC.

The TSC reviews of other reactors (Refs 145 and 152) identified a few instances of
cracking occurring in regions of stagnant coolant, such as canopy seals or dead-leg
pipework, where impurities can accumulate. This is especially true in crevices. These
reviews also noted several failures of Pressuriser Heaters, including one recent failure in
the UK. In conjunction with the TSC review, | assessed the specific material choices and
design features of UK EPR that might be sensitive to cracking (Refs 145 and 152). The
initial response to TQ-EPR-614 (Ref. 8) stated that no areas of UK EPR were potentially
susceptible to SCC. EDF and AREVA were essentially claiming that SCC had been
designed out of UK EPR by appropriate selection of materials and fabrication processes.
I was not content with this response as it did not provide any evidence. | discussed this
response with EDF and AREVA who provided an updated reply contained a number of
specific examples where design or material changes have resulted in reduced potential
for SCC, some of which are assessed in the following paragraphs.
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Residual stresses remaining from fabrication, called cold work, can also increase
cracking susceptibility. | raised TQ-EPR-1235 (Ref. 8) to clarify part of the response to
RO-UKEPR-44.A1 (Ref. 172), which suggested that lithium was limited in UK EPR partly
due to its effect on Irradiation Assisted SCC (IASCC) of core baffle bolts. This TQ
specifically addressed materials integrity, by asking EDF and AREVA to identify regions
where highly alkaline chemistry could develop, and whether any parts of UK EPR were
susceptible to cracking assisted by irradiation and lithium. In response to TQ-EPR-1235
(Ref. 8), EDF and AREVA replied that the only region where highly alkaline chemistry
could develop was around the heaters in the pressuriser. The pressuriser heaters would
be nickel plated in UK EPR to compensate for this. EDF and AREVA believe that the
influence of lithium on IASCC is unproven and responded to TQ-EPR-1235 by saying that
there were no baffle-bolts in UK EPR; instead, the heavy reflector that replaces the baffle
is fixed by tie-rods connected to forgings.

| raised TQ-EPR-1271 (Ref. 8) requesting further details of the nickel plating being
applied to the pressuriser heaters. In their reply, EDF and AREVA summarised the
testing undertaken and provided details of their manufacturing process. These have been
assessed in the Structural Integrity Report Ref. 116. Whilst EDF and AREVA claim that
500 hours of an accelerated corrosion test justifies the lifetime of the heater, nickel plating
is not always durable and nickel loss would increase levels of *Co in the circuit as well as
other elements if not strictly controlled. A heater failure would place debris into the circuit,
where it could potentially damage fuel. | find that the licensee should justify the nickel
plating process being adopted for the pressuriser heaters. | consider this to be an
Assessment Finding AF-UKEPR-RC-12. This supplements Ref. 116, which concludes
that a heater failure would not be a major threat to the pressure boundary.

The M5® fuel does not use X750 springs (TQ-EPR-320) and the CRDM springs have
been replaced by thermally-aged Alloy 718 (Ref. 148) in UK EPR.

There are differences between specifications for alloying elements (such as manganese)
between some AFNOR grades and British Standards, although it is anticipated at this
stage that the comparable levels of chromium and nickel should maintain corrosion
resistance within the UK EPR.

Overall, | consider the material choices made for UK EPR are adequate except for my
guestions regarding plating of the PZR heaters, for which | have still to see good
justification.

4.2.4.1.1 Surface Conditioning and Finishes

398

In addition to alloy substitution, SCC can be minimised by removing either the conducive
environment or residual material stresses. As such the finishing stages of fabrication can
be used to treat metal surfaces to minimise SCC. Extensive fabrication controls for UK
EPR include:

e EDF and AREVA have specified detailed procedures for the control of tubing
manufacture. Modern tube drawing methods result in surfaces which are inherently
very smooth. Thermal treatments will be tailored to control carbide formation and grain
sizes. The final stage will include bright mill-anneal under a hydrogen atmosphere
(Ref. 119). ND commissioned a TSC review of SG tubing manufacturing routes (Ref.
144). EDF and AREVA procedures are consistent with that review.

e The external surfaces of the pressuriser heaters will be electroplated with nickel to
requirements specified by EDF and AREVA (TQ-EPR-1271 (Ref. 8)). This area is
assessed as part of the Structural Integrity assessment of UK EPR (Ref. 116).
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e Welds in stainless steels will be subject to an RCC-M intergranular corrosion test.

o Welds between stainless steel and Inconel 690 weld-materials should be subject to
additional controls for impurities.

Several surfaces in the reactor are built up by cladding tough Ferritic structural steel with
a corrosion-proof stainless steel or nickel alloy cladding. Controls over the cladding
process that prevent corrosion are important, as the barrier between the coolant and the
base metal must be complete. As this is primarily a Structural Integrity concern this is
assessed elsewhere (Ref. 116).

My TSC also conducted reviews of the conditioning methods that could be applied to
surfaces to reduce the potential for corrosion. Such methods generally involve modifying
the surface stress to make SCC less likely, Ref. 134, 117 and 152. The variety of
methods can be used include shot and laser peening but in general, EDF and AREVA
have not specified peening but prefers to rely on the correct thermal finishing of alloys to
procedure M4105 in the RCC-M code. The overall conclusion of this review was that;
“Overall, at this stage of GDA, the UK EPR materials pre-conditioning and optimisation
are considered adequate with regards to PWSCC mitigation and radiation protection. The
material selection and information regarding the thermal and mechanical processing are
consistent with good practice.” Controls over surface roughness would be specified by
the supplier (for approval by the Licensee).

Austenitic stainless steels and nickel-based alloys should be handled, protected, stored
and cleaned to minimise pick-up of contaminants that could lead to IGA or SCC later in
life. Of particular concern are low melting point metals, such as lead and mercury. These
controls extend to tools and consumables, such as gloves used during welding. As
described in the section on surface cleanliness in Section 4.2.3.2.1, EDF and Areva do
require material suppliers to submit manufacturing, inspection and cleanliness
procedures for approval. These must align with the governance outlined in RCC-M (Ref.
96), which states that; “Requirements regarding the cleanliness of the components are
given in RCC-M F6000. These requirements are particularly severe for all surfaces in
contact with the primary fluid. The compliance to RCC-M cleanliness rules shall
guarantee the absence of any harmful surface pollution, thus avoiding any degradation of
the material corrosion resistance.” The requirements of RCC-M for cleanliness apply
from the final stage of manufacture through storage and transport to erection at site. It will
also be necessary to specify the control procedures that assure cleanliness and prevent
contamination before it occurs, as well as fabrication procedures that are specific to the
combinations of materials actually used in UK EPR. This requirement is covered by AF-
UKEPR-RC-03 in Section 4.1.3.

I conclude, for surface finishing, that EDF and AREVA have demonstrated a good
understanding of the principles. These may still have to be translated into documentation
for suppliers and fabricators.

Chemistry for Materials Integrity

EDF and AREVA consider the chemistry that limits cracking of Inconel 600 will also be
beneficial to modern alloys and have presented a chemistry regime compatible with this
(apart from the hydrogen specification). Even with the introduction of Inconel 690 for SG
tubing and other components, | agree with EDF and AREVA that equivalent rigorous
chemistry controls and appropriate inspection programmes are needed, as for PWRs with
Inconel 600, due to the 60 year design-life of UK EPR. Control of chemistry is still an
important means of ensuring the integrity of SG tubing and other components over such
timescales and it is likely that chemistry will remain a significant factor determining reactor
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lifetimes of many decades. EDF and AREVA described the influence of coolant chemistry
on material integrity matters in the response (Ref. 172 and 51) to RO-UKEPR-44.A1 (Ref.
9). In this response EDF and AREVA described the impact of the main parameters
affecting integrity as; proposed pH control program, EBA use, maximum lithium
concentration, hydrogen concentration range, and impurity limitations. These
specifications for UK EPR are based on current technical know-how and plant
experience.

EDF and AREVA have proposed using zinc at low concentration for dose control, as
discussed in Section 4.2.6, they do not claim a benefit from zinc for SCC resistance.

Good control of primary coolant chemistry is needed to avoid corrosion of the primary
circuit materials. EDF and AREVA states that a constant target pHgpc Of > 7.2 is
expected. This will be achieved by the controlled addition of lithium hydroxide at a -
mg kg™ upper limit of lithium.

The concentrations of additive species such as boron and lithium have little effect on
PWSCC in Inconel 690 type alloys. Based on analysis of Inconel 600 SCC data using
high lithium concentrations (up to 7.6 mg kg'1 and pHspoec 7.4) EDF and AREVA claim
that statistical analysis indicates negligible impact on SCC initiation rates. While based on
Inconel 600, EDF and AREVA expect Inconel 690 to perform even better, given its higher
resistance to SCC. This is exemplified by the 20 years OEF in PWRs without SCC and
the higher degree of resistance seen in laboratory tests. EDF and AREVA consider
lithium and pH in normal PWR ranges to be only a “second order” factor in SCC of
Inconels. EDF and AREVA consider alkalinity values much higher than specified for UK
EPR are needed to make austenitic stainless steels susceptible to SCC, given the low
residual stresses specified.

There has been much experimental work on irradiation-assisted stress corrosion cracking
of other steels with high lithium in recent years. Work in this area has concentrated on in-
core components such as baffle-bolts. EDF and AREVA have removed this potential
concern in UK EPR by design and specification of a modest lithium upper limit, see
Section 4.2.2.2.

Of the primary chemistry parameters those that have the greatest influence on localised
corrosion phenomena are the hydrogen and impurity levels.

Nickel-base alloy materials, such as Inconel 600 may be susceptible to various forms of
SCC. PWSCC is influenced by many non-chemistry environmental factors (such as
residual stress and operating temperature) but the main chemistry influence is provided
by the hydrogen concentration which influences the electrochemical potential. In UK EPR
EDF and AREVA expect hydrogen gas to be added to the coolant at levels between 17
and 30 cm® kg* H,, compared to most PWRs which have a nominal operating profile
between 30 and 40 cm® kg™ H,. In response to RO-UKEPR-44.A1 (Ref. 172 and 51),
EDF and AREVA state that the main guidelines relating to hydrogen are:

e EPRI - - kg
e VGB-I kg
e EDF- o kgt
o Mitsubishi Heavy Industries (MHI) - || Il cm® kg™

The primary coolants of PWRs have been successfully dosed with hydrogen for many
decades. Whilst there is consensus on the magnitude of the protection afforded by
hydrogen, current opinions differ on the exact concentrations of hydrogen needed. Issues
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related to the application of hydrogen are discussed under Section 4.2.7 in more detalil,
but clearly EDF and AREVA intend UK EPR to operate at or below the lower end of
current plant operating experience.

In the response to RO-UKEPR-44.A1 (Ref. 172 and 51), EDF and AREVA discussed the
potential for Low Temperature Crack Propagation (LTCP). Laboratory test results indicate
that the fracture resistance of Alloys 600 and 690TT (TT - Thermally Treated) as well as
their compatible weld metals, Alloys 182/82 and Alloys 152/52 respectively, is lower in
low temperature PWR primary water than in air. The phenomenon is believed to be a
form of hydrogen embrittlement that depends on the concentration of hydrogen in the
water. UK EPR uses both Inconel 690 and 52. LTCP has not been experienced in
operating plants, but has been studied extensively in laboratory testing. EDF and AREVA
conclude that; “Since LTCP only occurs at temperatures below 150 °C and with hydrogen
in the primary coolant, it is thus not an issue:

e during normal operation or during those stages of plant cool-down and start-up when
the temperature of the primary coolant is above 150 °C

e during plant shutdown when the temperature is below 150 °C and in oxidizing
environment, i.e., during cold shutdown after dehydrogenation and oxygenation

e during plant start-up for temperature below 150 °C and without hydrogen because the
primary coolant is hydrogenated only after the temperature increase of step

On the contrary LTCP could occur during plant shutdown for temperature below 150 °C in
reducing environment and H, concentration superior to a threshold included between 10
and 30 cm® kg”. | agree that this phenomenon is not a concern during normal operations
so it is discussed further in Section 4.2.11, under start-up and shutdown chemistry.

Other forms of corrosion that Primary System materials are susceptible to, such as
Intergranular Stress Corrosion Cracking (IGSCC) and Intergranular Attack (IGA), are
more directly influenced by impurities in the water. IGSCC or IGA can be initiated and
propagated in the presence of a sufficient concentration of inorganic ions (halides such
as chloride and fluoride, and other ions such as sulphate) and dissolved oxygen. High
impurity levels have the potential to cause SG tube rupture within one cycle of operation
and the control of chemistry remains a primary means of preventing this type of failure.

The levels of aggressive species present within the primary coolant are monitored and
controlled in UK EPR. Of particular importance are the levels of chloride and oxygen
which can lead to Intergranular Stress Corrosion Cracking (IGSCC) of stainless steels
under stressed conditions. Consequently, EDF and AREVA propose maximum oxygen,
chloride and fluoride concentrations, which are _ and h ug kg for oxygen
and chloride or fluoride respectively. Operating concentrations are expected to be orders
of magnitude lower. These values (or similar) have been used successfully in PWRs for
many decades and have been shown not to initiate SCC in stainless steels, irrespective
of sensitised condition. EDF and AREVA propose the same limits for sulphate (

ug kg™, even though the synergistic effects of chloride and sulphate are not seen at such
low levels. These are similar to the latest guidelines recommended by EPRI (Ref. 27) and
others.

EDF and AREVA also propose to limit the sodium concentration in the primary coolant,
mainly “due to the sodium concentration which can create locally an aggressive caustic
environment for stainless steel and thus leads to general corrosion, localised corrosion,
intergranular corrosion and stress corrosion.” This will be limited to < _ ug kg™.
Such a requirement is not specified in other guidelines, but appears to have originated
from EDF plants.
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It is known that limiting the concentration of anions like fluoride at all times and
maintaining reducing conditions in operation will prevent other types of corrosion in most
of the circuit. Since the effect of anions on stainless steel has been well known since the
earliest reactors, the tight limiting concentrations for most anions defined for UK EPR are
generally adequate. These are discussed further in the CVCS specific assessment
(Section 4.2.2).

Almost all operators are well aware of the need to prevent impurity ingress and control of
materials such as Teflon and EDF and AREVA have demonstrated an understanding of
these principles. The demineralised water make-up system is assessed further in Section
4.4.2.1.8.

The chemistry controls proposed by EDF and AREVA for UK EPR appear reasonable
from an integrity and corrosion control perspective. These are based upon current
industry experience and knowledge and have been applied successfully in many PWRs
for a number of decades, subject to my finding on hydrogen levels, in Section 4.2.11.

External Corrosion

Boric acid is corrosive and there have been a number of high-profile events where boric
acid has caused substantial thinning of pressure-vessel walls from the outside (see Refs
31 and 122 for many examples). As this aspect is not a fundamental Reactor Chemistry
design issue, it is more appropriately assessed at a later stage and was not considered
further in my assessment. | would expect a Licensee to implement appropriate controls,
including an inspection and maintenance programme, to prevent and detect external
corrosion as part of their normal inspection and maintenance procedures. This is primarily
within the remit of the Licensee to develop as part of the plant operating instructions;
during my assessment | have not noted any reasons why such a strategy cannot be
implemented in UK EPR.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of primary circuit integrity are:

e The selections of materials that have been made by EDF and AREVA for UK EPR are
generally high-grade and offer good resistance to corrosion, and EDF and AREVA
have demonstrated how to prevent the use of inappropriate materials or materials in
an inappropriate condition. The UK EPR primary circuit is comparable with good
practice and incorporates advantageous design features which include:

i) Removal of Inconel 600 and replacement by thermally treated Inconel 690,
including their associated weld metals.

i) Susceptibility to SCC has been designed out, by eliminating certain geometry and
controlling residual stresses and cold work.

iif) Avoiding sensitisation and adoption of low carbon stainless steel alloys, where
possible.

e During normal operations the controls on chemistry described in Section 4.2.10
should offer sufficient protection to the primary circuit materials to remove the
possibility of integrity damage by general corrosion.

e The lithium and boron levels in the coolant should not adversely affect crack growth
rates in the materials chosen and are consistent with current international primary
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water chemistry guidelines. Similarly, the controls suggested for impurity levels in the
primary coolant are compatible with industry experience and the latest
recommendations in numerous international guidelines.

e Hydrogen levels, assessed in Section 4.2.7, are below or at the lower end of current
operating experience.

e Experience of Inconel 690 has been excellent but it should still be subject to normal
inspections and controls for aging, especially in cooler parts of the primary circuit.
EDF and AREVA have put robust procedures in place to provide potential operators
with the information they need to control corrosion in the field.

e | would expect a Licensee to implement appropriate controls, including an inspection
and maintenance programme, to prevent and detect external corrosion as part of their
normal inspection and maintenance procedures.

When taken as a collective answer, the TQ and RO responses under this area add
significantly to the UK EPR safety case for primary circuit integrity. | judge that the claims,
arguments and evidence as presented in this area appear reasonable and believe that
EDF and AREVA have made an adequate case to support GDA.

Assessment Findings

Based upon the assessment of primary circuit integrity in UK EPR described in Section
4.2.4 above, | have identified the following Assessment Finding which needs to be
addressed, as normal regulatory business, by the Licensee, during the design,
procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-12— The Licensee shall generate evidence to support the lifetime
behaviour of the nickel plating to be adopted for the pressuriser heaters in UK EPR.
This should include consideration of material losses from the plating on radioactivity.
This Assessment Finding should be completed before installation of the pressuriser
is complete. arget milestone — Mechanical, Electrical and C&I Safety Systems,
Structures and Components - delivery to Site.

GDA Issues

Based upon the assessment of primary circuit integrity in UK EPR described in Section
4.2.4 above, | have identified no Reactor Chemistry GDA Issues in this area.

Assessment — Fuel Integrity and Crud Formation

In UK EPR, as with other PWRs, the core is constructed from a number of zirconium alloy
clad, uranium dioxide pellet fuel assemblies arranged in an approximately circular array.
Each fuel assembly is itself constructed from a square array of fuel rods, control rod
guide tubes and instrumentation tubes. Described in the PCSR (Ref. 11, Section 4), the
core of UK EPR contains 241 fuel assemblies with each assembly in a 17x17 array. The
number of fuel rods in each fuel assembly is 265 with 24 guide tubes. AREVA fuel is clad
in M5® zirconium alloy which contains 1% niobium as the principal alloying element but
has different impurity and annealing specifications to the Russian E110, which otherwise
is similar. The grids and guide tubes in AREVA fuel are also made from M5® alloy (see
TQ-EPR-320 (Ref. 8)). EDF and AREVA claim the new cladding should permit operation
up to 62 or 70 MWd/tU (GWd/MtU) which is towards the top end of worldwide experience
and around twice that currently applied in the UK.
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The lifetime of the fuel is limited mainly by two factors, oxidation of the cladding and the
internal pressure. Under PWR conditions the zirconium metal is very un-reactive and only
corrodes very slowly to produce a zirconium dioxide outer layer. The depth of the
zirconium dioxide layer on the fuel has a marked effect on the temperature of the
zirconium metal surface, because zirconium dioxide transmits heat poorly. The hotter the
surface of the zirconium the faster it corrodes, so there is feedback and the corrosion of
PWR fuel accelerates above about 60 pym oxide thickness. These effects take place over
periods of several months in a reactor, and are assessed in detail in the assessment on
Fuels. The typical limit for oxide thickness is 100 ym. This affect is amplified when fuel
crud deposits on top of the oxide layer. The PCSR (Ref. 11) does not discuss corrosion of
the fuel, but the inclusion of the chemistry chapter in the consolidated PCSR (Ref. 105)
rectifies this omission. Certain chemicals, such as high levels of lithium and fluorides are
known to increase corrosion of the cladding surface and for this reason controls on the
levels of various dissolved species are assessed below.

Over 99% of the radioactivity in a nuclear reactor is normally retained within the cladding
of the fuel. The zirconium alloy cladding is roughly 0.6 mm thick to conduct heat, which
makes it susceptible to damage by corrosion or wear if conditions are not carefully
controlled. After the steam generator, the cladding of the fuel is the second largest
surface area in PWR. Any leaks would noticeably increase radioactivity carried in the
coolant and deposited around the circuit. If a thick layer of deposits (fuel crud) is allowed
to form on the fuel, cladding corrosion rates will increase and boron in the deposits could
distort the power profile of the reactor, if sufficiently deposited. The amounts of nickel and
iron dissolved in the coolant with lithium and boron have a major effect on the build-up of
crud, as does the total boiling area. The effect of crud on radioactivity is assessed in
Section 4.2.3.4 of this report, the chemistry of crud itself and the calculations undertaken,
by EDF, AREVA and by TSCs for ND, are assessed below.

Modern fuel rarely leaks. The values for fission product radioactivity originally used in the
design of EPR were replaced in 2009 by Ref. 60. This report (Ref. 60) applies the
measured data from the French N4 plants to the UK EPR. The values quoted differ to
those for the N4 plants, but no rationale or explanation for the differences is presented in
this report, but EDF and AREVA subsequently provided information on the differences in
responses to RO-UKEPR-73 (Ref 9). Given good coolant control, the main causes of
leaks would be mechanical wear due to debris. Even so, the consequences even of rare
fuel leaks would be noticeable so that Reactor Chemistry relating to fuel considers:

¢ The chemical additions and exclusion of impurities that minimise Zircaloy corrosion in
general, and M5® in particular.

e Minimising the build-up of fuel crud, so far as is reasonably practicable, to ensure
safety margins are not eroded.

¢ Detection of any failed fuel, when, where and how much damage has occurred, in
order to try to mitigate the effects of increased radioactivity in the coolant and in
subsequent operations.

Continued operation with failed fuel increases the source term for releases and can lead
to further fuel damage from hydriding. The safety case for operating the reactor will
specify the maximum burn-up of the fuel and maximum tolerable leakage as important
parameters. The PCSR for UK EPR (Ref. 11) contains a limit for radioactivity in the
coolant, and infers an unspecified number of failed rods in Chapters 11.2 and 14.6, as
does the PCER.
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The effects of chemistry on the fuel were an important part of the request under RO-
UKEPR-44.A1 (Ref. 9). | also raised several TQs on this topic, including TQ-EPR-716,
1095 and 1356 (Ref. 8). EDF and AREVA also provided their analysis of fuel crud
production in UK EPR (Ref. 112) as part of the response to RO-UKEPR-74.A2 (Ref. 9).
The response to these, amongst other EDF and AREVA documents, is described below.
My assessment of the chemistry effecting fuel was supported by TSC reviews, Refs 148
and 149.

Due to the cross-cutting nature of these topics, | worked with the ND fuel design inspector
to assess these topics and many aspects related to fuel performance are assessed
elsewhere (Ref. 19).

Effects of Coolant Chemistry on Fuel Cladding

The effects of hydrogen, lithium and impurities, such as fluoride, on fuel cladding are
discussed below.

In response to RO-UKEPR-46.A2 (Ref. 161), EDF and AREVA provided their justification
for the |l mg kg lithium limit in UK EPR. This is based upon the claimed improved
corrosion resistance of the M5® cladding. A high concentration of lithium on its own is
known to be harmful to fuel cladding but it is always added in combination with boric acid
and combining boric acid with the lithium makes it less harmful. Lithium has the greatest
effect when the zirconium oxide layer is already > 60 — 70 um. In response to RO-
UKEPR-44.A1 (Ref. 172) EDF and AREVA presented data for the oxidation of M5®
cladding, including data from the REGGAE tests, which showed that the oxide layers tend
to be thinner on M5® than Zircaloy. This suggested the resistance of M5® cladding to
lithium should be much better than the Zircaloy it replaces. In TQ-EPR-1234 (Ref. 8), |
pointed out that the REGGAE tests were conducted with clean fuel and did not account
for the thickness of crud on top of the oxide layer, or the wick boiling that takes place. In
response, EDF and AREVA said they will be conducting tests in 2012, to simulate the
effect of crud, although no details of how the crud would be simulated were given. They
also provided plant data showing that oxide growth on M5® cladding was no greater
under thick (100 um) crud than without crud at all. | am content that the proposed lithium
limit appears compatible with the use of M5® cladding.

The addition of Nb to M5® resulted in fuel cladding corrosion falling by 75% in the
presence of hydrogen. However, without extra hydrogen dissolved in the coolant, the
corrosion of M5® would be worse than the Zircaloy-4 it replaced (Ref. 148). Excessively
high levels of hydrogen can lead to hydride embrittlement, so it is normal practice to
specify lower and upper concentrations for hydrogen in a PWR. The actual specification
of 17 to 30 cm?® kg'l for UK EPR is assessed elsewhere in this report, see Section 4.2.7,
but the upper limit specified for EPR is low enough to avoid such concerns.

Impurities can increase the corrosion rate of fuel cladding. High fluoride levels have been
shown to be detrimental to fuel cladding. The effect of chlorides and iodides is much
smaller than fluoride (in fact EDF and AREVA claim chloride has no noticeable affect at
mg kg™ levels on M5® cladding) although fission-product iodide can accumulate on the
inside surface of the cladding. The threshold level for fluoride affecting cladding is 10 mg
kg™, but the ion-exchange resins in the CVCS will not remove fluorides efficiently (Ref.
148), so fluoride ingress must be prevented by effective purification of the feedwater. As
per Section 4.2.4.2, fluoride is measured in the primary coolant and controlled to levels
below - ug kg*. Other impurities such as sodium hydroxide, chlorides, sulphates
and chromates can have a moderate effect, but less than lithium and fluoride. Such
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effects are well understood and the “routine” controls suggested by EDF and AREVA are
reasonable.

EDF and AREVA have specified zinc addition for control of primary circuit radioactivity,
Ref. 153. Section 2 of this report covers the effects of zinc, which may also limit crud
formation, see the following section.

From my assessment, it is clear that EDF and AREVA has taken account of the effects of
levels of additives and impurities on the fuel in their specifications for UK EPR, but the
chemistry of fuel clad corrosion was not discussed in the original PCSR. The corrosion
effects outlined are slow and with planning, problems due to corrosion should be
avoidable. | raised RO-UKEPR-44.A4 (Ref. 9) requesting a PCSR chapter. The draft
PCSR chapter (Ref. 103), described in Section 3.2, contains much more information on
the effects of chemistry on fuel integrity. This is much improved on the Step 4 PCSR (Ref.
11).

The effects of coolant chemistry on the fuel cladding are an important part of Assessment
Finding AF-UKEPR-RC-01.

Fuel Crud

If the coolant contains a high level of dissolved solids, as might arise from excessive
corrosion of SG tubing, these will deposit on the fuel as crud, especially if there is boiling
in the core. In many PWRs limited (sub-nucleate) boiling of the coolant is permitted at
certain times. Boiling is major factor in causing deposits (fuel crud) to accumulate.

The safety effects of fuel crud vary depending upon the amount that is produced. Any
amount of fuel crud increases the plant radiation levels, as discussed in Section 4.2.3.4,
generating additional waste as well as an ORE hazard. If even more fuel crud deposits
this can result either in damage to the fuel cladding, via Crud Induced Localised
Corrosion (CILC), or (if appreciable boron is absorbed in the crud) as a distorted power
profile, called Crud Induced Power Shift (CIPS). If left to develop uncontrolled, CILC
would result in undesirable leaks from the fuel and CIPS could lead to a loss of shutdown
margin. In western PWRs, CILC has contributed to only around 6 fuel failures over the
last forty years but more cases of CIPS has been observed. The most severe example
was probably at Callaway in the US, when crud levels greater than 100 um were formed
on some of the fuel. To avoid an erosion of shutdown margin and excessive fuel
temperatures, the power at Callaway had to be reduced for several cycles until the cause
of the problem could be rectified (Ref. 151). Eventually, the Inconel 600 steam-generators
at Callaway were replaced by Inconel 690 and the station began injecting zinc so that
Callaway now operates without such extreme fuel crud problems.

In general terms a limiting value of crud thickness (as an addition to the oxide layer)
below about 20 um is thought not to be significant since empirical studies and modelling
show that effects of boron absorption and on heat transfer are minimal. Hence the
chemistry of the coolant should minimise accumulation of crud in the core, if not prevent
it. EDF and AREVA believe they can control the build-up of fuel crud in UK EPR by
adopting the following strategy:

e Operate at a minimum pHasgeec Of 7.2 (Ref. 172).

e Use of Inconel 690 rather than 600 for SG tubing, which generates fewer dissolved
solids.

¢ Adding zinc and placing additional controls on the chemistry to avoid precipitation of
zinc compounds on the fuel.
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e Excluding silica from the core by such practices as avoiding use of glass-fibre filters.

CIPS is caused by a large mass (in the kg range) of boron absorbed in the crud, and a
large boiling area is needed before effects would be noticeable. Early in Step 4, EDF and
AREVA indicated that their intention was to run UK EPR at a low boiling rate and with
minimal fuel crud. EDF advises that CIPS has never been observed in any of their N4
PWR with Inconel 690 tubing. Some localised CIPS has been observed in other PWR
units after replacement of Inconel 600 steam generators with Inconel 690. To check that
UK EPR would be more like the N4 units (in not suffering CIPS), | sought evidence for
boiling rates and chemistry in UK EPR.

Because EDF and AREVA had not reported any predictions of expected boiling,
radioactivity or crud specifically for UK EPR, | contracted TSC support to construct a
chemical simulation of the phenomenon. | requested information on the boiling
parameters for the core in UK EPR in TQ-EPR-716 (Ref. 8). | requested information on
the area and the thicknesses of the crud, key determining factors for CIPS and CILC, in
RO-EPR-74.A2 (Ref. 9). EDF and AREVA sought a number of opportunities to clarify the
information that | had requested and initially said that such data would not be available
because details of the core management for UK EPR had not yet been defined. Late in
Step 4, EDF and AREVA provided boiling rate estimates for UK EPR (for a preliminary
core management) which were higher than indicated in TQ-EPR-716 (Ref. 8), together
with their own estimate of crud thickness in Ref. 112. | was able briefly to compare EDF
and AREVA predictions with those of my TSC, during the writing of this report.

In this paragraph | summarise my TSC modelling results for UK EPR and a standard 4
loop PWR. My TSC applied their expertise in modelling reactor coolants to simulate the
chemistry of corrosion products and fuel deposits in UK EPR, using the thermal and
boiling data provided by EDF and AREVA and other key input parameters such as carry-
over and stainless corrosion rates. My TSC estimated soluble cobalt activity (in MBg/m?®),
surface activity (in MBgq m?), crud masses (in kg) and crud thicknesses on the fuel (in
um), at selected locations in the reactor. They compared their results with equivalent
calculations for a standard 4-loop PWR and other benchmarks and report all of their
results in Ref. 133. My TSC did not take account of zinc addition in their calculations.

In summary my TSC calculations showed that:

¢ Crud thicknesses in UK EPR would not be sufficient to cause either CIPS or CILC,
being well below the thickness needed to absorb boron, for instance.

e Levels of ®®Co may be slightly higher on average than other non-boiling reactors, but
within the normal range of variation seen between different plants.

e Levels of ®Co may be slightly lower than other reactors, due to the low Stellite™
inventory.

EDF and AREVA used the same thermal and boiling data as was supplied to my TSC
and their own estimates for other key parameters such as corrosion rates and carry-over.
They produced estimates of crud thicknesses and masses using BOA version 2, but did
not provide any figures for expected radioactivity during Step 4 as BOA did not predict
radioactivity. | requested radioactivity figures via RO-UKEPR-74, EDF and AREVA will
complete provision of activity data under the GDA Issue GI-UKEPR-RC-02, by estimating
the material (crud) release and its activation. The calculations performed by my TSC
were undertaken with a comprehensive model of the chemistry which included the effect
of crud outside the core and predicted the production of radioactivity in crud.
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In contrast to their earlier assurances to ND, the crud thickness provided by EDF and
AREVA was sufficient to cause absorption by boron over a small area of the core. The
total crud mass was also larger than expected, although it did not appear to be excessive.

| was surprised by these results from EDF and AREVA, and asked them to perform a
comparison with their N4 series reactors, in TQ-EPR-1095. Their N4 reactors have not
suffered from CIPs or CILC and if UK EPR generated less crud, | could see that CIPS
and CILC would definitely not be a problem and radiocobalt would be low and
controllable. The data they provided showed that thicknesses of crud in N4 and UK EPR
would be similar to each other but the mass of crud in UK EPR would be (about 50%)
greater. Because BOA version 2 only simulates crud on the fuel, this means that the fuel
crud area must be larger in UK EPR than in N4 reactors.

The fact that EDF has not seen CIPS in the N4 plant is therefore not evidence that CIPS
cannot occur, since there is more crud predicted in the UK EPR. While these arguments
provide a degree of comfort for GDA, and more information on related matters will be
provided as part of the resolution of GI-UKEPR-RC-02, the Licensee should repeat
calculations with the most appropriate means available at the time, particularly where a
more comprehensive model of the chemistry (especially outside the core region) is
available. | find that the Licensee should conduct analyses of sensitivity to factors such as
pH, boiling and dissolved corrosion products on crud build-up. These should be used to
identify:

e Factors significant to the control of crud build-up on fuel.

e Criteria for technical specifications and limits.

e Margins to the chemistry limits.

e What corrective actions, if any, are needed for poor chemistry.

e Whether the specified pHsqo range (7.2 to 7.4) is the most appropriate.
e Whether the specified range of hydrogen is the most appropriate.

This analysis will ensure an appropriate level of control assuring fuel integrity and the
avoidance of CIPS. This is assessment finding AF-UKEPR-RC-13.

ND accepts that switching from the Inconel 600 to Inconel 690 will reduce the nickel
release however the iron release rate from the stainless steel in the reactor would be
unchanged. In the absence of a corrosion rate for the stainless steel pipework, some
operators estimate iron from crud scrape data pro-rata to the nickel. However, in an
Inconel 690 reactor, the iron/nickel ratio will be greater, so this would under-estimate crud
production, EDF and AREVA will include the effect of iron in their response to Gl-
UKEPR-RC-02.

Exceeding some limits for a few hours may make little difference to the fuel, but in
general the margins to boiling and chemistry limits for crud development need to be
understood properly if a Licensee wishes to maximise electrical output.

Currently, EDF and AREVA use a limit of acceptability for crud recommended by EPRI
and using the BOA code. This is based on a crud thickness limit of 30um (in addition to
any zirconium oxide) and appears to be independent of area. Based on my TSC
calculations, | understand that absorption of boron can begin above around 15 um crud
thickness and increases with the thickness of the crud. Crud limits should be justified,
because the mass of boron (and hence the potential to interfere with shutdown margins)
could be roughly proportional to the product of the thickness and the area. | find that
several chemical factors will be important considerations when defining the limits and
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4.2.5.3
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conditions for operation of UKEPR, see AF-UKEPR-RC-02, AF-UKEPR-RC-13 and AF-
UKEPR-RC-14. Specifically there may be periods when tighter controls may be needed
to avoid dense fuel deposits.

My main concern with crud in UK EPR is for the production of radiocobalt rather than
effects on cladding corrosion (CILC) or neutron control (CIPS). Because of other
assurances provided by EDF and AREVA to the Fuels Inspector in ND, this would
normally have resulted in an Assessment Finding for the Licensee. Since | wish to
discuss these latest results and clarify some of the assumptions made by them, EDF and
AREVA have accepted this as part of GDA Issue GI-UKEPR-RC-02.

The type of chemistry controls needed during commissioning are described in Section
4.2.12. Since large quantities of crud are created at this stage, the definition of suitable
targets for measurements such as particulates and nickel at the end of HFT will be
essential to demonstrate that radioactive crud can be controlled ALARP, see AF-UKEPR-
RC-21 in Section 4.2.12.2.

Providing that due care is taken during commissioning, and subject to calculations for the
highest rated channels, | am satisfied that general levels of crud on fuel in EPR will not
challenge the integrity of the fuel. This conclusion is also supported by the Fuels
Inspector.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the fuel
and crud assessment are:

e Modern M5® fuel cladding proposed by EDF and AREVA for the first fuel cycle allows
greater margins regarding end of life oxide thickness than the Zircaloy-4 cladding
used in the past. The licensee should justify the limits of acceptability for crud area
and thickness used in predicting fuel performance.

¢ It would be possible to run PWR chemistry so as to induce fuel failure, even with
modern cladding. This is the reason that rigorous chemistry limits should be defined
along with actions if the limits are exceeded. The PCSR discusses the effects of oxide
and crud growth on heat output from the fuel, but globally these effects should be
small. The basis for the various limits relating to fuel integrity control including
chemistry and boiling should be documented by the Licensee.

e Itis currently not clear whether or not there are levels of parameters (such as pH,
carry-over or boiling) at which crud and radioactivity might suddenly increase, and
what margins there are. EDF and AREVA have agreed to clarify some of these effects
with their responses to GI-UKEPR-RC-02 and AF-UKEPR-RC-13.

e | am content that UK EPR can be operated with a minimum pHsgo-c 0f 7.2 throughout
the cycle and this should be beneficial in controlling crud levels.

e Itis implicit in this assessment that operating documentation covers chemical
phenomena affecting fuel integrity and CIPS, and identifies limits and controls that
assure compliance with the Technical Specifications for fuel safety and coolant
fission-product activity. This is one of the objectives of Assessment Finding AF-
UKEPR-RC-02.

e Providing that due care is taken during commissioning, | am content that general
levels of crud on fuel could be controlled in a UK EPR. Target parameters that control
deposits on fuel from commissioning onwards should be identified.
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e Regular monitoring of radioactivity in the coolant is required to ensure compliance with
technical specifications and quantify the size of any failure in the unlikely event any
fuel should fail. Failed fuel is not left in the reactor for more than one cycle and is
normally segregated in the pool.

e EDF and AREVA have provided ND with a range of possible core designs for the first
cycle of UK EPR. | am satisfied that operating parameters and chemistry could be
selected to avoid CIPS and CILC and reduce radiocobalt production effectively. Wider
ranges of operating parameters and chemistry should be possible with attention to
core design and boiling.

e There seem to be different definitions of acceptability for crud thicknesses and areas
and the Licensee for any UK EPR will need to justify theirs.

Overall, | judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of fuel and crud in UK EPR described in Section 4.2.5
above, | have identified the following Assessment Finding whichs need to be addressed,
as normal regulatory business, either by the designer or by a future Licensee, as
appropriate, during the design, procurement, construction or commissioning phase of the
new build project:

o AF-UKEPR-RC-13- The Licensee shall conduct sensitivity analysis for fuel crud
formation in UK EPR. This should be used to demonstrate that levels of crud can be
controlled and reduced So Far As Is Reasonably Practicable (SFAIRP) in UK EPR
and should be based upon the detailed operating chemistry and core design for the
UK EPR reactor. These calculations should provide balanced predictions of activity
levels that allow the assessment of control measures including boiling patterns and
Stellite™ replacements, as well as the management of significant chemicals and
radionuclides. The Licensee shall conduct analyses of sensitivity to factors such as
pH, zinc, boiling and dissolved corrosion products on crud build-up. The analysis
should be used to justify related limits, conditions and criteria. This Assessment
Finding should be completed before nuclear operations, as this is when fuel crud is
formed. Target milestone — Initial criticality.

GDA Issues

Based upon the assessment of fuel integrity and crud in UK EPR described in Section
4.2.5 above, | have identified one Reactor Chemistry GDA issue which requires
resolution:

GIl-UKEPR-RC-02 — Control and Minimisation of Ex-core Radiation — EDF and
AREVA to demonstrate that ex-core radiation levels in UK EPR are minimised so far
as is reasonably practicable and can be controlled.

The complete GDA Issue and associated action(s) are formally defined in Annex 2.
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4.2.6.1
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Assessment — Zinc Addition

In accordance with their strategy of limiting the build-up of activated corrosion products in
UK EPR, EDF and AREVA propose to dose the primary coolant of UK EPR with zinc.
Worldwide, many PWR operators are now adding low levels of zinc (less than 20 pg kg™)
where they have issues with radiation levels. A few operators are adding higher levels of
zinc (20 to 50 pg kg™ where they have existing material integrity concerns. EDF and
AREVA propose to add between 5 and 15 pg kg™ zinc, in the form of depleted zinc
acetate principally to control radiation fields. EDF and AREVA claim there is no detriment
from adding zinc in terms of waste production and their case for structural integrity does
not rely upon zinc addition. EDF and AREVA specify zinc to help control radiation levels
from cobalt. No evidence was presented to support this design choice for UK EPR in the
original Step 4 PCSR, although EDF and AREVA have since provided more information
in the consolidated GDA PCSR (Ref. 105).

Up to 5 kg zinc would be added to UK EPR in each cycle in order to maintain 10 ug kg™
in solution (TQ-EPR-1169 (Ref. 8)). Much of this would be absorbed on metal surfaces in
the reactor as intended, but some would also be lost to the CVCS. Possible detrimental
effects of adding this amount of zinc may include; formation of activated ®Zn (if natural
zinc is used), which can exceed the radioactivity of radiocobalt if not controlled, the
formation of zinc deposits on the fuel, consumption of the ion-exchange beds and the
influence of acetate on the fate of **C. These should be balanced against the possible
benefits in terms of radioactivity and radwaste. These are assessed below.

Since | expected UK EPR to have relatively low cobalt radiation fields and no material
integrity concerns, my assessment concentrated on the balance of benefits with the
potential negative side-effects of adding zinc. My assessment of zinc in UK EPR was
supported by TSC reviews, Refs 148 and 149.

At the end of Step 3, | raised regulatory observation RO-UKEPR-45 (Ref. 9), requesting
justification for the addition of zinc to UK EPR. EDF and AREVA provided Ref. 153 in
response. | subsequently raised TQ-EPR-733 to obtain the evidence to support a number
of the claims and arguments presented in this response. In order to draw RO-UKEPR-45
and TQ-EPR-733 to satisfactory conclusions, | raised a second action under RO-UKEPR-
45 (Ref. 9), to which EDF and AREVA responded with Ref. 154. The following sections
present my assessment of the benefits and detriments of adding zinc to UK EPR, through
these RO actions and TQs. Section 4.2.2.2.4 of my report deals with the capability of the
design to provide zinc in the correct amounts.

Potential Zinc Detriments

The overall benefits of zinc are cited in many sources, both by EDF and AREVA and
more widely in the nuclear industry, namely reducing radiation fields and protecting
materials. There are several potential negative effects of zinc addition and my
assessment of these follows:

4.2.6.1.1 Zinc precipitation and Effects on Fuel crud

465

466

It is thought that zinc is a component of some of the solid borates that can cause CIPS
and zinc can react with lithium hydroxide to form solid zinc oxides.

Since zinc would not be added at the same point in the CVCS as lithium hydroxide or
boric acid, see Section 4.2.2.2.4, | was content that zinc hydroxide and zinc borate would
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not precipitate in the CVCS before reaching the main cooling circuit (TQ-EPR-773, Ref.
8).

Zinc should also not be added in such quantities as to increase crud formation,
particularly if boron gets incorporated with zinc deposited on the fuel. My assessment of
the formation of fuel crud in UK EPR appears in Sections 4.2.3.3.1 and 4.2.5.2 of this
report. The effect of zinc specifically on crud is summarised below.

The formation of crud on nuclear fuel can be tolerated if the crud is porous. This allows
boiling of the coolant within the pores of the crud, which is an efficient heat-removal
mechanism. Species like silica form a denser crud that prevents this form of heat transfer,
and higher fuel temperatures. This could result in fuel damage (CILC) if not controlled.
Zinc silicate is particularly insoluble and for this reason, silica levels should be controlled
to less than 1 mg kg™ in high-duty cores with zinc addition, Ref. 148. Based on several
years experience of zinc in French plants, EDF and AREVA confirmed that no changes to
pH, boron, hydrogen or lithium specifications were needed to accommodate zinc addition,
in TQ-EPR-773 (Ref. 8). Examples of ranges of these operating parameters which
spanned the expected values for UK EPR were used to illustrate this. Control parameters
for nickel, silica and the zeolite-forming metals (Ca, Mg, Al) are also specified in the
response to RO-UKEPR-44.A1 (Ref. 153) and listed in Section 4.2.10 of this report. EDF
and AREVA state that the nickel limit is specified as - ug kg™ because US plants
have operated successfully without experiencing CIPS with nickel levels between 0.4 and
4 ug kg™. This limit is a total soluble and particulate concentration.

While EDF and AREVA limit nickel to less than - ug kg™, they specify no limit for
iron. | see no reason why such controls are inappropriate for UK EPR and require the
Licensee to justify controls on silica, iron and nickel in their plant specific chemistry plan. |
consider this to be an Assessment Finding AF-UKEPR-RC-14.

EDF and AREVA claim that the precipitation of zinc can be ignored in UK EPR because:
e They have never experienced CIPS in the N4 reactors.
e The crud is predicted to be less than 30 um thick in UK EPR.

Some zinc chemistry was included in the calculations by my TSC for UK EPR. It appears
that appreciable zinc borate precipitation on the fuel begins above crud thicknesses of
about 20 um (Ref. 133). The area of crud thicker than this predicted by my TSC was
small, but it was not clear how EDF and AREVA justified their 30 um figure. Late in GDA,
EDF and AREVA provided estimates for crud thicknesses in UK EPR that are higher than
in FA3 or their N4 reactors, in Ref. 112. Therefore | conclude that zinc borate formation
on the fuel in UK EPR cannot be ignored on the basis of the evidence provided so far. |
have raised a GDA Issue (GI-UKEPR-RC-02) related to crud in UK EPR, which is also
described in the section on radioactivity. EDF and AREVA have clearly indicated their
intention to operate UK EPR as near to crud-free as reasonably possible, and the first
symptom of crud would be increased radiation. | find that the Licensee should confirm the
values of quantities such as area, thickness and boron mass that define limits of
acceptability for M5® fuel; this is a part of finding AF-UKEPR-RC-01.

The visual appearance of corrosion products on fuel assemblies at zinc plants is distinctly
different from non-zinc plants. After exposure to RCS zinc concentrations, the assemblies
have been described as being covered by a uniform deposit that covers the full height of
both heat transfer and non-heat transfer surfaces. This deposit has been described as
black, sooty, dark-coloured, semi-reflective, and a darker-than-normal grey surface. The
colour may relate to metallic nickel or to carbon from the reduction of acetate, the organic
component of the zinc additive that is used. The levels suggested for UK EPR are within
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current plant operating experience and therefore should not pose additional concerns
regarding fuel crud.

Furthermore, there are some reports that fuel crud formed with zinc falls off the fuel more
easily, once in the pond.

4.2.6.1.2 Effects of Acetate
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In order to dose a reactor accurately to levels of pug kg™, a solution of zinc is normally
added in the form of zinc acetate. The acetate is an additional source of carbon to the
reactor. The addition of natural carbon (**C) could effect the distribution of radioactive
14C, as described below. The small VCT in the UK EPR CVCS may also impact on what
happens to the acetate or its degradation products.

At non-zinc plants, around 90% of the **C is gaseous, with only 0.5% remaining in liquid
waste. EDF and AREVA does not expect this proportion to change with the addition of
zinc and acetate, quoting experience at Halden, when formate was added to the coolant
and was fully decomposed by radiation in the core (Ref. 155).

14¢C production in UK EPR would amount to 2.7 g per year. **C is produced in a reactor
mostly from *’O oxygen as part of the water coolant. Not much **C comes from **C due to
its low neutron cross section, however **C will exchange freely with all forms of carbon in
the reactor, whether they arise from natural impurities or the deliberate addition of zinc
acetate. EDF and AREVA calculate the total amount of natural **C entering UK EPR
excluding acetate would be no more than 19 g per year (TQ-EPR-1169 (Ref. 8)). This
figure seems very low, but even if actual CO, ingress was 100 times greater, it would still
be smaller than the contribution from acetate which would be roughly 3,500 g per year
(TQ-EPR-688 (Ref. 8)). Therefore carbon from acetate is certainly higher than other
sources of natural carbon and several orders of magnitude greater than the mass of **C
produced. As the dominating source is the acetate, the fate of *C will therefore be
determined by the fate of acetate, which is a new additive in the UK context. There is little
that can be done about this, for example, using formate instead of acetate would
decrease the **C input due to zinc addition to 1,750 g per year, which is not thought to be
a significant advantage.

In response to TQ-EPR-773 (Ref. 8), EDF and AREVA presented theoretical calculations
to show that at power most of the carbon would take the form of methane. In shutdown,
EDF and AREVA believe that most of the carbon would take the form of carbon dioxide
and carbonates. These calculations were based on the bulk conditions in the RCS, not in
the CVCS. Assuming all the acetate were converted to bicarbonate and absorbed on the
anion-exchange resin, the total anion capacity of many reactors that use zinc acetate
would have been consumed. Since the resins functioned normally, EDF and AREVA
conclude that little of the acetate results in bicarbonate. Whilst there is no evidence to
suggest the figures are wrong, the design and operation of UK EPR will be sufficiently
different (more like Konvoi reactors, adding zinc acetate, recycling coolant etc), that the
distribution of **C between the gas, liquid and solid wastes could change.

Overall, there appears to be a shortage of conclusive evidence for the fate of the acetate
dosed with the zinc. The design features of UK EPR make comparisons with operating
plants even more difficult. There is a shortage of definitive evidence for the fate of *C,
partly because it is difficult to measure **C and plants do not routinely do so, so it is
measured infrequently. Despite these deficiencies there appears to be no fundamental
nuclear safety concern over the use of acetate; the main outstanding question relates to
the influence of this species on the '*C fate in UK EPR. | have shared this information
with both the Environment Agency and Radwaste inspectors during Step 4.
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4.2.6.1.3 Generation of ®°zZn
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Natural zinc contains 49% °4Zn. In the core, ®¥Zn is converted to ®Zn which is radioactive.
Because ®°Zn decays by internal capture and positron emission it can also be difficult to
detect. ®°Zn has a shorter half-life than ®°Co so is less of a concern for long-term disposal.
Adding zinc to some reactors has caused an increased short-term radiation and
accumulation of radioactive materials on site, even exceeding the activity of °°Co.
Consequently, many operators use zinc that has been depleted in ®*Zn (< 1%) and EDF
and AREVA also recommend the use of such depleted zinc in UK EPR in both the PCSR
(Ref. 11) and Environmental Report (Ref. 183). | am content that the use of the depleted
form of zinc is appropriate and ALARP for UK EPR.

4.2.6.1.4 Effects on Purification Systems and Wastes
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Zinc is preferentially absorbed onto the ion-exchange resins in the mixed / cation bed of
the CVCS, forcing lithium out and potentially reducing the capacity of the resins for
radioactive species. Calculations show that Zn addition at 5 — 15 pg kg™ does adversely
affect CVCS resin performance but the overall effect is small in UK EPR, Ref. 154, where
the ion exchange beds are large. However the impact of adding more zinc on resin
capacity and efficiency would not be trivial and would need assessment if increased zinc
concentrations were ever proposed.

Zinc addition may decrease radioactive surface contamination on reactor pipework but
this may increase radiocobalt release elsewhere (i.e. move the problem rather than
prevent it). Addition of zinc does increase the release of other metals from surfaces in
some circumstances. These effects have been observed to varying degrees in PWRs and
are not hypothetical. There could also be effects on other subsystems such as the main
coolant pumps or IRWST. These possible detrimental effects are assessed in this
section.

The response to RO-UKEPR-45.A1 (Ref. 153) concentrated on relative dose rates and
said little about the potential increase in radwaste accumulation and discharges resulting
from zinc addition. EDF and AREVA provided guantitative data for waste production of
various types from the French Bugey plant in response to TQ-EPR-773 (Ref. 8). The data
for liquid effluents, Liquid Waste Processing System (LWPS) concentrates and resins all
showed little obvious effect of zinc, although most of the data provided referred to the
whole Bugey site, which has two units operating without zinc and two with zinc. A more
detailed comparison of resin activities from the Bugey units operating with and without
zinc does suggest it potentially doubles the usage of the CVCS resins with zinc addition.
However, this is within the annual variability for resin usage, and is overall a small
increase at a couple of m® per year. EDF and AREVA do claim that zinc reduces
radwaste in the longer term as an additional benefit. | do not consider a small short-term
increase in radwaste to be problematic from a safety viewpoint, if it occurred, and the
Radwaste systems described in Section 4.2.2.3 and 4.5.1 are ‘oversized’ in UK EPR to
handle such contingencies.

Since iron concentrations increased in the German PWRs following Zn addition (from
Alloy 800), and nickel concentrations increased in US reactors following Zn addition (from
Inconel 600), some experts believe that adding zinc to a PWR with Inconel 690 SG tubing
will release both iron and nickel, for at least the first few cycles. Due to this assumption a
‘fuel crud’ formation penalty was incorporated into the BOA code developed by EPRI.
However, no increased iron or nickel release was observed at either Callaway or
Vandellos Il immediately following zinc addition. Samples of crud scraped from fuel at
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both these stations after adding zinc contained significant amounts of both zinc and **Cr,
but levels of nickel and iron in the coolant at Vandellos Il did not increase, Ref. 148. The
reasons for these differences in metal levels in the coolant are not entirely clear and may
stem from differences in sampling arrangements or the presence of particulates. EDF and
AREVA believe that high iron levels are symptomatic of alloy 800 SGs since Callaway
and Vandellos have Inconel 690 SGs. No safety issues related to additional iron, nickel or
chromium release following initial zinc injection have been observed to date. Since even
small amounts of these metals in the coolant can give rise to significant fuel crud and
radioactivity, their presence should be monitored and targets set. This is related to
Assessment Finding AF-UKEPR-RC-14.

Measurements of the effect of zinc on particulates are rather sparse. Some units have
observed increased particulates with consequent increased filter usage in the first cycle
following initial zinc addition, but filter usage has returned to normal in the second cycle,
Ref. 153. EDF and AREVA cited data from Vandellos, which indicated that most of the
®9Co was dissolved in the coolant, with only 10% as particulate, TQ-EPR-773 (Ref. 8).

Enhanced monitoring of particulates and soluble metals should be considered during HFT
and the subsequent two cycles, to confirm passivation is having an effect and nothing
untoward is taking place.

EDF and AREVA do not propose the addition of zinc during Hot Functional Testing of UK
EPR. One of the potential benefits of adding zinc during HFT is to ensure any initial
surges in soluble metal or particulate release are dealt with when the plant is inactive,
see Section 4.2.12 on HFT.

4.2.6.1.5 Other Effects

487

My assessment of some potential further negative impacts of zinc addition follows:

e EDF and AREVA confirmed there would be no impact from zinc on fuel cladding
oxidation (TQ-EPR-773 (Ref. 8)). Their evidence was based on data for many
thousand fuel elements of various types with zinc at high concentrations, plus specific
data for M5® cladding exposed to low to moderate zinc concentrations in France and
Germany. All these data indicated no negative effect from zinc addition.

e Zinc may appear in recycled coolant in various boric acid tanks or the IRWST. EDF
and AREVA have considered the potential for this type of contamination (in Ref. 154)
and concluded that any contamination by zinc would be small and easily cleaned up

e Sudden bursts of particulate release “crud bursts” have been observed occasionally in
plants that operate without zinc addition and in a small number of plants operating
with zinc. In TQ-EPR-773, | asked EDF and AREVA whether a crud burst could flush
zinc out of the reactor, resulting in a requirement to replace it to regain protection. In
reply (Ref. 8) EDF and AREVA stated that there does not appear to be a correlation
between zinc addition and the frequency of large sudden radiocobalt releases, which
seem to relate more to non-routine conditions in the core. | find that the Licensee
should consider the possibility that a crud burst might flush zinc out of UK EPR, and
hence the need to replenish it. This is part of finding AF-UKEPR-RC-19.

e EDF and AREVA confirmed (in TQ-EPR-773, Ref. 8) that peaks in zinc concentration
are sometimes observed when changes in reactor load or operations cause zinc to
desorb from surfaces. For example, the zinc concentration at Bugey peaked at 600 ng
kg™ during the oxygenation phase at the end of the first cycle with zinc injection. EDF
and AREVA compared this to typical return peaks of 300 pg kg™ seen subsequently at
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Bugey and which are commonplace at other reactors. Since they last a short period of
time and can be controlled, | was content that zinc return was not a concern.

e The effect of zinc on components such as motor seals was considered by EDF and
AREVA in Ref. 154. This report noted that zinc solubility increases as the temperature
decreases, so erosive particulates should not form on motor bearings or seals which
are at lower temperatures. EDF and AREVA also referred to observations in French
plants, in which various flowrates and temperatures were monitored, with no
detectable changes following zinc addition.

¢ As with any chemical addition, the zinc acetate reagent used may carry with it
contaminants such as fluoride. | would expect a licensee to control such impurities as
part of their normal business, but an impurity at mg kg levels when dosed to achieve
ug kg™ levels is not likely to even be detectable.

Evidence for Zinc Benefits
The key parameters for my assessment of the benefits of zinc were:

e Rates of loss of nickel from Inconel 690, cobalt from Stellite™ and iron from stainless
steels.

¢ Retention of soluble material by all the above surfaces.
e The amount of zinc needed to achieve these effects.

The case presented by EDF and AREVA for the effect of zinc in controlling radiation
build-up in response to RO-UKEPR-45.A1 (Ref. 153) is largely based on published plant
and laboratory data for AISI alloys at high zinc concentrations or from plants where there
had been existing problems with radiation control. For instance, laboratory results quoted
by EDF and AREVA from Ref. 155 were based on autoclave corrosion tests with Inconel
690, 600, 750, Stellite™ and other alloys which showed:

e Substantial reductions in the rate of corrosion measured by weighing, typically by a
factor of around 3 for some metals.

e Surface examinations showed thinner oxide layers with zinc than without zinc,
suggesting that zinc was helping to stabilise a passivated surface layer.

Similarly, the main PWR plant investigations quoted in Ref. 155 were from Farley 2 and
Callaway:

e Spectroscopic examinations of SG tubes from Farley 2 showed zinc concentrating
under the oxide layer closest to the metal surface.

¢ Inspections of Callaway fuel showed decreased crud thicknesses on fuel after SG
replacement and zinc addition.

e There may be higher radiocobalt release from surfaces immediately following zinc
addition and slower radiocobalt release with extended zinc use, in older plants adding
zinc for the first time.

The response to RO-UKEPR-45.A1 (Ref. 153) also quoted plant data from outside the
US, principally from the Angra, Biblis and Bugey plants. However there were some
significant differences between the situations in these plants and that expected for UK
EPR. Biblis and Bugey started injection later in life, after radiocobalt levels had built up.
Several of the plants had Inconel 600 tubing and Angra used alloy 800 SGs.
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Nevertheless, the above provided reasonable evidence that adding 20 to 50 ug kg™ zinc
is beneficial in PWRs that have trouble with radiation fields or problems with cracking in
Inconel 600. This level is much higher than proposed for UK EPR. From Ref. 153 it was
clear that evidence for the benefit from lower levels of zinc and Inconel 690 was based on
laboratory data from:

e The PETER test loop which showed zinc at 5 pg kg™ significantly reducing nickel
release rates of Inconel 690.

e The Nuclear Power Engineering Corporation (NUPEC) test programme which showed
a 50% decrease in activity pick up at 10 ug kg™ zinc.

Since | expect radiation levels in UK EPR to be low anyway, | believe the above evidence
has limited relevance if the reduction in radioactivity is small in absolute terms. Since the
effect of zinc is cumulative, | raised TQ-EPR-773 (Ref. 8) to discover how zinc could work
at a low concentration and to clarify several of the claims made in Ref. 153.

Responding to TQ-EPR-773, EDF and AREVA provided satisfactory details of the tests in
the PETER loop and NUPEC. Whilst they could provide evidence for the effectiveness of
zinc at 10 pg kg™ with Inconel 690 and 750 and 304 and 316 stainless steels, only data
for Inconel 690 exists for zinc at 5 ug kg™.

In the same TQ response, EDF and AREVA provided further information comparing the
growth of oxide layer thickness and density with the mass of metal lost from the surfaces
of several reactor alloys with and without zinc, data which were missing from their original
response to RO-UKEPR-45.A1 (Ref. 153). EDF and AREVA also confirmed that the large
reduction in corrosion expected from zinc with Inconel 690 from laboratory tests, should
not be expected in a reactor under operating conditions. Generally, EDF and AREVA had
no control over the state of passivation of metal surfaces of the laboratory samples cited
in evidence, before adding zinc. Therefore it is possible, indeed likely, that most data for
zinc benefit relate to surfaces for which an improvement was easily achievable.

EDF and AREVA clarified their evidence for the benefit of zinc under plant conditions in
the Bugey and Angra plants as follows:

e At Bugey, there had been a 14% reduction in radioactivity in the crossover leg and hot
leg after two cycles of zinc injection, the decrease in SG radioactivity was minimal
over the same period. Whilst 14% may seem small, it mostly corresponds to natural
decay of the cobalt already present with a greatly reduced deposition of additional
radiocobalt over the period, behaviour also observed at Diablo Canyon.

e Angra was designed before the significance of Stellite™ on doses was recognised
(Ref. 157) and as was common at the time its designers made extensive use of
Stellite™. With zinc addition, Angra-2 has achieved levels of dissolved ®°Co in primary
coolant in the range 0.1 to 1 MBq t*, which is comparable with the coolant activity
levels of the better Konvoi plants with much lower Stellite™ inventories and with
Sizewell B, Ref. 156. Figures for surface activities on the hot and cold legs of Angra 2
also showed similar favourable behaviour.

| requested evidence for the passivating effect of zinc in TQ-EPR-773 (Ref. 8). For
stainless steel the lab results showed that at high Zn levels, the diffusion of metals
through the inner and outer layer decrease to about 50% of their initial value without zinc
addition. The only kinetic tests for low zinc concentrations (10 pug kg™') have been
performed under the conditions of a Boiling Water Reactor. These results reveal that the
diffusion coefficients of Fe, Cr and Co in the inner oxide layer of steel are between 10 and
50% lower than those obtained without zinc. However, much of this data for Inconel was
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based on laboratory testing of Inconel 600. EDF and AREVA also outlined Finnish
theories of the action of zinc in passifying surfaces. | find that the Licensee should
generate or find data for the effect of low levels of zinc on corrosion release from Inconel
and stainless steel, this is part of finding AF-UKEPR-RC-13.

Overall, the responses to TQ-EPR-773 (Ref. 8) presented complementary published data
on the growth of corrosion oxide layers in the presence of zinc and satisfactorily clarified
calculation methods, accuracies and assumptions made in the response to RO-UKEPR-
45.A1 (Ref. 153).

Zinc addition has been claimed by different PWR operators to control stress-corrosion
cracking and crud build-up on fuel. EDF and AREVA do not claim zinc is necessary for
these purposes in UK EPR.

| raised TQ-EPR-1356 requesting recent evidence for nickel and iron corrosion rates,
since these are key indicators for the estimate of crud and radiocobalt. EDF and AREVA
replied saying that iron and nickel are not routinely monitored on the French fleet, but the
4 analyses that were quoted indicated a lower shutdown nickel release in two 1450 MWe
plants (of 0.1 kg and 1.6 kg) than from the 900 and 1300 MWe plants quoted (at 3.1 and
3.0 kg respectively). Their response included various iron concentrations, from which an
iron release may be inferred if certain assumptions are made.

The response (Ref. 154) to RO-UKEPR-45.A2 (Ref. 9) summarises the status of the
evidence for zinc benefits. EDF and AREVA confirmed that there are no data from
existing plants with exactly comparable configurations to UK EPR but there are enough
data from a variety of plants to expect a modest reduction in radiocobalt accumulation
compared to non-zinc levels. Data from SG replacement programmes and from Angra
indicate a clear benefit from adding zinc at the earliest stage, including commissioning if
possible. The report (Ref. 154) also recommends an assessment of the dose rate
reduction for UK EPR should be carried out, taking into account the different
enhancements implemented. | consider that such an assessment will be required to
support the plant specific safety case in order to limit plant contamination. This is part of
assessment finding AF-UKEPR-RC-13.

Tomari-3 in Japan is the first reactor to commission with zinc from new, in order to control
out-of-core radiation fields. In design it is very similar to Tomari-2 and sufficiently similar
to UK EPR to allow direct comparison, Ref. 141. | spoke to the commissioning staff at
Tomari-3 last October, who said that zinc is having a beneficial effect. Data from Tomari
commissioning already suggests some benefits but the picture is far from complete until
reports from the core offload in January 2011 are available, later in 2011.

Overall, I am content that evidence for the benefit of depleted zinc addition exists and that
it should help to control doses near the RCS in UK EPR. Zinc is now being added to
many dozens of PWRs world-wide and no safety issues have arisen from its use. | am
content that a level of 5 to 15 pg kg™ depleted zinc will not adversely affect UK EPR
safety, provided specifications for pH and other solutes including silica and nickel are
observed. However, | find that the extent by which doses are reduced by 10 ug kg™ zinc,
in comparison with other dose control measures, and the amount of zinc needed is still
unclear. The Licensee will need to monitor the application of zinc compared to the
benefits claimed by EDF and AREVA for the specified zinc injection profile. This should
be used to analyses the performance of the zinc injection programme on a cycle by cycle
basis to allow feedback into the plant specific chemistry programme. This is also part of
assessment finding AF-UKEPR-RC-13.

Page 105



Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

4.2.6.3
504

505

506

507

508

509

42.6.4
510

Controlling Zinc Addition
The zinc addition system in UK EPR is described in Section 4.2.2.3.

After adding zinc for the first time, it would take some time for zinc to coat surfaces evenly
and for concentrations in the coolant to become steady. Zinc is so easily absorbed onto
metal surfaces and the CVCS resins, that sampling and measuring its presence at pg kg™
levels is difficult. Section 4.2.9 of this report covers the difficulty measuring zinc addition.

EDF and AREVA recommends 5 to 15 ug kg* zinc for UK EPR and has variously
advised that the key parameters for planning zinc addition are:

e The zinc concentration multiplied by the number of months of zinc addition, in ppb-
months. This parameter is convenient to compare different plants and to assess the
efficiency of Zn dosing.

e The total number of kilograms added (about 10 kg for effective passivation of a typical
PWR). This is an important parameter, especially for procurement.

These specifications are different because the number of kilos needed does not
correspond directly to ppb-months due to factors such as the CVCS clean-up rate and the
surface area to be treated. Neither parameter is suitable for monitoring zinc addition on a
daily or weekly basis.

The zinc concentration may seem a more useful parameter, but it would theoretically be
possible to keep adding zinc in large quantities, if a significant sink existed, in order to
maintain a particular set concentration. The only limitation would be the manual effort of
recharging the zinc feed system, which is small. | believe the mass of zinc added and the
concentrations of corrosion products could be better comparisons of zinc effectiveness,
especially between plants of different design. The ppb-month is plant-specific.

Due to changes in the coolant during start-up and shutdown, it is normal practice not to
add zinc until after the cycle has started and to stop a day or so before shutdown, Ref.
148.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the zinc
assessment are:

e Zinc is now being added to many dozens of PWRs world-wide and no safety issues
have arisen from its use. | am content that a level of 10 + 5 ug kg™ depleted zinc will
not adversely affect UK EPR safety provided specifications for pH and other solutes
including silica and nickel are observed. | have identified a number of findings for the
licensee to ensure that zinc addition and its effects are adequately controlled.

e The addition of zinc has been shown to be beneficial for the reduction of out-of-core
radiation fields in many existing PWR and should also be beneficial to UK EPR.
Evidence for the precise scale of benefits expected in UK EPR specifically is weak,
but clearly any reduction should be beneficial even if lower than expected. The
Licensee will need to verify the benefit of low levels of zinc on corrosion release rates
from Inconel and stainless steels, and this is part of Finding AF-UKEPR-RC-13.

e | am content that negative side-effects of zinc addition can be controlled by the use of
depleted zinc. The effect of acetate on the fate of **C may depend on other chemistry
in the reactor and is not a fundamental safety concern with operation of the reactor.

e There are implications for Hot Functional Testing, discussed in Section 4.2.12
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When taken as a collective answer, the TQ and RO responses under this area add
significantly to the UK EPR safety case for zinc addition. | judge that the claims,
arguments and evidence as presented in this area appear reasonable and believe that
EDF and AREVA have made an adequate case to support GDA, but note several areas
where further work will be required by a future UK EPR Licensee.

Assessment Findings

Based upon the assessment of zinc addition in UK EPR described in Section 4.2.6
above, | have identified the following Assessment Finding which needs to be addressed,
as normal regulatory business, either by the designer or by a future Licensee, as
appropriate, during the design, procurement, construction or commissioning phase of the
new build project:

AF-UKEPR-RC-14— The licensee shall justify limits for silica, iron and nickel in the
primary circuit of UK EPR which restrict zinc dosing and include evidence for their

adequacy. This Assessment Finding should be completed before zinc is applied to
the reactor with nuclear fuel present. Target Milestone — Initial criticality.

GDA Issues

Based upon the assessment of zinc addition in UK EPR described in Section 4.2.6
above, | have identified no Reactor Chemistry GDA Issues in this area.

Assessment — Hydrogen Dosing

Most PWRs in operation today dose their primary coolant with hydrogen gas to control
corrosion and radiolysis. In normal operation of any PWR, hydrogen is dosed into the
primary coolant in small quantities to a) suppress oxidising species production in the core
and b) help prevent cracking of Inconel alloys. My assessment of hydrogen addition in UK
EPR was supported by TSC contracts, whose reports are in Refs 137, 138, 149 and 150,
including a specific review of the UK EPR hydrogen controls and dosing systems.

The concentration of hydrogen in the circuit is set by the rates of addition plus any
generated by corrosion, minus the rates of hydrogen loss by degassing, diffusion and
radiolysis. The minimum RCS hydrogen concentration specified by EDF and for UK EPR
is 17 cm® kg™ during normal operation. At the start of Step 4, the upper target figure for
hydrogen was 35 cm® kg™ (Ref. 172) but in March 2011, this was reduced to 30 cm® kg™
in Ref. 105.

The capability of the UK EPR systems to support the target levels of hydrogen is
presented in Section 4.2.2.2.3. | concluded that the design of UK EPR would be capable
of maintaining this range of compositions. Section 4.2.2.3.3 of this report assesses
systems for physical degasification in UK EPR. The addition of peroxide for chemical
degasification is assessed in Section 4.2.11 of this report.

The effects of the loss of hydrogen or an incorrect hydrogen level occur over different
timescales:

e Hours — atotal loss of hydrogen feed will cause the release of a large amount of
corroded material (including cobalt) into the coolant circuit. This has been known to
result in a core flux anomaly within hours, presumably as a result of solids
precipitation. This would necessitate in either restoration of hydrogen or an orderly
shutdown by the operators.
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e Days — operation with insufficient hydrogen risks formation of an explosive mixture of
hydrogen and oxygen in the pressuriser due to radiolysis.

e Years — the timescale over which Inconel 690 may develop cracks is believed to be
years or decades, since no cracks of chemical origin have ever been seen in service.

This assessment area concerns the justification for the target range, drawing together the
effects on radiolysis and integrity.

Effects of Radiolysis

One of the primary safety functions of hydrogen addition is the suppression of radiolysis,
the radiolytic breakdown of water into oxygen and hydrogen that takes place in the core.
The addition of extra hydrogen has the effect of promoting the back-reactions that
suppress oxygen production. Since oxygen is bad for high-temperature corrosion and the
potential creation of flammable mixtures, these are good enough reasons to add
hydrogen to the coolant of any PWR. Theoretically a very low concentration of hydrogen
is capable of preventing radiolysis ~ 1 cm?® kg™, but this would be an inconveniently low
level for control and may not account for any boiling in the core. There is also evidence
that crud behaviour can be modified once hydrogen gets much below 10 cm?® kg™, so for
this and other reasons, | consider the absolute minimum practical hydrogen
concentration to be 10 cm® kg™ (Refs 137 and 138).

In response to RO-UKEPR-44.A1 (Ref. 13) EDF and AREVA present their arguments
and evidence for the minimum UK EPR hydrogen concentration of 17 cm® kg™. This value
exceeds the minimum required to suppress radiolysis (1 cm® kg™) plus an additional
allowance to account for any sub-cooled boiling in the core (to 10 cm® kg™). EDF and
AREVA expect that even with 10% void fraction (higher than UK EPR) in the boiling
region at least 80% of the dissolved hydrogen remains in the coolant phase. | am content
that the minimum level specified for UK EPR is adequate for radiolysis suppression;
however the control bands needed for corrosion may well be higher and will need careful
consideration by the future Licensee.

Effects on Corrosion

The primary function of hydrogen in corrosion control, is to help prevent stress corrosion
cracking (SCC) of stainless steels. There is a well-known synergy between SCC and
dissolved oxygen and chloride levels for sensitised and unsensitised stainless steels, Ref.
30. The addition of hydrogen suppresses oxygen formation and hence cracking.

Hydrogen is also beneficial in controlling SCC in nickel alloys, although less significantly
than for the stainless steels. It is often quoted, that high levels of hydrogen (> 50 cm® kg™)
suppress crack growth rate and lower levels suppress crack initiation. This applies to
Inconel 600 and not to Inconel 690. Since Inconel 690 has never been known to crack in
nuclear service, there are no reliable data on which to base levels or limits for control of
cracking of Inconel 690. There are small quantities of other Inconels in UK EPR, such as
X750, for which hydrogen addition would still be beneficial, Ref. 142. At present there is
no agreement on the optimum level of hydrogen concentration in PWRs with Inconel 690
steam generators for control of crack growth; although it is known that some hydrogen is
beneficial. As a result, EDF and AREVA do not claim hydrogen addition for material
integrity (cracking) control in UK EPR and hence the lower normal maximum level of 30
cm® kg™. Recognising the number of reactors (in USA, Europe and Japan) that follow
guidelines which allow higher hydrogen levels (up to [l cm® kg™), the action levels for
UK EPR will probably remain at the current EPRI limits (Ref. 27).
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In their response to RO-UKEPR-44.A1 (Refs 172 and 51), EDF and AREVA claim that
the material choices for UK EPR (i.e. Inconel 690) means that operation in the specified
UK EPR range of 17 to 30 cm® kg™ is acceptable from a material integrity point of view.

There remains controversy amongst experts as to the exact mechanisms whereby
hydrogen controls crack initiation and crack growth in Inconels. Recent work suggests the
actual hydrogen concentration used previously has not been optimal in terms of nickel
solubility. This has the effect of potentially affecting the degradation rate of nickel based
alloys in UK EPR. Therefore many experts now recommend that operating units change
either to higher or to lower concentrations of hydrogen, than those used historically. Since
reducing the hydrogen concentration to reduce crack growth rates in cooler parts of the
reactor is not really feasible, as this may be below the level needed to suppress
radiolysis, the US position is that the dissolved hydrogen should be increased to reduce
crack growth rates. This is the basis of the EPRI recommendation to operate towards the
top of the existing hydrogen band (at | Bl cm® kg™) and for the original US plants
to eventually further raise hydrogen concentrations, possibly to 70 to 80 cm® kg™ H,. As
discussed in Section 4.2.2.2.3, such high levels are not possible in UK EPR.

Recent work implicating hydrogen as a cause of cracking in highly-stressed materials at
low temperatures, Low Temperature Crack Propagation (LTCP), is discussed in the
Sections on Integrity (4.2.4), Start-up and Shutdown Chemistry (4.2.11.3). In summary, |
do not expect LTCP to arise from normal operations, but should be considered as part of
shutdown planning. While the upper band of the UK EPR range appears consistent with
current plant experience in Inconel 690 plants, experience at the lower end of the UK
EPR band is sparse. The main driver for UK EPR in this regard is minimisation of
radioactivity, discussed below. There appears little evidence to support moving the lower
band from a materials integrity perspective. | consider this to be an Assessment Finding
AF-UKEPR-RC-15.

M5® fuel cladding suffers 60% less corrosion under primary circuit conditions in the
presence of hydrogen. However, without hydrogen in the coolant, the corrosion of M5®
would be worse than the Zircaloy-4 it supersedes. For cladding, the presence of
hydrogen is thus beneficial up to the concentration at which hydriding occurs. At very high
hydrogen concentrations, hydrogen is absorbed by zirconium to form a brittle hydride.
Higher values (50 — 80 cm® kg™) may create more crud and might cause hydriding of the
fuel. Since this would damage the fuel, this is the main reason for the upper limit on
hydrogen in the coolant. | have not seen evidence for the performance of M5® above 50
cm® kg™ hydrogen, although | note that EDF and AREVA currently do not intend to run
EPR with this level of hydrogen. EPRI is conducting a series of tests on the possibility of
"cliff edge" effects from high H,, Ref. 138. As hydriding occurs mainly by the corrosion
reaction this is not anticipated to be a problem in M5® fuel in normal operations. On the
basis of current knowledge therefore, the maximum hydrogen level for fuel protection
should be less than 50 cm?® kg™.

Effects on Radiation

EDF and AREVA believes that a hydrogen level between 17 - 30 cm® kg™ is needed to
limit general corrosion and nickel release from Inconel 690 for the control of ORE, TQ-
EPR-902 (Ref. 8). Higher hydrogen concentrations tend to increase the solubility of nickel
ferrite, NiFe,O, + 6H" + H, — Ni*" + 2Fe?" + 4H,0, but decrease the solubility of nickel
metal, Ni + 2H* — Ni** + H,.

It is still not clear which will be the dominating factor for UK EPR but the very limited data
in the literature would suggest that lower hydrogen concentrations (25 to 40 cm® kg™)
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result in decreased *®Co, which would be beneficial. It is this effect that EDF and AREVA
claim as the main reason for specifying a low hydrogen level for UK EPR (in response to
RO-UKEPR-44.A1 (Refs 172 and 51) and RO-UKEPR-46.A2 (Ref. 161). EDF and
AREVA believe it is desirable to limit dissolved hydrogen in the core to below 20 cm?® kg™
to minimise transport and deposition of corrosion products, such as nickel. EDF and
AREVA cite the apparent rise in soluble *®Co activity with increasing H. at the Beznau
reactor as evidence that increasing H, leads to increased soluble activity. However, the
scatter in the data is large and they gave no statistical analysis of the data, which could
be well within ‘normal’ variations. They also cite a reduction from 29 to 26 cm® kg™ at
Tsuruga, but the ability to discern a real effect from such a small change is extremely
difficult. Whilst some of the published literature suggests that minor adjustments of
hydrogen (as little as 5 cm?® kg™) have an effect; | do not believe this to be the case when
operating at the upper end of the operating band suggested for UK EPR, however the
same may not be true at the lower end. The operator of any PWR needs to decide what
the band of acceptable operation will be, where that band may vary by up to 15 cm® kg™.
Plant and theoretical data do not justify closer control than this.

The mechanisms by which hydrogen acts to control the deposition of crud in the core are
complex and my TSC questioned some of the arguments put forward by EDF and
AREVA regarding the amount of nickel metal dissolved in the coolant in Ref. 161.
Theoretically, decreasing the hydrogen concentration should increase the amount of
nickel dissolved in the coolant (Ref. 138) and may help to reduce in core deposition of
crud as a result, however the evidence for the effect of dissolved hydrogen on nickel
deposition within the core is weak below 26 cm?® kg™ of dissolved H,.

On the balance of these effects, EDF and AREVA would prefer to operate UK EPR at
less than 20 cm® kg™ but above the minimum required for radiolysis, 10 cm® kg™
However as there is no plant experience at such low value EDF cite the minimum levels
recommended by the VGB guidelines (Ref. 29) of [l cm° kg* and MHI |l cm®
kg'l, see Section 4.2.4.2. It is notable that these are minimum values, not typical, and the
VGB guidelines refer to plants with Alloy 800 not Inconel 690 as in UK EPR. This is part
of Assessment Finding AF-UKEPR-RC-15.

Other Effects

Hydrogen should not be deliberately added in such large quantities that it causes other
hazards elsewhere in the reactor. In addition to getting hydrogen into the reactor, it is also
necessary to get it out and avoid flammable gas mixtures developing at power or during a
shutdown, or if too much hydrogen is created by radiolysis. | raised TQ-EPR-086, 491
and 615 (Ref. 8) covering the hazards from excess hydrogen.

Whilst there are a number of large vessels and ullage spaces in UK EPR, EDF and
AREVA have taken care to specify nitrogen purging systems and hydrogen control
technology to minimise flammability risks. These include the following precautions:

e All pipework has a nominal gradient of 2% or greater with a vent at the top.

e The gaseous waste-processing system flushes all vessels in which coolant
degasification could occur with nitrogen, to limit the hydrogen concentration to below
4% by volume, see Section 4.5.1.

e There are no gaseous buffer tanks connected directly to the reactor.
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e Most of the gaseous waste-processing system works at a slightly reduced pressure to
prevent hydrogen leakage into rooms and the allowable leakage is one millionth of an
atmosphere-litre per second.

e The inventory of the hydrogenation station in UK EPR is lower than the VCT inventory
of earlier designs of PWR and procedures are specified to flood it when not in use.

¢ The room containing the hydrogenator is equipped with hydrogen gas detectors linked
to an automatic supply shut-off.

e The pressuriser has its own gas vent in addition to the on-line degasifier in the CVCS.
e Ventilation of the pressuriser room has a backup ventilation system.

e The VCT is continuously purged with sufficient nitrogen to keep hydrogen below 4%
even with maximum ullage.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
primary circuit hydrogen addition are:

e Hydrogen is an important additive to the coolant of any PWR, maintaining the correct
chemistry for controlling corrosion and the build-up of flammable mixtures by
radiolysis.

e EDF and AREVA have proposed a low minimum hydrogen concentration of 17 cm?®
kg™. The low operating band for hydrogen in UK EPR was based mainly upon
radioactivity transport concerns. The lower end of this band is outside much of the
operating experience of reactors which have Inconel 690 tubing.

e While EDF and AREVA have considered the main impact of hydrogen concentration,
at the present time | do not consider there is sufficient evidence to justify a change
from the current levels of hydrogen outside known bands. Most reactors with Inconel
690 steam generators operate at lower hydrogen concentrations in the normal range
of about 30 - 40 cm® kg™. The debate over optimum hydrogen levels for control of
cracking arises from experience with Inconel 600 in older PWRs and should not apply
in the UK EPR. At the present time, | do not consider there is sufficient evidence to
justify a change from the current levels of hydrogen and | would not support changes
from the current operating bands. | have raised this as an Assessment Finding.

e EDF and AREVA have not claimed that hydrogen is necessary to control cracking in
Inconel 690, but | do not believe that they have proven that hydrogen (or lack of) does
not affect it.

When taken as a collective answer, the TQ responses under this area add significantly to
the UK EPR safety case for hydrogen. | judge that the claims, arguments and evidence
as presented in this area appear reasonable and believe that EDF and AREVA have
made an adequate case to support GDA.

Assessment Findings

Based upon the assessment of hydrogen chemistry in UK EPR described in Section 4.2.7
above, | have identified the following Assessment Finding which needs to be addressed,
as normal regulatory business, either by the designer or by a future Licensee, as
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appropriate, during the design, procurement, construction or commissioning phase of the
new build project:

AF-UKEPR-RC-15- The Licensee shall generate evidence for the optimum band
for hydrogen concentration in a reactor with Inconel 690 steam generators. Such
reactors normally operate within a narrower band of about 30 to 40 cm® kg™ and
there appears to be little data to justify concentrations below around 25 cm? kg™.
The analysis should include a fuller analysis of the effects of hydrogen levels on
Inconel 690 and stainless steels in UK EPR specifically. This Assessment Finding
should be completed before hydrogen is first applied to the reactor. Target
Milestone — Hot Ops.

GDA Issues

Based upon the assessment of hydrogen chemistry in UK EPR described in Section 4.2.7
above, | have identified no Reactor Chemistry GDA Issues in this area.

Assessment — Control of Safety System Chemistry

A number of connected systems are important to the safe operation of the primary circuit.
During normal operations and postulated accident scenarios provisions must be made
within the reactor design to remove heat and maintain the core inventory and boron
concentration. Chemical specifications for all circuits that interface with the primary
coolant must be fully compatible with the primary coolant, both in terms of the water
chemistry specification and particularly boron and impurity limits.

The UK EPR features a number of such systems. The main systems for which boronated
coolant must be supplied are (from Ref. 172):

e Boric acid tanks (RBWMS)

e Safety boration system tanks (EBS)

e Primary circuit (RCS) and auxiliary circuits (CVCS and RHRS)
e Safety Injection System (SIS) accumulator

e Fuel pool

¢ In-Containment Refuelling Water Storage Tank (IRWST)

Before starting up the reactor, the RBWMS and EBS tanks would be charged with boron
at 7,000 mg kg™ at the expected enrichment for UK EPR. The other vessels listed above
would be charged with boron (EBA) of the same enrichment with the concentration
specified for cold shutdown and refuelling “Cgre”. Chemical analysis for enrichment
requires special equipment that the Licensee will need to provide for UK EPR. Supplies of
boric acid sometimes have high fluoride contents but EDF and AREVA do not normally
relax the fluoride specification for these vessels, Ref. 148. The following figure (adapted
from Figure 1 in Ref. 172) shows the distribution of boron at start-up:
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Figure 15: Boron Distribution at Start-up in UK EPR

As described in Section 4.2.2, the concentration of boron and enrichment changes in
many of the various tanks and vessel during the cycle as coolant volumes are used,
recycled and replenished. Notable exceptions to this are the SIS accumulators and EBS
tanks which are held at a constant concentration and volume throughout all of the cycle.
The control of boron throughout the plant is part of Assessment Finding AF-UKEPR-RC-
04.

SIS/RHRS system

The Safety Injection System / Residual Heat Removal System (SIS / RHRS) is described
in the PCSR (Ref. 11, Section 6.3). The UK EPR SIS / RHRS is a combined system
providing safety injection and removal of residual heat from the reactor. The SIS / RHRS
consists of four separate, independent trains, each of these trains being able to inject
borated water into the primary circuit by means of an accumulator and pumps via an
outlet heat exchanger. The system also provides controlled heat extraction from the
primary circuit in shutdown mode through one of the pumps and the heat exchanger.
Various alternative configurations of this system are possible to handle a variety of
contingencies. The pumps are cooled by the reactor's Component Cooling Water System
(CCWS).
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The accumulators are large volume pressurised tanks containing borated water. These
inject into the cold legs of the primary loops.

The RHRS pipework should normally be flushed after use to remove any lithium and filled
with fresh boronated water, so that they cannot cause a reactivity insertion when
switched back on or change the RCS pH during shutdown use.

IRWST and Safety Injection System

The In-containment Refuelling Water Storage Tank (IRWST) is described in the PCSR
(Ref. 11, Section 6.3). The IRWST contains a large quantity of borated water for use
during refuelling. It also serves to collect water from the reactor containment in the event
of an accident. The IRWST pool acts as a water reserve for the SIS, the Containment
Heat Removal System (CHRS) and the CVCS. It also ensures that the area of the
containment floor provided for corium spreading is cooled in the event of a severe
accident. Filters and anti-clogging devices protect the IRWST and CHRS pumps from
transport of debris during postulated accident conditions.

In TQ-EPR-162, | asked EDF and AREVA what provision had been made to ensure that
boric acid vapours from the IRWST did not cause corrosion in the reactor building. They
replied that this had been considered in the design of UK EPR, as follows:

e The potential for condensation was limited by the two-room ventilation concept to
certain areas at power. These would be painted with a corrosion-resistant coating and
gathered by a system of drains to a stainless lined sump. In shutdown, all areas
would be ventilated (by the EVF) so that condensation would not occur.

e There will be three types of protective paint used, one for cool surfaces, one
permanent coating for smaller hot components and one temporary coating for large
vessels. Condensation on large hot vessels (like the RPV) is not expected by EDF
and AREVA.

The IRWST can be filled from either the RBWMS system or by blending from the boric
acid mixing tank and demineralised water supply.

Whilst depletion of the boron enrichment does not occur in the IRWST during power
operation, depletion can occur during shutdown when the RCS is re-filled. In this case,
EDF and AREVA have made provision to adjust the isotopic ratio at the end of the cycle,
prior to RCS filling operations, to avoid boron depletion in the IRWST. EDF and AREVA
say this can be achieved either from the RBWMS or directly from the boric acid mixing
tank.

The IRWST can be affected by natural evaporation, decreasing the level and increasing
the boron concentration. In that case, the level can be topped up with demineralised
water, after which the boron concentration would be checked, Ref. 172.

If the water in the IRWST becomes contaminated, it may be necessary to completely
drain the pool. The IRWST can be drained to the extra liquid radwaste discharge system
(EXLWDS) tanks either via the purification or bypassing the purification chain. The
IRWST then can be refilled in the normal manner. Radioactivity in the IRWST is
discussed in Section 4.2.8.

The safety injection accumulator SIS will be filled from the IRWST pool.

Generally, | find these systems satisfactory from a chemistry perspective. The procedures
produced by the Licensee will need to take account for the location of the IRWST being
within containment.
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EBS

The Extra Borating System (EBS) is described in the PCSR (Ref. 11, Section 6.7). This
system consists of two separate independent trains, each able to inject borated water into
the primary circuit at high pressure. Each of the EBS trains consists of a borated water
tank, a positive displacement pump and two lines of injection into cold legs, via the SIS
injection lines. The EBS would be charged with EBA direct from the boron mixing tank,
thus avoiding the possibility of introducing depleted boron.

Permanent Gases

Permanent gases should be excluded from places where they may act as siphon breaks
or even create flammable mixtures. Air intrusion occurs normally during refuelling and
maintenance activities and can result from interruptions to power midway through liquid
transfers. Section 4.2.11 of this report covers activities taken to eliminate air during
reactor restart. Radiolysis can also produce flammable mixtures of hydrogen and oxygen
and the prevention of flammable gas mixtures is assessed in Section 4.2.2.2.4 of my
report.

A siphon break could halt some cooling flows and gases could stall the RHRS pumps and
for this reason a vent has been provided on the RHRS pump suction leg, TQ-UKEPR-136
(Ref. 8).

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
safety systems chemistry assessment are:

e The design of UKEPR incorporates a number of auxiliary and safety systems, all of
which need monitoring and appropriate chemical analysis to ensure boron levels are
maintained and corrosion is avoided.

e The decision to use a single enrichment of boron (EBA) in safety systems and
throughout UK EPR is appropriate. The enrichment to be used for UK EPR will be
dependent on the eventual core design and is not decided yet.

e The control of boron itself is a finding under the CVCS section of my assessment,
because the CVCS performs many of the functions needed to control boron in the
safety systems.

e In other parts of my assessment, | have referred to the need to monitor impurities for
their corrasion potential (like fluoride or iron) and I this applies to the safety systems
also.

When taken as a collective answer, the TQ responses under this area add significantly to
the UK EPR safety case for safety systems chemistry. | judge that the claims, arguments
and evidence as presented in this area appear reasonable and believe that EDF and
AREVA have made an adequate case to support GDA.

Assessment Findings

Based upon the assessment of safety systems chemistry in UK EPR described in Section
4.2.8 above, | have identified no Assessment Findings which need to be addressed, as
normal regulatory business, either by the designer or by a future Licensee.
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GDA Issues

Based upon the assessment of safety systems chemistry in UK EPR described in Section
4.2.8 above, | have identified no Reactor Chemistry GDA Issues in this area.

Assessment — Sampling Systems

As described in the previous sections, the primary chemistry of UK EPR is important to a
number of safety-related aspects of the design. As such, proper control and maintenance
of the desired operating chemistry is important and the first step in achieving this is to
representatively sample and analyse the coolant. It is clear therefore that any sampling
system must be designed, and operated, in a manner consistent with the needs for the
safe and reliable operation of the plant. The sampling system must also provide data of
the necessary quality and quantity during all modes of reactor operation, including
shutdown and accident conditions to enable proper recovery and operator actions. A
poorly designed or implemented sampling system could result in at best, delays in or at
worst, unrepresentative sampling of important chemical parameters.

Assessment of the UK EPR primary sampling capabilities began during Step 3 and
continued during Step 4. The overall assessment objective was to demonstrate that the
UK EPR has adequate sampling capabilities and capacity to support safe operation of the
plant during all modes of operation. Many of the details regarding operation of the system
will not be available, and will only become available as operating procedures are
developed; hence the focus for GDA was mainly centred on ensuring that there were no
fundamental design concerns with the systems. Overall, at the end of Step 3, | was
content with the general approach demonstrated for UK EPR in the design of the NSS.
Information regarding the intended operation of the system and hence its suitability to
provide the chemistry functions was the main focus of the assessment during Step 4.

My assessment of sampling systems has been informed by a TSC contract, which
specifically reviewed the UK EPR design (Ref. 37). In addition the LCC4 annual report
provides information on primary sampling (Ref. 38).

NSS Overview

The UK EPR includes a comprehensive and systematic sampling system as part of the
Nuclear Sampling System (NSS) as described in Section 9.3.1 of the PCSR (Ref. 11).
This system is subdivided into those parts which sample the RCS and primary auxiliary
systems (NSS) and the Steam Generator secondary side sampling system (RES). As part
of the secondary circuit, the RES is assessed in Section 4.4.4. The NSS SDM contains
more information on the system design (Refs 39 and 40).

The NSS consist of a number of sample locations in the primary and auxiliary circuits,
namely the RCS, RHRS, CVCS, SIS (including sampling of the IRWST), CSTS, RBWMS
and Fuel Pool Purification System (FPPS), which are routed to a common collection
point. The system has the capability of sampling both liquids and gases for a number of
reasons including; monitoring of core reactivity, fuel clad integrity, clean-up system
performance and chemistry parameters. Systems are in place to condition the sample
streams to the required temperatures and pressures for sampling or analysis. The system
also provides a number of on-line measurements, including; boron, conductivity (for
determination of lithium), hydrogen, oxygen, nitrogen and primary coolant activity. Other
parameters are measured as required by manual methods. Provisions are also made to
sample from a number of local ‘grab’ sample locations, including some that require
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specific sampling provisions (such as local enclosures) due to activity. EDF and AREVA
state that the NSS must be available for monitoring of the primary coolant during all of the
plant operating conditions.

The entire NSS is fabricated from stainless steel of restricted cobalt content to limit ®°Co
concentration disturbances in active samples.

As the NSS is used to sample during all plant states TQ-EPR-777 (Ref. 8) was raised to
understand the expected frequency of sampling in UK EPR. EDF and AREVA claim that
the system has been designed considering the representativeness of samples, sampling
conditions, ORE, sampling frequency and analysis requirements. The response provides
a comprehensive description of the expected (to be confirmed by Licensee in fully
developed chemistry specifications) sampling types, frequencies and analysis in relation
to the UK EPR NSS design. Significant comfort can be taken from the information
presented as this underlines the detailed consideration that has been put into the system
design from a chemistry perspective.

Reactor Coolant System Sampling
The RCS has three main sample lines, which operate continuously:

e RCSloopl-hotleg
e RCSloop 3 - cold leg (cross over pipe)
e Pressuriser - liquid phase

Lines extracting samples from the primary circuit operate continuously to ensure samples
are representative. Sample flow rates are in the order of 300 litres hr per line.

Each primary sampling line has a solenoid valve plus a check (non-return) valve for
isolation. Sample lines from the primary side are cooled by heat exchangers (cooled by
CCWS and also Chilled Water System (DER)), initially to temperatures of around 50 °C.
The first stage cooler is located within the fuel building, thus minimising sample transit
times at high temperatures and the potential for deposition in lines. The second stage of
cooling takes place before the on-line meters or prior to grab sampling. Similarly, EDF
and AREVA claim that the sample flow rate and routing has been considered to ensure
particulate sedimentation in the sample lines is minimised, with Reynolds numbers of >>
2,300 calculated (i.e. turbulent conditions).

The RCS NSS samples are directed towards the nuclear sampling room located in the
auxiliary building. This room contains the on-line monitors and includes the boron and
conductivity meters which are used for automatic control of the primary side pH. The
room also includes three separate glove boxes for grab sampling of primary effluents,
depending upon their origin and activity level, with the RCS samples passed to the most
active “active primary liquid sample glove box”. In essence the NSS works by optionally
directing a portion of the extracted coolant sample to the on-line meters or to a glove box
for grab sampling. The system is configured in such a way that any sample point can be
directed to any on-line meter. The glove box is attached to the nuclear ventilation system
via permanent iodine filters.

The excess sample not analysed or ‘clean’ waste after sampling is recycled by directing it
to a separate buffer tank before recycling and re-injecting it as close as possible to the
sampling point, thus minimising effluent production. The buffer tank is sized to accept five
lines operating continuously at the nominal flow rate. The Primary grade fluids are
injected back into the CVCS, upstream of the demineralisers, while contaminated
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samples are sent to the chemical drain tanks of the Nuclear Auxiliary Building. The gas
phase above the buffer tank is purged by the Gaseous Waste Processing System
(GWPS), which is assessed in Section 4.7.1.1. The pumps used to pass the effluent back
to the CVCS are canned to avoid leakage. In order to avoid CVCS flow transients the
back feed of samples is operated continuously based upon the buffer tank level.

The glove box features a system for degassing the coolant in order to analyse separately
either the dissolved gases, or the degassed liquid. Dissolved noble gases are the primary
dose contributor in liquid RCS samples. Off gas not analysed is directed towards the
buffer tank headspace.

The main RCS NSS is shown in the figure below, including some of the associated
primary auxiliary sample lines (Ref. 39):

Figure 16:UK EPR Nuclear Sampling System

No details are provided on the boron measurement system in the NSS, except that a
neutron absorption measurement system will be used (similar to the CVCS meters). The
NSS boron meter is used for isotopic control, primary coolant Li-B coordination and
during accidents to evaluate the RCS boron concentration (See also Section 4.2.2.2.1,
which discusses the use of CVCS boron meters for dilution control). The hydrogen and
oxygen meters are common technology which has been used extensively in PWRs.
Similarly, the nitrogen meter is standard technology, but its use in UK EPR is novel and
results from the use of nitrogen cover gas on a number of tanks and vessels, including
the VCT. Dissolved nitrogen is a potential source of e (as discussed in Section 4.3.2.4)
and of ammonia (see Section 4.2.2 covering the CVCS).

The on-line lithium measurement in the NSS uses a conductivity measurement technique,
which is novel to the UK. Results from this measurement are used to inform the primary
circuit pH control regime and control the automatic injection rate of lithium hydroxide by
the CVCS. TQ-EPR-776 (Ref. 8) was raised to request further information and
experience of this technique. The response indicated that the use of such measurements
to monitor lithium concentration is not uncommon to French PWR operations, especially
during load following, and has been validated at the EDF Tricastin 2 plant (900 MW,).
Algorithms in the sensor calculate the lithium hydroxide concentration including the
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effects of boric acid dissociations and impurities on the measurement. Back-up
measurements can be taken using grab sampling. Based on the evidence presented, |
am content that the system should be capable of lithium determination under primary
coolant conditions provided stable temperature regulation can be achieved. Further
consideration may need to be given to the effects of EBA on the analysis, but this should
be straightforward.

TQ-EPR-1235 (Ref. 8) queried the potential risks associated with the automatic injection
of lithium hydroxide proposed for UK EPR. Based upon the measured concentration of
lithium in the NSS the CVCS injects further lithium hydroxide until the difference between
measured and required values is reduced (< 0.04 mg kg®). Control room alarms are
triggered when large differences are detected. The main risk is associated with
overdosing and the impact of this on fuel cladding, especially at beginning of cycle when
lithium is already at its highest concentration. EDF and AREVA calculate an increase in
RCS lithium of 0.66 mg kg™ should the CVCS injection continue unabated at maximum
flow for 20 minutes, which would be sufficient to trigger the alarms; this indicates that the
system could breach an operating limit within 1.5 hours at beginning of cycle. Normal
chemistry control procedures for the CVCS can be used to reduce overdosing of lithium. |
consider the risks posed by this arrangement to be minimal, and similar to manual
dosing, and adequately controlled by the design.

The addition of zinc to the UK EPR primary coolant is discussed in Section 4.3.5. An
important consideration with any additive made to the primary coolant is the capability to
accurately control the addition. TQ-EPR-775 (Ref. 8) specifically requested evidence to
support this for UK EPR, particularly considering the low concentrations dosed. The
response provided a combination of operational experience and theoretical sampling
practice. EDF and AREVA cite EPRI (Ref. 41), IAEA (Ref. 21), EDF and international
OEF in the design of the UK EPR sampling systems. Zinc sampling in UK EPR will be
undertaken from the CVCS sampling lines, due to variability in results from other
sampling locations. Much of the response is related to corrosion product sampling which
is not directly relevant to Zinc sampling, however based upon the balance of information
presented in this and other TQ responses, | consider that an adequate case has been
made to support the claim that accurate zinc management within the RCS of UK EPR is
possible.

Some PWRs have a sample point which allows collection of the vapour phase in the
pressuriser. This allows monitoring of hydrogen, other non-condensable gases and
fission products which collect in the gas phase. UK EPR does not have such a sample
point as part of the sampling facilities available to the operator. As described in Section
4.2.11, UK EPR will operate with monophasic start-up and has a normal and large flow
purge for the pressuriser gas phase. These features should minimise requirements for
sampling of the pressuriser gas phase, although a more specific justification for not
having the capability to sample the pressuriser vapour space in UK EPR is required,
especially given the operation of the CVCS VCT under nitrogen gas purge. | consider this
to be an Assessment Finding AF-UKEPR-RC-16.

Overall, 1 note that a number of beneficial features have been incorporated into the
design, such as effluent recycle provisions, sample isolations and ‘on-line’ measurements
for a number of important primary circuit parameters. The UK EPR RCS sampling design
makes extensive use of French and German ‘relevant good practice’.
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The NSS allows sampling from a number of locations in the primary auxiliary systems,
including the following samples:

e CVCS — upstream of purification and downstream of charging pumps

¢ RHRS - downstream of each RHRS heat exchanger (4 samples)

e CSTS — sampling of coolant storage tanks (6 samples); downstream of demineraliser,
e SIS — accumulator liquid (4 samples)

e FPPS - reactor building and fuel building purification loops; upstream and
downstream of filters

The CVCS lines run continuously to ensure representative sampling and operate on the
same principles as the main RCS samples lines described above (i.e. they can be
directed to the on-line meters and the grab sample glove box).

The RHRS samples are also integrated with the RCS samples, although they can only be
directed to the boron meter and the grab sample glovebox. Unlike the other samples
these are not run continuously in normal operations, but are used during shutdown when
the RHRS system is in operation. Via this means the primary coolant is monitored to
ensure the correct shutdown margin. Sampling can also be undertaken without the RHRS
in operation in order to confirm the correct chemistry before connection; in this case a
pump is used to draw the sample.

All other samples from the primary auxiliary systems are run on an intermittent basis,
when required by operations.

Active liquid samples from other primary sampling lines (e.g. certain CVCS or CSTS
points) and slightly active samples (from CSTS, CVCS, FPPS or the Fuel Pool Cooling
System (FPCS), SIS accumulators or the RBWMS) are directed to two further sampling
glove boxes within the nuclear sampling room. As with the RCS samples, these glove
boxes include manual degassing devices that allow samples to be obtained in their raw or
degassed state and they are attached to the nuclear ventilation system via permanent
iodine filters. Samples are sent to the waste drains rather than being recycled to the RCS.

The four accumulator samples are merged into a common line inside the reactor building
which passes through the containment boundary. The four accumulators are isolated
from each other by a valve in each sample line.

The measurement of representative corrosion product is difficult due to the interactions of
species and the oxide layers of the sample system, and also changes in corrosion
product solubility with coolant flow and pH. Within the PCSR, there is reference to
corrosion product sampling, albeit limited. Therefore, in light of corrosion product
sampling and its evolving practices within the field, further clarification was requested on
the systems suitability to monitor accurately corrosion products. TQ-EPR-778 (Ref. 8)
requested further information on this capability in UK EPR. TQ-EPR-775 (Ref. 8) also
contains information on corrosion product sampling in UK EPR. UK EPR has a specific
glove box, dedicated to the sampling of corrosion products in the various purification
systems, located in the nuclear auxiliary building. Samples can be taken from both
upstream and downstream of the CVCS and FPPS filters. The samples downstream of
the filters provide a comparison for the evaluation of the clean-up efficiency of the filters.
The desired corrosion product sample can be selected by opening of the appropriate
sample solenoid valve to start flow to the glove box. The sample line is purged to the
drains system for recycling before a sub-sample is tapped from the main sample line and
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passed through a filtering and flow totalising device over the sample drain from the glove
box. Effluent from the glove box sub-sample is sent to the chemical drains. The glove box
is attached to the nuclear ventilation system via permanent iodine filters. As with other
sample glove boxes, the location in the NAB means sample line lengths are minimised.

Up to half the corrosion-product in circulation could take the form of particulates in the
coolant. It is more difficult to obtain representative samples for particulates, because they
tend to flow in streamlines that can avoid sampling apparatus. When sampling corrosion
products the ability to isokinetically sample, or more commonly to sample in an isokinetic
type regime, should be considered. EDF and AREVA have not yet fully defined such
arrangements for UK EPR (TQ-EPR-778, Ref. 8). However, the design of the NSS
indicates that such a regime could be implemented relatively easily using the current
design, with many of the desired features, such as sub-sampling from a continuous high
flow sample, already available. A similar system used at the EDF Penly reactor has been
shown to operate satisfactorily (Ref. 41). A justification for the final design choices should
be provided, when made. | consider this to be an Assessment Finding AF-UKEPR-RC-
17.

Overall, the UK EPR facilities for corrosion product sampling appear comprehensive and
consistent with relevant good practice.

As for the primary coolant sampling capabilities, the UK EPR has made extensive use of
international OEF and good practice in incorporating a substantial and well developed
sampling system. The UK EPR design appears similar to, but often improved on, other
primary sampling systems, such as the successful system at Vandell6s 1l in Spain, which
also samples from the CVCS letdown line.

Post Accident Sampling

The NSS also functions as part of the Post Accident Sampling System (PASS) for UK
EPR. As described more fully in Section 4.6, in the event of an accident the atmosphere
of the containment may include radiolysis products (hydrogen and oxygen), steam,
particulates and radioactive fission products (noble gases, radioactive aerosols and
iodine). Analysis of the atmosphere can provide an indication of the temperature history
of the core during the accident and thereby provide information on the physical state of
the core. Early information concerning the extent of the damage and the conditions
prevailing in the containment after an accident is important for accident management
measures.

In a post accident situation, the containment isolation valves of the NSS are automatically
closed on a containment isolation signal. These can be re-opened as necessary to
sample the primary coolant for boron content, to measure the primary activity and to
determine the composition of the primary coolant fission products. Provisions exist for
diluting high activity samples ‘on-line’. In the event of an accident highly contaminated
samples can be routed back into the containment sump.

Generally, the arrangements described for UK EPR appear reasonable, however a
number of areas remain where | find that further information is required:

e Sample flow is normally maintained by the back-pressure of the sampled system. In
events where the RCS is depressurised, there does not appear to be any provision to
draw a sample. The SDM (Ref. 40) states; “Samples from the RCS can be drawn
during PCC 3 and 4 events as long as the primary circuit is pressurized to ensure a
sample flow in the NSS sample lines to the NSS rooms in the HNX". Where “PCC" is
the term used by EDF and AREVA for a Plant Condition Category.
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Whether hydrogen concentration in containment is monitored directly and if not, the
justification from an ALARP perspective. This is related to the Combustible Gas
Combustion Control System (CGCS), assessed in Section 4.6.3.

Overall, while the functionality appears reasonable, further information is needed on the
post accident sampling capabilities and procedures in UK EPR, particularly the
maintenance of sample flow and hydrogen monitoring listed in the preceding paragraph. |
consider this to be an Assessment Finding AF-UKEPR-RC-18.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of the UK EPR primary circuit sampling system are:

UK EPR features a dedicated and sophisticated sampling system for the collection of
representative samples for the primary and primary auxiliary circuits. The NSS
incorporates much relevant good practice, from both the German KONVOI and
French N4 PWR plants, and includes feature specific to the UK EPR design. Thus, the
systems for use within UK EPR are based on proven designs with many years
operating experience. Some of the positive features of UK EPR include:

i) Key functions to safeguard operator safety; for example *°N delay coils, thermal
cut-off measurements, activity protection, pressure let-down and relief, adequate
sample conditioning and use of conditioned and protected glove boxes.

ii) Consideration given to maximising sample representivity; for example, primary
coolers in close proximity to the sample point (this reduces the risk of deposition
and chemical reactions within the sample line downstream ensuring maximum
sample representivity) and specific features for collection of “difficult” samples
such as corrosion products and zinc.

iii) Increased on-line analysis for many important chemical parameters, such as
boron, hydrogen and radioactivity, with the ability to readily take off-line
measurements including degassed samples.

iv) Multiple, often redundant, sampling points compatible with all plant operating
modes and expected operational transients.

v) Recycled sample streams to reduce the radwaste associated with continuous
flowing samples.

Only a small number of minor concerns remain with the NSS, relating to sampling
from the pressuriser vapour phase, ‘isokinetic’ type sampling and sampling during
post accident states. | have raised findings to support these areas. Although some
areas have been identified, for GDA the specific design, system components, sample
availability and sample integrity are of greater importance. Overall | believe that EDF
and AREVA have considered the sampling requirements for UK EPR in the design of
the NSS, which should ensure successful sampling and subsequent ability to control
the plant chemistry during all modes of plant operation.

| judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.
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Based upon the assessment of the primary circuit sampling systems in UK EPR
described in Section 4.2.9 above, | have identified the following Assessment Findings
which need to be addressed, as normal regulatory business, by the Licensee, during the
design, procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-16 — The Licensee shall review the provision of a pressuriser
vapour space sampling capability. This Assessment Finding should be completed
before such facilities would be needed for nuclear safety but certain aspects may
need to be considered earlier, for example, prior to procurement of the affected
equipment. Target milestone — Mechanical, Electrical and C&I Safety Systems,
Structures and Components — inactive commissioning.

AF-UKEPR-RC-17- The Licensee shall consider the need for isokinetic type
sampling as part of the corrosion product sampling capabilities in the nuclear
sampling system. This Assessment Finding should be completed before the
sampling system installation is complete. This Assessment Finding should be
completed before Hot Functional Testing commences as such capabilities would be
needed during these activities, but may need to be considered earlier, for example,
prior to procurement of the affected equipment. Target milestone — Hot Ops.

AF-UKEPR-RC-18— The Licensee shall demonstrate the adequacy of the post
accident sampling capabilities in UK EPR. This Assessment Finding should be
completed before such facilities would be needed for nuclear safety but certain
aspects could be needed earlier, for example, prior to procurement of the affected
equipment. Target milestone — Fuel load.

GDA Issues

Based upon the assessment of the primary circuit sampling systems in UK EPR
described in Section 4.2.9 above, | have identified no Reactor Chemistry GDA Issues in
this area.

Assessment — Holistic Approach to Normal Operating Chemistry

In the preceding sections of this report | have assessed the impact many of the normal
operating chemistry parameters would have on fuel integrity, structural integrity, ORE and
radwaste in UK EPR including how much is added, how it is added and controlled, the
impacts of adding too much or too little and how these risks are mitigated in the design.
As has been described, the primary circuit chemistry of all PWRs is dictated by a number
of operational factors for which a balance must be struck to give the optimum
performance in terms of fuel integrity, structural integrity, ORE and radwaste. Over 50
years of commercial PWR operations have developed and refined these conditions to
those that are used today. This means that all (western) PWRs have adopted a primary
circuit chemistry regime based upon:

e Coordinated "LiOH / HsBOs to a desired pH based upon reactivity considerations.
¢ Maintenance of reducing conditions throughout the circuit.
e Minimisation of impurity ingress.

Plus, many operators are also now adding zinc, either for radiation field or integrity
concerns.
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While these overall chemistry controls appear relatively simple, small changes to any of
these parameters can have a pronounced effect on the safety performance of the reactor.
It is important therefore that the specifications made for one purpose do not negatively
impact on another and this section reviews the EDF and AREVA proposals for primary
coolant chemistry under normal operations to ensure a holistic approach has been taken.
It can be considered as a summation of the preceding more detailed assessments. These
parameters are part of a comprehensive chemistry control regime (SAP EKP3, Ref. 4)
that helps to minimise corrosion rates and lifetime corrosion losses, addressing SAP
EAD1 and EAD2, preventing fuel damage and limiting radioactivity.

As detailed earlier in my report, EDF and AREVA have indicated that they expect UK
EPR to operate with:

e A constant pHzg as early as possible in the fuel cycle, with a target value of pHzpo =
7.2. A maximum lithium concentration of JJJlill mg kg™ at Beginning of Cycle (BOC)
in combination with the use of Enriched Boric Acid (EBA) make this possible. These
aspects are assessed in Sections 4.2.2, 4.2.3, 4.2.4 and 4.2.5.

e A minimum hydrogen concentration of 17 cm?® kg'l, assessed in Section 4.2.7.

e Limitation of impurities to avoid localised RCS and fuel materials corrosion, assessed
in Sections 4.2.3, 4.2.4 and 4.2.5.

e Add zinc acetate to achieve 10 + 5 pg kg™ zinc, assessed in Section 4.2.6.

As described in Section 4.1.3, precise values for a number of these parameters are still to
be agreed for UK EPR and were not assessed during GDA, but EDF and AREVA are
already developing detailed operating plans for FA3 and | would encourage a Licensee of
UK EPR to take advantage of experience gained from FA3. Values of the main chemical
parameters for the primary circuit of UK EPR are tabulated below, based largely on
information provided by EDF and AREVA (in Refs 158, 159, 161 and 172 and the
consolidated GDA PCSR, Ref. 105) which were mostly provided originally in the
responses to regulatory observation actions RO-EPR-44.A1, A5 and RO-EPR-46.A2.
These values are divided into “control” and “diagnostic” parameters and information is
given on the expected values and the controlling limit values:

Parameter Expected Value Limit Value

Control Parameter

Total boron, mg kg™ Function of fuel management Function of fuel management
B mg kg™ Function of fuel management Function of fuel management
Lithium, mg kg'1 Lithium is coordinated with total boron to
give expected pHsgo 7.2
Sodium, pg kg™ <IN
Chloride, pg kg™ Ny |
Fluoride, pg kg™ <N
Sulphate, ug kg™ <IN
Silica, ug kg™ <IN
Hydrogen, cm® kg™ 17 to 30
Oxygen, pg kg <IN
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Parameter Expected Value Limit Value
zZinc, pg kg™ 10+5 q |
Nickel, ug kg™ To be confirmed < (with Zn injection)
Diagnostic Parameter
Boron Enrichment, Function of fuel management Function of fuel management
at. %
Aluminium, pg kg™ To be confirmed
Calcium, pg kg™ To be confirmed
Magnesium, ug kg'l To be confirmed To beﬂ(e:;?lrsrgzed >
Ammonia, ug kg™ To be confirmed
Nitrogen, cm® kg™ To be confirmed

Table 10: UK EPR Primary Circuit Chemistry Controls

In line with the Step 4 Assessment Plan for UK EPR, | have not assessed the limit values
in detail during GDA but | note that in most cases the preliminary limit values are
significantly higher than the expected values, hydrogen being the one exception as has
already been described in Section 4.2.7 of my report. These limit values are much more
appropriately assessed during the Licensing phase when detailed operating procedures
are available; however | am encouraged by the progress made so far in this area by EDF
and AREVA. Of particular note are:

e The inclusion of both ‘total boron’ and “°B’ as control parameter and ‘boron
enrichment’ as a diagnostic parameter. On the basis of the evidence provided during
GDA this appears to be a reasonable approach to the added complications of
controlling EBA in UK EPR. This does mean there is no direct use of pHsq as a
control, although as UK EPR is expected to operate at a constant pHzp Of 7.2 this is
easy calculated based on the ‘total boron’ and ‘lithium’ values.

e EDF and AREVA expect UK EPR to operate with additional controls over both sodium
and nickel in the primary coolant. Both of these species are not commonly controlled
in this manner but the arguments provided for their inclusion are reasonable and
demonstrate an ALARP approach by EDF and AREVA.

e The additional diagnostic parameters of ‘ammonia’ and ‘nitrogen’ due to the use of a
nitrogen covered VCT and other tank and vessel headspaces are a sensible addition,
at least until operating experience is gained with the plant.

Whilst the PCSR describes normal operations and principal hazards, it is weaker in
presenting analyses of sensitivity to deviations from normal chemistry and justifications
for claims made for normal performance. There is also still a need to quantify the impact
of chemistry that is not within specification, which could then be used to define corrective
actions, see AF-UKEPR-RC-19. The operation of a plant with chemistry just within a limit
is not greatly better than operating a plant with chemistry slightly outside the limit.

It can be seen from these preceding Sections of my report, and the additional
assessment above that EDF and AREVA have considered the interplay of each of these
main parameters on the consequences of primary circuit chemistry; radioactivity, fuel
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integrity and maintenance of pressure boundary materials, as well as the control of boron
which is more complicated in UK EPR due to the use of EBA. | am satisfied that EDF and
AREVA have demonstrated a holistic approach to the normal operating chemistry to be
used in UK EPR. | am satisfied that an adequate case has been made to support GDA
and that the Licensee should be able to fully develop the operating chemistry during
Licensing for any UK EPR based on this approach, see Assessment Finding AF-UKEPR-
RC-01.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
primary circuit holistic chemistry assessment are:

e Balancing the boron and lithium to achieve an expected pHzqo Of 7.2 should provide
good control over corrosion and corrosion product transport whilst limiting harmful
effects due to high lithium in terms of fuel cladding integrity or tritium production.

¢ | have not been convinced by the justification presented by EDF and AREVA for
reducing dissolved hydrogen level, and this is the subject of a finding in Section 4.2.7
of my report.

e Itis noteworthy that levels of control for some impurities in a modern reactor are down
at levels of ug kg™ (parts per billion), levels measurable only with modern analysis
techniques. Limit levels for impurities such as nickel and silica need particularly tight
controls, especially in relation to boiling. In general, the approach to controlling
impurity levels in UK EPR appears sound.

e The design of UK EPR is capable of supporting the primary coolant chemistry
specified for normal operations.

When taken as a collective answer, the TQ responses under this area add significantly to
the UK EPR safety case for primary circuit holistic chemistry. | judge that the claims,
arguments and evidence as presented in this area appear reasonable and believe that
EDF and AREVA have made an adequate case to support GDA.

Assessment Findings

Based upon the assessment of primary circuit holistic chemistry in UK EPR described in
Section 4.2.10 above, | have identified the following Assessment Finding which needs to
be addressed, as normal regulatory business, either by the designer or by a future
Licensee, as appropriate, during the design, procurement, construction or commissioning
phase of the new build project:

AF-UKEPR-RC-19- The Licensee shall quantify the implications of significant
deviations from normal operating chemistry and where necessary specify
procedures for managing chemistry that is not within specification, Target Milestone
— before raising power when the specified chemistry will be applied for the first time.

GDA Issues

Based upon the assessment of primary circuit holistic chemistry in UK EPR described in
Section 4.2.10 above, | have identified no GDA Issues in the area of primary circuit
holistic chemistry for UK EPR. There is a related GDA Issue, GI-UKEPR-RC-02,
described in Section 4.2.5.5.
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Assessment — Start-up and Shutdown Chemistry
Overview

At the end of each fuel cycle all PWRs shutdown for refuelling and maintenance and,
when this is completed, returned to normal operating conditions during a start-up. Early
PWRs operated with virtually no control over the start-up and shutdown chemistry and as
a result suffered from very long and dose intensive refuelling outages. Much improvement
has been made in this area over recent years, although there is no ‘universal’ approach
applied for all PWRs, mostly due to plant differences, economic considerations or subtle
differences in the technical basis for the processes.

The general progression of steps during a shutdown can be summarised as below, with
many steps acting concurrently:

e Boration (to cold shutdown concentration)
e Cooling and depressurisation of the RCS
¢ Dehydrogenation and oxygenation

e Purification

e RCS opening

Start-up is the opposite of these steps in reverse order, with the exception of purification.
Many discrete systems are involved throughout the entire sequence. This assessment
topic has concentrated on the chemistry changes and the controls on these, rather than a
system by system assessment, however many of the most important systems are
assessed earlier in this report.

During start-up and shutdown transients a number of significant chemistry changes take
place during these periods as the primary circuit is taken from hot reducing alkaline
conditions to cold oxidising acidic conditions and back again. These changes cause a
number of effects; during shutdown the most important of these is an increase in the
concentrations of both soluble and particulate radionuclides (from fuel deposits and
soluble corrosion products — 'crud’) in the coolant. This change has a pronounced effect
not only on the speed and safety of the outage activities but also on future operation of
the reactor during the subsequent fuel cycles. A similar (but generally much smaller)
event occurs during start-up where the main concern is related to impurity ingress and
maintaining adequate chemistry control.

The assessment of this area during Step 3 was rather preliminary, mainly due to a lack of
information provided by EDF and AREVA. Despite this it was still possible to provide
some initial assessment of the UK EPR start-up and shutdown arrangements at Step 3,
which can be summarised as:

e A very fast shutdown and start-up are proposed for UK EPR.

e EDF and AREVA recognise the importance of properly controlling start-up and
shutdown chemistry for corrosion control, elimination of the potential for hydrogen rich
atmospheres and circuit activity in PWRs.

e Fast shutdown will be aided by a period of reduced power operation prior to shutdown
followed by forced oxidation with hydrogen peroxide when warm to eliminate
hydrogen.

e The proposed regime is based upon EDF experience but includes some features
necessary for the EPR design.
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Overall, | was encouraged by the information available at that time but recognised that
further work and evidence would be required during Step 4.

Sampling during start-up and shutdown is often of increased frequency, due to the
relatively rapid changes in chemistry that are occurring. The assessment of the UK EPR
primary sampling system is given in Section 4.3.8, including consideration of the system
during such transients.

UK EPR Approach to Start-up and Shutdowns

During Step 4 a TSC contract was let to review the UK EPR start-up and shutdown
arrangements (Ref. 36). An initial review was also undertaken on current ‘relevant good
practice’ in start-up and shutdown chemistry (Ref. 35), mainly that presented in chemistry
standards such as EPRI (Refs 27 and 28) or VGB guidelines (Ref. 29). The main
conclusions of this review are in agreement with the approach adopted by EDF and
AREVA for UK EPR and indeed recognise the importance of plant specific optimisations
and procedures. In addition an ANT International special topic report provides information
on start-up and shutdown chemistry considerations (Ref. 42). The conclusions from the
review of UK EPR (Ref. 109) are consistent with the assessment that follows. This review
highlighted the following main safety case gaps, relevant to GDA, which | considered
further during my assessment:

e The EDF and AREVA documentation does not include a head lift criterion (or
equivalent control) for tritium which appears inconsistent with current UK (and much
international) practice.

e More definitive information to demonstrate that the risk associated with LTCP in the
primary circuit during shutdown is not significant (see Section 4.2.11.3).

e A more detailed description of contingency options if radiochemical specifications are
not met at particular stages in the schedule (e.g. purification holds) (see Section
4.2.11.5).

¢ A more rigorous consideration of the effects of peroxide and hydrazine (including the
subsequently formed ammonia) on lon exchange beds and/or definition of operations
to avoid these (see Section 4.2.2.3.1).

e Further justification that the proposed timing of hydrazine injection into CVCS one
hour prior to RHRS connection during cool down will be adequate to prevent risks
from oxygen introduction, see Section 4.2.11.

e Contingency options for mitigation of tramp fuel in the primary circuit should fuel
failures occur.

Before discussing the Step 4 assessment in this area, it is relevant to note that EDF and
AREVA have proposed a design change to the start-up sequence for UK EPR (CMF
(Change Management Form) 28, Ref. 93). This was received late in Step 4, although
EDF and AREVA did not respond to many of my queries on start-up and shutdown until
similarly late in Step 4, so no changes to responses were necessary. In summary, the
original design concept for EPR was to start-up in a bi-phasic mode, as is undertaken on
KONVOI and many other PWR plants. This involves creation of the pressuriser steam
bubble before operation of the main RCPs. The design change proposal alters the steps
of this sequence, instead using the RCPs to heat the RCS to 90 °C before operation of
the pressuriser and creation of the steam bubble. This latter, monophasic start-up
process allows better homogenisation of the coolant before creating a discontinuity
between the RCS and pressuriser volumes. In principal this should offer advantages from
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a chemistry perspective. It does, however, introduce other, non-chemistry related
considerations such as Low Temperature Over-pressure Protection (LTOP)
arrangements. This design change proposal is at an early stage, with EDF and AREVA
recognising the need for further study, and will require a fuller assessment post GDA.

Numerous TQs (TQ-EPR-835, 156 to 161, 163, 164, 166, 168, 1213, 1217, 1220, 1234
and 1235; Ref. 8) were raised with EDF and AREVA on various aspects of start-up and
shutdown chemistry during Step 4. In addition, the responses to RO-UKEPR-44.A1 (Ref.
172 and 51) and RO-UKEPR-46.A2 (Ref. 161), relating to primary circuit chemistry and
reduction in primary coolant radioactivity SFAIRP respectively, both contained information
of relevance to this part of the assessment. The most relevant of these are discussed
further below. The responses to these TQs and ROAs incorporate the design change
proposal in some manner, although the underlying chemistry principles in either case
should not differ significantly and hence should remain valid.

The response most relevant to this part of the assessment is TQ-EPR-166 (Ref. 8). This
guery requested an overview of the primary circuit start-up and shutdown sequence and
the response details EDF and AREVA'’s expectations and philosophy for controlling UK
EPR start-up and shutdowns. Although the response provides details of limits and
expected values for many parameters, these were given as indicative only based upon
current EDF practices. For the purpose of GDA, and in line with the assessment
objectives, this approach is considered reasonable. In this response EDF and AREVA
stated their ‘main goal’ during start-up and shutdown periods as; “to0 manage in a
consistent way with outage schedule the radionuclide and chemical additives behaviour
in order to minimize the consequences (on radiation fields, fuel integrity monitoring, H,/O,
hazardous mixtures, material performance and effluent/waste production) within a
reasonable timeframe”. The response further expands upon each of these points,
providing claims, arguments and evidence in support of the main stages of the transients.
Overall the response is comprehensive and provides lots of details to support the claims
made. As EDF and AREVA indicate the methodology suggested does indeed appear
consistent with international practice (and in fact references both the EPRI (Refs 27 and
28) and VGB guidelines (Ref. 29)) and it can be clearly seen where adaptations have
been implemented to accommodate UK EPR specifics (for example, the use of a third
CVCS demineraliser during shutdown).

The overall description of start-up and shutdown chemistry is complex, but is contained in
the EDF and AREVA responses so are not repeated here. The summary approach, as
described above, is followed. | am content that the approach to start-up and shutdown
chemistry in UK EPR seems adequate to support GDA. Post GDA fully developed start-
up and shutdown procedures should be developed by the future Licensee for the primary
circuit of UK EPR, building upon the sound basis presented for GDA. These should
include due consideration of related topics such as limits and conditions, as appropriate,
and the assessment that follows. This is related to Assessment Finding AF-UKEPR-RC-
01.

Control of Water Chemistry, Gases and Purification

EDF and AREVA make reasonable arguments over the expected pH, redox, radioactivity
and purification changes anticipated for UK EPR during both start-up and shutdown
periods. Considerable forethought appears to have been given to the complex
sequencing during these transients and the effects choices made on timings or durations
could have on the consequences. While the majority of points could be considered
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complimentary to ‘standard’ PWR practice, some specific points in the suggested
sequences are noteworthy:

e Measures taken to control Low Temperature Crack Propagation (LTCP) risks; EDF
and AREVA suggest limiting the duration between 150 °C and oxygenation, thus
limiting the exposure time in a conducive environment for LTCP. This also has
advantages for minimising coolant activities before oxygenation. Despite the very low
risk of LTCP in an operating PWR with Inconel 690 SG tubing the additional
precautions may still be beneficial. As understanding in this area is still developing |
find that the Licensee should review the most up to date knowledge during
development of start-up and shutdown procedures for UK EPR. This is part of
assessment finding AF-UKEPR-RC-15.

e Elevated pHsgoc (5.5 - 7.0) during shutdown with fuel clad defects; while not normal
practice due to the reduction in corrosion product solubility and potential re-deposition
in the RCS, an elevated pH at shutdown has been used previously to reduce iodine
volatility and increase removal rates. The recognition of this possibility within the UK
EPR approach is encouraging. Further information on corrective actions and
operational procedures to safely control and deal with anticipated operational
transients during start-up and shutdown periods should be documented in the plant
operating procedures. This is related to Assessment Finding AF-UKEPR-RC-01.

e Oxygen control practice; the suggested oxygen control practice during start-up and
shutdowns (O2 < - ug kg™ when > 120 °C) is consistent with EPRI guidelines,
rather than the less restrictive VGB approach. This is reasonable given the SG
material choice made for UK EPR.

e No Lithium addition during start-up until just before criticality; typically the decision as
to when lithium is added during start-up is a matter of choice. The suggested
approach for UK EPR, whilst not identical to many PWRs, is reasonable and the
arguments presented for this approach are acceptable. This approach is used at EDF
PWRs.

A difference in UK EPR from other PWR designs is the use of the IRWST to fill the
Residual Heat Removal System (RHRS) prior to connection to the RCS. While this does
remove the possibility of lithium contamination causing a pH increase during the
shutdown, the IRWST is not maintained under a reducing environment and will thus
introduce a quantity of oxygenated boric acid to the RCS. Other PWRs use sources of
boric acid which have controlled levels of oxygen, or remove oxygen from the RHRS
before connection. The approach taken in UK EPR is to chemically remove this oxygen
via hydrazine injection into the RCS, as presented in the response to TQ-EPR-156 (Ref.
8). As the temperature in the RCS is below 120 °C at this point this is consistent with the
start-up procedure and should pose minimum risk to the RCS materials. Since thermal
decomposition of hydrazine competes with its reaction with oxygen at higher
temperatures, hydrazine should be added at an appropriate point in the cool down. The
main chemical impact of this may be on the ion exchange resins, which may experience a
variation in capacity for impurities due to the ammonia produced from hydrazine thermal
decomposition or release of lithium, depending upon the scale and timing of the addition.
This effect was discussed in the response to TQ-EPR-903 (Ref. 8) and can be
considered negligible if hydrazine is added at an appropriate temperature, although
should factor into outage planning.

The use of Boron recycle in UK EPR has been assessed previously in my report, both in
Section 4.2.2.3.3 (CVCS) and 4.2.3 (Radioactivity). As described there, EDF and AREVA
have designed the CSTS of UK EPR to accommodate the flows and changes in boron
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needed during start-up and shutdown periods. In essence, while the boron is handled
differently outside the primary circuit of UK EPR (i.e. recycled), the RCS changes are
unaffected; at shutdown, recycled boric acid is injected via the RBWMS, while at start-up
discharged coolant is stored in the CSTS prior to recycling.

In addition to the potential for retention of tritium in recycled boric acid and distillates,
other in-volatile species could potentially be retained, including lithium and silica.

During shutdown, so to not influence the production of acidic conditions, a lithium free
dilution source is required. Several instances of inadvertent alkalisation of the RCS have
occurred via this mechanism, with resultant difficulties during shutdowns. TQ-EPR-164
(Ref. 8) specifically asked this question for UK EPR. The response provided
demonstrated that the multiple purification steps in operation in UK EPR would reduce
lithium in recovered boric acid to essentially zero. Maintenance of this is assured by
sampling and monitoring prior to use. In addition the shutdown CVCS bed in operation
would also act to remove any adventitious lithium added by this method.

The potential retention of silica is important in UK EPR due to the use of zinc injection,
and this is discussed further in Section 4.3.5.

TQ-EPR-157 and 158 (Ref. 8) provide information on the control of gases during start-up
and shutdowns in UK EPR. Gases are controlled by the CDS, pressuriser venting or
chemical additions of hydrazine to remove dissolved oxygen. Many of the TQ responses
in this area highlight the importance of the Coolant Storage and Treatment System
(CSTS) degasifier to start-up and shutdown periods. The assessment of the CVCS,
including the degasifier, is described in Section 4.2.2.2.4. The degasifier will be used
much more during start-up and shutdown periods; to remove hydrogen and fission
product gases at shutdown and to remove oxygen at start-up. The CDS degasifier
operates in the same manner as described in previously, with changes made to the
nitrogen injection and release path depending upon the operating conditions. For
shutdowns injection to and releases from the degasifier are handled by the Gaseous
Waste Processing System (GWPS) for further abatement, while at start-up the system
can operate independently of the GWPS with nitrogen supplied from the plant nitrogen
system and discharges to the Heating, Ventilation and Air-Conditioning (HVAC) system
as they do not contain fission gases. This later mode controls the input of oxygen to the
GWPS, thus maintaining non-flammable conditions. | am content with these
arrangements.

In response to our queries EDF and AREVA described the expected operation of the
CVCS ion exchange demineralisers and filters during shutdown and start-up periods (TQ-
EPR-161, Ref. 8). This was an important response in understanding the intended
operation of the CVCS system during these operational transients when conditions, in
terms of both flow rate and performance requirements, are amongst their most
demanding. The current intent for UK EPR is to operate one mixed bed as a de-lithiator
(H'/BO, form) with the second as a purification bed (Li*/ BO, form). The third vessel is
held as a dedicated shutdown purification vessel. The addition of a third, large, CVCS
demineraliser in the design offers many potential advantages and options for shutdown
activity management including a dedicated shutdown ion exchanger and minimisation of
resin and chemical wastes by alternating the operating ion exchangers between de-
lithiation and purification duty. The approaches described in the response are consistent
with operational ‘good practice’ at many PWRs, where such capabilities exist. It is noted
that there is some inconsistency in the documentation over the use of this third ion
exchange bed, sometimes implying it is used for shutdown purification and sometimes for
de-boration. These two functions are different and would require different resins and
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potentially resin changes, potentially producing more waste. This aspect was discussed
above.

The UK EPR purification flow rate is significantly higher than the latest generation of
French PWRs (N4), up to 72 compared to 36 t hr'. This can only be beneficial for
shutdown and start-up chemistry, provided the performance is substantiated. Refer to
Section 4.2.2 for assessment of the CVCS systems.

The addition of hydrogen peroxide, a strong oxidising agent, during shutdowns has the
potential to affect the ion exchange resins which operate during the oxidising phase of the
shutdown. EDF and AREVA arguments and evidence in this area are reasonable and
support the minimal effect this is expected to have in UK EPR. On the contrary, a much
stronger argument is made regarding the need to maintain purification at these times
when the activity burden in the coolant is at its highest.

Another difference in the approach suggested for UK EPR to % loop working. The RCS is
drained to % loop level prior to head lift. EDF and AREVA state (in TQ-EPR-987, Ref. 8)
that this will be undertaken during every shutdown and during every plant start up,
irrespective of whether maintenance on the SG is required. Reasonable arguments are
suggested from a chemistry point of view for this requirement.

As indicated elsewhere in this report, UK EPR has been designed to anticipate deviations
from ‘standard’ shutdown practices. Restriction of the alkalinity and maintenance of
reducing conditions for longer results in increased iodine retention on CVCS resins in
case of fuel failures. The design of the CVCS ion exchange system will allow operation
with lithiated resins during this period. Similar design improvements, such as the
continuous and high capacity Pressuriser (PZR) purge lines, can be used to mitigate
increased fission gas releases. | am satisfied that EDF and AREVA have demonstrated a
degree of flexibility and resilience in the UK EPR to account for disturbances from normal
practices.

Control of Radioactivity

During a shutdown it is important that the RCS clean-up is progressed to a level where
opening of the RCS can be viewed as ALARP. EDF and AREVA have suggested limits
for both head lift and criteria for shutdown of the final RCP (to ensure head lift limits are
met).

After the hydrogen peroxide injection, the activity concentrations in the primary water may
increase by several orders of magnitude. Effective mixing of the RCS volume ensures
purification efficiency is maximised, however some stagnant bodies (SG-tubes and
crossover leg) can be created after the last RCP is stopped creating potential ORE
hazards if access is required. The intermediate criteria suggested by EDF and AREVA
are aimed at minimising the bulk coolant concentration to an acceptable level such that
complete stagnation in these areas results in doses that are ALARP. The inclusion of
such criteria is a positive step.

The response to RO-UKEPR-46.A2 (Ref. 161) provided details on the consideration
given during start-up and shutdown periods to reducing radioactivity SFAIRP. For start-up
periods the approach suggested is based upon reducing the quantity of nickel in the RCS
prior to power operation, thus limiting the available activatable material during the
subsequent fuel cycle. EDF and AREVA suggest an expected value of - ug kg'1
nickel. This appears a reasonable approach and EDF and AREVA recognise the impact
this could potentially have on outage duration. The specification of a nickel criterion
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during start-up is an improvement, since many PWRs operate without one including
French N4 plants and Sizewell B.

As shutdown periods carry a much greater burden of radioactive material release into the
RCS the response to RO-UKEPR-46.A2 provided more details on the processes
proposed for UK EPR during this transient. The response provided a general justification
for timings, sequence and arguments and evidence were presented to describe the
influence of the various chemical changes on activity transport, deposition and
dissolution. The main chemistry parameters which affect the magnitude of the activity
release are the pH and redox potential, with more rapid dissolution favoured by a more
acidic and oxidising environment, even before oxygenation. | consider the response
provided a suitable description and justification for the steps taken during shutdown to
keep radioactivity reduced SFAIRP.

UK EPR head lift values are based upon xenon and iodine isotopes. The precise values
for these limits have not been assessed, as for all limits and conditions in GDA, however
they do not appear impracticable and suggest suitable values could be achievable for UK
EPR. This is related to Assessment Finding AF-UKEPR-RC-02, with the importance of
specific values for head-lift warranting particular attention. Details of likely recovery
actions are included (such as increased purification times) and mainly appear to impose
time constraint on the schedule rather than additional safety concerns. See also Section
4.3 for the SFP systems.

It was notable that no tritium value was included in the listing of chemistry controls during
shutdown and TQ-EPR-835 (Ref. 8) had been raised previously on this subject. The
response to TQ-EPR-835 indicated that EDF and AREVA felt that no limit, condition or
criteria were necessary for tritium in UK EPR. | found this response surprising, given the
use of boron recycle and the possible concentration of tritium via this mechanism if not
adequately controlled and the non-removal of tritium by UK EPR treatment systems. The
overall argument was based upon taking credit for ‘standard’ plant practices to ensure
that a high concentration never exists in the RCS prior to head lift. While, generally | can
see the logic behind this argument it does not lessen the fundamental safety requirement
of maintaining control, especially in this instance as several cases could be postulated
where ‘non-standard’ practices result in elevated tritium levels. If these were to occur, and
the response indicated there were no controls to stop them, a hazardous level could be
reached.

This is in contrast to many responses in this area (for example, TQ-EPR-158, 159 and
160 (Ref. 8)) which indicate many controls will be in place for fission product control
during shutdowns at various stages such as before power reduction, before RCS
oxygenation and before final RCP stop.

RO-UKEPR-74.A1 (Ref. 9) was raised to understand the management of tritium in UK
EPR. Tritium is produced in all PWRs and cannot be completely eliminated or removed
by treatment systems so must be discharged, either as gaseous or aqueous waste.
Several reports were provided in response to this ROA.

The first response EDF and AREVA provided contained a report detailed the EDF
rationale and recommendations for tritum management in its PWR fleet (Ref. 34). This
report aimed to demonstrate that no limits or conditions were required for UK EPR. The
basis for the arguments presented is that by placing a limit of the Spent Fuel Pool (SFP)
tritium concentration, this would implicate management of the RCS activity as these water
volumes will eventually mix during a refuelling outage. This seems a reasonable
approach but assumes that all shutdowns will include full mixing of the RCS and SFP
water volumes. EDF and AREVA claim that no limit is needed on tritium in the RCS
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during a cycle and | would agree with this approach for intact circuits. However, opening
of the RCS with high levels of tritium potentially introduces an ORE hazard and it is not
clear how this relates to the UK EPR discharge predictions.

Several examples, both from plant and using calculations (but not for UK EPR) were
presented which showed both the high levels achievable in the RCS (> 20,000 MBq t*)
and the increases caused by fuel damage. Average RCS values for the N4 plants are
around 8,000 MBq t™* with average maxima of around 15,000 MBq t™. There is a general
trend to decrease these values over the period considered and current values may be
lower still. Several operational “rules” were suggested to limit the plant tritium inventory
and prevent a long term escalation; discharge all the tritium produced, discharge as an
agqueous waste in preference to an aerial discharge and discharge all recycled water from
the reactor. This general approach seems reasonable and should control the tritium build-
up in UK EPR if applied.

The second part of the RO-UKEPR-74.A1 response (Ref. 106) provides more details of
the general principles from the initial report (Ref. 34), applied to UK EPR. The report
introduces a further operational “rule” for tritium control aimed at limiting tritium transfer to
the secondary side in cases of primary leakage. Further details of the operational strategy
for UK EPR are provided; for example, limiting discharges with high boron concentrations
due to the economic impact of EBA make-up and boron discharge constraints. The report
shows that, while the implementation may be different for UK EPR, the operations
considered under the first report can still be functionally achieved in the UK EPR design.
A large portion of the report provides information on tritium minimisation; these aspects
are assessed under primary coolant radioactivity, Section 4.3.2.3; notably, EDF and
AREVA have recognised the contribution secondary neutron sources can potentially
make to tritium build in PWRs. Ultimately this report indicates that EDF and AREVA
propose “a preliminary target value for UK EPR of 3,000 MBq t™ for tritium concentration
in the Fuel Building Pool and the IRWST pool. Complementary studies are currently in
progress to properly assess the different tritium activity limits that should be set in the
Fuel Building pool, in the IRWST pool and in the RCS prior to head lift.” The additional
“rule” and confidence provided by this response suggest that adequate tritium control
should be possible for UK EPR during shutdown periods, provided an adequate set of
operating procedures and limits and conditions are developed by the Licensee. The use
of a limit on the Spent Fuel Pool activity to control the head-lift criteria seems reasonable,
but requires further justification by the Licensee. This is related to Assessment Findings
AF-UKEPR-RC-02.

The final part of the RO-UKEPR-74.A1 response (Ref. 107) provides example tritium
calculations for the first two cycles of UK EPR using the newly developed AREVA
ABSOLUT-3 tool. These calculations only deal with the RCS and main connected
systems and do not consider transfer to the SFP, IRWST evaporation or the GWPS.
While many of the assumptions would tend to be optimistic for tritium build-up in the plant
(for example, full distillate discharge) they are consistent with the operational “rules”
described earlier but are highly dependant on operating procedures, while others would
tend to be more pessimistic. As such, while the calculations cannot be entirely accurate
for an operational UK EPR at this stage where many details are currently unknown, they
do show that tritium could be managed adequately and that it can be predicted,
dependant upon operational parameters. Various estimates for the RCS tritium
concentrations at end of cycle are given, ranging from 4,200 to 12,000 MBq t*. Such
calculations will be needed to support eventual head-lift criteria or other tritium limits or
conditions applied for UK EPR. This is related to Assessment Findings AF-UKEPR-RC-
02.
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Further assessment of tritium control in the UK EPR Spent Fuel Pool systems is
discussed in Section 4.5.1.

A number of filters are installed in the UK EPR design for removal of particulate corrosion
products, most notably the main CVCS letdown filter and the RCP seal filters (both make-
up and letdown). EDF and AREVA do not anticipate changing the filtration efficiency
purposefully to account for start-up or shutdown variations. Dose rates or pressure losses
may indicate the need to change the filters prior to entering a shutdown and a number of
the filters feature monitors and alarms to alert licensee staff to this occurrence. The RCP
seal filters do not have installed radiation monitors and reliance is placed on manual
measurements.

In TQ-EPR-1213 (Ref. 8) | queried the impact of a number of shutdown parameters on
release of particulate corrosion products. The response indicates that shutdown rates,
around those expected in UK EPR, should have negligible impact on corrosion product
release, with the control of RCPs being more important. EDF and AREVA suggest RCP
cycling during shutdown should be avoided. The intent for UK EPR is to maintain one
RCP operation until the RCS radioactivity limits are met for head lift, thus ensuring
minimised transport of corrosion products to low-flow areas. Overall, EDF and AREVA
claim such effects are considered in the shutdown procedures suggested for UK EPR.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
primary circuit start-up and shutdown assessment are:

e Overall, the evidence presented suggests that the primary chemistry during
shutdowns in UK EPR should reduce radioactivity SFAIRP and the design has a
number of features which should result in improved performance compared to current
operating PWRs.

¢ More definitive information will be required to demonstrate that the risks associated
with LTCP in the primary circuit during shutdown are not significant, however based
upon the current understanding the risks posed by this mechanism are low.

e The EDF and AREVA documentation does not include a head lift criterion (or
equivalent control) for tritium which appears inconsistent with current UK practice.
EDF and AREVA have provided detailed information on tritium management in UK
EPR, which suggests that tritium management is possible but also that controls are
required to ensure an unsafe level is not reached. | am content this can be managed
by a competent and experienced Licensee, with adequate procedures and limits and
conditions. | have raised Assessment Findings in this area.

e Post GDA, fully detailed chemistry procedures should be developed, building upon the
sound basis presented for GDA, and including further detailed information on a
number of aspects, including:

e A more detailed description of specified schedule timings, minimum hold times at
various stages and/or more detailed description of contingency options if
radiochemical specifications are not met at particular points in the schedule (e.g.
purification holds). This should include contingency options for mitigation of
contamination in the primary circuit should fuel failures occur or occurrence of other
anticipated transients.

e Information on principles for managing conflicts between chemistry and outage
schedule (or other non-safety criteria).
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e The occurrence of unplanned shutdowns, including responses to reactor trips, has not
been specifically addressed in the EDF and AREVA documentation provided,
although where reference is made, this infers that it would be covered through the
refuelling shutdown and start-up procedures but without head-lift occurring.

e A more rigorous consideration of the effects of hydrazine and peroxide on ion
exchange resin beds and/or definition of operations to avoid these.

¢ | have raised a number of Assessment Findings in this area which should support on-
going assessment of this important topic.

e EDF and AREVA have proposed a design change to the start-up sequence of UK
EPR to operate in a monophasic mode. | do not believe this change will have a
significant impact on my assessment undertaken during GDA.

When taken as a collective answer, the responses under this area add significantly to the
UK EPR safety case for start-up and shutdown periods. EDF and AREVA have presented
a well reasoned and justified approach for start-up and shutdown chemistry in UK EPR
for GDA. | believe that UK EPR should be capable of well controlled chemistry during
these transient periods, with resultant safety benefits.

Assessment Findings

Based upon the assessment of primary circuit start-up and shutdown chemistry in UK
EPR described in Section 4.2.11 above, | have identified no Assessment Findings which
need to be addressed by the Licensee in this section of my report. The findings in
Sections 4.1.2 and 4.1.3 of my report are clearly as relevant to start-up and shut-down as
they are to normal steady operation.

GDA Issues

Based upon the assessment of primary circuit start-up and shutdown chemistry in UK
EPR described in Section 4.2.11 above, | have identified no reactor chemistry GDA
Issues in this area.

Assessment — Hot Functional Testing

Hot Functional Testing (HFT) was also considered under this topic as this is a unique
period of reactor operations which can have a pronounced effect on the subsequent ORE
and waste performance of the reactor over many subsequent cycles, if not the lifetime of
the plant. However, as this process is very much associated with the later stage of
commissioning of a reactor and the understanding of the processes and requirements
has evolved over recent years (and will continue to do so), in common with the other sub-
topics in this area the assessment has concentrated on the principles and the basis for
the approach suggested.

In common with other complex industrial facilities, commissioning of a reactor is a lengthy
process that involves testing and confirming the operability of each of the reactor systems
and components. Chemistry plays an important role in this process; however
commissioning was not assessed during GDA as a number of site specific considerations
are included. | judge that these aspects can be satisfactorily assessed at a later stage.

One aspect of commissioning, in the broadest sense, was assessed during GDA. Hot
Functional Testing (HFT) is a unigue period in start-up (and shutdown) of the reactor as it
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represents the first occasion(s) when the reactor is operated under full temperature and
pressure conditions, albeit without the fuel. The chemistry adopted during this period is
generally accepted to be important in determining the subsequent behaviour of the
reactor, especially the primary circuit, in the ensuing fuel cycles (e.g. shutdown releases
and susceptibility to degradation mechanisms).

For GDA it is not reasonable to expect EDF and AREVA to have fully developed
commissioning and HFT methods and procedures, especially as these are areas where
significant international experience is expected to influence the final choices (especially
from EPR plant which may commission before any UK plant is licensed).

For Step 3 | was encouraged that EDF and AREVA were considering a specific HFT for
UK EPR at an early stage. The approach adopted appeared to be broadly consistent with
the approach adopted to that used on the most modern French (N4) units, to build up of a
protective oxide layer on the surfaces of the RCS and more particularly, on the surfaces
of SG tubes. The main steps being:

¢ A minimum of 300 hours at nominal temperature.

e Alkaline conditions (lithium hydroxide addition).

¢ Reducing conditions.

Some areas of the process were still under consideration:

e EDF and AREVA are working to determine whether or not it would be appropriate to
remove the upper layer of the oxide phase formed, by means of acidification followed
by forced oxygenation (with hydrogen peroxide) during transition to cold shutdown.

e Examination of the clean-up requirements during this procedure is also being
examined to determine if this will have a benefit on subsequent plant operations.

RO-UKEPR-46.A2 (Ref. 9) specifically asked for a justification for the expected UK EPR
HFT procedure in relation to reduction in primary circuit radioactivity SFAIRP. The
response (Ref. 161) states that the approach for UK EPR is targeted at producing a
protective inner oxide layer, principally on the SG u-tubes. The response provides further
details and justification for the approach suggested, including details of the laboratory and
plant experience which EDF and AREVA claim influenced the UK EPR approach.

Operational feedback from the early EDF plants which use Inconel 690 TT tubing, as in
UK EPR, is that the tubing did not fully passivate during HFT and achieve the low
shutdown releases expected, but it seems that the more recent N4 plants have. EDF has
experience of this alloy from many of its operating stations. The following table lists
reactors with Inconel 690 steam generators in France:

Station Unit(s)
Bugey 3and 4
Chooz B land?2
Civaux land?2
Dampierre 1,2 and 3
Fessenheim 1
Golfech 2
Gravelines 1,2and 4
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Station Unit(s)
Penly 2
St. Laurent B land2
Tricastin 1,2,3and 4

Table 11: French PWRs with Inconel 690 Steam Generator Tubing

This may be associated with the surface treatment of the SG tubes used more recently,
although other factors may contribute. Conditioning of the SG tubes is discussed further
in Section 4.2.12.

In general the evidence supplied in RO-UKEPR-46.A2 (Ref. 161) supports the EDF and
AREVA approach. The main differences in the evidence tend to centre on the duration
and precise concentrations of the procedure (for example, the lithium hydroxide and
hydrogen concentrations and the time pre-oxidation is allowed to take), however the
fundamental process of hot reducing alkaline pre-oxidation appears well supported and
suggests substantial reduction in Corrosion Product (CP) and dose rates are possible. As
per the Step 4 assessment objectives, the precise definition of these values were not
considered during GDA, however, EDF and AREVA present well reasoned arguments for
the expected values and | particularly welcome the addition of hydrogen (as opposed to a
reliance on the residual (variable) hydrogen generated by oxidation) and expect this to
offer further reward. The exact procedures to be developed for passivation of the
surfaces in UK EPR have not yet been completely decided.

In addition, those aspects which were still under consideration during Step 3 were
discussed further in the response to RO-UKEPR-46.A2 (Ref. 161).

The application of a forced acidification step with boric acid, followed by a controlled
oxidation during cool down to remove labile outer oxide deposited material are now
recognised steps in the EDF and AREVA approach. Removal of the outer layer oxides is
an important step before later commissioning stages, which require boric acid addition
due to the introduction of fuel. | welcome these additions and believe that an adequate
case has been made for their implementation based upon the current knowledge of HFT
processes.

TQ-EPR-1234 (Ref. 8) asked a number of queries on the response to RO-UKEPR-46.A2.
The response to this TQ was satisfactory for answering those relevant to HFT and
provided further reassurance of the validity of the EDF and AREVA proposals for UK
EPR.

EDF and AREVA have specified a primary circuit chemistry for UK EPR which includes
the addition of zinc for radiation field control. Primary circuit chemistry and zinc addition
are discussed in Section 4.2.6. In the context of HFT the addition of zinc during the
process is a recently suggested step (Ref. 148) but is not supported by significant plant
experience; for example data from Angra 2 is available but this plant commissioned with
zinc after HFT, at first criticality. Results from Angra 2 are encouraging in this respect,
with dose rates reported as significantly lower than comparable plants which did not use
zinc. Details of this are reported in the EDF and AREVA response (Ref. 154) to RO-
UKEPR-45.A2 (Ref. 9). Data from Tomari-3, a reactor in Japan that was commissioned
with zinc in 2010, is not yet available.
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In principle the application of zinc during HFT appears a reasonable addition as the
action of zinc primarily affects the inner oxide layer, which is precisely where HFT is
aiming to have the greatest effect. However, careful consideration would be required as it
is not apparent how much zinc would be needed to fully saturate the RCS surfaces and
this may require much higher concentration than during normal operation or greatly
increased duration to offer significant benefit. This may also influence complementary
procedures such as purification or sampling. EDF and AREVA do not address the
possibility of zinc addition during HFT, but have indicated that consideration is being
given to this approach. | am content that the justification of whether or not to use zinc
during HFT is an aspect that can be addressed during a later stage. | consider this to be
an Assessment Finding (AF-UKEPR-RC-20).

In a similar vain, EDF and AREVA are still considering the possibility of using natural
boron during commissioning, instead of EBA. While this has no direct consequence for
the HFT process itself, all natural boron must be effectively removed from the plant
before operation with nuclear fuel to mitigate any possibility of inadvertent boron dilution.
This would be part of Assessment Findings AF-UKEPR-RC-04, described in Section
4.2.2, and AF-UKEPR-RC-21, described later in this section.

EDF and AREVA recognise the importance of purification during HFT. Maximisation of
the coolant clean-up rate will influence the benefits gained from any HFT process. The
UK EPR approach will use the main CVCS demineralisers operating at maximum
throughput of 72 t hr' for the periods of pre-oxidation and de-lithiation prior to
acidification. The capability of the CVCS systems in UK EPR is assessed in Section 4.2.2
and was outside the scope for this assessment area. Even so, recognition of the need to
maximise purification is encouraging.

A number of support systems will be required during HFT, such as the NSS and CVCS.
Capability and availability of these systems was not considered as part of the GDA
assessment, and can only be undertaken once fully developed HFT procedures are
available, however as the suggested levels fall within the normal operating ranges for
these systems no concerns are expected in this area provided availability can be
assured. Sampling during HFT may prove an important step and it may be that analysis
of chemistry during these periods could be used as a ‘hold point’ and as an indicator of
HFT progress. Consideration of this type of control should be justified and included in a
fully developed HFT procedure specific to UK EPR. This is related to Assessment Finding
AF-UKEPR-RC-21.

| support development and implementation of a UK EPR HFT process, based upon the
fundamental steps outlined by EDF and AREVA for UK EPR. Post GDA a fully developed
HFT procedure should be developed for UK EPR, building upon the evidence presented
for GDA, including further knowledge and experience particularly from other EPR units
commissioned prior to any UK new build. | consider this to be an Assessment Finding
AF-UKEPR-RC-21.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
primary circuit HFT assessment are:

e EDF and AREVA have presented a proposed HFT approach for UK EPR, based upon
laboratory tests and operational experience and including specifics for UK EPR.

e The approach suggested appears reasonable and consistent with the current state of
the art knowledge in this developing area.
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e Post GDA, a fully detailed HFT procedure should be developed, building upon the
sound basis presented for GDA. | have raised an Assessment Finding in this area
which should support on-going assessment of this important topic.

Overall, | judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of hot functional test chemistry in UK EPR described in
Section 4.2.12 above, | have identified the following Assessment Findings which need to
be addressed, as normal regulatory business, by the Licensee, during the design,
procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-20— The Licensee shall review whether to add zinc or not during
Hot Functional Testing and generate evidence to justify this decision. This
Assessment Finding should be completed before HFT procedures are applied to the
reactor. Target milestone — Hot Ops.

AF-UKEPR-RC-21 - The Licensee shall specify suitable procedures for Hot
Functional Testing (HFT), building upon the evidence presented for GDA and
including further knowledge and experience particularly from other EPR units
commissioned prior to any UK new build. The documentation should justify the
controls during HFT of UK EPR, particularly related to hold points, chemistry
measurements and target levels. This Assessment Finding should be completed
before inactive commissioning activities commence. Target Milestone — Mechanical
and Electrical safety system installation complete / commissioning start.

GDA Issues

Based upon the assessment of hot functional test chemistry in UK EPR described in
Section 4.2.12 above, | have identified no Reactor Chemistry GDA Issues in this area.

Spent Fuel Pool

Operation of any PWR generates a quantity of used fuel during each operating cycle.
Fuel discharged from the reactor is transferred to an at-reactor Spent Fuel Pool (SFP)
where decay heat is removed and the used fuel is stored. It should be noted that EDF
and AREVA claim that UK EPR is an efficient reactor design and should be more efficient
at fuel usage than comparable plants. Significant quantities of fuel now reside in wet pool
storage throughout the world and the experience in wet storing spent nuclear fuel now
spans over 40 years. The benefits provided by this approach are mainly associated with
cooling efficiency and shielding and it has been shown that the rates of fuel damage are
very low, provided the pool chemistry and temperature is adequately controlled.

During Step 3, | started my assessment of the UK EPR SFP and associated systems,
mainly concentrating on the chemistry control of the systems and how provisions have
been made in the designs to accommodate these requirements. For Reactor Chemistry
purposes | consider the fuel pool systems to include the following generic areas and their
associated activities and / or equipment:

e Spent Fuel Pool (SFP)
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e Transfer facilities between the SFP and the reactor building
o Refuelling cavity

e Ancillaries, such as the IRWST, RHRS, etc. (where not considered elsewhere in the
assessment)

Overall, | was content with the fundamental design of the SFP cooling and clean-up
systems in UK EPR, which are very similar to those currently in use at other PWRs. |
noted several positive features in the design which should be beneficial to control of the
SFP chemistry. Assessment during Step 4 has concentrated on chemistry control and
source terms in the SFP, especially during refuelling activities.

Overview

The Spent Fuel Pool (SFP) holds the irradiated fuel while the short-lived high activity
fission products decay. The pool consists of a large volume borated water filled tank
containing a racking system which is used to accommodate the discharged fuel
assemblies. The water in the pool acts as both a personnel dose shield and a cooling
medium for the fuel. The cooling system maintains the SFP water at a steady low
temperature while the associated clean-up system maintains the activity within the SFP at
low levels.

EDF and AREVA presented an overview of the UK EPR fuel route and systems to ND in
November 2009. Information is provided in the PCSR (Ref. 11, Section 9.1.6). The UK
EPR SFP is located within the fuel building and is a determining factor in the design of
the reactor building and the fuel building. EDF and AREVA consider the fuel building and
reactor building pools as two separate areas:

e This fuel building pool is made up of 3 compartments. The spent fuel pool (SFP), in
the centre, is dedicated to the storage of spent fuel whilst its heat decays, as well as
some new fuel elements before they are loaded into the core. It is permanently full of
borated water, cooled and purified in normal operations. The spent fuel pool is
isolated from each of the 2 adjacent compartments by a door and a penstock. The
fuel building transfer compartment, between the SFP and the transfer tube, contains
the transfer system that enables the fuel assemblies to be moved between the SFP
and the reactor pool. The fuel building transfer compartment is not always filled with
water, as it is filled alternately with the loading pit; they have the same volume,
allowing water to be moved according to requirements. The loading pit, on the side
opposite the transfer compartment, is used for loading fuel assemblies into a cask for
removal.

e This Reactor pool has 4 compartments. The reactor pit is situated above the RPV and
forms a single water volume with the RCS. The set-down compartment for internals is
where the upper and lower core internals are stored during refuelling operations. The
instrumentation lance compartment is where the instrumentation lances and level
measurement probes removed from the core are stored during refuelling. The reactor
building transfer compartment is used to transfer fuel to or receive fuel from the fuel
building pools. With the exception of the instrumentation lance compartment, which is
permanently full, the water source for the remaining reactor building pools is the
IRWST. The compartments can be isolated from each other by penstocks.

The arrangement of the reactor and spent fuel pools is shown below (Ref. 56):
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Figure 17: UK EPR Reactor and Spent Fuel Pools

The pool liner consists of metal panels welded onto anchors sealed into the concrete
walls of the pools. The watertight liner is made of metal panels of austenitic stainless
steel sheets free of molybdenum and with a cobalt content of less than 0.2%. Its
minimum thickness is 4 mm for the vertical sheets and 6 mm for the bottom of the pools
(Ref. 55).

Assessment — Chemical Control, Purification and Source Terms
Cooling and Purification Systems

In UK EPR the systems for cooling and purifying the SFP water are combined as a single
system, the Fuel Pool Cooling System / Fuel Pool Purification System (FPCS / FPPS).
Details of the systems are given in Section 9.1.3 of the PCSR (Ref. 11) and the SDM
(Ref. 56). The SDM (Ref. 56) provides details on operation of the system when
performing its various functions and duties. The overall arrangement of the SFP cooling
and purification system is shown in the figure below, with purification loop in red and
cooling in blue. Note the third cooling chain is not shown, but is similar to the two that are
shown:
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Figure 18:UK EPR Reactor and Spent Fuel Pool Cooling and Purification Systems

4.3.2.1.1 Spent Fuel Pool Cooling System

682

683

684

The FPCS is responsible for cooling the SFP. The FPCS extracts water from and returns
water to the spent fuel pool and consists of two identical main trains which are
independent of one another. Each train consists of two pumps and a heat exchanger
(cooled by CCWS). The pool water cooling system also has a third train that provides
backup in the event of loss of the two main trains, consisting of a single pump and a heat
exchanger, cooled by the Containment Heat Removal System (CHRS). The main pumps
and exchangers of the FPCS / FPPS are located in the fuel building. Each cooling train
has a connection to the NSS system for sampling water from the SFP in order to monitor
its chemistry and radiochemistry.

The FPCS design is such that a total loss of cooling is extremely unlikely, however the
systems is designed to restart after a boiling event.

The addition of a third independent cooling train means that substantially more cooling of
the SFP is possible when the decay power of the fuel in the pool is low (e.g. at the end of
the fuel cycle). It is conceivable that the water temperature could be lowered to such an
extent that soluble boron could precipitate, although this would require temperatures
much lower than normal operating conditions and is more likely in the water exiting the
heat exchanger rather than the bulk pool due to locally lower temperatures. EDF and
AREVA are still considering this effect and may include design changes to mitigate this
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risk. This affect needs to be considered in the UK EPR safety case, if appropriate. |
consider this to be an Assessment Finding (AF-UKEPR-RC-22).

4.3.2.1.2 Spent Fuel Pool Purification System

685

686

687

688

689

690

691

692

4.3.2.2
693

The purification systems for the UK EPR SFP are actually a mixture of existing systems
(or sub-systems) and new components. In totality the system performs water transfers /
make-up and pool skimming in addition to purification. The FPPS is used to:

e Purify the pools in the reactor building and fuel building and the IRWST.
e Skim the spent fuel pool and reactor pool (two independent systems).

e Fill and empty the fuel building transfer compartment, loading pit, reactor building pool
and the IRWST.

e Supply make up water (via RBWMS (borated) or the nuclear island “demineralised
water” distribution system (SED).

e Take samples for chemical or radiochemical analysis (via NSS).

The FPPS includes two purification pumps that operate in parallel. One pump is generally
used for fuel building pool purification and the other pump for reactor building pool
purification. Headers are provided upstream and downstream of the purification pumps
that allow for the alignment of each pump to either building. There are two purification
paths, one is part of the FPPS and the other path utilises the CVCS purification systems
(see Section 4.2.2.3).

The FPPS purification chain consists of:
¢ Two front end filters in series, for removing mechanical impurities
e A demineraliser filled with mixed bed resins, for trapping ions

e One back end resin filter, used to trap resins if the strainer inside the demineraliser
unit fails

The CVCS purification system is assessed in Section 4.2.2.3, so is not discussed in detalil
here. However, based upon the assessment conducted there is no reason to suggest that
this is unreasonable and the CVCS should be adequate to purify the reactor building
pools during refuelling.

The FPPS is used for the fuel building pools and the reactor building pools when the
reactor is at power. The CVCS connection is only used during shutdowns. Either can be
used for purification of the IRWST, depending upon the state of the plant and systems.
Due to the water chemistry the entire FPPS is made from stainless steel.

The FPPS also includes two independent skimming systems, one for the reactor building
and one for the fuel building. Both systems consist of a pump and mechanical filter which
connect to a suction device.

This design of the FPPS is functionally very similar to those currently in use at other
PWRs.

The IRWST is discussed in Section 4.2.8, so is not assessed here.

Operational Chemistry
EDF and AREVA propose chemical specifications for the SFP water, such to:
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e limit the corrosion risk of fuel cladding (both new and used fuel)
¢ limit the corrosion risk of the SFP materials
¢ limit the risk of chemical pollution of the primary circuit

This results in limits for boron (both 198 enrichment and total boron), aggressive anions
(such as chloride), sodium and zeolite forming elements. These are controlled by
sampling of the SFP water using the NSS connections. Despite these concerns and
requirements, the Step 4 PCSR (Ref. 11) contained no reference to the expected SFP
chemistry for UK EPR. | consider this to be an Assessment Finding (AF-UKEPR-RC-23).
The Chemistry Chapter in the consolidated PCSR (Ref. 103) identifies most of these
requirements but not specifically for the SFP.

Water losses and transfers from the various pools require provisions for make-up, both of
demineralised water and borated water of the correct enrichment, concentration and
purity. Demineralised water is sourced from the Nuclear Island Demineralised Water
Distribution system (SED) and borated water is supplied from the Reactor Boron and
Water Make-up System (RBWMS), which is assessed in Section 4.2.2. The principal
water requirements are:

e Compensation for losses during transfers, for the fuel building transfer compartment,
the loading pit or the IRWST; RBWMS

e Compensation for losses due to evaporation; SED
e Compensation for losses of borated water from the SFP; IRWST

An important characteristic of the SFP water is that it is part of the reactivity control
provisions in the pools during fuel movements and for the reactor pools during refuelling
activities. The criticality control aspects of the UK EPR safety case are assessed
elsewhere (Ref. 57), as are the potential SFP faults (Ref. 58). However, an important
point from a chemistry perspective is that the soluble boron present in the UK EPR SFP
is not claimed as being required by EDF and AREVA to maintain sub-criticality for fuel
stored correctly in the racks. However it is necessary during refuelling activities to
maintain sub-criticality in interim storage accident configurations (for example, an
assembly lying on the top of a rack or positioned between the rack and the pool wall).
This is common to most SFPs, including in the UK. Due to the connection between the
SFP with the reactor vessel (and hence core) during refuelling the soluble boron must be
of sufficient concentration to prevent dilution.

The spent fuel pool storage racks within the UK EPR SFP utilise borated stainless steel
as the neutron absorber material inside a structural framework of stainless steel. This
material has been successfully used in such applications for many years, although not
extensively in the UK. Historically a number of chemistry problems have been associated
with degradation of neutron absorbers within the SFP environment where they can be
subjected to intense levels of gamma radiation, releasing large quantities of silica to the
SFP water or experiencing corrosion damage that threatened the neutron attenuation
properties of the material. A stainless steel base material removes these concerns in UK
EPR and minimises the requirements for condition monitoring of the SFP racks, provided
adequate temperature and chemistry control is maintained.

Although UK EPR uses borated stainless steel for the SFP rack neutron absorbers, EDF
and AREVA still specify a silica limit for the SFP water. Silica is difficult to remove by ion
exchange processes and would require discharge and make-up if the SFP became
contaminated. This requirement is mainly related to the use of zinc in the primary coolant,
with high levels resulting in a delay before zinc injection can be initiated. Further design
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features in UK EPR, such as stainless steel filters and improved make-up water systems
should mean that this limit is rarely approached.

The other materials used in the SFP systems should not experience significant
degradation, provided the SFP chemistry and cooling are well controlled.

TQ-EPR-1235 (Ref. 8) queried the effect of Enriched Boric Acid (EBA) use on the SFP
and IRWST concentrations during a cycle. EDF and AREVA claim no depletion of EBA in
the SFP during a cycle, due to the low neutron irradiation. Should the enrichment change
due to mixing with RCS coolant of lower enrichment (which should be precluded by
administrative procedures) this is restored by addition of higher enrichment EBA using
the RBWMS. The same process is used for the IRWST.

Control of Radioactivity

An important function of the FPPS is to minimise the activity within the spent fuel pools
and connected systems, influencing both ORE and wastes. The SFP systems will
become contaminated with activity either due to water transfers or mixing with other water
sources, especially during refuelling, or from activity released into the pool water from
stored used fuel. The former will be a quick process leading to spikes in activity, while the
latter is expected to be a much more gradual process.

An important input to minimising ORE and wastes during refuelling operations is the
shutdown chemistry, which is discussed in Section 4.2.11.

Irrespective of this, during refuelling a large amount of radioactivity is transported and
relocated around the various plant systems. Surface finish and design provisions can
have an important impact on the retention of activity in areas where radioactive species
have the potential to be accumulated. TQ-EPR-1403 (Ref. 8) was raised to clarify these
aspects for the UK EPR design. The response indicated that the stainless steel in the UK
EPR SFP systems will be finished to EN 10088-2, with a slightly rougher surface finish
allowed on the SFP base. This standard does not specify a particular surface roughness
and as such some variability can exist. While this seems appropriate for the SFP and
other pools permanently filled with water, consideration should be given to specifying a
surface finish for those pools which are routinely filled and drained in order to reduce
ORE. Consideration should also be given to the surface finish of the SFP wall which is
subject to level oscillations. | consider this to be an Assessment Finding AF-UKEPR-RC-
24.

Much of the emphasis on ensuring activity remaining on pool walls and floors following
draining is based on the claimed efficiency of the pool purification systems, skimmers and
with manual wash downs. During draining and wash downs active particles held-up on
the walls and floors are washed down to the compartment filters. This restricts transfer of
activity back to the IRWST or purification and cooling systems, although does create
active filters for disposal.

Based upon OEF the FPPS flowrates are set such that the full contents of the SFP or
reactor pit can be treated at least once every 24 hours. This is claimed to minimise ORE
and maximise pool clarity. The provision of dedicated skimming facilities for the pools in
both the reactor and fuel buildings will help to minimise dose rates, both during refuelling
operations and during clean-up operations. The skimmers contain 1 um filters which trap
active particulate from the pools.

In the response (Ref. 59) to RO-UKEPR-73 (Ref. 9) EDF and AREVA provided estimates
for the radioactivity within the reactor building and IRWST pools. The activity in these
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pools are different from other systems in the reactor in that they generally receive an
increase in activity when connected to the RCS (i.e. they do not have a permanent
source), but this additional activity is gradually removed during the cycle both by natural
decay and purification by the FPPS. This process is very dependant upon operational
procedures which determine the timing of the various shutdown steps and the movement
of coolant between the various systems, so any estimation is clearly very dependant on
the assumptions used. It is apparent that the outage schedule used is very similar to that
described in Section 4.2.11 and the estimation features a number of assumptions which
should lead to conservative activity estimates, such as reduced purification rates and
minimised mixing of water volumes when only limited mixing is expected.

The main control that can be applied to limit activity transfer to the SFP is to minimise the
activity in the RCS coolant volume before connecting to the SFP. This is commonly
achieved through head lift criteria, which are primarily for ORE concerns during refuelling.
TQ-EPR-159 (Ref. 8) provided some information on the likely head lift criteria to be
applied in UK EPR. As for all limits and conditions these were given as indicative values,
to be confirmed by the Licensee, however they did indicate controls on both **Xe and ***|
at various stages of the shutdown (before power reduction, before RCS oxygenation,
before last RCP stop and before RPV head lift). These were consistent with the values
given in the RO-UKEPR-73 response (Ref. 59, which provides activity levels for FA3)
providing comfort that these limits are reasonable and can generally be met when using
the “realistic” source terms. They are often exceeded when compared to either the
“shielding” (DPB) or “effluent” (DSE) source terms. This arises because the DBP and
DSE sources can be more onerous in terms of the effect of some nuclides, which then
may translate back to tighter controls, as illustrated in the following paragraphs. This
confirms the requirements for the control and the values for these limits should be
reviewed at a later stage, when available. This is related to Assessment Finding AF-
UKEPR-RC-02.

The response to RO-UKEPR-73 (Ref. 59) also provides estimates for the IRWST activity,
both immediately following refuelling and after 12 months, which is the minimum period
between outages considered. The response indicates that the major activity in both cases
is associated with the long lived nuclides (corrosion products, caesium isotopes, **C and
tritium) with tritium dominating. The response recognises the need to discharge tritium
during the fuel cycle in order to avoid a build-up within the plant; the most penalising case
with 100% recycling is calculated to result in a concentration of 28,000 MBq t* during the
outage. Consideration is also given to contamination of the IRWST with a volume of
heavily contaminated RHRS coolant.

Tritium during shutdowns is discussed in Section 4.2.11, under primary circuit shutdown
chemistry. This highlighted the need for tritium controls during a shutdown and discharge
of tritiated waste during the cycle. As discussed earlier, EDF and AREVA propose no
specific controls for tritium in the RCS during a shutdown, using the SFP activity as the
control. This is reflected in the UK EPR source terms (Ref. 60) which suggests a limit
value for tritium of 15,000 MBq t™ in the RCS and state that for tritium; “Since tritium is not
involved in the assessment of radiological protection requirements (4 emitter), a single
envelope value has been set at 37,000 MBq t*.” While much higher than the values
expected in UK EPR, as suggested in the response to RO-UKEPR-74.A1 (Ref. 34), this
means that the estimations provided in RO-UKEPR-73 (Ref. 59) do not reflect the
expected concentrations of tritium in the SFP systems and pools. In fact all the sources
are taken as being equal to 37,000 MBq t™ at all times. This is reasonable from a direct
radiation source viewpoint but neglects both ORE from skin absorption/inhalation and
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potential gaseous waste discharges, all of which must be considered elsewhere in the
safety case.

The second part of the RO-UKEPR-74.A1 response (Ref. 106) however, proposes that “a
preliminary target value for UK EPR of 3,000 MBq t™ for tritium concentration in the Fuel
Building Pool and the IRWST pool. Complementary studies are currently in progress to
properly assess the different tritium activity limits that should be set in the Fuel Building
pool, in the IRWST pool and in the RCS prior to head lift.” The implications for this on
start-up and shutdown chemistry, especially head-lift criteria, are assessed in Section
4.2.11. For the control of radioactivity in the SFP and IRWST this is a positive step
proposed by EDF and AREVA and should be beneficial for UK EPR. The 3,000 MBq t*
value proposed is at the lower end of operational experience with SFP tritium activities.
The final part of the RO-UKEPR-74.A1 response (Ref. 107) does not consider transfers
of tritium to the SFP or IRWST, so does not provide quantitative evidence that such a
control or limit is practicable. In this respect the response was inadequate. While | am
content that such calculations are possible, and on the basis of the evidence presented to
date should not reveal any significant problems, they will be required as part of the
evidence supporting the safety case. | consider this to be an Assessment Finding (AF-
UKEPR-RC-25).

Overall, | consider that a reasonable case has been made by EDF and AREVA to
demonstrate that tritium control in the UK EPR SFP may be possible; however this is
heavily dependant upon tritium controls in the RCS, particularly during shutdowns. This is
related to Assessment Finding AF-UKEPR-RC-02. Fundamentally this nuclide can be
controlled in the SFP and IRWST by discharge and make-up, within acceptable limits.
The operation of the boron recycle system therefore become important to minimise
accumulation of tritium in the plant, but the “rules” described by EDF and AREVA in the
response to RO-UKEPR-74.A1 (Ref. 106), if adequately applied, should minimise this
effect. The suggestion of an “expected value” and the potential for a limit on tritium in the
UK EPR is a positive step by EDF and AREVA. However, | consider that a limit or
condition for tritium activity in the SFP, and potentially in the IRWST, is required for UK
EPR, both to limit ORE during refuelling activities but also to ensure that BAT and ALARP
criteria are demonstrated. | consider this to be an Assessment Finding (AF-UKEPR-RC-
25).

While tritium is unique in not being removed by the FPPS, for the purpose of the
estimations for other nuclides in the response (Ref. 59) to RO-UKEPR-73.A1 (Ref. 9),
EDF and AREVA assume the FPPS influent concentration is equal to the respective pool
concentration, while the outlet is abated by the relevant factor for the demineralisers. The
FPPS demineraliser decontamination factors are taken as being equal to the CVCS. This
may not be true given the different behaviour of some radionuclides under outage
chemical conditions, however the values used are conservative so should account for any
changes.

RO-UKEPR-74.A2 (Ref. 9) requested evidence that the UK EPR design could adequately
control fuel crud throughout the nuclear island systems. Similarly RO-UKEPR-74.A3 (Ref.
9) requested evidence for the control of other radioactive materials throughout the
nuclear island. EDF and AREVA chose to combine the response to these actions. At the
time of preparing this report, EDF and AREVA had not completed their response to these
ROAs, having provided only the first half of a three part response (i.e. two reports out of
four).

The first part of the response (Ref. 111) is an overview document providing information
on how EDF and AREVA have approached the management of activity in UK EPR.
Various steps are described including identification, quantification and characterisation of
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the source terms, followed by analysis of the performance of the various UK EPR
treatment systems. Much of the information is linked to other previously supplied
documentation, particularly the responses (Refs 59, 60 and 34) to RO-UKEPR-73 and
74.A1 (Ref. 9). The responses introduces a number of codes and models which have not
previously been presented by EDF and AREVA during the Reactor Chemistry
assessment, including the Thermal Hydraulic Code (THYC), COCCINEL, DARWIN and
CHESS (Ref. 111). As an overview the response is reasonable, providing a degree of
confidence that EDF and AREVA have taken a logical and methodical approach to
management of the source terms in UK EPR and hence the transfer of activity around the
nuclear island systems. However, it does not provide any quantified concentrations or
activities, which are expected as part of the latter deliverables under these ROAs.

The second part of the response (Ref. 112) provides the EDF and AREVA estimates for
fuel crud in UK EPR. This report has been discussed previously, in Sections 4.2.3 and
4.2.5, and provides a bounding estimate for fuel crud production in UK EPR. This
analysis is an input to the fuel crud radioactivity likely to be transported to the SFP during
refuelling activities.

The remaining parts of this ROA response, titled as “Analysis of UK EPR source term:
identification, quantification and characterisation” and “Activity management at UK EPR:
system performances and control actions” (in Ref. 111) have not yet been provided. It is
these reports which will contain the evidence to support the claim that radioactivity in the
UK EPR SFP and IRWST can be adequately managed. Despite these responses not
being delivered or assessed, based on the balance of other evidence as presented
(mainly from other ROA responses and examining the UK EPR purification systems for
the SFP, as outlined in Section 4.5.1.3), | do not consider there should be any
fundamental problems with controlling activity in the UK EPR Nuclear Island systems
provided a suitable operating and shutdown chemistry regime is defined and maintained
and appropriate limits and conditions are enforced by the Licensee. However, such
estimates are needed as part of the safety case.

Overall, EDF and AREVA have not yet made an adequate and complete case to support
the claim that radioactivity can be controlled in the Nuclear Island systems in UK EPR. |
am content this could be done, but has not been completed in the Step 4 assessment
timescale. | consider this to be a GDA Issue, GI-UKEPR-RC-02.

Fuel Discharge

Once stored for a sufficient period to remove adequate decay heat, EDF and AREVA
propose to export used fuel from the SFP dry. It is possible that this fuel may be
transferred to a further water cooled storage pond, before long term disposal. TQ-EPR-
689 (Ref. 8) was raised to understand the consequences of this process on the fuel, in
particular the effect of drying then re-wetting the fuel. The response provided OEF from
EDF and AREVA of similar activities carried out in French PWRs over the past 30 years.
The risk posed by this operation appears to be small, if adequate controls are in place,
which appears to be the case in EDF plants. As many of these controls are administrative
and Licensee dependant little information is provided in the response, however as the
design of UK EPR follows the same practice there appears no reason to doubt why these
cannot be successfully implemented. | consider this to be an Assessment Finding AF-
UKEPR-RC-26.
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4.3.2.5 Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of Spent Fuel Pool chemistry in UK EPR are:
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The UK EPR Spent Fuel Pool systems are functionally very similar to current PWRs
and the design and material choices are consistent. EDF and AREVA have described
the spent fuel pool operational chemistry, mostly in responses and documents outside
of the Step 4 PCSR. The chemical requirements for such systems are well known and
UK EPR has systems for monitoring, controlling and purifying the pool water which
can be considered adequate.

The control of radioactivity within the large volume spent fuel pool is important from an
ORE, waste and discharge perspective. UK EPR should be at least as capable as
current PWRs in controlling the activity in the pool, and may be better due to larger,
more efficient treatment systems. On the basis of the evidence that was presented, |
am content that detailed supporting evidence can be provided during Licensing and
the present gaps do not represent a significant unrevealed hazard to the safe
operation of the plant for GDA. | have highlighted a number of findings and an Issue in
this area where further justification and evidence is still required.

| consider that limits or conditions will be required on tritium in the UK EPR Spent Fuel
Pool, and potentially the IRWST.

| judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of Spent Fuel Pool chemistry in UK EPR described in
Section 4.3.2 above, | have identified the following Assessment Findings which need to
be addressed, as normal regulatory business, by the Licensee, during the design,
procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-22— The Licensee shall consider the risks posed by accidental
over-cooling of the UK EPR Spent Fuel Pool (SFP). The consequences of this
should be documented and recognised in the safety case. Reasonably practicable
design changes to mitigate this effect should be considered, if appropriate. This
Assessment Finding should be completed before operation of the SFP systems.
Target milestone — Cold Ops.

AF-UKEPR-RC-23 - The Licensee shall include the safety aspects of the Spent
Fuel Pool (SFP) operating chemistry in the safety case. This Assessment Finding
should be completed before operation of the SFP systems. Target milestone — Cold
Ops.

AF-UKEPR-RC-24— The Licensee shall review the surface finish to be applied to
areas of the Spent Fuel Pool (SFP) subject to level oscillations and generate
evidence for the suitability of the surface finish chosen. This Assessment Finding
should be completed before fuel is delivered to site, but may need to be considered
earlier, for example, prior to procurement of the affected equipment. Target
milestone — Fuel on-site.

AF-UKEPR-RC-25 - The Licensee shall specify the acceptable level for tritium in
the Spent Fuel Pool and connected systems, including the IRWST. This should
include evidence that operator radiation exposure and discharges have been

Page 150



Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

considered. This Assessment Finding should be completed before nuclear
operations, as this is when tritium will first be generated. Target Milestone — Initial
criticality.

AF-UKEPR-RC-26 — The Licensee shall develop the controls required to ensure
that spent fuel can be successfully exported from the UK EPR fuel pool following
storage. This Assessment Finding should be completed before nuclear operations,
as prior to this the fuel export facilities will not be needed. Target Milestone — Initial
criticality.

4.3.2.7 GDA Issues

722

4.4
723

724

725

726

Based upon the assessment of fuel pool chemistry in UK EPR described in Section 4.3.2
above, | have identified no additional GDA Issues which requires resolution, however this
area is strongly linked to the GDA Issue on ex-core radiation described in Section 4.2.5,
GI-UKEPR-RC-02.

Secondary Circuit

The secondary circuit is actually a collection of individual systems that together form a
loop (under normal conditions) for the transfer of thermal energy from the primary circuit
to useful kinetic energy for the generation of electricity. All secondary circuits (be they
nuclear or conventional plant) function in the same basic manner, namely, converting
water to steam in a boiler to drive a turbine, the exhaust from which is then condensed
and returned to the boiler where the process is repeated.

The design of all of the secondary circuit systems must account for the operations
required during start-up, normal operation (including power changes), shutdown,
refuelling and during postulated accident scenarios. Each of these systems can act at
various times, some of the systems operate continuously, others intermittently, some
operate only during accident scenarios while some operate in parallel to others.

Assessment of the secondary circuit started in Step 3, but was hindered due to the lack of
information presented in the PCSR and supporting documents. A number of areas were
further assessed during Step 4.

A further complication in the assessment of the UK EPR secondary circuit is the close tie
between many of the secondary circuit systems and the site specifics. EDF and AREVA
initially stated that the secondary circuit as a whole was outside of the GDA scope for UK
EPR; | did not agree with this position and felt that this was significant departure from our
requirements and expectations for GDA. Following discussions EDF and AREVA agreed
to include a number of secondary circuit systems within the GDA scope. The following
table lists the secondary circuit systems within the scope of GDA:

UK EPR Abbreviation Description
SSS Start-up and Shutdown Feedwater System
SGBS Steam Generator Blowdown System
MFWS Main Feedwater System
EFWS Emergency Feedwater System
ATD Start-up Condensate and Feedwater Purification Plant
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UK EPR Abbreviation Description
CEX Condenser and Condenser Extraction System
CVI Condenser Vacuum System
CRF Circulating Water System
MSB Main Steam By-pass System
RES Steam Generator Secondary Sampling System
SIR Chemical Reagent Injection System
SIT Feedwater Sampling System
SRI Conventional Island Closed Cooling Water System

MSRT Main Steam Relief Train
MSSS Main Steam Supply System

Table 12: UK EPR Secondary Circuit Systems Included in GDA Scope

The assessment of secondary circuit chemistry during GDA has sampled a number of
interrelated areas which, when taken as a whole, cover a selection of the main chemistry
related safety concerns in the secondary circuit. In line with the other assessment areas
for Reactor Chemistry in GDA, the approach was to identify the current EDF and AREVA
approach and expectations for secondary circuit chemistry in UK EPR. Implicit in this is a
determination that the plant can safely support the anticipated chemistry. The areas
sampled were:

e Materials, Design and Chemistry
e Materials Integrity and Corrosion
e Sampling Systems

e Start-up and Shutdown Chemistry

Each of these is discussed in detail in the following sections.

Secondary Circuit Overview

As the Secondary circuit is a complex arrangement of many systems, a brief discussion
of the UK EPR design is given below. A number of the main systems described were
subject to more detailed assessment and these are described in more detail in the
subsequent sections.

The interfaces between the primary and secondary systems are the SGs. Chemically
conditioned feedwater is fed to the SGs. A small flow of coolant (<1% of the SG steam
output) is extracted by the Steam Generator Blowdown System (SGBD). The SGBS
purifies the extracted coolant and returns this to the bulk condenser supply, thus
controlling coolant impurity levels. The bulk coolant in the SG is heated to saturation
temperature (293°C) by heat transfer from the primary circuit. The resultant two-phase
steam flow passes up the steam generator and is dried by the moisture separators and
dryers in the top of the steam generator. The dried steam at saturation temperature exits
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the steam generator at around 78 bar and passes to the turbine, where it transfers energy
to the turbine.

The UK EPR also features dedicated Start-up and Shutdown Feedwater System (SSS)
and Emergency Feedwater System (EFWS) which supply feedwater to the SGs under
certain conditions when the main secondary circuit supply is unavailable. The SSS is
assessed in Section 4.2.3.

As the temperature and pressure of the steam falls, two-phase flow (steam-water)
conditions result within the High Pressure (HP) turbine. As in all PWRs, the formation of
wet steam conditions within the HP turbine makes all pipework and components that
receive wet steam from the turbine potentially susceptible to corrosion, including Flow
Accelerated Corrosion (FAC). Many lines and drains are taken from the turbine to provide
steam for feed heating and other purposes, and are exposed to high velocity two-phase
flow conditions which again make these systems potentially susceptible to corrosion.
Steam from the HP turbine exhaust is dried and reheated in the Moisture Separator Re-
heaters (MSRs). While this provides dry steam to the Medium and Low Pressure (MP and
LP) turbines the MSRs themselves operate under wet steam conditions and so are again
potentially vulnerable to damage. The use of a separate medium pressure turbine stage
is not common in PWRs and may introduce additional requirements. Steam from the MP
turbine passes on into the LP turbine and low temperature wet steam conditions develop
at some stage within the LP turbine, which can lead to a risk of droplet erosion of the
turbine blades, and condenser tubes, if the latter are not adequately protected.

The detailed design of systems associated with the UK EPR turbine systems are not
within the GDA scope and as such no assessment of these systems has been
undertaken.

Steam exiting the turbines is condensed back to water by passage over cooled
condenser tubes fed from the cooling water supply. This interface between the chemically
controlled secondary circuit and the cooling water supply, which can be seawater, is a
common source of both minor and major impurity ingress. As is common in all PWRs,
steam may also be dumped directly from the SGs to the condenser in some
circumstances, which can also lead to a risk of condenser tube erosion. Control of
oxygen ingress to the condensate is important at this stage.

Condensate is collected and stored before extraction through four stages of low pressure
(LP) feed heating. During normal operation there is no purification of the condensate at
this stage; however the Start-up Condensate and Feedwater Purification Plant (ATD) is
used during plant start-ups, as described in Section 4.2.3. This approach is not
uncommon for PWRs, and is used in the secondary circuit of existing French PWRs, but
it does place much greater reliance on:

e Production of high-purity make-up water
e Purification during reactor start-up

e Removal of any impurities during operation by the Steam Generator Blowdown
System (SGBS)

e Condenser tube integrity
e Quick detection of condenser tube leaks

Feedwater passes into the feedwater tank, which also serves as a deaerator vessel,
where it is sprayed through steam removing non-condensable gases. To minimise the
level of oxygen in the feedwater many PWRs, including existing French PWRs, rely on air
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extraction in the condenser to fulfil this role. The oxygen concentration in the secondary
circuit feedwater is an important parameter that affects corrosion processes within the
secondary circuit. The introduction of a deaerator in the UK EPR secondary circuit design
can therefore be viewed as a valuable addition to the means available to the licensee for
controlling feedwater oxygen concentrations. It also provides a reservoir of treated
feedwater that may be valuable under fault conditions.

Following deaeration, the feedwater is heated and pressurised by two stages of High
Pressure (HP) feed heating before entering the SG. This stage of feed heating uses
Direct Contact (DC) heating via extraction steam from the turbines. This is an important
feature of PWR secondary circuits as it means that a significant quantity of feedwater
does not pass through the full steam system during each pass.

The figure below shows the main components of the secondary circuit. The principal
water and steam flows are highlighted in blue and red respectively (Ref. 50):

Figure 19: UK EPR Secondary Circuit

Assessment — Materials, Design and Chemistry

The main functions of secondary circuit chemistry are to support safe plant operations, in
particular:
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e Protection of the secondary circuit materials, specifically related to integrity of the
system and component failure.

¢ Avoid sudden large changes effecting plant performance, in particular heat transfer
impairment or pressure drops, which may exercise safety systems.

e Support system performance requirements, especially where related to safety.

Assessment during Step 4 has concentrated on demonstrating these aims have been
realised in the UK EPR safety case. My assessment was supported by a TSC contract
which reviewed both relevant good practice in secondary circuit chemistry (Ref. 16) and
the UK EPR design specifically (Ref. 15). My assessment that follows is consistent with
these reviews.

Materials and Design

Since all power plants have complex secondary circuits which often contain a wide range
of materials, it is necessary to reconcile the often divergent requirements of distinct
systems against each other to achieve an overall balance, both for the chemistry and
design. In order to define the chemistry a thorough understanding of the system designs
and materials is required. The following sections concentrate on the main chemistry
related systems in the UK EPR secondary circuit, specifically an assessment of the
materials and design choices, which influence the chemistry.

4.4.2.1.1 Steam Generators

741
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The UK EPR has four SGs which are similar to EDF N4 plant SGs (model 73/ 19 TE) that
are already in service in several plants. These are described in the PCSR (Ref. 11,
Section 5.4.2.). Further details are also available in the RCS SDM (Ref. 43). The main
differences in comparison to the N4 SGs are an increase in secondary side water volume
(normal level increased from 61.5 m> on N4 to 82.3 m* in UK EPR) and an increased
number of SG u-tubes. The Steam Generators (SGs) are the interface between the
primary and secondary circuits of a PWR. On the secondary side the outside of the heat
transfer u-tubes are in permanent contact with the secondary circuit feed water and this
water absorbs the heat and boils creating the steam necessary to drive the secondary
circuit turbines. The upper section of each SG is fitted with various moisture separators
and driers to improve the steam quality.

Many design differences exist between SG designs of different plant lineage. A number of
these differences are due to the OEF from earlier SG designs where the materials and
design, in combination with the operating chemistry regime, revealed a number of
weaknesses causing various degradation issues, including SG tube ‘denting’, wastage,
pitting, Stress Corrosion Cracking (SCC), Intergranular attack (IGA) and fouling, amongst
others.

During Step 3, | was content with the SG features described for UK EPR, which should
provide performance at least equivalent, if not better than the latest replacement SGs
provided appropriate chemistry controls are adopted. Further assessment was
undertaken on a number of these features, and how they influence corrosion
performance and plant chemistry in UK EPR, during Step 4. The design of the Steam
Generator in UK EPR is shown below (Source - AREVA):
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Figure 20: UK EPR Steam Generator

The most significant material choice made for the UK EPR SGs is the use of Inconel 690
in the thermally treated condition. This is almost the standard choice for SG tubing
material and is consistent with the latest replacement SGs. Protection of this material is a
determining factor in any chemistry regime. While it is accepted that, overall, this material
has much better corrosion behaviour than Inconel 600, and comparable performance to
Alloy 800, EDF and AREVA recognise a number of environments still pose risks to
Inconel 690 as defined in the response to RO-UKEPR-44.A2 (Ref. 51). These are
environments which contain caustic lead, lower valence sulphur species and acidic
solutions that are slightly oxidizing, in addition to the wastage and pitting problems which
are common to all SG tube alloys. These are important considerations for the chemistry
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regime selected and EDF and AREVA have provided responses to my questions in each
of these areas, as described in Section 4.4.2.2.

The thermal treatment of the SG u-tubes is important to the corrosion propensity of the
material in the secondary side environment. This has been discussed previously in
Section 4.2.3.2.

The SG tubes are welded to the primary face of the steam generator tubesheet and
expanded over the full depth of the tubesheet. This joint is an important area in SG
design as a number of SGs have experienced corrosion issues in this area due to the
crevices left between the tube and tubesheet. EDF and AREVA claim that an improved
process will be used for the UK EPR SGs, resulting in a reduced crevice region (TQ-
EPR-1219, Ref. 8). Stress introduced into the SG tubes during this process can cause
sensitivity on affected tubes. Again, EDF and AREVA claim that an improved procedure
is available for UK EPR, resulting in reduced residual stresses.

The UK EPR SG tubes will be hydraulically expanded throughout the entire tubesheet
thickness. A 33% reduction in the crevice width is expected in UK EPR compared to N4
SGs due to manufacturing improvements, in line with the more recent replacement SGs
manufactured by AREVA. Outside Diameter (OD) residual stresses are low and should
not impose additional corrosion concerns with adequate chemistry control.

The SG tubes are supported by nine Tube Support Plates (TSP) connected by tie rods,
with the TSP fabricared from » I 1 g+
chromium steel should provide adequate corrosion resistance except if hostile
environments are allowed to develop, although these would damage the more sensitive
SG tubes first. Due to the incorporation of an axial economiser in the design the support

plates below the divider plate are actually half plates.

The UK EPR will have a trefoil-shaped broached TSP. This is claimed to limit the risk of
TSP blockage and hide-out phenomena. While it is accepted that the line contact with the
steam generator tube in a trefoil design TSP will limit chemical hideout and therefore
corrosion damage, similar trefoil-shaped broached tube supports have suffered severe
blockage, in both Canadian Deuterium-Uranium (CANDU) reactor recirculating steam
generators and Babcock and Wilcox once-through PWR steam generators.

TQ-EPR-1219 (Ref. 8) asked for a justification for the selection of trefoil TSP in UK EPR.
The response concludes that trefoil supports are required due to the triangular pitch on
the SG tubes and that there are no reasons to believe trefoil TSP should be more
susceptible to blockage than any other support shape in use. The blockage process is
complex and may involve deposition of both particulate and soluble iron, hence depends
on many factors. The UK EPR TSP design is the latest evolution and several features
may in fact make it less susceptible than current plants.

The |GGG s uscd for the anti-vibration bars used in the u-bend

region of the SGs to minimise tube vibration. Again, these materials should offer suitable
corrosion resistance in typical secondary chemistry environments.

A flow distribution baffle is used to distribute the flow across the tubesheet. This should
minimise local areas of high sludge accumulation on the tube sheet.

The UK EPR SG design incorporates an axial economiser. This design feature separates
the cold side of the SG tubes from the hot side, via a divider plate from the tubesheet to
the sixth TSP. A double wrapper is also included in the SG shell to direct the feedwater
flow. These features result in direction of all of the incoming feedwater to the cold side of
the tube bundle plus 10% of the recirculated water. The remaining 90% of the
recirculated water is directed towards the hot side. EDF and AREVA claim that, in
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contrast with other economiser designs, the UK EPR economiser design has overcome
two disadvantages seen in earlier designs, namely, no direct cross-cutting flow along the
tubes and no reduction in accessibility to the tube bundle for inspection and maintenance.

The UK EPR features separate SG feedwater inlets for the main (both normal and start-
up and shutdown) and emergency feedwater supplies.

Recognising the similarity to the EDF N4 SG design, TQ-EPR-1218 (Ref. 8) requested
OEF on the effect of including a number of design features. Based on the N4 feedback it
appears that the addition of an economiser does indeed reduce cross flow in the SG and
has a positive effect on tube wear in the upper bundle. The feedwater nozzles are
different in UK EPR, mainly for the emergency feedwater nozzle which is intended to be
used less than in the N4 plant due to the design of the plant. UK EPR retains the
inclusion of a thermal sleeve for both the main and emergency feedwater nozzles, as in
N4.

The original design for the SG shell was for manufacture using [ EGcGcNGEEE

which contains a maximum of 0.25% chromium. EDF and AREVA
included a design change proposal during Step 4 (CMF 17, Ref. 95) to extend the
possibilities of material to include the “ grade, in addition to
grade. Both are currently used in such applications. This proposal has been assessed in
the Structural Integrity assessment area (Ref. 116). For a Reactor Chemistry perspective
this proposal does not change the chromium content of the alloy, which remains at a
maximum of 0.25% (as per RCC-M, Ref. 96).

Despite design improvements and chemistry modifications the accumulation of some
sludge and deposits within an operating SG is inevitable. An important consideration then
becomes the provision in the design for inspection and cleaning (lancing), especially in
low flow areas. This has been a recent operational issue with some EDF plants, where
deposits in the tube support plate broaches have caused SG pressure losses to rise. TQ-
EPR-781 (Ref. 8) queried several points in this area related to quantities, location and
provisions for sludge removal in UK EPR.

The response provided details of the UK EPR design provisions in this area, which
include:

e Optimised Steam Generator Blowdown System (SGBS) nozzles and location.
¢ Incorporation of a tube lane blocking system to minimise areas of low flow.
e Addition of flow distribution baffle.

Supporting these features is an assessment of sludge accumulation in the SG using 3D
flow analysis. This indicates that low flow areas in the UK EPR SGs should be minimal,
resulting in limited sludge accumulation. OEF from the EDF N4 plants, which have very
similar SGs, suggest only a few kg of sludge accumulation occurs in operation. A number
of inspection ports are available in the UK EPR SG design to facilitate both tubesheet and
tube bundle visual inspection or cleaning. EDF and AREVA claim that the SG shell is
manufactured with an allowance for chemical cleaning during its lifetime. The adequacy
of this claim is not part of GDA and would require a justification by the Licensee on a
case by case basis, but it is encouraging that EDF and AREVA have considered this
possibility. It is notable that EDF and AREVA do not anticipate use of a dispersant for
chemical sludge mitigation in UK EPR.
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The Steam Generator Blowdown System (SGBS) is used to maintain the quality of the
water/steam mixture within the secondary circuit by continuously removing a proportion of
the flow from the steam generator. For UK EPR this system is very important to
maintaining an adequate water quality in the secondary side.

Assessment of this system started during Step 3, although limited information was
available at the time. | was content with the proposed functionality of this system during
Step 3. Continuing assessment occurred throughout Step 4 focussing on the evidence to
support these functions.

In UK EPR the nominal SGBS flowrate is expected to be 1% of the main SG flow, which
is reasonably high, compared to other PWRs, but can be varied for operational reasons,
including operations with higher blowdown rates during impurity increases.

The UK EPR SGBS is described in the PCSR (Ref. 11, Section 10.4.7) and the
corresponding SDM (Ref. 44). Each SG has a separate blowdown line, extracting from
locations close to the tube plate (two nozzles on the hot leg and a third one on the cold
leg side of each SG). Two connections to the Nuclear Sampling System (RES) are
attached to the blowdown lines, one to the cold leg blowdown line and one to the
common hot leg blowdown line. The RES is assessed in Section 4.4.3. The UK EPR
SGBS is shown below (Ref. 11):

Figure 21: UK EPR Steam Generator Blowdown System

The blowdown from each SG is routed via a dedicated flash valve to a single flash tank,
which separates the liquid and gaseous phase, with the steam phase extracted to the
deaerator tank. The remaining liquid phase is cooled by a regenerative heat exchanger
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(blowdown cooler) cooled by the Condensate Extraction System (CEX) before feeding
into the demineralisation system which consists of two 50% capacity trains with (2 x
100%) cartridge filters and ion exchange demineralisers. The purified feed is fed back to
the condenser, or alternatively can be discharged as waste. By-pass and interconnecting
lines exist to transfer blowdown flow to waste without purification or to interconnect the
two purification trains. The SGBS is also used to drain, fill and recirculate the SGs during
outages as necessary. The RES returns ‘clean’ secondary samples upstream of the
SGBS demineralisers and samples post demineralisation to measure SGBS
performance. The blowdown flash vessel and cooler are located within containment. The
purification trains are located within the nuclear auxiliary building, which is accessible
during operations. Functionally, this system is very similar to SGBS in other PWRs.

Radioactivity measurements on the SGBS lines, as part of the 3KRT monitoring system,
are used to monitor for primary to secondary leakage and SG tube rupture.

Transfer lines linking steam generators 1 and 2 together and generators 3 and 4 together
are provided to transfer the water of the affected steam generator towards the unaffected
steam generator in case of steam generator tube rupture (SGTR) with loss of offsite
power (LOOP) to avoid release of liquid to the environment.

A number of important design choices have been made for the UK EPR SGBS, affecting
the operating chemistry options:

e The design features no provisions for regeneration of exhausted ion exchange resins.
Thus once exhausted resins are removed and replaced. This imposes a number of
restrictions on the operating chemistry, as described in Section 4.4.2.2.

¢ In the Systems Design Manual for the SGBS (Ref. 44) EDF and AREVA claim that the
SGBS demineralisers are sized for a lifetime of 24 months before replacement. The
influent chemistry to the demineraliser is defined as 0.18 mg kg™ ammonia and 5.8
mg kg™ morpholine (which appears inconsistent with the response to RO-UKEPR-
44 A2 described in Section 4.4.2.2 of my report). A description of the replacement
procedure for spent resins is included which indicates that on-line resin exchange is
possible in the systems such that the 24 month design value is not limiting.

e EDF and AREVA propose the SGBS demineralisers will be arranged as a cation bed
followed by an anion resin bed. This arrangement is not unique and other SGBS
operate in this manner, including those operated by EDF. In the response to TQ-EPR-
779 (Ref. 8) EDF and AREVA claim that this arrangement minimises resin waste
when non-regenerated resins are used. There does not appear to be any reason to
suggest that the capability to operate in other arrangements is compromised, should
the requirement arise (for example an upfront cation followed by a downstream mixed
bed), although this would have implications for operations.

EDF and AREVA claim material choices in the SGBS are made based upon OEF and
corrosion susceptibility. A range of materials are specified in the systems including ferritic
steel, ferritic steel with high chromium content or austenitic steel. Reasonable arguments
are presented for material choice as a function of location, considering local conditions,
with the more resistant materials used in the more potentially susceptible locations. This
results in all parts of the demineraliser train being made from austenitic steels due to the
pH variations in this part of the plant.

The change in coolant temperature and pressure during extraction in the SGBS put parts
of this system at risk of Flow Accelerated Corrosion (FAC). A discussion of the UK EPR
approach to FAC, including for the SGBS, is given in Section 4.4.3.
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The feedwater systems transfer condensate from the condenser, through various multiple
stages of heating and pressurisation, to the SG inlet. The design and materials used in
this system are an important consideration in defining the secondary circuit chemistry
regime as they are potentially susceptible to corrosion and contribute a significant input of
corrosion products to the SG, if not properly controlled. No details are provided on many
of the feedwater systems in UK EPR in the PCSR (Ref. 11); Section 10.4.4 list the low
pressure feedwater and feed heating plant (ABP), Feedwater tank (ADG), Main feedwater
pump train (MFWPS), High and Medium pressure feedwater and feed heating plant
(AHP) and Start-up and shutdown feed pump train (SSS) as “to follow”. Of these, only the
SSS is within the GDA scope and is assessed in Section 4.4.4.

Section 10.6 of the PCSR (Ref. 11) provides limited information on the Main Feedwater
System (MFWS). Further information is provided by the SDM (Ref. 45). In UK EPR the
MFWS is divided into two parts:

e Upstream of the MFWS the feedwater heater is located from the turbine entry up to
the water header. This part includes the motor-driven feedwater pump system (APA)
and the start-up and shutdown system (SSS), the feedwater tank and various heaters.
The first part of the MFWS is located from the feedwater header to the Safeguard
Building (SB). It is located within the Conventional Island (CI).

e The second part is located from the entry of the SB up to the SG including the control
valve and the measuring devices used for regulating the level of the SG. It is located
within the supply boundary of the Nuclear Island (NI).

EDF and AREVA only provided details on the NI section of this system for GDA, but this
is the less relevant part for Reactor Chemistry. Thus no assessment has been
undertaken on the material or design choices for the feedwater heaters, deaerator or
other components. These components should be included in the global analysis of the
secondary circuit for the selection of an overall secondary circuit chemistry. These
aspects are discussed further in Section 4.4.2.2 and are related to Assessment Findings
AF-UKEPR-RC-01 and AF-UKEPR-RC-27.

The addition of a deaerator tank is a valuable addition to the UK EPR secondary circuit.
This feature is not common in many PWRs. Although no details of the design were
provided for GDA, | queried the potential impact of this feature in TQ-EPR-1207 (Ref. 8).
The deaerator will act to minimise operational chemistry transients associated with air
ingress in the condenser, thus minimising associated corrosion product increases and
additions of hydrazine for chemical deoxygenation. The tank also provides a useful store
of feedwater for transient and accident conditions.

The remaining sections of the MFWS inside the NI do not fulfil any chemistry functions,
and as such are not described further, except for the following points which are relevant
to the interaction of the system materials with chemistry:

e The MFWS System Design Manual (Ref. 45) indicates that a pH2s-c greater than 9.8
is expected for this system during operation (which appears inconsistent with the
response to RO-UKEPR-44.A2 described in Section 4.4.2.2 of my report).

e All components in the MFWS are made from ferritic steel

e EDF and AREVA recognise the requirement to protect the main feedwater lines from
FAC damage and claim appropriate design (valves and pipe routing), stable
conditions (water velocity) and materials as the primary means of achieving
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A stable flow of feedwater is important to ensure transients in the primary circuit are
minimised. During unavailability or failure of the MFWS (and SSS), feedwater can be
supplied to the SGs in UK EPR via a dedicated Emergency Feedwater System (EFWS)
as described in Section 6.6 of the PCSR (Ref. 11) and the EFWS SDM (Ref. 18). The UK
EPR features a four train EFWS with four identical trains comprising a water storage tank,
pump, four separate injection lines (one to each SG) and manual interconnections
between the four trains which allow draining, filling or injection of any tank to any SG.
Connections exist to allow other additional water sources to be injected by this method in
the long term. The EFWS is not used during normal operations of the plant. However, it
may be used to fill the SGs during plant start-up or for wet lay-up.

The EFWS is an important secondary circuit safety system and it is notable that EDF and
AREVA have applied the same diversity and redundancy logic to this system as with
other plant safety systems. EDF and AREVA claim that the use of the EFWS will be
minimised in UK EPR.

The storage tanks are supplied with feedwater from the conventional island water
distribution system (SER at pHjs.c > 8.8, see Sections 4.4.2.1.9 and 4.4.5.4). Sufficient
storage capacity for at least 24 hours feed supply following station black-out or loss of
ultimate heat sink is provided, including make-up provisions from other system (such as
the fire fighting supplies (JAC)). This SER system supplies demineralised water that has
been treated to pHzsc > 8.8 and controlled impurities. However, the SER water is fully
aerated hence may contain elevated levels (up to 10 mg kg™) of dissolved oxygen. EDF
and AREVA state that the EFWS is not deaerated before use as an emergency feed
supply. When used for SG filling a connection exists to the Chemical Reagent Injection
System (SIR) for the addition of chemical treatments. Due to the use of aerated
feedwater, the EFWS is made entirely of stainless steel which is a reasonable position.

However, the real corrosion risk for aerated feedwater is within the SGs themselves,
where oxygen could cause considerable corrosion damage, especially at temperatures
above 120°C. For this reason, loss of SIR during SG filling is not considered as a
significant risk due to the low temperatures (discussed elsewhere in this report). It
appears contradictory that EDF and AREVA have recognised the necessity for chemical
treatment of the EFWS supply during its use in SG start-up and wet lay-up, but have
ruled out chemically treatment of the EFWS supply during accident conditions. This
means that significant quantities of oxygen could enter the UK EPR SGs during actuation
of the system, when the temperature is significantly higher, although the frequency of
such actuations is claimed to be low by EDF and AREVA. Comparable systems in other
PWRs use stored condensate as a source of emergency feedwater, often with reduced
dissolved oxygen content. This is achieved by a number of means including nitrogen
blanketing or covering the water surface with an impermeable membrane, however these
tanks are initially fed with condensate which meets (or is close to) the feedwater oxygen
content limit (< 10 pg kg-1) and hence the aim is to minimise any pick-up. With the
current UK EPR design, an additional step of deaeration would be required to remove the
oxygen before or during storage. As described in Section 4.2.2.3.3, the degasser in the
Coolant Degasification System (CDS) can be used to produce deaerated demineralised
water, however it is unclear if this could be used to feed the EFWS. | understand that
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EDF and AREVA are considering hydrazine for this eventuality, but this is not described
in their Safety Case, Ref. 105.

I recognise that the main aim for the EFWS is to supply sufficient water to the SG to
enable adequate decay heat removal and achieve a safe shutdown of the reactor.
Assessment of the adequacy of this claim is not within the Reactor Chemistry remit.
However, no consideration appears to have been given to the introduction of oxygenated
EFWS feedwater into the SG in UK EPR. A fuller justification for this design choice,
including consideration of mitigations if appropriate, should be provided. | consider this to
be an Assessment Finding AF-UKEPR-RC-28.

4.4.2.1.5 Condensate Systems

780

781

782

783

784

785

The condensate systems in UK EPR act to condense steam discharge from the final (LP)
stages of the turbine, by-pass steam or other steam sources. The systems contribute to a
number of chemistry related functions including deaeration and removal of non-
condensable gases from the secondary coolant. In addition the condensate systems
store a bulk supply of feedwater that is available to supply the feedwater systems and a
number of auxiliary systems, mainly for cooling.

The Condensate Extraction (CEX) system in UK EPR is split into two sub-systems
covering the condenser and extraction functions respectively. Neither of these systems is
included in the Step 4 PCSR (Ref. 11). Some details were provided as part of the
response to RO-UKEPR-44.A2 (Ref. 9) in Ref. 46. As much of the first of these is related
to site specific characteristics, such as cooling water supply, many details regarding the
precise condenser design are not available during GDA. Leakage of the condenser heat
exchanger tubes can be a principal cause of both minor and gross impurity ingress to the
secondary circuit. EDF and AREVA claim that the UK EPR design will use a ‘leak tight’
approach, similar to that at the EDF Penly reactors, with ||| | |l tubing fixed
(welded and rolled) to || | I :ube sheets. The tubes are split into six
tube bundles (two per LP turbine cylinder). A number of the tubes (7%) are of greater wall
thickness to account for impact and erosion damage caused by the wet steam entry. | am
content that the use of h tubing is an appropriate choice for UK EPR and
should provide reliable condenser performance.

The use of a ‘leak tight’ condenser is an important part of the overall UK EPR secondary
chemistry systems. As suggested in TQ-EPR-1207 (Ref. 8), this feature is an important
part of the justification for not including a condensate polishing plant (or similar) in UK
EPR. This is discussed further in Section 4.4.2.2.1.

A number of sampling points are included in CEX to detect impurity ingress. These
samples are part of the Feedwater Chemical Sampling System (SIT). This system is
assessed in Section 4.4.4.3.

The CEX extraction function takes condensate from the condenser hotwell and transfers
it to the LP feed heaters and deaerator tank, via three 50% pumps. In addition the CEX
provides condensate to a number of other systems as a medium for heat exchanger
cooling. The CEX supply to the feed system is subject to “magnetic filtration” although no
details are available on this feature at present. Secondary coolant losses are made up in
the CEX system from the conventional island water distribution system (SER).

EDF and AREVA also claim that the UK EPR condenser contributes to deaeration of the
secondary circuit with an expected condensate oxygen concentration of 5 pg kg'1 during
normal operations. During normal operations the Condenser Vacuum System (CVI)
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maintains a vacuum on the condenser systems, removing non-condensable gases to the
NAB ventilation system (DWN) and minimising air ingress into the condenser (Ref. 46).

4.4.2.1.6 Steam Systems
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Steam generated in the SGs needs to be transferred to the turbines. The Main Steam
Supply System (MSSS) is designed to ensure the supply of steam to the turbine and to
various steam consumers in the turbine hall during power operation, as described in
Section 10.3 of the PCSR (Ref. 11) and the associated SDM (Ref. 47).

In UK EPR the MSSS is divided into four Main Steam Lines (MSL), one connected to
each SG outlet. The MSL are made from ferritic steel which, under normal SG outlet
conditions (< 0.25% moisture) and with appropriate chemical conditioning, should result
in minimal corrosion risks. The MSSS is connected to the Main Steam Relief Train
(MSRT). This system allows direct discharge of SG outlet steam to the atmosphere for
operational reasons such as unavailability of the condenser. Again, ferritic steel is used
for this system.

UK EPR also incorporates a steam by-pass system for direct discharge of SG steam to
the condenser. The role of the Main Steam By-pass (MSB) is to regulate the steam flow
from the steam generator by counteracting changes in the amount of steam consumed by
the turbine, and its associated parts, and hence prevent a reactor trip or any discharge
from the atmospheric relief valves (MSRT). Without the MSB the steam generator safety
valves would be activated during rapid transient conditions or power variations at low
load. The by-pass redirects steam from the turbine inlet to the condenser via the de-
superheating pressure reduction boxes. The system is designed to deal with
approximately 60% of the nominal steam flow produced by the reactor. The MSB
pipework is fabricated from carbon steel.

A important consideration for any secondary chemistry regime is the partitioning of the
volatile pH additive into the steam phase. The extent to which this occurs is a
fundamental property of the chosen amine(s) and determines the resultant pHy and
hence the protection or otherwise offered to the system. This can be further exacerbated
by additional amine partitioning into condensation produced in the steam systems,
especially in drain lines. The material choices are an important aspect of this process. No
information has been made available on material choices in such systems as part of
GDA. Information on material choices, in combination with chemistry at these locations
under operating conditions, should be included in an overall assessment of corrosion
susceptibility for the UK EPR secondary circuit. This is related to an Assessment Finding
AF-UKEPR-RC-27.

4.4.2.1.7 Chemical Dosing Systems
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Chemical additions must be made to the secondary circuit in order to maintain the coolant
chemistry within the required bands. The UK EPR design features a Chemical Treatment
and Injection of Reagents System (SIR) which injects chemical reagents to ensure that
the water in the secondary systems and in the auxiliary systems has the required
chemical properties. This system is not described in the PCSR (Ref. 11), but there are
SDMs available (Ref. 48 and 49).

The system is subdivided into a number of sub-systems which deliver the various
chemical additives to the discreet systems. For example; the SIR6 sub-system supplies
systems within the Nuclear Island (NI), including the EFWS, Component Cooling Water
System (CCWS) and Containment Heat Removal System (CHRS), amongst others.
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Isolation from treated systems is provided by a motor operated valve and a check valve,
but these are parts of the served systems not the SIR itself. The SIR SDMs (Ref. 48 and
49) provides details of the system functions and proposed chemical additives; ammonia,
ethanolamine, morpholine, hydrazine and trisodium phosphate which will be used for
conditioning of the water/steam systems, auxiliary systems and SGs during wet lay-up
and start-up. Further information on reagent injection points was provided in letter
EPRO0807N (Ref. 50). The most relevant SIR sub-systems to the secondary circuit are
discussed below.

SIR2, 3 and 4 sub-systems provide hydrazine, pH additive mixtures (normal operations)
and hydrazine/ammonia for shutdown respectively. These systems serve the Feedwater
tank (ADG), HP and MP Feedwater plant (AHP) and CEX. Three tanks, containing
ammonia, morpholine (or ethanolamine) and hydrazine are used to feed mixing tanks,
where the station chemist can manually prepare the required dilute solution (by adding
demineralised water from SED) for injection into the secondary system. TSP is added
directly to the mixing tank in powder form. The chemicals suggested for each tank are
taken as preliminary until a precise secondary chemistry regime is defined. The TSP
mixing tank is maintained at elevated temperature by an installed heater system in order
to minimise the risk of TSP crystallisation at low temperatures. The mixing tanks are sized
for a seven day supply under normal operating conditions.

Hydrazine injection is automatic and constant based upon measurement from the
hydrazine meter in the AHP sample taken by the Feedwater Sampling System (SIT). The
pH additive mixture is added manually to the CEX, when necessary to maintain the target
pH, with the flowrate set based upon grab sampling pH measurements from the SIT.
Other chemical additions (for example, during start-up) are manually implemented based
upon measurements in the served systems.

The SIR6 sub-system features three separate injection lines, two to the EFWS and one to
the CCWS, all inside the NI. Details are provided in the SDM (Refs 48 and 49) on the
anticipated chemical treatments to be applied; however these are taken as preliminary
until the final secondary chemistry (and auxiliary system) regimes are decided and should
not prevent other reagents or combination of reagents from being added by this system.
Rinsing provisions are included in the design.

No information is available on the exact injection locations, but the following preliminary
locations are notable:

e Deaerator feed
e Downstream of HP feed heaters
e CEX pump discharge

Due to the corrosive nature of the strong chemical stored and delivered by the SIR, all
equipment subjected to the action of chemical products (pipework, vents, valves, etc.) are
made of stainless steel of an appropriate grade (304L or 316L). The potential use of
morpholine requires the use of Teflon seals (rather than Viton or similar) due to the
degrading nature of morpholine for these materials. It is noted that some of the
concentrated chemicals used in the SIR are potentially flammable. If this requirement is
retained when the final chemistry regimes are defined, | find that a justification and
analysis for this approach should be undertaken as part of assessment findings AF-
UKEPR-RC-29 and AF-UKEPR-RC-02.

The design of the SIR appears reasonable, consisting of a simple set of storage and
mixing tanks, pumps and injection lines. The All Volatile Treatment (AVT) chemical tanks
appear segregated from the TSP dosing tank which should prevent inadvertent addition
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of phosphates to the secondary side systems. There are many interconnections between
the various AVT chemical mixing tanks, however the inadvertent addition of these to the
secondary circuit should not be an issue as they are all used in the secondary circuit and
higher than expected levels will cause a control to be breached with resulting rectifying
actions. Overall, the design of the SIR appears satisfactory, but should be reviewed to
ensure compatibility with the defined secondary chemistry regime, once available.

4.4.2.1.8 Circulating Water System
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The circulating water system (CRF) provides cooling water as the heat sink to the inside
of the condenser tubes. The main impact of this system on secondary circuit chemistry is
that this cooling water is the potential source of impurities if a condenser leak occurs.
Despite EDF and AREVA including this system in the scope for GDA, very little
information is available as this is very much a site specific system. No details are
provided in the PCSR (Section 10.4.4, Ref. 11), nor is an SDM available. As such no
assessment of this system has been undertaken in GDA.

4.4.2.1.9 Demineralised Water Systems
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Demineralised water is required for a significant number of nuclear and conventional
systems in any PWR. Generally this is produced on site using a water treatment plant to
filter and purify the raw water to a condition suitable for use by the plant systems. This is
the first step in ensuring impurity levels are met. The UK EPR demineralised water
systems (SDA (demineralised water production system), SDS (demineralised seawater
production system), SED (nuclear island demineralised water distribution system) and
SER (conventional island demineralised water distribution system)) are described in
limited detail in the PCSR (Ref. 11, Section 9.2.3). The system ordinarily processes
seawater via filtration, reverse osmosis, degasification and ion exchange. Alternatively,
towns-water can be used. Typical outlet figures are given as 0.2 uS cm™, 10 pg kg™ silica
and 2 pg kg 'sodium.

Demineralised water treatment systems can often be site specific due to the different
feedwater supply compositions. As such no detailed assessment of this system has been
included in GDA, although | note that the outlet figures appear reasonable and there
should be no reason to suggest that a suitable system could not be specified on a site
specific basis.

Chemistry

Definition of a secondary circuit chemistry operating regime is a difficult task in a PWR.
Many factors may be considered including material compatibility, corrosion control,
environmental impact and economic viability. The complex nature of secondary circuits,
involving many systems and components and a range of thermo-hydraulic conditions,
further complicates the decision as a given chemistry is often not ideal for all parts of the
circuit. The nominally non-active nature of the secondary circuit means that options are
not restricted by the consequences of contamination. Even with these complications, it is
almost certain that the most likely regime will involve an All Volatile Treatment (AVT),
which consists of:

e Addition of a volatile pH raising additive.

e Addition of a reducing agent.
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e Minimisation of impurities.

The Step 4 PCSR (Ref. 11) presents little substantive information on the proposed
secondary circuit chemistry regime or how it has been determined. The information that is
presented is given in Section 5.4.2. This states that the principle adopted for feedwater
and steam generator water chemical treatment is an All Volatile Treatment (AVT) utilising
hydrazine as a deoxygenating agent and an amine (morpholine, ethanolamine or
ammonia) for pH control.

The UK EPR secondary circuit chemistry was described and justified in the response to
RO-UKEPR-44.A2 (Ref. 51). Overall, this response provides a reasonable description of
the rationale and logic behind the proposed UK EPR secondary chemistry regimes and
appears to include the main considerations which should form part of the resolution.
However, as a final specification has not yet been made for UK EPR, the response is
inconclusive in a number of areas and further justification and evidence will be required
as the project progresses and as designs for UK EPR become more developed. A
number of more detailed Assessment Findings appear in the following sections, where
each principal aspect of the proposed regimes is discussed.

EDF and AREVA specify three potential secondary chemistry regimes for UK EPR, which
differ only by the volatile pH raising additive combination and all feature hydrazine redox
control and minimisation of impurities. These are:

¢ Ammonia/Morpholine at pHys of 9.5 to 9.6
e Ethanolamine at pH2s of 9.4 to 9.6
¢ Ammonia/Ethanolamine at pHys of 9.6 t0 9.7

These potential regimes do not agree with statements made in the system design
documents for the SGBS and MFWS, described in Sections 4.4.2.1.2 and 4.4.2.1.3 of my
report. These documents should consistently reflect the actual secondary chemistry, once
defined. | consider this to be an Assessment Finding AF-UKEPR-RC-29.

At a high level, these suggested regimes are reasonable and are in alignment with all
other operating commercial PWRs worldwide (possibly apart from one which does not
operate an AVT for specific reasons) and are consistent with the recommendations made
in international guidelines (Refs 28 and 29). However, as implied elsewhere in this
section, specification of a secondary chemistry is highly plant design and Licensee (due
to economic impact) dependant. The response to RO-UKEPR-44.A2 (Ref. 51) restricts
the chemistry choices for UK EPR based upon three important considerations, namely,
regulatory limits, design specifics and identified potential corrosion threats to the plant.

A significant ‘regulatory’ limitation on the proposed UK EPR secondary circuit chemistry,
as described in the response to RO-UKEPR-44.A2, is via a limit placed on nitrogen
containing liquid wastes discharge to the environment. This appears to be based upon
French regulations applicable to FA3 and hence may not be applicable to any UK EPR.

An immediate consequence of this limitation is that a secondary chemistry regime with a
high ammonia AVT secondary chemistry regime with a feedwater pH,s of around 10
would be discounted. This approach is hot uncommon and has been successfully applied
in several PWRs; this change could result in a final feedwater iron concentration of < 1 ug
kg™ (typically around 0.5 ug kg™), which is substantially lower than that expected for UK
EPR (< 2 ug kg™).

This would suggest a wider range of options may be possible for UK EPR. The nitrogen
limitation should be reviewed during later stages of the project, following consultation with
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the Environment Agency, and may result in previously unfavoured operational regimes
being permitted, potentially requiring a revision to the results of the optimisation
performed for GDA. | consider this to be an Assessment Finding AF-UKEPR-RC-30.

A number of design features described in Section 4.4.1 will influence the chemistry that
will and can be operated on UK EPR and the response to RO-UKEPR-44.A2 is
influenced by these.

The main design choices affecting the UK EPR is the omission of a Condensate Polishing
Plant (CPP) (or similar) for normal operations and the SGBS design in which the cation
resin is operated in amine form, without regeneration, at a relatively high flow rate of 1%.
While not uncommon these design choices do influence the secondary chemistry regimes
proposed. The SGBS has a finite purification capacity and once exhausted the ion
exchange resins will no longer remove impurities. Unavoidably the pH control amines will
also exchange with the cation resin in the system meaning that higher amine
concentrations (hence higher pHzs) will reduce the frequency of replacement. In essence
the decision of when and how to replace resins in the SGBS is an economic decision for
the Licensee, but these decisions do have implications on the secondary circuit chemistry
possible for UK EPR.

EDF and AREVA have indicated that the SGBS resins in UK EPR will operate in the
amine form. The response to RO-UKEPR-44.A2 (Ref. 51) provides estimates for the
lifetime of the SGBS resins, which range from 7 to 22 months, depending upon the
regime and precise pHas. For the lower pH,s values suggested the lifetime is reasonably
constant between 19 and 22 months, while at the higher end Ammonia/Morpholine gives
lifetimes around twice as long as the other two regimes at 16 months. Thus it is likely that
some replacement of SGBS resins will be required during a fuel cycle.

This mode of operation allows much longer lifetimes between replacements but does
have implications for the system performance. EDF and AREVA claim that it possible to
operate with up to a limit of 2 pg kg™ sodium in the blowdown returned to the condenser.
As there is no other mechanism for impurity removal in an operating UK EPR (apart from
letdown and make-up) this suggests that the plant could end up with a similar level in the
feedwater, given enough time. Due to the concentration factor that occurs in SGs this
could result in unfavourable concentrations in the SG water. Other PWRs operating
amine form resins under similar circumstances appear to operate to lower limits for
sodium in the blowdown return. Whilst EDF and AREVA have subsequently advised a
sodium limit of 3 pug kg™ in SGBD and claim that increases in feedwater sodium would be
detectable in the SGBD at these levels, this is not stated in their Safety Case, Ref. 105.

EDF and AREVA suggest a SGBD limit for sodium in UK EPR of 20 pg kg'l, as opposed
to 10 ug kg™ applied to the French fleet and 5 pg kg™ in the EPRI guidelines (Ref. 28).
This is based upon OEF from German plants which operate with up to 50 ug kg'l. As
noted in several sections of this report including Section 4.3.2.1, the UK EPR SG tube
alloy is different to that used in Germany (Alloy 800), which has experienced some very
limited degradation problems in recent years potentially due in part to less restrictive
impurity controls. This was queried in TQ-EPR-1221 (Ref. 8) and the response indicates
the main driver is to allow “flexibility” in operations, with OEF suggesting the actual value
will be much lower than this limit. While | am content that UK EPR could meet the more
restrictive specifications, further justification may be needed once precise procedures are
developed for UK EPR. Not operating beyond amine breakthrough would markedly
shorten the operational life of the blowdown resins, to between 7 and 2 months, which for
the UK EPR are not intended to be regenerated, although replacement is possible.
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Without the design provisions to regenerate used resins, the available options for the UK
EPR secondary chemistry regime are largely dictated by the lifetime considered
acceptable for the ion-exchange resins in the SGBS, which is largely an economic
decision. Nevertheless, even given the current design constraints several possibilities
exist for extending the resin lifetime and/or increasing the desired pHas:

e The blowdown flow could be reduced, although this may have an impact upon
removal of impurities.

e Higher capacity resins might be used, if available, rather than those currently
specified.

e Larger quantities of resin would offer a similar benefit, although at the cost of
modifying the blowdown vessels.

| queried the optioneering undertaken on the UK EPR SGBS arrangement in TQ-EPR-
779 (Ref. 8). The argument made by EDF and AREVA against on-site resin regeneration
is the possibility of impurity ingress to the secondary circuit from traces of the strong acid
and alkali regenerant chemicals used during the process or resin degradation products
from repeated regenerations. This is a reasonable argument, but should be balanced
against the overall plant design. Insufficient justification has been provided relating to the
initial assumptions regarding blowdown flow, resin capacity, vessel capacities and the
blowdown resin life required and how they relate to the eventual secondary circuit
chemistry regime adopted. | consider this to be an Assessment Finding, AF-UKEPR-RC-
31, since this is largely site-specific. An inefficient SGBS would result in a greater risk of
SG tubing damage.

All of the suggested chemistries for UK EPR include an organic amine component.
During operation these will degrade under the thermal conditions to produce small chain
organic breakdown products such as formic or acetic acid. These species are inefficiently
removed on ion exchange resins and as such will tend to accumulate within the
secondary circuit over time, although they themselves are unstable and will eventually
decompose to CO, which will be discharged at the condenser, leading to an equilibrium
level in the circuit. This also potentially affects after cation conductivity measurements by
obscuring anionic ingress. This is discussed further in Section 4.4.4. Organic acids can
also depress the pH within the secondary circuit in certain locations, although less so with
amines than ammonia, and is relevant to the discussion of FAC that follows in Section
4.4.3.3.

A further consideration in defining a suitable chemistry regime is to counter potential
corrosion threats to the secondary circuit materials. In the response to RO-UKER-44.A2
(Ref. 51), EDF and AREVA suggest a pH range of between 9 and 12 is needed to
minimise general corrosion in carbon and low alloy steels. Studies have shown that both
the solubility and corrosion rates of iron alloys is very much pH dependant and passes
through a minimum at or close to pHy 7.0. Very similar behaviour is seen for other
transition metals such as chromium and nickel due to their similar chemistry. Therefore
the arguments presented by EDF and AREVA are reasonable.

As described in Section 4.4.3.3, chemistry is an important parameter in FAC
susceptibility. EDF and AREVA suggest a minimum pH for the feedwater in UK EPR of
pHi7s 6.63. This is based upon two phase conditions with 36% liquid mass and is
attributed to the results presented in an EPRI report (Ref. 52). Calculations on this basis
result in the lower pHazs limits suggested by EDF and AREVA for UK EPR. Chemistry
impacts on FAC are considered further in Section 4.4.3.3.2, as these must be weighed in
conjunction with comparable improvements made in material choices.
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An aim of secondary circuit chemistry, as acknowledged by EDF and AREVA is the
prevention of localised corrosion phenomena, such as Intergranular Attack (IGA) or
Stress Corrosion Cracking (SCC). Both nickel alloys and stainless steels are susceptible
to these modes of corrosion given a conducive environment. The risks of these
mechanisms can be diminished by controlling the pHrt. In the response to RO-UKEPR-
44.A2 EDF and AREVA suggest a pH»s of 10, with a limit of 10.2. This is based upon
both nickel alloy and stainless steel susceptibility in a reducing environment and on OEF
from German plants which have operated a high pH ammonia based AVT regime without
observed damage (with Alloy 800).

In principle this argument is reasonable; however the actual parameter that is important is
pHt not pHys, although in reality it is indeed pHys that will be controlled. This minor
discrepancy does potentially influence the justification for the secondary chemistry
regimes suggested for UK EPR. Due to the differing properties of the amines suggested
for UK EPR (compared to ammonia) a different pHzs would result for the same pHt under
the SG conditions. Calculations on this basis result in the upper pHas limits suggested by
EDF and AREVA for UK EPR.

It is worth noting that | am not aware of any cases of IGA/SCC in nickel alloys resulting
purely from amines. The volatility of these species means that the high pH values needed
(generally pHt > 10) cannot be reached under normal conditions. It is commonly
accepted that other, non volatile, species are needed that drive the pH higher. See my
assessment of sodium in the SGBD above.

The data presented does indicate a potential for SCC at lower pHt in nickel alloys when
reduced sulphur species or lead contamination is present. EDF and AREVA claim that
the uses of materials containing these species are strictly controlled during operations
and more likely during construction, commissioning or maintenance.

TQ-EPR-1214 (Ref. 8) queried several points related to lead contamination in UK EPR.
EDF and AREVA agree that lead is potentially deleterious to Inconel 690 alloys, although
the precise concentration or conditions (pH, redox potential, superheat, deposit films,
existence and properties of liquid films etc.) are still subject to uncertainty and much
laboratory testing. Concentrations as low as 100 pg kg'1 have been suggested. Data
presented from current EDF plants demonstrate the high uncertainties that still exist in
this area, although the measured feedwater concentrations were extremely low (< 0.1 ug
kg™). | am satisfied that, provided comparable controls are put in place by the Licensee of
UK EPR during construction, commissioning, maintenance and operations, there is no
reason to suggest that this should be a risk for UK EPR. This is related to an Assessment
Finding AF-UKEPR-RC-03.

A similar TQ was raised on reduced sulphur contamination. The response to TQ-EPR-
1215 (Ref. 8) provides information on laboratory studies, EDF practices for measuring
sulphate as an indicator to reduced sulphur and likely implications for UK EPR. The
response suggests no reason why UK EPR should be more prone to this form of
degradation than current operating PWRs. | am content this is the case, provided
adequate chemistry controls are maintained.

Despite improvements in the design of the SG internals or secondary feed systems,
transport of iron to the SG is inevitable. This can be reduced by maintaining a high pH.
EDF and AREVA recommend that as high a pH as possible (within the allowed range) is
maintained. A particular consequence of this iron transport can be sludge pile
accumulation on the Tube-Sheet and blockage of TSPs, both of which can result in
corrosion or flow restrictions. A number of current French plants have experienced
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particular problems with TSP blockage. A low pH seems to be a contributory factor.
Experience form other PWRs reinforces this position.

EDF and AREVA have taken the positive step of removing copper sources from the UK
EPR secondary circuit. The exclusion of copper and copper alloys, as well as being
consistent with OEF, means that restrictions on high pH regimes which would be needed
to mitigate copper alloy corrosion are not necessary in UK EPR.

UK EPR will operate with hydrazine addition to produce a reductive environment in the
secondary circuit. EDF and AREVA propose to operate with hydrazine addition in the
range of 50 to 100 pg kg™, with higher concentrations possible to deal with conditions of
higher oxygen ingress resulting in a NoH4:0, ratio of between 5 and 10. Arguments are
made based upon the effect of hydrazine on iron release, transport and reactivity in the
SGs and corrosion mechanisms. Hydrazine is universally used in commercial PWRs and
the values suggested appear reasonable, albeit potentially higher than may be necessary
in reality for UK EPR with a deaerator. | am satisfied with the arguments and evidence
presented in this area.

In addition to the controls on sodium and iron discussed previously in this section, EDF
and AREVA also propose controls on chloride, sulphate, silica and oxygen in UK EPR.
The arguments and evidence presented for these species are reasonable and are
consistent with operating plant experience.

Overall, while | am satisfied that the chemistries suggested can be safely operated in UK
EPR and may lead to adequate protection, based upon the evidence presented | do not
consider that an adequate justification has yet been provided for the overall secondary
chemistry considering material choices, corrosion threats and plant design amongst
others. | am content that this can be completed as further details of the secondary circuit
systems become available. | consider this to be an Assessment Finding AF-UKEPR-RC-
27. This is also strongly linked to Assessment Finding AF-UKEPR-RC-01.

4.4.2.2.1 Fault conditions
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An important consideration for secondary circuit chemistry is the behaviour of the
systems during fault conditions. It is possible to consider a number of potential faulted
chemistry conditions in the secondary circuit, however due to the omission of a
condensate polishing plant (or similar) in UK EPR the behaviour during a condenser leak
can be considered a representative case. As stated in Section 4.4.5.4, the Start-up
Condensate and Feedwater Purification Plant (ATD) system is not designed for use at
power so cannot provide any short-term purification during condenser leakage.

TQ-EPR-1204 (Ref. 8) was raised to understand the process for determining, monitoring
and rectifying a condenser leak. The response indicates that the general steps are:

e Monitoring continuously the chemical quality of SG Blowdown.
¢ Determination of defective tube bundle by the chemical sampling system (SIT).

e Dependant upon the size of the leak, either; reducing the load to a level compatible
with the shutdown of a condenser seawater pump (CRF) so as to isolate the defective
bundle or reducing load to hot stand-by conditions.

¢ Opening the water box to find the leaking tube(s) and affecting repairs.

e Back to expected chemical criteria by flushing the secondary system water.
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In a case of an increasing pollution in the secondary side water or in case of an
unavailability of the condenser, the blowdown can be directed to waste after the
mechanical filtration via bypass and, if desired, also after the demineralisation. This
provides time to detect and repair the source of the pollution. The response to TQ-EPR-
1204 did not provide evidence to support these claims, using a leak rate of 1 litre per hour
to determine if a reduced load or hot-standby is required (which is assumed to be the
smallest detectable leak). As described above, | am content these arrangements are
adequate, provided a rigorous system of operating limits and conditions is enforced which
would restrict operation with elevated impurity levels.

It is notable that there are no ‘automatic’ actions associated with impurity ingress from a
condenser leak. The UK Advanced Gas Cooled (AGR) reactors feature a Chloride
Ingress Protection System which trips the reactor if a high level of impurity ingress is
detected in the boiler feedwater. This is due to the different boiler design which could
suffer rapid corrosion under such circumstances. This type of system was retained for the
UK PWR at Sizewell B, although it is understood not to have been used. TQ-EPR-1430
(Ref. 8) was raised on this point. A response was provided on 5 May 2011, too late for
assessment. As such, the arrangement in this regard should be reviewed on a site
specific basis once full details of the plant chemistry and design are known. | consider
this to be an Assessment Finding AF-UKEPR-RC-32.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of secondary circuit materials, design and chemistry in UK EPR are:

e The design of the UK EPR secondary systems and components incorporate a number
of features and design provisions which have been derived based upon the latest
generation of PWRs in both France and Germany and international feedback. Positive
features include the addition of a deaerator, | N | I tubed “leak tight”
condenser, absence of copper alloys and improved material choices. These should
reduce the potential for chemistry related operational problems in the secondary
circuit and help to alleviate the risks posed by historical degradation and safety
concerns.

e The basic approach suggested by EDF and AREVA for UK EPR secondary water
chemistry and corrosion control is acceptable although the detailed design, operation
and operational chemistry regimes of the UK EPR secondary circuit are not yet fully
defined. However, the information currently available does not suggest there should
be any fundamental problems that would prevent safe operation of the secondary
circuit of a UK EPR. As the design and chemistry choices are as yet incomplete, it is
possible that specific deficiencies may exist in the currently suggested chemistry
optimisation and limits placed on some impurities. The foremost shortfall in this area
for UK EPR is the lack of a complete and cohesive secondary circuit analysis and
optimisation which considers the operating regime, material choices, corrosion threats
and plant design amongst others. This will form an important part of the safety case
moving forward, but | am content this can be addressed at a later stage.

e The importance of the SGBS in the secondary circuit of UK EPR is apparent and the
optimisation of this feature will be important, as this will dictate many of the available
operating chemistry choices. The currently presented information for this system
needs to be integrated into the overall analysis described above.
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On-going work would benefit from the production of comprehensive chemistry
documentation that addresses the relationship of the secondary circuit design and
operation to the secondary circuit chemistry and corrosion risks. This will assume
consistency across the many secondary circuit SSCs as the safety case develops.

836 | judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

4.4.2.4 Assessment Findings

837 Based upon the assessment of secondary circuit materials, design and chemistry in UK
EPR described in Section 4.4.2 above, | have identified the following Assessment
Findings which need to be addressed, as normal regulatory business, by the Licensee,
during the design, procurement, construction or commissioning phase of the new build
project:

AF-UKEPR-RC-27 - The Licensee shall conduct a design review, justification and
analysis for the secondary circuit considering the operating regime, material choices,
corrosion threats and plant design amongst others. This will input into the secondary
chemistry optimisation. This should consider all of the major secondary circuit
systems, including many of those not included within the GDA scope. This
Assessment Finding should be completed before plant operations using the intended
operating chemistry commence. Target Milestone — Mechanical, Electrical and C&l
Safety Systems, Structures and Components — inactive commissioning.

AF-UKEPR-RC-28— The Licensee shall generate an assessment of the
consequences of introducing Emergency Feedwater into the SG with elevated
dissolved oxygen levels. This Assessment Finding should be completed before
operation of the steam generators at temperatures above 120°C, as risks below this
temperature are low. Target milestone — Hot Ops.

AF-UKEPR-RC-29— The licensee shall update the safety case documentation to
reflect the defined secondary chemistry regime. This Assessment Finding should be
completed before initial plant operations. Target Milestone — Mechanical, Electrical
and C&l Safety Systems, Structures and Components — inactive commissioning.

AF-UKEPR-RC-30- The Licensee shall review and justify the limitation on
nitrogenous discharges from UK EPR on a site specific basis in consultation with the
relevant regulatory bodies. This information should feed into the site specific
secondary chemistry optimisation and analysis. This Assessment Finding should be
completed before initial plant operations. Target Milestone — Mechanical, Electrical
and C&l Safety Systems, Structures and Components — inactive commissioning.

AF-UKEPR-RC-31 - The Licensee shall review and justify the plant specific technical
strategy for the Steam Generator Blowdown System ion exchange resin beds, in
conjunction with the plant specific chemistry optimisation and analysis. This
Assessment Finding should be completed before initial plant operations. Target
Milestone — Mechanical, Electrical and C&l Safety Systems, Structures and
Components — inactive commissioning.

AF-UKEPR-RC-32 - The Licensee shall review the requirements for automatic
actions in case of significant ingress of impurities that could damage Steam Generator
tubing or other components needed for nuclear safety. Documentation of the review
should include evidence that the adopted site-specific strategy is appropriate. This
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Assessment Finding should be completed before plant operations commence. Target
milestone — Mechanical, Electrical and C&l Safety Systems, Structures and
Components — inactive commissioning.

GDA Issues

Based upon the assessment of secondary circuit materials, design and chemistry in UK
EPR described in Section 4.4.2 above, | have identified no Reactor Chemistry GDA
Issues in this area.

Assessment — Material Integrity and Corrosion

Integrity of the secondary system is an important consideration for secondary circuit
chemistry; for many components an inadequate chemistry regime would result in, at
worst, rapid deterioration and potential for failure or, at best, increased corrosion product
transport. This section details the assessment of how the material, design and chemistry
choices described in Section 4.4.2 affect the integrity of secondary circuit components,
particularly those related to pressure boundary integrity.

The assessment during Step 4 sampled two main areas of the secondary circuit to
assess the impact of chemistry and materials on integrity; steam generator tubing and
main secondary pipework in addition to assessing the principal material choices
throughout the main circuit for the major components.

Overview of Secondary Circuit Material Choices

In addition to detailed information in individual system SDMs, EDF and AREVA provided
an overview of material selection for the UK EPR secondary systems in Ref. 50.

The following table provides a summary of the principal materials used for the Secondary
Circuits in UK EPR. Note that a number of these systems are outside of the GDA scope
(italicised below) and the corresponding material choices are therefore provided for
information only and subject to change;

Component UK EPR Specified Material EPRI URD Recommended Material
(Ref. 50) (Ref. 53)

SG tubes Thermally treated Inconel 690
TSPs —_
AVBS I
SG shell I
MSR twbes I |
MSR chevrons I -
Condenser tubes I *
Condenser shell - '
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UK EPR Specified Material EPRI URD Recommended Material
Compel (Ref. 50) (Ref. 53)
Condenser
tubesheets

FW heater tubes

FW heater shells

FW heater
tubesheets

Deaerator shell

Deaerator internals

Piping

flim;

Steam lines

Table 13: UK EPR Secondary Circuit Component Material Choices

Such material choices are often plant and Licensee dependant with the degree of
protection, or otherwise, offered by the chemistry in these locations being an important
factor in such decisions. Thus there is no ‘standard’ design for such systems but there
exists a wealth of experience and knowledge from operating plants to suggest which
material may perform better than others in specific applications. A useful compendium of
such experience is represented by the EPRI Utility Requirements Document (URD) (Ref.
53) which recommends materials for a number of secondary components. The UK EPR
materials are compatible with these recommendations and in some cases may exceed
them, as shown in the Table above. The only notable difference from the
recommendations made in the URD is the use of ferritic stainless steel for the HP FW
heater tubes. Although out of scope for GDA, this choice could be demonstrated to be
reasonable from a Reactor Chemistry perspective given the increased resistance to
erosion-corrosion and hardness compared to austenitic steels. The use of the same
material in the MSR tubes gives further confidence.

Overall, the main material choices appear consistent with industry experience and OEF.
However, a number of decisions still need to be taken regarding specifics for certain
components where choices are still available. This is related to an Assessment Finding
AF-UKEPR-RC-27.
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4.4.3.2 Steam Generator Tube Integrity

845

Maintenance of integrity of the SG tubes is important as these thin walled tubes are the
main barrier between the active primary and inactive secondary circuits. Activity released
to the secondary circuit is potentially available for release to the atmosphere. The main
chemistry related threats to integrity are assessed further below.

4.4.3.2.1 Denting Corrosion

846
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Denting is a particular corrosion phenomenon related to the inability of AVT chemistry
regimes to maintain a buffering capacity, especially in the case of ingress of aggressive
species. In early SG designs this leads to general corrosion of the carbon steel TSP’s
and tube sheet. Aside from the fact that this process causes damage to the carbon steel
components the main impact is that the oxide generated in the process accumulates in
crevice areas (i.e. the annular gap between the tubes and TSP and the gap between the
tube plate and tubes). The volume of this oxide is much larger than the original metal
hence this exerts a pressure on the tubes as the oxide grows. This causes denting in the
thin walled SG tubes leading to other issues such as increased stresses and inspection
difficulties. In extreme cases cracking has been observed in between the tube support
holes and the secondary flow distribution holes causing distortions in the tube bundle to
occur.

Based on the UK EPR design, this type of corrosion should be ruled out, due to:

e Replacement of carbon steel components in the TSP with more resistant alloys.
¢ Maintenance of secondary chemistry purity to limit contaminant ingress.

e Removal of copper components.

¢ Design changes to the TSPs and tube plate expansion process.

I am content risks posed by this type of corrosion in UK EPR are ALARP.

4.4.3.2.2 Pitting Corrosion
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Pitting corrosion occurs due to a localised breakdown in the surface passivity which
creates a concentrated area for corrosion. It is generally accepted that pitting requires an
aggressive impurity, low pH, an oxidant (usually copper) and is accelerated by increasing
temperature, Ref. 192. The presence of sludge or scale is an important factor as these
act as concentrators for the various factors required for pitting. The primary focus to
inhibit this phenomenon has been a drive towards improved secondary circuit chemistry
to minimise both corrosive species and sludge within the SG.

Based on the UK EPR design, this type of corrosion should be minimised, due to:
e Use of Inconel 690 SG tube alloy

e Maintenance of secondary chemistry purity to limit contaminant ingress

e Removal of copper components

e Optimisation of sludge mitigation provisions

I am content risks posed by this type of corrosion in UK EPR can be adequately
controlled, provided impurity control is maintained and a suitable chemistry regime is
selected which minimises iron transport to the SGs.
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Outer Diameter (OD) Intergranular Attack / Stress Corrosion Cracking (IGA/SCC) has
been known to affect SG u-tubes under certain circumstances, in particular the presence
of chemical impurities. Based upon the description of the relevant chemistry parameters
given in Section 4.4.2, and the materials and design choice described in Section 4.3, | am
content that UK EPR should be as resistant to these types of corrosion as current PWRs,
provided an appropriate chemistry regime is maintained.

Flow Accelerated Corrosion

Flow Accelerated Corrosion (FAC) is a potential area of concern throughout the entire
secondary circuit. Numerous instances of FAC have been reported in the secondary
circuit of power plants. It is a corrosion process that arises as a consequence of
dissolution of the normally protective oxide film which forms on carbon and low alloy steel
pipework. As the mechanism is a physico-chemical process, dissolution of the protective
oxide layer and the transfer of dissolved iron from the surface control the rates of
damage. FAC can occur under both single and two-phase flow conditions, and can be
particularly prevalent under the conditions that can occur around the secondary circuit.
Not only can FAC lead to rapid failures of components, it is also implicated as a
significant source of Corrosion Product (CP) transport around the secondary circuit.

In reality, FAC susceptibility can be reduced using (or a combination of):
e Flow conditions

e Materials selection (especially chromium content)

e Water chemistry

During Step 3, EDF and AREVA provided some limited information on consideration
given to FAC in UK EPR. This suggested that consideration had been given to this
degradation mechanism in the UK EPR secondary circuit in terms of each of the main
mitigation routes detailed above. | was content with this argument during Step 3. During
Step 4 | requested further detailed evidence to support these arguments, especially
related to material selection and chemistry protection.

TQ-EPR-780 (Ref. 8) provides a general overview of the approach taken by EDF and
AREVA to combat FAC in UK EPR, including a description of the BRT-CICERO model
which is currently used by EDF at their existing reactors. This response provides a
synopsis of the FAC mitigation measures applied to UK EPR during the design stage,
including consideration of both material and chemistry choices. The arguments made
regarding chemistry and materials are all reasonable and consistent with my expectations
for a new reactor design.

An important consideration for FAC mitigation at any reactor in operation is the definition
of a suitable monitoring/surveillance programme. This requires full details of the local
chemistry and material choices and as such is not expected during GDA. However,
based upon the information presented in TQ-EPR-780 (Ref. 8) it is apparent that EDF
and AREVA have the experience and capabilities to develop one at a later stage.
However, it is clear that, at the current stage of development, no formal consideration had
been given to such a scheme in UK EPR, in terms of accessibility and practicality. This
will need to be defined and assessed once full details of the plant chemistry and materials
are available and a subsequent analysis is complete. | consider this to be an Assessment
Finding AF-UKEPR-RC-33.
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4.4.3.3.1 Material Mitigation
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The material mitigation approach to FAC is to use an alloy with elevated chromium
content. Chromium, even at low levels around 0.1%, can significantly reduce the rates of
damage caused by FAC by altering the protective film formed on the material to one that
is more resistant. This approach is used widely, both for replacement components in
existing reactors and during the construction of new reactors elsewhere.

TQ-EPR-1208 (Ref. 8) queried the OEF basis for the design and material choices EDF
and AREVA have implemented in UK EPR. The response contains a useful summary of
FAC incidences in EDF plants, from the earliest in the 1970’s to the present day.
Description of mitigating actions both on the affected plants (chemistry) and descendant
designs (materials) provide a good basis for claiming lessons learned have been applied
to UK EPR. It would not have been appropriate to provide a full and complete justification
for all materials in this response, however several examples were provided where
choices have been made based upon FAC concerns and EDF and AREVA chose alloys
with sufficient Cr content to mitigate, or even to eliminate FAC degradations, including:

e “choice of _ for sensitive pipes and of stainless steel for highly
sensitive pipes will eliminate the risks of FAC degradations of hall turbine pipes.”

e “choice of
guarantee a 60 years lifetime of main water pipes.”

o HP feedwater heater materials including _ tube bundle and
impingement baffles.

J tube bundle, _ drains and nozzles and
internal shields in Moisture Separator Reheaters (MSR).

All of these are very desirable measures from a FAC perspective aimed at mitigating the
risk of damage. This suggests many of the main components will be afforded a degree of
protection from FAC based purely on material choices.

Further details were provided in the response to TQ-EPR-1210 (Ref. 8) on the
classification of pipes in UK EPR to FAC susceptibility. EDF use a simplified classification
system based upon the service conditions of the pipe and the perceived risk of FAC this
carries. Each class of piping carries a material choice for the affected pipeline, with
chromium contents increasing with the perceived FAC risk. Carbon steel would be
specified for pipework insensitive to FAC and stainless steel for pipework that was highly
sensitive to FAC. The table below summarises the approach taken by EDF and AREVA
to controlling FAC,;

PiPe | EAC Risk Typical Example UK EPR Material Mitigation
class Conditions Locations
No risk of Dry or Steam ||n($/gﬁt)|n system
. notable superheated .
Insensitive - . Main steam by-pass (MSB)
thickness | steam; water at <
loss 75 °C MSR to generator

Dry steam lines

Sensitive Risk of Wet steam; water Steam line drains (VPU)
notable at > 75 °C with MSR drains
thickness flow singularities | Feedwater lines at > 75 °C

loss and non-optimised
chemistry
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Pipe ] Typical Example UK EPR . s
class SRS Conditions Locations EEITEN e
Highly Notable Biphasic fluids Turbine extract lines
Sensitive | thickness Drain lines
loss Pressure relief lines
expected

Table 14: UK EPR Material Selection Approach for Flow Accelerated Corrosion Mitigation

The material choice for each category is based upon a technical and financial
assessment performed by EDF in 2005 and as described in the response to TQ-EPR-
1211 (Ref. 8). There are two options for pipework of intermediate sensitivity; use an alloy
steel with good intrinsic resistance or a higher grade of carbon steel with an extra
corrosion allowance. Three materials were considered; and ‘doped’ or
‘standard’ . BRT-
CICERO calculations demonstrated the relative benefit of the chromium content to FAC
rates. Economic (and other, non FAC related, technical) decisions led to the adoption of

for FAC sensitive areas in UK EPR. Purely from a FAC mitigation
perspective this is entirely reasonable, with || Bll chromium content. While simplified
and not considering the interplay of material, local chemistry, geometry or flow, the EDF
approach does provide a basis on which a plant specific optimisation could be performed.
It is likely that this approach would allocate most pipes to the ‘correct’ category, with
further refinement of a smaller sub-set of locations on the border between categories
requiring individual analysis and optimisation. | am satisfied with this approach at a high
level. The responses to TQ-EPR-1210 and TQ-EPR-1211 (Ref. 8) suggest that EDF have
indeed reduced the risks of FAC in the secondary circuit in UK EPR by appropriate
material selection, for the insensitive and highly sensitive areas.

It is notable that the AREVA policy related to FAC mitigation is slightly different from the
EDF requirements described above. This means that the small part of the secondary
circuit located in the nuclear island will use a carbon stee! (| | | Q]I with a minimum
of I chromium) and “additional thicknesses” to ensure a 60 years lifetime.
AREVA claim that this departure is justified due to the optimised secondary water
chemistry for UK EPR. Unlike the EDF approach there is a clear claim here on the
chemistry regime in providing mitigation. The use of a carbon steel for regions of
intermediate sensitivity would place a demand on the water chemistry to help protect the
surface from FAC. It is desirable to provide ‘passive’ means of protection if reasonably
practicable and the use of low alloy steel up to the NI boundary appears a better solution
in this regard. This discrepancy should be reviewed for UK EPR. | consider this to be an
Assessment Finding AF-UKEPR-RC-27.

While reviewing the detailed design documents provided it is apparent that consideration
has indeed been given to individual systems, however it is not clear how consistent,
detailed or comprehensive this analysis was. It is also not universal across each of the
systems and hence may have been undertaken on a piecemeal basis. For example the
SGBS SDM (Ref. 44) states that; “Considering the materials and the water chemistry and
based on the field experience with other plants there are no erosion corrosion problems
expected with the chosen material. The material of the flash tank steam line and the line
between flash tank and blowdown cooler is chosen on basis of FAC calculations. An
additional wall thickness is necessary for the ferritic main line downstream the flash tank
considering erosion corrosion because of possible low pH-value.” While this may be a

Page 179




Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

865

reflection of the status of the detailed design at the time of the Step 4 design freeze
(December 2009), it will need to be addressed as the design is finalised. The production
of a comprehensive analysis for the secondary circuit is an important part of this
approach. This is related to Assessment Finding AF-UKEPR-RC-27.

As described in Sections 4.4.1, 4.4.3 and contained within Assessment Finding AF-UK-
EPR-RC-29 overall, much of the detailed information on the choice and location of
materials used in UK EPR that are resistant to FAC is not currently available, nor has an
assessment for FAC around the UK EPR secondary circuit been undertaken. The
information provided as part of the GDA assessment is sufficient to suggest that the main
choices taken by EDF and AREVA are reasonable and provides a degree of confidence
that such an undertaking is possible and should not reveal significant shortfalls in the UK
EPR design. While this is not surprising given the current incomplete status of the design
and corresponding chemistry regime for UK EPR, it will need to be addressed at a later
stage. The responses provided in this area give confidence that this can be satisfactorily
done.

4.4.3.3.2 Chemistry Mitigation
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As described in Section 4.4.2.2, chemistry is an important parameter in FAC
susceptibility. EDF and AREVA suggest a minimum pH for the feedwater in UK EPR of
pHi7sc 6.63. This is based upon two phase conditions with 36% liquid mass and is
attributed to the results presented in an EPRI report (Ref. 52). EDF and AREVA claim
that this is a conservative assumption, but no results were presented for the actual pH
expected around the UK EPR secondary circuit. Underlying this basis appears to be an
assumption that the FAC rate will be maximum at the location in the plant where these
conditions exist. Due to the complexity of the secondary circuit, this is potentially untrue
and may in fact neglect other areas of the plant where sensitivities exist, due to materials
or the resulting environment.

The validity and effect of this assumption was queried in TQ-EPR-1203 (Ref. 8). In this
response EDF and AREVA agree that a single pH value is not uniquely suited to all of the
secondary circuit. Several example calculations with the BRT-CICERO code are
described, for non UK EPR plants, which demonstrate the variations in FAC damage
rates with varying pHy, chromium content and temperature. It is interesting to note that
these calculations indicated a need for “additional [pipe] thicknesses in specific areas”.
Further calculations were also provided for UK EPR feed system conditions, which
showed that the pHy in these systems depends upon which of the suggested secondary
chemistry regimes was implemented. This analysis suggested some FAC sensitivity was
possible in these systems, depending upon the precise materials used. This appears to
have been recognised by EDF and AREVA who stated that “The pH required in different
parts of the secondary circuit will be optimised following the materials choice”. In fact, this
is an iterative process, with material choices intimately linked to operating chemistry and
hence system design. As described above, detailed information on the choice and
location of materials used in UK EPR that are resistant to FAC is not currently available,
an assessment for FAC around the FA3 EPR secondary circuit been undertaken by EDF
and AREVA but large parts of the secondary circuit are site-dependent. The effects of
amine degradation on pH+ also need to be considered in the assessment.

Ultimately, this may mean that the minimum pHt should be defined for alternative
locations around the secondary circuit that are more susceptible to FAC. Working back
from this analysis may lead to a different requirement for pH,s, which in turn could affect
the whole basis for the secondary chemistry and associated system designs and
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operation. | consider this to be an unlikely occurrence as ‘adequate’ in this context is
subjective and inadequacy does not mean the plant is unsafe, rather further attention
may be needed on the balance struck between monitoring/surveillance and mitigation in
these areas. This is related to an Assessment Finding AF-UKEPR-RC-27.

EDF and AREVA expect UK EPR to operate with high levels of hydrazine in the
feedwater to remove residual dissolved oxygen. It can be shown that a small residual
feedwater oxygen concentration is beneficial in reducing FAC, although this must be
balanced with the risk of oxygen induced corrosion in the SGs. EDF and AREVA suggest
that such a regime is not justified instead preferring to remove as much oxygen as
possible from the feedwater. This is consistent with current operating plant chemistry.

Overall, EDF and AREVA have suggested an approach for chemical mitigation of FAC in
UK EPR. There is nothing to suggest this approach is unreasonable, and | believe that
the chemistry regime suggested for UK EPR should offer some degree of protection from
FAC, however as indicated previously a more detailed assessment of the UK EPR
specifically will be needed as the project progresses, both to demonstrate control of the
FAC risks and as an input into the development of a monitoring/surveillance scheme for
UK EPR. This is related to Assessment Findings AF-UKEPR-RC-01, AF-UKEPR-RC-27
and AF-UKEPR-RC-33.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of secondary circuit integrity in UK EPR are:

¢ While many of the detailed material choices for UK EPR have yet to be made, EDF
and AREVA have provided information on the principal material choices for the
secondary circuit which is in contact with the coolant. These appear reasonable and
consistent with operating experience from the latest generation of PWRs.

e For the specific areas sampled during GDA, SG tube integrity and FAC, EDF and
AREVA have provided reasonable arguments to support UK EPR for GDA. Many of
the historically encountered integrity problems will be eliminated or reduced in UK
EPR. As indicated previously, the foremost shortfall in this area is the lack of a
complete and cohesive secondary circuit assessment and optimisation which
considers the operating regime, material choices, corrosion threats and plant design
amongst others. This will form an important part of the safety case moving forward,
but I am content this can be addressed at a later stage. | have raised Assessment
Findings in these areas.

The information currently available does not suggest there should be any fundamental
chemistry related integrity concerns that would prevent safe operation of the secondary
circuit of a UK EPR. | judge that the claims, arguments and evidence as presented in this
area appear reasonable and believe that EDF and AREVA have made an adequate case
to support GDA.

Assessment Findings

Based upon the assessment of secondary circuit integrity in UK EPR described in Section
4.4.3 above, | have identified the following Assessment Findings which need to be
addressed, as normal regulatory business, by the Licensee, during the design,
procurement, construction or commissioning phase of the new build project:
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AF-UKEPR-RC-33— The Licensee shall generate evidence that the monitoring and
surveillance programme for flow accelerated corrosion around the secondary circuit
will be adequate. This Assessment Finding should be completed before plant
operations at elevated temperatures, but certain aspects may need consideration
earlier, for example, to facilitate inspection provisions in the design. Target Milestone
— Hot Operations.

AF-UKEPR-RC-34— The Licensee shall review the case for using a different material
for the Nuclear Island (NI) sections of the feedwater piping and generate evidence for
the suitability of the material used. This Assessment Finding should be completed
before such components are delivered to site, to ensure appropriate design choices
are made. Target Milestone — Mechanical, Electrical and C&I Safety Systems,
Structures and Components — delivery to Site.

GDA Issues

Based upon the assessment of secondary circuit integrity in UK EPR described in Section
4.4.3 above, | have identified no Reactor Chemistry GDA Issues in this area.

Assessment — Sampling Systems

For very similar reasons to those given elsewhere in this report, sampling of the
secondary coolant in UK EPR is an important part of maintaining control of the plant
chemistry and helps to determine deviations and faults, often long before they become a
serious safety concern. For these reasons the secondary circuit sampling systems in UK
EPR were selected as an area for assessment during GDA.

Assessment of the UK EPR secondary sampling capabilities began during Step 3 and
continued during Step 4. The overall assessment objective was to demonstrate that the
UK EPR has adequate sampling capabilities and capacity to support safe operation of the
plant during all modes of operation. Information regarding the detailed operation of the
system and hence its suitability to provide the chemistry functions was the main focus of
the assessment during Step 4.

During Step 3 | noted a number of beneficial features had been incorporated into the
design, such as effluent recycle provisions, sample isolations and ‘on-line’ measurements
for a number of important secondary circuit parameters. Overall, at the end of Step 3, |
were content with the general approach demonstrated for UK EPR in the design of the
secondary sampling systems. However, | had not fully considered the overall suitability of
the UK EPR secondary sampling system, but did recognise the effort that appeared to
have been put into the design of the systems. | expected further details would be required
in a number of areas such as the capability of the system to deliver representative
samples and sampling locations.

As for the primary side sampling systems, my assessment has been informed by a TSC
contract, which specifically reviewed the UK EPR design in this area (Ref. 37).

Secondary Sampling Overview

The sampling system for the UK EPR is a collection of discrete systems that collectively
provide the licensee with the capability to sample the secondary circuit systems. Together
these systems deliver representative samples of fluids from secondary systems to on-line
monitors which are used to detect impurity ingress and provide information on deviations
in plant performance, in addition to providing a number of local grab sample locations.
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As a number of secondary systems are defined as out of scope for the GDA assessment
a complete review of all secondary system sampling is not possible. However, in
response to my request, EDF and AREVA provided information in sampling locations in
UK EPR (Ref. 54).

These UK EPR secondary side sampling systems are described in detail below and are
composed of:

e The SG secondary side sampling system (RES), part of the nuclear island sampling
system.

e The Feedwater Chemical Sampling System (SIT).

Steam Generator Sampling

The RES is described in the PCSR (Ref. 11, Section 9.3.1) and in the corresponding
SDM (Ref. 54). This system receives samples from the secondary side of the each SG
and liguid samples from the SGBS treatment lines and directs them towards the sampling
room located in the auxiliary building. Grab samples for chemical analysis are taken over
a sink. In addition, each sampling line is permanently connected to on-line monitors
(conductivity, after cation conductivity and sodium) and is thermally conditioned (using a
heat exchanger cooled by CCWS followed by a common finishing heat exchanger cooled
by the Chilled Water System (DER)). On-line instrumentation is protected by magnetic
filters to ensure magnetite deposition or clogging does not affect the meters. This is
commonly used in conventional power stations and is suggested by EDF based on OEF
from previous French nuclear plants. Where a dedicated instrument is not used for each
line, cross connections allow the various meters to cover all sample lines. A permanent
measurement of activity, using the Permanent Radiation Monitoring System (PRMS) is
also performed on-line on each of the four SGs, helping to determine normal primary to
secondary leakage and allow quick detection of SGTR using on-line activity monitoring
including Containment Isolation Valves (CIVs) which are activated on high activity levels.
The entire RES system is made from austenitic steel, apart from the heat exchanger
pipes which are made of ferritic steel.

The RES consists of the following samples:
¢ One line per SG, taken from either the hot leg, cold leg.

e Five sampling lines from the SGBS; downstream of the mechanical filters, two
samples downstream of the cation demineraliser of trains 1 and 2 and two samples
downstream of the anion demineraliser and final resin filter of trains 1 and 2.

As described in Section 4.4.2.11, each SG has a separate blowdown line, extracting from
locations close to the tube plate and comprising of two nozzles on the hot leg (which join
to a common line) and a third one on the cold leg side of each SG. In nhormal operation,
the SG sampling lines are connected at the hot leg side of each SG as most impurities
collect there. Sample flows are in the order of 250 litres hr per line and run continuously.
The cold leg side of the SG are usually closed, being used if necessary during start-up.
Sampling lines monitoring the effectiveness of the SGBS operate at around 150 litres hr*
per line and are operated as required to monitor the SGBS performance, typically
monitoring the SGBS demineraliser outlets. The sample lines are designed so that
turbulent flow conditions ensure representative sampling. Sample flow is driven by the
system operating pressure, which is sufficient in all plant states requiring RES sampling.
Each line is fitted with the required control, isolation and pressure relief valves. The
sample lines include a motorised valve which closes quickly when activated by a
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containment isolation signal, and a programmed slow-opening valve for use when the line
is put back into service; this prevents thermal shocks to the head heat exchangers.

Effluent from the conductivity and PRMS activity measurement outlets is directed to a
buffer tank (at atmospheric pressure) whose level is controlled by a motor-driven
discharge pump which returns the coolant upstream of the SGBS, unless chemically or
radiologically contaminated, in which case it is directed to waste via the Nuclear Vent and
Drain System (NVDS). The buffer tank is sized to be sufficient to receive, continuously
and permanently, all the flow from the in-service RES lines.

The radioactivity monitors in the secondary system (i.e. the main steam monitoring
system, the Nuclear Sampling System (RES) of the SGBS and the condenser air removal
system) are installed to monitor any primary-to-secondary transfer of radioactivity, most
likely due to SG tube leakage or rupture. The defective steam generator is identified by
continuous monitoring of the SGBS in conjunction with the online activity monitoring
(KRT) and grab sampling analysis. Secondary fluid is extracted from the SGBS sampling
lines and routed via gamma activity measurement equipment (KRT) such that each SG is
monitored separately and continuously for radioactivity carryover to the secondary side.
The main safety-classified main stream line monitors are the primary means of
measurements, with the RES as a diverse means to verify that affected SG. Grab
sampling using the RES is possible under these conditions, within radioactivity limits.

On a functional level the design adopted within the RES is consistent with industry
experience and good practices from the KONVOI and EDF plants. Specific features
adopted that may increase sample consistency and accuracy include temperature
conditioning in close proximity to the sample point and the use of short sampling lines
where practicable, both of which reduce the length of sample line at high temperature and
reduced the risk of deposition and line effects.

As described in Section 4.4.2.2, the build up of organic degradation products in the
secondary coolant due to use of an organic amine conditioning agent leads to higher after
cation conductivity values that obscure detection of any ingress of strong acid anions,
such as chloride and sulphate. In UK EPR the anion resins are to be replaced when the
effluent from the blowdown resins has an after-cation conductivity > 0.2 uS cm™, which
probably reflects the expected levels of organic acids in the effluent stream. In principle
this could obscure the presence of low levels of strong anions such as chloride and
sulphate (0.2 pS cm™ is equivalent to around 15 pg kg™ chloride), which will be returned
to the steam generator, as in the case of sodium discussed previously. | queried the
consideration given to this in TQ-EPR-1205 (Ref. 8). The response provided feedback
from EDF plants which dose a range of secondary chemistry additives, including
ammonia, morpholine and ethanolamine as suggested for UK EPR, although none
operate a secondary chemistry identical to those suggested for UK EPR. EDF and
AREVA suggest a similar approach to existing EDF plants could be used, whereby
increases over the ‘baseline’ SGBS cation conductivity will be investigated by sampling to
determine the cause of the increase. Furthermore, EDF and AREVA claim that the
addition of a deaerator to UK EPR should further reduce any effects of this phenomenon
due to limiting the dissolved oxygen available for degradation of the amines. | am content
that this effect can be adequately managed in UK EPR but should be further considered
once a final chemistry regime is defined and when defining limits and conditions specific
to the plant. | consider this to be an Assessment Finding AF-UKEPR-RC-35. Since the
conductivity method ceases to be straightforward if amines are employed there will be a
need to define and document the actions necessary to minimise and control impurity
levels.
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As described in Section 4.4.2, control of particulate and soluble iron is important. TQ-
EPR-1404 (Ref. 8) queried how this would be achieved in UK EPR. The response
provides a description of those features in the RES which should allow accurate samples
to be taken including, large number of sampling points, flow, temperature and pressure
regulation, reduced sample line length, turbulent and constant sample flow and the use of
specific devices for filtering the sample for analysis. All of the features described are
consistent with OEF from existing plants and should provide capabilities at least
equivalent to current plants, noting that representative iron sampling is difficult in any
plant. In the response (Ref. 51) to RO-UKEPR-44.A2 (Ref. 9) EDF and AREVA suggest
that the feedwater iron level will be measured regularly to estimate deposit build-up in the
SGs, which is a positive proactive approach.

Overall, the RES design is considered to be satisfactory for the sampling of the SG
secondary side and incorporates a number of beneficial features which should offer
advantages for control and monitoring of secondary chemistry.

Feedwater Sampling

Sampling of the secondary systems outside of the SGs is undertaken by the Feedwater
Chemical Sampling System (SIT). The SIT is not described in the PCSR (Ref. 11), but a
description was provided in response to RO-UKEPR-44.A2 (Ref. 46). The SIT is the
equivalent of the RES for the feedwater system, providing both on-line and grab sample
locations throughout the secondary circuit. The system samples various locations which
are grouped into four categories based on the frequency and location of analysis, hamely:

e Continuous centralised measurements of CEX, deaerator, Moisture Separator
Reheaters (MSR), HP feedwater heaters (AHP) and the Steam Line Drain System
(VPU) (6 lines in total).

e Continuous local measurements of the six condenser pressure tanks and the CEX in
order to detect leaks in the various tube bundles (6 lines in total).

¢ Discontinuous measurements of suspended solids, total iron and dissolved oxygen in
the AHP system.

e Manual discontinuous measurements in a number of secondary systems including;
LP and HP feedwater heaters (ABP and AHP), deaerator, MSR, Turbine Steam and
Drains System (GPV), Conventional Island Closed Cooling Water System (SRI),
Condenser Vacuum System (CVI), Start-up Condensate and Feedwater Purification
Plant (ATD) and CEX.

The SIT is fabricated in stainless steel (304L or 316L) dependant upon the corrosiveness
of the sampled liquid.

Samples are directed towards a number of “panels” located within the turbine hall,
generally as close as possible to the sample points to minimise delay and response
times. The continuous centralised measurements are directed towards a SIT sampling
room in the turbine hall; other panels are arranged locally. On-line measurements are
available to the operators in the control room, especially for CEX samples to determine
impurity ingress. Samples are cooled by a primary (Conventional Island Closed Cooling
Water System (SRI)) and secondary (Chilled Water System (DER)) cooler; with the
exception of the CEX samples which are cool enough not to need the primary cooler. The
primary cooler is located in the turbine hall close to the sampling location. The CEX,
MSR, AHP and VPU sampling lines have an electric heater located downstream of the
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secondary coolant in order to control the temperature of the samples to 25 £ 1°C at a
flowrate of 250 litres hr™.

The continuous centralised sample lines are equipped with various on-line meters for
dissolved oxygen, hydrazine, sodium, conductivity and pH. Excess sample and
uncontaminated meter effluent is returned to the CEX. Grab sample waste and
contaminated meter effluents are sent to waste via the Secondary System Wastewater
Removal (SEK). The continuous CEX samples are directed through after cation
conductivity meters to determine cooling water ingress; once detected more local
sampling is undertaken to determine and isolate the location of the leak before repair.
Detection of impurity ingress has been discussed previously, Section 4.4.2.2.1.

Overall, the SIT appears to have taken much OEF and experience from current plants
including the use of multiple manual sampling points, local sampling temperature
reduction and two heat exchangers fitted in series to accurately condition sample
temperature. The use of on-line instrumentation allows rapid detection of potential
chemistry faults and is consistent with many of the more modern plants. Specific
improvements to the SIT for UK EPR which are beneficial, compared to the latest French
(N4) plants, include:

e Doubling of general Secondary Condensers (CEX) conductivity measurements.
e Sodium and pH measurement on CEX.

e Addition of protective by-passable magnetic filters and installed ‘Johnson mesh’
mechanical filters upstream of control systems.

Summary

Based upon the evidence presented during GDA, the main conclusion | draw for the
secondary circuit sampling assessment of UK EPR is:

e The UK EPR secondary circuit sampling systems, the RES and the SIT, have both
taken due account of operating experience and relevant good practice in their design.
Many of the incorporated design features, as described above, will provide
improvements to the sampling capabilities and chemistry control.

| judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of the secondary circuit sampling in UK EPR described in
Section 4.4.4 above, | have identified the following Assessment Findings which need to
be addressed, as normal regulatory business, by the Licensee, during the design,
procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-35— The Licensee shall review the implications for organic acid
impurities in the secondary circuit based upon the operating chemistry and document
their justification for any limits specified. This Assessment Finding should be
completed before hot operation of the secondary side of the plant. Target Milestone —
Hot operations.
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GDA Issues

Based upon the assessment of secondary circuit sampling in UK EPR described in
Section 4.4.4 above, | have identified no Reactor Chemistry GDA Issues in this area.

Assessment — Start-up and Shutdown Chemistry
Overview

As for the primary circuit, during any shutdown the secondary circuit will be taken from
normal operating conditions of high temperature and pressure to almost ambient
conditions. As the secondary circuit is nominally non-active, there is no radioactive ‘crud’
burst although a significant increase in iron in the coolant is expected and as such the
concern is more with maintaining adequate chemistry control during the transient.
Similarly start-up periods can pose similar challenges and the main difficulty is with
establishing and maintaining the correct chemistry.

No details were provided in the safety case on this topic during Step 3, so all assessment
has been undertaken during Step 4.

TSC support was also provided in this area during Step 4, including a specific review of
UK EPR (Ref. 109).

A number of TQs and ROA responses provided information on the UK EPR start-up and
shutdown chemistry in the secondary circuit. TQ-EPR-167 (Ref. 8) provides a general
overview of the steps during such transients and the response to RO-UKEPR-44.A2 (Ref.
9) provides an overview of the chemistry (Ref. 51). These are the main responses in this
area.

Several phases were identified in the shutdown sequence; from hot shutdown, where
primary side heat is removed first by the SGs and subsequently by the RHRS once
connected to the primary circuit, to cold shutdown. During this transition the heat removal
duty of the SG diminishes and thus the steam generation slows which alters both the
feedwater flow and the partitioning of the pH additive between the steam and water
phase. Under low flow conditions (< 4% power) the SG feedwater is supplied via the
Start-up and Shutdown Feedwater System (SSS). During long shutdown periods this may
introduce higher levels of oxygen than desirable, but can be managed by maintaining an
excess of hydrazine at a low temperature. In addition to the deoxygenation function
during normal operations the addition of a deaerator to the UK EPR secondary circuit is
advantageous for such transient periods, providing a reservoir of conditioned feedwater.
The SSS pipework is specified as 13CrMo4-5 low alloy steel which should provide
adequate protection from Flow Accelerated Corrosion (FAC) risks. This alloy is used in
EDF plants with positive OEF.

Chemical dosing of the various systems is fulfilled by the Chemical Reagents Injection
System (SIR). During start-up and shutdown the SIR controls the chemistry in the CEX,
ADG and ATD systems. Further assessment of the SIR is described in Section 4.4.

The assessment of the UK EPR secondary sampling system is given in Section 4.4.4,
including consideration of the suitability and operability of the system during start-up and
shutdowns.

Control of Chemistry during Shutdowns

Similar to normal operations, the only system available to clean-up the secondary coolant
in UK EPR during a shutdown is the Steam Generator Blowdown System (SGBS), which

Page 187



Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

908

909

4453
910

911

912

is operated at full capacity during the cool down (1 % of main feed flow). The SGBS is
assessed in more detail in Section 4.4.2.1.2. Even though control of impurity levels is
important to ensure optimum start-up conditions, the risks from impurity ingress are less
during a hot shutdown phase compared to normal operation, due to the lower
temperatures. As a consequence, the hot shutdown chemical specification is focused on
oxygen concentration limitation and cationic conductivity in the steam generator
feedwater.

EDF and AREVA described the UK EPR approach in response to TQ-EPR-167 (Ref. 8).
During a shutdown the heat transfer between the primary side and the secondary side is
smaller than during power generation, hence this leads to limited steam production.
During this transition phase EDF and AREVA assume that no steam is produced so as to
establish conservative chemistry specifications of the SGBS. Amines added will remain in
the liquid phase during a hot shutdown and consequently, the expected pH (in the
feedwater and SG blowdown) will be maintained between 9.4 and 9.7 at 25 °C,
dependent on the selected amine. According to TQ-EPR-167 the expected feedwater
dissolved oxygen concentration of during hot shutdown is below 20 pg kg™. This target is
more rigorous than that specified by EPRI (Ref. 28). Feedwater required as the coolant
contracts is provided from the feedwater deaerator tank.

During the shutdown transient the changes in temperature, pressure and chemistry in the
SG causes any impurities which have concentrated in crevice regions to be released into
the SG water; the ‘hide out return’ (HOR). While not a decontamination technique as
such, measurement of the concentrations during these periods is an indicator of general
secondary circuit performance over the previous cycle and may indicate a requirement for
maintenance or more aggressive cleaning methods during the shutdown. In the response
to RO-UKEPR-44.A2 (Ref. 51), EDF and AREVA describe a process for such
determinations in UK EPR which appears reasonable.

Storage and Lay-up

Once cooled and stabilised the secondary circuit needs to be placed into a suitable
storage condition which, with the exception of the SGs, means a dry lay-up. For the SGs
the nature of this storage depends on the duration of the lay-up required and the activities
to be performed (for example, maintenance). In the EDF and AREVA approach dry lay-up
involves the establishment and maintenance of a controlled humidity environment while
wet lay-up involves conditioning with high pH and hydrazine. While both approaches
could be shown to be acceptable, | queried a number of detailed points.

For dry lay-up the underlying assumption is that by controlling the relative humidity (RH)
no condensation will occur in the components. Condensation can be very detrimental due
to pollution from airborne contaminants which can lead to the generation of very high
impurity levels locally. EDF and AREVA suggest a limit value of 40% RH at 20 °C will be
used for UK EPR. | queried these effects in TQ-EPR-1405 (Ref. 8). The response from
EDF and AREVA provided general data, but not for magnesium salts which have been
found to be prevalent in the UK marine environment (Ref. 108). The response also
appears to take credit for the HVAC systems to maintain low levels of impurities during
dry lay-up operations. | am not content that an adequate case has been made in this
area, although this is largely an operational matter and will require management by the
Licensee. There is no reason to consider UK EPR could not operate to lower RH levels if
required. | consider this to be an Assessment Finding AF-UKEPR-RC-36.

For wet lay-up no concentrations were specified for anionic impurities. The current EPRI
practice is to have levels less than [JJJfll mg kg™. The response to TQ-EPR-1209 (Ref. 8)
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indicated that although current EDF practice is to control the levels by using the influent
water source which may not be suitable if leaching of SG internals occurs; the approach
for UK EPR will be based upon a limit of 0.5 mg kg* each of sodium, chloride and
sulphate. | agree that the approach suggested for UK EPR seems reasonable.

The addition of hydrazine during wet lay-up was also queried (in TQ-EPR-1209), as the
calculated minimum amount of hydrazine appears to rely on a formula which would allow
ever increasing amounts to be added, with no maximum. This might not cause difficulties
for lay-up requirements but could create a disposal hazard if significant quantities are
generated. EDF and AREVA suggest the addition of copper sulphate to react with excess
hydrazine prior to disposal. This approach has not been justified when aeration would
generate less waste, but | consider that a Licensee could specify a suitable mode of
operation.

Start-up Chemistry Control

During a start-up the impurities (especially oxidising species) within the secondary circuit
are often much higher than during normal operations. Refilling of the secondary circuit
during a start-up is undertaken from the water distribution system (SER within nuclear
island) at pH 9. The condenser vacuum and deaerator systems are used to remove
oxygen and non-condensable gases during heat up, with limiting values for oxygen
before rising above 120 °C of 100 pg kg™ and a target Steam Generator Blowdown
system (SGBS) hydrazine concentration of > 100 ug kg™.

During Step 3 EDF and AREVA provided some information on the Start-up Condensate
and Feedwater Purification Plant (ATD) although it was not clear if this was included in
the UK EPR design. | have confirmed that this is indeed part of the design, but was not
included in the Step 4 PCSR (Ref. 11). The ATD is used to fill the secondary circuit and
purify and heat the SG feedwater during start-up phases and consists of filtration, ion
exchange, chemical dosing connected to the SIR and a regenerative heat exchanger.
The system will be used to treat approximately 1,800 m? of secondary coolant at a flow
rate of around 300 m? hr! to produce the start-up feedwater specifications. As the UK
EPR ATD media is not regenerated on site this reduces the potential for secondary circuit
contamination by regenerant chemicals. The ATD system has no operational role during
normal power operations or in fault conditions.

The ATD system is a new plant feature for UK EPR; it does not have an equivalent in
previous French or German plants. In the N4 series the same functions are performed by
feedwater tank heating by auxiliary steam and via condenser discharge and make-up.
Some 900 MW, plants use a mobile purification station, similar to the UK EPR ATD
system, to chemically condition the feedwater plant. The basis for the ATD system is
consistent with the approach suggested by EDF and AREVA and | believe that the
functional requirements of the system can be met. However, the detailed system design
has not been considered during GDA. | am encouraged by the introduction of the ATD
into the UK EPR design and believe that it will offer advantages for impurity control during
start-up periods; additionally | am content that failure or unavailability of the ATD will not
result in safety issues, merely delays to the start-up duration. In cases of complete
unavailability of the ATD, UK EPR could still operate in the same manner as the N4
plants.

| asked various queries on the ATD system in TQ-EPR-1406, 1407 and 1408 (Ref. 8),
regarding design features and operating performance. The responses provided greater
clarity on the operational intent for start-up in UK EPR using the ATD system to control
the chemistry. Based on the responses it appears that the intent is to operate the ATD
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with standard ion exchange resins on a non-regenerable basis, with an expected lifetime
of 100 hours at the nominal flowrate and outlet concentrations. Some of the operational
details are currently lacking, but these can be developed as the safety case is
progressed. This is related to Assessment finding AF-UKEPR-RC-01.

In the response to RO-UKEPR-44.A2 (Ref. 51), EDF and AREVA suggest that the start-
up impurity specifications will be based upon German plant feedback. This will allow
higher concentrations of impurities in the SGBD for 5 days following start-up. This is a
specific difference seen in VGB (Ref. 29) guidelines as opposed to EDF or EPRI (Ref.
28), which suggests a staggered approach with a further diminution of impurities before
raising power above 25 or 30%, minimising risk of impurity hide-out. This aspect was
queried in TQ-EPR-1221 (Ref. 8). The response confirmed the absence of a hold point
before power raise in UK EPR. It is interesting that this hold point is retained in EDF
plants, which also contain Inconel 690 tubing. EDF and AREVA provided OEF suggesting
that the values likely to be experienced should be an order of magnitude lower, but the
driver for the proposed change appears to be an allowance for “operating flexibility”. | am
not convinced of the validity of this approach for UK EPR, where the SG tube alloy is
different to that used in Germany (Alloy 800), which has experienced some very limited
degradation problems in recent years for which the more relaxed secondary control has
been suggested as a contributing factor. While | am content that UK EPR could meet the
more restrictive specifications this may impact upon outage duration and further
justification may be needed once precise procedures are developed for UK EPR.

Summary

The overall approach suggested by EDF and AREVA for secondary circuit shutdown, lay-
up and start-up appears reasonable. Many details of the precise arrangements need to
be finalised, and there may need to be further justification for some of the parameters, but
this can be done as the project progresses. | am content that an adequate case has been
made for GDA in this area.

Based upon the evidence presented during GDA, the main conclusions | draw for the
secondary circuit start-up and shutdown assessment are:

e EDF and AREVA have presented an approach for start-up and shutdown chemistry in
the secondary circuit of UK EPR. A number of features of the UK EPR design, such
as the ATD system, provide positive improvements to the control of plant chemistry
during such periods.

e Post GDA, fully detailed chemistry procedures should be developed, building upon the
sound basis presented for GDA. | note a number of areas where further justification
may be required. | have raised an Assessment Finding in this area which should
support on-going assessment of this important topic.

e Post GDA fully developed start-up and shutdown procedures should be developed for
the secondary circuit of UK EPR, building upon the basis presented for GDA. These
should include due consideration of related topics such as limits and conditions, as
appropriate. This is related to Assessment Finding AF-UKEPR-RC-02.

| judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.
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Assessment Findings

Based upon the assessment of secondary circuit start-up and shutdown chemistry in UK
EPR described in Section 4.4.5 above, | have identified the following assessment findings
which need to be addressed, as normal regulatory business, by the Licensee, during the
design, procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-36 — The Licensee shall specify the dry lay-up chemistry
requirements for the secondary circuit of UK EPR. This should include all stages of
installation, commissioning and operations with evidence of their suitability. This
Assessment Finding should be completed before delivery to site of the secondary
circuit equipment, but certain aspects may need consideration earlier, for example,
during component manufacture. Target milestone — Mechanical, Electrical and C&l
Safety Systems, Structures and Components — delivery to Site.

GDA Issues

Based upon the assessment of secondary circuit start-up and shutdown chemistry in UK
EPR described in Section 4.4.5 above, | have identified no Reactor Chemistry GDA
Issues in this area.

Ancillary Systems

In addition to the main primary and secondary circuits, a number of ancillary systems are
required in order to support safe reactor operations. These systems are relevant because
they fulfil a safety function and either they provide or support chemistry control functions
or they are chemically controlled for reasons related to Safety. Those system sampled
during GDA are discussed further in the following sections.

Assessment — Radwaste Systems

The design of UK EPR includes a number of provisions in order to reduce off-site
releases in normal operation when compared to existing PWR plant. An assessment of
the UK EPR source terms and provisions to reduce activity SFAIRP is given in Section
4.2.3. Assessment of the chemical aspects of the systems used to treat these wastes
before discharge started during Step 3, although limited time was available to completely
asses these complex systems. It was noted that UK EPR had included:

e Improved segregation of floor / chemical drains thus reducing the volumes of liquids
discharged from the effluent treatment systems.

e Improved filtration, demineralisation and evaporation techniques used for treatment of
radioactive liquid effluents.

e Hold up tanks which increase radioactive decay of short lived nuclides before
discharge of liquid effluents.

e Specific consideration of the Gaseous Waste Process System (GWPS) to reduce
aerial discharges during normal operations.

Due to the close links with other assessment areas for these systems, | have supported
colleagues in ND and the Environment Agency in their assessments during Step 4.
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Radioactive fission gases, among them xenon and krypton, are generated in the reactor
core during normal operations. A higher portion of these gases are released to the
reactor coolant if fuel cladding defects occur. Additionally, hydrogen is added to the
reactor coolant by the CVCS. Since these gases are dissolved in the reactor coolant, they
are transported to various systems in the plant as a result of process fluid interchange
during operations. To prevent flammable mixtures developing and other problems, there
is a requirement to control these gases and condition them for release.

The UK EPR features a Gaseous Waste Processing System (GWPS), as detailed in the
PCSR (Ref. 11, Section 11.4.3) and the associated SDM (Ref. 78). The GWPS limits the
hydrogen concentration in the connected systems in order to prevent the formation of
explosive mixtures and it processes radioactive gaseous wastes so as to minimise
personnel exposure to radiation, and to control their release to the environment. In order
to do this the GWPS:

¢ Maintains the majority of the connected components at a slight vacuum.
e Flushes the vessels in which coolant degasification occurs with nitrogen.

e Controls the hydrogen content in the system and in the flushed vessels to less than
4% (with an expected value of 0.3% after the recombiner) and an oxygen content of
lower than 2% (with an expected value of 0.1% after the recombiner).

e Delay release of noble gases to the environment until sufficient decay has occurred.
The GWPS is shown schematically below (Ref. 78):

Figure 22: UK EPR Gaseous Waste Processing System

The GWPS consists of pipe connections to the various vessels, a catalytic recombiner,
drying equipment, gas analysis sensors and three carbon bed delay columns arranged in
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series. Vessels served include the VCT, the CVCS degasser, the CSTS coolant storage
tanks, the NSS sample tank and various drains and hold-up tanks connected to the
primary system. Coolant storage tanks are connected in activity order, preventing transfer
of activity to lower contaminated parts of the plant. All components of the GWPS are
made of austenitic stainless steel.

The GWPS has two distinct operational modes termed “steady state” and “surge gas”
mode. In steady state mode the system is operated as a semi-closed loop. Released
gases (hydrogen, oxygen and active noble gases) in the connected vessels are flushed
out by the nitrogen purge gas stream. After recombination in the recombiner and
subsequent drying the purge gas is reused, thus minimising gas releases from the plant.
Only a small fraction of the purge gas is passed to the delay bed system for discharge to
the plant stack. During large liquid transfer into the connected vessel (i.e. at start-up and
shutdown) the GWPS reverts to surge gas mode. In this condition a much greater fraction
of the purge gas is passed to the delay bed system for discharge to the plant vent.

The first function of the GWPS, namely control of flammable hazards, is primarily
achieved by the recombiner, which is the means of recombining hydrogen purged from
the connected systems. The recombiner is a heated vessel containing catalytic spheres.
During operation the hydrogen and the oxygen concentration in the purge gas are
measured upstream of the recombiner and are used to automatically inject additional
hydrogen and oxygen as required in order to maintain a near stoichiometric ratio (slight
excess of hydrogen) at the recombiner inlet. Further measurement downstream of the
recombiner monitor for effectiveness. Failure of the recombiner or loss of the upstream
monitoring causes the recombiner to be bypassed. Nitrogen is injected up-stream of the
recombiner to reduce the hydrogen concentration by dilution (nitrogen can also be
injected to help maintain the required vacuum with the recombiner in operation).

EDF and AREVA have calculated the size of the system on the basis of a primary coolant
dissolved hydrogen concentration of 4.5 mg kg™ (around 50 cm?® kg™), which is more than
twice the intended operational band for UK EPR, and on full removal in the connected
vessels. The highest concentration calculated in the GWPS treated systems is 3.8%
hydrogen from the CVCS degasifier.

Some of the coolant in the CSTS may be purified and recycled via the RBWMS. Coolant
stored in the CSTS tanks which is not routed this way can still be reused in the primary
circuit of UK EPR without further purification. An important function of the GWPS is
therefore to prevent contamination of these latter sources with dissolved oxygen. EDF
and AREVA claim that based upon the maximum design value in the GWPS of 0.1%
oxygen (after the recombiner), the resulting dissolved oxygen content will be around 50%
of the required value to allow direct injection of the coolant. During shutdown
oxygenation, the addition of hydrogen peroxide changes the primary coolant to
oxygenated conditions. The degassifier and Pressuriser Relief Tank (PRT) are connected
downstream or on separate braches of the GWPS, thus minimising risk of higher influent
concentrations during transients, however a potential route to the VCT exists should the
degasifier not function as efficiently as expected. EDF and AREVA calculations show this
may increase the coolant storage tank concentrations, but still below the limit needed for
injection. It is noted that these calculations assume a temperature of 50 °C; a lower
temperature would result in increased transfer to the liquid phase and higher
concentrations than those calculated.

The second main function of the GWPS, conditioning of the gaseous waste before
discharge is fulfilled by the carbon delay bed system. The UK EPR delay beds are sized
to allow for a minimum of 40 days decay for xenon isotopes and 40 hours for krypton
isotopes. The underlying physical retention process of the delay function does not
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consume the carbon and is based on a reversible dynamic absorption process, controlled
by the operational parameters of the gas stream such as moisture content, pressure and
temperature. This type of system is used on many PWRs and the requirements are well
understood.

EDF and AREVA consider both the steady state and surge gas modes in the design of
the GWPS delay beds. Steady state calculations use the small release rate to the delay
beds, based on the KONVOI designs and OEF, with the purge gas state considers start-
up and shutdown operations, with an additional margin of 400 m*® added during start-up
events. The total mass of carbon in the delay beds in UK EPR is around 7,000 kg. The
most important fission products for delay on the beds are xenon and krypton, which
effectively determine the mass of charcoal required. Calculations by EDF and AREVA
show that this mass of charcoal is sufficient to meet the delay time requirements for the
system, with significant margin. Water entrainment to the delay beds would impair the
function of the system. However, this process is reversible by drying the beds and is
avoided during operations by the dryers installed in the GWPS, including the gel dryer
immediately before the beds. The NVDS is used to drain any condensate formed inside
the GWPS.

As part of the response to RO-UKEPR-73 (Refs 79 and 176) EDF and AREVA provided
estimates for the activity within the GWPS. The UK EPR GWPS design will operate in a
semi closed-loop mode for most of an operating cycle. This means that gaseous activity
will accumulate within the system with the only means of removing activity being through
the small discharge flow and by natural decay of the radionuclides. This means that long
lived isotopes (85Kr) will accumulate in the system over time. EDF and AREVA provide
estimates for the activity in the GWPS for normal operations, shutdown and on
completion of an 18 month cycle. These values are subject to much uncertainty due to
details on plant operations, but can be considered conservative.

This may mean that discharges are lower, but doses to operators may be higher
(although only marginally in both cases). It is notable that no limits or conditions have
been suggested for the maximum activities allowable in the GWPS, or for operational
limits which might instigate a transfer to surge gas mode. This may be more important
during operations with fuel failures when activity released to the coolant will be higher. |
consider this to be an Assessment Finding AF-UKEPR-RC-37.

Overall, the calculations for the GWPS appear conservative and EDF and AREVA have
considered operational transients in the design. The design is based on well proven and
mature technologies with many years of experience in PWRs. | am content that an
adequate case has been made for the GWPS as part of GDA.

Liquid Waste Processing Systems

The UK EPR systems for the treatment of liquid wastes are complex. Together, they are
used to store, process and monitor spent, non-reusable liquid waste before it is
discharged to the environment. The Liquid Waste Processing System (LWPS) in UK EPR
is designed with sufficient capacity to process spent radioactive liquid waste from two UK
EPR reactors and is described in the PCSR (Ref. 11, Section 11.4.2.2) and the SDM
(Ref. 80). The LWPS is installed in the Effluent Treatment Building (ETB). The main
systems served by the LWPS are:

¢ Nuclear Vent and Drain System (NVDS) for the Nuclear Island and ETB
e CSTS distillates
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e Site effluents coming from the liquid waste discharge systems

Following treatment the liquid waste is stored in the Liquid Radwaste Monitoring and
Discharge System (LRMDS or EXLWDS) for final monitoring before discharge. The liquid
wastes are sampled (for chemical and radiochemical properties) by a dedicated sampling
system, the ETB sampling system (TEN). The base material used for all equipment is
304L stainless steel, except for the reagent injection system and parts of the evaporator
which are made from 316L stainless steel, due to corrosion risks.

The main processes which are used to condition the waste stream prior to discharge are
filtration, evaporation and demineralisation. Four main classes of waste are treated by the
LWPS, each with a different chemical and radiochemical properties; floor drains, process
drains (mainly minor polluted primary coolant), chemical drains (significantly polluted
primary coolant and other chemical wastes) and CSTS distillates. Each waste class has
two separate tanks in the LWPS, one for storage and collection while the other is being
treated, with design features to minimise deposition or dead legs. The tank volumes are
based on predicted effluent levels, from 75 to 160 m?® per tank. Details of the volume of
effluents expected to be treated by the LWPS are subject to uncertainty as they depend
heavily on plant operating parameters. EDF and AREVA have used OEF from the latest
N4 French PWRs as an input to the design, with the exception that some of the waste
categories are altered in UK EPR (for example, water used to transfer ion exchange
resins is classed as chemical drains in UK EPR and process drains in N4). The volume of
CSTS distillates is currently uncertain, depending upon the extent of boron recycle. Tank
volumes are based on 1300 MW, and N4 with additional margins (but are sufficient for a
two reactor site).

The LWPS allows each waste stream to be processed using any of the conditioning
treatments although it is assumed that the following will generally apply:

e Floor drains — filtration only
e Process drains — filtration and demineralisation
e Chemical drains — evaporation; but highly dependant upon waste properties

e CSTS distillates — filtration only

The LWPS has a total of six filters; one 25 um filter for each waste effluent (floor, process
and chemical drains), a 5 um filter before the demineralisers, a final 25 um filter
downstream of the demineralisers to capture any resin fines and a final 5 um filter before
transfer to the LRMDS tanks. All filters are monitored for dose rate and pressure drop,
with increase in each initiating change out.

The three demineraliser vessels (3.3 m> each) can be filled with any type of ion exchange
resin required for treatment of the wastes. Demineralisation is undertaken on a particular
tank contents in a closed loop mode until the required discharge concentrations are met.
Provisions for resin exchange and transfer are provided in the design.

A particular chemical concern with boric acid solutions is the potential for crystallisation
and precipitation. This is generally controlled by maintaining an upper limit in the boron
concentration at a given temperature. The UK EPR LWPS maintains the temperature of
potentially affected vessel and pipes at 30°C. EDF and AREVA also propose to control
the ratio of sodium hydroxide to boric acid within a defined band to allow solutions of up
to 40,000 mg kg'1 boron. This is particularly relevant for the evaporator where boron
concentrations will increase. Other effects such as the accumulation of radioactivity in the
evaporator and the generation of other precipitates should also be considered when
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details of the evaporator design and operations are available, | consider this to be an
Assessment Finding (AF-UKEPR-RC-38).

The RO-UKEPR-73 response (Ref. 79) provides information on the expected activities in
the LWPS, which depends on the treatment applied:

e Demineralisation is undertaken until discharge targets are met, thus limiting the
treated effluent activities.

e Upstream of the LWPS evaporator the radioactivity is set as the highest of the feed
streams. Downstream of the evaporator the activity is divided between concentrates
and distillates, based on the evaporator performance characteristics. As described in
the paragraph above, the evaporator design is unknown at present, hence estimates
are based on EDF 900 MW, and N4 plant feedback. EDF and AREVA recognise that
the distillate will contain the vast majority of the influent tritium.

e CSTS distillates activities are determined by the efficiency of the CSTS boron recycle
evaporator and degasser efficiencies.

As described in Section 4.3.2.3, EDF and AREVA have taken a limiting value of 37,000
MBq t* for tritium in all cases, thus the response does not accurately account for tritium
movements in UK EPR. The response (Ref. 107) to RO-UKEPR-74.A1 (Ref. 9) also does
not provide estimates for tritium movements in the GWPS; however the plant vent will be
monitored to control aerial discharges.

The LWPS sampling system (TEN) allows samples to be taken from both low and high
activity sources using either a sample sink or a glovebox that is filtered (with High
Efficiency Particulate Air (HEPA) filter and an iodine trap) then vented (to the GWPS).
Sampling lines are stainless steel and flowrates are such that sampling times of only a
few minutes are expected, minimising waste generation (although this is recycled back to
the LWPS).

The UK EPR LWPS uses well proven techniques for chemical treatment of the liquid
wastes. | am content with the design described from a Reactor Chemistry perspective.

Summary

Based upon the evidence presented during GDA, the main conclusion | draw for the
assessment of Reactor Chemistry aspects of the radwaste systems in UK EPR is:

e The UK EPR radwaste systems for safely handling gaseous and liquid radioactive
wastes are functionally very similar to many operating PWRs. The precise designs for
UK EPR, patrticularly for the GWPS, are somewhat different to other PWRs but the
chemical processes and technology are well proven and should provide adequate
controls. The impact of theses systems on those they support appears to have been
considered thoroughly by EDF and AREVA in the design.

| judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of radwaste systems in UK EPR described in Section 4.5.1
above, | have identified the following Assessment Findings which need to be addressed,
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as normal regulatory business, by the Licensee, during the design, procurement,
construction or commissioning phase of the new build project:

AF-UKEPR-RC-37— The Licensee shall generate a justification for limits and
conditions associated with activity in the Gaseous Waste Processing System
(GWPS). This should consider all forms of activity and associated maintenance and
testing of the GWPS. This Assessment Finding should be completed before nuclear
operations, as this is when activity will be first generated, however consideration
should be given earlier to ensure the design is adequate to support the limits and
conditions. Target milestone — Initial Criticality.

AF-UKEPR-RC-38— The Licensee shall generate further details and evidence to
support the operation of the Liquid Waste Processing System (LWPS) evaporator,
including consideration of chemical effects in operation, such as boron crystallisation,
activity accumulation or precipitate generation. This Assessment Finding should be
completed before nuclear operations, as this is when activity will be first generated,
however certain aspects may require earlier consideration, for example, during
procurement. Target Milestone — Initial criticality.

GDA Issues

Based upon the assessment of radwaste systems in UK EPR described in Section 4.5.1
above, | have identified no Reactor Chemistry GDA Issues in this area.

Assessment — Component Cooling Water System

UK EPR, like all PWRs, has a large number of pumps and heat exchangers inside the
Nuclear Island which together produce significant quantities of reject heat. In order to
assure safe operation and function of these components a heat removal system is
required. These functions are provided by the Component Cooling Water System
(CCWS). This system is described in the PCSR (Ref. 11, Section 9.2.2) and SDM (Ref.
81). The CCWS cools a number of important components during normal reactor
operations and shutdowns. The safety significance of these components varies, for
example:

e Al (F1Ain France) — Low Head Safety Injection (LHSI) and Medium Head Safety
Injection (MHSI) heat exchangers.

e A2 (F1B in France) — Fuel Pool Cooling System (FPCS) heat exchanger and RCP
thermal barrier.

e C3 (F2in France) — Chemical and Volume Control System (CVCS) non-regenerable
heat exchanger.

e Other (non-safety) - The heat exchangers in the Containment Cooling and Ventilation
System (CCVS).

The UK EPR CCWS consists of four separate and independent trains with each train
providing cooling to the heat exchangers of the four SIS / RHRS trains via a closed
cooling loop consisting of a pump and a heat exchanger (cooled by the Essential Service
Water System (ESWS). The configuration of the system is such that the CCWS loops
which cool the SIS / RHRS are independent, and the FPCS connection can be
maintained during outages. The CCWS pipework is made from carbon steel, except for
the ESWS heat exchanger tubes which are made from titanium. Materials used in the
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various heat exchangers depend upon the served system conditions, but include carbon
steels, stainless steels and copper alloys.

During Step 4 the assessment of the CCWS concentrated on two aspects of the CCWS
design, namely:

e Chemistry control and addition provisions (e.g. sampling arrangements).

e CCWS Leaks either into the CCWS, especially from active sources (i.e. controls,
mitigation, remedial actions), or leaks from the CCWS, especially to sources where
there is a risk of boron dilution or contamination with CCWS conditioning agents.

Responses to TQs during Step 3 indicated a phosphate based chemical treatment was
anticipated (TQ-EPR-102, Ref. 102). The Step 4 PCSR states that the CCWS cooling
fluid is demineralised water which is chemically treated to prevent corrosion of equipment
but no further details are presented on the proposed chemistry regime. As this is an
important system and chemistry supports it safe operation, | would expect more details to
be provided in the safety case either directly or referenced. These should include a
specification of the detailed CCWS chemistry with evidence that the chosen regime is
adequate. The specification should encompass early leak detection. My review of the
consolidated Step 4 PCSR produced in March 2011 (Ref. 105), see Section 3.3,
confirmed that such information was not presented in the PCSR. | consider this to be an
Assessment Finding (AF-UKEPR-RC-39).

TQ-EPR-1429 (Ref. 8) queried details of the anticipated chemistry for the UK EPR CCWS
and further details of the “anti-carbonation” devices. EDF and AREVA did not respond to
this TQ during preparation of this report, thus no details have been provided of the
expected UK EPR CCWS chemistry in time for my assessment during GDA. EDF and
AREVA did not respond to this TQ until the middle of May 2011. The lack of information
presented in this area is a failure to meet my expectations for GDA. However, despite the
omission of most of the operating chemistry regime for the UK EPR CCWS, based upon
the system similarity to current operating plants and the use of such phosphate based
chemistries, | am content that a suitable CCWS chemistry could be defined and operated
in UK EPR and the design should not be fundamentally different from other PWR plants
in this respect; however this will need to be fully justified and reviewed once full details
are available. This is related to Assessment Finding AF-UKEPR-RC-01.

Similarly, | consider that several of the Reactor Chemistry parameters related to the
CCWS operating chemistry should be part of the plant operating Limits and Conditions,
due to their importance in controlling corrosion and maintaining the integrity of the
system, particularly across pressure boundaries. No details are provided in the
consolidated PCSR (Ref. 105) on such aspects, either in the Reactor Chemistry (5.5) or
Limits and Conditions (18.2) chapter. This is related to Assessment Findings AF-UKEPR-
RC-02 and AF-UKEPR-RC-39.

Chemical dosing of the CCWS is performed by the SIR, as described in Section 4.4.2.1.7.

TQ-EPR-787 (Ref. 8) requested details of the CCWS interfaces with served systems,
including details of the interface (materials, chemistry of the served system). The purpose
of this TQ was to understand where the main risks of leakage in the CCWS exist.

e Leakage into the CCWS will introduce active primary coolant into the CCWS fluid.
The main risk of leakage into the CCWS is from those sources at highest pressure,
which are those associated with the RCP thermal barriers and the CVCS heat
exchanger. Detection of such leakage will be possible due to the CCWS level
measurements in the expansion tank, via activity monitoring or, in the case of the
RCP thermal barrier, by abnormal temperature or pressure readings. Isolation of
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these sources is initiated automatically, limiting transfer of activity. The expansion
tank is sized to accept such leakage for 30 minutes. More minor leaks are more likely
to be detected in routine chemistry sampling of the CCWS. Should significant leakage
occur, fission gases would be removed from the CCWS expansion tanks by the
building ventilation systems.

e Leakage out of the CCWS will be detected by level measurements in the CCWS
system or by routine chemical measurements in the served systems.

Overall, while EDF and AREVA have not presented a sufficient safety case for the CCWS
of UK EPR from a chemistry perspective, based on the evidence | have seen to date and
provided the Assessment Findings highlighted above can be satisfactorily resolved, | am
content that an adequate case could be made for the UK EPR CCWS for GDA. Further
work is required in this area as the design progresses.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of the CCWS in UK EPR are:

e EDF and AREVA have presented very limited and broad details on the expected
operating chemistry regime for the CCWS, which is used to limit corrosion related
failures on a number of safety-related heat exchangers. Based upon the design as
presented, | believe that an adequate case could be made for this system from a
chemistry perspective. More details will be needed in the safety case as the design is
developed.

e Arguments made regarding leak detection and mitigation appear reasonable and
should have minimal safety implications from a Reactor Chemistry perspective.

Overall, | judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA.

Assessment Findings

Based upon the assessment of CCWS chemistry in UK EPR described in Section 4.5.2
above, | have identified the following Assessment Findings which need to be addressed,
as normal regulatory business, by the Licensee, during the design, procurement,
construction or commissioning phase of the new build project:

AF-UKEPR-RC-39— The Licensee shall include the safety aspects of the Component
Cooling Water System (CCWS) chemistry in the safety case. This should include
specifications for the detailed CCWS chemistry, including evidence that the chosen
regime is adequate. This Assessment Finding should be completed before initial plant
operations. Target Milestone — Mechanical, Electrical and C&l Safety Systems,
Structures and Components — inactive commissioning.

GDA Issues

Based upon the assessment of the CCWS in UK EPR described in Section 4.5.2 above, |
have identified no Reactor Chemistry GDA Issues in this area.
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Accident Chemistry

The assessment of risks arising from nuclear facilities needs to consider those arising
both from normal operation and from accident conditions. Conservative design, good
operational practice, and adequate maintenance and testing should minimise the
likelihood of accidents. Nuclear facilities are therefore designed to cope with, or are
shown to withstand, a wide range of faults without unacceptable consequences by virtue
of the facility’s inherent characteristics or safety measures.

The following sections summarise my assessment of the UK EPR safety case for
chemistry during accidents and faults. | sampled a number of faults, both Design Basis
Accidents (DBA) and Beyond Design Basis, or Severe Accidents (BDBA or SA), and
those systems provided in the design of UK EPR to mitigate chemical hazards that may
arise, such as hydrogen or fission product release into the containment. The overall
assessment approach was to identify the chemical assumptions made by EDF and
AREVA and to form a judgement on their adequacy or otherwise. Most of the assessment
of chemistry in faults took place during Step 4, in conjunction with the fault studies and
severe accident inspectors, where appropriate.

It is important to note that EDF and AREVA claim that severe accidents (i.e. those
resulting on core damage) are “virtually excluded” by the UK EPR design and the design
of UK EPR has been optimised to minimise the risk of accidents. This has been reflected
in our assessment of these events, which has been proportionate to the likelihood of such
accidents occurring and has concentrated on the fundamental chemistry assumptions
which underpin the safety case to check these are appropriate and that there are no “cliff-
edge” effects.

Overview

PWRs have three successive barriers which prevent the release of radioactivity during an
accident; the fuel cladding, the primary circuit and the containment. In normal operation,
the primary barrier to escape of nuclear material is the cladding of the fuel itself, which
retains over 99% of the nuclear material in the reactor. Failure of the fuel cladding
releases radioactivity into the primary circuit, where it can be released to the containment
if this barrier also fails. There are no universal statements that can be made about the
guantity and levels of radioactivity released during an accident as it depends heavily on
the precise sequence and conditions. However, most accidents within the design basis of
the plant do not result in large amounts of damage to the fuel, but may result in some
radioactive release from the plant. In our assessments, ND considers accidents to be
‘severe’ if significant damage to fuel cladding could occur as a result of the accident.

There are two fundamental requirements during an accident in a PWR, control of
reactivity and ensuring adequate cooling. UK EPR includes a number of engineered
safety systems to provide these functions, including:

e The emergency core cooling system, which combines the functions of safety injection
(S1S) and shutdown cooling (RHRS), is organised into four separate and independent
trains. Each train is fitted with an accumulator, a low pressure injection pump, a
medium pressure injection pump and heat exchanger with water supplied from the In-
containment Refuelling Water Storage Tank (IRWST).

e Two independent trains of Extra Boration System (EBS) which provide concentrated
boric acid to the RCS. Each train consists of a pump and storage tank, connected to
two hot legs.
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e The containment building is provided with a metal liner to ensure very low leakage
rates. The containment building is double walled to allow collection and filtration of
any leakage before release to atmosphere. All penetrations emerge into connected
buildings so that leakages may be collected and filtered.

e The Emergency Feed Water System (EFWS) is organised into four separate and
independent trains, each with its own water tank and pump, which supply separately
one of the four SGs.

The safety functions provided by these systems are assessed elsewhere (Ref. 58), and
the control of chemistry in these during normal operation was assessed in Section 4.4.2
of this report. This means that many systems that provide normal functions for the reactor
can also provide mitigation in an accident, including the SGs, In-Reactor Water Storage
Tank (IRWST) and other systems that can provide emergency cooling to the reactor core.
For example; some of the core coolant may be vented into the IRWST to reduce reactor
pressure and the IRWST water may also be used to inject into the RCS.

In accident conditions, the extent of radioactive release is dependent on the amount of
water remaining in the Reactor Pressure Vessel (RPV) and whether there is damage to
the fuel cladding, control rods or the fuel material itself. The temperature of the fuel and
the extent of the zirconium-steam reaction are key parameters determining amounts of
steam, hydrogen and radioactive material evolved in the core. Evolved radioactive
components not redeposited inside the reactor are expelled to the containment,
becoming the ‘source term’. UK EPR is designed to contain and stabilise the molten fuel
material inside the containment even if it melts through the RPV. The system that
performs this function is known as the Core Melt Stabilisation System (CMSS), or
colloquially as the ‘core catcher’. To control releases in such an event, UK EPR is
designed to:

e Provide and maintain a containment barrier, in the form of the reactor building with a
minimal leak rate and a ventilated annulus.

e Vent the reactor vessel within the containment building, to reduce stored pressure.
¢ Close the main steam valves to prevent leakage via the turbine building.
¢ Remove any combustible gases produced - in a controlled manner to avoid explosion.

e Collect fission products in the sumps within the containment, including use of a
recirculated water spray within the containment building.

e Provide clean air for the operators in the Main Control Room.

My assessment of accident chemistry spanned the full range of accidents that might
occur in UK EPR; | sampled one fault within the design basis, the Steam Generator Tube
Rupture (SGTR) event, assessed the control of hydrogen and fission products, which
could occur in both design basis and beyond design basis events, and finally considered
the most severe accident whereby the reactor core melts and is contained within the Core
Melt Stabilisation System (CMSS) in UK EPR. An important part of the assessment of all
the areas was the source term. Thus, the areas identified for assessment during Step 4
were:

e Steam Generator Tube Ruptures.
e Hydrogen Control.
e Fission Product Control.

e Core Damage including the Core Melt Stabilisation System.
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These are described in the following sections.

Assessment — Steam Generator Tube Rupture Events

The Steam Generator (SG) heat transfer tubes are effectively a barrier between the
active primary circuit and the non-active secondary circuit of a PWR. The function of
these tubes is to allow heat transfer from the primary to secondary circuits; hence they
account for the majority of the primary circuit surface area (typically > 60%) and are
numerous small diameter tubes with relatively thin walls to facilitate easy heat transfer.
Faults involving Steam Generator Tube Ruptures (SGTRs) are important within the safety
case because this mechanism can potentially result in a route for primary coolant activity
to be released to the environment.

Assessment of these events began during Step 3, and concentrated on gaining a general
understanding of where chemistry was being applied by EDF and AREVA in the analysis.
The PCSR (Ref. 11) provides details on the assumptions used to derive the radiological
consequences of the SGTR events, many of which are related to the underlying
chemistry. The approach adopted for UK EPR was assessed further throughout Step 4,
with the overall objective of my assessment being to demonstrate that the treatment of
chemistry during SGTR events in UK EPR was consistent and transparent and took
adequate account of chemistry as appropriate.

A TSC contract (ND1806) was undertaken on SGTR chemistry and produced two review
reports in this area; firstly to define ‘relevant good practice’ in iodine chemistry during
SGTRs (Ref. 97) and then to review the specific treatment in UK EPR (Ref. 98). The
results of these reviews are consistent and integrated with the assessment that follows.

The UK EPR PCSR has considered SGTR events as both a PCC-3 event (frequency
between 1x10 and 1x107 per year) for a double-ended rupture of a single tube (Ref. 11,
Section 14.4.6) and as a PCC-4 event (frequency between 1x10° and 1x10™ per year)
for a double ended rupture of two tubes in a single SG (Ref. 11, Section 14.5.10).
Radiological consequences for each event are also presented (Ref. 11, Section 14.6.7
and 14.6.8). EDF and AREVA include a number of assumptions in the analysis, which are
claimed as pessimistic, for example; the tube rupture is located at the bottom of the SG
tube bundle, on the cold side, which maximises the SGTR leak flow rate.

Activity release caused by an SGTR is dependant upon both the fault sequence and the
chemistry during the fault. There are essentially three potential mechanisms by which
active species can be released to the environment during an SGTR:

e As volatile gaseous species
e As soluble species entrained in steam droplets
e As liquid releases caused by overfilling of the SG

Chemistry is primarily concerned with the first of these as the main chemistry
consideration during a SGTR is essentially that of iodine; iodine is of particular
significance due to its radiological consequences and potential volatility at low and
moderate temperatures typical of those experienced during SGTR events. A number of
chemistry factors are important in determining the extent of iodine releases including the
prevailing primary and secondary chemistry conditions, temperature, radiation exposure,
reaction kinetics and thermodynamics, geometric factors and partitioning coefficients.
When all of these factors are considered it is possible to predict the volatility of iodine
which will determine the quantity released into the gaseous phase.

Page 202



Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

982

4.6.2.1
983

984

985

986

987

Numerous TQs were raised on SGTR events during Step 4. In reviewing these responses
it is clear that the data presented in the responses to these queries is different from that
given in the Step 4 PCSR in a number of ways, which are discussed in more detail below.
The PCSR (Ref. 11, Section 14.6) explains these two different methodologies to assess
radiological consequences of design basis accidents, based upon the German and
French approaches. The German approach was used during the UK EPR design phase,
while the French approach was applied during licensing of FA3 in France. The PCSR
data represents the German approach, while the TQ responses tend to revolve on the
French approach (although not exclusively). This immediately makes it difficult to clearly
understand the assumptions in the UK EPR safety case. This needs to be resolved, with
the site specific PCSR presenting a clear and consistent safety justification for SGTR
events, based upon a single set of assumptions. | consider this to be an Assessment
Finding AF-UKEPR-RC-40.

Source Terms

The source term used in the analysis of SGTR events presented in the PCSR is the
standard UK EPR source term (Ref. 60), using the “biological design” values (DPB).
These represent values for fission and corrosion products of at least twice the values in
the “realistic” spectra, which themselves represent plant measurements from comparable
plants (N4). This results in an initial primary coolant activity of 3.3 MBq kg'1 Dose
Equivalent (DE) 183,

The response to TQ-EPR-748 (Ref. 8), raised to query the source terms used, included
an analysis of SGTR events using the ‘French’ assessment methodology (Ref. 61). This
analysis uses different values from these used in the PCSR. In this case the “tech spec”
(DSE) primary coolant activity was used. This is based upon the operating specifications
used at EDF plants, which leads to an initial primary coolant iodine activity of 20 MBq kg™
DE 3. This is many times higher than that seen in EDF plants on average, and higher
than that seen even with significant fuel failures.

An important consideration in SGTR events is the ‘spiking factor’ applied to transient
events. Due to the thermal-hydraulic changes a short term increase (or spike) in fission
and corrosion product activities is seen in the coolant. This spiking is due to an increase
in release rates from the cladding gap of defective or damaged fuel and is therefore
important to take into account when estimating source terms. The PCSR analysis uses a
spike which results in a maximum spike factor of around 30 in 50 minutes, resulting in a
131 activity of 50 MBq kg™ DE 3.

Similarly the response to TQ-EPR-748 used a different spike model. The maximum value
applied in this case was 150 MBq kg™ DE **!, again based upon French fleet feedback.
The timing of the peak value used was 90 minutes. Plant data shows the peak typically
occurs between 3 and 6 hours, with only 10% under 3 hours, but 90 minutes was retained
to be conservative.

There is no general consensus for a spiking factor to be applied during SGTR events,
and basing the value on operational experience appears a reasonable approach. This
means that, internationally, values range from 25 to 80, and it can be seen that the cases
presented for UK EPR bound these values. Earlier spiking should tend to be
conservative, with higher volatility at higher temperatures. Irrespective of whether the
PCSR values or TQ response values are used, the UK EPR source term appears to be
conservative.
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At a fundamental level the operating chemistry of UK EPR will be very similar to all other
operating PWRs and as such no major departures in behaviour during SGTR events
would be expected. The main plant specific difference will be related to the chemistry
conditions of the coolant during the accident, which control iodine speciation and hence
volatility. The primary coolant hydrogen concentration in UK EPR (which is lower than
comparable PWRs) and the mass and chemistry of the make-up flows may mean that
reducing conditions are removed by addition of sufficient dissolved oxygen.

Based on the analysis presented in the PCSR it was not apparent what chemistry effects
had been considered. In fact, discussions with EDF and AREVA experts suggested that
the calculations in the PCSR were based upon the assumption that all iodine in the
primary coolant was in an involatile form and remained so during the transient (i.e.
chemistry was not explicitly considered). TQ-EPR-747 (Ref. 8) requested evidence that
appropriate chemical conditions were maintained to support this assumption. The
response did not satisfactorily address the concern and implied a different argument than
that given in the PCSR, namely, releases are bounded by droplet entrainment
assumptions.

TQ-EPR-165 (Ref. 8) further queried this assumption. In this case the response
presented arguments for the iodine behaviour based on equilibrium thermodynamic
considerations. Effectively the argument presented was based on defining the dominant
iodine species at a given pH and potential, however this neglects the fact that other
species may also be present at any given point on the pH/potential diagram. Without
knowing the concentration of these species it is not possible to determine if they are
significant or not, in terms of consequences and releases. The response also does not
consider radiolytically oxidised iodine, which may be significant should the hydrogen
excess be lost from the primary coolant due to addition of oxygenated safety water
sources.

The response attempted to demonstrate that the addition of IRWST and EBS water
during the transient does not result in the addition of sufficient dissolved oxygen to
remove the RCS hydrogen. This is based upon a total make-up of around 50m? (from the
PCSR analysis). Although not stated in the response this would consume the hydrogen of
around 25 m® of RCS coolant, meaning that hydrogen will still be present in the RCS at
the end of the transient. It is noted that this appears to be contradictory to the statement
that 200 m® of primary coolant is transferred to the SG. It is not clear why this discrepancy
exists, or the consequence of this on the results presented, but suggests that the
remaining make-up water (probably from the CVCS) has not been considered. This is
one of the gaps in the safety argument that the Licensee should address in finding AF-
UKEPR-RC-40.

Conditions in the secondary circuit are also important during the fault. Initially they will be
alkaline reducing but will change during the transient as primary coolant and emergency
make-up water are introduced and steam is lost. The response to RO-UKEPR-73.A1
(Ref. 176) indicates the “normal” primary to secondary leak rate is assumed as 4 kg hr,
based upon plant OEF. A conservative assumption of all the leakage occurring in a single
SG is assumed, with 99.75% retention of volatile species in the SG water (with the
remaining 0.25 % leaving entrained in water droplets). This maximises the initial SG
secondary side inventory.

Arguments are made in the response to TQ-EPR-165 (Ref. 8) that no further oxidation of
the iodine that is transferred from the primary circuit occurs. On the basis that oxidising
conditions do not result in the primary coolant, and due to the low rates of thermal and
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radiolytic oxidation expected in the SG, this is a reasonable argument, but as with the
primary circuit rationale the arguments made are not supported by evidence which clearly
links them back to the PCSR and transient analysis for UK EPR.

A final case presented in the response considers the effects of an oxidising environment
in the SG. This is claimed to be penalising, but it does not consider an oxidising
environment in the primary circuit. The arguments presented are again based upon
simple equilibrium thermodynamics which do not completely preclude the formation of
volatile species, as discussed elsewhere in my report. For a case where the secondary
circuit only is oxidising the arguments made are reasonable and could be shown to be
conservative, especially compared to the assumed steam entrainment. However, should
the case include oxidising conditions in the primary coolant, and hence radiolytic
oxidation, this could lead to significant volatile iodine in which case the arguments
present are not substantiated. This is one of the gaps in the safety argument that the
Licensee should address in finding AF-UKEPR-RC-40.

A further argument made is that even if significant (volatile) |, was transferred to the SG it
would be expected to hydrolyse to involatile hypoiodous acid (HOI), under the expected
chemical conditions. Although technically reasonable, this argument is somewhat weak
as it is based upon equilibrium constants which are subject of much uncertainty.
Changing the value by a factor of 10, which is within the error bands presented in the
EDF and AREVA response, would result in significant volatile iodine release.

It is also notable that the effect of other volatile iodine species has not been considered in
the response although it is likely that these can be considered negligible, compared to the
other assumptions used. Hydrogen iodide (HI), for example, is volatile at higher SG
temperatures.

As a result of the assumptions made above regarding chemistry, the assumption in both
sets of analysis is that iodine is released only as soluble species entrained in the
released steam. For the PCSR cases this used a factor of 0.25%. TQ-EPR-746 (Ref. 8)
requested clarification of a number of areas related to this assumption. This response
confirmed that a carryover fraction of 0.25% is assumed for steam produced from the
bulk secondary fluid. A reference is given to support lower values but the possibility that
higher values could occur during an SGTR do not seem to have been considered.
Contrary to the information given in the PCSR, the 0.25% carryover does not appear to
be applied to rupture from an uncovered tube, where an entrainment factor of 1% is used.
The analysis provided in response to the TQ-EPR-746 (Ref. 8) appears to consider
releases at the entrainment value of 1%. For both cases it is considered that the steam
release fraction is likely to be very conservative. Previous UK analysis used values orders
of magnitude lower for recirculating conditions.

The main influence for chemistry on the break location is whether mixing or flashing of
the influent primary coolant occurs. This is accounted for in the use of 0.25% or 1%
entrainment for the radioactivity transferred.

The response also clarified that, as expected, 100% of noble gases are released during
an SGTR.

The conservatisms assumed on the entrainment factors in either SGTR case presented
by EDF and AREVA should take account of any potential releases due to the chemistry.
Thus, overall, | consider the cases presented are conservative and demonstrate that UK
EPR is capable of meeting UK expectations for SGTR events. However, as any chemistry
is no longer driving the consequences, the arguments EDF and AREVA provide on the
chemistry aspects are oversimplified and are not consistent with our expectations; for
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example, use of a lower entrainment factor with the chemistry as presented could
underestimate the releases. This is part of Assessment Finding AF-UKEPR-RC-40.

Fault sequences

Assessment of the fault sequences are not within the remit of the Reactor Chemistry
assessment, rather with fault studies and this is reported separately (Ref. 58). However
the fault sequence could have a direct effect on the chemistry and it was important to
establish that the faults considered are actually bounding in terms of the chemistry.

In response to TQ-EPR-574 (Ref. 8), EDF and AREVA argued that the effect of
increasing the number of broken tubes is to accelerate termination of the leak, due to a
more rapid equalisation of pressure between the primary and secondary sides. While the
results are not completely consistent with the cases presented in the PCSR, the results
show that the losses from the primary circuit were indeed lower than the single or double
tube rupture cases.

TQ-EPR-169 (Ref. 8) queried whether the PCSR faults presented are bounding from the
chemistry point of view. The particular concern related to the possibility that other fault
variants could introduce higher levels of oxygen into the primary circuit, thus jeopardising
the claims made on maintaining reducing conditions in the coolant, or that SG dry-out
could occur. The response did not explicitly address this concern, instead referring to the
more general discussion provided in the response to TQ-EPR-165 (Ref. 8). There is no
discussion of how the case described in the TQ response relates to the sequences in the
PCSR, or justification that the amounts of IRWST and EBS injection are the maximum
that could be attained. As outlined in the previous section, the argument presented does
not consider the radiolytic production of volatile iodine species in the primary coolant if
reducing conditions are not maintained.

The adequacy of claims made on preventing SG dry-out is assessed elsewhere (Ref. 58).
However, it is notable that even though EDF and AREVA claim this is unlikely, “no
vaporisation of solid deposits would actually occur”. This is contrary to experimental
observations and testing of dry-out phenomenon and is unsubstantiated. If dry-out cannot
be discounted, the response regarding release is unsatisfactory. This also should be
addressed by the Licensee as part of finding AF-UKEPR-RC-40.

In December 2010, EDF and AREVA proposed to include a design change (CMF 22,
affecting recategorisation of the KRT-RES activity detection system) into the UK EPR
design (Ref. 62). This would change the mitigation scheme for 2A SGTR events and may
alter the transient analysis. The effects of this change on chemistry are expected to be
small, but may need further assessment when complete. | consider this to be an
Assessment Finding (AF-UKEPR-RC-41) and | support a related Fault Studies Issue in
this area, GI-UKEPR-FS-04, see Ref. 58.

Radiological Consequences

As with the fault sequence, assessment of the radiological consequences of SGTR faults
is reported elsewhere (Ref. 58). As can be seen from the preceding sections there are
significant differences in the assumptions used in both the PCSR and TQ analysis (or
German and French approach), relating to the source term, spike factors and carry over.
Overall, the French approach is more conservative and should yield higher releases. A
comparison of the calculated releases in both cases confirms this, with the values quoted
in the PCSR orders of magnitude lower. However, despite these significant differences
the radiological consequences quoted in both cases are identical which cannot be the
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case without significantly different assumptions in the release modelling. This
discrepancy needs to be resolved on a site specific basis. This is related to Assessment
Finding AF-UKEPR-RC-40.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw for the
assessment of SGTR events in UK EPR are:

e There are no novel chemistry differences in UK EPR compared with other PWRs, so
there is no reason to consider different phenomenon. This means that the
consequences of a given event would thus be similar to other reactors, as long as the
same assumptions can be made about the factors controlling the release.

e There are differences between some of the data and methods given in documents
supplied for GDA and in the PCSR, which are discussed above. This needs to be
resolved, with the site specific PCSR presenting a clear and consistent safety
justification for SGTR events, based upon a single set of assumptions. | have raised
an Assessment Finding in this area.

e The source terms are based on plant data from French and German stations, and are
conservative with regard to the relevant measurements.

e For wet reducing SGTR faults, the overriding chemistry argument is that formation of
volatile iodine will be suppressed by the reducing conditions in the coolant. The
arguments made in this regard are reasonable, especially when compared with the
assumed droplet carryover.

e For wet oxidising SGTR faults, the chemistry assumptions made are not reasonable.
However, these releases are still expected to be negligible when compared to the
assumed droplet carryover. Should the droplet carryover be lowered the chemistry
assumptions would need to be reviewed. Evidence has been presented which
concludes that oxidising conditions are not produced during SGTR faults in UK EPR,
although the link between these and the PCSR are uncertain and need to be clarified
and do not fully demonstrate the bounding nature of the sequence. However, it has
been shown that even if this were not the case, the assumed droplet carryover is so
high that the contribution of volatiles would be negligible.

e Fordry SGTR faults, the chemistry arguments made are incorrect and would lead to
an underestimation of the consequences. EDF and AREVA claim that dry-out cannot
generally occur in a design basis sequence since additional failures would be
necessary. While not assessed as part of this assessment, if dry-out cannot be
discounted, the response regarding release is unsatisfactory as it does not take
account of experimental results on iodine release from evaporating films. | have raised
Finding AF-UKEPR-RC-40 covering this.

e The PCSR activity releases are significantly lower than the values quoted in the
response to TQs, but the radiological consequences are unchanged. This suggests an
inconsistency between the methods and data presented in the PCSR.

| judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA. The overall safety case for SGTR events is however incomplete and ND has raised
a GDA Issue (GI-UKEPR-FS-04) with several Actions to obtain the necessary
improvements.
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Assessment Findings

Based upon the assessment of SGTR events in UK EPR described in Section 4.6.2
above, | have identified the following Assessment Findings which need to be addressed,
as normal regulatory business, by the Licensee, during the design, procurement,
construction or commissioning phase of the new build project:

AF-UKEPR-RC-40 - The Licensee shall update the safety analysis for Steam
Generator Tube Rupture (SGTR) events presented in the safety case to be a clear
and consistent safety justification for such events, based upon a single set of
underlying assumptions. The chemistry aspects of the safety analysis should be
consistent with current experimental data and knowledge on iodine chemistry. The
assumptions used should be clearly linked to the supporting transient analysis and the
behaviour of the plant systems and where bounding assumptions are used these
should be demonstrably so. This Assessment Finding should be completed before
first active operation of the plant. Target Milestone — Initial criticality.

AF-UKEPR-RC-41 — The Licensee shall consider the impact of the proposed design
change (CMF22) on the Steam Generator Tube Rupture (SGTR) chemistry
assumptions used in the safety analysis presented in the safety case. This
Assessment Finding should be completed before first active operation of the plant.
Target Milestone — Initial criticality.

GDA Issues

Based upon the assessment of SGTR events in UK EPR described in Section 4.6.2
above, | have identified no Reactor Chemistry GDA Issues in this area. However, the ND
Fault Studies Inspector has identified GI-UKEPR-FS-04, which | will support as
appropriate.

Assessment — Combustible Gas Control

During a number of design basis and potential severe accident sequences the possibility
exists for the generation of hydrogen rich atmospheres within the containment of any
Light Water Reactor (LWR). The major concerns regarding hydrogen are that the
pressure or temperature loads from combustion may damage containment or that
important safety-related equipment may be damaged. In order to assess the possible
threats, it is necessary to understand how hydrogen is produced, how it is transported
and mixed within containment, and how it combusts.

Assessment in this area began during Step 3, but was very limited in nature, focussing on
identifying the arguments and functionality for the UK EPR combustible gas control
systems. As with all accident analysis this is a complex area, with the chemistry aspects
closely related to the thermal hydraulics, accident progression and system responses.
While | have supported the overall Fault Studies assessment in this area, the primary aim
of the Reactor Chemistry assessment has been to determine that the rates of hydrogen
production and reasonable and justified and that the chemical performance of the
mitigation systems would meet the likely demands placed upon them. The consequence
of combustion, in terms of its effects on the structure of UK EPR is assessed in Ref. 121.

At the end of Step 3, | raised RO-UKEPR-44.A3 (Ref. 9) requesting EDF and AREVA to
provide a roadmap for the chemistry of severe accidents. EDF and AREVA provided a
number of specific detailed reports in response, a number of which contain information
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relevant and integrated into the assessment of combustible gas control that follows (Refs
66, 67, 68, 69 and 70).

My assessment has also been informed by a TSC contract which reviewed both relevant
good practice (Ref. 71) and the UK EPR provisions (Ref. 72) for control of combustible
gases.

Combustible Gas Control Overview

The potential for hydrogen build up in UK EPR under design basis or severe accident
conditions come from the possibility for water radiolysis, fuel cladding oxidation or
structural corrosion, amongst others, which might produce large quantities of hydrogen.
In addition, the UK EPR severe accident mitigation strategy is designed to react core
debris with sacrificial concrete as part of the stabilisation process. This would generate
further hydrogen plus a significant quantity of carbon monoxide.

The containment arrangement in UK EPR must also be considered for the combustible
gas control process. The UK EPR design presented for GDA features a ‘two-room’
containment, as is currently being constructed at Olkiluoto 3 (OL3), where the
containment area is divided into ‘accessible’ and ‘inaccessible’ parts for normal
operations. This separation is convenient for plant operations, but complicates the
combustible gas management during an accident by delaying dilution and mixing. In
certain accident sequences, gas is released into the smaller (16,000 m®) inaccessible
part, initially resulting in much larger concentrations in these areas. To counter this effect
the containment reverts back to a “one-room” containment under accident conditions via
operation of a series of mixing dampers and rupture panels. For this system to work,
efficient mixing and dilution is required for the smaller inaccessible area volume to mix
with the much larger accessible part volume (64,000 m®). These aspects are assessed
elsewhere (Ref. 73).

The UK EPR strategy for containment combustible gas management is described in the
PCSR (Ref. 11, Section 6.2.4) and the corresponding SDM (Ref. 63). The system is
known as the Combustible Gas Control System (CGCS). Several sub-systems form the
CGCS, and have specific functions such as hydrogen removal or mixing. While it is
apparent that these functions are all intimately linked, the principal chemistry related
system is that which removes the hydrogen, which in UK EPR is based upon the use of
Passive Autocatalytic Recombiners (PARS). PARs use catalytic material (Pd or Pt based)
to oxidise hydrogen and carbon monoxide and, as the name suggests, are passive in
nature requiring no external inputs to function (other than sufficient oxygen in the air). The
UK EPR PAR design comprises a metal housing with a gas inlet at the bottom and a
lateral gas outlet at the top. Numerous catalytic plates are arranged parallel to each other
and vertically in the bottom of the unit.

A typical PAR device is shown below (Ref. 63):
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Figure 23: Typical Passive Autocatalytic Recombiner

The UK EPR houses a total of 47 catalytic recombiners distributed throughout the
containment. The PARs are installed in both the ‘accessible’ part (main operating floor
and annular rooms) as well as in the ‘inaccessible’ part (SG compartments, RCP, RCS,
PZR, PRT etc.). The PARs are installed at a range of heights within containment, from
the floor above the main coolant pipes to the polar crane. EDF and AREVA have
arranged the PAR locations on the basis of both DBA and severe accident events. Two
different size of PARs are used with correspondingly different hydrogen depletion rates;
41 type FR1-1500T (5.4 kg hr' hydrogen removal), “large”, and six type FR1- 380T (1.2
kg hr'), “small”. The combined depletion rate for the entire system at full capacity is
claimed as around 220 kg hr at 1.5 bar abs and 4 vol % hydrogen.

The CGCS is an important system for the overall accident mitigation strategy for UK EPR
due to claims made regarding:

e The practical elimination of highly energetic events including a containment hydrogen
management system intended to eliminate the possibility of a hydrogen explosion (i.e.
in the short term).

e A system to provide removal of hydrogen from the containment atmosphere in the
long term, thus maintaining containment integrity.
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When considering the generation of combustible gases during an accident scenario there
are three principal aspects which relate directly to the design of any mitigation system;
the mass and the rate of production and the gas composition, all of which depend on the
details of the particular accident scenario. Therefore a single accident cannot be used to
represent all particular sequences that could occur, although clearly some are more likely
to occur than others or may be more challenging to the design.

For this reason it is common to classify the source term in terms of ‘fast’ or ‘slow’
production mechanisms. Fast production mechanisms for hydrogen include zirconium
oxidation, steel oxidation, core-water reactions and Molten Core-Concrete Interactions
(MCCI). Examples of slow production mechanisms include radiolysis of water and
corrosion of zinc-based paint, galvanized steel or aluminium. Some of these mechanisms
occur in-vessel and others ex-vessel. More than one mechanism could contribute to the
production of hydrogen at any given time in a particular accident sequence. The UK EPR
severe accident mitigation scheme, which includes an ex-vessel phase (See Section
4.6.5), therefore could include all of these potential mechanisms in addition to generation
of combustible carbon monoxide. The approach taken by EDF and AREVA for quantifying
the source term in UK EPR is described below, in terms of the possible in-vessel and ex-
vessel phases, preceded by a discussion of which specific accident scenarios have been
used to bound the mitigation system design.

An important distinction that needs to be made here is that EDF and AREVA did not
provide specific analysis for UK EPR in time for inclusion in the Step 4 assessment. This
was the subject of RO-UKEPR-78.A2 (Ref. 9), for which a response was not received
until 8 April 2011 and hence was not assessed. | have raised GI-UKEPR-RC-01 to cover
this.

However, EDF and AREVA did provide detailed information on the intended approach
and background for the analysis which will support the design in addition to some
modelling results from the design phase of the FA3 EPR which are very similar to UK
EPR. This formed the basis of the assessment that follows. Irrespective of the
assessment that follows, the final UK EPR analysis needs to be reviewed to ensure
consistency with the conclusions of my assessment. | consider this to be an Assessment
Finding AF-UKEPR-RC-42.

4.6.3.2.1 EDF and AREVA Selection of Accident Scenarios

1025

For UK EPR the demonstration of the effectiveness of the CGCS in UK EPR is based
upon an extensive calculation process using numerous computer codes, as described in
Ref. 64. These codes build in both complexity and detail throughout the sequence, with a
greater number of scenarios examined earlier in the sequence. Selection of sequences is
based upon initially examining a large range of scenarios to bound the overall
performance of UK EPR, including hydrogen generation, with further refinement of the
sequences for the later, more detailed and specific analysis. The main steps, along with
the codes used, are:

e Initial screening analysis of a large number of calculations (about 100) of the in-vessel
phase with the Modular Accident Analysis Programme (MAAP4) code. This produces
the mass and release rate of hydrogen (as well as steam).

¢ Analysis of the ex-vessel phase of the accident using COSACO. This is the equivalent
of the MAAP4 analysis for the ex-vessel phase and produces the mass and release
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rates for hydrogen and MCCI gases. As discussed above, only a limited number of
cases (about 3) are examined using COSACO.

Analysis of the containment performance using the Containment Code System
(COCOSYYS), taking the mass and energy release values derived from MAAP4 and
COSACO. This stage provides more detailed information on the hydrogen depletion
rate and average gas concentrations in the containment. A reduced scenario set is
analysed (about 10), which are considered the more penalising cases.

Analysis of a further subset of key scenarios (about 5) with the Computational Fluid
Dynamics (CFD) code GASFLOW. This provides more detailed analysis of, for
example, the containment atmosphere mixing process, PAR performance or thermal
loads from combustion and recombination on structures. The same key scenarios are
also analysed with the CFD code COM3D, which is used to demonstrate that
Deflagration to Detonation Transition (DDT) does not occur and that the combustion
pressure loads do not compromise the containment or inner structures important to
safety.

The analysis procedure for combustible gas mitigation is demonstrated below (Ref. 64):

Figure 24:UK EPR Analysis Procedure for Design and Assessment of the Combustible Gas

Mitigation System

It is beyond the scope of this assessment to review each of these codes in detail;
however a number of the most important chemical aspects of these codes, as relevant to
combustible gas control in UK EPR, were assessed as detailed later in this report.
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An important point for the UK EPR CGCS design is that the PAR arrangement is
optimised for relevant severe accident scenarios, but is also capable of reducing
hydrogen concentrations in DBA events. This is due to the distribution of PARs in
equipment and operation areas and because of the large decrease in combustible gases
generated during DBA events; thus while the assessment that follows is largely based
upon severe accident events it is generally applicable to DBA sequences. EDF and
AREVA make similar arguments regarding hydrogen generation in shutdown states
(where the quantities are comparable but the peak generation rates are lower) and |
accept these arguments as reasonable.

In the safety case, EDF and AREVA make a distinction between those accident cases
which demonstrate the performance of the CGCS, and are the basis of its design, and
those which demonstrate robustness and margins. These are referred to as the
“representative” and “bounding” scenarios respectively. Representative scenarios feature
core melt with successful depressurisation of the RCS and can include, for example,
Small Break Loss of Coolant Accidents (SBLOCA), Large Break Loss of Coolant
Accidents (LBLOCA) and Loss of Off-site Power (LOOP). Bounding scenarios are
generally similar but feature further ‘aggravating’ conditions such as delayed
depressurisation or late reflooding. Action 2 of GDA Issue GI-UKEPR-RC-01 requires
EDF and AREVA to identify a suitable bounding case for UK EPR. The exact scenarios
can be determined during Phase 2 as part of the analysis described above. By way of
illustration, representative scenarios yield around 500-800 kg of hydrogen and bounding
scenarios yield up to 1000 kg. EDF and AREVA state that the maximum amount that
could be generated by all the zirconium in UK EPR is around 1300 kg. | have raised a
Finding AF-UKEPR-RC-42 concerning all the other aspects of performance, not
addressed by the bounding case, such as longevity and ex-vessel contributions to
combustible gases.

The CGCS is a complex system, demanding analysis by a range of computer codes. |
consider the general analysis approach to be a reasonable methodology for
demonstrating the suitability of the combustible gas control systems in UK EPR. The
stepwise aggravation in accident conditions which is implicit in this approach provides a
degree of confidence that the analysis should be conservative. | am content that provided
the scenarios selected and the chemical treatments can be considered bounding, a
suitable case can be made on this basis, but this needs to be confirmed. This is related to
an Assessment Finding AF-UKEPR-RC-42.

4.6.3.2.2 In-vessel Sources
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If primary coolant is lost during an accident and make-up flow is insufficient the core will
uncover causing the fuel rods to heat up. The extent and rate of this is dependant upon
the accident sequence. Heat transfer from the fuel rods to the steam is inefficient and the
fuel temperature increases, leading to the oxidation of fuel cladding and the generation of
hydrogen. This reaction becomes significant above around 1100 °C due to an oxide
phase change, with the heat of oxidation causing feedback further accelerating the
reaction rate. The process eventually becomes self limiting due to the availability of
oxidant (steam). The UK EPR depressurisation system, if successful, will have already
depressurised the RCS before this point thus clad ‘ballooning’ may cause local blockages
and further reduce the quantity of hydrogen generated. Production of hydrogen from steel
out of core surfaces is expected to be negligible in this case, but will still include in-core
surfaces.
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Should the accident continue, eventually the core components, including the fuel will
melt. The composition of the core is such that melting can occur in a variety of ways,
some involving complex chemical reactions. Logically, those components with the lowest
melting point melt first, potentially interacting chemically with other components, until the
final phase of the melting process occurs at around 2500 °C when the remaining ceramic
materials begin to melt and relocate to the lower head of the RPV. Further hydrogen can
be generated during transfer of molten core material to the lower head as, despite the
high temperatures, a pool of coolant may still remain in this area. The predicted amount
of hydrogen during these latter phases is subject to much greater uncertainty than with an
intact core structure, mainly due to uncertainties in the actual metal surfaces available for
reaction. Attempts to recover a partially degraded core by reflooding will most likely result
in a significant increase in the hydrogen generation due to an increase in steam
availability.

In UK EPR the in-vessel sources of hydrogen are calculated using the Modular Accident
Analysis Programme (MAAP4). The use of MAAP is discussed further in Section 4.6.5.1.
EDF and AREVA consider three sources of hydrogen during the in-vessel phase;
zirconium, steel and boron carbide oxidation. Ref. 65, “In-vessel analysis, Hydrogen
source term”, however indicated that no boron carbide had been considered. This is
relevant for UK EPR which uses hybrid control rods which include boron carbide, which
can potentially generate more hydrogen per mass of material than zirconium. The
response to TQ-EPR-1206 (Ref. 8) clarified this assumption and provided results for
cases using both Silver INdium CADmium (SINCAD or AIC) and boron carbide control
rods. Unfortunately the version of MAAP4 used only allowed a single control rod material
to be used. The analysis used a LOOP scenario and showed only a modest overall
increase (approximately 50 kg) in hydrogen with fully boron carbide control rods, coupled
with less zirconium oxidation. This is due to a competition between the zirconium and
boron carbide for the available steam. This is considered bounding by the uncertainties in
the MAAP4 analysis, but the case presented does not include reflooding. Based on the
total mass of boron carbide in UK EPR the maximum hydrogen that could be produced is
around 80 kg. In addition to hydrogen the boron carbide oxidation may also produce both
methane and carbon monoxide. Depending upon the reactions this could be up to 126 kg
carbon monoxide or 72 kg methane. The impact of these additional combustible gas
releases is not discussed in the response and although these may be considered
bounded by the overall design, the UK EPR safety case should consider this source
explicitly. This is related to an Assessment Finding AF-UKEPR-RC-42.

For hydrogen production, the MAAP4 models have been benchmarked against relevant
experimental tests and the predicted hydrogen production should be similar to that
obtained with other codes. The kinetic oxidation models in the UK EPR MAAP4 analysis
are believed to be the most consistent with knowledge in this area, so can be considered
adequate.

The other variable in MAAP4 which could influence the extent and rate of hydrogen
generation is the temperature selected to define the collapse of the cladding. EDF and
AREVA use a temperature of 2227 °C, which is consistent with current knowledge. Both
of these factors would tend to produce conservative estimates for the CGCS design
basis.

Much greater uncertainties exist in the later stages of the MAAP4 predictions for UK EPR.
During melt relocation to the lower head the amount of hydrogen generated is limited by
the surface area of the melt, which itself is subject to uncertainty on the fragmentation
that will occur. Comparable, although not identical, experimental testing in this area
yielded variable hydrogen generation although the results generated for UK EPR are
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broadly similar to other codes in this respect. Considering the limited contribution this
aspect makes to the overall hydrogen generation in the in-vessel phases these
uncertainties appear tolerable, although a more robust case would be beneficial.

During those scenarios which feature late reflooding the UK EPR analysis predicts a
modest increase in the hydrogen generation. This is another area of uncertainty, with the
mass and rates directly linked to the state of the core at the time of reflooding. By
choosing a ‘high’ clad collapse temperature EDF and AREVA optimise the time with an
ordered core structure, thus maximising the hydrogen produced during any reflood. The
best comparison for these effects comes from comparison with the Three Mile Island 2
(TMI-2) accident. MAAP predictions of the amount of hydrogen generated are generally
understood to be reasonable, but the timings are subject to greater uncertainty. As these
scenarios are those in the bounding category, which are used to demonstrate margin in
the design rather than the demonstration of the CGCS against the design basis, this
uncertainty is acceptable. Generally, this means that the bounding cases are subject to
greater uncertainties.

The ND Severe Accident Inspector for UK EPR commissioned a TSC (Sandia) to
undertake independent confirmatory analysis using the MELCOR code (Ref. 100).
Although only a limited number of accidents were considered during this work, in terms of
hydrogen production the analysis was in agreement with the EDF and AREVA
information presented in the safety case for in-vessel hydrogen sources, within the
bounds of uncertainties, lending confidence to the UK EPR predictions. A fuller
description of this analysis is given in Ref. 73.

Overall, the size of the in-vessel hydrogen source term presented for UK EPR can be
considered reasonable, aside from the uncertainty over boron carbide. However, | have
raised a GDA Issue GI-UKEPR-RC-01 concerning the rate of this release, see below.

4.6.3.2.3 Ex-vessel Sources

1040
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For severe accidents in UK EPR the accumulation of molten core material on the lower
head of the RPV is assumed to fail the vessel. The depressurisation system and lack of
lower head penetrations in the UK EPR RPV means that the failure mode is most likely to
be a local failure near the level of the molten pool in the lower head or a global failure,
rather than a localised melt ejection from the bottom of the vessel. In UK EPR, a
depressurised reactor vessel should reduce the potential for creep rupture-induced
vessel failure, as would the presence of water in the lower head, however vessel failure is
still predicted. On vessel failure the molten material is relocated to the reactor pit where it
reacts with the sacrificial concrete in this location. Given sufficient concrete ablation,
eventually the plug at the base of the transfer pit fails and the corium is relocated to the
spreading area, via the transfer tunnel, which is lined with further sacrificial concrete to
react with the core debris. The chemistry that occurs through these phases is complex,
and a more detailed description is given in Section 4.6.5. Those aspects relevant to the
CGCS are discussed further below.

The molten core debris will consist of a mixture of metal and oxide species. It is the metal
species that generate further hydrogen, and in the case of MCCI, carbon monoxide as
they are oxidised by interaction with the concrete. The core debris composition depends
on the accident sequence and the availability of oxidising material during the in-vessel
phase, however as the EPR MAAP4 analysis predicts less than 50% zirconium oxidation
and the debris will incorporate an additional mass of metal from the core and vessel
materials, generation of significant quantities of hydrogen and MCCI gases is predicted in
all cases. The oxidising material in the concrete that give rise to hydrogen and carbon
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monoxide are water and carbon dioxide respectively, while other species such as
haematite and silica can oxidise the metal, but without generation of combustible gases.

EDF and AREVA use the COSACO code to model this gas generation (and the
associated metal oxidation). COSACO takes inputs from the corresponding MAAP4
analyses for the accident progression and core debris composition. In essence the
combustible gas generation rate is proportional to the rate of concrete ablation as it is
assumed that most of the water (steam) and carbon dioxide released will contact molten
metal material before release. Clearly, if this assumption was found to be incorrect (for
example, due to gas by-passing the debris or a more oxidised molten pool) the
combustible gas release during this phase would be lower than predicted by COSACO,
providing comfort that the predictions can be considered bounding for the source term.

The rate of concrete ablation is a heat transfer problem involving the heat input from the
core debris and the decomposition enthalpy of the concrete; however this is not an easy
process to model. Since concrete is a multicomponent mixture a single melting point
cannot be determined, instead a range of melting / decomposition occurs between the
first and last melting component. Similarly, as the thermal conductivity of concrete is low,
the surface in contact with the core debris can reach a melting temperature, loose
integrity, become buoyant in the denser core debris and detach exposing the underlying
concrete. The decomposition process is what drives the ablation. EDF and AREVA
assume that this process occurs when the solid fraction in the concrete is equal to 0.5.
The concrete ablation rate is discussed further in Section 4.6.5. This is a key driver in
determining the rate of combustible gas formation in UK EPR. Due to these uncertainties,
COSACO has been validated against a large number of large-scale experiments
involving both oxidic and metallic melts, with reasonable agreement (see Ref. 70).

Unlike the in-vessel analysis with MAAP4, the ex-vessel COSACO analysis conducted by
EDF and AREVA for UK EPR will consider only a small number of sequences. This is
because the main variable which affects the MCCI releases is the time between the start
of the accident and the time of contact between the core debris and the concrete; this
affects the decay heat power of the core debris. In these different scenarios the integral
mass of combustible gases is very similar; however the generation rates vary by factors
of up to two. This is not surprising given the fundamental heat transfer nature of the
ablation process. For the COSACO analysis it is assumed that complete relocation into
the pit from the vessel occurs as a single pour event, as this generates conservative
results with respect to hydrogen production rates.

Preliminary results from independent confirmatory analysis described in Section 4.6.3.2.1
(Ref. 100) showed similarly consistent results with the EDF and AREVA information for
the ex-vessel phase, including generation of carbon monoxide. | conclude that, provided
the rates of ablation are well predicted by COSACO, then the prediction of the rate of
generation of combustible gases can be considered to be reasonable for use as the
source term.

Long term combustible gas production mechanisms, such as radiolysis, are not
presented by EDF and AREVA in the UK EPR safety case. EDF and AREVA argue that it
is not necessary to explicitly consider these later phases as the main determining factor
in the UK EPR CGCS design is the rate of hydrogen production, which is bounded by the
early phases. This assumes long term availability of the PARs in the post severe accident
environment. There is a gap in the safety case for the later phases which needs to be
supported by specific analysis to support these arguments. For GDA, | am satisfied that
the arguments made by EDF and AREVA appear reasonable and this can be undertaken
at a later stage of Phase 2. This is related to Assessment Finding AF-UKEPR-RC-42.

Page 216



Office for Nuclear Regulation Report ONR-GDA-AR-11-024

Revision 0

An agency of HSE

4.6.3.3
1047

Chemistry in the PARs

EDF and AREVA claim that the UK EPR CGCS, and hence the PARs, are designed to
satisfy the following requirements:

e The global hydrogen concentration is maintained below 10% based on the 80,000 m?
free volume of the containment. Any region having a concentration of hydrogen above
10% by volume shall be small enough to prevent flame acceleration according to the
o and A criteria outlined in Section 4.6.3.4 below.

e The maximum amount of hydrogen, resulting from the oxidation of all zirconium in the
core, is reduced to a global average below 4% within 12 hours, see Section 16.2.2.2.3
in Ref. 11.

e The Adiabatic Isochoric Complete Combustion (AICC) pressure is kept below the
containment design pressure for representative scenarios that involve hydrogen
combustion and below the test pressure for bounding scenarios, see Section
16.3.1.3.2 in Ref. 11.

4.6.3.3.1 Oxidation of Hydrogen
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The use of catalytic materials to oxidise hydrogen to water is a well proven technology.
However, as described in the previous sections, the generation of combustible gases in
UK EPR during an accident results from many processes which could produce an
aggressive environment inside the containment. Therefore, the ability of the PARs to
withstand the various products released during a severe accident including steam,
aerosols, fission products and sprays, as well as the containment temperatures and
pressures, is a key claim in the UK EPR safety case. In addition the normal
environmental conditions in the containment during operation may pose challenges to the
PARs should they be required, due to corrosion, accumulation of dust or contamination
with materials which inhibit the catalytic plates. The impact of these on the recombination
rates of the PARs is an important aspect of the design.

TQ-EPR-649 (Ref. 8) was raised to understand any difference in the UK EPR PARs
compared to current or previous generations of recombination units. The response
provided confirmed that all EPRs (FA3, OL3, Taishan) will have the same PAR designs,
but no details were given on comparison to other LWRs. TQ-EPR-1212 (Ref. 8) further
queried this point, however the response indicated that there were no differences
whatsoever between the UK EPR PARs and any other LWR with installed PARs. | find
this response difficult to believe. | consider it unlikely that all PARs will have the same
catalysts material, active surface area, housing design etc. The response to RO-UKEPR-
78.A1 (Ref. 101) provided a list of plants which have installed AREVA PARs, which
included 74 PWRs (including all the German and French units), suggesting a mature
design.

A potential concern with the UK EPR design approach is the adoption of a single design
of PAR, which means that Common Cause Failure (CCF) type problems could affect the
entire system. In the response to TQ-EPR-651 (Ref. 8) EDF and AREVA claim that this
aspect is satisfactorily addressed by the extensive test and experimental programme
which supports the PAR qualification. The range of single and multi parameter tests
conducted on PARs, including AREVA UK EPR type PARs, indicates that the chance of a
particular environment completely stopping the PARs functioning is very unlikely. EDF
and AREVA claim that further margin is provided in the CGCS design to allow for
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underperforming PARs (i.e. the source terms are pessimistic and bounding cases have
also been analysed).

The response did indicate that “only a few observations on delayed start-up of individual
plates” had been observed following several hundred inspections on in-service PAR
units. It is argued that the performance of these degraded catalyst plates can be
‘regenerated’ by a high temperature thermal treatment. TQ-EPR-1202 (Ref. 8) queried
the cause of this deterioration. The response suggested that the cause was most likely
fumes of contamination generated by maintenance activities close to the PAR. EDF and
AREVA recognise the potential for this type of poisoning and propose removal or
covering of PARs in such circumstances. EDF and AREVA claim that testing of PARs
following an exposure to solvent (paint) and welding fumes showed the functional
resistance of the catalyst materials. It is argued that, should such poisoning occur
undetected, the PARs will effectively ‘self-clean’ during operation. The high temperatures
generated on functioning plates (within the same unit) will effectively subject
contaminated plates to a thermal treatment similar to that proposed to regenerate
defective plates. This is reasonable provided that there is adequate ‘clean’ catalyst in a
particular PAR unit to raise the temperature effectively.

TQ-EPR-1202 (Ref. 8) also queried the testing undertaken on ‘aged’ PARs. These tests
were undertaken on catalytic plates removed from a German plant after five years. These
plates were found to be contaminated with hydrocarbon residues from an unknown
source. Testing found that, although the start-up rates were slower, eventually the plates
functioned at the nominal depletion rates expected. TQ-EPR-654 (Ref. 8) asked for
details of the maintenance and testing provisions for the PARs. EDF and AREVA propose
a periodic test programme in which around 25% of the installed PARs are tested by
removing a few catalytic plates for testing at each outage. The removed plates are
exposed to hydrogen gas and the depletion rate is measured, with a defined removal rate
criterion which instigates regeneration or replacement if not met. This appears a
reasonable basis for a PAR maintenance programme, but details on the selection
procedure for which PAR will be important. This may be more important for those PARs
which are in inaccessible locations, such as on the polar crane. | consider this to be an
Assessment Finding AF-UKEPR-RC-43.

TQ-EPR-1216 (Ref. 8) queried the removal of PARs during outages. The response
indicated that only the PAR on the RPV head or those affected by maintenance need to
be removed routinely. For cases where more extensive removals are necessary a
specific assessment would be undertaken. This is related to Assessment Finding AF-
UKEPR-RC-43.

A number of queries on the design basis for the UK EPR CGCS were raised in TQ-EPR-
652 (Ref. 8). EDF and AREVA claim that the CGCS is designed on the basis of 100%
zirconium oxidation, producing around 1300 kg hydrogen. The reference quoted to
support this (Ref. 65) does not actually contain such an analysis, only providing the in-
vessel analysis. IAEA Safety Guide No. NS-G-1.10, (Section 6.24, Ref. 24) supports this
position, stating; “For new plants the amount of hydrogen expected to be generated
should be estimated on the basis of the assumption of total oxidation of the fuel cladding.”
EDF and AREVA have interpreted this to mean 100% zirconium oxidation throughout the
entire accident sequence. At a high level this is a reasonable argument, but with the
mitigation system based upon catalytic processes there is a limit on the rates at which the
combustible gases can be removed, hence the important factor for the PARs is the rate of
production. PARs are likely to struggle with high production rates and the impact on UK
EPR needs to be demonstrated. This is a fundamental aspect of the design that needs to
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be demonstrated from a chemistry point of view. As such, | consider this to be a GDA
Issue, GI-UKEPR-RC-01.

The technical basis for using PARs as a means of reducing combustible gases in LWR
containments is based mainly on the results of a large range of experimental test
programmes. TQ-EPR-653 (Ref. 8) queried which had been used by EDF and AREVA as
part of the qualification of the UK EPR PAR designs. The response cited a
comprehensive range of tests, from single tests to full severe accident tests involving
exposure to degradation products of a degraded core. Further results were provided in
response to RO-UKEPR-78.A1 (Ref. 101). EDF and AREVA claim that the qualification of
the recombiners addresses, amongst other things:

e thermal ageing

¢ radiation effects (radiation during normal operating conditions and radiation resulting
from a core meltdown accident)

e effects of chemical impurities (catalytic poisons, solvents and weld gases and smoke
coming from oil and cable fires)

The main experiment which supports PAR use during severe accident conditions was a
part of the PHEBUS programme (FPT3). This test examined the potential poisoning
effects of representative containment environment conditions at scaled down hydrogen
recombiner samples, exposed to containment environment conditions representative of a
realistic severe accident scenario. This confirmed operation of AREVA PARs under
representative severe accident conditions, although notably other PARs failed completely
or suffered from reduced performance. This lends confidence in the UK EPR PAR design.

While it is clear from the results presented that the UK EPR PARs should retain most of
their functionality during postulated severe accident conditions, it also showed some
uncertainty regarding reduced performance, including:

5% reduction due to containment sprays

10% reduction due to cable burning

“reduced” performance in one of six PHEBUS 2 tests, which could not be explained or
reproduced

Failure of two PARs in PHEBUS 3 tests (although not AREVA PARS)

It was also not demonstrated how the results cited in the response to RO-UKEPR-78.A1
(Ref. 101) relate to the model used for the analysis. Ref. 101 appears to provide a lot of
performance figures for non-AREVA PARs, but these lack context in many instances
making it difficult to gauge their relevance to the CGCS in UK EPR. As a result, it would
be difficult to say that the model predicted all of the experimental results. Some results of
this type were presented and show good agreement (Ref. 74), but these tests only
include hydrogen without poisons. This aspect was discussed above, under TQ-EPR-
1202, 1206 and PHEBUS, and in the context of its application within the UK EPR
modelling. | believe that this aspect can be addressed with an examination of the
experimental evidence as presented and would provide much greater clarity and comfort
that the case presented is sound. | consider this to be an Assessment Finding AF-
UKEPR-RC-44. In addition to these findings, | have raised a GDA Issue (GI-UKEPR-RC-
01) which requires application of the model to situations where several of the PARs have
been poisoned.
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Overall, | am satisfied EDF and AREVA have made an adequate case for GDA for the
use of PARs for hydrogen control in UK EPR, provided the detailed analysis supports
this. This is related to Assessment Finding AF-UKEPR-RC-42.

4.6.3.3.2 Oxidation of Carbon Monoxide
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As described in Section 4.6.3.2.3, carbon monoxide (CO) is produced during MCCI
phases in UK EPR. This is an additional source of oxidisable gas which can react on the
PARs. EDF and AREVA have performed experimental testing using carbon monoxide
(CO) to determine the effect on the PARs. This showed an increased rate of reaction for
mixed carbon monoxide (CO) and hydrogen, thus the use of a model assuming only
hydrogen recombination is conservative from the perspective of recombination rates (RO-
UKEPR-78.A1, Ref. 9, and Ref. 74). For those cases where long term consideration of
the containment behaviour is required, including CO, EDF and AREVA extend the
modelling to specifically include a function for the oxidation of CO, which is very similar to
the function used for hydrogen. It is noted that this is currently only applied to the ex-
vessel phase, thus neglecting any impact of CO produced from boron carbide as
described in Section 4.6.3.2.2.

A key assumption in the UK EPR analysis is that combustible gases generated during
MCCI are combusted as they are produced. This is because the gases are produced at a
temperature much above the auto ignition limit. Analysis using the GASFLOW code
shows this always to be the case. In order to account for this process when analysing for
thermal loads the analysis converts the CO into an equivalent mass of hydrogen on an
energy basis (i.e. 1 g of CO is equal to 0.083g of hydrogen in energy terms), although as
discussed in Section 4.6.3.3.4, this significantly underestimates the potential flow through
the PARs.

As the oxidation of CO involves the same fundamental processes as for hydrogen, the
same comments as in Section 4.6.3.3.1 apply.

4.6.3.3.3 Impact of PARs on other Chemical Processes
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The incorporation of a large catalytic surface into the containment of UK EPR suggests
that other potential reactions are possible, particularly during a severe accident when a
range of other species are present and the PARs are operating a high temperatures.
During a severe accident iodine is the main concern and much effort is put into its
management, including containment sprays and buffered sumps. A large portion of
fission products released from fuel during an accident are in the form of metal iodides,
which are relatively involatile and are efficiently captured. These aspects are discussed
further in Section 4.6.4.

The RECI analytical experiments have shown that metal iodides (importantly Csl) are not
stable and yield gaseous iodine when heated, in a humid atmosphere, at temperatures
representative of recombiner operation (Ref. 75). As compared with thermodynamic
equilibrium calculations, experimental results from PHEBUS-FP yielded a somewhat
higher gaseous/total iodine ratio in the gas and aerosol mixture entering the containment,
which has been potentially attributed to such an effect (Ref. 76). TQ-EPR-1428 queried
the potential for the PARs in UK EPR to affect fission product distribution in containment
in a similar manner. The response states that, in summary, this potential effect is not
included in the current UK EPR analysis, but can be considered “negligible” due to the
bounding source term used for UK EPR. EDF and AREVA indicate that a study of this
effect is scheduled for 2011, but provide no further details. Limited information on this
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topic was also provided in the response to RO-UKEPR-78.A1 (Ref. 101) which states
that; “The aerosol tests Aer-2 and Aer-5 have shown — for the investigated parameter
range — that the hot catalyst surfaces are not able to produce gaseous iodine from Csl in
a mentionable quantity. Contrary, tests HR31.2 and HR31.3 show that conversion of Csl
aerosol to gaseous iodine was found with conversion rates that bring the gaseous iodine
formation into a source-term relevant range [3%]. The PARs showed same behaviour as
in the Aer-test series. Therefore, the investigation of production of gaseous iodine from
Csl was not conclusive in the presented tests and the topic remains open to future
investigations.”

This is potentially an important characteristic of the UK EPR severe accident scenarios
and the safety case should reflect this. In order to provide further reassurance that this is
not a significant concern, and is indeed “negligible” and bounded, analysis to
demonstrate the potential impact of operation of the UK EPR CGCS on iodine volatility in
containment is needed. | consider this to be part of GDA Issue GI-UKEPR-RC-01.

4.6.3.3.4 Modelling of PARs
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The main code used for the determination of the recombination performance of the UK
EPR CGCS is COCOSYS (Containment Code SYStem). COCOSYS is used to model the
overall containment performance but in the context of combustible gas control it is used
to determine overall recombiner efficiency, average hydrogen and steam concentration,
average gas temperature and containment pressure. These results are also used to
select relevant scenarios for detailed analysis of local aspects with the GASFLOW and
COM3D codes.

As part of the response to RO-UKEPR-44.A3 (Ref. 66), EDF and AREVA outlined the
basis of the modelling undertaken to demonstrate the satisfactory performance of the
combustible gas mitigation system for UK EPR during severe accident scenarios. Further
details were also provided in the responses to TQ-EPR-649 to 655, 783 and 789 (Ref. 8),
including the report detailing the validation methodology for the combustible gas control
system in EPR (Ref. 64).

Following a technical meeting with EDF and AREVA in March 2010, when the CGCS
modelling was discussed, TQ-EPR-1206 (Ref. 8) was raised to understand the model
used to represent the PARs. Despite the increase in model complexity at the later stage
of UK EPR calculations, it became apparent that the same governing equations were
used to describe the recombination process for the PARs. The suitability and sufficiency
of these equations to adequately represent the chemical and physical phenomena that
occur during and as a result of recombination is clearly an important element of the
overall modelling approach both in terms of the effects on PAR operation and the effects
of PAR function on containment performance. This is implicit in the SAPs (Ref. 4), FA.18
“Fault Analysis: Assurance and Validity of Data and Models” and associated paragraphs
(552 to 556). The response to this TQ described the method used to determine the
depletion rate of the UK EPR PARs and the “empirical model” used in the UK EPR
modelling. Testing was undertaken at different hydrogen concentrations and the depletion
determined, along with other parameters such as pressure and temperature. Based on
these results it was found that the depletion rate was dependant on the pressure and
hydrogen concentration (i.e. it is determined by those parameter which affect mass
transfer to the catalytic surfaces). This type of test is useful in determining the ‘baseline’
capacity of the PARs, but does not take account of any impact of environment or
degradation. RO-UKEPR-78.A1 (Ref. 9) was raised to further understand the PAR model
and the potential effects this has on the modelling results.
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The PAR model operates between 0.5 and 8% hydrogen. Below this level the PAR is
assumed not to function and above this level the recombination rate is assumed to
plateau. The recombination does not start until hydrogen is at 2%. Increasing pressure
results in a recombination rate increase. Oxygen concentration affects the PAR
operation, with an oxygen starved gas resulting in a reduction in the PAR performance by
40% compared to identical conditions but with oxygen excess. These overall governing
parameters appear reasonable.

A number of other potential effects are discussed in the response. EDF and AREVA claim
that the experimental test programme does not support modification to these parameters
to account for potential effects of poisons or contamination and that the effect of steam is
only seen during start-up of the PARs, and is accounted for in the model by the
hysteresis in the start of recombination to 2%. This has been tested in experimental
programmes and the assumption is considered bounding, with earlier start-up possible.

As a result this means that the UK EPR PARs are assumed to work at 100% ‘efficiency’
throughout a severe accident (i.e. 100% of the inlet hydrogen is removed). EDF and
AREVA claim that this is bounded by the current analysis using representative and
bounding scenarios and an analysis using COCOSYS with 15% PAR removal (selective
removal of 6 equipment room PARs and 1 dome recombiner) during a SBLOCA which
showed the system design was met with a reduced overall PAR capacity of 83%. This
analysis showed total hydrogen increase in containment of around 50 kg at the time of
RPV failure and local hydrogen increases of less than 1%. This analysis was an early
analysis of a recombiner arrangement different to UK EPR so is not directly applicable. It
is also not clear how the system would behave given an overall efficiency reduction in all
recombiners, as opposed to selective removal of some entire units, given that this cannot
be completely ruled out. As described above, such effects have been observed
experimentally. Overall, | believe that some sensitivity analysis on this basis needs to be
performed for UK EPR showing the effect of a global reduced recombiner performance
on UK EPR. | consider this to be a GDA Issue, GI-UKEPR-RC-01.

A further consequence of the empirical model used to describe the PARs is that the
equation acts to alter the mass flow through the unit to maintain the calculated depletion
rate (i.e. operation of a PAR at 50% efficiency will result in a doubling of the flow rate).
This constraint has a number of implications on the results for a given set of conditions,
namely, assuming the PAR does not actually operate at 100% efficiency results in:

e Underestimation of the flow through a given PAR
e Overestimation of the exhaust gas temperature

This should result in a conservative estimate of the CGCS behaviour. However, no
consideration is given to local flows in the model (i.e. convective flows in containment
acting in the opposite direction to the PAR flow or inside the PAR unit). EDF and AREVA
acknowledge that no experiments consider this aspect, which may be significant in UK
EPR where the dominant mixing flow in the containment is natural convection. It is
considered likely that this could be suitably addressed via a similar sensitivity study to the
efficiency assumptions described above. This is part of GDA Issue GI-UKEPR-RC-01.

The model for combustible gas reduction, as described, appears to be a reasonable
compromise between complexity and adequacy, when balanced against the overall
hydrogen risks in UK EPR. It is notable that a similar model is used in other accident
codes, such as MELCOR. | consider that an adequate case has been made for the use of
this model for GDA, although | note concerns related to the efficiency and flow
assumptions that the model introduces but believe these can be resolved by provision of
the sensitivity analyses as part of GDA Issue GI-UKEPR-RC-01.
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4.6.3.4 Combustion
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Even with the CGCS in UK EPR it is likely that some combustion may occur. This in itself
is not a problem provided the pressure and temperature loads this generates are within
the capabilities of the design. The extent and type of combustion is strongly linked to the
accident sequence. While the depressurisation system for severe accidents in UK EPR is
primarily present to avoid high pressure phenomena (for example; Direct Containment
Heating (DCH) by steam) a secondary effect is the release of large quantities of steam
into the containment as the primary coolant flashes. Although this poses hazards for
containment pressurisation, in terms of combustion hazards this is potentially beneficial
due to steam inerting of the atmosphere. Furthermore, core debris quenching by cooling
water can inert the mixture by production of extra steam releases. Subsequent operation
of the containment spray system may reduce the steam content making mixtures
potentially combustible again. The impacts of combustion processes on the containment
are assessed elsewhere (Refs 73, 121 and 184), while the chemical aspects are
discussed below.

The overall approach used by EDF and AREVA is based on “an assessment of the
hydrogen combustion risk by application of experimental criteria for the non-occurrence of
flame acceleration and transition to detonation and by calculating the adiabatic isochoric
complete combustion (AICC) pressure, and exemplary calculations of flame behaviour
and pressure loads from combustion at critical conditions and locations where, according
to the above mentioned criteria flame acceleration with the potential to DDT cannot be
excluded, using a CFD code specialized for such simulations.” (Ref. 64). This approach
appears consistent with the other modern approaches to combustion analysis in LWRs,
such as the Nuclear Energy Agency (NEA in the Organisation for Economic Cooperation
and Development (NEA) report on this topic (Ref. 77).

Hydrogen-air-steam mixtures can burn in several ways dependant upon the conditions;
namely as diffusion flames, slow deflagrations, accelerated flames and detonations. EDF
and AREVA consider each of these combustion modes for UK EPR. This is improved
over historical considerations where only global combustions were considered and
reflects modern practice for LWRs:

o Diffusion flames (or stationary flames) result when combustible gases are released
into an environment, creating a flammable plume. In UK EPR these are predicted to
occur during the MCCI phase when released gases are above the auto-ignition
temperature in the reactor pit and spreading area. This is the least damaging
combustion, provided the thermal loads do not result in harm to surrounding
equipment.

e Deflagrations and detonations are rapid burning of often pre-mixed gases. The speed
of the combustion is important in determining the consequences, with detonations the
quickest and potentially the most damaging and unpredictable. Thus, it is important
that the transition from deflagration to detonation (DDT) is avoided, as is claimed for
UK EPR. Accelerated (or fast deflagration) flames can be considered between the two
and can in themselves provide relatively high loads due to feedback as they burn.

For slow deflagrations MAAP, COCOSYS and GASFLOW can calculate the pressure in
the containment due to Adiabatic Isochoric Complete Combustion (AICC), which is
penalising from a temporal-thermal perspective as this assumes complete combustion
with no heat losses to structures. This most likely is bounding for slow events and
involves only mass balances in its treatment of the burn chemistry. EDF and AREVA
claim that the AICC pressure will remain below the containment design pressure for
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“representative” scenarios, but not for all “bounding” scenarios, although it is below the
test pressure.

Flame acceleration and transition to detonation are complex phenomena. In order to
overcome these difficulties much effort, internationally, has been put into identifying
criteria under which flame acceleration and DDT can be expected. In order to assess if
these processes are likely to occur in UK EPR, EDF and AREVA make use of the c and A
criteria which define boundary conditions where flame acceleration and DDT have a
potential to occur; in both cases value of >1 indicate that such conditions cannot be
excluded, compared to values many times higher when such conditions would be
expected. The advantage of this approach is that it limits the time spent calculating
detailed and complex combustion modes. Used appropriately they can provide a
conservative analysis of combustion risks. Such criteria are described both by EDF and
AREVA (Ref. 64) and by the OECD NEA (Ref. 77).

As described in Section 4.6.3.2.1, EDF and AREVA use a number of codes to model
hydrogen behaviour in the containment, including its combustion. GASFLOW is a CFD
(computational fluids dynamics) code that is used to model the gas and temperature
distribution in the containment. GASFLOW is the code that uses the above criterion to
determine the combustion modes. The detailed analysis of the combustion process is
performed by COM3D, which models fast turbulent combustion events in great detail over
a few seconds, in particular DDT.

Most of the experimental validation of combustion phenomena has concentrated on H,-
air-steam mixtures. However, for UK EPR, significant amounts of CO and CO, will also
be generated in the containment and there is little information available on flame
acceleration and DDT in H,-air-steam-CO-CO, mixtures. The conservative approach
adopted by EDF and AREVA should mean that any effects of this are restricted, but this
should be reviewed as further experimental data becomes available. | consider this to be
an Assessment Finding AF-UKEPR-RC-45.

It is possible that the PARs themselves may act as ignition sources for combustion if the
rate of removal cannot match the rate of generation. EDF and AREVA recognise this
point in the response to RO-UKEPR-78.A1 (Ref. 101). Tests in the H2-KALI, H2-PAR and
ThAI test facilities investigated the ignition of hydrogen-rich mixtures by PARs, and the
influence of steam on ignition potential. This showed that ignition is possible when the
catalyst plate reaches approximately 900°C and occurs where the hot, hydrogen-lean
mixture from the PAR exhaust meets the cooler, hydrogen-rich mixture in the
containment. Ignitions were observed at around 10 volume % hydrogen as a result of
PAR operation. EDF and AREVA state that further investigations on this phenomenon are
planned for the near future, although no details are given. The impact of these
phenomena on the UK EPR combustion analysis is unclear and will only be resolved by
provision of the specific UK EPR analysis. This is related to Assessment Finding AF-
UKEPR-RC-42.

Overall, EDF and AREVA have deployed an extensive array of the most modern analysis
techniques and understanding of these phenomena in LWRs. The approach lends
confidence that UK EPR has been analysed to high standards and, subject to satisfactory
conclusion of GDA Issue GI-UKEPR-RC-01 and the findings described in Section 4.6.3.6,
the CGCS should offer adequate protection from these hazards.
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4.6.3.5 Summary

There is a range of accident scenarios producing varying amounts of hydrogen at
different rates, all with discrete probabilities. For this reason, my assessment has been
careful to ensure that bounding scenarios have been identified appropriately and
adequately analysed. Based upon the evidence presented during GDA, the main
conclusions | draw for the assessment of the combustible gas mitigation system in UK
EPR are:

1084

1085

EDF and AREVA have provided a justification for the design of the UK EPR CGCS,
which takes account of the appropriate factors, including; the source term, the
provision of protection systems for design basis and severe accidents, consideration
of a range of accident scenarios and resulting hydrogen levels, validation data used to
support the capability of the PARs, PAR location in relation to hydrogen releases and
containment mixing behaviour and analysis of combustion hazards.

The intended modelling approach to demonstrate the CGCS in UK EPR has been
described in detail, including the chemical models. The approach adopted is
sophisticated and comprehensive and could be considered to be at the leading edge
of such nuclear safety analysis. | am satisfied with the suggested approach and
content that this is a reasonable basis on which a case can be presented for UK EPR.
A response to my initial concern regarding the modelling of the chemical depletion of
hydrogen has been presented by EDF and AREVA.

PAR devices manufactured by AREVA have been specified to provide the hydrogen
removal capacity in the UK-EPR CGCS. The operation of these devices is supported
by an extensive qualification programme and the operational experience of ~2500
devices already installed, with up to 15 years in service. The supporting experimental
test programme is broad and comprehensive, ranging from small scale individual tests
to large scale complex geometry tests under representative severe accident
conditions. | am content that an adequate case has been made for the use of PARs
for combustible gas control in UK EPR, however, it must be noted that successful
operation of the PARs depends to a significant extent on effective operation of the
CONVECT system of rupture panels and mixing dampers, and the ability of the
system to homogenise the hydrogen concentration quickly and effectively. Research
presented by EDF and AREVA has shown that PAR catalyst plates mainly non-
consumable, capable of operating in steam-inerted environments, resistant to water
ingress and long-term degradation, and are not subject to significant performance
degradation by poisons.

The case presented for the UK-EPR CGCS indicates that the appropriate criteria have
been used in the design, justification and modelling of the system; however, the
capabilities of the system and the margins available have not been demonstrated
entirely adequately. EDF and AREVA did not provide specific analysis for UK EPR in
time for assessment during GDA. Therefore, whilst the basis of the design has been
outlined satisfactorily, several areas need further work and these are the subject of a
GDA issue and several Assessment Findings.

| judge that the claims, arguments and evidence as presented in this area appear
reasonable and believe that EDF and AREVA have made an adequate case to support
GDA, provided the GDA Issues are adequately addressed.
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4.6.3.6
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4.6.3.7
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46.4
46.4.1
1089

Assessment Findings

Based upon the assessment of combustible gas mitigation in UK EPR described in
Section 4.6.3 above, | have identified the following Assessment Findings which need to
be addressed, as normal regulatory business, by the Licensee, during the design,
procurement, construction or commissioning phase of the new build project:

AF-UKEPR-RC-42 — The Licensee shall undertake UK EPR specific analysis to
support the Combustible Gas Control System design for UK EPR. This analysis
should adequately cover all phenomena that may occur during such accident
sequences. This analysis should cover the effects of B,C control rods in the UK EPR
design and include demonstration of the long-term plant behaviour post accident. This
Assessment Finding should be completed before fuel is first loaded into the reactor.
Target Milestone — Fuel Load.

AF-UKEPR-RC-43 — The Licensee shall review and document the examination,
maintenance, inspection and testing arrangements for the Passive Autocatalytic
Recombiners (PARS). This should include consideration of Operational Experience
Feedback and the protection requirements during non-power operations. This
Assessment Finding should be completed before fuel is first loaded into the reactor.
Target Milestone — Fuel Load.

AF-UKEPR-RC-44 — The Licensee shall demonstrate that the experimental testing of
the PARs matches the boundary conditions used in the safety analysis, including
under representative severe accident conditions. This Assessment Finding should be
completed before fuel is first loaded into the reactor. Target Milestone — Fuel Load.

AF-UKEPR-RC-45 — The Licensee shall review the influence of CO and CO, on fast
deflagration and DDT (Deflagration to Detonation Transition) combustion analysis in
terms of the most recent experimental work and incorporate this into the plant analysis
as appropriate. This Assessment Finding should be completed prior to first fuel load.
Target Milestone — Fuel Load.

GDA Issues

Based upon the assessment of combustible gas mitigation in UK EPR described in
Section 4.6.3 above, | have identified the following GDA Issue which requires resolution:

GI-UKEPR-RC-01 — Combustible Gas Control Systems — Impact of Passive
Autocatalytic Recombiners during accidents.

The complete GDA Issue and associated action(s) are formally defined in Annex 2.

Assessment — Fission Product Control
Assessment — Source Terms

The UK EPR containment building structure is described in the PCSR (Ref. 11, Section
6.2). It comprises two concentric shells separated by a ventilated annular space, the inner
shell is steel-lined. The inner containment building holds the reactor and a number of
cooling systems for normal and emergency use. In the GDA design, the inner
containment is held at reduced pressure and has no vent. Like FA3 the inner containment
would be sealed in an accident so that EDF and AREVA can make the claim that it
retains virtually all radioactive materials released in accidents. This claim is significant
because EDF and AREVA expect that the reactor vessel would fail in the very unlikely
event that an accident resulted in severe core damage. If this occurred, it must be
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assumed that the inner containment would become the primary barrier to all of the
radioactive material that was airborne following such an event.

In many accidents postulated for UK EPR, the pressure and temperature in containment
would also rise as steam would be released from the hot reactor core. To stop steam
challenging the structure and to prevent expulsion of radioactive material under pressure,
a Containment Heat Removal System is provided, see figure below from Ref. 160.

Figure 25: UK EPR Containment Heat Removal System

Other features to note in the figure above include the corium spreading area and the
CHRS plant room, which is outside the double-walled containment (on the left of the
figure). There are three small ® symbols on the diagram; the lowest shows the levels of
water in the IRWST and spreading compartment after flooding by the IRWST. The
highest two ® symbols show the level reached once the CHRS has flooded and finally
cooled the reactor and molten core.

Claims for the integrity of the containment were assessed elsewhere in ONR, and my
assessment concentrated on the amount of radioactivity available for release from UK
EPR and its form, because doses to humans would be directly proportional to the source
term. The fission products produce heat, so that water in the spreading compartment and
IRWST may boil. The spray system is intended to suppress aerosols and most of the
iodine, but does not suppress the iodine that is in organic form. Operation of the spray
may also make any hydrogen — air mixture more flammable. Note that the spray system
is not claimed for the control of fission-products and this introduces a degree of
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pessimism into the assessment made by EDF and AREVA. Because the sprays are not
claimed, my assessment concentrates on the adequacy of the system without sprays and
potential negative affects from using the CHRS.

The following SAPs were relevant to this part of my assessment; EKP.2, ECV.3, FA.17,
19 and 22 (Ref. 4), which was supported by experts at my TSCs, who reported in Ref.
135. My assessment is principally based on the responses made by EDF and AREVA to
Regulatory Observation RO-UKEPR-44.A3 in Refs 69 and 70, plus their responses to a
number of TQs.

In normal operation, the containment in UK EPR would be split into two zones separated
by a system of relief and vent panels. In a severe accident these would be opened and
the containment would act as a single large volume. In the following paragraphs, | use the
word containment to refer to the single large volume within the inner containment shell.

For UK EPR, EDF conducted the analysis of potential radioactive release to the public.
For their calculations, EDF took pessimistic assumptions and relied on a simplified
method developed by the Institut de Radioprotection et de Sdreté Nucléaire (IRSN) in
France.

The prediction of steam pressures, sizing of heat exchangers, and other effects of heat
and radiation was undertaken by AREVA, these were “best estimate” assessments of the
chemistry of accidents and used sophisticated simulation codes, including MAAP (Ref.
163), COCOSYS and their own code; COSACO.

Both EDF and AREVA generally ignored use of the CHRS spray. This was claimed to
lead to greater pessimism in their respective analyses.

My assessment covered the prediction of source terms, the operation of the CHRS and
the redistribution of heat. It also included the validation and verification of chemistry
aspects of some of the methods used by EDF and AREVA and generally my conclusions
refer to both sets of analyses.

Source Terms

In an accident, a small fraction of the radioactive material in the containment atmosphere
will escape due to a low rate of containment leakage, which will be 0.3% by volume per
day, according to Section 16.2 of the PCSR (Ref. 11). Therefore the size of the source
term within containment must be estimated in order to predict the consequent doses to
the public.

The main chemical factors affecting the source-term are:

e The temperature reached in the accident affects the rates of release from damaged
fuel. The release of gases such as krypton is quick and the release of materials like
uranium is slow.

e Whilst nuclear fuel at the start of an accident will be mostly in the form of uranium
dioxide, as an accident progresses, it is known the cladding zirconium would react
with steam and the fuel to produce uranium and other metals. If this happens, the
chemistry of other nuclear material present will also change. This is also called the
oxidation state or index of the corium.

e The most important nuclides, in terms of doses from any reactor accident, are
radioiodines. The chemistry of iodine is complex and highly dependent on the
alkalinity of the water in the coolant, sprays and sumps.
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1101 The state of oxidation and the temperature have a significant effect on several radioactive
materials like caesium, molybdenum, tellurium and silver, which can take volatile forms
under some conditions.

1102 The release fractions from the molten EPR core are shown in the table below and
compared with the release fractions recommended to the US Nuclear Regulatory
Commission (NRC) in Ref. 125;

Group / Nuclide V;JII:eE(IER;f NUREG-1465
11) " | Value (Ref. 125)

Noble gases Xe, Kr 1 1
Halogens I 1 0.75
Alkali metals Cs,Rb 1 0.75
Tellurium Te 0.91 0.305
Antimony Sh 1 0.305
Barium group Ba, Ce, Np, Tc, Ru, Rh, 0.325 0.12
Strontium Sr 0.065 0.12
“Noble” metals Ru, Rh, Pd, Mo, Tc, Np 0.0325 0.005
Cerium group Ce, Np 0.0325 0.0055
Zirconium Zr 0.03 0.0052
Lanthanides La, Nd, Nb, Pr, Y 0.02 0.0052
Plutonium Pu 0.00325 0.0055
Not specified Pm, Am, Br, Se, Co - 0.05~0.3

Table 15: UK EPR and NUREG-1465 Recommended Release Fractions

1103 Both columns in the table include in-vessel and ex-vessel contributions to the source
term. The fractions recommended by the NUREG guide Ref. 125 are generally lower
because it assumes a significant proportion of the fission-products (FPs) are retained
within the reactor vessel and pipework even if some escapes. No credit can be given for
retention within the cooling circuit of UK EPR, since EDF and AREVA assume the reactor
vessel must fail beyond a certain temperature in the accident. These FP release fractions
used for UK EPR are also mostly higher than currently used for the rest of the French
fleet.

1104 | obtained a copy of an assessment made by EDF of their own source-term methodology
Ref. 127 through TQ-EPR-1084. This contains recommendations for source terms for
future use by EDF. The release fractions for molybdenum (Mo) and barium (Ba) used for
UK EPR are smaller than those recommended for EDF use in Table 10 of Ref. 127, but
these are minor elements in terms of the overall release. The difference may arise from
assumptions made for releases due to melt-concrete interactions. These can double the
ex-vessel releases for less volatile nuclides but the corium-concrete interaction in UK
EPR is arrested by the spreader.
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The two exceptions of note are the release fractions for strontium (Sr) and plutonium
(Pu). The release fractions quoted in the PCSR for these nuclides are lower than
recommended in Refs 125 and 127. Being a small fraction of the total release, neither
would affect the radiation exposure from an accident in the short term. | find that the
Licensee should ensure that evidence is generated for the release fractions for plutonium
and strontium and their longer-term consequences in a UK context, and this is part of
Assessment Finding AF-UKEPR-RC-46.

The radioactivity in the nuclear fuel is multiplied by these fractions to predict the amount
of radioactivity in the containment atmosphere which is intended to be pessimistic. In TQ-
EPR-190, | asked EDF and AREVA to confirm the reference fuel type was bounding for
the release calculation. They confirmed that it corresponded to the most energetic fuel
type and age, since they used 18 month MOx fuel as a reference. MOx fuel is used in
France but is outside the scope of GDA, it is nevertheless suitably pessimistic for
calculations of this type.

Assuming a release of 100% of the iodine and caesium is notable. Overall, | consider
these fractions are consistent with good practice (Refs 125 and 126) for an acute release.
Once released into the containment air, EDF and AREVA calculate the sedimentation of
the aerosol under gravity, which quickly reduces the airborne radioactivity within the
containment before it could leak. Since the CHRS sprays are not claimed for control of
radioactivity in UK EPR, | assess aerosol sedimentation next before considering the
chemistry of iodine.

Once airborne in the containment, the evolution of the source-term was calculated using
a method recommended by IRSN. It was predicted that 1,000kg of aerosol were
produced in one hour, into a single volume of 50,000m®. The IRSN method calculates the
fraction of nuclear material remaining airborne in the containment by a summation of
exponential decay terms. This models agglomeration, sedimentation and deposition of
the aerosol (by thermophoresis and Brownian diffusion). It assumes the sprays in UK
EPR are not used and ignores deposition by diffusiophoresis. Because the IRSN method
would predict airborne concentrations decreasing to infinitesimal levels at long times, a
cut-off is applied, around the airborne concentration of fresh air.

The IRSN method was developed from the results of international experimental
programmes such as VERCORS (Ref. 165) and PHEBUS (Ref. 166). In these
experiments, samples of irradiated nuclear fuel were heated, sometimes to melting, in
order to measure the immediate fission product release and other phenomena. These are
amongst the most modern and relevant test data available, although some of the findings
from PHEBUS have still to be adequately explained.

In TQ-EPR-1188, | requested a comparison of the airborne aerosol calculated by the
IRSN method with the MAAP computer code, both with and without sprays. The MAAP
code attempts to predict the temperatures and timings of a release, calculating release
rates from the melt and subsequent sedimentation rates inside containment. The
methods it uses are older than those used by IRSN. For instance it models the kinetics of
fission-product release using a method based on experiments and a method developed
at Oak Ridge in the 1980’s, known as CORSOR. The treatment is simple; a species is
assumed to be completely evaporated at temperatures above its melting point. MAAP
has a module which claims to model more detailed iodine chemistry, but this was
switched off in calculations for UK EPR.

In providing verification of the airborne radioactivity calculated by MAAP, Areva provided
references to a number of comparisons with other codes in Ref. 163. Overall | concluded
that MAAP4 will provide reasonable approximations to the oxidation, temperature and
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liquid fractions for the fuel at a given composition and heat. These are used to provide
estimates of hydrogen / steam (Section 4.6.3.2.2), check the source term and provide
inputs to other computer codes. | consider it provides a reliable comparison for the IRSN
method. Other codes could equally have been used for this purpose.

Without sprays, MAAP predicted airborne radioactivity which was a factor of ten lower
than the IRSN method. From this, | conclude that the IRSN method is pessimistic in terms
of aerosol levels in the main containment. With sprays, the aerosol radioactivity was a
factor 1000 lower than calculated by the IRSN method, but the CHRS in UK EPR would
not be activated until a few hours into an accident.

Apart from the aerosol source term, it is also necessary to consider the fraction of the
iodine that is in gaseous form. Elemental iodine is gaseous, but readily trapped by
alkaline water or special filters designed for the purpose. Organic iodine is not so easily
prevented from escaping, because it is relatively chemically inert. Recognising that
organic iodine can be produced, Ref. 125 states that “A rational model for organic iodine
would consider both its formation and production in a time-dependent fashion....”

EDF and AREVA assume that 100% of the iodine and caesium are released from the
core “within the first few hours”. The fraction of iodine released in elemental form from the
core is assumed to be 2.5% (Ref. 11). The fraction released in gaseous organic form is
quoted as either 0.15% or 0.2% (depending on the document) and the rest is aerosol,
Refs 127, 129 and 130).

A European-wide review of DBA analysis for Large-Break LOCAs (Ref. 126) identifies an
organic fraction of 0.2% for the iodine releases occurring during the “dry” phase (roughly
10% of the elemental iodine). In this scenario, a high proportion of the iodine released
(60%) is produced in elemental form later in the accident, during the “wet” phase due to
the quality of the reflood water and not as a result of core melting. However Ref. 126
does not recognise any organic products during the "wet” phase. Thus, only 0.037% of
the total elemental iodine is assumed to convert to the organic form following the
European approach. This percentage appears unrealistically small, however calculating
the organic fraction by multiplying the elemental release by 10% would increase the
iodine release by two orders of magnitude, which would be unrealistically high. | find
there is still much uncertainty in this figure, even if the true proportion is small, and this is
part of Assessment Findings AF-UKEPR-RC-47 and AF-UKEPR-RC-49 which require a
more realistic treatment of iodine release phenomena.

Refs 125 and 126 respectively provide the US and European guidance. Ref. 127 updates
and interprets them for EDF 900 and 1300 MW reactors, and notes that 30% of the
airborne iodine can be organic in the longer term. The recommendations of Ref. 127
seem only to have been considered to apply to the early dry phase of the release from
the core, TQ-EPR-1084.

My assessment of the release turns to the retention of the iodine by the CHRS and
IRWST and the re-release of iodine. The response to TQ-EPR-1188 claimed it was
pessimistic to ignore the combination of iodine with silver in the sump and the radiolytic
reactions that produce iodine oxides. | consider these are not pessimistic assumptions for
the rate of removal of iodine, because silver would only stabilise iodide in the sump and
the oxides of iodine are volatile. However, these effects should not have a great impact
on early-phase releases calculated by the pessimistic method used for UK EPR.

In addition to iodine and aerosols, the release to the environment also comprises the
gaseous radionuclides. The release of ***Xe would be 10,000 times greater than **!l in
units of Becquerel, although the PCSR did not distinguish these in terms of the public
dose, in units of mSv. | find that the Licensee should quantify the proportions of gaseous
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elements contributing to the public consequences, so the significance of organic iodine
and xenon can be compared. This is part of AF-UKEPR-RC-47, to ensure that analyses
of xenon and iodine are proportionate.

All these methods are focussed on the early phases of an accident and its mitigation
within the first 1 - 2 days. These methods may not applicable to events late in the timing
of an accident, for two reasons:

e Inresponding to TQ-EPR-834, EDF and AREVA said the detailed chemistry of iodine
(in whatever form) was unimportant because the bulk of the activity was retained by
the IRWST. As the water used to cool the spreading compartment could contain
appreciable guantities of iodine from the first phase of the accident, boiling in the
spreading area could create a significant second release, even if there was less iodine
available. Boiling of IRWST water in the spreading area makes the biggest
contribution to containment pressure but boiling of the IRWST water in the spreading
area was not included in the source term for the public consequence.

e Once most of the radioactivity has been swept into the sumps and IRWST by the
sprays, the effect of recirculating the sprays would be to re-suspend the activity by
spraying it into the containment. The spray water is made alkaline to control any
iodine re-release caused this way. The eventual proportions of radioactivity in the
IRWST, containment air and other locations will be determined by a balance of the
spray re-suspension rate and the true deposition rate. This will be higher than the
ultimate airborne activity calculated either by the IRSN method or the cut-off
assumption used by EDF and AREVA. Responding to TQ-EPR-1188, EDF and
AREVA said they intend to improve upon these estimates in the next phase of the
project.

Neither effect may be large when compared to the pessimistic calculations used in the
PCSR, but they determine the size of releases later on in an accident and outside the
main containment. Consequently, this may influence the quality of engineering demanded
of ancillary systems, such as the CHRS plant room discussed below. Both these effects
were modelled using COCOSYS and | expect continued refinement of these calculations
during Phase 2, AF-UKEPR-RC-48. In TQ-EPR-1188, EDF and AREVA stated that
natural deposition will apply to releases from the spreading area as it would to releases
from the core, effectively limiting any airborne radioiodine to levels lower than from the
dry phase release. This assumption should be justified.

The nature of the phenomena occurring in the later stages of an accident may be
speculative and not amenable to large-scale testing and validation. EDF and AREVA
sometimes used COCOSYS and MAAP to model equivalent aspects of the same
phenomena, yet comparisons between these two codes were never reported to ND. By
running these codes to compare outputs from the later stages of a potential accident,
valuable insights should be gained. Therefore, | find that the Licensee should ensure that
the comparisons between COCOSYS and MAAP undertaken by EDF and AREVA are
reported. Ref. 128 only compares the output of MAAP to the input of COCOSYS. This is
also part of finding AF-UKEPR-RC-55.

A related GDA Issue on hydrogen control (GI-UKEPR-RC-01) contains an action relating
to iodine chemistry in Passive Autocatalytic Recombiners, which also relates to TQ-EPR-
1428.

I conclude that the assumption of full fuel melting and gas release and the use of the
IRSN method, are both highly pessimistic assumptions for early-phase releases. The
provision of a buffered water spray system, as is provided in many other existing LWRs,
provides additional benefit over and above the figures claimed for UK EPR.
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In-Containment Systems

The Containment Heat Removal System (CHRS) is described in the PCSR (Ref. 11,
Section 6.2.7). The CHRS is used to control the containment pressure and achieve long-
term cooling of the IRWST and the molten corium in the spreading compartment. The
CHRS also provides a function to scrub fission products from the containment
atmosphere. It is not claimed for the severe accident and not used for most design-basis
events, although it is always available. Two trains of CHRS are included in the UK EPR
design, both taking supply from the IRWST. Each train consists of a pump and heat
exchanger (cooled by a dedicated cooling system) which supply the dome spraying
system (when operated to remove FPs — two other outlets can be used depending on the
accident conditions). The sprays consist of a ring equipped with spray nozzles located in
the dome of the containment. The condensate, which is generated by the sprayed coolant
from the steam within the containment atmosphere, flows back to the IRWST and is then
recirculated.

EDF and AREVA have considered controls on the use of (especially fibrous) insulation
materials in the plant in Ref. 193. This states that preference would be given to the
encapsulation of insulation materials by metal cladding, but the PCSR did not indicate
which materials had been chosen. Should fibrous material reach the IRWST (due to the
failure of cladding for instance), silicates or zeolite-forming solutes may be carried into the
core and impair heat transfer during an accident. Also, other materials may be introduced
into the containment building during a shutdown, and these may place an additional
burden on the sump filtration system. These aspects are included in Assessment Finding
AF-UKEPR-RC-50.

In postulated accidents, the alkalinity of the containment spray in recirculation mode
directly affects the retention of inorganic and elemental forms of iodine. The UK EPR
CHRS includes a sodium hydroxide injection circuit for this purpose. This consists of
atmospheric pressure sodium hydroxide tanks, a venting line, a sodium hydroxide mixing
device and three injection lines; two directed towards the Safety Injection System (SIS)
and one towards the CHRS downstream of the main pump. Other chemicals such as
solid tri-sodium phosphate have been used rather than aqueous sodium hydroxide, but |
consider both are suitable.

The quantity of alkali should be sufficient to counteract all the boric acid within
containment. However other acidic gases can be produced through pyrolysis and
radiolysis in some circumstances. | requested quantification of this effect in TQ-EPR-
1193, and EDF and AREVA said their calculations also didn’t include alkaline compounds
of lithium and caesium hydroxides, which should cancel out any acidic products. EDF and
AREVA did not provide adequate assurance of the thermodynamic data and production
rate of acids and fumes in the containment by pyrolysis or radiolysis. Responding to TQ-
EPR-1193, EDF and AREVA said that ignoring these effects tended to cancel the un-
guantified effects of alkaline fission products on iodine chemistry of the In-Reactor Water
Storage Tank. Both effects should be quantified. | consider this to be an Assessment
Finding, AF-UKEPR-RC-50.

EDF and AREVA provided their analysis of fission-product behaviour (Ref. 128) used for
the equipment survivability assessment. TQ-EPR-1401 asked EDF and AREVA if the
COCOSYS model included the sprays. Apparently COCOSYS is capable of modelling
sprays but this option was not used for UK EPR, in order to maximise pessimisms in the
calculation, because sprays can be expected to help wash fission products into the
IRWST in the early stages of an accident.
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Once most of the fission-product aerosols have settled and drained into the IRWST, the
effect of the recirculating spray in the later stages of an accident would be to put them
back into the containment atmosphere. Therefore, it would be useful to see calculations
by COCOSYS, MAAP or both, of the amounts of radioactive material airborne with and
without sprays at various times. This is finding AF-UKEPR-RC-49 and a part of AF-
UKEPR-RC-46. EDF and AREVA recognise that sprays have the potential to redisperse
material in Ref. 185 and are considering specifications in the OSSA (Operating
Strategies for Severe Accidents) to switch off the sprays and initiate “Active Mode” sump
cooling after a certain time.

The CHRS is outside containment and potentially provides an escape route for
radioactivity. | asked EDF and AREVA about losses from CHRS lines in TQ-EPR-1400.
They replied that the CHRS equipment will be qualified to severe-accident conditions. It is
in a closed building with air filters and a sump with leak-detection. Dedicated valves have
been incorporated into the CHRS lines, to isolate the containment should a leak be
detected outside containment. EDF and AREVA described other features of the CHRS
equipment, such as double-bellows on the valves, which make it leak-tight.

The water flowrate through the sprays of UK EPR is lower than in some current LWR
designs. The water flowrate was reduced deliberately by AREVA to slow the rate at which
steam condenses. This is claimed to bring two benefits for the containment shell:

e it prevents rapid depressurisation; and

e variations in hydrogen concentration are homogenised without increasing the
explosion risk, Ref. 184.

The second effect is relevant because the PARs take time to remove hydrogen and
explosion is much less likely if the atmosphere is heavy with steam.

| am content that the basic design concept for the in-containment system is sound. | have
looked at the implementation and consider these aspects have been thoroughly
considered by EDF and AREVA for UK EPR.

Ex-Containment Systems and Vents

Provision of a filtered vent for the main containment was requested by The Radiation and
Nuclear Safety Authority, Finland [STUK] but was considered disproportionate by the
Nuclear Safety Authority, France (ASN) and Nuclear Regulatory Commission (US NRC).
Other parts of UK EPR do have vents, including the CHRS plant room and the Annulus
Ventilation System (AVS), discussed below.

For most accidents within the design-basis, UK EPR is designed to retain the potential
release within the double-walled containment building. In a severe accident, | notice that
the CHRS system would pump most of the mobile activity out of the containment and
through the CHRS plant room, see the figure at the beginning of Section 4.6.4.1. TQ-
EPR-1400 questioned the potential leak path via the CHRS. EDF and AREVA state that
the CHRS is designed for severe-accident conditions, can handle water at 100°C and has
sumps which can detect leakage. However this room was not included in assessments by
EDF and AREVA for the severe accident and the IRWST water can reach 160°C. My
TSC estimates that at a leak rate of 44 cm® per minute the CHRS plant room could match
the leak rate from the main building. This leakage rate may be challenging for sump
detection and the leakage rate that matches the main containment leak rate decreases
with time.
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| find that the Licensee should ensure that evidence exists for the prevention of release of
biologically significant nuclides (like caesium) as well as iodine from the CHRS. This
should address topics such as the sensitivity of the sensors in the CHRS room sump and
the impact of CHRS line isolation, AF-UKEPR-RC-48.

The Annulus Ventilation System (AVS) is described in the PCSR (Ref. 11, Chapter 6.2.2).
This system maintains the annulus at sub-atmospheric pressure during normal
operations, transients and accidents. During normal operations a single High Efficiency
Particulate Air (HEPA) filter train is used. In a severe accident the extracted air would be
filtered via (one of two separate trains of) HEPA and iodine filters before release via the
plant stack.

The AVS and CHRS plant room have a vent and filters. In TQ-EPR-1188.5, | asked EDF
and AREVA what account had been taken of the form of iodine in the specification of
filters for UK EPR. In reply, they confirmed that the filters had not yet been chosen, but a
standard of 99.9% retention for particulates and 99% for organic iodide will be specified.
EDF and AREVA point out that their basic calculated releases from UK EPR assume an
aerosol efficiency of 99%, i.e. filtration which is ten times less effective than will actually
be specified.

Summary

Based upon the evidence presented during GDA, the main conclusions | draw from my
assessment of accident source terms and fission product control within the containment
of UK EPR are as follows:

e EDF and AREVA have provided estimates of the source term within containment
which are highly pessimistic for short-term releases. Specifically, no credit has been
taken for the sprays, which introduces as much as a factor of ten pessimism into
predicted accidental releases to the environment.

e The basic principle of a recirculating alkali spray in UK EPR is used in many PWRs.
The UK EPR is slightly different to some, in using sodium hydroxide to buffer the
solution and using a relatively low water flowrate. These aspects are acceptable.

e Estimates of the source terms from containment at longer timescales, and sources
outside the main containment (“containment bypass”) are probably too low.
Specifically, the replies to TQ-EPR-1193 and 1400 were inadequate. | have raised an
Assessment Finding for the Licensee to provide more realistic estimates of radioactive
release from sources outside the core, including the quenching phase and CHRS.

e Some approxi