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1. INTRODUCTION

1.1. Overview

The 7" INPRO Dialogue Forum on the ‘Sustainability of Nuclear Energy Systems Based on Evolutionary
Reactors’ was convened on 19-22 November 2013. The activity was implemented under Project 4, Activity
1.1.4.4/3 of the IAEA Programme & Budget 2012—2013. The 7" Dialogue Forum was designed to develop
and promote INPRO assessment services to Member States to help in their long range and strategic nuclear
energy planning. The Dialogue Forum brought in technology holders of evolutionary reactors to demonstrate
exemplary INPRO Methodology assessments of their designs to familiarize Member States with the INPRO
Methodology and NES assessment (NESA). Preparatory meetings were held with participating vendors in
the 3" quarter of 2013 to prepare assessment materials for the Dialogue Forum.

The event was attended by representatives from 32 technology holder and technology user countries and 12
reactor designers / experts of evolutionary reactor technologies from AREVA, Candu Energy Inc., GE
Hitachi Nuclear Energy International, KEPCO Engineering and Construction and KHNP, Mitsubishi and
Rosatom. The reactor vendors voluntarily prepared sustainability assessments of safety aspects of their
reactor technologies using the INPRO Methodology. Member States had the opportunity to discuss
availability of design information for a NESA and also approaches to engage designers in a NESA.

1.2. Opening

The Dialogue Forum was opened by Mr Alexander Bychkov, IAEA Deputy Director General for Nuclear
Energy and INPRO Project Manager. Mr Bychkov described the forum as an unusual and excellent
opportunity for Member States to meet and discuss issues related to sustainability of nuclear energy systems
directly with vendor experts. Member States could use the event to discuss the possibility of vendor expert
cooperation in nuclear energy system assessments (NESA) using the INPRO Methodology.

INPRO Group Head, Mr Zoran Drace, provided an overview of INPRO activities in support of transition to
sustainable nuclear energy systems. He started with reiterating the establishment of INPRO in 2000 as
authorized by the IAEA General Conference resolutions (GC(44)/RES/21), followed by INPRO basic
characteristics as being a membership-based and funded mainly from extra-budgetary contributions dealing
with international project with cross-cutting issues with all relevant technical Departments in the Agency.
INPRO cooperates with Member States to ensure that sustainable nuclear energy is available to help meet the
energy needs of the 21* century. INPRO also brings together technology holders and users to jointly consider
international and national actions required for achieving desired innovations in nuclear reactors and fuel
cycles. The service provided by INPRO is part of the integrated services of the IAEA for Member States
considering initial development or expansion of nuclear energy programmes. Mr Drace discussed INPRO
membership from 2001 until 2013, and then discussed the four INPRO Projects in the current budget year of
2012-2013 as well as plan for 2014 dialogue forum. More details of INPRO Projects can be viewed on
http://www.iaea.org/INPRO/.

2. PROGRAM OVERVIEW AND OBJECTIVES

The Dialogue Forum was chaired by Mr Juergen Kupitz (Germany) who conveyed the objectives of the
Dialogue Forum which were to:

- Familiarize Member States with the INPRO Methodology, focused on the sustainability assessment
of NES, to support long-range and strategic planning of a successful nuclear power program.

- Discuss assessment of evolutionary nuclear reactors in the areas of safety of nuclear reactors.

- Discuss case studies and lessons learned as well as support to the on-going and future projects on
national NESAs.

- Discuss salient features of evolutionary nuclear reactors relevant to sustainability of NES, and the
important role of vendors in a NESA — particularly in providing necessary data and familiarization
with the design to support the assessment.

Mr Kupitz noted participation of vendors to deliver sample assessments of their evolutionary reactors and
their important roles in the meeting to validate the INPRO Methodology, provide design information and
help to reduce assessor’s efforts in INPRO assessment in the area of reactor safety. The vendors had selected
a number of criteria and evaluation parameters for their 2-hour lectures. The Chairman put an emphasis that

8


http://www.iaea.org/INPRO/

the forum would focus on progress of evolutionary design for each vendor, and not on the comparison of
designs of different vendors. Participation of Member States in the forum was in the form of responding to
the questionnaire, providing questions throughout the forum and delivering a short statement on the
country’s plan for deployment of NPP in the next 10 to 20 years, the extent of discussion of sustainability of
national NES, overall comments on the event and some recommendations. Overall, it was expected that the
forum would promote a dialogue between MSs and vendors on NES assessment (NESA) using the INPRO
Methodology. INPRO should carry out follow up activities based on the recommendations submitted by the
Member States, e.g. on topics for the next Dialogue Forum, regional workshop.

The agenda was outlined as follows:

1. Presentations from the IAEA on the INPRO Methodology and Safety of Nuclear Reactors

2. Presentations from Vendors on assessment of evolutionary reactor designs for selected INPRO
criteria in the area of safety of nuclear reactor

3. Q&A session on Friday, 22 November 2013 to be addressed by Vendors based on selected questions
from Member States. Question Template was provided in the folder.

4. Short Statements from Member States on Friday, 22 November 2013. Statement Template was
provided in the folder.

5. Summary of Dialogue Forum by Chairman. To be supported by Rapporteurs.

3. SUSTAINABILITY ASSESSMENT OF NUCLEAR ENERGY SYSTEM (NES) USING THE
INPRO METHODOLOGY

3.1. INPRO Methodology for Sustainability Assessment of Nuclear Energy System (NES)

Mr Jon R. Phillips from the INPRO Group delivered a lecture on INPRO Methodology. He explained that
INPRO methodology was derived from the concept of sustainable development within the UN system. This
concept is defined in four dimensions dealing with societal, economics, environmental and institutional
aspects, leading to the need for sustainable energy supply and energy system planning which brings down to
the role of nuclear power in sustainable energy supply mix. This results in the derivation of a NESA using
the INPRO Methodology.

Concept of Energy system Nuclear Energy
sustainable planning System
development On national, Assessment
societal, economical, ‘ regional, global ‘ (NESA]
environmental, levels, using the
institutional aspects covering all energy INPRO Methodology
sources
Need for sustainable Definition of the role of Follow up actions to
energy supply nuclear power in sustainable achieve sustainable
energy supply mix nuclear energy system

FIGURE 3.1.1. Sustainable Development, Energy System Planning and NESA

He described the structure of methodology, indicating seven key issues that influence sustainability of
nuclear power, namely safety, cost, proliferation, security including sabotage prevention, waste and
environment and resources. Additional key issue is the overarching issue of infrastructure to support all of
the others. They are all translated to the 7 areas of INPRO Methodology assessment guidance manuals.

Mr Phillips showed the holistic nature of the NESA, i.e. that NESA covers all areas relevant to NES
sustainability, all reactor types and fuel cycle facilities, all facilities of a NES, and all phases on a NES, from
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cradle to grave. But he explained that NESA is not always implied as a full scope NESA down to criteria
level, but sometimes it is applied in partial or specific way.

The methodology and criteria driven assessment comprise 3 levels: (i) 14 Basic Principles (BPs) as goals for
development of sustainable NES, (ii) 52 User Requirements (URs) indicating what should be done by
designer, operator, industry and State to meet goal defined in Basic Principle, and (iii) about 150 Criteria
(CR) with indicators (IN) and specific acceptance limits (ALSs) to check whether a User Requirement is met.
Mr Phillips further described at the very highest level, the Basic Principle level message sustainability
metrics for each area.

1. Economics: Nuclear energy products must be competitive within the energy portfolio available in the
country.

2.  Waste Management: Nuclear waste must be managed so that human health and environment are
protected and undue burdens on future generations are avoided.

3. Physical Protection: Efficient graded PP regime protecting all materials, facilities and operations
implemented for whole life cycle of NES.

4. Proliferation Resistance: NES must remain unattractive to nuclear weapon program through
implementation of technical features combined with effective and efficient institutional measures.

5. Environment: Impact of stressors from future NES must remain within performance envelope of current
NES. Resources must be available through end of 21* century.

6. Safety: Near term deployments of NES facilities should show demonstrable improvements in safety
over existing facilities

7. Infrastructure: Assure adequate infrastructure and efficiently create and maintain infrastructure. This
includes legal and institutional frame work, supporting industrial economic infrastructure, and socio-
political infrastructure (public acceptance, human resources).

INPRO Methodology

FIGURE 3.1.2. Architecture of INPRO Methodology

The INPRO user requirements are directed at different audiences: (i) State (government institutions), (ii)
Operator of nuclear facilities, (iii) Designer or developer of nuclear facilities, and (iv) National industry
involved in the nuclear power program. The input data needed for the evaluation of the URs should be
provided by the responsible organization. He noted that NESA is very difficult for academic to perform
because of the breadth and depth. It can be done by the right subject matter experts.

There are 3 different types of NESA users: (i) Newcomers as first time users, (ii) Experienced users, and (iii)
Developers/designers of nuclear technology. When requested, developers/designers may assist newcomers /
experienced users in a NESA.

There are 3 different levels of depth and scope in a NESA:
» NESA as a learning tool: Increase awareness of long-term nuclear sustainability issues (newcomers)
» Limited scope NESA: Selected areas of INPRO methodology and/or selected components of NES
(needs driven)
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» Full scope NESA: All areas of INPRO methodology, full depth of assessment, complete NES
development of sustainability strategy and long-term planning

The main outcome of a NESA is a sustainability metric of defined NES through identification of gaps and
creates the ‘gap map’. The purpose is not to criticise the system, but work in the area where improvement is
useful. Sustainability is defined as finding the areas and making progress, i.e. finding direction to
sustainability, and it is incremental in nature. The best use is follow-up actions to close the gaps, a discovery
process for the Member States even for experienced countries. The gaps found help define a path to a
sustainable NES.

On effort to perform a NESA, the most important step is to have the correct subject matter experts so it can
be done very efficiently. It is hard to make an estimate.

Mr Phillips discussed 3 options on how NESA is performed by technology user as self-assessment: (i)
Support from IAEA/INPRO, (ii) Support from IAEA/INPRO and Technology Holder to provide collection
input for design related URs, and (iii) Support from IAEA/INPRO and Technology Holder to provide access
for design related URs (engaging in the process). The first approach can be challenging unless the
technology users have tremendous experience with the technology that they are proposing in the NES.

A total of 6 national assessments (Argentina, Brazil, India, Republic of Korea, Armenia, Ukraine) and 1
multinational assessment (sodium reactor, closed fuel cycle) have been documented respectively in IAEA
Tecdoc-1636 and Tecdoc-1639. The Belarus NESA presents a full scope assessment of simplified NES
consisting of power plant and spent nuclear fuel / waste management facilities, and it has been documented
in Tecdoc-1716. There are currently 3 on-going NESAS: (i) NESA in Indonesia (full scope — reactor and fuel
cycle; technical draft is to be completed in 2014), (ii) NESA in Ukraine (limited scope, to be completed in
2014) and (iii) NESA Romania (full scope, training has been provided, to be completed in 2016). One NESA
project is under discussion with Kazakhstan.

In the final part, Mr Phillips informed NESA support package available to assessors based on feedback from
assessor as documented in Tecdoc-1636, training on INPRO Methodology application, examples of input
data for INPRO assessment in the area of Economics, Infrastructure, Waste Management, and Safety of
Nuclear Reactor, e.g. safety data for AP1000 from US NRC website. There are also examples of full scope
assessment by Belarus, NEST tool for Economics analysis, and List of design data to be provided by
designer. Continuous access to IAEA and MS expertise is available via INPRO Group.

The discussion session is summarized below:

Questions Answers

Mr Hj Khalid (Malaysia) asked if
NESA experience would help with
public acceptance

Mr Phillips (IAEA) explained that NESA contains
resourceful detailed information that can be used for those
responsible for public acceptance. It is up to Member States
who perform a NESA how they want to use the NESA.

Mr Burkart (USA) asked if the
methodology is far more useful for
countries with already established
strategic  partnership  rather  than
countries who are still in the bidding
process. This limits the use of INPRO
Methodology. So he asked if there is a
way of broadening the methodology
without becoming complicated, and
being useful for countries who are in
(Milestones) Phase 2 rather than country
with already selected vendor.

Mr Philips (IAEA) had the opinion that it will depend in
the scope of a NESA. A beginner country is not advised to
conduct a full scope NESA considering of the technicality
aspect and instead to opt for the first level NESA (as a
learning tool). So INPRO will not propose a country to
immediately jump into a full scope NESA to answer
sustainability. Rather, NESA is ought to be seen as a
learning tool to understand what questions/technical
questions to be asked. If Member States want to do a full
scope NESA, then it is far more useful for countries with
already established strategic partnership.

Mr Burkart (USA) indicated that
efforts are needed to explain to
countries not doing a full scope NESA,
that it would help their job in earlier
process.

Mr Drace (IAEA) commented that INPRO Methodology
may overlap but is a complementary to the Milestones
approach. At the early stage, INPRO Methodology can
provide preliminary information without the need to collect
technical design, to understand what a country is getting
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into, and what it takes to attain sustainability. It was noted
that INPRO methodology does not discuss how to do the
bidding, deal with government organizations, etc as these
are the scope of Milestones. Rather Member States are
advised to perform a limited NESA in between Milestones,
e.g. before entering into construction, to learn more details.
If Member States still cannot understand the different
layers in IAEA, they should look for supports from the
IAEA.

Mr Silva (Thailand) asked about the
key issues that a country like Thailand
should select if it wants to perform a
limited scope NESA. All areas seem are
important.

Mr Phillips (IAEA) suggested economics
(macroeconomics, knowledge of energy situation), waste
management and infrastructure. For infrastructure, he noted
the difference between Infrastructure provided by INIG and
INPRO. The INPRO Manual serves as a matrix to measure
the preparation, but not an active service like INIR mission.
The INPRO Manual provides guidance on the kinds of
questions to ask and answers to have, so it is more like a
map.

He considered safety of nuclear reactor is very technical,
which cannot be done by superficial assessment. There are
several areas in which it is not realistic to provide simple
answers. The manual, however, can be used for awareness
from the point of view of sustainability.

Mr Tjahjono (Indonesia) stated that in
INPRO assessment in the area of safety,
a lot of data required for the analysis,
and sometimes the data is available in
the internet. He wanted to know how to
select the best data in the internet, given

Mr Korinny (IAEA) indicated the assessor should be the
expert with certain expertise. He suggested that national
experts should communicate continuously with INPRO
experts, in which based on past practice the assessor
succeeded in the selection of data.

Mr Phillips (IAEA) added that presence of designer in the

the much information from many | Dialogue Forum served as a very good example to obtain
sources. such data.
3.2. Safety Assessment and NPP Design Requirements

Mr Hussam Khartabil from the Division of Nuclear Installation Safety (NSNI), Department of Nuclear
Safety, began his presentation by providing some observations on the INPRO Safety Manual. The INPRO
BPs, URs and CR were developed based on the following IAEA Safety Standards: (i) Fundamental Safety
Principles, (ii) Requirements for the Safety Assessment for Facilities and Activities, and (iii) Requirements
for the Safety of Nuclear Power Plants. These requirements are applicable to existing and new reactors as
well as innovative designs to be built later on. In the INPRO Methodology, the assessment is performed on a
new design against a reference design, which according to the INPRO manual should be in operation by
2004. Both reference and assessed designs are expected to comply with applicable requirements whether the
IAEA standards or national requirements. Therefore, INPRO Methodology is not looking at compliance with
the IAEA safety standards requirements, but more at long term sustainability as defined by INPRO. INPRO
asks for continuous improvements of the assessed design over a reference design, as more knowledge or
operating experience is gained. Because the INPRO assessment uses the results of a formal safety assessment
(e.g., safety analysis report) as input, it is necessary for an INPRO assessor to be familiar with applicable
requirements that both reference and new designs must comply with.
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FIGURE 3.2.1. Structure of the IAEA Safety Standards
The structure of the IAEA Safety Standards comprising Safety Fundamentals, Safety Requirements and
Safety Guides, was briefly discussed. The Safety Fundamentals states the main safety objective which is to
protect people and the environment from harmful effects of ionizing radiation. From the safety objective,
there are 10 Safety Principles are derived as given in the Fundamental Safety Principles (SF-1). INPRO uses
six of these Safety Principles to define INPRO Basic Principles in the area of safety of nuclear reactors,
namely:

» Leadership and Management of Safety

»  Optimization of Protection

» Limitation of Risks to Individuals

» Protection of Present and Future Generations
» Prevention of Accidents

« Emergency Preparedness and Responses

Mr Khartabil then introduced documents on safety assessment and NPP design requirements, in the context
of design and review process for NPP. The design requirements, i.e. safety requirements and other
requirements such as performance and economic, serve as inputs. Based on the requirements, the initial
design is assessed: if the result is acceptable, then the assessment continues to the next stage; if not, then the
design must be modified. For the safety assessment part, there are a number of safety guides to help interpret
the requirements.

He then went on to discuss the two sets of documents. First is the Safety Assessment for Facilities and
Activities (GSR Part 4), which is a generic document that is applicable to all activities and facilities that have
the potential to result in radiation hazards. The facilities include NPPs, research reactors, critical assemblies,
fuel cycle facilities, irradiation facilities, etc; whereas the activities include production, use, import and
export of radiation sources, transport of radioactive material, decommissioning and dismantling of facilities,
etc. Second, the requirement documents have a number of requirements, each with an explanation. The first
document (GSR Part 4) contains 24 requirements, in terms of the safety assessment process. The first four
requirements are the starting point for doing the safety assessment, namely, the graded approach, scope,
responsibility and purpose of the safety assessment. There are then features that must be assessed. The
features are assessed using, among others, safety analysis (e.g. deterministic and probabilistic analysis).
There are also requirements for assessment of defence in depth, documentation, independent verification,
management of the safety assessment, use of the safety assessment (e.g. establishing limits for operation) and
maintenance of the safety assessment (e.g., periodic safety review for the duration lifetime of facilities). The
IAEA Safety Assessment document (GSR Part 4) is supported by a number of Safety Guides, namely:
Deterministic Safety Analysis, Development and Application of Level 1 and 2 Probability Safety
Assessment, and Format and Content of the Safety Analysis Report for NPPs.

The second set is the design requirements for NPP containing more specific requirements. The set entitled
‘Safety of Nuclear Power Plants: Design’ (SSR-2/1) replaces the previous NSR-1, incorporating several
changes. The content includes an Introduction section and a section on Applying Safety Principles and
Concepts, which refer to the Safety Objectives, Radiation Protection, and Defence in Depth. The remaining
sections contain a total of 82 requirements: Management of Safety in Design (3 requirements), Principal
Technical Requirements (9 requirements), General Plant Design (5 categories with a total of 30
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requirements, and Design of Specific Plant Systems. The first three categories are applicable to any kinds of
reactors. The last category is more specific, and influenced by experience of large water-cooled reactors.
Overall, the document is valid for any reactor design but certain requirements may need reinterpretation for
innovative designs, e.g. design with a coolant other than water. The following are examples of IAEA Safety
Guides that can be used to interpret the safety requirements: Software for Computer Based Systems,
Instrumentation and Control Systems, Design of Fuel Handling and Storage Systems, External Events
Excluding Earthquakes, Seismic Design and Qualification, Protection Against Internal Fires and Explosion,
Design of Emergency Power Systems, Design of the Reactor Coolant System and Associated System,
Design of Reactor Containment Systems, Protection against Internal Hazards other than Fires and
Explosions, Design of Reactor Core, and Radiation Protection Aspects.

The IAEA has established a Generic Reactor Safety Review (GRSR) service, looking at whether
requirements from the safety assessment (GSR Part 4) and design (SSR-2/1) are addressed in the safety
analysis report. The service can be carried out at any design stage using a graded approach, for a new reactor
from conceptual design to a design supported by a comprehensive safety analysis report. In order to do the
review using the two documents, it is necessary to combine the requirements from GSR-4 and SSR-2/1. To
organize the review process, one can start with GSR-4 (with smaller number of requirements), combined
with relevant requirements from SSR-2/1, and group them for simultaneous assessment. The remaining
requirements from SSR-2/1 are then assessed as supplementary requirements specific to nuclear power
plants. The process of the GRSR service involves looking at all the requirements and grouping them,
interpreting the requirements using appropriate safety guidance and other documents, looking at the safety
analysis report (SAR) and making judgement if the requirements are adequately addressed. The review is
done by a group of experts, given the many different areas to be covered in SAR.

There are 7 examples of safety requirements provided to further illustrate the process:

* GSR-4 Requirement 1: Graded Approach
For NPP, the status of development stage needs to be taken into consideration. If the design is fully
mature, the SAR should cover everything. If not, there are minimum things to be included in the
SAR, e.g. plant layout and systems, acceptance criteria are defined, preliminary analyses given the
available tools, recognize areas needing further work, etc. For a mature design (e.g. designs
presented in Dialogue Forum 7), all information should be included.

* GSR-4 Requirement 13 and SSR-2/1 Requirement 7: Defence in Depth
GSR-4 states adequate provisions have been made at each level of DID without defining them for a
NPP. SSR-2/1 requires more details, e.g. 5 levels of DID, statement on independence of DID, etc.

» Plant States (changes in new design requirements):
The new document removes the term Beyond DBA (BDBA) and introduces the term Design
Extension Conditions, where the Design Extension Conditions have to be addressed in the design of
the NPP.

* SSR-2/1 Requirement 19: Design Basis Accidents
The requirements for DBA are the same and the analysis is similar with method used in the past
using the conservative manner.

* (SSR-2/1 Requirement 20: Design Extension Conditions
For Design Extension Conditions, the design should further improve the safety of the NPP, e.g. to
consider more severe accident than DBA or accidents that involve multiple failures; and the analysis
methodology used is best estimate as normally used for BDBA.

* Qualitative success criteria for Design Extension Conditions
The first criteria used for success in the Design Extension Conditions are significant releases have to
be practically eliminated. The requirements document gives definition for practical elimination.
There are two conditions, either one to be satisfied: (i) physically impossible to happen, or (ii) one
has to be sure with the high degree of confidence that any conditions that could lead to large releases
are extremely unlikely to happen. For the latter, if one wants to use probabilistic criteria, the number
obtained must be accurate enough. But the requirements document does not propose any values, so it
is up to the national regulators to decide. Another success criteria for DEC is that integrity of
containment must be maintained with conditions that cannot be practically eliminated should result
protective measures that are limited in terms of area and time needed to deal with the situation. The
requirements document is mostly applicable to new NPPs. For existing NPPs, the document states
the existing NPPs are not expected to fully comply since they are based on the previous
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requirements. However, the document recommends to use the new requirements as benchmark if any
operational / feasible improvements can be made to bring them closer to compliance with the new
requirements.
* GSR-4 Requirement 10: Assessment of Engineering

The requirements have several paragraphs, e.g. use of proven design and components, application of
DID, classification of systems and components. One paragraph of interest to the INPRO Group is
about the use of innovative improvements to a certain design. The requirement is that it has to be
supported by appropriate R&D program, which is consistent with the requirement that proven system
has to be used. The INPRO Methodology also has some reference to this.

In conclusion, an INPRO assessor in the area of safety needs to be familiar with relevant IAEA Safety
Standards to conduct INPRO assessment, namely: (i) Safety Fundamentals (SF-1), (ii) Requirements for
safety assessments (GSR-4), (iii) Requirements for NPP design (SSR-2/1), and (iv) Applicable safety guides.
The GRSR service can be used to assess compliance with IAEA safety assessment and design requirements
for new designs and can be applied at any stage of development of the new design.

The discussion session is summarized below:

Questions Answers

Mr Zhou (China) asked about gaps - | Mr Korinny (IAEA) explained that gap is used in INPRO
not reach the criteria. When doing | assessment safety, and it is not the same with assessment
safety assessment, many requirements | using the IAEA Safety Standards. Gaps in INPRO mean
are qualitative parameters. So how to | that certain requirement or criterion is not fulfilled, either
define gaps or to understand gaps? logic or quantitative criterion is not fulfilled (not get
necessary number). For ‘yes’ or ‘no’, if the answer is ‘no’
then the criterion is not met. Again, one has to distinguish
between INPRO assessment in the area of safety and safety
assessment using the IAEA Safety Standards.

Ms Yang (China) asked about meeting | Mr Korinny (IAEA) stated that if the criterion is not met,
the criteria: ‘yes’ and ‘no’. then it is a gap.

3.3.  INPRO Methodology Requirements on Safety of Nuclear Reactors

Mr Andriy Korinny from INPRO provided an introduction discussion in the area of safety of nuclear reactors
S0 as to provide better understanding to participants on the presentations to be delivered by invited vendors.
He described briefly the hierarchy of INPRO methodology, comprising basic principles, user requirements
and criteria. BPs set out goals which need to be met for a NES to be sustainable. URs define actions which
need to be done to achieve the goals. CR can be used by the assessor to check whether the given URs are
fulfilled or satisfied. The INPRO assessment is a bottom-up approach, meaning that the assessor checks all
criteria to define whether URs are satisfied, when URs are satisfied, the goals defined in the BPs are also
achieved.
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Basic Principles

User Requirements

Criteria
(indicators + acceptance

FIGURE 3.3.1. Hierarchy of INPRO Methodology

INPRO assessment in the area of safety is based on comparison between new/planned reactor being assessed
and operating reactor of the same design/origins. Thus INPRO does not compare different technologies but
rather looks at the progress within a given technology. Safety is the largest and the most complicated INPRO
area, and accounts for a third of the total assessment items in the INPRO Methodology. The current
operating reactors are operating at high standards, whereas the new evolutionary reactors are even more
superior than the operating ones. So the assessment becomes quite challenging and detailed study is
necessary to find potential gaps. For this, NESA support package is developed to reduce the efforts, and the
materials from the Dialogue Forum 7 meeting are to be included in the support package.

Mr Korinny noted that INPRO requirements in the area of safety are based on the contribution from
hundreds of national experts, and the requirements comply with the IAEA Safety Standards using same
fundamental safety objective to protect people and the environment from harmful effects of ionizing
radiation (SF-1) and the following measures to meet the objectives:

- Control radiation exposure of people and the release of radioactive material to the environment;

- Restrict the likelihood of events that might lead to loss of control over the reactor core and other sources
of radioactive material associated with the reactor core;

- Mitigate the consequences of such events if they were to occur.

The methodology is also based on extrapolation of current trends assuming a large increase of nuclear power
in the 21* century.

The INPRO Methodology uses the fundamental safety principles in the IAEA Safety Standards, introduced
in INSAG-12 (Fundamental Nuclear Safety Principles), which are distributed into 3 groups:
- Group 1: Management responsibilities
These include safety culture, responsibility of operator, and regulatory control.
- Group 2: Strategy of defence in depth
These include defence in depth, accident prevention and accident mitigation.
- Group 3: General technical principles
These include proven engineering practices, radiation protection, quality assurance, human factors, peer
reviews, etc.

Group 1 is covered in the INPRO area of Infrastructure, whereas Group 2 and Group 3 are covered in
INPRO area of safety of nuclear reactors, i.e. the safety area only discusses design-related safety principles,
which was the scope of the meeting.

The INPRO Methodology in the area of safety focuses on the confirmation the long term sustainability of a
NES, i.e. INPRO requirements may differ from licensing requirements or IAEA Safety Standards. Mr
Korinny stressed the difference between INPRO assessment in the area of safety and the assessment using
the IAEA Safety Standards. Safety assessment using the IAEA Safety Standards includes formal safety
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analysis and the assessment of all aspects of a practice relevant to protection and safety. The INPRO
assessment in the area of safety uses available results of safety analysis and it does not include analysis itself.
It focuses on sustainability relevant safety issues, with tougher requirements compared with the IAEA safety
standards. In his slides, Mr Korinny described safety analysis using the IAEA Safety Standards and INPRO
assessment as two consecutive steps. The safety analysis is a necessary prerequisite for INPRO assessment in
the area of safety, i.e. INPRO assessor needs results of analysis as input to perform judgements whether
INPRO criteria are met.

The INPRO assessment comprises two basic steps:
» Step 1: Collection of necessary input data
This is a challenging task, and normally takes more than 90% of total effort. The input data includes both
for NES to be assessed and a Reference Design (defined as newest reactor operating end of 2004):
- Information on NPP components and system design (e.g., thermal, mechanical, electrical, neutronics,
I&C, etc.)
- Information from safety analysis (deterministic and probabilistic) of all initiating events, e.g., AOO,
DBA and BDBA frequencies and consequences
- Information on R&D results for innovative features of a NPP
» Step 2: Check whether an INPRO Criterion (CR) is fulfilled.
This step involves making judgement on the fulfilment of the criteria.
- CRis metif Indicator (IN) meets its Acceptance Limit (AL)
- If CRis not met, follow-up action(s) to meet the CR are to be defined

Mr Korinny then described the structure of the INPRO area of safety, which comprises:

- 4 Basic Principles (BPs)

- 14 User Requirements (URS)

- 38 Criteria (CR), some of which are further split into Evaluation Parameters (EPs) — which gives a total
of 55 CR and EPs.

The structures for the Basic Principles BP1-BP4 are provided, as shown below, along with structures of
some URs for better understanding how the INPRO Methodology works in the area of safety.

D000
OO0
FIGURE 3.3.2. Structure of the INPRO area of Safety

Mr Korinny explained BP1 with 7 URs, in which the first 5 URs correspond to five levels of DID.

0
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BP1: NES shall incorporate enhanced defence-in-depth
as a part of their fundamental safety approach and ensure
Area of safety that the levels of protection in defence-in-depth shall be
more independent from each other than in existing
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BP1 Enhance
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FIGURE 3.3.3. Structure of the first Basic Principles BP1.

For every level of DID, INPRO Methodology proposes certain improvements as put forward by national
experts who were developers and users of nuclear technology, i.e. an international consensus. See below. For
level 5, the meaning of ‘avoid need for evaluation or relocation, Mr Korinny further explained that this does
not mean emergency preparedness or planning is not needed, but that the design should demonstrate that
something is done to achieve this goal.

IAEA INSAG-10. Objectives for DID INPRO. Innovation directions

Level 1. Prevention of abnormal operation Increase inherent safety, reduce necessary
human actions/intervention™.

Level 2. Detection and control of abnormal  Advanced control and monitoring systems.
operation.

Level 3. Control of accidents within the Combination of active and passive features;
design basis. minimize needed human intervention*.

Level 4. Control of severe plant conditions, Enhanced systems to control and monitor;
including prevention and mitigation of the decrease frequency of severe plant conditions.
accident consequences.

Level 5. Mitigation of consequences of Avoid need for evacuation or relocation.
significant releases of radioactive materials.

Mr Korinny then proceeded to discuss UR1.1 ‘Increase of robustness’, CR1.1.1 which covers margins of
design, simplicity of design, quality of manufacture and construction, quality of materials and redundancy of
systems. Some of the requirements may seem controversial, e.g. simplicity and redundancy of systems,
however, they are already well explained in the methodology. In principle, new design should be superior to
existing design.

On URL1.4, assuming large increase of NPP in the 21% century, INPRO recommends that the calculated
frequency of major release is one magnitude lower than the value currently recommended by the IAEA. So
this demonstrates the basic approach of INPRO Methodology to the frequency and consequences of the
accidents. INPRO asks that all groups of accidents should have lower frequencies. In case of severe
accidents which may result in relocation/evacuation of the population, the design needs to demonstrate that
such relocation should be prevented.
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UR1.1: Installations of a NES should be more
robust relative to existing designs regarding

UR1.1 Increase
of robustness

CR1.1.1 Robustness of
design (simplicity, margins)

CR1.1.2 High quality of

operation

CR1.1.3 Capability to
inspect

CR1.1.4 Expected frequency
of failures and disturbances

system and component failures as well as
operation

Robustness of design can be

achieved by an increase of:

» Margins of design;

= Simplicity of design;

* Quality of manufacture &
construction;
Quality of materials;
Redundancy of systems.

- =

Acceptance Limit AL: New design should
be superior to Reference Design

FIGURE 3.3.4. Structure of User Requirement UR1.1.

UR1.4: The frequency of a major release of
UR1.4 Internal radioactivity into the containment of a NES should be
release reduced. Should a release occur, the consequences
should be mitigated

Major release into containment occurs
after failure of engineered safety features
to keep or restore controlled state;

CR1.4.1 Frequency of major

release of radioactive
material into containment = = =
Loss of integrity of RPV possible;

CR1.4.2 Natural or Frequency is to be determined by PSA;

engineered processes for
controlling parameters in
containment

F
recommends the frequenc

INPRO recommends fo

ated frequency of major releas
of radioactive materials into the
containment is to be <10-/a and even
lower for installations at urban sites.

CR1.4.3 In plant severe
accident management

FIGURE 3.3.5. Structure of User Requirement UR1.4.

I - Groups of accidents in reference plant
- Groups of accidents in new NES
- NES release requiring evacuation or
relocation should be prevented

Frequency of
occurrence

Consequences
(dose, damage)

FIGURE 3.3.6. INPRO Requirements to Frequencies and Consequence of Accidents.
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UR2.1 Elimination or
minimization of hazards

CR2.1.1 Indicators of
hazards

CR2 1.2 Expected
frequency of abnormal
operation and accidents

CR2.1.3 Consequences of
abnormal operation and
accidents

CR2.1.4 Confidence in
innovative components and
approaches

{5 IAEA

INPRO _

UR2.1: NES should strive for elimination or
minimization of some hazards relative to existing
plants by incorporating inherently safe characteristics
and/or passive systems, when appropriate

Sample indicators :
Stored energy
Flammability
Criticality

Inventory of radioactive material
Excess reactivity
Reactivity feedback

Acceptance Limit: New design should
be superior to Reference Design

FIGURE 3.3.7. Structure of User Requirement UR2.1 in the second Basic Principle BP2.

Area of safety

BP1 Enhance
defence in depth

BP2 Emphasize
inherent safety and

passive systems

BP3 Radiation risk
comparable to
industrial facilities

BP4 Sufficient R&D
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Area of safety

BP1 Enhance
defence in depth
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for innovations
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FIGURE. 3.3.9. Structure of the fourth Basic Principle BP4.
BP2 asks to emphasize on inherent safety and passive system, has only one UR with 4 CR. For CR2.1.1

BP3 covers risk from radiation during NO
, L.e_level 1 and 2 of DID, for
and environm

1.5).
Jperational risk of NES should be
comparable to alternative energy sources.

BP3: NES shall ensure that the risk from radiation
exposures to workers and public during construction/
commissioning, operation, and decommissioning, shall be
comparable to that of other industrial facilities used for
similar purposes.

UR3.1 dose to workers

UR3.2 dose to the public
(reduced by concept of
optimization, and for increased
flexibility in siting)

UR4.1 safety basis
UR4.2 R&D for
understanding

UR4.3 reduced scale pilot

plant or large scale
demonstration facility

UR4.4 safety analysis
using both deterministic
and probabilistic methods

BP4: The development of NES shall include
associated RD&D work to bring the knowledge of
plant characteristics and the capability of analytical
methods used for design and safety assessment to at
least the same confidence level as for existing plants
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INPRO Methodology asks that new design should be superior to existing design. Other criteria asks to
demonstrate influence of passive safety features frequencies of normal operation and accidents and the
consequences of the accident, and to demonstrate in the design documentation that there is enough
information to be confident in the innovative competence and the approach

BP3 discusses risk from NPP, and that risk from radiation exposure to workers and public should be
comparable to that from other industrial facilities that are used for similar purposes. Thus, this is the target
that the radiation from nuclear should be of the same order/level with the risk from conventional fossil power
plants. BP3 has two URs on doses to workers and doses to population.

BP4 asks for demonstration of sufficient R&D for innovations. It has 4 URs which ask to demonstrate safety
basis and safety analysis, sufficient R&D for understanding of novel features in the design, and also
discussion / justification for necessity or avoidance of construction of large scale demonstration facility of
power plant.

In his summary, Mr Korinny reiterated several points to ensure better understanding of lectures to be
presented by vendors. Safety of nuclear reactors is only one of the 8 major INPRO areas. INPRO
Methodology is a holistic/comprehensive system approach, which covers not only safety of reactor but also 7
other areas. INPRO method of assessment in safety is based not on the comparison of different technologies
but on the evolution of progress within the given technology. To make a judgement on sustainability of
reactor system, the assessor should perform a full scope assessment comprising all the 38 CR. INPRO
Methodology assessment in the safety area only covers the design related safety issues, whereas managerial,
regulatory and safety cultures are discussed in the INPRO area of Infrastructure. Other issue like security is
covered in the INPRO area of Physical Protection. In other words, one should check other INPRO areas for
completeness of the requirements. To increase the safety level of new reactors, INPRO asks the designer to:

- Enhance the concept of defence in depth in new reactor design;

- Include inherent safety characteristics and passive safety systems into the design to minimize hazards;

- Lower the health risk of new reactors to a level comparable with non-nuclear facilities;

- Perform sufficient R&D for all innovative design features of new reactors.

INPRO acknowledges the high safety standard of modern operating NPPs, and that to maintain these
standards with a large increase in the number of NPPs will require an increased safety level in the new
reactors. INPRO requirements in the area of safety are mainly recommendations for NES developers.

The discussion session is summarized below:

Questions Answers
Mr Grudev (Bulgaria) asked for the | Mr Korinny (IAEA) responded that for value of
value of the radioactive releases, | radioactive release from primary and secondary coolant,

whether this is treated as different level | INPRO has a separate area, i.e. Environment which deals

of radioactive release, and also in the
previous methodology. The value is for
accident conditions like primary and
secondary leak is very small in case of
BDBA release that bypass the primary
containment. In some NPP like
Westinghouse technology allows such
release, or others in which the release
does not require evacuation. It depends
on countries, some of which may
already have values while others do not.

with releases into environment for normal operations and
anticipated occurrences. INPRO Methodology in the area
of safety only deals release from Level 3, DBA and severe
accidents. The INPRO requirement specifies restriction on
doses, not releases, for population. Theoretically they can
be converted into releases. In the case of release, INPRO
requires that doses should be so low that relocation is not
needed. This dose when relocation becomes necessary is
defined in the national regulatory documents, which means
INPRO requirements refer to your national documents.

Mr Grudev (Bulgaria) continued
asking whether this means it does not
allow any release / any type of release,
e.g. bypass containment - small leakage
from containment during accident.

Mr Korinny (IAEA) indicated that this question is related
to the INPRO area of environment and not to the area of
Safety. Any release must comply to the national
requirements. If the country allows certain amount of
release, then INPRO requirements refers to this and
assumes that release is possible up to that level.
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4.  SUSTAINABILITY ASSESSMENT OF SAFETY OF EVOLUTIONARY REACTORS

A total of seven evolutionary nuclear reactor technologies were presented in the Dialogue Forum with
sustainability assessments of safety aspects for selected criteria using the INPRO Methodology:

APWR

AES-2006

ABWR

APR1400
Enhanced Candu-6
ESBWR

EPR

NookrwdE

The following table provides the summary of their selected INPRO assessment criteria.

TABLE 4.1. Selection of INPRO Ciriteria in the Area of Safety of Nuclear Reactors

CRITERIA IN SAFETY APWR AES-2006 ABWR APR1400 EBSWR EC6 EPR

Mitsubishi Russian GE Korea GE Candu AREVA
Fed Hitachi NE Hitachi NE Energy
Intl. Intl. Inc.

CR 1. 1. 1 Robustness (5 EPs) EP1.1.1.1 EP1.1.1.1 EP1.1.1.3 EP1.1.1.1 EP1.1.1.1 EP1.1.1.1-
EP1.1.1.2 EP1.1.1.2 EP1.1.1.2 EP1.1.1.5 5
EP1.1.1.3 EP1.1.1.3 EP1.1.15

CR 1. 1. 2 Operation (8 EPs) EP1.1.2.2 EP1.1.2.8 EP1.1.2.2 EP1.1.2.7
EP1.1.2.3

CR 1. 1. 3 Inspection

CR 1. 1. 4 Failures and disturbances N

CR 1.2.11&C and Inherent EP1.2.1.1 v N

characteristic (2 EPs) EP1.2.1.2

CR 1. 2. 2 Grace Period v v v

CR 1.2.3 Inertia v v v

CR 1. 3. 1 Frequency of DBA v v v

CR 1. 3. 2 Grace period v v v

CR 1. 3. 3 Safety features N N N N N N

CR 1. 3. 4 Barriers N N

CR 1. 3. 5 Controlled state N N

CR 1. 3. 6 Sub criticality N N

CR 1. 4. 1 Frequency of release into N N N N N N

containment

CR 1. 4. 2 Processes v v v Y v

CR 1. 4. 3 Accident management v y v \

CR 1. 5. 1 Frequency of release to N v v

environment

CR 1. 5. 2 Consequences

CR 1.5. 3 Risk

CR 1. 6. 1 Independence of DID levels N N N N

CR 1. 7. 1 Human factors N

CR 1. 7. 2 Human response model

CR 2. 1.1 Hazards (6 EPs)

CR 2. 1. 2 Frequency of AOO & DBA

CR 2. 1. 3 Consequences

CR 2. 1. 4 Confidence in innovation v v

CR 3. 1. 1 Occupational dose v v

CR 3. 2.1 Public dose

CR 4. 1. 1 Safety concept

CR 4. 1. 2 Safety issues

CR 4.2.1RD&D N

CR 4. 2. 2 Computer codes Y

CR 4. 2. 3 Scaling N

CR 4.3. 1 Novelty

CR 4. 3. 2 Pilot facility

CR 4. 4. 1 Risk informed approach v

CR 4. 4. 2 Uncertainties

4.1. Advanced Pressurized Water Reactor (APWR)

Mr Sumio Fujii and Mr Tetsushi Yuasa from the Mitsubishi Heavy Industries (MHI) (Japan) presented
INPRO assessment in the area of safety of the Advanced Pressurized Water Reactor (APWR). They selected
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the US-APWR design with the consideration of availability of references in the US NRC website for
potential NESA assessors. A special report was provided to the forum containing technical aspects to
supplement the assessment. Mr Fujii made a short remark that the data and information provided in the
meeting are not permanent and may be changed in the process of nuclear power plant construction for
individual site.

4.1.1. Overview of APWR Design
Mr Fujii discussed the following aspects of APWR design:

Development History of Mitsubishi PWR

The development of APWR started in the late 1980s driven by economy production cost because the
safety of PWR was sufficiently confirmed and production cost was the major concern by the big electric
companies. Mitsubishi has designed and constructed 2-Loop (300-600 MWe), 3-Loop (900-1000 MWe)
and 4-Loop (1200-1500 MWe) PWRs. In Japan, there have been a total of 24 units, all with good
operational history. For the latest conventional PWR, the reactor power was scaled up by increasing the
number of SGs. Since it was hard to install more SGs the new system design was required.

The development of APWR was started in late 1980s as a joint cooperative development project by five
Japanese PWR owner utilities and MHI, financially supported by the Ministry of International Trade and
Industry (Currently the Ministry of Economy, Trade, and Industry) as a part of the Phase llI
Improvement and Standardization Program of Japanese PWR. The design of the APWR was based on
MHTI’s conventional 4-loop plant technologies, on which MHI has accumulated significant operating
experiences, and was scaled up to achieve higher electrical output. In addition to adopting those proven
technologies after the first step development, further modifications were also made on the prototype
APWR design to improve economy, safety, reliability, operability, and maintainability by incorporating
advanced technologies.

The first APWR (Japanese APWR or J-APWR) is 1,538 MWe Tsuruga-3, which was under safety
review for construction permission then suspended due to the Fukushima Daiichi accident, and the
license is stopped now. The development of Tsuruga-3 was completed around 2000.

By referring the J-APWR, MHI has designed the US-APWR which meets regulatory requirements in
United States of America as well as Utilities Requirements Document (URD). The turbine-generator
system and all electric equipment of the US-APWR are designed for 60 Hz electric grid. Basic designs of
the US-APWR except for the fuel length are same as those of the J-APWR whose design has completed.
The US-APWR has been developed as a larger-output version of the J-APWR, aiming at higher
electrical outputs and improved economics, by modifying some design features mainly in the secondary
side without increasing core thermal output. The fuel length was changed to 4.2 m from 3.66 m, and the
electric output was increased to about 1700 MW,

The EU-APWR is a sister plant of the US-APWR and is aiming to satisfy European Utilities
Requirements (EUR). Nevertheless designs for the turbine-generator system and all of electric equipment
are changed to 50 Hz. The designs of core and other major equipment on the reactor coolant system are
same as those of the US-APWR except the reactor coolant pumps. So, the difference is just the grid
frequency, in addition stricter requirements on severe core damage to be expected in the European
countries. Hence, improvements are added to the design.

Advanced PWR for Global Deployment

Mr Fujii pointed out that the discussion would focus on US-APWR. The major objectives are to achieve
the best performance in safety, reliability, operability, and maintainability by incorporating advanced
technologies; and to support large electric grid utilities aiming at economical production costs. For that
purpose, some modifications have been introduced to satisfy American and European Utilities
Requirements. For the safety and reliability, there are four major features:

- Top mounted ICIS (In Core Instrumentation System)

In the conventional PWR, the detector of ICIS was inserted from the bottom, while in the US&EU-
APWR the ICIS is inserted from the top hence eliminating penetrations at the bottom of reactor
vessel. This design contributes to reduction of potential leakage from the reactor coolant pressure
boundary.
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- Full 4-train safety system

Both mechanical and electrical components of the safety system have whole-time redundancy, which
not only makes the reliability high but also enables to perform on-line maintenance, i.e. maintenance
of safety system during power operation. Also the safety system has a feature of best-mix of passive
and active systems.

- Full digital 1&C technology enabling one-man operation

APWR is equipped with full digital 1&C system. The full digital I&C realized the ideal advanced
operation console in the control room. The monitoring and operation of reactor parameters are put
there, enabling one-man operation from start-up to full power.

- Manufacture and Engineering

The US-APWR as the world’s largest reactor has an output of 1,700 MWe (4,466 MWH1) to provide the
economy advantage. The output is realized through high quality steam from the high performance SG
and high performance LP-turbine having the last stage blades of 74 inches in length, which yields a
thermal efficiency of more than 36%. The enhanced SG heat transfer performance is achieved from the
enlarged heat transfer area with triangular lattice arrangement of SG tubes. In addition, the 14-ft fuels
create additional thermal margin and flexible core operation, and also allow 24-month operation without
deterioration in fuel economy.

Mr Fujii also presented a comparison of major specifications among the conventional 4-loop PWR, J-
APWR and US & EU-PWR. He then noted the followings briefly:

- Comparison of the reactor vessels: The US-APWR does not have nozzles at the bottom of reactor
vessel for the ICIS. In addition, the neutron reflector is made of SS thus more neutron economy. The
257 fuel assemblies make the geometry of core long and higher neutron economy.

- Major thermal-hydraulic parameters: The linear power density is less than 90 kW/I, and the specific
power is only 32 kW/kg U, i.e. 10% smaller than that of the conventional PWR. So US-APWR has
more operational margin from the point of view of fuel rod cooling.

TABLE 4.1.1. Comparison of Major Specifications among Conventional PWR, J-APWR and US&EU-PWR

Conventional 4-loop

Design Parameter PWR Japanese APWR US & EU-APWR
Electric Output 1,180 MWe class 1,538 MWWe 1,700 MWe class
Core Thenmal Output 3,411 Mwt 4,451 MWt 4,451 MWt
Reactor Thermal Output 3,423 MWt 4,466 MWt 4,466 MWt

Core

3.66 m active height
193 Assemblies

3.66 m active height
257 Assemblies

4 2 m active height
257 Assemblies

SG Heat Transfer Area 4,900 m</SG 6,500 m</SG 8,500 m9SG
Thermal Design Flow 3 3 3
Rate per Loop 20,100 m-/h 25,800 m-/h 25,400 m>th
Length of Turbine Last 44 inches 54 inches 74 inches
Stage Blades

Containment Vessel PCCV PCCV PCCV

Electrical : 2 trains
Mechanical : 2 trains

Electncal : 2 trains
Mechanical : 4 trains

Electncal : 4 trains
Mechanical : 4 trains

Safety Systems HHSI = 2 HHSI = 4 HHSI = 4
Accumulator x 4 Advanced Accumulator x 4 Advanced Accumulator x 4
LHSIx2 (No LHSI) (No LHSI)
Safety System -
| & C System Analog Solid State

Control System :
Digital

Full Digital

Full Digital

© 2013 MITSUBISHI HEAVY INDUSTRIES, LTD. All Rights Reserved
Safety of Mitsubishi Advanced PWR
Mr Fujii discussed the structure of ECCS and highlighted some features and strengths:

24




Four independent safety trains: four-train mechanical safety system, four-train electrical safety
system, and no inter-connecting piping between trains. In comparison, there are only 2 subsystems
in the conventional PWR.

Direct Injection (DVI) which enables efficient injection of cooling water directly into the reactor
vessel.

Refueling water storage tank (RWST) as the water source for ECCS located inside the containment,
which eliminates the switchover operation of water source.

Advanced accumulator (ACC) which is connected to each cold leg to refill the reactor vessel lower
plenum and down-comer immediately after a LOCA. The ACC can then supply reduced flow rate to
provide a longer supplying duration that can cover the time expected to the low pressure injection
system

Elimination of the low head safety injection system, as a result of the use of ACC, and this leads to
the reduction of active components.

State-of-Art Technology for Digital Instrumentation & Control System

Full Digital I&C System

- Fully digitalized technology is applied not only to control system but also safety protection
system. In the past, according to the reliability of computer system and seismic acceleration
problem, the application of control system is limited to control system. The safety system was
accomplished by solid state protection system. However, after Tomari-3, fully 1&C is used for
both control and safety system.

- Conventional operating and monitoring devices such as switches and indicators have been
eliminated, except devices for diverse actuation system (DAS).

- The reactor protection system and actuation system of engineered safeguard features (ESF) have
4-time redundancy in the 1&C system. Software has been checked in very details for verification
and validation. It is in the opinion that common-cause failure will not occur, however, since in
reality there is a very low possibility in which all functions of computer system may be lost.
DAS was designed for beyond design basis CCF incidents. DAS hardware provides back-up
actuations to operate all safety systems, so that reactor can be shut down and decay heat be
removed. The DAS initiates safety functions independent from the output of the digital safety
system. Manual actuation is provided for all functions, but automatic actuation is also provided
for functions if the time for manual operator action is inadequate.

System Features

+ Fully computerized
Main control board + Visual Display Units (VDU) for safety and non-safety channels
- Limited number of conventional switches and indicators
+ Fully digitalized with Mitsubishi digital controllers
Safety 1&C + Four-train redundancy in reactor trip system, ESF actuation system and safety logic
system for component control
+ Fully digitalized with Mitsubishi digital controllers
+ Duplex digital architecture for each control and process monitoring sub-system
+ Fully multiplexed, including class 1E signals
Data communication | + Multi-drop data bus and serial data link
+ Fiber optics communication networks for noise immunity and required isolation

Mon-safety 1&C

Human Engineering and Control Room Design

- Monitoring of plant parameters and equipment status is done on computer screen. The operation
is also carried out on the same computer screen with touch screen operation. The operation of
the plant condition is summed up and the operator could easily grasp it. Thus, the operator’s
work load is reduced and the reliability of operation is increased.

- A large display panel is installed in the backside of the control room to show major parameters
for normal and abnormal situations. The current status of the entire plant can be understood by
all crews (supervisors, operators, technical advisers) and their communication is improved.
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Thus, the digital system provides significant benefits to the safety of nuclear power through
reduction in operation works and maintenance work loads, which reduces the potential for human
error.

Safety Enhancements for Beyond Design Basis Accident

All potential incidents have been considered in the design by taking into account the probability, for both
internal events (e.g. malfunction of components, break of pipe, rupture of structure, human error) and
external events i.e. natural hazards (e.g. seismic, tsunami, hurricane) and non-natural hazards (e.g.
airplane crash, terrorist attack, gas explosion, transmission interruption). Some events have very low
probability and are beyond DBA, but nevertheless MHI prepares countermeasures against BDBA and
Design Extension Conditions.

Mr Fujii provided examples:

Countermeasures against airplane crash taking into account the potential effects of the impact of a
large commercial airplane for the building strengths and plant layout by means of: (i)
physical/functional separation and segmentation in the layout design for safety related structures,
systems and components (SSCs), and (ii) reinforcement of structural design of the buildings, which
contain safety related SSCs. It was confirmed by assessment that the inherent robustness would be
maintained for the followings: (i) reactor core remains cooled or the containment remains intact, and
(i) spent fuel pit integrity is maintained.

Countermeasures against severe accidents
Preventive measures:

- Reduction of potential precursor of design basis accidents and severe accidents
For example reduction of latent LOCA precursor by (i) adopting top-mounted ICIS to eliminate
penetrations at the reactor vessel bottom, (ii) reduction of reactor vessel welding seams and
improvement of welding methodologies, and (iii) improvement of piping bypassing the
containment to a higher rating to reduce probability of interface LOCA

- Enhancement of reliability in safety functions.

- Installation of four-train structure for safety systems

- Installation of refueling water storage pit (RWSP) in the containment

- Installation of ACC to reduce the number of active components

- Countermeasures against Anticipated Transient Without Scram (ATWS). For example,
installation of diverse actuation system to cope with common cause failure in the reactor
protection system.

- Countermeasures against station blackout (SBO). For examples, installation of four-train
emergency gas turbine generators (GTGs) and additional alternate power source by two-train
GTGs.

- Countermeasures against fire. For example, clear physical separation between the redundant
trains of safety systems.

- Countermeasures against intersystem LOCA. Prevention of over-pressurization of the
residual heat removal system.

As a result, the frequency of severe accidents (PRA result for core damage frequency (CDF) for US-
APWR meets the NRC goal and the Utility Requirements Document (URD) goal.

Reguirement MNRC URD US-APWR

CDF 1> 104RY 1>310%RY | 3.0x10%RY

Mitigation measures to maintain the integrity of the containment vessel:

- For debris dispersion, reinforcement of depressurization function of the primary system and an
improvement of RV cavity geometry are considered.

- For quasi-static over pressurization, a usual containment vessel air recirculation system and an
alternative containment spray supplied from the fire service water system can be used to reduce
the pressure if the containment spray system is not available.
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- A hydrogen control system (igniters) is installed to control the hydrogen concentration in order
to avoid containment vessel damage due to hydrogen combustion.

e Construction Management*

Total Engineering Capability with “Single Responsibility” in the full areas:

Conceptual/Basic/Detailed Engineering

Manufacturing of components

Erections and installations of structures, systems and components
Support of human resource development for operation & maintenance
Technical support after start of commercial operation

To keep quality and schedule, MHI” Data management system integrates (i) Design, (ii) Procurement,
(iii) Manufacturing & Inspection, and (iv) Construction. Major Components (Reactor Vessel, Steam
Generator, Reactor Coolant Pump, Reactor Internals, Control Rod Drive Mechanism, Pressurizer,
Turbine, etc.) are manufactured by MHI. Works and machines have been updated/enlarged and are
prepared for the global deployment.

Reduction of on-site work volume and construction period is done through:

Rational designs, e.g. internal structures using steel plate reinforced concrete (SC), and large
modular (prefabricated) block construction

Tools for efficient construction like Super-large-capacity cranes which enables on-site welding and
formation of containment vessel.

Ability for comprehensive coordination of civil & installation work

From the 1% Concrete to Fuel Loading, the time required is: 34.5 months (2 loop), 37.5 months (3 loop)
and 40.0 months (4 loop).

e Operation and Maintenance Management*

Reactor vessel inspection unit A-UT machine

Inspections can be done for 4 days by utilizing two units simultaneously (for 4 loops). It is an
application of world’s first submerged automated guided vehicle with robot, using a manipulator
with 7 shafts.

RV head nozzle inspection unit, with ECT probe for 3-type welds surface and phased array type
probe for 3-groove welds

SG tubes inspection unit

One unit (more than 3,000 tubes) can be inspected for ~4 days.

UT/ECT for BMI nozzle inspection unit

Piping inspection unit, with MHI point focus probe (high accuracy sizing with point focus
capability) and automated UT unit for piping (lightweight, compact, point focus phased array
enabling high accuracy flaw sizing).

In conclusion, Mr Fujii made the following summary:

MHI developed Advanced PWRs based on accumulation of half-century experiences in construction
and operation of conventional PWR power plants.

Proven and advanced technologies have been introduced in APWR to improve economy, safety,
reliability, operability and maintainability.

Advanced accumulator was employed to reduce the number of active components, and low pressure
injection system was eliminated.

US- and EU-APWR were developed to meet regulator’s and user’s requirements including flexible
operation. The fuel length was changed to 4.2 m.

ECCS and supporting systems have 4 divisions in redundancy.

Due to enhancements in safety systems, the total of the CDF is estimated 3.0x10°/RY in a PRA
calculation.

MHI’s manufacturing and construction management is integrated to one data base system to
accomplish them with high quality, high reliability and strict keeping of schedule*.

* The materials were covered in the slides but not presented due to time constraints
4.1.2. INPRO assessment in the area of safety of APWR
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Mitsubishi selected 6 design areas corresponding to the INPRO URs that are considered very important to
the safety and reliability and represent the strengths of superiority of the US-APWR design to the
conventional PWR design from the viewpoint of the sustainability of nuclear energy/ INPRO objective.
Since each INPRO’s user requirement is related to various design areas, the INPRO assessments are
summarized into 6 presentations by design areas as follow.

- Operational safety margins in design of APWR

- Reactor vessel manufacturing and welding of APWR

- Simplicity and Reliability in Safety system design

- Reliability data of equipment and CDF

- Detection of Anomalous condition and safety analysis

- Integrated full digital 1&C system and advanced operator console

4.1.2.1. Operational safety margins in design of APWR
4.1.2.1.1. EP1.1.1.1 Margins of Design
Mr Fujii (Mitsubishi) discussed the following margins of design:

a.

Reactor power and coolant temperature

The operation pressure of reactor coolant is always kept at 15.41 MPa (gauge), hence the subcooling is
kept at more than 18 °C anywhere in the primary coolant system for both designs. However, the coolant
temperature changes with power reactor, i.e. the coolant temperature is controlled to follow the
programmed target value by Reactor Control System. The coolant temperature between the conventional
PWR and US-APWR is not much of a difference; the US-APWR has a slightly lower value, i.e. a
slightly larger margin.

Reactivity coefficient

- Doppler power coefficients
According to neutronic theory, the value of Doppler power coefficient is dominated by neutron
energy spectrum, which is mainly dominated by the water-fuel ratio and composition of fissile in the
core. The water-fuel ratio is fixed by the geometry of fuel assembly, meaning that all PWRs have
similar Doppler power coefficients as long as they use the same fissile composition in the core. So,
Doppler coefficients are similar for conventional PWR and US-APWR.

- Moderator density coefficient.

The moderator density coefficient in the subcooling condition is mainly dominated by boron
concentration in the reactor coolant and also slightly by temperature and pressure of reactor coolant.
The bounding values of moderator density coefficient used in safety analysis are 0.0 (Ak/k)/(g/cc)
and 0.51(Ak/k)/(g/cc), which are the same for both conventional PWR and US-APWR. This is
because the operational length of boron and temperature and pressure of reactor coolant are similar
in both designs. The moderator density coefficients don’t become negative during hot condition for
both designs. The maximum design value of initial core is 0.32(Ak/k)/(g/cc) for the US-APWR. So,
there is not large difference in the value of moderator density coefficient between conventional PWR
and US-APWR.

Reactivity shutdown margin

The required shutdown margin is 1.6% Ak/k for the conventional PWR and US-APWR. The shutdown
margins of the US-APWR are 2.94 and 2.15% Ak/k at BOC (beginning of cycle) and EOC (end of cycle)
of the initial core respectively. On the other hand, the conventional PWR has a shutdown margin of
1.99% Ak/k at EOC. So, the US-APWR has a larger shutdown margin than the conventional PWR.

Forced reactor coolant flow

The thermal design flow rate of the reactor coolant for the US-APWR is 76,300 ton/h. Nearly 9% of the
reactor coolant flows outside the core to cool reactor vessel and other structures. In consequence, 69, 400
ton/h of reactor coolant cools the fuel assemblies and structures generating 4,451 MWt in the core. In the
conventional PWR, the thermal design flow rate of the reactor coolant is 60,100 ton/h. Around 6.5% of
the reactor coolant flows outside the core to cool reactor vessel and other structures. In consequence,
56,000 ton/h of reactor coolant cools the fuel assemblies and structures generating 3,411 MWt in the
core. The coolant flow rate per reactor power in the design of the US-APWR is 17.14 ton/h/MW, which
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is slightly smaller than 17.62 ton/h/MW of the conventional PWR. However, the difference is considered
very small.

Natural circulation of reactor coolant

When the reactor coolant pumps trip, the reactor coolant will flow due to density distribution and
gravity. The height of reactor vessel of the US-APWR is 0.7 m longer than that of the conventional
PWR. As a result, steam generators (SG) in the US-APWR are located higher, and the elevation
difference gives a larger driving force to the reactor coolant for natural circulation caused by density
distribution. The head of the reactor coolant pump (RCP) of the US-APWR is about 93.5 m at the
thermal design flow of 25,400 m*/h, whereas the pump head of the conventional PWR is about 80.0 m at
the thermal design flow of 20,100 m*/h. This gives a friction loss coefficient of 93.5/25400°=0.00145 for
the US-APWR, and 80.0/20100°=0.00198 for the conventional PWR. Hence, the US-APWR has less
friction coefficient against the natural circulation. So the US-APWR has larger natural circulation
characteristic than the conventional PWR. It was noted that a natural circulation flow rate of the reactor
coolant was measured in an existing PWR in Japan. When the heat generation of core was about 2% of
nominal reactor power, the flow rate was about 4%.

Linear heat generation rate

The average linear heat generation rates of the US-APWR and conventional PWR are 15.3 and 17.9
kW/m respectively by taking into account the direct gamma heating to coolant of 2.6 %. Therefore, the
US-APWR has a larger operational margin than the conventional PWR because the fuel rod is about
15% longer than that of the conventional PWR. The limiting values of hot channel factors are decided
using the same concept for the US-APWR and conventional PWR, e.g. the total heat flux hot channel
factor FQ of the US-PWR is 2.60, which was also used for some conventional PWRs. Therefore, the US-
APWR has more operational margin at hot spots too.

Minimum DNB ratio

The limiting values of minimum DNBR are determined by calculating the bounding values covering
95% probability at 95% confidence level. The limiting value for the US-APWR was calculated by using
WRB-2 correlation, while the limiting value for the conventional PWR was calculated by using MIRC-1
correlation. Therefore the correlations are not the same and it is not possible to compare the values
directly. However, the design methodology using 95% probability at 95% confidence level is reasonable,
thus both designs have the same safety margins when linear heat generation rates get to the limiting
values.

Operable range permitted by the reactor protection system

Allowed operating space at 15.41 MPa of over power and over temperature for the US-APWR and the
conventional PWR shows that the operational range allowed by reactor coolant system is similar for both
designs.

Fuel temperature and stored energy

The principle design strategy is that the maximum fuel centerline temperature should be less than the
fuel melting point so that the fuel cladding will not be mechanically damaged. There is at least a 95%
probability at a 95% confidence level that the fuel rod with the most limiting linear heat generation rate
does not cause the fuel pellet to melt during normal operation and AOQs. The fuel length of the US-
APWR is 15% longer than that of the conventional PWR, i.e. a lower linear heat generation rate. This
means the US-APWR has smaller fuel temperature and less stored energy.

The evidences indicating increased margins of the US-APWR design in comparison to existing design are
available to the INPRO assessor and have been demonstrated. The superiority of the US-APWR design to the
existing design (conventional PWR) in terms of robustness with regard to the Acceptance Limit AL1.1.1 is
shown. The compliance composes partially satisfaction of URL.1.

4.1.2.2. Reactor vessel manufacturing and welding of APWR

Mr Fujii (Mitsubishi) discussed as follows.

41221 EP1.1.1.3 Quality of manufacture and construction

Process of reactor vessel manufacturing
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In the conventional PWR, the upper shell and lower shell were made from 3 pieces of steel plates by
bending and welding. The products hence had a long total length of weld seams, which were supposed to
be subjected to periodical in-service inspection (ISI) during the plant life. There were also weld seams at
beltline where high energy neutron irradiation was predicted. For the US-APWR, each of the upper shell
and lower shell is manufactured from one forging. This results in a total length reduction of welding
lines, which leads to reduction of the work for quality control during the manufacture and to reduction of
the work for the ISI during the plant life. There is no weld seam at beltline where high energy neutron
irradiation is predicted.

- Structure and material of reactor vessel (RV)

When manufacturing RV, severe control of raw materials is employed. The raw material for the RV shell
is low alloy steel equivalent to SA-508 Gr3 of the ASME Il. The requirement of specifications
concerning impurities is that when purchasing raw materials, the MHI uses severer requirements in order
to produce a RV with higher quality so as to reduce degradation in ductility due to high energy neutron
irradiations by considering the reliability for the plant life. Additional requirements like JIS are imposed
by MHI to achieve the reliability of the RV for the plant life of 60 years.

Imipurities SA-508 Gr3 of ASME I Additional requirsments
Cu Less than 0.20 % Less than 010 %
P Less than 0.025 % Less than 0.015 %
5 Less tham 0.025 % Less than 0.0158 %

- Welding between different materials

The reactor coolant system uses several kinds of alloy steels, which imposes dissimilar welds. Welding
processes at the site such as pre-welding forms, welding materials and welding machines have been
improved to attain more reliable products. Special treatment is used, e.g. for welding between the cold
leg piping made of stainless steel and RV inlet nozzle made of low alloy steel. Welding area and heat
become smaller, and welding material is also changed from alloy 600 to alloy 690 to obtain very strong
welding seam.

Facts from the assessment are as follows: (i) Reduction of total length of weld seams, (ii) No weld seam at
beltline; (iii) Severe quality control of raw materials, and (iv) Improvement in welding process. Evidences
indicating higher quality of manufacture and reduction of potential break frequency of the US-APWR design
in comparison to existing design are available to the INPRO assessor and have been demonstrated. The
superiority of the US-APWR design to existing design in regard to the Acceptance Limit AL1.1.1 is shown.

4.1.2.2.2. CR1.3.1. Calculated frequency of occurrences of DBAs

In theory the frequency of potential breaks has been improved, e.g. probability of LOCA becomes smaller
given the improvement of the process of manufacturing, welding and construction. That is, for probability
risk assessment MHI uses this kind of initiating event in the table with reference to NUREG etc. However,
MHI still uses the same value for probability risk assessment because it is impossible to show evidence with
high reliability without experience / operational history. A period of 25 years is needed to obtain real
reliability of welded material. In other words, theoretically it is improved but evidence is necessary to show
how much improvement is done. Therefore, the frequency of occurrence of accidents must be small
according to UR1.3 but it is impossible to show reduction of the value.
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TABLE 4.1.2. Frequency of design basis accidents for US-APWR

Mame Event Description Freguency Reference

1 [LLOCA Large Pipe Break LOCA 1.2E-6 HUREGICR-6925
2 [MLOCA | Medium Pipe Break LOCA S5.0E4 HUREGICR-6928
3 [SLOCA Small Pipe Break LOCA 3.6E-3 HUREGCR-6925
4 [VSLOCA [Very Small Pipe Break LOCA 1.5E-3 MUREGICR-6928
S |SGTR Steam Generator Tube Rupture 4 0E-3 NUREGCR-6925
5 |RVR Reactor Yessel Rupture 1.0E-7 WASH-1400

7 _|SLBO Steam Line Break/Leak in downsiream of lsolation Valve 1.0E-2 NUREGICR-5750
8 | SLEl Steam Ling Break/Leak in upstream of Isolation Valve 1.0E-3 NUREGCR-5750
9 [FWLE Feed-water Line Break 34E-3 MUREGICR-5750
10 [ TRANS General Transisnt 5.0E-1 NUREGICR-6925
11 |LOFF Loss of Feed-water Flow 1.0E-1 MUREGICR-6025
12 | LOCCW | Loss of Component Cooling Water 24E-S Fault Tree Analysis
13 | PLOCW | Partial Loss of Component Cooling Water 3.2E-3 NUREGICR-6925
14 | LOOP Loss of Offsite Power 4 0E-2 MUREGICR-6925
15 | LOAC Logs of Vital AC Bus 9.0E-3 MUREGICR-6925
16 | LODC Logs of Vital DC Bus 1.2E-3 MUREGICR-6925
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Evidences indicating reduction of potential break frequency given the higher quality of manufacture of the
US-APWR design in comparison to existing design are available to the INPRO assessor and have been
demonstrated. The superiority of the US-APWR design to existing design in regard to the Acceptance Limit
AL1.3.1is shown. The compliance composes partially satisfaction of UR1.3.

4.1.2.3. Simplicity and Reliability in Safety System Design
4.1.23.1. EP1.1.1.2. Simplicity of Design
Mr Yuasa presented several simplicity found in the APWR design as follows:

Separation between subsytems in ECCS

In the US-APWR, four trains for the mechanical and electrical systems are clearly separated from each
other (not tie lines). Meanwhile in the conventional PWR, two trains for the mechanical systems have
interconnections, e.g. common lines from RWSP and containment recirculation sump. Tie lines are also
required for high head and low head injection lines to supply injection water to every RCS loop.

Elimination of Low Pressure Injection System

For the conventional PWR, the low head safety injection (LHSI) system is installed and shares the
emergency core cooling function with accumulator system and the high head safety injection (HHSI)
system. For large break LOCA, the LHSI system also supplies high flow rate of cooling water from early
stage, as rapid decreasing of the RCS pressure subsequently after injection from accumulator. On the
other hand, in the US-APWR, the advanced accumulator system has flow-changing characteristics by
passive flow damper, which enables a longer supplying duration that can cover the LHSI function and
eliminate LHSI system.

Cooling water source (Refueling Water Storage Tank)

In the conventional PWR, the HHSI system has two water sources, i.e. refueling water storage tank
located outside containment vessel and the other is recirculation sump at the bottom of the containment
vessel. This configuration requires each suction line piping and switching operation during accidents.
During LOCA, the first injection starts from the RWST and the tank gets to low water level. Hence, the
operation of changing the suction from the RWST to the containment recirculation sumps is required at
RWST low water level. Train separation is also required in recirculation mode post LOCA, which is
achieved by closing the tie lines valves. These affect the PRA results. The system is also required for the
LHSI. Meanwhile, in the US-APWR the refueling water storage pit (RWSP) is installed inside / at the
bottom of the containment as a single source of water and collecting injection water during recirculation.
This results in the design that eliminates the changing operation. Adoption of 4-train system can also
eliminate tie-lines among trains, which contributes to the enhancement of system reliability and also
PRA results. Comparison of piping layout shows that the US-APWR has separated and dispersed layout
of 4-train system with each suction line connected nearby the recirculation pump, leading to the
reduction of pipe length of both the safety system injection and suction lines (safety injection system,
containment spray system).
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Facts from the assessment are as follows: (i) Clear separation between the trains (elimination of tie-lines), (ii)
Elimination of low pressure injection, and (iii) No need to change the cooling water source. Evidences
indicating increased simplicity of the US-APWR design in comparison to existing design are available to the
INPRO assessor and have been demonstrated. The superiority of the US-APWR design to existing design in
regard to the Acceptance Limit AL1.1.1 is shown. The compliance composes partially satisfaction of URL.1.

4.1.2.4. Reliability Data of Equipment and CDF of APWR
Mr Yuasa (Mitsubishi) discussed five related CR for the subject matter.
4.1.2.4.1. CRL1.3.1. Calculated frequency of occurrence of DBAs

Many improvements to reduce the occurrence frequency of DBAs such as LOCA have been introduced in
the US-APWR. For examples:
- improvements of reactor vessel material & manufacturing process
- improvement of welding process for the reactor coolant piping
- elimination of the penetrations at the RV bottom by employing the top-mounted in-core
instrumentation system

In theory, the improved designs and well-organized quality assurance program can reduce the failure rates of
components. Consequently, frequency of occurrence of accidents must become small. In reality, however, it
is hard to numerically evaluate the quality of improvement and to estimate improved failure rate before
accumulation of operational experiences. For evidence, major initiating events in the US-APWR are shown
in the table below. The calculated frequency of accident occurrences used in PRA are still cited from
NUREG and WASH-1400, with minor exceptions when the number of latent weaknesses in the SSC can be
clearly analysed and failure rate can be evaluated based on the improvement against the latent weaknesses. In
other words, the frequency does not reflect the improvement of manufacturing and welding processes. For
example, the frequency of reactor vessel rupture is assessed at 1.0x107/RY (cited from WASH-1400 in
1974) even though the lower-shell of the RV for the US-APWR is forged without welding seam line from
one large ingot fabricated in electric smelter in a vacuum room to minimize impurities. The frequency of RV
rupture remains in CDF since there is no way to avoid if it occurs. Note the exception for the frequency of
loss of component cooling water which is calculated by fault tree analysis, reflecting the system
configuration of the US-APWR.

TABLE 4.1.3. Major initiating events in US-APWR

Name Event Description Frequency Reference

1 | LLOCA | Large Pipe Break LOCA 1.2E-6 NUREG/CR-6928

2 | MLOCA | Medium Pipe Break LOCA 5.0E-4 NUREG/CR-6928

3 | SLOCA | Small Pipe Break LOCA 3.6E-3 NUREG/CR-6928

4 | VSLOCA | Very Small Pipe Break LOCA 1.5E-3 NUREG/CR-6928

5 [ SGTR Steam Generator Tube Rupture 4.0E-3 NUREG/CR-6928

6 | RVR Reactor Vessel Rupture 1.0E-7 WASH-1400

7 | SLBO Steam Line Break/Leak in 1.0E-2 NUREG/CR-5750
downstream of Isolation Valve |

8 | SLBI Steam Line Break/Leak in upstream 1.0E-3 NUREG/CR-5750
of Isolation Valve

9 | FWLB Feed-water Line Break 3.4E-3 NUREG/CR-5750

10 | TRANS | General Transient 8.0E-1 NUREG/CR-6928

11 | LOFF Loss of Feed-water Flow 1.9E-1 NUREG/CR-6928

12 | LOCCW | Loss of Component Cooling Water 2.4E-5 Fault Tree Analysis

13 | PLOCW | Partial Loss of Component Cooling 3.2E-3 NUREG/CR-6928
Water

14 | LOOP Loss of Offsite Power 4.0E-2 NUREG/CR-6928

15 | LOAC Loss of Vital AC Bus 9.0E-3 NUREG/CR-6928

16 | LODC Loss of Vital DC Bus 1.2E-3 NUREG/CR-6928
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4.1.2.4.2.CR1.3.3. Reliability of engineered safety features

Reliability of a system is assessed by using a fault tree with reliability data of composing components. Such

set of reliability data is elaborated based on accumulated operational experiences in each country because the

quality control management methods for manufacture of components in a factory and preventive
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maintenance in a power plant vary in country by country. This indicates a fact that a high pressure injection
system with the same design has different malfunction probabilities in the USA and Japan. Therefore, it is
impossible to compare the reliabilities of engineered safety features between the US-APWR and the
conventional PWR. The calculated failure probabilities of the front line systems and support systems for the
US-APWR were provided by MHI. See the examples below.

TABLE 4.1.4. Calculated failure probability of front line system

Fault Tree Name Fault Tree Description ;:"'N:"‘:, Fault Tree Name [ Fault Tree Description :;';m
I Sysiem and PTESSWIZes Pressure COniol System Man Sleam isciation
HPILFAB Failure of Bleed and Feed operation 41E03 MSR-0-00 | Failure of Man Steam isoiaton (SLEO) [ s3E04
HPILFAB AC Fallure of Bleed and Feed operaton (LOAC) 31E03 MSR1-00 | Fallure of Man Steam isolabon (SLBL FWLB) | aaEwe
HPI-FAB-DC Fallure of Bleed and Feed operation (LODC) 41ED3 Isolate Ruplure SG
HPLFABLP1 Failure of Bleed and Feed operation (LOOP) 17603 MSP.0S [ Failre of Isolate Ruplire SG (SGTR) [ 2tEes
THPLFABLF2 Fallure of Bleed and Feed operation (LOOP) 11803 Class 1E GTG
Pressurizes Pressure Control System oPS [ Faihore of Al Ciass 1E GTG (LOOP) [ 3%
PZRFAB ] Faslure of Bleed operation (Other inifiating Events) l 27603 ARemative GTG Power
'PZRSGT l Fallure of Decompress RCS (SGTR) ] 6303 SDG [ Failure of Allemative GTG Power (LOOP) | 25E-02
Allemate Contanment Cooling ARernate CCW
oo gxmmmnmxymm T ACW Failure of Aliemate CCW 67E.03
) ACWLP1 Failure of Aflemate CCW (LOOP) 82603
Moo Faune Of Allsimate Contament Coolng (LOKC) 2w ACWAP2 Failure of Aiernate CCW (LOOP. Allemative GTG) 82603
Nocob Fulis of Mbarads Conibiant Olig {LODC) e SECPLOCW Falkre of Aemative GTG Power (LOCWS) 16603
NCCLL Failre of Altemate Contanment Coaling (LLOGA) 20602 SOV Pt
NOCAER PG AR A CrRmanl Coniip) 0OP) Sae02 CWSR2 Fallure of CCW Re-Start (Altemative GTG) 27EQ@
NCCALP2 ::‘:f ;’ d:m"e;“"' Containment Cooling (LOOP 29602 CWS-RALPT Failure of CCW Re-Siart (LOOF) 22604
CWSRALP2 Failure of CCW Re-Start (LOOP | No breakdown) 17E04
NCCPC Failure of Allemale Containment Coaling (PLOCYY) 2%€.02
Gther Headngs
(Main msmm% and Emergency Feed Water System) HIT Failure of Injection Control (SGTR) 27E-02
MSPLOLP1 i?.g“m g:’mcmm) 16602 MEW '::p‘ﬂ: rxc“?:ocs’;mm Y 10E01
Fallure of Secondary Skie Cooll RCP-SEAL RCP Seal LOCA Ocaurs 10E+00
e (00 ; Enapsncy Paes s‘“n‘u'”’ e POV Safety Relef Valve LOCA Occurs 28E-04
MSP-SG Failure of Secondary Sxle Cooling (SGTR) 26E03 = Falre of Power Fecovery (1 Bour (LO0R) T
MSP.SL F(w f;ms?’ Cooling 70€03 PRC Failure of Power Recovery (3 hours) (LOOP) 21EQT
MSP.SLPC Falure of Secondary Sid= Coolng (PLOGW) 50602 IECoNoNe LOGHS IE (LO0WS) 08
Reactor Tnp TP Faiure of Turtine Trip 10E-02
RTP1O Failwre of Reacicr Trip (LOOP) 10607 MTC Sodesio: Tenpessine Costiciest. e
RTP-MF Faure of Reacior Trp (Other Inaiating Events) 15607 P FORES of PYEIUTC SaNY \ive Cperilin R
EBI Falure of Boric Acd Transter 26E02
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TABLE 4.1.5. Calculated failure probability of support line system
e ———
F'N':l“ Faull Tree Descrplion ;ﬂ; iy Faut Tree Deacrplion | g
CREd A (B-0Y) Class. 1E 5.9kv Bus
NS | W3R | 11ED5 EPS-£0KA, A Tram 25E-05
Heating Veritaton and Conditioning Sysiem EFS-EHE BTan 2AEM
HVR-EFW-A lEFWmHm:anm ] 4. 4ED2 EPS-oC 1 Train TAEDA
Hh-EFWB |Ememc'nm | BSEO EPS &850 D Train 2EEDS
Comporen] Coolng Wessr Sysem Hon-Olass 1E E5Y Bus
CED0h A Toam TAE-H EFS-EHAF |Mran|m SEUNGE Dy ARC) | [T+
CWEIE B Tvan TIER EFSEannTT [ T Train rawer Source ooy A1 [ o=
A & Train B BE-D4 A (B Class 1E 420 Load Cenfer Bus
RSN I Train & 1R [REENTTITY A Tran A SE.D5
CAE-VS-D0AT Charging Pump Coolng A Tran GSE-05 EFE 4a08 B Tran ZEED
GV 0T Eharging Pump Cooing G Tram T2E05 EFS-moc ¢ Tin 2RE-04
Essemal Service 'Water System EPS-4300 D Train ASE-DS
SEDTA o e Non-Class 1E 450 Load Cerfer Bus
SNEOI B Tran TR EPS-L04F |umn|m5ummu.l:: | [T+
EOT =T 0 EPS-4300-FY |n1'rucmmmymm | ASE-2
SWS-000 D Train e A1 (D) Class 1E 480V Load Cenber Bus
SEHAL EFE48A1 | 41 Tean | SBE-DN
SEHEA AT TED® [ [ 01 Tram [ sees
FTeTeT BTan TED A (B-D) Class. 1€ 450V Motor Conmal Center Bus
BOHAC T Traim TIEm EPS A A 508
SOM-S0 D Train 1ED [ W] W vran XL
S SIGNAL [Manual DAS Faiure) il & Traim TR
ENEATNE — T EPE-NCTH i Trai SEES
HEM-5B-DAS B Train TIEDS Mon Clas: 1€ 420 Moler Conirgl Cenler Bus:
e == Ty EPSMCAF] |Amn|mmmm: | [T 7]
T T T EPSMCD-PT [ o T (Phwer Senarea ey A | eeEm
TR A1 (D7) Class 1E 430V Molor Conirol Center Bus
Frry T TS EPSMICAT |MTI'..||1 | &7E-DS
B Tvon D EPFSMCTH | b1 Tran | G TE-I5
GNP G Train 12603
SGHFD D Train 1260
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4124.3. CR1.4.1. Frequency of release into the containment
- Calculated core damage frequency (CDF)

Reliability of engineered safety features (ESFs) cannot be compared directly with the existing PRA
results. However, the enhancement of the ESF design can be achieved by the adoption of four train
concept (front line / support system / Emergency Power Sources (EPS) (e.g. Gas Turbine Generators
(GTGs)), in-containment RWSP makes good effect in CDF calculation in comparison to the
conventional PWR, against DBA.

- Prevention of severe accidents

The countermeasures against ‘beyond DBA’ are implemented. To cope with CCF or multiple failures,
diversity or independence must be considered and these countermeasures contribute greatly to the reduction
of CDF. Examples of countermeasures:

- Anticipated Transient Without Scram (ATWS): Installation of diverse actuation system to cope with
CCF
- Station blackout (SBO): Installation of additional alternate power source by two-train GTGs, besides
four-train emergency gas turbine generators (GTGs)
- Fire: Clear physical separation between the redundant trains of safety systems
- Intersystem LOCA: Prevention of over-pressurization of the residual heat removal system
The CDF of the US-APWR for internal initiating events are as follows:
- CDF due to events except fire and flood at power operation: 1.0x10°*/RY
- CDF due to fire at power operation: 8.6x10"/RY
- CDF due to flood at power operation: 8.9x107/RY
- CDF due to events except fire and flood at low-power and shutdown: 1.8x107/RY
- CDF due to fire at low-power and shutdown: 1.8x10%/RY
- CDF due to flood at low-power and shutdown: 9.5x10®/RY

PLOCW MLOCA SGTR LOAC VSLOCA FWLB LLOCA
1.58% 1.56% 1.05% 0.21% 0.10% 0.06% 0.03% SLBI
TRANS 0.02%
LOFF 1.89% LODC
- 0.015
2.52% SLBO %
3.50%
ATWS
453%
LOOP
SLOCA 4569%
71485
RVR
9.80%

LOCCW
20.69%
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FIGURE 4.1.1. CDF Contribution at power operation (internal events)

The total frequencies including for shutdown mode amount to 3.0x10°/RY which satisfies the requirements
by American authority (1.0x10*/RY) and URD by EPRI (1.0x10°°/RY) respectively. Meanwhile, the CDFs
for external initiating events have not been calculated for the US-APWR.

In view that the AL 1.4.1 requires comparison with the existing design, Mr Yuasa noted different reliability
database was used for PRA calculation for the US-APWR and the conventional PWR. The CDF due to
events except fire and flood at power operation for the conventional PWR is 1.7x107/RY compared to
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1.0x10°/RY for the US-PWR. PRA calculations in Japan used reliability databases developed based on
Japanese maintenance management and operational experiences for the conventional PWR. This influences
the frequencies of initiating events and reliabilities of safety functions for the PRA. Therefore, he concluded
that it is not appropriate to compare the results of PRA directly between the US-APWR and the conventional
PWR.

4.1.24.4. CR 1.4.2. Processes for controlling relevant system parameters and activity levels in
containment

The containment for the US-APWR is large volume type pre-stressed concrete containment (PCCV),
designed as an essentially leak-tight barrier. As to severe accident mitigation, analyses were performed for
accident progression and necessary countermeasures are installed, such as for:

- Hydrogen generation and control — achieved by igniter with continuous monitoring of hydrogen
concentration

- Core debris coolability — achieved by reactor cavity flooding system

- Steam explosion (in-vessel and ex-vessel) — confirmed by analysis

- High-pressure melt ejection

- Temperature-induced SG tube rupture (containment bypass) — prevented by depressurization barrier
dedicated for severe accident at pressurizer

- Molten core concrete interaction (MCCI) — a phenomenon that may lead to potential basemat melt-
through which is also prevented by reactor cavity flooding system

- Long-term containment overpressure — prevented by diverse air cooling units cooled by containment
cooling unit (CCU) system.
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GepressurTAton the severe acodart ssues
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FIGURE 4.1.2. US-APWR Severe Accident Mitigation Features

For details, please refer to the supplement document prepared by MHI for the Dialogue Forum, which is also
available in Design Control Document Chapter 19. It was confirmed that the frequency of loss of
containment function is very small.

4.1.2.4.5.CR1.5.1. Frequency of release to the environment

The probabilities of large releases (LRF - Large Release Frequency) of radioactivity to the environment due
to the loss of containment function were calculated for internal initiating events.
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- LRF due to events except fire and flood at power operation: 1.1x10”'/RY

- LRF due to fire at power operation: 1.9x107/RY

- LRF due to flood at power operation: 1.6x107/RY

- LRF due to events except fire and flood at low-power & shutdown: 1.8x107/RY
- LRF due to fire at low-power and shutdown: 1.8x10°¥/RY

- LRF due to flood at low-power and shutdown: 9.5x10®/RY

The total value is ~6.7x107/RY which complies with the requirement by AL 1.5.1 which is 1.0x10°°/RY.
Contribution of Initiating Events to LRF

LOFF VSLOCA

ATWS Loac FWLR
RVR  1.0%_ 09% 0.6%

0.2%, 0.1%

1.2% 0.0%
SLBI
P 0.0%
LLOCA
MLOCA 0.0%
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FIGURE 4.1.3. Contribution of initiating events to large release frequency (LRF)

Evidences concerning severe core damaged frequency of the US-APWR design in comparison to existing
design are available to the INPRO assessor and have been demonstrated. The superiority of the US-APWR
design to existing design in regard to the AL1.3.1, AL1.3.3, AL1.4.1, AL1.4.2 and AL1.5.1 is shown. Some
ALs cannot be confirmed quantitatively but the facts compose partial satisfaction of the respective UR1.3,
1.4 and 1.5.

4.1.2.5. Detection of Anomalous condition and safety analysis
4.1.2.5.1.EP1.2.1.1 Continuous monitoring of the plant health

Condition monitoring systems in the US-APWR to prevent AOO (anticipated occupational occurrences)
from escalating accidents:

- Leak monitoring systems.

The system provides the means of identifying the source and monitoring leaks from the reactor coolant

pressure boundary (RCPB). ‘RCPB leak before break’ concept is applied to the main coolant piping and

large branch lines. Early detection of leakage leads to reduction of components design load such for core
internals, other components and supports and also leads to elimination of pipe whip restraint.

- Unidentified leakage from RCPB is detected by in-containment radioactivity monitors (air particles /
airborne gaseous), containment air cooler condensate monitoring and CV sump water level in less
than one hour at 0.5 gpm at flow rate or equivalent.

- ldentified leakage, e.g. intersystem leakage through valves connected to RCS, such as safety
injection line, RHR suction line, is detected by resistance temperature detectors (RTDs) mounted on
piping surface.

- ldentified leakage through SG tubes is detected by radiation monitors in the secondary side (MSS,
SGBDS, condenser air exhaust pump lines, etc.)

Other leak monitoring systems
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- Leakage from radiation control area is detected by leak monitoring (water level) equipment in each
floor.

Loose parts monitoring: The loose parts monitoring system provides early detection of loose metallic
parts in the RCS, using multiple redundant field mounted sensors (piezoelectric accelerometers), fixed on
the RCS components.

Core internal vibration monitoring system: The ex-core neutron detectors are used for continuous
monitoring of core vibration. Correlation between the detected signals and the vibration characteristics
will be confirmed during a preoperational test.

Diagnostic of rotating machinery: The vibration monitoring system is installed for key pumps to plant
safety or power operation, such as RCPs and safety related pumps.

Chemical monitoring: The sampling systems are installed on both primary and secondary side to collect
and monitor various samples, which are essential for plant safety and operation. Each sample is analysed
to the conformance with the chemistry specification (boron concentration, pH, radioactivity, conductivity
and dissolved gases, etc.)

Seismic monitoring system: The seismic instrumentation is designed with a solid-state multi-channel
digital instrumentation with computerized recording and playback capability that allows the seismic
response of the plant features important to safety can be evaluated promptly after an earthquake (within 4
hours). The results are annunciated in the MCR, to be used for shutdown determination. In Japan (an
earthquake country), the plants will be shutdown automatically in the event of low-level earthquake. This
depends on site condition and regulation in the country.

Computerized aids to operators. Computer-based procedure system supports operators to take appropriate
actions to cope with anomaly by providing information in a real-time manner, e.g., potential causes of the
anomaly, navigations to acknowledge the anomalous influence/location, possible countermeasures and
consequences of operator’s actions.

4.1.2.5.2.EP1.2.1.2 Dynamic plant analysis

On assessment in a real situation, it is considered appropriate in an actual assessment to check all evidences
and to confirm if key system variables relevant to safety do not exceed limits acceptable for continued
operation. The evidences are available on the NRC website; http://www.nrc.gov/reactors/new-
reactors/design-cert/apwr.html where a package of design control documents is available: Chapter 7
“Instrumentation and Controls”, Chapter 15 “Transient and Accident Analysis” and Chapter 19
“Probabilistic Risk Assessment and Severe Accident Evaluation” describe how the key system variables
relevant to safety do not exceed limits acceptable for continued operation. During the Dialogue Forum, it
was considered impossible to explain behaviours of all key system variables relevant to safety in a short
time. However, it’s obvious that assessors can access and confirm the evidence indicating satisfaction of the
Acceptability of EP1.2.1.2 by available documents.

Evidences indicating provisions for detecting anomalous conditions was shown and it was confirmed that the
US-APWR has inherent characteristics, continuous monitoring capability of the plant health and an
instrumentation and control system to detect and intercept and/or compensate deviations from normal
operational states. Deterministic and probabilistic plant analysis are also included in the evidences. The US-
APWR design fulfils the Acceptance Limits of EP1.2.1.1 and EP1.2.1.2, which composes partially
satisfaction of UR1.2.

4.1.2.6. Integrated Full Digital 1&C System and Advanced Operator Console
Mr Fujii (Mitsubishi) presented the materials for 3 selected CRS/EPs

- EP1.1.2.2 Reliability of control systems

- EP1.1.2.3 Reduced impact of incorrect human intervention

- CR1.7.1. Human factors

Design Features and Design Basis of Integrated 1&C System

Fully digitalized technology is applied to the 1&C system for both safety and non-safety functions. The
reactor protection system and actuation system of engineered safeguard features (ESF) have 4-time
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redundancy in the 1&C system. Conventional operating and monitoring devices such as switches and
indicators have been eliminated, except devices for diverse actuation system (DAS).

System Features

+ Fully computerized

Main control board | - Visual Display Units (VDU) for safety and non-safety channels
- Limited number of conventional switches and indicators

+ Fully digitalized with Mitsubishi digital controllers

Safety I&C - Four-train redundancy in reactor trip system, ESF actuation system and safety logic
system for component control
Non-safety 1&C - Fully digitalized with Mitsubishi digital controllers

+ Duplex digital architecture for each control and process monitoring sub-system
+ Fully multiplexed, including class 1E signals

Data communication | - Multi-drop data bus and serial data link

- Fiber optics communication networks for noise immunity and required isolation
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FIGURE 4.1.4. 1&C System Overview of the APWR

Applying digital based system brings more attractive advantages which enhance the safety performance and

reliability of overall 1&C system, for examples:

- Lower potential for human error and reduce workload on operators by less human interaction and
improved user interface for remaining manual tests, calibrations and repair

- Higher availability and reliability based on continuous self-testing and additional redundancy

- Higher accuracy by non-drift nature and self-compensation function

- Better performance based on advanced algorithms and to increased automation and improved user
interface

- Reduction of maintenance workload and resources by standardized design

The I&C system of the US-APWR satisfies requirements of (i) Official regulations such as Regulatory
Guide, Standard Review Plan and relevant industrial codes & standards including single failure criterion,
redundancy, independence, testability, control and indication of bypass operation, countermeasure for
common mode failure, life cycle management for digital component, electromagnetic compatibility, and (ii)
Utility’s requests such as the maintenance during the operation.

Diverse actuation system (DAS)

A diverse actuation system (DAS) is installed to provide back-up actuations for safety and non-safety
components as countermeasures against common cause failure (CCF) in the software of the digital safety
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1&C systems. The DAS consists of diverse devices from the digital safety system so that a CCF in the digital
system doesn’t impair the DAS functions. The DAS is designed for beyond design basis CCF incidents. The
design ensures the DAS can sustain one random component failure without its spurious actuation to avoid
adverse effects on the plant availability.

4.1.2.6.1. EP1.1.2.2 Reliability of 1&C System
Reliability of the integrated digital 1&C system is secured by:

- Use of digital equipment which has sufficient experiences in power plants before being employed for the
US-APWR. Thus, before being used for NPP, the hardware and software were used for coal and oil-fired
power plants, then the hardware and software are structured and enlarged so the reliability is confirmed
in advance to the usage in the US-APWR.

- 4-time redundancy for reactor protection system and actuation system of engineered safety features
(ESF)

- Confirmation of soundness and perfection of software by verification and validation (V&V) program

- Installation of the DAS to avoid adverse effects of the CCF

- Less human interaction and improved user interface which provide lower potential for human error and
reduce workload on operators

- Having continuous self-testing function

- Having non-drift nature and self-compensation function which lead to higher accuracy

All these strengths can only be obtained from an integrated I&C system, and not from conventional solid
state type.

Countermeasures against incorrect human intervention

In the process of design stage of US-APWR, countermeasures against incorrect human intervention has been
systematically considered in a human factor engineering (HFE) program and its study results have been
incorporated into designs for hardware and software. Details of the HFE, Human-Machine Interface (HMI)
Design and operator supporting functions are as follows. The HFE program of the US-APWR addresses:

- Main control room (MCR)

- Remote shutdown room (RSR)

- Technical support center (TSC)

- Local control stations (LCSs)

- Emergency operations facilities (EOFs)

Usually EOFs are prepared by the electric power company outside/near the NPP, and also MHI does HF
program for EOFs for electric power company.

Mr Fujii used the main control room (MCR) as an example where important equipment for monitoring and
operation is an object of HMI Design:

- Operator Console

- Large Display Panel

- Diverse HIS Panel

- Supervisor Console

- Shift Technical Advisor (STA) Console

Details of Human-Machine Interface Design in RSR, TSC, LCS and EOF are available in the supplement
prepared by Mitsubishi for the Dialogue Forum.

Operator console and Large display panel

Plant parameters and associated operating switches are displayed on same screens, and touch screen
operations are applied. Thus, the operator’s work load is reduced and the reliability of operation is increased.
A large display panel is installed to display major parameters for normal and abnormal situations. This
allows the current status of the entire plant to be understood by all crews and their communication is
improved. Therefore the digital system provides significant benefits to the safety of nuclear power through
reduction in operation works and maintenance work loads, which reduces the potential for human error.

Operation Supporting Functions

By using digital computer system, working conditions of operators are dramatically improved.
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- Alarm Control Function using Alarm Logic.

When a complicate incident occurs, there appear many alarms in the MCR, which make operators
confused. The digital 1&C system is equipped with alarm control function which executes alarm filtering
logic, classifies these alarms according to their priority and their acknowledgement status.

- Electronic Operating Procedures

Operators shall follow instructions of operating procedures composed of a huge volume. The operating
procedures are electronically filed so as to be able to easily be referred. A processor for the exclusive use
of the operating procedures is equipped, which manages the displays for the operating procedures on the
operator, STA and supervisor consoles.

- Remote Shutdown Console (RSC)

Operators shall control the reactor in safe condition in any occasions. The US-APWR is equipped with a
RSC which has a function to achieve and keep the reactor in a safe shutdown condition without the
MCR. The RSC is also considered in accordance with human performance engineering.

Verification & Validation of Human-Machine Interface Design

- V&YV for Human Factors Engineering (HFE). The goal of the HFE program was to achieve that an
adequate HFE program was developed and implemented. To meet the HFE goals, a V&V program was
designed and begun with the objective of supplying HFE guidance to the design team. This includes
computer-based operating procedures, alarm prioritization, touch-operation, large display panel with
variable display and consoles for operators, shift supervisor and shift technical advisor.

- V&V for Human-Machine Interface (HMI) (Human-System Interface, HSI). The goal of the V&V
testing was to evaluate the digital HSI design and the performance of crews when using the HSI design.

- V&V Methodology was based on the V&V testing to support the HSI design as generally described in
NUREG-0711. Testing employed:

- Experienced plant crews as test participants
- Realistic normal and emergency scenarios

- Collection of objective data of operator performance as well as subjective operator feedback
collected via questionnaires and verbal debrief sessions.

A V&YV facility with a plant simulator has been built for the principal purpose of supporting the V&V
activities for the US-APWR HSI. When the design was verified to the US standards NUREG-0700, it was
found to have excellent compliance.

4.1.2.6.2. EP1.1.2.3: Reduced impact of incorrect human intervention

Reduction of impacts by incorrect human intervention is achieved in comparison to the conventional PWR

by:

- Systematical consideration in a human factor engineering (HFE) program and incorporation of its study
results into designs for hardware and software.

- The digital system providing the reduction in operation works and maintenance work loads, which
reduces the potential for human error.

- The operation supporting functions such as; alarm logic, electronic operating procedures and remote
shutdown console.

- The V&YV testing to evaluate the digital HSI design and the performance of crews.

4.1.2.6.3. CR1.7.1: Systematical consideration of human factors
Human factor has been systematically considered for the US-APWR by:

- Incorporating the HFE program into designs of MCR, RSR, TSC, LCSs and EOFs
- Incorporating the HMI design into designs of the MCR, RSR, TSC, LCS and EOF
- Testing V&V of the HMI design by using a V&V facility with a plant simulator

Evidences indicating improvements in the reliability of control system, impact of incorrect human
intervention and human machine interface of US-APWR design in comparison to existing design are
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available to the INPRO assessor and have been demonstrated. The superiority of the US-APWR design to
existing design in regard to the acceptability of AL1.1.2 and AL1.7.1 is shown, which composes partially
satisfaction of UR1.1 and UR1.7 respectively.

4.1.3. Availability of References

The design control document (DCD) of the US-APWR is available on the NRC website. It consists of about
9,000 pages that can be used for INPRO assessment except for economics and construction cost because they
are specific to site location, country, and environment condition.

4.1.4. Discussion

Questions

Answers

Mr Popov (Belarus) asked how the
introduction of the new safety system
influences the economics of APWR.

Mr Fujii (Mitsubishi) replied that reduction of production cost
has been done by using scale up of reactor power and electric
output. If the capacity increases twice, then the cost of
construction increases only by 1.4 — 1.5 times. On the contrary,
for safety the design eliminates only safety injection system but
adding 4 train system which is not a reduction in cost.

Mr Popov (Belarus) asked the main
regime of operation of APWR whether it
is based on load-following.

Mr Fujii (Mitsubishi) explained that load-following operation
can be done in few hours, e.g. from 100% to 50% in 1 hour and
stay for about 6 hours before increasing the reactor power back
to 100% in 1 hour. This can be done on a daily basis for a total
reactor lifetime of 60 years.

Mr Grudev (Bulgaria) asked the failure
rate of reactor vessel.

Mr Fujii (Mitsubishi) said it was to be discussed later on.

Ms Yang (China) wanted to confirm
whether the assessment was for J-APWR
or US-APWR.
She added that assessment would need
lots of indicators/parameters/ coefficients
of US-APWR.

Mr Fujii (Mitsubishi) replied the J-APWR and US-APWR are
slightly different, and for the purpose of INPRO assessment the
document for US-APWR is open, unlike that of J-APWR.
Mitsubishi is doing design and construction for the US utility
company, i.e. Mitsubishi owns the document.

Mr Alshammari (IAEA) asked whether
the coolant temperature is in supercritical
region.

Mr Fujii (Mitsubishi) clarified that the pressure ~15 MPa
(gauge) so the maximum coolant temperature is 325 °C,
meaning subcooled by more than 18 °C.

Ms Yang (China) asked how MHI used
the INPRO criteria so the objective meets
the INPRO criteria. She asked whether
the criteria are only for reactor vendors,
or a holistic approach.

Mr Fujii (Mitsubishi) explained that the target of INPRO
Methodology is not for vendors but to customers / utility.
Vendors could provide information to utility, and they must
perform the assessment by themselves. Vendors do not do the
assessment. MHI was requested by the IAEA to make the
INPRO assessment

Mr Kupitz (Chairman) added the assessment has been made
based on the INPRO Methodology. To perform the assessment,
one requires specific information about the design. Vendors are
in the position to do the assessment. In the meeting, vendors
demonstrated how to do the assessment and what kind of data
was used.

Mr Zidi (Algeria) asked for the MHI
statement in the conclusion ‘partially
satisfaction of User Requirement’.

Mr Fujii (Mitsubishi) explained that MHI only selected several
criteria  for demonstrating the assessment of INPRO
Methodology for the Dialogue Forum. Full assessment would
require time and money for MHI.

Mr Tjahjono (Indonesia) asked the
redundancy in case of failure of water
source which is said to serve as a single
source in the US-APWR.

Mr Yuasa (Mitsubishi) explained that the water source RWSP
is located circumferentially in the lower floor / bottom of the
containment so leakage would not occur. The lower portion of
containment is covered by concrete and the water source is
installed in the concrete. The injection water will drop again to
the water source inside the containment, so recirculation is
continued during accident.
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Ms Yang (China) asked for clarification
of the meaning ‘Clear separation between
the trains (elimination of tie lines)’ given
the 2 trains in the conventional PWR and
4 trains in the US-APWR.

Mr Yuasa (Mitsubishi) explained that no tie-lines are required
for the US-APWR 4-train system because 50% is enough for
core cooling capacity, so if one line fails as single failure and
one line is on maintenance, then two lines are enough. The hot
line injection is to prevent boron extract at core region, and
changing operation is required during accident (this serves as
another function).

Mr Grudev (Bulgaria) said that in the
presentation it was mentioned hydrogen
concentration is controlled by igniters. He
wanted to know if there is enough oxygen
to the end.

Mr Yuasa (Mitsubishi) explained that in PWR containment in
PWR is usually covered by air atmosphere in which oxygen
exists. The concerned of explosion when oxygen combined with
hydrogen is confirmed by analysis for the integrity of structure
inside the containment and the containment itself.

Mr Reyes (Chile) asked the PWR basic
design that the US-APWR was being
compared to.

Mr Fujii (Mitsubishi) indicated that it was Ohi Unit 4. (Note
that Ohi 4 generates 1180 MWe)

Mr Zhou (China) asked about the
continuous  monitoring  system  of
radioactivity. It does not include the fuel
damage detecting system and the core
damage assessment system. He further
asked whether the two systems in the
conventional PWR and US-APWR have
small difference.

Mr Yuasa (Mitsubishi) explained that Mitsubishi has CVCS
(Chemical and Volume Control System), and usually sampling
of extracted reactor coolant daily to monitor radioactive fission
products. He added that both systems in the conventional PWR
and US-APWR have almost similar function, only the capacity
is slightly changed.

Mr  Susyadi (IAEA) asked the
followings. Firstly, supposedly the reactor
has the same situation like in Fukushima
with a long station blackout and no diesel
generation, then how long the battery
system can maintain a safe shutdown also
including for lighting, monitoring etc.
Secondly, whether there is any
modification or additional equipment put
into the reactor after the Fukushima.

Mr Fujii (Mitsubishi) answered that there are safety grade and
usual grade battery with a lifetime or capacity of 8 hours. In
addition, there is emergency gas turbine system. In case of
Fukushima, the emergency diesel generator producing electricity
for the safety systems needed cooling water; and in tsunami the
diesel generation could not be in operation. For the US-APWR
the emergency electric power is supplied by gas turbine
generator which does need cooling water and it can be located
on the hill/building not near the water, and thus it can escape
from tsunami or flooding. So in the case of tsunami, emergency
power can be expected from the gas turbine generator. This is
big difference between diesel generator and gas turbine
generator. He earlier noted and restated later that after
Fukushima accident, no enhancement has been introduced to the
APWR design.

Mr Grudev (Bulgaria) indicated that in
the explanation of quality of human
factor, but no mention of education of the
operators. What is the preference:
bachelor, master degree or without degree
but qualified?

Mr Fujii (Mitsubishi) explained that it would depend on the
country’s culture and social system. For example, in Japan most
chief supervisors have bachelor degree. In France it is not the
case and they need reactor engineers as technical advisor in
addition to chief supervisor. In Japan, in the shift team, there are
no such technical advisor / reactor engineers. So crew must be
considered by electrical power company, not by vendors who
supply sufficient technology.

Mr Harper (IAEA) asked about the
electronic operating procedures, whether
the suggestions pop up at the appropriate
time or whether the command signals
make things happen or suggestions for the
operators. He went on asking how to
prevent incorrect human intervention,
whether there is an active system that
prevents this or an active system that
makes things happen without the

Mr Fujii (Mitsubishi) explained that in the automatic
instruction display system, thee computer system displays
applicable operation procedure on the screen. More than 20
years ago, MHI tried to introduce automatic operation, in which
operator could accept yes and no. The design was considered but
risky. So it was decided that only applicable procedures are
displayed on screen in the US-APWR. Operator can refer. In the
past operator spent much time checking the documents, whereas
now it can be done faster. That represents the first objective of
the operator supporting system. On incorrect human
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operator’s actions — sometimes referred to | intervention, the system in NPP is not like that in the airplane A-
as the HAL 9000 system, i.e. who is in | 380 operating system where operator’s action and computer
charge of operating the plant. operation may have conflict. In NPP, operator’s action has a
priority in any occasion, so there is no conflict between
operator’s action and computer system.

4.2. AES-2006

Mr Mikhail Bykov and Mr Denis Kolchinsky from Rosatom (Russian Federation) presented INPRO
assessment in the area of safety of the Russian AES-2006.

4.2.1. Overview of AES-2006 Design

Mr Kolchinsky (Rosatom) presented the overview of the AES-2006 (VVER-1200, V-491) design which is an
evolution of the reference plant AES-91 (VVER-1000, an evolution of V-320 design). The VVER translates
as Water-Water Power Reactor and is a pressurised water reactor. Main principles and approaches for
designing of the AES-2006 are maximizing the use of well-proven solutions and technologies, minimizing
costs and timeframes by using experience obtained during construction and operation of reference NPP, and
ensuring the required safety level including for design extension condition (DEC) The required safety level
includes optimal safety systems configuration based on active (generally for DBA) and passive (generally for
BDBA) elements, diversity and redundancy of safety functions, BDBA management, and reduction of
human factor influence.

The improvements of AES-2006 in comparison with V-320 are increased power output capacity to 3,200
MWth or 1,197 MWe, increased a gross efficiency coefficient to 37%, improved steam parameters at the exit
of steam generator to 7.0 MPa (nominal), and improved safety characteristics, i.e. FCD < 10°. The reactor
has a capacity factor of 92% over its 60 year lifetime. The core fuel duration is of 4 years with refuelling
period of 12 months. In terms of plant layout, all buildings of the nuclear island are concentrated around the
reactor, which minimizes radioactive influence on the staff and reduces the communication lengths of pipes
and cabling between buildings. There is physical division of the buildings which contain safety components
into safety trains by the fire protected walls. Turbine building arrangement excludes the possibility of reactor
building damage by the missiles from turbine. Provision is made for capabilities of access control to the
nuclear island buildings. The optimized systems layout allows for better workflow and reduction of capital
and operating costs. The area of a power plant site for two units, including cooling towers and other hydro-
technical constructions, is of 90 hectares.

The main safety measures of AES-2006 in comparison with VV-320 are:

- Defence in depth and diversity (for all safety functions)

- Redundancy and physical separation, i.e. with 4 trains versus 3 trains

- Safety systems for DBA and measures for BDBA management, e.g. core catcher, passive heat removal
systems (PHRS)

- 1&C for safety functions, e.g. independence of DID levels, diversity, common cause failure

- Low volume of radioactive emission

- External impacts protection, e.g. aircraft crash, DBE of 0.25 g

Both the AES-91 and AES-2006 have 4 safety trains, double containment and engineering measures for
BDBA management. The buildings have an enhanced seismic stability. However, the AES-2006 has
containment PHRS (C-PHRS) and PHRS via steam generators (PHRS-SG) for BDBA. There is an
independent electricity supply lasting 72 hours. The reactor containment building holds an emergency water
storage tank. The heat removal system comprises of a combination of passive and active controls. The plant
withstood stress tests external impacts such as flooding, tsunami, tornado and seismic threshold determining
tests for the containment.
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FIGURE 4.2.1. Passive heat removal system (PHRS) (additional to conventional active heat removal system
(HRS))

Core Catcher

o

FIGURE 4.2.2. Core catcher and hydrogen removal system as measures for severe accident management

Mr Kolchinsky explained that in the previous designs there were only three categories of design basis
conditions (DBC). In the deterministic safety analysis of the AES-2006, however, as per the level of possible
negative consequences and an occurrence probability, the list of design conditions is divided into the several
categories: DBC1-4, DEC (Design Extension Conditions) and SA (severe accidents. For each category of
design conditions, the acceptance criteria are stated and safety analysis is prepared for justification.

The design adopts radiation safety for population for DBA and severe accidents as follows.

- For DBA, the dose incurred by population will not exceed the operational dose limit established for
normal NPP operations. The radius of emergency protection area does not exceed 0.8 km around reactor,
i.e. limited by site boundary.

- For severe accidents, evacuation of people closely living near the NPP is not required. The radius of area
where protection measures for population are planned does not exceed 3 km.
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FIGURE 4.2.3. Design basis condition (DBC) and design extension conditions (DEC)

From the Fukushima accident point of view, the safety plant assurance has been improved in that the full list
of external impacts (including flooding, tsunami, tornado, etc) was considered. Within the framework of
‘stress tests’, expert engineering evaluation of seismic strength of inner containment was performed to
determine threshold seismic impact value. The analyses takes into account three initiating events, i.e. loss of
all electrical power supply sources including SBO, (ii) loss of the ultimate heat sink, and (iii) combination of
both.

Evaluation of seismicity resistance analysis was performed by means of the following methods: (i) direct
strength analysis of containment as per linear and spectra theory of seismic stability at step-by-step
increasing of acceleration level, and (ii) evaluation based on design experience and seismic fragility test of
the type of construction as per recommendations of PERI-N-6041. Taking the minimum value of
acceleration obtained from the two methods, threshold value of maximum acceleration on the ground level is
0.51¢.

Mr Kolchinsky informed the forum that there are 8 units of AES-2006 under construction in Leningrad,
Baltic and Belorussia. The final report of an INPRO assessment of the AES-2006 performed by Belarusian
experts, has already been published by the IAEA. The publication is considered as clear evidence that it is
necessary for designers and/or technology holders to support or assist potential future NPP owners to prevent
the use of unreliable sources and potentially incorrect evaluation. Some positive effects from cooperation
were mentioned, among other, to provide independent estimate, to provide more exposure of nuclear
technology to the public, and to increase owner’s competence level and knowledge.

4.2.2. INPRO assessment in the area of safety of AES-2006
4.2.2.1. EP 1.1.1.1 Margins of design

Mr Bykov (Rosatom) delivered the first assessment on robustness. The robustness criterion is traditionally
achieved in consideration of the enhanced seismic resistance of safe shutdown earthquake (SSE) and
increased plant lifetime to 60 years. The AES-2006 design is designed with an SSE level of 8 points on the
MSK-64 scale (0.24 g at the free surface of the plate) as compared to 7 points in the previous design. (Note
the operating basis earthquake (OBE) stays at 6 points). The main equipment maintains the necessary safety
margins, i.e. safety margins are not reduced, and additional fixing is used for some pipelines to increase
seismic resistance. The availability target of the AES-2006 is increased to 0.92 (from 0.80), thermal power to
3,200 MW (from 3,000 MW) and the secondary design pressure to 8.1 MPa (from 7.84 MPa). Mr Bykov
indicated that thermal power and secondary design pressure are related directly to the economic aspects of
the NPP. However, the economic aspects contradict the safety of NPP because completely safe NPP means
the plant lies in the state of the shutdown. This is the reason why he did not show only the simplification of
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the reactor design. There are apparently sets of design which allow to simplify manufacturing, operational
procedures and technical assistants of the NPP.

In terms of RPV structure, the inner diameter is increased by 100 mm to decrease neutron flux to the reactor
vessel. The length of the vessel is increased by 300 mm and barrel length by 200 mm therefore a reduced
power per unit length is obtained. Modifications of the structure lead to the increase in margins of the design,
i.e. increased diameter contributes to capability of the protection of the reactor wall against neutron flux and
increased length means increased amount of water in upper part of the reactor to provide additional water
source in the case of LOCA. Seismic resistance is increased from previous design by reducing the number of
welds and optimizing/changing the location of welds across the core. The material quality of the reactor
vessel is also improved by using advanced steel to limit nickel content in welds and harmful impurities in
base metal and welds. The modification allows a decrease in the critical temperature of the nozzle area shells
close to -35°C. There is a new surveillance program to improve reliability of monitoring the fluence to the
reactor vessel, i.e. arranging of surveillance specimens to be irradiated immediately on RPV wall. All these
modifications result in increased life time to 60 years and increased thermal capacity to 3,200 MWth.

The differences in the design of V-491 (AES-2006) versus V-320 (which AES-91 was based upon):
- Reactor vessel and upper head
These include the use of 18 control rods, 18 1&C connections located at the periphery, advanced steel
material, arrangement of surveillance specimens to be irradiated immediately on RPV wall, the
lengthening of vessel by 300 m and reduction of the number of welds and optimization of their locations
in the core region.
- Core barrel
- Application of removable compensation plates to adjust the gap in the spacer collar
- The height-adjustable supports of fuel assemblies
- Emergency support in the central part of the bottom to allow passage of coolant in the core barrel
breakage accident
- Application of pressing devices of core barrel based on expanded graphite
- Protection tube unit (PTU)
- PTU and core baffle are fixed for the core barrel break accident
- Application for core monitoring only in-core instrumentation detectors channels the same length
- Core baffle
- Six stops are set to hold the PTU against lateral movement relatively core barrel and allow the
SCRAM in case of core barrel break accident
- Changed location and diameters of the lengthwise holes for better cooling
- Increased height of the baffle

FIGURE 4.2.4. Modifications to the reactor pressure vessel (RPV)
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TVS-2006

FIGURE 4.2.5. Comparison of TVS-2M and TVS-2006

On reactor core, several measures were noted: (i) increased amount of fuel, (ii) reduced power per unit
length, (iii) reduced temperature of re-criticality, (iv) increased representation of core measurements by in-
core instrumentation detectors, (v) increased number of CPS control rods, and (vi) increased number of
places of possible installation of control rods to provide the ability to optimize the location of control rods in
a control group. Mr Bykov explained the reasoning behind the decreased maximum linear power with the
increased thermal power due to the composition of the core. The re-criticality temperature is also decreased
by increasing the number of control rods by up to 121. On core coolability, it was shown the increase made
to the reactor outlet pressure, fuel height in the core in the hot state, inlet and outlet coolant temperatures,
core heat flux distribution coefficient, maximum fuel cladding temperature, minimum DNBR, and maximum
fuel pellet temperature. The fraction of core heat that can be removed by natural circulation is at least 10%
Nnom (thermal power) in both VVVER-1200 and VVER-1000 projects, which is constant, and in addition by
the SG PHRS 4x50 (2 MW max) in VVER-1200 (V-491) project.

TABLE 4.2.1. Comparison of VVER-1200 versus VVER-1000

Parameters VVER-1000 VVER-1200
Nominal thermal power of the reactor (MW) 3000 3200
Core heat flux distribution coefficient 2.60 2.40
Maximum linear power (\W/cm) 448 420
Maximum fuel pellet temperature (°C) 1805 1852
Minimum DNBR 1.30 1.39
Fuel height in the core in the cold state (mm) 3530 3730
Number of FAs with CPS CR 61 up to 121
The re-criticality temperature (°C) 220 <100
Fuel Cycles 3x350; 3x1.5; 4x1; 5x1 3x1.5; 4x1; 5x1
Maximum fuel burn (MWday/kgU) 68 70
Load following modes - 100-75-100 Nnom
CPSCR - The increased length of the

section with Dy,0,TiO,
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TABLE 4.2.2. CPS drive ShEM-3

Parameter ShEM-2 ShEM -3
1. Operation pexiod, years:
- Merhanical undis; 20 40
- Eleciromagnets; 10 30
- Pogition indicator ] 30
mlamalnpmted motion of conirol roed bar, 3600 3800
3. Intervral of the condrol rod position disc rete 50 20
checl by position indicator, mm
4. The ervor of conirol rod position check by
position indicator, mm (30 10
5. Total amount of sensor check conirol rod " 191
positions
6. Maximal p ulling force, kgs H 70
7. Alowah ke eleciromagnet temperature, *C 170 260
8. Cooling air rate, m¥'h 400-+5" 250
9. Allowsh ke cooling air feed hreak, h 0,5 z2
10. Sealing uniis 2 1

The steam generator has a larger inner diameter (4.2 m), vaporization area and heat exchange area. There is
an increased SG water supply in the secondary circuit from 52 to 63 ton for safety improvement, and
enlarged space under heat exchange pipes for easier access for space inspection and sludge removal and
overall improved stressed state of coolant collector. The steam generator also has increased design pressure
to attain satisfactory power usage coefficient, and increased steaming power.

The pressurizer comprises extended graphite seals in detachable joints and has a 4-stage controllable
injection system. Control is modernized to minimize regulators operation and to use natural changes of the
primary circuit volume. The individual injection line into the pressurizer comes from the Boron Emergency
Injection System. Al pipelines including connections are made of stainless steel, which result in the
increased life time and enhanced transient process stability, among other, improved values of set points for
injection operation. The main coolant pump is also improved with a 5% increased water supply, increased
fire safety by using engine lubrication system with uninflammable liquid and leak tightness of seals during
72 hours without cooling. Overall, most of equipment is modernised so as to increase power, seismic
resistance, lifetime and the availability factor of the plant.

In conclusion, the assessment indicated preservation or increase of safety margins and reliability of the V-

491 design, representing an evolution from the V-320 design, on the following aspects:

- Fuel thermal design and thermal hydraulic design of the V-491, i.e. thermal power, core heat flux
distribution coefficient, maximum linear power, maximum fuel pellet temperature, and minimum DNBR

- Fraction of core heat that can be removed by natural circulation, i.e. with the addition SG PHRS in V-
491 project

- Parameters characterizing possible overstressing and fatigue of the reactor system components: (i)
reduction of RPV temperature of embrittlement of the nozzle area shells -35 °C, (ii) application of
removable compensation plates to adjust position of core barrel reduces vibration amplitude of the core
barrel, and (iii) changes of location and diameters of the holes of the core baffle for improving cooling
reduce the temperature stresses.

Therefore, EP 1.1.1.1 ‘Margins of design’ is met with the AES-2006 design (V-491) design.
4.2.2.2. EP1.1.1.2 Simplicity of design

Mr Bykov (Rosatom) listed the following simplification of reactor unit elements in the AES-2006 design and
operation:

- Safety system algorithms owing to the decreased re-criticality temperature

- Reduction of number of control rods detachable joints, i.e. simplification in mounting and maintenance
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- Loose requirements to operation due to justification of brittle fracture resistance for ECCS water
temperature of 20 °C, i.e. no ECCS water heating is necessary

- Loose requirements for equipment and tubing fastening based on the leak before break (LBB) concept),
i.e. simplification in mounting and maintenance

- Simplification of operation due to elements service life increase (Control and Protection System (CPS)
control rod drive))

- Reduction of composite welded joints amount in ECCS, Pressurizer System, i.e. simplification in
mounting technology simplification

- Reduction of the reactor vessel welds number, resulting in shortening of manufacture time and reduction
of operational control scope

- Renunciation of double-chamber equalizing vessels in favour of single chamber vessels

- Corridor heat exchanging pipes bundle in steam generator decreases sludge accumulation, i.e.
simplifying sludge removal and check-up of heat exchange area

- Increase of maintenance period from 4 to 8 years

- Gate-type equipment application allowing steam generator maintenance concurrently with fuel reload.

Mr Bykov noted, however, that EP1.1.1.2 is considered not suitable for evolutionary projects on the basis of
active systems because the main principle of improving the reliability and protection against common failure
is redundancy and diversity.

4.2.2.3. EP1.1.1.3 Quality of manufacture and construction

Mr Bykov (Rosatom) indicated that to achieve quality of manufacture and construction, Rosatom is making
use of referent technical solutions and the quality assurance program for designing, manufacturing of reactor
plant (RP) equipment and pipes and materials admitted by the regulatory body for equipment manufacture.
Besides, Rosatom collaborates with companies that have certificates of the regulatory body for NPP
equipment production.

Mr Bykov mentioned there are some changes in principle that Rosatom is currently working on with the

international regulatory to certify projects and quality programs.

- Ductile-to-brittle transition temperature decrease, decrease of impurities in the reactor vessel metal

- Application of detachable joints with expanded graphite

- Automated welding of reactor circulation pipes

- Application of stainless steel pipes for connecting line and ECCS pipes — reduction of number of
composite welded joints

- Fewer number of welded joints for reactor vessel

- Provision of the conditions for “clean mounting” of the equipment at manufacturing factories and during
NPP mounting.

Mr Bykov indicated that the implementation of EP1.1.1.3 is fully represented in the Belarus NESA report,
and the assessment shows that EP 1.1.1.3 is met. (The report also shows that EP1.1.1.4 and EP1.1.1.5 are
met, i.e. CR1.1.1 has been fully met for the V-491 design).

42.2.4. CR1.2.1 1&C and inherent characteristics

Mr Bykov (Rosatom) pointed out that the criterion is met through the use of monitoring, control and
diagnostic system (MCDS), which is designed based on the principle of combining the functionally
completed systems that fully perform their functions and are joined by data exchange. The goals are to
monitor the core and reactor plant parameters; provide scram and preventive protection signals by local
parameters (DNBR, linear power); advise the operator about power field control; monitor vibration load for
reactor plant elements, loose parts and primary circuit tightness and remaining life; present the current core
and reactor plant parameters, data exchange of different systems and data archiving; monitor margins for
operational limits and safety limits for parameters measured and calculated by MCDS; monitor water
chemistry and give recommendations to the operator; and perform self-diagnostics of hardware and software.

The MCDS comprises of several systems: in-core instrumentation system (ICIS), system integrated
diagnostics (SID), vibration-noise diagnostics system (VDS), coolant leak detection system (CLDS), loose
parts detection system (LPDS), remaining life automated control system (RLACS) and system of integrated
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analysis (SIA). The AES-2006 MCDS is an evolution of the V-20 ICIS All these systems within the MCDS
are decentralised and used to control the plant and perform diagnostics during its operation.

MCDS techniques

FIGURE 4.2.6. MCDS Techniques
4.2.2.5. CR 1.2.3 Inertia

Mr Bykov (Rosatom) presented the criterion on inertia for the AES-2006. The more comprehensive
application of inertia, inherent safety and passive features of the design has resulted in several improvements
of this design, such as an increase of 20% of secondary circuit water, the exclusion of combustible liquids
inside the containment along with maintaining the required RCP coastdown period, a decrease in the re-
criticality temperature, passive heat removal systems for steam generators and containment, an enlargement
of the water layer between the core and reactor vessel, the use of stainless steel for the pressurising system
and ECCS piping, water chemistry justification for ECCS water (20 °C), longer period for keeping the RCP
shaft leak tightness without cooling (72 hours vs 24 hours), justification and application of LBB concept for
nominal diameter > 200 mm.

The reliability and safety margins have been preserved or increased in this new design and there is an
extended use of inherent safety features, passive principles for simplification of technical solution which
enhance performances. The control and monitoring of process variables and parameters characterising the
reactors state have also been developed.

4.2.2.6. CR 1.2.2 Grace period (normal operation)

Mr Bykov (Rosatom) noted that safety analyses in the VV-491 design are performed by considering the grace
period in compliance with international organization requirements. Two of such were pointed out, i.e. the
IAEA Safety Report Series No. 23 which requires 15-30 minutes to diagnose the event and take proper
corrective action, and the EUR requirement which requires 30 minutes for operator actions from MCR or 1
hour for actions outside MCR. In other words, for VV-491, the operator has a 30 minute time margin in case of
an accident to diagnose the event and take proper corrective action. In an assessment of DEC, all actions
beyond this time margin can be taken into account.

4.2.2.7. CR 1.3.2 Grace period (design basis accident)

Mr Bykov (Rosatom) discussed the grace period for DBA. Accordingly, the AES-2006 design and reliability
of safety systems as well as supporting systems allow non-interference of any controls for at least 8 hours, as
proven by the fulfilled safety analyses.
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It was concluded the fulfilment of this criterion is achieved by the design basis of safety systems and
justified in the analysis of DBA and BDBA, i.e. 24 hr for DBA which can be increased to 72 hours with
operator action. Therefore, CR 1.3.2 is met.

4.2.2.8. CR 1.3.3 Safety features
Mr Bykov (Rosatom) discussed the following AES-2006 safety features to meet CR1.3.3.
TABLE 4.2.3. Safety features of AES-2006 (V-491) versus V-320

‘AL complete

ECCS active part | Separate three-channel maximum- and low-head Separate four-channel maximum- and low-head
t with ch | redundancy 3 x 100 % each with ch I redundancy 4 x 100 % each

i no needs™ ]

ECCS passive part | Four identical ch of each

Is fully independ. Four identical channels fully

other

independent of each other

Emergency boron
injection system

Emergency feedwater
system

Three-channel with channel redundancy 3 x 50 %

Three-channel with channel redundancy 3 x 50 %
and tanks of emergency feedwater inventory

l no needs™ ]

Four-channel with channel redundancy 4 x 50 %

AL complete

Four-channel with channel redundancy 4 x 50 %
and tanks of emergency feedwater inventory

Passive heat removal

Not available

Passive four-channel system AL complete

with channel redundancy and 18 water-cooled

system (PHRS) heat exchangers in each channel
Passive heat removal
system from the | Not available Available
containment
Core catcher | pot guailable Available AL complete
( no needs* )r The system makes safety functions during short time, after that it works no needs )

The ECCS active part includes high pressure system (HP ECCS) and low pressure systems (LP ECCS) with
redundancy of 4x100% each, supplying boric acid solution to the reactor coolant system under LOCA within
the whole spectrum of DBAs up to leak with Dy, (nominal diameter) of 850. The EECS passive part
consists of four identical and independent channels, each comprising ECCS accumulator, valves and
pipelines. It supplies boric acid solution to the reactor at the primary pressure less than 5.9 MPA under DBA
with loss of coolant until the start of the LP pumps.

(refre) (relre)

channel 4

channel 1

channel 2
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P | Max. pressure head of HP ECCS, MPa | 7,9 N | Number of channel, pcs. 4
. G . Max. flowrate of HP ECCS, m3/h - 260 @ . P | Nominal pressure, MPa 59

P | Max. pressure head of LP ECCS, MPa | 2,5 - C | Concentration of H;BO;, g/kg 16

G | Max. flowrate of HP ECCS, m3/h 900 @ - V | Volume of tank/solution, m? 60/ 50
I C I Concentration of H;BO;, g/kg . 16

FIGURE 4.2.7. DBA concept: ECCS active part and ECCS passive part

The emergency boron injection system (EBIS) consists of a four-channel system with redundancy of 4x50%.
It is intended for injection of boric acid solution into the pressurizer under accidents with primary-to-
secondary leaks for quick decrease in the primary pressure and for supply of boric acid solution into the
primary circuit for quick bringing the reactor plant into subcritical state under the conditions with failure to
scram (ATWS). The Emergency Feedwater pump (EFWP) has four channels with a redundancy of 4x50%
and a tank of emergency feed water inventory. This is for feed water supply to SG in emergency conditions
by the time normal feed water system and auxiliary feed water system are unavailable.

To Pressurizer

channel4/ e \channell
. HA HA| | HAIHA |

R
el

o
©

channel 3 channel 2

G | Flowrate of pump, t/h 150
T | Feedwater temperature,"C 5-40
3
| V| Volume of tanks, m | 80 M | Mumber of tanks, pcs. 2+1
G | Nominal flowrate, m*/4 14,5 v | Tankvolume, m3 700
P | Max.pressure head, MPa 245 D | Possibility of setting a pressure | Available
; I maintenance fspecificratein
C | HzBOs concentration, g/kg . a0 cooldown mode

FIGURE 4.2.8. Emergency Boron Injection System (EBIS) and Emergency Feedwater pumps (EFWP)

The passive heat removal system (PHRS) from steam generators with four-channel redundancy and 18
water-cooled heat exchangers in each channel are intended to remove the core decay heat to the ultimate heat
sink through the secondary circuit under BDBAs. The passive containment heat removal system (CHRS) is
used for emergency heat removal. The emergency gas removal system is for BDBA management to remove
steam-gas mixture from the primary circuit, collecting in the top head of reactor, in the SG collectors and
pressurizer under the conditions of coolant boiling and gassing. Finally, the core catcher is a concrete cavity
used to provide support for the bottom of the reactor vessel and as a cavity protection from corium thermo-
mechanical impact. The liquid and mechanical corium debris will collect here ion case of a core spillage and
will be steadily cooled by the cooling water. It ensures a sub-criticality core melt in the concrete cavity and
reduces radionuclides and hydrogen releases in the containment.

Several BDBAs considered in the project are listed below:
- Loss of all AC power supply sources for 8 and 24 hours
- Loss of spent fuel pool cooling for 8 and 24 hours
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- Spectrum of steam line breaks inside and outside the containment up to steam line of maximum diameter
with rupture of one tube in a steam generator

- Complete loss of feed water supply

- LB LOCAs with failure of low pressure ECCS active part

- SB LOCAs with failure of high pressure ECCS active part

- Long-term (up to 24 hours) loss of heat removal by the planned and emergency cooling down systems
with the reactor top head removed and/or with the reactor sealed

- Primary-to-secondary coolant leak in case of multiple failures of SG tubes, or leaks over the steam
generator primary side collector with equivalent diameter (Dpom) 0f 200 mm

- ATWS

P
<)
1]

|

N\
=y

FIGURE 4.2.9. Emergency Boron Injection System (EBIS) and Emergency Gas Removal System

For numerical simulation of transient and accident conditions of VVER reactor plant at OKB
“GIDROPRESS”, thermal-hydraulic codes TRAP-KS and KORSAR.GP are used. These codes are applied
during calculations of reactor plant safety analyses, calculations for PSA, during determination of boundary
conditions for strength analysis and so on. The conditions being simulated are transients, DBA (primary-to-
secondary coolant leaks, reactivity initiated accidents, loss of heat removal, change of flow rate, spurious
function of systems, etc.), and BDBA (without fuel melting).

TABLE 4.2.4. Computer codes used for simulation

Simulated processes

TRAP-KS

KOPSAR/GP

Thermal-hydraulic processes
in the reactor plant equipment

One-phase or two-phase flow (a drift
model is used) of coolant with taking
into account non-condensable gases
and boric acid solution.

Two-phase mixture of water (with
boric acid and non-condensable
gases dissolved in it) and steam-
gas phase;

Neutron-physical model

Point model or 3D model of neutron
kinetics (KARTA module + library of
neutron-physical constants by
SAPFIR95.1 code )

Point model or 3D model of
neutron kinetics (KARTA module
+ library of neutron-physical
constants by SAPFIR95.1 code )

Coolant mixing in the reactor
chambers

KAMERA — calculation of coolant
mixing in the reactor pressure and
collection chambers

KAMERA - calculation of
coolant mixing in the reactor
pressure and collection chambers

Related calculation of
processes in the containment

The use of ANGAR or KUPOL codes
integrated into a package

The use of KUPOL code
integrated into the code

Simulation of passive safety
systems

Specialized models of HA-2, QBIS,
SG PHRS, SG ECBS

In the initial data file with the help
of the code basic components
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TABLE 4.2.5. DBA results

The computer codes are verified to:

at OKB “GIDROPRESS”, Sosud (MPEI);

Integral experimental facilities — SB-1 (OKB GP), PMK-NVH (Hungary), PACTEL (Finland),
BETHSY (France), ISB-VVER, PSB-VVER (Russia), IST-EC, SOT, SPOT, GE2M-PG (Russia),

LOBI

Experiments performed at VVER-1000 Units (NV NPP, Balakovo NPP, Kozloduy NPP, Kalinin

NPP, and others) and VVER-440 (LOVIISA NPP, NORD NPP, Kola NPP
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- Standard tasks AER OECD/NEA, where comparison was considered with experimental data and
calculation data obtained from different computer codes

- Standard tasks LBLOCA (PSB-VVER), BEMUSE, SPE-1,2&3 (PMK-NVH), ISP-27, ISP-33, ISP-
50, standard tasks on reflooding at 7- and 37- rod bundles at SSC RF — IPPE.

The PSA results provide value for frequency of major release of radioactive material into the containment,
defined by core melt frequency. The core melt frequency for the V-491 design is 5.94E-07 per year, which is
approximately 100 times less than for a VV-320 design, which is 4.88E-05 per year. It also means that the
calculated frequency of major release of radioactive material into the containment will be much lower for the
V-491 design.

In conclusion, the VVER reactor plants are based on technical solutions with proven reliability and
efficiency for more than 40 years operation experience. The developed designs are implementing the
evolution concept of VVER reactor plant improvement, oriented not only to safety assurance of units but
also enhancement of their cost efficiency. A combination of active and passive systems of safety is optimized
with respect to the competitive designs. The reliability of engineered safety features is improved by
increasing the redundancy and application of passive heat removal systems, therefore CR 1.3.3 is met.

4.2.2.9. CR 1.3.4 Barriers

Mr Bykov (Rosatom) discussed the criterion on barriers and pointed out that in the process of safety analyses

fulfilment the acceptance criteria are used to confirm physical barriers integrity during the progress of

postulated initiating event (IE).

- Primary pressure and steam generator pressure will be less than 115% of the calculated values (IE
category 2,3,4)

- Fuel pellets do not melt even locally (the temperature is less than 2,540 °C for spent fuel and less than
2,840 °C for fresh fuel (IE category 2 and for the absolute majority of design conditions of category 3)

- Departure from the nucleate is not reached with 95% probability for the hottest fuel element (minimum
margin before DNBR in the core is >1.0) (IE category 2)

- The average radial enthalpy of fuel does not exceed 586 J/g (IE category 2) or 830 J/gUQO, on axis of any
fuel element (IE category 3,4)

- Special 1&C should be provided to detect possible fuel loading errors during bringing to power (IE
category 3,4)

- The number of damaged fuel elements should not exceed 1% of total number of fuel elements located in
the core (IE category 3)

- Number of damaged fuel elements should not exceed 10% of total number of fuel elements located in the
core (IE category 4)

Other acceptance criteria for category 3 and 4 are as follows:

- The maximum cladding temperature under accident conditions does not exceed 1,200 °C

- Local cladding oxidation depth does not exceed 17% of the original cladding thickness.

- Channels for the coolant flow inside the fuel assemblies should not be locked up to such a degree that
cooling ability is broken due to swelling, destruction of claddings, as well as because of the deformation
of other parts of fuel assemblies and internals

- Melting of control rods is not permitted

- Movement of control rods in the reactor should not be disrupted because of possible strains in the fuel
assemblies, control rods and internals;

- Interaction between different components of fuel assembly should not lead to these components melting;

- Amount of hydrogen obtained in the fuel cladding — coolant interaction should not exceed 1% for
category 3 and 10% for category 4 of that released if the entire cross section of cladding surrounding fuel
pellets completely reacted with water and turned into ZrO, (Zr + H,O — ZrO, + H,). In the analysis of
the actual amount of hydrogen released, all the reactions that lead to the formation of hydrogen should be
taken into account.

- Safe state of the core should be reached in such a way that conditions are created to provide maintenance
of the reactor in sub-critical state, its cooldown in shutdown condition after the accident, as well as to
dismantle the core and internals
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Accidents with initial boundary and conditions leading to maximum possible release of mass and energy
(primary coolant, secondary steam or water) into the leak are analysed for determinative design conditions.
Safety analysis with the use of criteria for building structures, taking into account the change of parameters
in the containment, is performed in SAR. Building structure’s integrity is provided during severe accidents
under conditions of core corium catcher functioning. The DBA analyses results (shown in CR1.3.3) confirm
CR1.3.4 for the VV-491 project.

4.2.2.10. CR 1.3.5 Controlled state

Mr Bykov (Rosatom) explained that in accordance with the Russian standards, all calculations are performed
to achieve a controlled stable state. This criterion is confirmed by the results of the calculation presented in

Chapter 15 of their SAR.
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FIGURE 4.2.10. Safety analysis (Integrity of barriers)
4.2.2.11. CR 1.3.6 Sub criticality

Mr Bykov (Rosatom) explained that the AES-2006 features two systems to ensure sub-criticality: scram
number of control rods - 121 and the Emergency Boron Injection System (EBIS). Compared to the V-320
design, in the V-491 design the number of control rods is increased to 121, the core re-criticality temperature
decreased to 91°C and the EP efficiency without the most effective control rod is 12.5%. Safety analysis
results show that xenon core poisoning after reactor shutdown leads to increased sub-criticality. Maximum of
the poisoning comes in 8 hours after reactor shutdown. So CR1.3.6 is met.
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FIGURE 4.2.11. Xenon core poisoning
4.2.2.12. CR 1.4.1 Frequency of release into containment

Mr Kolchinsky (Rosatom) presented the assessment for this criterion. He pointed out that activity release
into the containment under LOCAs is determined by the presence of damaged fuel cladding in the core. The
following criteria are justified in the design: (i) for design condition of category 3, number of damaged fuel
rods shall not exceed 1% of the total number of fuel rods in the core, and (ii) for design conditions of
category 3, the number of damaged fuel rods shall not exceed 10% of the total number of fuel rods in the
core. With this respect, in case of design accidents the expected annual irradiation dose of limited part of
population at the protection zone boundary are effective dose below 1 mSv/event for category 3, and and
below 5 mSv/event for category 4. The results of accident analyses are presented in PSAR, Chapter 15 for
LAES-2 and BtAES.

LOCA accidents are managed by active safety systems to ensure reactor coolant inventory and heat removal.
The safety system configuration has four-train configuration and ensures function margin as N+2 (versus
N+1 in V-320 design). If the safety systems are working in the design basis mode, the acceptance criteria are
implemented. Binding of volatile radionuclides in containment atmosphere is ensured by adding of
chemicals (alkali) into boric water of containment spray system.

Some postulated multiple failures (including common cause failures in safety systems) have been considered
in the design as DEC conditions and do not lead to severe core damage. The list of postulated DEC
conditions was defined according probabilistic analysis.

The frequency of core damage is a quantitative indicator of CR1.4.1. Two main reasons which helped

significantly decrease the CDF for the AES-2006 design in comparison with the VV-320 design are:

- N+2 safety system

- Use of PHRS-SG for mitigation some of the safety system multiple failures consequences, such as black-
out, emergency feed water failure, high pressure emergency injection failure at small LOCA, etc.

The main functions of PHRS-SG are as (i) residual heat removal and reactor shut-down cooling at full-loss-

of-power conditions and at full-loss-of-feed water-supply conditions; (ii) prevention of radioactive coolant

injection into atmosphere through BRU-A (steam bypass station to atmosphere) or SG safety valves during
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accident with coolant leak from primary to secondary circuit; (iii) minimise radioactive coolant release due
to coolant leak from primary to secondary circuit and simultaneously steam pipeline break in not cutting part
out of the containment; and (iv) redundancy of safety systems in case of failure for emergency reactor
cooldown conditions during accidents.

TABLE 4.2.7. Comparison of core damage frequency (CDF)

CDF, 1/(r *y)

Operation Mode  v_320 (BNPP) AES-91 AES-2006
(TNPP) (LAES-2)

Power operation 2,55-10°3 IS SSTIE 1,36-10°7
Shutdown 2,33-10°5 3,50-107 4,58-1077

BNPP — Balokovskaja NPP (Ref.: PSA-1)
TNPP — Tianwan NPP in China (Ref.: PSA-1)
LAES-2 — Leningradskaja NPP-2 (Ref.: PSA-1)

In conclusion, due to new safety measures in the AES-2006 design, the CDF has been decreased to almost 10
times in comparison with the AES-91 and to 100 times in comparison with V-320 design. Therefore,
CR1.4.1 is met.

4.2.2.13. CR 1.4.2 Processes

Mr Kolchinksy (Rosatom) noted that for this criterion the main aims are (i) containment integrity keeping at
initial period of accident without operator actions, (ii) heat removal at a late stage of an accident, and (iii)
corium cooling in the reactor vessel or core catcher. The following design basis are stated as approved in
Chapter 15 of PSAR, i.e. to exclude steam explosions during interaction between water and corium, direct
heating of containment, detonation of combustible mixtures and formation of non-condensing mixtures. The
systems that ensure these conditions are the containment spray system, the chemical injection system for
iodine binding, the hydrogen removal system and the PHRS from the containment in case spray system is not
efficient.

Emergency Spray System is intended for pressure reduction in the containment in case of LOCA, removal of
fission products from the containment atmosphere and control of chemical water composition in the sump-
tank by adding chemicals. Passive Heat Removal System is designed for (i) reducing and maintaining
pressure inside the containment within the design limits during BDBA including severe ones with core
damage, (ii) removal to the ultimate heat sink the heat released into the containment during BDBA including
severe ones with core damage, and (iii) redundancy of containment spray system.
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FIGURE 4.2.12. Emergency spray system FIGURE 4.2.13. Pressure in the containment

The design basis for hydrogen safety includes to exclude detonation and deflagration in the containment in
DBAs, and to exclude detonation of hydrogen in BDBA while still permitting deflagration if the localizing
safety systems perform their design functions. The capacity of hydrogen removal system is designated as if
1000 kg of H, is generated in the containment during 5-7 hours. There are two measures provided in the

design, i.e. use of passive catalytic hydrogen recombiners and employment of natural inertization of gas
medium by steam.
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FIGURE 4.2.14. Passive catalytic hydrogen recombiners

In conclusion, the AES-2006 design has systems for controlling the system parameters and activity levels in
the containment/confinement. Therefore, CR1.4.2 is met.

4.2.2.14. CR 1.4.3 Accident management
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Mr Kolchinksy (Rosatom) discussed BDBA management systems implemented to satisfy this criterion. They
are core catcher, hydrogen removal system (passive recombiners), system of primary circuit overpressure
protection and emergency gas removal system, PHRS-SG, PHRS from containment, core catcher water
supply system, emergency chemical agents supply system, special measures for fuel pool and emergency
heat removal tanks make-up, special electrical train with moving diesel generator and accumulators, and
special 1&C equipment and control panel in the main control room (MCR) (Severe Accident Management
Simulation Module (SAMS)).

I e 3 U e R 0 o 21 e R

1-PHRSC, 2 - PHRS'SG, 3 - EHRT, 8 - Core caicher, 5- PARs
FIGURE 4.2.15. Means for BDBA management

The core catcher functions as a reactor vault protected against corium thermomechanical interaction,
reception and localization of solid and liquid corium components, heat transfer from corium, to ensure core
sub-criticality, and to decrease hydrogen and radionuclides release into the containment. The core catcher is
dry, water-cooled and crucible type located in the sub-reactor space. It is made of a mixture of iron and
aluminium oxides, steel and oxide as part of sacrificial materials. Two-layer core catcher vessel has
resistance to thermal stresses, and heat shield to protect the upper part of the vessel against thermal radiation.
Gadolinium oxide is used as part of the sacrificial material to ensure sub criticality of molten core. The core
catcher does not require periodic service works, and the equipment and the measurement system testing
should be carried out after accidents, which are accompanied by leakage in the containment.
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1-reactor vessel; 2-dry reactor protection; 3-console s

framework; 4-service area; 5-core catcher vessel 1-reactor; 2-core catcher; 3-fuel pool; 4-reactor
internals inspection vault; 5-pit-tanks; 6-core catcher
flooding pipes (water supply to the corium surface), 7-
core catcher heat exchanger feeding pipelines, 8-
steam removal (pipes).

FIGURE 4.2.16. Core catcher: filling and cooling of core catcher

The basic codes for justification of passive systems:

- KORSAR-B1- best-estimate code a fully non-equilibrium two-fluid model of coolant flow;

- SOKRAT/V1 - best-estimate code for modelling severe accident conditions;

- KUPOL-M - containment code (lumped parameters);

- ANSYS SFX, STAR-CD, PGS-TK, LOGOS, FIRECON special CFD codes for containment calculation;

- Program unit KORSAR — KUPOL, SOKRAT-KUPOL integrate codes for joint calculations RV &
containment;

- DANKO, ANSYS - strength calculations of building constructions, equipment

- FIRECON, FIRECON- Calculation of loads on hydrogen combustion, determination of possible
combustion modes

Experimental validation of passive systems was performed using:

- Large-scale test rig “SPOT” for HRS/SG, CKTI, St. Petersburg
- Testrig “PHRS/C” in OKBM, Nizhniy Novgorod

- Large-scale test rig “KMS” in NITI, Sosnovyi Bor
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Regarding Information and Measurement System, the special control panels for severe accident management
(SAM) are located at the Main and Emergency Control Rooms. In case of severe accident at ex-vessel stage,
temperature in core catcher and cooling water level around the core catcher vessel would be monitored at the
SAMS panel in the MCR. Rapid temperature increase (>25 °C/s) registered by sensors in core catcher is the
criterion of reactor vessel brake down and corium dropping into the core catcher.

EEEEEE B

FIGURE 4.2.19. Information and measurement system

Rosatom has developed documents on BDBA management instruction to be supplied to the NPP owner:

- Emergency Operating Procedures (EOPs) as guidance for managing DBAs and BDBAs (before core
damage occurs) for core damage prevention

- Severe Accident Management Guidelines (SAMG) that propose a range of possible mitigating actions
and allow additional evaluation and choose alternative actions.
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In conclusion, the AES-2006 design contains the special measures, equipment and procedures for BDBA
(including severe accidents) management missing in the VV-320 design. Therefore, CR1.4.3 is met.

4.2.2.15. CR 1.6.1 Independence of DID levels

Mr Kolchinsky (Rosatom) pointed out the criterion was not yet performed in the Belarus report. The DID
concept is based on using a system of sequential physical barriers for spreading ionizing radiation and
radioactive substances into the environment as well as the system of organisational and technical measures
on protection of the barriers keeping their efficiency, as well as on protection of personnel, population and
the environment.

The physical barriers for V-320 and AES-2006 are the same, which are fuel matrix (pellets), fuel rod
cladding, reactor coolant system boundary, primary containment. For the organization and technical
measures Level 1 and 2 are the same for both designs, but Level 3 (control or accidents within the design
basis) and Level 4 (severe accident management) are new, with stricter safety requirements from WENRA.
In the 2013 WENRA'’s DID requirement, Level 3 is subdivided into Level 3a which includes postulated
single initiating events, and Level 3b which includes postulated multiple failure events.

The fundamental safety functions are aimed at fulfilling the tasks of physical barrier protection from
radioactive substance propagation. These include reactivity monitoring and control, reliable heat removal
from the core using a coolant inventory and a leak-tight primary circuit, and the ability to localise and
reliably retain radioactive fission products.

Prevenlion
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Metigation
DEC-B
Accidents | DEC-A  DBC-4
with core
melt DBC-3
Accidents without core
melt DBC-2 | pBC-1
10° 10 107 1

FIGURE 4.2.20. DBC and DEC definition

Generally independence justification analysis is performed using deterministic approach (including hazard
analysis) and then technical solutions are verified by probabilistic method. In each DID level, the special set
of SSC for implementation of all necessary safety function is provided in the design. The SSC should be
independent of each other, and each set of SSC includes mechanical SSC, 1&C, electrical sources, etc.

DiD level | Set of SSC Each set of SSC includes;
-Mechanical SSC
Level 1 SSC-1 -L&C
5 -Electrical sources
Level2 | SSC-1 % ete
]
Level 3a SS5C-2 =
&
Level3b = SSC3 F
Level 4 S3C-4

FIGURE 4.2.21. Deterministic approach
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The following tables shows sample of analysis approach of SSC for DID Level 1-4, for reactivity control,
heat removal from reactor core, limitation of fission products release and supporting system. The colours
show the safety class of SSC. The same table is developed for each initial event. The safety function
diversity in DBA and DEC with multiple failures is presented in this type of diagram. As shown, all the
safety functions have two diversity ways to implement, e.g. for I&C also justified with different
suppliers/manufacturers and types of equipment.
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The probabilistic assessment is shown below to choose the events and measures on each DID level
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FIGURE 4.2.23. Probabilistic assessment
According to the probabilistic assessment, there is a list of external impacts and common cause failures.

TABLE 4.2.9. Examples of common cause failure events postulated in the AES-2006 design

Detonation

Postulated Initiating Event

Loss of a safety system

ATWS

Anticipated transient

Fast shutdown

Station blackout

Loss of off-site power

Emergency power supply

Total failure of all computer 1&C

Loss of normal operation 1&C

ESF Actuation System (ESFAS)

systems
Total loss of feed water Loss of main feed water Emergency feed water supply
CCF at LOCA Small LOCA High pressure emergency

injection system

“Heavy” commercial aircraft
crush

Extremely external impact

Dismantling of safety building and
loss of all safety systems in it
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In conclusion, the assessment in accordance with the INPRO methodology has not been implemented for the
AES-2006 design given the much time and resources required but all the necessary information is contained
in the design document and analyses implemented by other methods. So CR1.6.1 is met.

4.2.3. Availability of References

There is limited design information available in the open sources, e.g. the V-491 design in the IAEA ARIS
system. All design information can only be provided to assessor / company through direct contact requiring a
special procedure. Rosatom had the opinion that technology holder / designer should be involved in a NESA.

The following references to the particular assessment provided in the presentation were given:
- PSA and PSAR for Leningradskaja NPP-2 (LAES-2)
- Baltic NPP (BtAES) in Kaliningrat Region

- Belorusskaja NPP in Belarus

- Balakov NPP (V-320 design) (Open information)

4.2.4. Discussion

Questions

Answers

Mr  Gevorgyan  (Armenia)
indicated that many countries need
SMR, and VVER-640 is
completed and will be constructed
in Leningrad. He asked why St
Petersburg Institute
ATOMENERGOPROJECT
(SPbAEP) was not suggested for
user countries.

Mr Kolchinsky (Rosatom) reasoned that no customer was interested
in the design so it was put in archive. After 10 years in archive, the
requirements have changed and the design needs to be modernized.
All solutions of the reactor are modern and actual, i.e. all research
work and experience used in the new designs. He mentioned a new
activity has already started to recover the design, working together
with general constructor of NPP and Kurchatov Institutes, though at
not very fast pace.

Mr Bykov (Rosatom) added that Armenia can send a note to
Rosatom to provide medium sized PWR because there are several
preliminary designs/projects on going.

Mr Koshy (IAEA) asked to
elaborate how criticality s
avoided in the core catcher. In the
design, it is expected to be dry and
cooled externally. In a severe
accident while cooling down the
core, how it can be kept dry and at
the same time avoid criticality. He
later asked in case assuming
feeding is stopped so that
moderator does not come
anymore,  whether there s
experimental to validate it.

Mr Kolchinsky (Rosatom) explained there are two ways to exclude
criticality in the core catcher. Firstly, using gadolinium fraction in the
core catcher materials, and secondly the property of the materials in
the core catcher dilutes / fractionates core catcher debris and it is
impossible to gather critical mass.

There was special experiment in the research institute but on a small
scale.

Mr Goncalves Filho (Brazil)
asked about the material of the
core catcher and maximum
temperature.

Mr Kolchinsky (Rosatom) responded that the vessel is made of
carbon steel. The maximum local temperature of the corium can be
above the melting temperature of the core, i.e. above ~2,500-2,800 °C,
but the mixture is colder and the temperature close to wall is about
1000 °C.

4.3. ABWR (Advanced Boiling Water Reactor)

Mr James A Beard and Mr Kenichi Yasuda (GE Hitachi Nuclear Energy International) presented INPRO
assessment in the area of safety of the Advanced Boiling Water Reactor (ABWR) design.

4.3.1. Overview of ABWR Design

Mr Beard (GE Hitachi NE Intl.) presented the overview of the ABWR which is a Gen Ill reactor with the
lowest core damage frequency of its class. This reactor is a successor of the Dresden 2 reactor (Mark I11) and
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has a thermal power output of 3,926 MW and an electric output of 1,360 MW. The company seeks to
simplify the design in order to enhance safety. One significant improvement in the ABWR is the adoption of
internal recirculation pumps for reactor recirculation, i.e. eliminating external recirculation loop with lots of
large piping in the previous design that could results in possibility of a LOCA in which water will be drained
water out of the reactor pressure vessel. This improves the reactor response to a LOCA. The active safety
systems offer a 72 hour fully automated capability without operator action to maintain the reactor under safe
shutdown state. The operating cycle length without refuelling is of 12 to 24 months. The design also features
power maneuverability or load-following capability, i.e. £10% within 10 seconds at a rate of 5% per minute
afterward within the range of 50-100% power, which can be done 90% of the operational cycle.

Mr Beard (GE Hitachi NE Intl.) also discussed evolution of the containment, in which now the ABWR uses
the so-called pressure suppression component to absorb the energy following DBA, LOCA and also act as a
source of water of ECCS. The 50-year old technology was compared as equivalent with the PWR newest
adoption of the In-Containment Refueling Water Storage Tank (IRWST). He addressed a question on
chasing safety versus optimizing design. Safety in the design of a NPP should be optimised by considering
maintaining a reasonable cost of design. For example, in selecting 3x100% or 4x100% divisions, i.e. N+1
and N+2, and how GE Hitachi NE Intl. managed to find an optimable mix of N+2 but with 3x100%
divisions. Referring to the issue of margins, chasing margins will complicate the operation of the plant and
that at certain point return on investment or return on increasing margins will no longer improve the safety
relative to the cost input. First example is natural driving head with passive plan, which is not suitable for
seismic condition. The large heavy volume of water at elevated conditions presents a seismic issue, which
requires reinforcement steel. Secondly, for the 24 month fuel cycle, there is a trade-off between cold
shutdown margins versus loading additional fissile materials.

For INPRO assessment in the area of safety, the ABWR design is compared with the BWR5/BWR®6 as the
reference plant. The evolution of the ECCS is shown below. The BWR5 and BWRG6 is considered to have 2.5
train configuration (HP + 2 LP) while the ABWR has 3 trains, with each HP and LP has 100% train. For the
peak clad temperature, for every DBA the core is kept submerged under water so there is no fuel or cladding
heat up. The elements of ECCS comprise one reactor core isolation cooling (RCIC), 2 high pressure core
flooders (HPCF) with motor driven emergency core cooling pumps, and 3 low pressure core flooders (LPCF)
as part of the residual heat removal (RHR) train. As described, each of the three divisions is capable from the
high pressure and low pressure perspective. To enable low pressure injection when there is not large enough
break and the HP system cannot make up for the loss, there is also automatic depressurization system (ADS)
that can be actuated to depressurize the vessel. This allows the LP injection system to ensure the core is
covered with water.

Typicol Typical
BWR% BWRS BWRG ABWR
HPCS
HPCI
LPCE LPCS
TN LPC’}RHR wreiirnr W LecirHg  MPCF HPCF
wer’ Pt LPCE LPCS LPCF/RHR |l LPCF/RHR
High pressure copacity 5000 1900 2800
Low Pressure capacity 42000 29000 piclraliy
Na. aof large pipes below core 12 12 [/}
Peuk clod temperoture
fApp KL *F 1sae 1100 Ma uncovery
Dperater action Required Required Automated »72

heurs

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved
FIGURE 4.3.1. The evolution of the ABWR emergency core cooling system (ECCS)

68



POOL

FROM
FEEDWATER
D —

' TO FUEL Containment
A

) §

HPCF b

Iy

RCIC

NO. Xp\
Crom 5 FIR_.:M FUNCTION TYPE  DIVS. A
FUEL FROM
CONDENSATE T pool * HIGH PRESSURE CORE FLOODER AUTO 2 T CONDENSATE
STORAGE + REACTOR CORE ISOLATION COOLING  AUTO 1 U sToRAGE
« AUTOMATIC DEPRESSURIZATION 5YS, AUTO 2
+ SUPRESSION POOL COOLING AUTO 3
« WETWELL SPRAY MAN 2
+ DRYWELL SPRAY MAN 2
+ SHUTDOWN COOLING MAN 3
* FUEL POOL COOLING SUPPORT MAN z

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved
FIGURE 4.3.2. ABWR Emergency core cooling system (ECCS)

The RCIC is considered as a very significant system in the ABWR and it relies on diverse energy
sources. One lesson learned from Fukushima is that AC power is not always available. The RCIC makes
up core cooling under high pressure condition, by simply taking the steam generated from the decay heat
in the RPV, passing it through the turbine and exhausting the steam into the suppression pool. This will
spin the turbine and drive the pump, and suck the water from the condensate storage tank or from
suppression pool, and pump back into the RPV. The two units in Fukushima had this type of pumps, but
the design has been enhanced with water-cooled and lubricated turbines so the performance will be much
better.

The HPCF can draw water from either condensate storage tank (higher water quality) or suppression
pool (lower water quality). If response to transient, injection of water from condensate storage tank to the
RPV is preferred. The suppression pool is credited as safe-related source of cooling water for ECCS
situation.

The RHR combines several different functions, altogether there are 6 modes of operation, in which 3 are
safety related modes and 3 are non-safety related modes.

The ADS is used to bring pressure down to containment pressure. The steam is piped from the safety
relief valve down to the quencher in the suppression pool where the steam is condensed, thus
depressurizing the pressure.
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FIGURE 4.3.3. Schematic diagram of ABWR reactor core isolation cooling (RCIC)
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FIGURE 4.3.4. Schematic diagram of ABWR high pressure core flooder (HPCF)
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FIGURE 4.3.5. Schematic diagram of ABWR residual heat removal (RHR)
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FIGURE 4.3.6. Schematic diagram of ABWR automatic depressurization system (ADS)
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Another key design feature of ABWR is the alternate AC plan, although there is AC independent means of
making up coolant to the RPV using the RCIC system. The reactor uses the air-cooled combustion turbine
generator (CTG) that will automatically start during loss of off-site power. But it relies on the operator to
make the necessary connections or close the necessary breakers.

The ABWR passive features for mitigating severe accidents include: inerted containment, lower drywell
flood capability, lower drywell special concrete and sump protection, a suppression pool for fission product

scrubbing and retention and containment overpressure protection system (COPS). The passive autocatalytic
recombiners (PARS) are under consideration.
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FIGURE 4.3.8. ABWR severe accident features

One of those is the AC independent water addition (ACIWA), which is a means of taking fire water and
pump it to various locations within the primary containment or RPV using multiple sources. It has the

category 1 seismic rating, comprises hard piped fire water connections and on-site fire protection system
connection capabilities as well as truck connection.
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FIGURE 4.3.9. AC independent water addition (ACIWA)

4.3.2. INPRO assessment in the area of safety of ABWR
4.3.2.1. EP 1.1.1.3 Quality of manufacture and construction
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Mr Yasuda (GE Hitachi NE Intl.) explained that for the last 14 years the Hitachi-GE has undertaken
manufacturing and construction work of NPP. So manufacture technology such as welding, water jet peening
and large/small size machining has been developed to increase the quality of manufacture.

Welding technology

Development of welding method was presented to improve reliability and efficiency. Currently, super
narrow gap groove is available using laser welding to increase reliability and reduce welding cost. The
GE Hitachi NE Intl continuously studies and develops the latest welding technology. Welding is required
for example for reactor internals that require precise welding structures with higher reliability and
accuracy and lower maintenance requirement. The targets are to minimize deformation after welding,
suppress residual stress to minimize the stress corrosion cracking (SCC) risk (thus improving stress
distribution at the welding part), improve the reliability and work efficiency and work environment.
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FIGURE 4.3.10. Development of FIGURE 4.3.11. Development of narrow gap welding
welding method

Several welding technologies used for the ABWR RPV are shown below: narrow gap MIG (metal inert
gas) welding, single layer SS cladding by ESW (electro slag welding), hot wire switching TIG (tungsten
inert gas) (HST) welding and automatic TIG welding of CRD. The most suitable welding methods are
used depending on the application in order to achieve high quality and low cost. Automatic welding is
used in most welding parts.
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FIGURE 4.3.12. Welding technologies used for the ABWR reactor

Water jet peening
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Water jet peening is applied after welding to improve the stress distribution of welded part. As shown,
by hitting high pressure water jet with cavitation in the welded part, the residual stress of the welded part
is changed from tensile side into compression side. So, initial defect for the SCC becomes hard to occur.
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FIGURE 4.3.13. Water jet peening

High pressure water jet with cavitations hitting welded part

Large/small size machining
Improvements have been made on the large size machining for enlargement and improvement of

productivity with high accuracy and multifunction. On improvements of small size machining, an
example is given on the integrated mill turn centre to achieve higher machining quality. The machine
combines three steps of machining into a single operation, thus improves machining lead time, capacity

and quality.
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FIGURE 4.3.14. Improvement of large size machining
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FIGURE 4.3.15. Improvement of small size machining

In conclusion, manufacture technology has been developed to increase the quality of manufacture for
ABWR. The narrow gap welding technology has been developed to increase reliability and reduce welding
cost. Water jet peening achieves higher resistance to SCC. Thus, EP1.1.1.3 is met.

Training programmes for workers (not presented in the forum, but available on slide notes)

Training programmes for workers is also offered by Hitachi. The training can begin at an early stage of high
school and is thereafter available for all ages. The Hitachi technical high school is aimed at teaching
fundamental skills in the fields of electronics, machining and welding and also to teach workmanship. A
Japanese Challenge Skill Olympic is also held biennially by the Japanese government to cultivate young
technicians of the ages 18-21. Hitachi GE supplies technicians with 2 year training courses for world class
challenges to perform in the challenge. 50 former Olympians are currently working in the Rinkai Nuclear
Factory as leaders. The investment in the development of workforce has paid dividends in work force of high
quality and predictable productivity.

4.3.2.2. EP 1.1.2.8 Use of worldwide operating experience

Mr Yasuda (GE Hitachi NE Intl.) addressed operability and safety, and construction technology and
experience of the ABWR. The ABW|R has two reactor power control: RIP and control rod. The normal
operating control can be achieved by natural circulation, control rod operation and forced circulation — as
shown in the graph (core power vs core flow). This shows the reactor power can be easily controlled by
altering the core flow rate, along with forced circulation line. Combined with fine motion control rods, a
more flexible power operation can be achieved. For this reason, the operation of the ABWR is simple, easy
and fast using automatic CR control and core flow control. Also, the ABWR has load-following capability
by design.
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FIGURE 4.3.16. Control of reactor power for the ABWR
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Operability of cold start up in Japanese ABWR is shown below, indicating reactor pressure and generation of
power as controlled by automatic CR control and equipment operation control. As shown from a cold start-
up, the rated power can be reached within one day. Automation of the reactor systems effectively reduces
operator burden.

(%) Cold Start-up Resultin Japanese ABWR

120

[ Gene. power control by core flow |

1,356 MWe
; ' (Rated)
FW pump change :
v Generator power !

Reactor Pressure

100

80

Reactor Criticality

| Reactor power control |

60| ¥
' [_Heat-up control

0 ¢

Criticality control
le=

position Gene. power control by CRs |

Time

CR withdrawal start
[:] : Automatic CR control Approx. 1 day

[:] : Automatic equipment operation control

- Rated Generated power obtained within 1 day for cold start-up.

- Operator burden effectively reduced by Automation.

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved
FIGURE 4.3.17. Cold start-up result in Japanese ABWR

Mr Yasuda then discussed the safety of the ABWR including the countermeasures, and used the core cooling
function of ABWR for illustration. The ABWR has redundant and diverse and independent 3-division ECCS
for DBAs. In addition, alternative injection system like diesel driven fire pump is installed which is a
countermeasure to vulnerability identified by risk analysis. The designer also recognizes the risk of external
hazards by Fukushima accident by preparing for large damage of reactor building by external hazards. So
risk management by mobile equipment is being reflected on ABWR as countermeasure for DEC on external
events. Also enhancement of structure integrity margin and operability back-up building are being reflected
on ABWR.
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FIGURE 4.3.18. Safety of ABWR: core cooling

75



The GE Hitachi NE Intl. recognized the threat of external hazard by Fukushima accident, i.e. common cause
failure by external hazards. Diversity of accident management will be strengthened for external events, by
adoption of the following countermeasures:

- Diversified power source: Installing alternative DC power, diversified power source (air-cooled diesel
generator), sealed building structure and optimized layout for flood protection

- Enhanced water injection systems and ultimate heat sink: Installing diversified water injection,
enhancing mobility by portable pumps, and diversifying heat sink by portable heat removal and air-
cooled heat removal.

- Backup buildings: Securing the safety functions of the reactor when huge external events occur,
providing quick water injection and to provide power sources and portable equipment from a separated
building.

- Enhanced spent fuel pool cooling system: Providing diversified pool water injection and enhancing
accident management operability by external water injection.

- Enhanced PCV head cooling system, to prevent PCV damage.
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FIGURE 4.3.19. Diversity of accident management as Fukushima countermeasures
Mr Yasuda discussed the ABWR construction technology and experiences. The vendor has 40 years of

continuous NPP construction and maintenance experience, and participated in 22 NPPs construction of 54
LWRs in Japan including 4 ABWRs. Five units are currently under construction (including in Taiwan).
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FIGURE 4.3.20. Construction technology and experiences
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Construction strategies consist of 4 elements based on the 40-year experiences:

- Strategy-1: On-site work reduction (modular construction)

- Strategy-2: Level on-site work (open top and parallel construction

- Strategy-3: Improve on-site productivity / Front loaded construction engineering (evolution of plant
engineering tools)

- Strategy-4: Improvement of site support work efficiency (integrated RFID technology introduction)
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FIGURE 4.3.21. Construction strategies
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Module construction is one of the effective methods to reduce on-site work. On the latest ABWR
construction, 200 modules are applied. On the improvement of site support work efficiency (4" strategy),
real time high accuracy control management work with Radio Frequency in Identification (RFID). In the
latest ABWR construction, the RFID is applied for product management / real time progress work
management. Product ID label with RFID is attached on the piping cap and sent to construction site. Worker
in charge of warehouse management can read the information with PDA.

Upper; Drywell INGa e (el RCCVAIOPISIAD] cD F’ip"‘gm

HCU Room‘{

!!;;ml'!&mﬂ

RPV, Pedestaioanie

s

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved

FIGURE 4.3.22. Strategy-1: On-site work reduction (modular construction)
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FIGURE 4.3.23. Level on-site work (open top and parallel construction
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FIGURE 4.3.24. Strategy-3: Front loaded construction engineering (evolution of plant engineering tools)
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FIGURE 4.3.25. Strategy-4: Improvement of site support work efficiency (integrated RFID technology
introduction)
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Application of ABWR construction technology realizes short and feasible construction. Continuous evolving
technologies with various customer requirements, site conditions and technological advancements are
incorporated in every new ABWR.
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FIGURE 4.3.26. Constructability of ABWR — short and feasible construction
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FIGURE 4.3.27. ABWR design evolution

In conclusion, Mr Yasuda indicates that the ABWR can be recognized as the substantiation of the best
available technologies from worldwide BWR evolution experiences. The design has been developed to
achieve further safety and reliability by incorporating technical lessons learned from the Fukushima accident.
The ABWR construction technology has evolved and been improved to realize short and feasible
construction. Hence, EP1.1.2.8 is met.

4.3.2.3. CR 1.2.2 Grace period (normal operation)

Mr Beard (GE Hitachi NE Intl.) mentioned key features in the ESBWR to address the criterion are
improvement in the 1&C system, specifically the steam bypass and pressure control to control the operation
of the turbine, and the feedwater level which controls the water level within the RPV. Both are essential
because drop in water level will initiate transients. Historically there were a number of transients that
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resulted from failures within the 1&C, primarily because the previous 1&C is single or dual redundant, and
not triple redundant. The triplicated fault tolerant digital 1&C (with turbine control (steam bypass and
pressure control) and 3-element feed water level control) in the ESBWR requires 2 out of 3 logic. It was
noted that transient is one of significant contributor to CDF in BWR, as a precursor to accident sequence. In
addition, in the turbine island there are also 3x50% condensate pumps, 3x65% feedwater pumps, N+1
condensate and feed water for demineralizers, and standby condensate and feedwater pumps auto start if
required.

In the nuclear island, support systems are arranged in 3x100% arrangement. The systems in standby can
auto-start in an event in which the running system is disrupted. Mr Beard indicated that these systems are in
operation during normal condition to provide higher availability and reliability enabling not to install non-
safety equipment to carry out the functions and complicate the mechanism. Each train has on-site-safety-
related AC power source, available for power, component and service water cooling, compressed air, chilled
water, heating ventilation and air conditioning, etc. There are internal redundancies within many systems.

The suppression pool cooling is automated to prevent inadvertent plant scram at high pool temperature.

In conclusion, there is no hard number that can be referenced for grace period. Because the way PRA/PSA
applied, there are some limitations due to generic values being used. One of the primary insights in the PRA
is that the single largest contributor to CDF is loss of AC power or SBO, as high as 70% for ABWR. So the
designer tried to decrease the number by adopting the ISC and alternate AC combustion turbine generator.
BOP transients are another significant contributor to CDF, and effort was undertaken to look at BOP.

4.3.2.4. CR 1.2.3 Inertia

Mr Beard (GE Hitachi NE Intl.) pointed at both the nuclear island and turbine island to discuss inertia. He
discussed the issue on the use of external recirculation in the previous BWR design, in which there are 2
pumps used. In the case either one trips, there will be significant transient. Historically there was a situation
in which a condition of low flow and high reactor power occurred, and the reactor became unstable and had
to be scrammed. To stay away from that regime of low flow and high power, reliance on 50% of pump
power should be avoided. In the ESBWR nuclear steam supply system (NSSS), the reactor recirculation is
achieved by using 10 internal pumps. This provides the redundancy, lessens the frequency of transients
initiated by the recirculation system, and decreases the probability of entering unstable operation.

The turbine island has the capability to bypass 100% of the steam (100% load rejection capability) to the
main condenser in order to rapidly reduce reactor power and decrease output of the main generator, in the
order of 60 MWe. It can sustain generator load rejection without turbine trip or scram (island mode of
operation). The decision for this feature was driven by the blackout in North America, to allow operator to
restore the grid, given the limited power supply.

The recirculation loops are eliminated and replaced by reactor internal pumps (RIPs). There are 10 RIPs
providing over 110% rated core flow, achievable even if one pump is out of service. The wet induction
motor is of a seal-less design and is continually purged with clean water. The impellers and motor can be
removed without draining the reactor. The back seating shaft and blowout restraint hangers provide
redundant LOCA prevention. There is a solid-state, adjustable frequency speed control with multiple power
supplies to reduce the possibility of significant flow loss. The dose source of recirculating piping has been
removed. The ISI piping weld inspections and leakage sources in the drywell have been eliminated. Each
RIP motor is driven by a solid-state variable frequency power supply, i.e. adjustable speed drive (ASD). 6
RIP ASDs are powered from constant speed motor-generator sets with flywheels whereas 4 RIP ASDs are
powered by medium voltage buses.
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FIGURE 4.3.28. Reactor internal pump (RIP) power supply

In conclusion, the CR1.2.3 is satisfied.
4.3.2.5. CR 1.3.1 Frequency of Design Basis Accidents

Mr Beard (GE Hitachi NE Intl.) pointed out the ABWR was designed to reduce the frequency of DBAs. The
criterion is interpreted more to initiating event that would lead to core damage. Transients initiated fault by
I&C represent the significant contributor. For the reactor protection system and engineering safety features,
multiple 1&C are used to handle various functions within the design. The fault tolerant digital 1&C
incorporates the followings: (i) safety-related is 2 out of 4 same senses parameter, (ii) other key control
systems are triple or dual redundant, (iii) lower frequency of 1&C initiated transient is used, and (iv) human
factors principles are applied to design operator interface.

The ABWR safety-related divisions are separated both physically by 3-hour fire barriers and electrically.
Possibility of ‘hot-shorts’ is minimized. Over 30 m of large pipe below the core has been eliminated. The
materials specifications (limit non-desirable trace quantities of materials) for stainless steel piping have been
enhanced, along with piping installation requirements. Newly improved welding process is used to limit the
stress built in and also compressive stress is induced on the interior of the piping to further mitigate the
possibility of SCC.

Interfacing low pressure piping is protected from LOCA with the increased design pressure requirements.
Pre-service and in-service inspection techniques are enhanced for better baseline examinations.

In conclusion, CR1.3.1 is satisfied.
4.3.2.6. CR 1.3.2 Grace period (Design Basis Accidents)

Mr Beard (GE Hitachi NE Intl.) pointed out that ABWR is fully automated to perform all actions necessary
bring the plant to safe shutdown and maintain it for 72 hours. The fault tolerant digital 1&C is designed to
execute all actions required for the first 72 hours for transients and DBAs without operator actions. The
response to the DEC events is also automated. For SBO, the ABWR qualifies as an AC independence and
alternate power plant, and for the initial response is automation of the RCIC. The alternate combustion
turbine generator will auto start but it requires operator action from control room to determine which
electrical busses it will be connected to.

For the ATWS, there are diverse 1&C system controls functions, backup actuation of hydraulic scram,
alternate insertion of control rods electrically, and time delayed actuation of Standby Liquid Control (SLC)
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to allow chance for electrical run in to complete. The SLC injects sodium pentaborate solution to bring
subcritical. Either shutdown means is 100% capable to ensure negative reactivity to guarantee safe
shutdown.

On the question whether the operator can override the response, GE’s view of point is that if there is a valid
safety related command in place, the operator can try. If there is a valid safety related demand coming from
the instrumentation system, the 1&C will govern the response of the plant.

In conclusion, the CR 1.3.2 is satisfied.
4.3.2.7. CR 1.3.3 Safety features

Mr Beard (GE Hitachi NE Intl.) pointed that some of the features are focused on the nuclear island. Each
ESF division has a high and low pressure emergency core cooling (ECC) capability to lessen the chance of
having to depressurise the vessel for transients and small LOCAs. The removal of residual heat occurs
whenever a RHR division is operated in its many modes, and both the heat exchangers and supporting
systems (service water and compounded cooling water) are normally aligned in operation. The interfacing
low pressure piping is protected from LOCA with the increased design pressure (ASME) requirements of
low pressure system such the system will not rupture (piping may deform). Recirculation piping is
eliminated so that there is no large pipe breaks below the core and only small ECC cooling flow
requirements are necessitated. The new improved RCIC turbine has been implemented (in Taiwan) which is
cooled and lubricated by water and is mechanically governed. The size of the suppression pool strainer is
increased and the fibrous insulation material is severely limited. Finally the available net positive suction
head (NPSH) is increased so that the performance of the pump is not degraded at elevated suppression pool
temperatures.

In conclusion, CR1.3.3 is satisfied.
4.3.2.8. CR 1.4.1 Frequency of major release into containment

Mr Beard (GE Hitachi NE Intl.) presented the comparison of internal CDF for ABWR (and also ESBWR)
with reference BWR and existing regulatory goal. The calculated frequency of a highly degraded core, even
for the reference plant, is 2E-7, well below the IAEA recommended value of 10 per unit-year. He cautioned
the believable of the magnitude of frequency value as it depends on the assumptions made. However, the
CDFs values are useful for identifying areas for possible design improvements. If want to truly compare the
safety of design using CDF as primary criterion, then one needs to go to source where there is balance or
treat the PSA in a common way. The US NRC has been doing so for various reactor designs.
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FIGURE 4.3.29. Comparison of core damage frequencies
4.3.2.9. CR 1.4.2 Processes
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Mr Beard (GE Hitachi NE Intl.) referred to several available passive engineered processes in the ABWR
design that would reduce the load on the containment barrier and reduce and/or control the activity in the
containment atmosphere. He pointed at the ability to use residual heat removal system to spray primary
containment. Two of the RHR trains can spray both drywell and wetwell. The spray function is not credited
from safety related, but can be used in the event of core damage to remove radioactive materials from the
atmosphere of the containment and transfer back to into the suppression pool. He noted one strong benefit of
suppression pool which is for decontamination of / removing radioactive materials from atmosphere. Steam
containing radioactive materials and non-condensable gases will be forced down under water, and bubbled
up in wetwell airspace. So there is significant decontamination (DF of radioactive gases 10, and ~1000 for
particulates). This ability is related to the containment overpressure protection system, which is a passive
system using rupture disc. The release point has been designed from the wetwell airspace in the event of the
need to initiate release from the containment.

In addition, the ESBWR utilizes inerted containment, lower drywell flood capability, lower drywell special
concrete and sump protection, suppression pool, COPs, with PARs under consideration, and ACIWA.

In particular for corium, should the vessel be unable to contain it, there is ex-vessel core cooling. There was
a criterion developed by EPRI for a spreading area of 0.2MW/cm? and the ABWR has in excess of that
requirement. The ABWR also has passive lower drywell flooders. They are fire suppression sprinklers.

In conclusion, CR1.4.2 is satisfied.
4.3.2.10. CR 1.6.1 Independence of DID levels

Mr Beard (GE Hitachi NE Intl.) noted a term DDD in GE as it is considered not sufficient just to have
defence in depth, but also diversity, i.e. the third D stands for diversity. DID can be achieved by increasing
redundancy but there is a need to look at the diversity. The largest contributor to core damage in the PSA is
loss of AC power events including SBO. The RCIC provides an independent AC supply for cooling the core
with automatic actuation and an 8-hour design basis capability, extendable over 24 hours if reasonable
operator actions are taken. The air-cooled CTG provides an alternate AC source in case of loss of AC power,
i.e. an additional DID. The CTG starts automatically but is connected manually from the MCR and can be
connected to all key electrical busses. The ACIWA provides an alternative means of injecting water into the
reactor pressure vessel, primary containment, containment spray and spent fuel pool. It utilizes a site diesel
driven fire pump using water from on-site fire water storage, and has connections for fire trucks of portable
pumps.

In conclusion, CR1.6.1 is satisfied.
4.3.2.11. CR 2.1.4 Confidence in innovation

Mr Beard (GE Hitachi NE Intl.) indicated practical innovation was incorporated in the ABWR design. A new
arrangement of the suppression pool vent (also used in ESBWR) was introduced. The connection vent
consists of vertical pipes embedded in the reactor pedestal with 3 horizontal pipes penetrating the pedestal
under water into the suppression pool. 30 degree full scale tests were performed to verify the complete
condensation of steam and that the hydro-dynamic loads were accurately modelled.
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FIGURE 4.3.30. ABWR reactor building and containment

The standby liquid control (SLC) has been improved with new injection location inside the core shroud
above the top guide (fuel). Scaled tests have been performed to ensure adequate mixing of the liquid neutron
absorber (using air to simulate steam and inject dye to monitor adequate mixing in the vessel is obtained).
Enriched sodium pentaborate is used to lessen the possibility of precipitation. The fine motion control rod
drives (FMCRDs) are an evolution of the European technology and have undergone advanced duty cycle
testing to ensure design 60 year lifetime and verify performance characteristics. The control rod drives
feature improved safety with diverse insertion methods: fine reactivity control (electric motor) and 2 drives
per hydraulic control (hydraulic scram). The ganged operation improves start-up time. Withdrawal line /
scram discharge volume is eliminated. An electro-mechanical brake has been added to prevent rod run out on
pressure boundary failure. There is a capability to detect drive / blade separation. The clean water purge flow
results in reduced dose. The control rod drives require less inspection / maintenance as no organic piston
seals are to replace, i.e. seal-less (magnetic coupling across pressure boundary - versus rotating seal in the
previous BWR).

In conclusion, some innovative features have been improved relative to the reference plants and testing
program was available to verify the improvement. So CR2.1.4 is satisfied.

4.3.2.12. CR 3.1.1 Occupational dose

Mr Yasuda (GE Hitachi NE Intl.) presented the assessment of reduction of occupational dose. He started by
outlining the formation and migration of radioactivity in BWR, that is, how metallic impurities such as Fe
and Co generated by corrosion of structural materials are carried into the RPV, deposited on the fuel
cladding surface and activated by neutron radiation. Part of the radioactive corrosion products is released and
circulates back into the primary system and deposited on the piping surface posing as the main radioactive
source. The occupation exposure to the workers is governed by dose rate, number of workers and working
time. The dose rate is mainly governed by radioactive corrosion product concentration in reactor water and
the deposition rate coefficient. The basic concept of dose reduction for a BWR is by means of reduction of
radioactive corrosion product in reactor water, diminishment of deposition rate coefficient of piping and
components, and removal of deposited radioactivity at the beginning of outage.
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FIGURE 4.3.31. Formation and migration of radioactivity in BWR
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FIGURE 4.3.32. Basic concept of dose rate reduction

Mr Yasuda indicated that the ABWR system and automatic equipment for maintenance and inspection
contribute to reduction of the number of workers and working time. The adoption of RIP (resulting in
elimination of external piping) and FMCRD contribute to improvement of maintenance and reduction of
occupational dose. By adopting RIP, dose source of recirculation system piping is removed, in-service
inspection for recirculation piping weld is eliminated and no high activity recirculation systems valves are
required to be maintained and tested. The two-piece design in mechanical portion (upper components and
spool piece) of the FMCRD improves maintainability which results in reduced personnel dose (Components
to be maintained are limited at spool piece only). The FMCRD is also dismounted by handling machine,
which will also drain the water inside it. Its clean water purge flow allows less radiation exposure than that in
the conventional BWRs driven by reactor coolant.
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FIGURE 4.3.33. Adoption of RIPs and FMCRD contribute to dose reduction

The direct heat cycle system of the ABWR is presented in the figure below. There are two measures used,
which are water chemistry control and material selection. Control of water chemistry is carried out by (i)
Dual condensate polishing system to remove corrosion products, (ii) Oxygen injection to reduce carbon steel
corrosion, to keep oxide film on piping and components, (iii) Reactor water cleanup system to remove
impurities. Components with low Co materials are used to reduce source term. Co-60 is noted as the main
radioactive source during outage. Low Co materials are applied to the large source term contribution parts of
the plant. It is shown the relative Co-60 production amount has been reduced to less than 50%.
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FIGURE 4.3.34. Corrosion production reduction by water quality control and material selection
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FIGURE 4.3.35. Implementation of low Co materials and effectiveness of Co reduction

Fe control methods are adopted in ABWR to reduce corrosion production. The optimum Fe reduces
the radioactivity concentration based on ABWR operational experience. The diagram illustrates
feedwater and condensate water lines. There are 3 methods to control Fe concentration as shown
below. Condensate filter bypass can easily achieve optimum Fe concentration, and Fe injection into
feedwater is also considered easy to control.
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FIGURE 4.3.36. Fe control methods to reduce radioactive corrosion product concentration

Mr Yasuda presented the Co-58 and Co-60 concentration in Japanese BWR5 and ABWR. As shown in the
figure, low Co-58 and Co-60 was experienced under optimum Fe concentration control in feedwater.
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FIGURE 4.3.37. Comparison of **Co and ®Co concentration in ABWR and BWR-5 reactor water

The role of automatic equipment for maintenance and inspections to reduce occupational dose was discussed.
The GE Hitachi NE Intl. has developed considerable remote-automatic maintenance and inspection
equipment based on proven robotic technologies like CRD handling equipment and in-service inspection
equipment. During outage, the FMCRD is inspected and maintained. The FMCRD handling work is
performed with the CRD handling equipment installed under the vessel for assembling and disassembling the
FMCRD. The disassembled FMCRD is inspected and maintained with the maintenance equipment. The in-
service inspection equipment is used to detect defects on the outer RPV (body, support skirts, flanges,
nozzles and their corners), pipes and RIP nozzles using ultrasonic probes.

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved
FIGURE 4.3.38. Automatic CRD handling equipment and in-service inspection equipment

The dose rate in the primary containment vessel (PCV) of the ABWR is shown to be extremely low in
comparison with that of the BWR5. This is attributed to the absence of external recirculation piping, good
materials selection and water chemistry control. The expected occupational exposure for the latest Japanese
ABWR is presented below (Co-60 service concentration typically after 5 years of operation). As shown, the
occupation dose at the outage is smaller for ABWR, and the expected ABWR occupation dose after reaching
equilibrium state is estimated to be ~0.5 person-Sv.
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FIGURE 4.3.39. Comparison of dose rate in primary containment vessel (PCV) for ABWR versus BWR5
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FIGURE 4.3.40. Comparison of occupation exposure of ABWR
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FIGURE 4.3.41. Small radiation exposure in BWR turbine
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In conclusion, Mr Yasuda pointed out that adoption of RIP and FMCRD, corrosion production reduction by
material selection and water quality control, and the use of considerable remote automatic maintenance and
inspection contribute to the reduction of occupational dose, which is estimated to be sufficiently low

compared with worldwide statistics. Thus, the CR3.1.1 is met.

4.3.3. Availability of References

The following references are available on the US NRC website:
- Design Certification Document, Rev. 4:
http://www.nrc.qgov/reactors/new-reactors/design-cert/abwr.html#dcd

- Safety Evaluation

Report,

NUREG-1503 and NUREG-1503 Supplement

http://pbadupws.nrc.gov/docs/ML0806/ML080670592.html

- Certification Rule,

10CFR52

Appendix A:

collections/cfr/part052/part052-appa.html

- Design Control Document, Rev. 5: http://pbadupws.nrc.gov/docs/ML1100/ML110040323.html (recently

submitted, not yet reviewed by NRC)

- Reference BWR (Grand

Gulf NPP) NUREG-1150:

http://www.nrc.gov/reading-rm/doc-

http://www.nrc.gov/reading-rm/doc-

collections/nuregs/staff/sr1150/ (US NRC study of core damage frequency for 5 different plants)

4.3.4. Discussion

Questions

Answers

Mr Koshy (IAEA) asked specific
areas in in which GE Hitachi NE

Intl. has done improvements
subsequent to the Fukushima
event.

Mr Beard (GE Hitachi NE Intl.) responded that there have not
been any specific design changes after Fukushima as these are
usually adopted on a site-specific basis, in part because the site
threat dictates what some of the alternatives are. The designer
believes ABWR already has a significant robustness in its
already certified design but there is room for improvement. One
of the changes envisioned is to have pre-hard-wired connections
for portable electrical equipment to connect into battery charger
and safety related busses. There is already substantial capability
to pipe fire water to wherever needed. He reminded tsunami is
not a threat throughout the world.

Mr Koshy (IAEA) noted that the
RCIC turbine continued to operate
at Fukushima and generally in a
typically design it is supported by
a central battery system. He asked
whether the philosophy has been
changed (for the ABWR) with the
focus on RCIC to continue to
operate in the absence of AC
power.

Mr Beard (GE Hitachi NE Intl.) explained that to address the
SBO is dictated by the US NRC. The vendor designed the battery
for 8 hour capability / SBO. Beyond that, the new improved
RCIC turbine uses a mechanical governor for its operation. Even
if the batteries deplete, it is easy for operator to continue to
operate the pump and inject coolant water into the RPV.

Mr Koshy (IAEA) asked since
the reactor is designed for full
load-following, recognizing that
the secondary system can give
transients to the primary system,
what level of load-following or
whether the design would allow
the transmission system operator
to take over the control of the
load.

Mr Beard (GE Hitachi NE Intl.) replied the ability has been
included in the design of the I&C system to allow for remote
dispatch. This function can be turned on or off depending on the
local regulator’s acceptance. On the other question, load-
following would be in the 100% to 50% power range and it is
possible to do a step change of almost 10% power in 10 seconds
followed by about 5% per minute after that within that range.
The design has included enough transient cycles within the 60
year design of ABWR to do that design operation for 90% of the
design life.

Mr Koshy (IAEA) noted that as
explained during SBO the RCIC
operation is limited to 8 hours and
further requires operator
assistance. Assuming a SBO what

Mr Beard (GE Hitachi NE Intl.) explained that the current
thinking (focusing on the US NRC) is using flex strategy, that is,
having portable equipment (requiring 7-8 kW generator) pre-
designated and pre-sited in very close proximity to the site, with
capability to recharge battery and re-establish remote operation.
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the level of acceptance needed to
extend it to indefinite capability is.

Eventually, other means is required to remove decay heat from
the primary containment. This really goes if the site hazards have
disrupted safety water or service water system or component
cooling water system. If so and they cannot be re-established,
then the design has containment vent system to remove the heat.

Mr Seo (KEPCO-E&C) asked
that since the ABWR has 100%
steam bypass capability to the
condenser, whether this would be
too much burden or too much heat
loss to the condenser.

Mr Beard (GE Hitachi NE Intl.) said that taking advantage of
the thermal mass of the main condenser, the reactor is able to
bypass 100% of the steam for a short period of time, during
which the reactor power would have to be brought down into the
normal capacity. There are about 3-4 minutes of thermal mass to
allow that. There is also automatic power control for the purpose.

Mr. Grudev (Bulgaria) stated
that in severe accident
management the ABWR does not
use a filtering system but only a
scrubber for the retention of the
radio nucleate, but if the water
evaporates then this would result
in a dangerous situation.

Mr Beard (GE Hitachi NE Intl.) clarified that if the reactor
starts to over pressurise the containment it is largely because
there are non-condensable gases and it will only be necessary to
vent for short very period of time before getting rid of the non-
condensable gases and closing the vent. Given the population
density in Europe and other areas of the world, regulators may
insist on another external vent and this can possibly be added.

Mr Bykov (Rosatom) asked the
external impact influence
protections on the NPP such as
seismic and airplane crash.

Mr Beard (GE Hitachi NE Intl.) responded that the ABWR has
recently been assessed for its ability to deal with an NRC defined
threat of an airplane crash and it satisfied the acceptance criteria.
Nevertheless, additional fire door needs to be installed to deal
with potential fire due to ingested fuel. In terms of seismic
protection, the reactor can withstand 0.3g, following the NRC
response spectrum from 0 - 33 Hz. (which is further enhanced in
the ESBWR (adding high frequency content) to account for that
the NRC criteria may not be that conservative to many areas in
the US).

Mr Aziz (Indonesia) would like
to know more about how the
passive autocatalytic recombiner
works.

Mr Beard (GE Hitachi NE Intl.) explained that they use a
platinum catalyst that when it comes in contact with hydrogen
and oxygen, the two will combine generating water and heat.

Mr Susyadi (NPTDS) asked
regarding the containment of the
pressure protection system. The
ABRW uses rupture disk but at
Fukushima the rupture disk was
troubled. Are there better designs?

Mr Beard (GE Hitachi NE Intl.) stated that Fukushima did not
have rupture disks in their containment vent and that their
containment vent cannot be classified as a hardened vent. This is
a philosophical question that needs to be discussed with the
regulator. GE believes that it is better to pre-analyse the
desirability of venting and provide that capability passively than
to rely upon operator action and decision making in the heat of
an accident to decide whether or not to vent, and the NRC
concurred with this. Having said that, there are valves on the
hardened passive vent that can be closed to re-establish the
primary containment boundary.

Mr Reitsma (IAEA) pointed out
issue on cost and safety. It seems
measures for dose reduction in
ABWR may not cost a lot by
applying engineering and safety
principle. He asked for comments
on costing and the implementation
in the new design.

Mr Beard (GE Hitachi NE Intl.) indicated the cost has been
very minimum. Besides reduction in potential source material,
the water chemistry program has been very effective in keeping
the dose low. The criterion was selected to showcase BWR
reputation of having low exposure and the achievement the
design has achieved now.

Mr Dulera (India) asked to
elaborate on the in-service
inspectability aspect.

Mr Beard (GE Hitachi NE Intl.) said that during the design
process 3D CAD is used to ensure that clearances are available
for in-service inspection (e.g. UT equipment). Turbines are
inspected as part of 10-year maintenance program for turbine, i.e.
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to turn down each section and do the necessary dye penetrant and
UT inspections, to ensure performance. Reactor welds are not
inspected (internal criteria to GE).

Mr Kahlid (Malaysia) questioned | Mr Beard (GE Hitachi NE Intl.) stated that it is a joint process
how GE Hitachi NE Intl. ensures | and when subcontractors are hired, verification is done to make
quality of subcontractors or | sure they have the proper QA plan in place and take the lead in
suppliers. doing the necessary inspections to ensure that their quality is up
to date. But GE has announced and unannounced audits where
inspection staff are brought in to check records and randomly
inspect a second time to verify that what is being done is done
appropriately. Depending on the level of importance there may
be an authorized nuclear inspector to come in and complete the
necessary steps for ASME certification for pressure vessels.

During the afternoon discussion, Mr Beard (GE Hitachi NE
Intl.) added information on shortening the construction schedule.
The ABWR FOAK was built in 38.5 months, from the first
concrete to fuel. Subsequent construction schedule is longer than
that. This is because the optimal schedule requires an extension.
The short schedule can be done but costs a lot. Looking at the
overall impact on the cost of the plant, at one point it goes
negative when the cost is compressed too much. So it depends on
the country’s need, whether the lowest overnight capital cost or
that electricity is available as soon as possible. Common thinking
is changing in a lot of cases because of the different economical
standards.

4.4. APR1400

Mr Jong Tae Seo from KEPCO-E&C and Mr Han Gon Kim from KHNP presented INPRO assessment in the
area of safety of Korean Advanced Power Reactor 1400 or APR1400 design.

4.4.1. Overview of APR1400 Design

Mr Seo (KEPCO-E&C) discussed the design development of APR1400 design. The development strategy
started in the 1970s when Korea imported design as well as construction as turn-key projects. The first NPP
started PWR 600 MW units in 1978, and several more units were imported from foreign vendors while
Korea was building its own design and infrastructure. During the 1980s and 1990s Korea reached nuclear
technology localization and became self-reliance and developed its own OPR1000 (Optimized Power
Reactor). A total of 12 OPR units were built in Korea. While building OPRs, Korea started developing the
next generation, i.e. APR1400 in the 2000s (exactly 2002). After the APR1400 design development, Korea
has started to develop the 1500 MWe APR+ design with more reliable and advanced safety systems. The
design approval is expected by the end of 2013, and Korea has solid plans to construct APR+ also.

Thus APR1400 is based on the OPR1000 design (2,825 MWth or 1,050 MWe) with an uprated power to
4,000 MWth (1,450 MWe) incorporating advanced design features (ADFs) to enhance safety and operational
flexibility. The design met the utility requirements (domestic and world-wide) at the time, i.e. EPRI URD
and latest codes and standards. APR1400 design also used proven technology as much as possible for the
regulatory stabilization as well as ADFs including passive design features for enhanced safety,
constructability, and maintainability. APR1400 received design approval from Korean regulatory body in
2002.
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FIGURE 4.4.1. APR1400 Design Development

Mr Seo then discussed the design characteristics of APR1400, as summarized in the table below. The reactor
design is unique, i.e. it is a two-loop but with 4 reactor coolant pumps.

TABLE 4.4.1. Design Parameters of APR1400

Parameters APR1400

Thermal/ Electrical Power 4,000 MWth / 1,450 MWe
Design Life 60 years

Seismic Acceleration 039

Operating Parameters

- Thot/ Teold 615 /555 °F

- Operating Pressure 2250 psia

- RCS Flow Rate 1.66 x 10° Io/hr

- Main Steam Pressure (@Full Power) 1000 psia

- Main Steam Flow Rate 8.975 x 10° Ib/hr
Safety Parameters

- CDF 2.25 x 10° < 10°/RY
- Containment Failure Frequency 7.19x 107 < 10%/RY
- Thermal Margin >10%

- Emergency Core Cooling System 4-train, DVI,

Fluidic Device in SIT
Performance Requirements

- Plant availability More than 90 %

- Unplanned trip Less than 0.8/year

- Refueling cycle 18 ~ 24 months

Number of assemblies 241

Batch average burn-up 55,000 MWD/MTU

Enhanced operational flexibility Daily load follow operation capability

MOX loading capability up to 1/3 core

The design features the Plus-7 Fuel™, meaning it has 7 advanced design features: (i) Reduced rod bow top

Inconel grid, (ii) Mid-grid (9) with mixing vanes, (iii) Bottom Inconel grid with high burn-up capability, (iv)
Debris filtering protective grid, (v) Removable top nozzle, (vi) Spacer grid, and (vii) Debris filtering bottom
nozzle.

To support the enhanced RV integrity, there is no weld seam in the fuel region shell and low copper contents
material is used. The less cobalt in the base material reduces radiation exposure to the operators. The
integrated Inner Barrel Assembly (IBA) is welded to the Upper Guide Structure (UGS) upper flange thus
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eliminating tie rods, round nuts, snubber flange and block. The integrated Lower Internal Assembly features
integrated core support barrel, core shroud and lower support structure in one assembly.

Compared to the previous design, the APR1400 features an Integrated Head Assembly (IHA) integrating the
various components such as head area cable tray system, CEDM (Control Element Drive Mechanism) air
handling unit, cooling duct, cooling manifold and head lift rig, etc. The IHA design reduces refuelling time,
i.e. lifting the RV head is very easy after the detensioning and taking off the 4 seismic supports. The reduced
refuelling time in return will decrease the occupational radiation exposure. The IHA design also reduces
component storage area and seismic load.
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FIGURE 4.4.2. The Integrated Head Assembly (IHA)

The reactor coolant pump is a typical PWR: vertical, motor-driven centrifugal with bottom suction and
horizontal discharge and single stage impeller.

The pressurizer is relatively bigger as compared to the power rating. The total volume is 2,400 ft® which
enhances the capability of absorbing any plant transients. On top of the pressurizer typically there are safety
and relief valves but the spring loaded safety valve and motor operated relief valve are now combined into a
single Pilot Operated Safety Relief Valve (POSRV). The POSRV performs over-pressure protection and
safety depressurization functions. The main valve opens by pilot valve actuation with steam/water/two-phase
discharge. There is no drift of the opening set-point. The valve operation is reliable without chattering and
leakage, and there is low susceptibility for valve stuck-open.

The design only has two large steam generators (SGs) each handling 2,000 MWth. The SG has integral
economizer and 13,102 Inconel 690 tubes with plugging margin of 10%. Improved tube support bars and
plate, i.e. increased anti-vibration bars, reduces the flow-induced tube vibration. The modified SG inlet
nozzle angle increases space to install SG nozzle dam, hence improving stability in mid-loop operation.

The Safety Injection System (SIS) is one of the key improvements from the OPR design. Its simplified
design has mechanically independent 4 trains with 1 Safety Injection Pump (SIP)/train, 1 Safety Injection
Tank (SIT)/train, no low pressure pumps, and one injection mode. It has a Direct Vessel Injection (DVI),
thus no safety injection water spillage in cold-leg break LOCA, and an increase in the reliability of the
injection during LOCA. As shown in the figure, the SIP takes suction from the IRWST (In-containment
Refueling Water Storage Tank) located around the bottom periphery of the containment building and injects
directly to the Reactor Vessel (RV).
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FIGURE 4.4.3. Safety Injection System

The APR1400 design adapted fully digitalized 1&C systems as shown below, and all systems are connected
to the data communication networks.

FACILITY CRTs
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FIGURE 4.4.4. Overview of Man-Machine Interface System (MMIS)

The Advanced Control Room is composed of redundant compact workstation with soft control, large display
panel, advanced alarm system, safety console (conventional control board) as a backup for common mode
failure in safety 1&C systems, and computerized procedure system.

The layout of the APR1400 features a twin-unit concept with a slide along arrangement, i.e. two units in
parallel with a compound building in between, having common facilities for the two units. The reactor
containment building is surrounded by the auxiliary buildings housing safety and other auxiliary systems.



* Reactor Containment Building (RCB) * Auxiliary Building (AB)

- Pre-stressed cylindrical wall and hemi- - Quadrantarrangementto enhance safety
spherical dome concrete structure -Accommodating MCR, Emergency DIG,
- Wrapped around by auxiliary building Fuel handling facilities
* Compound Building (CB) * Turbine Building (TB)
-Accessible from both units - Steel structure with reinforced concrete
-Housing commeon facilities of Access control, turbine pedestal
Radwaste treatment, Hotmachine shop, etc - Common tunnel forall underground facilities

FIGURE 4.4.5. Layout with Slide-along Arrangement (2 units)

The auxiliary building arrangement uses a quadrant approach, i.e. four quadrants, each has one train of safety
system physically separated from the others. So there is one SIP and one component cooling water pump
(CCWHP) in each quadrant. Also there are containment spray pumps (CSP) and shutdown cooling pumps
(SCP) which are identical pumps and designed to be interchangeable. So in case of one pump failure, the
remaining three pumps can still be used either for the containment spray or shutdown cooling for decay heat
removal.

Quadrant D Quadrant B
CCWP4 COWP 2

SIP 4 SCP2

— SCP 1

SIP3—

CowP3 cewpt

8IP { Bafely lnjedion Pump) SCP (Shutdown Cooling Pump) C8P (Containment Spray Pump)  COWP (Component Coding Water Pump)
FIGURE 4.4.6. Quadrant Arrangement of Safety Components
Mr. Seo also presented the design verification activities performed during the APR1400 design development.

APR1400 adopted advanced design features that require verification.

- Fluidic device (FD)
VAPER (Valve Performance Evaluation Rig) is used to evaluate safety injection flow performance
of Safety Injection Tank with fluidic device. Inside the SIT there is a passive flow controller called
FD. The test facility has the same size with full operating pressure condition as the APR1400.
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FIGURE 4.4.7. Valve Performance Evaluation Rig (VAPER)
Direct Vessel Injection (DVI)
The DVI test facility examines / measures the ECC bypass in reflood phase of cold-leg large break

LOCA. The test facility is ‘/s of the linear scale. It has steam-water (superheated and saturated

steam) test capability. It is used to perform multi-dimensional investigation in Downcomer Annulus
Simulation.
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FIGURE 4.4.8. Direct Vessel Injection (DVI) of APR1400
IRWST and Sparger

The test loop is used to measure air, steam and water blowdown load on the SDVS and IRWST
structure, to investigate thermal mixing between discharged fluid and water in the IRWST.
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FIGURE 4.4.9. IRWST and Sparger

- Integral test loop of APR1400 — ATLAS
The design with high power of 4,000 MWth requires integrated test facility. The test loop called
ATLAS is a state-of-the-art integral loop test facility, scaled % of the height and 1/144 of the area of
APR1400. It simulates RV, SG and all major equipment in the reactor to test all major DBAs to
verify the design and also the design code. The test data was useful for code benchmarking.

FIGURE 4.4.10. Integral test loop of APR1400 — ATLAS

Finally, Mr. Seo presented the APR1400 construction project status and future plans as follows:

- The first-of-a-kind (FOAK) contruction project of APR1400 is the Shin Kori 3&4 in Korea. The
milestone schedule for Unit 3 was detailed, starting from site grading in September 2007 to
excavation and construction permit (CP) in 2008, then the first concrete pouring, reactor vessel
setting, cold hydro test, hot functional test, and fuel loading (awaiting Operating License (OL)) and
commercial operation tentatively in September 2014.
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FIGURE 4.4.11. The project structure for Shin Kori 3&4 — the APR1400 FOAK

- Shin-Hanul 1&2 construction permit was obtained in December 2011, the first concrete for Unit 1
was in July 2012, and commercial operation for Unit 1 and 2 is expected by April 2017 and April
2018 respectively.

- Barakah 1-4 in United Arab Emirates (UAE) with PSAR submitted in December 2010,
construction permit obtained in July 2012, the first concrete for Unit 2 in May 2013, and expected
commercial operation by May 2017-2020.

- Shin-Kori 5&6 with commercial operation fixed by 2019 and 2020 respectively.

- Shin-Hanul 3&4 is under contract negotiation but with the targeted commercial operation by 2020
and 2021 respectively.

Mr Seo also indicated that APR1400 is modified for EU countries according to the EU requirements, and the
US NRC design certification is being sought.

4.4.2. INPRO assessment in the area of safety of APR1400
4.4.2.1. CR1.2.1 1&C and Inherent Characteristics

Mr Seo (KEPCO-E&C) noted the criterion asks for preventing any event from progressing to challenging
reactor trips, i.e. preventing progression to DBES; no event reporting necessary. This requires very
sophisticated control and monitoring. There were two EPs discussed, continuous monitoring of the plant
health and dynamic plant analysis. He emphasized the importance of dynamic analysis to be able to finely
tune the control system to prevent reactor trips.

He briefly introduced the history of 1&C hardware for the safety and non-safety systems, and noted the
digital control and also the fact Korea already manufactures these systems.
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TABLE 4.4.2. 1&C Platform History
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FIGURE 4.4.12. I&C System Overview of APR1400
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Safety
» Console

Compact Operator Console

EO : Electrical Operator, $S: Shift Supervisor, STA: Shift Technical Advisor, RO : ReactorOperator, TO: Turbine Operator

FIGURE 4.4.13. The Main Control Room of APR1400

The following are 1&C for APR1400 design:

Microprocessor based digital 1&C technology

- common PLC platform for safety 1&C

- common DCS platform for non-safety 1&C

Four (4) channel redundancy for safety I&C

- installed in separate channelized 1&C equipment room.

Multiplexed I/O and redundant communication network

- from field areas to 1&C equipment rooms and MCR

Diverse Actuation System to cope with the CMF (common mode failure) of safety 1&C

Complete electrical, physical and communication isolation (according to regulatory requirements)

- between redundant safety channels

- between safety system and non-safety system

Protection System

- Plant Protection System (PPS)

- Engineered Safety Features-Component Control System (ESF-CCS)
This includes sophisticated DNBR calculation.

- Core Protection Calculator System (CPCS)

- Auxiliary Process Cabinet — Safety (APC-S)

Diverse Actuation System

- Diverse Protection System (DPS)

- Diverse Indication System (DIS)

- Diverse Manual ESF Actuation Control Switches (DMA switches)

Control & Monitoring System

- Power Control System (PCS)

- NSSS Process Control System (NPCS)

- Process-Component Control System (P-CCS)

- Qualified Indication and Alarm System (QIAS) - PAMI

- Qualified Indication and Alarm System (QIAS) — Non-Safety

- Neutron Flux Monitoring System (ENFMS / FIDAS)

- NSSS Integrity Monitoring System (ALMS / IVMS / LPMS / RCPVMS)

- T/G Control & Monitoring System

For the plant health monitoring system, the APR1400 utilizes the NSSS Integrity Monitoring System
(NIMS), the same with that for APWR. The Reactor coolant pump vibration, leak monitoring or loose part
monitoring, or internal vibration are designed in NIMS. The NIMS hardware and software have been
simplified compared to the OPR design.
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FIGURE 4.4.14. SKN3&4 NIMS Network Architecture

TABLE 4.4.3. NSSS Integrity Monitoring System (NIMS)

Items OPR1000 APR1400
* PC: Alarm Unit, LPAP, DAD .
B e g '{A:"ﬂif?ﬁﬁ‘fmms;
us: -
» MS-DOS: LPMS-AU
0Ss & » Win-98: LPAP » 08 : Windows
SIW » Win-XP: RCPVMS/ALM S-AU, | » Application : NI LabVIEW™
NO SIVIM S Computer based S/W
* OpenVMS: LPMS-AC
Remote -
Control All subsystem excluding LPMS| All subsystems
» 2 Cabinets : AUC & ACC » 1 Cabinet : AUC (I&C E.R)
Cabinet m AUC : MCR » 1 Console : ACC (Computer
m ACC : Computer Room Room)

The plant control systems as shown below in the colored boxes are used to control any transients occurring
within the power generating system from reactor to turbine side. All control systems are modelled with the
best estimate methods. A Nuclear Plant Analyser (NPA) is utilized in the design phase to provide accurate
results. It has also graphic interface. All transients can be simulated real time, best estimate wise so that the

simulations results can be used in tuning the control systems.
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FIGURE 4.4.15. Overview of NSSS Control System

Nuclear Plant Analyzer (NPA)
- Win-NPA(Windows-based Nuclear Plant Analyzer)
- Windows based desk-top engineering simulator
- Engineering/training tool for operators/designers
- Characteristics
- Real-time, best-estimate simulation for NPP

3D REACTOR CORE

MODEL

» CONTROL RODS

« DOPPLER EFFECT
* MTC

» BORON

» XENON

* SAMARIUM

Accurate, easy-to-use & easy-to-understand analysis tool
Dedicated tools for development & customization
Supports external interfaces (DB, 1&C devices)

» RCP
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FIGURE 4.4.16. Nuclear Plant Analyzer (NPA) to simulate the control system
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(a) RCS Mimic (b) Secondary Mimic (c) Plots N
FIGURE 4.4.17. Graphic user interface in Nuclear Plant Analyzer (NPA)

4.4.2.2. EP1.2.1.1 Continuous monitoring of the plant health

The APR1400 design has advanced Plant Health Monitoring Capability over OPR1000 design by having full
computerized 1&C System and improved NSSS Integrity Monitoring System (NIMS). NIMS is based on the
Windows OS and has application of NI LabVIEW™ based S/W. Other computerized plant monitoring
systems are available.

4.4.2.3. EP1.2.1.2 Dynamic plant analysis

The APR1400 utilizes advanced Nuclear Plant Analyzer (NPA) for dynamic plant analysis. It is a Window
based desk-top engineering simulator and has the characteristics of real-time and best-estimate simulation for
NPP transients under normal, abnormal and accident conditions. Two examples of dynamic plant analysis
were provided. On load rejection, it is shown that the reactor can continue house load operation without
reactor trips. In the case of the other major transient which is loss of one main feedwater pump (pump trip),
the reactor can continue to operate with reduced power level. This is made possible given the integrated
manner of the control systems and dynamic plant analysis capability.
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FIGURE 4.4.18. Dynamic plant analysis in the event of load rejection to house load
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FIGURE 4.4.19. Dynamic plant analysis in the event of loss of a main feedwater pump

In conclusion, Mr Seo stated that the APR1400 1&C utilize full-digital technology and is designed to detect
and intercept deviations from normal operational states. The integrated plant monitoring system and control
systems prevents unnecessary safety system actuations. Dynamic simulation tool was utilized to verify
APR1400 design capabilities. For a full loss of load and loss of a main feedwater pump events, all safety
related variables can be controlled within the limit allowing a continued operation without event reporting.
Therefore, APR1400 satisfies CR 1.2.1 I&C and Inherent Characteristics.

4.4.2.4. CR1.3.3 Reliability of Engineered Safety Features

Mr Seo (KEPCO-E&C) pointed out the safety system reliability characteristics as stated in the INPRO
Methodology:

- Robust Reactor Protection System (RPS) design

- Common cause failure consideration

- Redundant and diverse safety system

- Passive design features

- Single failure consideration

He then discussed the Engineered Safety Feature (ESF) characteristics in the APR1400 design. The ESF
systems are provided to mitigate the consequences of the unlikely events such as large break LOCA. The
ESF systems control, mitigate, and terminate such incidents and hold exposure levels below applicable
limits. The ESF systems include as follow and discussed hereafter.

- Emergency Core Cooling System (ECCS): Safety injection system and Shutdown cooling system
- Containment System: Containment Spray System and Containment Isolation System

- Auxiliary Feed water System

- Safety Depressurization System

1. Safety Injection System

The safety injection system comprises 4-trains, each with 1 pump and 1 SIT, and inject water directly to
the reactor vessel (DVI). The suction is in the IRWST. As shown in the figures, the IRWST is located at
the bottom of containment. The DVI nozzles are located above hot and cold leg elevation. The SIT has a
passive flow control device called the Fluidic Device to regulate the injection flow rate effectively and
extend the injection time of SIT. Hence the Low Pressure Safety Injection (LPSI) function of SCS is
removed. The flow rate depends on the Stand Pipe height and resistance of Supply Port and Control Port.
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FIGURE 4.4.21. Direct Vessel Injection (DVI)  FIGURE 4.4.22. Passive Fluidic Device in Safety
Injection Tank (SIT)

2. Shutdown Cooling System

The system removes core decay heat during shutdown, i.e. reduce RCS temperature in post shutdown
period from hot shutdown operating temperature to refuelling temperature and cool down RCS to cold
safe shutdown condition following SBLOCA, SLB and FWLB. It was noted that there is not much
different in the shutdown cooling system for both APR1400 and OPR1000 design.

FIGURE 4.4.23. Shutdown Cooling System
3. Safety Depressurization System
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The Pilot Operated Safety Relief Valve (POSRV) performs over-pressure protection and safety
depressurization (during design basis transient). The main valve is opened by pilot valve actuation, so
there will be no drift of the opening set-point. The valve operation is known to be reliable without
chattering and leakage, and also it has low susceptibility for valve stuck-open.

4. Containment Spray System

The containment spray system is automatically actuated by the Containment Spray Actuation Signal
(CSAS). Upon SIAS (Safety Injection Actuation Signal) or CSAS, the CS (Containment Spray) pumps
start taking suction from the IRWST, and the containment spray header isolation valves open on CSAS,
and spray water flows into the containment spray headers. It was noted that the shutdown cooling pump
which is identical to the CS pump, and once CS pump becomes unavailable then it takes suction from the
IRWST and pass it to the spray nozzle.

CS SPRAY
P o NOZZLE
/
LA A %
IRWST
—Jq-*— otleg
I=
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DA 24
Sl #3 PUMP OUTSIDE INSIDE

FIGURE 4.4.24. Containment Spray System
5. Containment Isolation System

The containment isolation system is a means of isolating non-safety related fluid systems that pass
through containment to confine any radioactivity following a design bases event. It has a double barrier
with automatic & leak-tight closure. There are leak testing and periodic operability test performed. It was
noted that the containment isolation system is not much different between APR1400 and OPR1000
design.

6. Auxiliary Feed water System

The auxiliary feed water system has been improved in the AR1400 design. There are 4-Trains with
100% capacity for each train. Redundancy and diversity has been incorporated, e.g. for one SG there are
1 turbine-driven pump and 1 motor-driven pump in separate lines, taking suction from auxiliary
feedwater storage tank into the SG. There is also physical and electrical independency.

107



AFWST

RWT

AFWST T
P -
AFWSBT
E!.I'G

caT MDP N

AFWSBT -

FIGURE 4.4.25. The 4-Train Auxiliary Feed water Systems (AFWS)

The Plant Protection System (PPS) initiates reactor trip and/or the ESF actuation whenever the monitored
process values exceed the pre-defined limits. In the case the PPS generates reactor trip signal, the signal is
passed to the reactor trip switch gear system (RTSS) which will interrupt power supply to control rods. In the
case the PPS generates ESF Actuation System (ESFAS) signal, the signal is passed to the ESF-Component
Control System (ESF-CCS) group control (GC) via Control Panel Multiplexer (CPM). The ESF-CCS
controls the operation of the ESF components such as valves and pumps. The Core Protection Calculator
System (CPCS) computes the DNBR (Departure from Nucleate Boiling Ratio) and LPD (local power
density) value using process values such as RCP speed, CEA position and ex-core neutron flux. There is also
the Auxiliary Process Cabinet-Safety (APC-S) which receives safety field sensor signals and distributes them
to PPS, ESF-CCS, CPCS QIAS-P and DIS.
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FIGURE 4.4.26. Plant Protection System (PPS)

Diverse Actuation System
- Diverse Indication System (DIS) — in the safety console
- Diverse Manual ESF Actuation Control Switches (DMA switches) — in the safety console
- Diverse Protection System (DPS)
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The DPS is a non-safety system as a backup for safety grade plant protection system. It has two channels,
opens separate breaker in the M-G set. The DPS uses separate inputs as well as actuates separate trip
breakers.

The DPS itself was designed for the ATWS mitigation required by 10CFR50.62 and provides capability to
cope with common mode failure (CMF) of the digital PPS/ESF-CCS (SECY 93-08). It has energized-to-
actuate design. On the loss of power, the DPS fails to non-actuated conditions. So the DPS is diverse
equipment from the PPS, from sensor output to final actuation device. There are 2 DPS controllers used: 2/2
coincidence logic and 2/2 power interruption scheme to prevent inadvertent actuation on single failure of one
(1) DPS channel.

For INPRO evaluation on ESF improvements, Mr Seo (KEPCO-E&C) pointed out 6 major advanced design
features of the APR1400 as compared to the OPR1000 as follow:

- 4-Train high pressure Safety Injection System and no low pressure Safety Injection System.

- Direct Vessel Injection

- In-containment Refuelling Water Storage Tank (IRWST)

- Safety Injection Tank with Fluidic Device

- Simplified Safety Depressurization System with POSRV

- Interchangeability of Containment Spray and Shutdown Cooling Pumps.

OPR1000 APR1400

FIGURE 4.4.27. Comparison of 4-train system in APR1400 versus OPR1000

ReAood Long-Term Cooling

OPR1000

APR1400

FIGURE 4.4.28. Comparison of the Passive Fluidic Device in APR1400 versus OPR1000
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FIGURE 4.4.29. Comparison of the safety depressurization system in APR1400 versus in OPR1000

In addition, improvements in the PPS include (i) full digital with data network for the protection system, i.e.
PPS, ESF-CCS, CPCS and APC-S, and (ii) provision to cope with CMF in digital PPS for Diverse Actuation
System, i.e. DIS, DMA switches and DPS.

In conclusion, Mr Seo (KEPCO-E&C) made the following points. The APR1400 ESF has been dramatically
improved as compared to the reference plant OPR1000, by means of simplifying system configuration with
passive and reliable components. A lot of verification tests have been performed. In addition, the digital
Plant Protection System (PPS) provides reliable actuation of reactor trip and ESF actuation with CMF
provisions. Therefore, the APR1400 satisfies CR1.3.3 “Reliability of Engineered Safety Features”.

4.4.2.5. CR1.4.3 In-Plant Severe Accident Management

Mr Seo (KEPCO-E&C) pointed out that INPRO criterion refers to DID Level 4. The accident management
actions should include injection of boron into the core, depressurization of RPV, restoration of water
injection into RPV, restoration of heat removal, spraying into the containment atmosphere, and containment
venting. The accident management procedure should also include demonstration of feasibility and
effectiveness and sufficient training. He noted the training is not designer’s aspect, but utility’s scope.

Severe accident design characteristic

The APR1400 is designed to cope with severe accident phenomena: over pressurization, high pressure melt
gjection, direct containment heating, steam explosion, molten corium concrete interaction and hydrogen
mixing and combustion.

110



~ Molten Hydrogen
Corium Mixing &
Concrete Combustion
Interaction

FIGURE 4.4.30. Severe Accident Phenomena

The Severe Accident Mitigation design features that can be used for severe accident phenomena:
- Containment with IRWST and HVT (Hold-up Volume Tank)
- Safety Depressurization with POSRYV and Vent System
- Reactor Cavity Design
- Convoluted Flow Path
- Cavity Flooding System (CFS)
- In-Vessel Retention (IVR) / External Reactor Vessel Cooling (ERVC)
- Hydrogen Mitigation System
- Containment Spray (CS) System and Emergency Containment Spray Back-up System (ECSBS)

1. Containment design

The APR1400 containment is a large dry containment with pre-stressed concrete structure, with steel-
lined inner surface for leak tightness. The height is 229.5 ft, diameter 150 ft, thickness 4 ft and design
pressure 60 psig. The IRWST eliminates switch-over operation during LOCA, that is, all spillage will be
eventually collected down to the IRWST so it can continue injection mode operation. It serves as heat
sink for feed and bleed operation in case of total loss of a feed water flow event.

2. Rapid depressurization

Rapid depressurization can be achieved by using the POSRV. It depressurizes the RCS below 250 psia
(1.7 MPa) before the reactor vessel rupture to prevent High Pressure Melt Injection (HPME) and Direct
Containment Heating (DCH). In total there are 4 POSRV and two 3-way valves. During severe accident,
there is a way to directly discharge the steam of pressurizer (RCS) to the SG compartment, i.e. to the
containment atmosphere, using the 3-way valves in the discharge lines of the POSRV.
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FIGURE 4.4.31. Rapid depressurization using POSRV
Reactor Cavity Design and Convoluted Path for Corium control

Reactor cavity design has enough spreading area for the molten core. The corium has to travel through
the convoluted flow path before it reaches the containment atmosphere.

REGEN HX

CT/LINER
jn 146 Beex

FIGURE 4.4.32. Reactor cavity design and Convoluted Flow Path for molten core
Reactor Cavity Flooding System

Flooding reactor cavity to cool molten core uses the water source from the IRWST by gravity force. The
cavity floor area is >0.02 m¥MWt. The cavity area design meets the SECY-93-087 (US NRC
requirement).

The IVR / ERVC strategy

As a provision for the severe accident management strategy, the APR1400 is designed to use the IVR
(In-Vessel Retention) through the ERVC (External Reactor Vessel Cooling). In order to cool outside the
reactor vessel, we have to fill the reactor cavity up to the RV flange. Then submerging reactor vessel
lower head can be achieved to cool and to retain molten core in reactor vessel. The water source is the
IRWST and the Shutdown Cooling Pump (SCP) and Boric Acid Makeup Pump (BAMP) are used to fill
the reactor cavity.
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FIGURE 4.4.33. Reactor Cavity Flooding System and IVR/ERVC Strategy
Hydrogen mitigation System

The function is to maintain hydrogen concentration below the design criterion. It employs 30 Passive
Autocatalytic Recombiners (PARs) and 10 glow plug type igniters located throughout the containment.

DBA+SA Severe Accident

PAR Igniter
FIGURE 4.4.34. Containment Hydrogen Control System
Containment Spray (CS) and Emergency Containment Spray Backup System (ECSBS)

Normal spray system is used to control containment pressure for DBAs. APR1400 design also
incorporates the ECSBS that has a separate spray header and nozzles. In case of normal spray is
unavailable, there are flanges outside the containment to hook up to fire engine truck pumps or mobile
pumps to provide additional water from external water sources to spray to the containment. External
water sources can be Reactor Makeup Water Tank, Demineralized Water Storage Tank and Fresh Water
Tank, Raw Water Tank. They can be located away from the containment building.
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FIGURE 4.4.35. Emergency Containment Spray Backup System (ECSBS)

Emergency Make-up System

After Fukushima accident, the Korean regulatory body requires emergency make-up system, in case all
design means of providing cooling water to primary and secondary systems is lost. In this case water
from external sources can be delivered by fire engine truck. Emergency make-up provisions are also

available for the Spent Fuel Pool.

(a) Primary loop injection make up system
connection.

kg

connection

(b) Secondary loop injection make-up system

FIGURE 4.4.36. Emergency Make-up System for Primary and Secondary System

Severe Accident Management Guideline (SAMG)

The APR1400 SAMGs are developed for plant specific application, reflecting the APR1400 design features
for the severe accident prevention/mitigation as well as all available instrumentation for plant monitoring.
The SAMGs consist of 1 Entry Guideline, 7 Recovery Guidelines, 1 Exit Guideline and 2 Supporting

Guidelines. The 7 Recovery Guidelines consist of:

1. Reactor Coolant System Depressurization
2. Steam Generator Feeding

3. Reactor Coolant System Injection

4. Reactor Cavity Flooding
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5.  Fission Product Release Control
6. Reactor Containment Control

7. Reactor Containment Hydrogen Control

Each recovery guideline is supported by the corresponding Technical Basis Document.
TABLE 4.4.4. APR1400 Severe Accident Management Guideline (SAMG): Recovery Guidelines

No Title Action Purpose System and
Components
1 RCS RCS direct Prevention of direct » SDS
Depressurization depressurization containment heating * Pressurizer auxiliary
Containment integrity spray
Core cooling
SG depressurization » Main steam ADVs
2 SG Feeding SG feed water Heat sink for RCS » Any feedwater
injection SG integrity pumps
SG depressurization Prevention of containment | « Main steam ADVs
bypass
Reduction of fission
product release
3 RCS Injection Water injection into Core cooling * SIPs
RCS Prevention of reactor » CSPs
vessel failure  Charging pumps
Reduction of fission
product release
4 Reactor Cavity | Water injection into Heat sink for RCS + CSP/ECSBS
Flooding containment Containment integrity * IVR-ERVCS
Containment basemat + Cavity flooding
integrity system
Reduction of fission
product release
5 Fission Product | Containment Reduction of release from | « CSP/ECSBS
Release Control depressurization containment + Containment fan
Reduction of release to cooler
aux. building
Steam dump Reduction of release from | « MS ADV and TBV
SG
Auxiliary building Reduction of release from | « Venting system in
venting aux. building aux. building
6 Reactor Actuation of Containment integrity » Containment spray
Containment containment heat sink Reduction of release from | « Containment fan
Control containment cooler
Environment of
instrument and equipment
7 Reactor H, control Prevention of H, » Igniter
Containment explosion + Recombiner
H, Control Intentional H, burning »  Spark equipment
Inertness of »  Stop heat sink
containment operation
* RCSvalve
opening

In conclusion, Mr Seo (KEPCO-E&C) indicated that the APR1400 is designed with advanced Severe
Accident Mitigation design features. Severe Accident Management Guidelines (SAMGS) are developed for
plant specific application which is severe accident prevention/mitigation as well as available instrumentation
for plant monitoring. The design incorporates sufficient equipments with recovery guidelines to prevent large
release to environment during severe accident. He assured the forum that the APR1400 SAMG is much
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upgraded compared with that of the OPR1000, though the OPR SAMG was not discussed in the
presentation. Therefore, the APR1400 design meets CR1.4.3 “In-Plant Severe Accident Management”.

4.4.2.6. CR4.2.1 RD&D and CR4.2.3 Scaling

Mr Kim (KHNP) presented assessment for UR4.2 on RD&D for understanding. The APR1400 has advanced
safety design features in comparison to the currently operating PWRs, for example, Safety Injection System,
IRWST and Sparger, POSRYV and Rapid depressurization system, IVR-ERVCS (In Vessel Retention through
External Reactor Vessel Cooling System) for severe accidents, and modern MMIS. All the advanced design
features are evaluated according to the INPRO user requirement and criteria on RD&D. For the purpose of
the meeting, the RD&D of two of the features were evaluated, namely the Direct Vessel Injection (DVI) in
Safety Injection System (SIS) and the Passive Fluidic Device in Safety Injection Tank (SIT).

Mr Kim (KHNP) first discussed the design characteristics of the APR1400 Safety Injection System (SIS) in
comparison with that of the OPR1000. The APR1400 employs a Direct Vessel Injection (DVI) versus the
Cold-leg injection used in OPR1000. The APR1400 has mechanically and electrically independent 4 trains
with no cross-tie between the trains, offering easy maintenance. Each train consists of one safety injection
pump (SIP) and one safety injection tank (SIT). The OPR1000, on the other hand, has 2 trains with each train
connected by cross-tie line. In the APR1400 design, a passive fluidic device is installed in the SIT to regulate
discharge flow rate in passive manner. The adoption of fluidic device eliminates the use of large capacity
low pressure safety injection pumps (LPSIP). The IRWST is located at the lowest part of containment, thus
there is no recirculation mode change necessary.

The APR1400 uses the direct vessel injection (DVI), i.e. injection of emergency water directly to the reactor
vessel - horizontally position 83" above the cold leg, whereas the OPR1000 employs cold leg injection
(CLI), i.e. injection of water to the cold leg 60° at the RCP discharged leg. The conceptual advantage of DVI
design is that emergency water can be used more effectively. In CLI design, when large cold-leg break
accident occurs, one safety injection train connected to broken cold leg cannot be used. So, no such
assumption is needed in the DVI design because all emergency water is available during LOCA.

APR1400 OPR1000

RWiT

CONTAIRMENT

<4 Train DVI Safety Injection Systemc- =2 Train CLI Safety Injection System>

FIGURE 4.4.37. Safety Injection System: Direct Vessel Injection (DVI) for APR1400 versus Cold Leg
Injection (CLI) for OPR1000
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FIGURE 4.4.38. Injection location for Safety Injection System: Direct Vessel Injection (DVI) for APR1400
versus Cold Leg Injection (CLI) for OPR1000

The SIT (accumulator) has a role to refill reactor vessel lower plenum rapidly during early phase of
LBLOCA. At initial condition, it is pressurized to 600 psia by nitrogen gas (1800 ft* (51 m®) for APR1400.
The problem is that there is too much water to fill the lower plenum. To overcome this problem, a passive
fluidic device is used in the SIT. The use of the passive fluidic device utilizes water more efficiently to
remove the low pressure SIP (LPSIP). Mr Kim (KHNP) clarified further by considering that assuming in the
event the cold leg is broken, all water inside the RCS is discharged to the containment because the pressure
in the RCS is 2,250 psia compared to the atmospheric pressure of the containment. When the RCS is empty,
the fuel is adiabatically heated-up. To keep the fuel cladding temperature within the limit, water in the SIT is
injected to the RCS by pressure difference.

The SIT is pressurized to 600 psia by nitrogen gas and when LBLOCA occurs, the RCS is depressurized to
atmospheric pressure. The only function of SIT is to fill the reactor vessel lower plenum during LBLOCA.

The graph below shows comparison between the conventional SIT with LPSIP flow rate and the ideal SIT
with Fluidic Device flow rate. The black line indicates flow rate from the conventional SIT. The problem of
the current design (SIT with LPSIP) is too much water is injected to the RCS. Most of the water is spilled out
to the containment. The desirable flow rate curve (SIT with fluidic device) is represented by the red line. It is
shown that at the initial stage, large amount of water should be injected to reactor vessel to fill the lower
plenum of the reactor vessel. Afterward, small amount of water should be injected for long time to remove
low pressure SIP.
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FIGURE 4.4.39. Safety Injection Tank (SIT)
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The fluidic device has no electrical source and moving part, and it is installed at the bottom of the SIT. The
principle of the fluidic device is vortex resistance. There is stand pipe up to certain elevation of water level.
If water level is higher than the stand pipe elevation, water flows through the stand pipe. Then flow direction
is perpendicular to the exit. So, small flow resistance is generated and large amount of water flows to the
exit. If water level is below than the stand pipe elevation, water flows through the control port only. Then the
flow direction is tangential to the exit. So, high vortex resistance is generated and small amount of water

flows to the exit.
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FIGURE 4.4.40. Schematic of passive fluidic device in SIT and the actual experimental results showing
vortex resistance (flow rate as a function of time)

Evaluation results for DVI design

During reflood phase of LBLOCA, steam generated in the core flows through upper plenum, hot leg, steam
generator, cold leg, and downcomer before it is eventually discharged through the broken cold leg. When the
steam reaches the downcomer, the steam flows in horizontal direction to the broken cold leg. Emergency
water injected through DVI line should flow downward to contribute to the core cooling. Therefore, steam
and water are crossing at right angle in the downcomer. This crossing can make various multi-dimensional
phenomena such as ECC water bypass, sweep-out, steam condensation etc. So, there is a need to identify
these phenomena and to quantify bypass rate for design and licensing.
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FIGURE 4.4.41. ECC Bypass Mechanism during the Reflood Phase
To understand the phenomena and to quantify ECC bypass rate, two kinds of tests were performed:.

- Direct ECC Bypass (DEB) test

Some of injected water is bypassed directly to the broken cold leg by fast horizontal steam flow during
reflood phase of LBLOCA, termed direct ECC bypass. Steam water interaction at the upper dowmcomer
region is important because the DVI line is located 83" above the cold leg center line.

- Void Height Test : DEB + Sweep-out
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Fast steam flow sweeps out the water accumulated in the lower downcomer. Due to these phenomena,
the downcomer water level can be lower than the cold leg elevation. The difference between cold leg
bottom elevation and water level is called void height. If void height is large, water head is reduced and

reflooding rate could be reduced.

Mr Kim (KHNP) showed the test matrix used for ECC Bypass. Korea constructed three different test
facilities: (i) 1/7 scale SET facility, DIVA — air-water test facility; (ii) 1/5 scale SET facility, MIDAS -
mainly steam water test facility but can be used as air-water test facility, and (iii) 1/288 integral effect test
facility, ATLAS. The first two SET facilities which have different scale ratio were constructed to understand
scaling effect. Two different tests were formed with same scaling ratio, air-water test and steam-water test to
understand steam condensation effect. The integral effect test was performed to understand overall core and
system behavior of APR1400.

TABLE 4.4.5. DVI test matrix for ECC Bypass

Test Case Test Scale Major Parameters of Interests Test Objectives
SET | Air-Water 1/7 ECC Bypass Mechanism Phenomena understanding
Test Direct ECC Bypass (DEB)
1/5 Void Height (VH) Condensation Effect
ECC Bypass Fraction
Steam-Water 1/5 DEB, VH Parameter quantification
Test ECC Bypass Fraction Code Validation
Condensation/Subcooling
IET | Steam-Water 1/288 Core behavior Parameter quantification
Test ECC Bypass Fraction Code Validation
Condensation/Subcooling

Mr Kim (KHNP) then discussed the three test facilities:
1/7 Scale SET : ‘DIVA’ Facility, APR1400, Air-Water

The DIVA stands out for Downcomer Injection Visualization and Analysis. A linear scaling law is
applied, with the exact scaling ratio 1: 7.07. The downcomer gap size is 3.6 cm. The test section is
transparent. The main purpose of this test is for visual observation on ECC injection and air-water
interaction. The figure below shows the DIVA facility and water injection behavior according to water
velocity as well as ECC water bypass behavior according to the air velocity.

1.
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FIGURE 4.4.42. 1/7 Air-Water Test Facility (DIVA)

The cross-sectional view of APR1400 reactor vessel is shown below with two hot-legs and four cold-
legs, including the broken cold leg No 4. Side 1-6 correspond to each of the visual observation on the
left. Major findings of hydraulic phenomena are as follows. Gas jet impingement is formed. Around the
gas jet, liquid slug is formed. Near the broken cold leg, ECC water cannot penetrate into the lower
downcomer, i.e. zero penetration. Near the hot leg, ECC water penetrates into the lower downcomer, i.e.
local penetration zone (side 2 and 5) (hot leg blockage effect). Flow patterns observed in the
downcomer include cross flow (downward liquid film and transverse gas flow), co-current transverse
annular wispy flow, and ECC penetration region.

From the visual observation, it can be concluded that if broken cold leg is Cold leg No. 4, the bypass
rate of nearest DVI nozzle No. 4 is fairly large, and the bypass rates of the other DVI nozzle are small.
When a single failure assumption is applied, only 2 SIPs
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Multi-dimensional Phenomena
Observed near the Cold Leg Elevation

(f) side-6

FIGURE 4.4.43. 1/7 Air-Water Test: Visual Observations
1/5 Scale SET: ‘MIDAS’ Facility, APR1400, Steam-Water or Air-Water

MIDAS stands for Multi-dimensional Investigation in Downcomer Annulus Simulation. The working
fluid is steam-water (superheated or saturated steam) or air-water. As shown in the schematic diagram
below, the core and downcomer are installed separately to make it easy to measure lots of physical
parameters in the downcomer in detail. The downcomer gap of the test section is 51.8 mm, and the
internal diameter of the downcomer vessel is 938.8 mm. The exact scaling ratio is 1:4.93 linear scale

(DVI internal & = 43.8 mm, Cold Leg internal & = 182 mm).
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FIGURE 4.4.44. 1/5 Steam-Water Test Facility (MIDAS)
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A scaling methodology, so called modified linear scaling method, was developed. At first, linear scaling
method is deemed more suitable for ECC bypass phenomena than volume scaling method by the
observation of visualization test. Modified linear scaling is basically same as linear scaling except
velocity, flow rate and time. To keep ECC bypass phenomena, velocity scale is reduced by square-root
of two from the original linear scaling. Major physical parameters such as steam mass flow rate and
velocity are adjusted from APR1400 analysis results to test condition according to scaling method in

order to setup initial and boundary condition of test facility.

Steam Mass Flow
for Each Cold Leg

Steam Injection Velocity
through Each Cold Leg
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FIGURE 4.4.45. Modified Linear Scaling Methodology. To keep ECC bypass phenomena, velocity
scale is reduced by V2 from the original linear scaling.

Mr Kim (KHNP) then presented the direct ECC bypass test results for APR1400. As seen below, the left
graph shows ECC water bypass ratio according to steam velocity. The y-axis is bypass fraction and x-
axis is non-dimensional superficial steam velocity. It was noted from the graph that when vapor velocity
is greater than certain value, ECC bypass rate is sharply increased. According to LBLOCA condition of
APR1400 is near the threshold area. The black dots show steam-water test results and the red ones show
air-water test results. The differences are the steam condensation effects, that is, under the same vapor
velocity, bypass rate for air-water test is larger than that of steam-water test because some of the steam is
condensed when it interacts with sub-cooled water. Therefore, final vapor velocity is reduced.
Meanwhile, the graph on the right shows ECC bypass rate according to ECC water injection location. As
shown, when ECC water is injected near the broken cold leg, ECC bypass rate is much higher than other
injection location.
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FIGURE 4.4.46. Direct ECC Bypass Test Results for APR1400
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3.

The void height test results for APR1400 are presented below. Each colored dot shows data for certain
steam mass flow rate. For example, black dot means 0.15 kg/s per each cold leg, red means 0.19, green
means 0.26, and blue means 0.35. Simply speaking, black dots represent the slowest steam velocity and
blue dots represent the fastest steam velocity. The APR1400 plant condition is equivalent to black dots.
As seen in the graph, void height is proportional to steam velocity. However, void height is independent
of ECC water injection location. This graph shows that void height during LBLOCA condition is
negligible under APR1400 plant condition.

Injected ECC water is highly subcooled water. When subcooled water interacts with superheated steam,
subcooling degree is reduced. This graph shows this phenomenon. If steam mass flow is very large,
subcooling of ECC water is almost lost. However, in APR1400 plant condition, the graph shows that
sufficient subcooling degree is maintained.

The graph on mass balance error for the test indicates that test has been performed very accurately.
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FIGURE 4.4.47. Void Height Test Results for APR1400
1/288 Scale IET: ‘ATLAS’ Facility, APR1400, Steam-Water

ATLAS stands for Advance Thermal-hydraulic Test Loop. Various separate effect tests (SETs) have
been performed to understand and to quantify ECC water bypass phenomena during LBLOCA reflood
condition. It was concluded that APR1400 SIS design has sufficient margin on ECC water bypass. Then
integral effect test (IET) loop was constructed to understand the overall plant behavior and to validate
computer code for APR1400 accident analysis. The figure below shows reactor vessel of ATLAS
facility.

The design pressure of ATLAS is 18.7 MPa and the design temperature is 370°C. Height and length are
scaled down to half and 1/12 respectively. So, volume is scaled down to 1/288. Reactor core is simulated
by electrical heater. Maximum heater power is 2 MW. ATLAS facility can simulate LBLOCA,
SBLOCA, SLB (steam line break), FLB (feed line break), ATWS, TLOFW (total loss of feed water), and
SBO. And all simulations for these accidents for APR1400 have been done. For this meeting, only test
results for LBLOCA were presented.
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= Design Press. : 18.7 [Mpa]

= Design Temp. : 370 [C°]

= Height, Length scale : 1/2, 1/12
= Volume scale : 1/288

= Max. core power : 2MW

. Tests : LBLOCA, SBLOCA, SLB,
FLB, SGTR, ATWS, TLOWF
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FIGURE 4.4.48. Integral Effect Test - ATLAS
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FIGURE 4.4.49. Schematic of the ATLAS Facility

ATLAS major scaling parameters are shown in the following table. The velocity and time is reduced to
1/42 because the height is reduced to half. Fuel rod diameter is preserved to keep fuel temperature

behavior. All the physical parameters are scaled down according to valid scaling law as shown in this
table.
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TABLE 4.4.6. ATLAS major scaling parameters

Parameters Scaling Law ATLAS Design
Length (Height) Iog 1/2
Diameter Aoy 112
Area di 11144
Volume Loz 1/288
Core OT AT, 1
Velocity I /42
Time I 142
Power/Volume e N
Heat flux It ﬁ
Core power A1 1/203.6
Rod diameter (core) RD,, 1

No. of rods (core) diy 1/144
Tube diameter (SG) 1D, )
No. of tube (5G) 43,107 172
Flow rate doglog 1/203.6
Frication factor Far 1
Pressure drop Lo 112

The ATLAS LBLOCA test has been performed automatically by control logic. The entire reflood phase
of APR1400 is simulated directly. The test has been performed to achieve following two objectives:
- To provide reliable data to help in validating the LBLOCA analysis methodology for APR1400.
- Licensing issues for APR1400 are to be solved.
- Quantitative data with uncertainty will be provided with well-defined initial and boundary
conditions.
- To understand and identity the major thermal hydraulic characteristics during the reflood phase of
LBLOCA for APR1400.

A total of 15 LBLOCA tests were performed using ATLAS facility. The first seven tests (Test No.1-7)
are parametric tests during reflood period to understand the effect on core cooling by major thermal
hydraulics parameters. The other 8 tests (Test No. 8-15) are LBLOCA reflood tests for the DVI design.
Validation results for one test, i.e. Test No. 9, were presented. This is typical APR1400 LBLOCA test
from early reflood to late reflood. Conservative initial and boundary conditions are used to demonstrate
the design.

TABLE 4.4.7. LBLOCA Reflood Test matrix

Phase Classification Objectives Test No.
M . Effect on core cooling by major
Parametric test during T/H parameters Test No.1 ~ No.7
reflood
Phase 2 :

LBLOCA reflood test Reflood test for DVI design Test No.8 ~No.15

The table below summarizes sequence of events of Test No. 9. The second column contains actual data
acquisition time and the third column shows converted time from the start of reflood phase. When
heater power is turned on, fuel temperature begins to increase. When fuel surface temperature is higher
than 450°C, SIT injection is started. SIT injection flow rate is divided into two stages, high flow stage
and low flow stage because of the use of fluidic device to regulate SIT flow rate. From 2 sec after SIT
injection, reflood is started. Heater power is started to decay down.
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TABLE 4.4.8. Results of events for Test No. 9: Reflood Period

Test ID Experimental conditions
Test No.9 Design Condition
(IET) From Rx trip to late reflood
Events Time Time (from Description
(DAS) reflood)
Power 1855 -57 After achievement of ICs
Restart 20s linear increase
SIT 1910 -2 Max. T > 450°C (target: 456)
Injection 1939 ~18 SIT-High Flow (94% ~ 72%)
~2033 ~121 SIT-Low Flow (72% ~ 47%)
Reflood 1912 0 2.0 s after SIT Injection
Start 1.2*ANS-73 curve
HPSI 1027 15 12.7 s after Reflood Start
Injection
TestEnd 2778.5 866.5 TW-DC-AVG < 115°C; DAS stop

Note: DAS = Data Acquisition System

The graph shows system pressure and reactor vessel wall temperature during tests. Reflood test is
started at 1800 sec. Before the test, test facility is maintained at full pressure and full temperature. And
pressure and temperature are controlled to make typical LBLOCA reflood condition.
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FIGURE 4.4.50. System pressure and DC wall temperature

The following graphs show major parameter’s behavior. Reactor power is turned on to achieve full
pressure and temperature, and then the power is shut off to reduce RCS pressure, temperature and water
level. Before the reflood test, the heater power is turned on to simulate decay power. The reactor power
starts to decrease when reflood test is started. Some of the graphs noted were SIT water injection flow
rates, core and downcomer water levels, and peak cladding temperature behavior.
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FIGURE 4.4.51. Variation of selected major parameters
Selected test results were discussed:
- Primary System Levels

- The system water level behavior during reflood period was depicted in the figure below. The graph
in general illustrates (i) core level decrease after FCV-BS-02 & OV-BS-01 open, (ii) fluctuation at
SIT & HPSI injection, and (iii) higher levels in the downcomer than the core. The colors represent
the following: the blue line shows downcomer water level, the red and green lines show total
collapsed core water level, and the black line is net collapsed core water level, i.e., water level in the
active core. The downcomer water level is always higher than the core water level. The difference
level between downcomer and core is the driving force for core cooling. When SIT injects water into
the core, the core and downcomer water level reach the maximum level. But, just after SIT water
injection is stopped, the water level exhibits some transient phenomena, but eventually the core and
downcomer water level are increased continuously.
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FIGURE 4.4.52. Primary system levels
- Heater rod surface temperature

The heater rod surface temperature behavior is shown in the attached figure. The colored curves show
the behavior at different elevations from the fuel rod bottom to the fuel rod top. The fuel rod elevation is
1.816 m because the height is scaled down to half. The black dots show peak cladding temperature, at an
elevation of 1.086 m, slightly higher than that of the center line. The peak cladding temperature is par
lower than licensing criteria, which is 2,200 °F. As shown in the graph, the fuel rods experienced gradual
bottom-up quenching in the outer zone (Group 3).
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FIGURE 4.4.53. Heater rod surface temperature

In conclusion, Mr Kim (KHNP) concluded on the assessment of the DVI design to develop robust DVI
design in APR1400 Safety Injection System. He noted that technical issues are well defined, and RD&D
scope and necessity is defined. Various scaling methods are developed and understood. The SETS/IETs have
been performed and database has been developed and used for plant design and licensing. Therefore, the
APR1400 DVI design satisfies CR4.2.1 on RD&D and CR4.2.3 on Scaling.

Evaluation results for Passive Fluidic Device

Conventional PWR has SIT and large capacity LPSIP to cool the core at early reflood phase which has
relative high decay power. The APR1400 has passive fluidic device to regulate SIT flow rate to eliminate
LPSIP. The Fluidic Device in SIT is a passive design without electricity and moving part. Because
performance should be demonstrated for design and licensing, there is a Full Scale Fluidic Device Test
Facility to evaluate it.

Various feasibility tests were performed to decide fluidic device shape and dimension. After that, we
discussed how to demonstrate fluidic device performance and we decided that full scale test is required
because vortex resistance is not so easy to scale down. This is full scaling test facility for fluidic device,
VAPER. This is actual fluidic device. This is installed at the bottom of SIT.

SIT has an internal & of 2.74 m, height of 12 m, and total volume of 68.13 m®. The SIT is pressurized up to
50 bar using air compressor. The discharged flow rate, water level and pressure are measured after quick
opening valve is opened.
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Q Safety Injection Tank (SIT): Full-Scale (ID: 2.74 m, H: 11.99 m, V: 68.13 m?3)
Q Stock Tank: 97 m?

Q Compressed Air Supply : Max. 50 bar

QO Discharging Pipe : 12 inch

FIGURE 4.4.54. Schematic of the VAPER Facility

Three kinds of tests are conducted: (i) basic tests to confirm performance parameters, (ii) low pressure tests
to check initial pressure effect on the performance, and (iii) sensitivity tests for manufacturing uncertainty.
The typical test conditions are as follows: system pressure is 4,000 kPag, water temperature is room
temperature, and SIT water level is 8.9 m.

The basic principle of fluidic device is vortex resistance. The typical parameters needed to characterize
vortex resistance are flow resistance (K-value) at high flow period and low flow period. The K value is
defined by the following equation:

204
K ZAP% W)= pA,

ST

h () —h, (1+ A7)
At

Mr Kim (KHNP) provided sample basic test results, as shown in the table below. By various preliminary
tests, one fluidic device design was selected (see first row) and the others are repeat test results. On average,
the high flow K-value is 16 and the low flow K-value is 160, i.e. 10 times higher than the high flow K-value.
Therefore injection flow rate is abruptly reduced to 1/v10. These graphs show K-values and flow rates. It is
shown that Fluidic device has repeatability and good performance.
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FIGURE 4.4.55. Sample test results

In conclusion, scope and necessity of the RD&D to develop robust Fluidic Device in SIT is defined. Full
scale test has been performed and database has been developed and used for plant design and licensing.
Therefore, APR1400 Fluidic Device satisfies CR4.2.1 on RD&D and CR4.2.3 on Scaling.

4.4.27. CR 4.2.2 Computer Codes

Mr Kim (KHNP) presented code validation for SIS performance (LBLOCA Analysis). He noted various
system codes are used for APR1400 design and safety analysis, most of which are the same as those for
OPR1000. A new code is used for APR1400 SIS performance analysis i.e. LBLOCA, because APR1400
safety injection system is different from that of OPR1000. The code is RELAP5/Mod3.3-KREM which is a
modification of the original RELAP5/Mod3.3 code. This code has been validated using international test
facility, ECC Bypass (MIDAS), IET for APR1400 LBLOCA (ATLAS) and Fluidic Device Performance.

Below is the phenomena identification and ranking table (PIRT) to validate system code. Reference accident
is double-ended cold leg break. The accident scenario is divided into 4 phases: blowdown, refill, early
reflood and late reflood. As many as 15 components and 73 thermal hydraulic phenomena related to
APR1400 safety injection system are identified.
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TABLE 4.4.9. PIRT for APR1400 LBLOCA
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Below is code validation matrix derived from the PIRT. 27 SET facilities and 4 IET facilities performed by
international societies during last 40 years are used for general PWR test data. Specific test data for
APR1400 are used, such as MIDAS, UPTF-21D for ECC bypass phenomena, DOBO for downcomer
boiling, ATLAS for overall APR1400 reflood behavior and VAPER for fluidic device performance.

TABLE 4.4.10. Code validation test matrix

Components
Zlo|Flg|7 |25 |3
cl3|5|2|8|53 |2
= |2 | = gﬂ] =
g g =
& =] g
Test Facility 8
UPTF Test 21D .
5 |MIDAS .
E
T |[DOBO .
ATLAS . .
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Components
EZlE | S ES|T |2
Test Facility Phanomena T lE fE(®) Ed
Lower pleoum flashing, entrainmend.
TOTF liquid-vapor mizing with
U condensation. - -
ECC bypass and DC penetration
CE (pump) Two-phase pump behavier L
LOFT-Wyle Break, blowdown -
GE Enirainment and de-enTainment L]
Chakler Air-Water CCFL L
LOFT Acoo Blowdown |Acoumlater behawvier -
Chistensen subcoalad e lad heiling
Doiling Subcooled hoilling -
MIT Pressunizer test Condensation in siratified conditons -
OBML Inferfacial drag, Core heat fansfer -
BIT Tube Test Critical heat flux -
Bennet Transiton beiling -
MINITWOE Metal-water reaction -
SET Power Burst Faclity Gap condurtance -
FRIGG-2 Inferfacial drag -
THETIS Inferfacial drag L
ECH Caore liquid lewel .
ME-2 Enrrainment de-entrainment in steam &
EENBrA
CREARE Dlownoomer counfercurrent LI
FLECHT-SEASET Core heat transfer L] L]
Marviken Critical flow -
THTF Blowdown heat transfer -
WEFTLN Core heat mansfer -
Semiscale Pamp Two-phase pump behavier L
W Pumgp (1/3) Two-phaze pump behavier -
Sieam binding,
CCTF Core heat mansfer, - -
Cuench fromt propazation
Core level, enmainment and
3CTF de-eniTainment
PEL Steam Bindmgz
Core wide void and flow
dismibution, Steam binding,
LOFT Core heat mansfer, bl B
Noncondenzible zaz efect
IET - Core wide void and flow
LOEI dismibugen, Core heat mansfer .
~ Core wide void and flow
SEMISCALE dismibugen, Core heat mansfer
POWEER BURST Gap conduciance

The following graphs show code accuracy: y-axis represents calculated peak cladding temperature (PCT) and
x-axis represents measured PCT. The left graph is PCT prediction accuracy for blowdown period by 25 SET,
with a total of 616 test data from 17 FLECH-SEASET, 7 NEPTUN and 1 ATLAS. The right graph is PCT
prediction accuracy for reflood period by various SET and IET, with a total of 688 test data from SET +
LOFT L2-2, L2-3, LP-02-6, CCTF C2-4, PKL-IIb5, and Semiscale S-06-3. As shown in the graphs, the
RELAP/KREM code is slightly over-predicted and sufficiently accurate.
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FIGURE 4.4.56. Code accuracy

- Code validation — ECC Bypass (MIDAS)

Code validation result for ECC water bypass performed by MIDAS test facility along with the nodding
diagram is presented below. RELAP5/KREM code predicts ECC bypass rate with consistent

conservatism.
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FIGURE 4.4.57. Code validation — ECC Bypass (MIDAS)

- Code validation — ECC Bypass (VAPER)
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Code validation result for Fluidic Device performance by VAPER test facility is shown below. Two K-
values were measured through the tests. Vortex flow cannot be simulated using the system code.
Therefore RELAP/KREM code models fluidic device simply using measured two K-values. Using the
simple nodding diagram, SIT injection flow rate can be predicted.
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FIGURE 4.4.58. Code validation — ECC Bypass (VAPER)

- Code validation — Overall LBLOCA Behavior (ATLAS)
Results of peak cladding temperature (PCT) prediction are presented in the figure below. At the
elevation which shows maximum PCT at the test, test data and RELAP calculation data are well matched
as shown in the center graph. When all the uncertainties are considered, prediction results well covered
test data. The lowest and the highest prediction results can be seen.
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FIGURE 4.4.59. Code validation — Overall LBLOCA Behavior (ATLAS): Validation results of peak
cladding temperature (PCT) behaviour

In parallel to modification of RELAP5/Mo0d3.3 code and validation and verification (V&V) using various
test facilities, new thermal hydraulic code hamed SPACE (Safety and Performance Analysis CodE) are being
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developed. The new system code has its specific advanced features. It is developed by C++ language and it
can handle 3 fields, i.e. liquid, vapor and droplet. SPACE can use model reactor vessel by 3-D coordinates
and handle 3D unstructured mesh. The developmental V&V of SPACE code has been completed in June
2012. SPACE version 2.0 was published at Dec. 2012 and is currently under licensing process (2013-2015).
SPACE code will be used to design NPPs after 2015.

TABLE 4.4.11. RELAPS vs SPACE

Language Fortran
# of fields 2 (Lig., Vap.) 3(Lig., Vap., Drop.)
Dimensions 1 3

Mesh Structured Structured/

Unstructured

Sample of SPACE code validation results are presented below. The test is ATLAS SBLOCA, a 6” cold-leg
break in APR1400. As shown in these graphs, prediction data by SPACE are well matched with the test data.
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FIGURE 4.4.60. SPACE code validation results: ATLAS SBLOCA 6” in APR1400

Plant Analysis — APR1400 noding

Regarding the current design RELAP5/KREM code, it has been fully validated using all available SETs and
IETs. A noding diagram of APR1400 is developed. 2 hot-legs and 4-cold legs are modeled independently
and downcomer is modeled using 6 channels. The core is modeled using two thermal hydraulic channels (hot
and average).
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FIGURE 4.4.61. Plant analysis — APR1400 noding

The figure below depicts analysis results with uncertainty quantification for PCT behavior, oxidation rate
and hydrogen generation. All these analysis values with uncertainty have sufficient margin in to be compared
with the licensing criteria.

Peak cladding temperature Oxidation rate Hydrogen generation

FIGURE 4.4.62. Plant analysis — Uncertainty quantification

In conclusion, RELAP5/KREM code for APR1400 LBLOCA analysis has been developed. This code is
validated using various test facilities. Code uncertainty quantification and best estimate safety analysis have
been performed. Therefore, APR1400 SIS design satisfies CR 4.2.3 on ‘Computer Codes’.

4.4.3. Availability of References

The Design Control Document of APR1400 was submitted to the US NRC at the end of September 2013 and
currently it is under review. So once accepted, the licensing review will be started. The document is expected
to be available on the US NRC website in time. It was further informed that vendor cannot provide the
design data on one to one basis from interested country without commercial or legal agreement. Otherwise,
the approach is for an assessor country to go the open data.

4.4 4, Discussion

Questions Answers

Mr Silva (Thailand) asked why KEPCO | Mr Seo (KEPCO-E&C) responds saying both methods are
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decided to increase the size of the steam
generator rather than to increase the number
of loops in order to increase the power.

valid but increasing the size of the steam generators would
require less equipment and keep the design simpler (two
loops).

Mr Tjahjono (Indonesia) was interested in
the experimental hydraulic loop of the
APR1400. He asked the kind of experiment
that had already been done with this loop.

Mr Seo (KEPCO-E&C) specified that the most severe
transient is large break LOCA and the experimental loop
facility has been used to test a large break LOCA and other
DBAs.

Mr Zhou (China) asked how many designs
for verification and experiments done for
APR1400

Mr Seo (KEPCO-E&C) indicated that not all tested done
are presented, but all new design features and concepts also
new equipment with different philosophy function had to be
tested. There are a number integral tests and separate effect
tests performed to verify. Based on test results, the Korean
regulator approved the APR1400 as a safe design.

Ms Yang (China) asked that the design can
load up to */3 MOX fuel. Since MOX fuel
will change response of the reactor system,
she asked about the safety system design for
the uranium and mixed core. The use of
MOX fuel would result in some changes in
the safety margins.

She also wanted to know whether the
assessment was done for uranium or mixed
core.

Mr Seo (KEPCO-E&C) indicated that APR1400 can
accommodate up to /3 MOX fuel without any design
changes, and MOX loading has been evaluated. The
assessment was not based on MOX fuel. He agreed that with
and without MOX fuel, the plant parameters are different.
However, currently no consideration is given for loading
MOX fuel.

Mr Phillips (IAEA) pointed out that when doing
assessment, many are better compared to reference plant. So
in doing INPRO assessment for MOX fuel, then it should be
compared with a reference plant using MOX too, thus
comparing similar things showing the evolution of reactor,
within the same technical lineage, e.g. PWR in the same
series, so not the specific behaviour of the fuel. Despite this,
one can use the INPRO Methodology for any purpose.

Mr Reyes (Chile) asked about the
construction period of the plant in Korea and
in another foreign country.

Mr Seo (KEPCO-E&C) said that from the first concrete
until fuel loading, the construction period for a FOAK is 51
months but the follow-up unit will take less maybe down to
47 months. But the goal is high which is to reach 36 months.

Mr Koshy (IAEA) asked on plant protection
system and ECCS, whether the actuation
system for reactor trip and ECCS are fully
independent or shared — if so, which parts are
shared.

Mr Seo (KEPCO-E&C) referred to presentation on
CR1.3.3.

Mr Tjahjono (Indonesia) asked about how
the APR1400 copes with the station blackout
(SBO) without passive safety systems.

Mr Seo (KEPCO E&C) replied saying that the APR1400 is
not a passive design plant but a hybrid design having active
and passive features. Active components cannot operate in a
station blackout but there are capabilities of operating them
with use of batteries and external mobile units to provide
power. These satisfy current regulations in Korea as well as
the USA. Larger sized batteries and more powerful backup
diesel generators could provide backup power for a longer
period of time but this would cost money.

Mr Koshy (IAEA) wanted to confirm that
the turbine-driven secondary auxiliary
cooling system that could operate without
AC, as an approach to deal with SBO.

He then asked whether the PORSV also
functions as a cold safety valve, i.e. use the
same valve.

Mr Seo (KEPCO E&C) explained that turbine driven pump
can operate without AC power, it only requires control
power from DC batteries. Regarding POSRV, during
pressure transient it automatically opens to release pressure.
When operators want to reduce system pressure
intentionally, they can push the button and the valve will
open. So the same valve works as a safety valve and a relief
valve. The POSRYV s certified by ASME, so it is a semi-
qualified valve.

Mr Aziz (Indonesia) asked that the design

Mr Seo (KEPCO E&C) explained it is called AAC
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also uses diesel generator which should be
suitably located. He also wanted to know if
the APR1400 uses gas turbine generator.

(Alternative AC) power. APR1400 does not turbine
generator now, but type of generator can be chosen when the
construction period starts as requested.

Mr Bykov (Rosatom) wanted clarification
regarding the fact that the same relief valve
for overpressure protection of pressurizer
system and depressurization. He asked about
the lowest level of pressure that can be
reached because the cross section of the
valves, the difference for overpressure
protection and depressurization. For lower
pressure condition, the cross section of the
valve should be larger.

Mr Seo (KEPCO E&C) explained that POSRV is
adequately sized to function overpressure protection during
power operation. During low pressure condition, there is a
separate relief valve (which was not discussed in the
presentation).

Mr Popov (Belarus) asked that in the case
of core melting, the melt gets in touch with
water, how to guarantee a critical mass state
is not reached.

Mr Seo (KEPCO E&C) responded saying that when the
molten core flows down the cavity floor, it will spread out.
Physically it cannot reach criticality even though there is
water on top of the corium. The water comes from the
IRWST which contains 4,400 ppm of boron, i.e. borated
water.

Mr Susyadi (NPTDS) asked whether
lessons learned from the Fukushima accident
were adopted into the SAMG.

Mr Seo (KEPCO E&QC) said that what was presented was
the standard design of SAMG and after the Fukushima
accident the Korean government evaluated all the operating
plants and all plants under construction to assess the
capability of coping with a Fukushima-like accident. As a
result of the evaluation, the government enforced a total of
50 improvements. Many are for the older plants in operation
but some are applicable for plants under construction, so
severe accident management and emergency planning have
to be upgraded according to the Korean government
requirements. What was presented did not include
Fukushima requirements but it is an ongoing activity in
Korea. As explained, external hook up design has been in
effect during the construction of the new plants so Shin-Kori
3 and 4 (the first APR1400) have this feature.

Mr Grudev (Bulgaria) asked about what
code is used for the validation of APR1400
since each country may use a different
internationally recognised computer code
from the one used by KEPCO.

Mr Kim (KHNP) responded that they are planning on using
their own computer code in the future but this will be
validated with the standards of international codes.

Mr Bykov (Rosatom) stated that KEPCO is
using an old code for validating the mixing
vane which is based on a 1 dimensional
experimental data base. He asked how the
code is validated.

Mr Kim (KHNP) said that the mixing vane in the fuel
assembly cannot be simulated by the code. It is still more
conservative and better to consider the mixing vane on a 1
dimensional data base than not to at all.

Mr Bykov (Rosatom) responded saying that
this however can influence other things such
as the flow rate regime map, the reflux
conditions and maybe also the supercritical
heat exchange, so it is not very conservative.

Mr Kim (KHNP) specified that KEPCO is developing a
special model for the mixing vane and maybe also the relay
pipe to use in the future.

Mr Kupitz (Chairman) asked how non-
vendor can actually assess IN4.2.1 that
specifies RD&D needs to be defined and
performed and database developed. Will the
assessment require help from designer?

Mr Kim (KHNP) replied that if a country wants to evaluate
RD&D for other reactor design, then designer’s help is
needed. If the country wants to develop their own reactor, it
helps to know what can be done.

Ms Yang (China) asked about definition of
validation in the INPRO Methodology,

Mr Phillips (IAEA) explained that for the best common
practice, it is a determination made between vendor and
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whether the V&V is a self-developed code
SPACE for APR1400 calculations that
matches the test results, no matter
commercial or not.

regulator ~ when they go in the process. For example,
RELAP code which has been around for long time and has
been subjected to many regulatory validations depending on
specific problems. So generally if something is done for the
first time, and depending on the importance, regulator may
ask considerable amount of information to make certain the
code can be applied. So, there is not a simple answer. To
know validation has occurred is to see how far reactor and its
licensing process are and identify actual examples of
validation process. This involves data that should be proved
to the regulator. So it is not just academic question but also a
regulatory question.

During the discussions later in the day, Mr Beard (GE
Hitachi NE Intl.) expanded the definition of validation, as
review and verification by a second independent party of the
acceptance of a code or something else. This is because
vendors use the term V&V (verification and validation) also
as a commandment for the development of software that is
not necessarily reviewed by regulator but by some expert
body.

Mr Phillips (IAEA) noted that it may vary from country to
country depending upon how the TSO works. For instance,
the national laboratory system in the US performs a lot of
work on independent reviews of the code, experimental data,
generation of additional of experimental data, etc. So it is
related to regulatory process. However, he considered it is
not the best practice to use a code when not certain it applies
to a particular problem.

Mr Grudev (Bulgaria) asked about the two
codes used for validation, SPACE and
RELAP. If the deviation is more than 20%,
which code provides more confidence.

He added if vendor tries to sell the reactor to
another country that uses some international
recognized code. If the deviation is
significant, it is difficult to believe, i.e. the
licensing code for the national authority. So
sometimes it helps but it may create an
additional problem.

Mr Kim (KHNP) replied that currently RELAPS is used
because it is a well validated code, but the plan is to transfer
to own code after several years.

On the second question, he explained that Korean vendor has
to validate in own country, then validate by international
society such as IAEA to make more validated code.

Mr Bykov (Rosatom) wanted to highlight
the presentation on fuel assembly with
spacer including the mixing vanes. He
indicated that RELAP5.3.3 is used, which is
an old code that was created before the use
of mixing vanes. The code was developed
based on one dimensional experimental data
base, e.g. for critical flux path a granulary
table is used and there is nothing on spacer
grade mixing vanes in the table. So he
wanted explanation how the code is
validated against design decision.

Following the explanation, he disagreed that
it is conservative because the mixing vanes
can have influence on flow rate regime map,
reflux condition or supercritical heat
exchangers and not to the conservative
direction.

Mr Kim (KHNP) explained that RELAP cannot validate
mixing vanes in the fuel assembly. But if mixing vanes are
considered, then the results are better without the mixing
vanes. So it is in the opinion it is conservative so mixing
vanes are not modelled. Following the second comment, Mr
Kim indicated that a special model (maybe a RELAP too) is
being developed for the mixing vanes, and the mixing vanes
should be able to be modelled in the next several years.
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4.5. Enhanced Candu 6 (EC6)

Ms Sabina Boyle and Mr Albert G Lee from Candu Energy Inc. presented the application of INPRO
comparative assessment on safety of Enhanced Candu 6 (EC6) pertaining to lessons learned from the
Fukushima Dai-ichi nuclear event. Ms Boyle provided the outline of the presentation, and introduced the
purpose and objective, Fukushima Dai-ichi event and lessons learned, and selection of INPRO Criteria
through comparison of EC6 design with CANDU 6 plants. There are four consequences of earthquake and
subsequent tsunami to Fukushima Da-ichi Units 1-3 pointed out in the presentation:

- Prolonged loss of all AC power

- Prolonged loss of ultimate heat sinks

- Prolonged loss of accident monitoring and response capability
- Large scale societal disruption due to large radioactive releases

The key findings from the Fukushima lessons learned based on the nuclear industry including the different
regulatory reviews include:

- Cliff edges in defence in depth for extreme external hazards

- Insufficient consideration for diversity for extreme external hazards

- Loss of reliable safety related parameters and communications

- External hazards can cause simultaneous events in multiple units at a site

There are two major lessons learned pointed out in the presentation:

- Plant safety functions need to be restored and maintained after extreme natural events which have
caused prolonged loss of all AC power, ultimate heat sinks and accident monitoring and response
capability.

- Global nuclear energy sustainability is challenged by Fukushima Dai-ichi nuclear accident. There is
a need to demonstrate existing NPPs have sufficient levels of defence in depth and robustness of the
plant beyond its design basis, and also to develop evolutionary NPPs with higher levels of safety

In light of extreme natural events and to address the Fukushima lessons learned, safety margins for CANDU
6 plants and EC6 design were reassessed. The assessment of preventive and mitigative measures was done
by following a defence in depth logic where sequential lines of defence are assumed to be lost. The results
identified potential safety improvements to the lines of defence. To address the challenge to nuclear energy
sustainability, the Canadian nuclear utilities adopted the following principle for beyond design basis events:
“Practically eliminate the potential for societal disruption due to a nuclear incident by maintaining multiple
and flexible barriers to severe event progression”.

It was noted that the implications of the Fukushima event on nuclear sustainability should be considered
within the context of INPRO. With this respect, a comparative assessment of EC6 to CANDU 6 plants with
respect to the lines of defence to withstand external hazards that can cause loss of safety functions
(prolonged loss of all AC power, ultimate heat sinks and accident monitoring and response capability) was
performed. Table below summarizes the selection of INPRO criteria pertaining to the Fukushima event
corresponding to the DID level.

TABLE 4.5.1. INPRO Criteria Selection Pertaining to Fukushima Lessons Learned — Defence in Depth

Principle
DID INSAG INPRO UR Criteria Fukushima Lessons
Level Objective Selection Learned
1 Prevention of URL1.1 - Robustness: CR1.11 Ensure robustness of safety
abnormal Installations of an INS should | robustness systems against common cause
occurrences be more robust relative to CR1.1.2 failures
and accidents existing designs regarding operation Review basis for design against
system and component common cause failures , e.g.,
failures as well as operation seismic
3 Control of UR 1.3 -Design basis CR1.3.3 Review Design Basis and plant
accidents accidents: safety features | layout for infrequent and
within the The frequency of occurrence | CR1.3.4 complex  combinations  of
design basis. of accidents should be barriers external events: confirm or
reduced, consistent with the CR1.35 amend Design Basis Accident
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overall safety objectives. If
an accident occurs,
engineered safety features
should be able to restore an
installation of an INS to a
controlled state, and
subsequently (where relevant)
to a safe shutdown state, and
ensure the confinement of
radioactive material. Reliance
on human intervention should
be minimal, and should only
be required after some grace
period.

controlled
state

List

Confirm long-term cooling of
spent fuel pools, and adequate
monitoring provisions, in case

of loss of power

Control of UR1.4 - Release into CR1.4.1 Provide simple diverse
severe plant containment: frequency of | alternative sources of power
conditions, The frequency of a major release into and water, in a safe location
including release of radioactivity into containment Effective use of probabilistic
prevention and | the containment / confinement safety assessment (PSA) in risk
mitigation of of an INS due to internal management

the events should be reduced.

consequences Should a release occur, the

of severe consequences should be

accidents. mitigated

Mitigation of URL.5 -Release into the CR15.1 Evaluate need for containment
radiological environment : frequency of | venting provisions to prevent
consequences | A major release of release to uncontrolled, unfiltered and
of significant radioactivity from an environment | unmonitored radioactive
releases of installation of an INS should releases

radioactive be prevented for all practical

materials. purposes, so that INS

installations would not need
relocation or evacuation
measures outside the plant
site, apart from those generic
emergency measures
developed for any industrial
facility used for similar
purpose.

4.5.1. Overview of EC6 Design

Mr Lee (Candu Energy Inc.) presented the evolution of EC6 (740 MWe) from CANDU 6 which has over
150 years of safe operation in five countries: Canada (1 CANDU 6 reactor in operation), Romania (2),
Argentina (1), Korea (4) and China (2). It has a lifetime capability factors of approximately 90%. The EC6
design evolved from well-proven CANDU 6 with incremental changes to meet modern regulatory
requirements. It combines proven and state-of-the-art technologies, has improved safety margins, operability
and maintainability and increased design life from 40 years to 60 years. There are incremental changes in the
technology, largely in the digital 1&C.

The safety principles of CANDU 6 are based on defence in depth outlined in INSAG-3 Objectives, with 3
fundamental safety functions which are controlling the power (reactivity), cooling the fuel and confining the
radioactive material (containment). There was attention given to the capability to monitor the plant to guide
the operator to respond to accident conditions. With EC6, there have been improvements made, among
others, in monitoring capability, and ability of operator to monitor the plant conditions and to respond to
upset conditions.

The original CANDU 6 design was based on single and dual failures: single failure being a process system
failure, whereas dual failure being that along with the single failure there is simultaneous failure of safety
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system. For example, CANDU 6 containment was designed on the basis of LOCA plus simultaneous
unrelated loss of emergency core cooling, i.e. the design should be able to cope with failure of ECCS and
still maintain releases to the environment at an acceptable level.

The introduction of PSA was made very early to define and set performance target for the reliability of the
safety systems, for identifying the need for redundancy and backup. One other significance difference
between CANDU 6 & EC6 versus PWR is that CANDU 6 and EC6 employ two-group philosophy for
redundancy of safety functions for controlling reactivity and cooling fuel. The design relies on engineered
safety systems to complement the inherent design capability to cope with transients.

Mr Lee described briefly the EC6 plant flow diagram, indicating the reactor core containing low pressure
heavy water moderated calandria vessel, with 380 parallel channels penetrating the vessel, each containing
12 fuel bundles. The vessel is housed in a steel-lined concrete vault, filled with light water which acts as
radiation shielding during normal operating condition and heat sink under severe condition. There are 4 SGs
organized such that each two SGs are connected to each half of the core. Hence in a postulated LOCA, the
reactor will not simultaneous lose coolant or depressurize all of the core, i.e. only half of the core. The other
benefit of having the pressure boundary at the location of the fuel is to limit the amount of cross top between
fuel channel and fuel assembly, such that failure in one channel do not necessarily cascade of fuel from
adjacent location. The heavy moderator provides a large heat sink that can be used in plant transients to
remove heat from the core, maintain cooling of the core, and prevent the progression of DBAS to severe
accident. The containment building is fairly conventional. The original CANDU 6 has been updated
following the 9/11 taking into account malevolent acts.

Comparison of the design characteristics of EC6 versus CANDU 6 was provided, and also the fact that in
comparison to light water reactors CANDU can maintain small excess reactivity due to online refueling. In
terms of natural external events, design basis takes into account seismic, flood and tornado. On seismicity, as
shown below, the design basis earthquake has been increased and in addition EC6 is using CANDU 6’s
conventional hard rock ground response spectrum and superimposed it with a rather unique universal hazard
spectrum to represent the eastern North American spectrum which at high frequency shows the higher g-
force and g-level. For other countries, standard spectrum will be used and the seismic loading will be
adjusted accordingly.

TABLE 4.5.2. Design Basis of CANDU 6 versus EC6 for Natural External Events

Event CANDU 6 EC6

Earthquake o Original design basis earthquake e Return frequency of 10 years, as per

applied a return frequency of 10
years; reassessments used 10 where
the HCLPF exceeds 0.3 g PGA
Design Basis Earthquake (DBE):
seismic level up to 0.2 g Peak Ground
Acceleration (generic design)

CSA standard N289.1-08; SMA
measured in terms of HCLPF which
exceeds 0.5 g PGA (1.67xDBE)
DBE seismic level up to 0.3 Peak
Ground Acceleration

External Flood

Return frequency of 10 years if
sufficient data; otherwise use
maximum observed flood plus margin
Design Basis Flood: Dry site concept

Return frequency of 10 years if

sufficient data; otherwise use

maximum observed flood plus margin

Design Basis Flood: Dry site concept:

e (.60 m above max. ground water
level

Tornado

Return frequency up to 10 per year.
Design Basis Tornado (F4 on Fujita
Scale Classification of Tornado Wind
Intensity):

e Maximum wind speed: 420 km/h;
e Translational wind speed: 92 km/h

Return frequency of 107 per year.
Design Basis Tornado (F5 on Fujita
Scale Classification of Tornado Wind
Intensity):

e  Maximum wind speed: 483 km/h
e Translational wind speed: 97 km/h
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2. Heat Transport System
3. Calandria Tubes

4. Moderator

5. Vault

6. Containment

FIGURE 4.5.1. Multiple Diverse Barriers in EC6
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FIGURE 4.5.3. Reactivity Control Devices

Important safety features of EC6 in comparison with CANDU 6 were discussed and summarized in the table

below. The containment design pressure has been increased with a lower leakage rate, containment wall has

been increased to withstand conventional commercial airline crashes, and there are more safety systems by

upgrading emergency heat removal system (for non LOCA) from safety support system to a full safety

system. In addition, severe accident management engineering features were noted, among others:

- Increased cooling capability: Water is located in several places to provide heat sink to give time in case
of SBO, estimated for around 5 days without resulting in onset core damage - without bringing reserve

water supplies.

- Means of monitoring the status of plant can be done in multiple locations, including Emergency Support

Centre which has been hardened against natural occurring external event.

- Increase number of DGs, i.e. dedicated DG for heat removal during severe accident recovery heat

removal system
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- The installed AC power supply is backed up by on site mobile power supplies stored in a safe location,
also recommended backed up with an off-site depo containing mobile power and water sources. This is
consistent with FLEX strategy employed in the US.

TABLE 4.5.3. Important Safety Features of CANDU 6 versus EC6

Feature

CANDU 6

EC6

Containment Design
Pressure

124 kPa (g) design pressure with
dousing spray from Dousing Tank
during LOCA

400 kPa (g) design pressure based on main
steam line break

Containment Design

- 1.07 m thick containment wall
- Epoxy liner with 0.5vol%/d leakage
rate 124 kPa(g)
- Controlled leakage up to 235
kPa(g)

- 1.5 mthick containment wall
- Steel liner with 0.2vol%/d leakage rate
at 400 kPA(Q)
- Controlled leakage up to 600
kPa(g)

Safety Systems

- Shutdown System 1

- Shutdown System 2

- Emergency Core Cooling System
- Containment System

- Shutdown System 1

- Shutdown System 2

- Emergency Core Cooling System
- Containment System

- Emergency Heat Removal System

Severe accident management engineering features

Water inventory in
reactor

3,000 Mg of water available for passive
heat removal:

- 2,056 Mg in Dousing Tank

- 215 Mg HPECC

- 240 Mg D,0 in calandria vessel

- 520 Mg H,0 in calandria vault

- 190 Mg D,0O in HTS

3,000 Mg of water available for passive
heat removal:

- 2,056 Mg in RWT

- 215MgHPECC

- 240 Mg D0 in calandria vessel

- 520 Mg H,0 in calandria vault

- 190 Mg D,0in HTS

Control of reactivity

H,O make-up to calandria vault

H,O make-up to calandria vessel

Extended Cooling
Capability

Make-up to the calandria vault via
portable water source for some
CANDU 6 plants

Severe Accident Recovery and Heat
Removal System (SARHRS) to extend
cooling makeup capability

Shielding against
radiation

Containment wall (1.07 m)

Containment wall (1.5 m)

Control of planned
radioactive releases,
as well as limitation
of accidental
radioactive releases

- Emergency Filtered Containment
Venting Systems added to some
CANDU 6 plants, initiated at 200
kPa(g)

- 33 Passive Autocatalytic
Recombiners added to some plants

- Emergency Filtered Containment
Venting System, initiated above 400
kPa(g)

- 33 Passive Autocatalytic Recombiners

- RWT low flow spray for containment
heat removal and pressure suppression

Means of
monitoring the
status of the plant

Safety Monitoring System in MCR and
SCA

Safety Monitoring System in MCR, SCR
and Emergency Support Centre

Seismic Design

Up to 0.2 g peak ground acceleration

Up to 0.3 g peak ground acceleration

Control Room
Availability during
Seismic Design
Basis Event (DBE)

- Secondary Control Room (SCR)

- Main Control Room (MCR)
- Secondary Control Room (SCR)
- Hardened Emergency Support Centre

Diesel Generators
(DGs)

- 2 Standby DGs per unit
- 2 Emergency Power System (EPS),
common for 2 units

- 2 Standby DGs per unit
- 2 EPS per unit
- Dedicated DG for SARHRS

Battery Back-up

- 1 hour Group 1 batteries (battery
life for CANDU 6 plants has been
extended by re-distribution of
loads)

- 1 hour Group 1 batteries
- 24 hour UPS batteries
- 8 hour batteries for Safety Monitoring

On-site Portable
Power Supplies

Provisions for portable power added to
CANDU 6 plants to address Fukushima

One portable power supply/unit
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| lessons learned |

For multiple diverse barriers for prevention of releases, there are fuel sheath, HTS (including pressure tubes),
calandria tubes, cool low pressure moderator, cool low pressure reactor vault and steel-lined concrete
containment structure. For the passive safety features, there are:

Elevated reserve water tank (top of containment), which can be gravity fed to (i) SGs to transfer heat to
the ultimate heat sink in case of loss of cooling to SGs, (ii) moderator to arrest progression of severe
accident, (iii) calandria vault to maintain corium within the calandria system in case severe accident
progresses beyond the point where the fuel channel can be preserved in the primary vessel, and (iv) low-
flow spray system in the containment for pressure and heat suppression in the containment building.

All buildings where safety system equipment are housed in containment which is robust, seismically
qualified and aircraft crash-proof. They are located on site such that it is not possible for a single aircraft
crash to cause both MCR and SCR to be simultaneously rendered unavailable. The same applies for the
location of pumps and power supplies for the safety system, i.e. located in diverse locations.

There are 3 measures for controlling hydrogen produced following accident sequences where zirconium-
steam reactions occur such as LOCA plus loss of emergency core cooling - as summarized below.

CANDU 6 EC6
Mixing - Local air coolers with Class IV/Ill power | - Local air coolers with Class 1V/III
or EPS power or EPS
- Natural convection with loss of Class | - Natural convection with loss of Class
IV/111 power and EPS IV/111 power and EPS
- Level 3: DBAs - Level 3: DBAs
Igniters 44 with Class IV/III power (manual | 44 with Class IV/IIl power (manual
connection to EPS) connection to EPS)
- Level 3: DBAs with Class Il power or | - Level 3: DBAs with Class Ill power or
EPS EPS
- Level 4: BDBAs, including limited core | -  Level 4: BDBAs, including limited core
damage accidents and severe accidents damage accidents and severe accidents
Passive Up to 33 added to some CANDU 6 plants 33
autocatalytic | - Level 3: DBAs with loss of Class Il | - Level 4: BDBASs, including limited core
recombiners power and EPS damage accidents and severe accidents
(PARS) - Level 4: BDBAs, including limited core
damage accidents and severe accidents

There is also emergency filtered containment venting system used to protect the structural integrity and leak
tightness of the containment building for severe accident events where containment pressure significantly
exceed the design pressure of the containment.

The concepts of core damage accident for a PHWR were discussed as follows:

Limited core damage accident

It is defined as accident that occurs within one pressure tube or one fuel channel. Loss of heat sinks can
result in the pressure tubes deforming into contact with the calandria tubes. A heat rejection pathway to
the moderator is established, as a result of the inherent separation of the primary coolant from the
moderator. Fuel continues to be retained within the fuel channels and the fuel channel lattice geometry is
essentially unaffected.

Moderator System

Moderator provides an additional heat sink to remove heat especially from damaged single channel. The
system normally circulates the heavy water moderator to remove the heat generated by the fission
reaction. Event progression may be halted at a limited core damage state using the moderator system.
Heat is transferred via heat exchangers to the recirculated cooling water system and to the ultimate heat
sink. If the active moderator heat sink is unavailable, the large volume of heavy water in the calandria
vessel (~240 tonnes) is heated up and boiled off as a passive heat sink (this lasts about 5 hours)

Severe core damage accident
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It is defined as 2 or more fuel channel failures. If the moderator heat sink fails (or is exhausted), the fuel
channels will fail and the core channel debris (corium) will settle to the bottom of the calandria vessel.
With the corium retained inside the calandria vessel, this is an in-vessel core damage state, i.e. the final
stage of accident progression. In this state the vault inventory can be cooled actively using the end shield
cooling system, which circulates the inventory with pumps and transfers heat to the recirculated cooling
water system via heat exchangers. Without active cooling, the large calandria vault inventory (~520
tonnes of light water) starts boiling at 10+ hours (for worst case event) and will gradually boil off over
the course of ~20 hours. It was noted that beyond in vessel retention strategy, there is also a refractory
layer of (consumable) material on reactor vault floor which will react with the corium and arrest the
progression of corium to a molten corium-concrete interaction.

4.5.2. INPRO assessment in the area of safety of EC6
4,5.2.1. EP1.1.1.1: Margins of Design

Improved sub criticality margins
There are 3 systems for managing reactivity:

- Reactor Regulating System. This includes 6 liquid zone control units with 14 compartments
containing mixed light water or helium; mechanical absorber rods, adjuster rods, moderator poison
system. The reactor rating system can maintain shutdown indefinitely.

- Shut-Off Rods. There are additional 4 shut-off rods to achieve an improved shutdown margin. To
maintain reactor’s subcritical in long term after cool down and decay of transient poison, in addition
to shutoff rods there are additional 10 supplemental absorber rods to achieve improved subcritical
margin after design basis earthquake (DBE). The supplemental rods are to be inserted manually 36
hours after SDS1 action has taken place. In comparison CANDU 6 requires addition boron or
gadolinium poison from the moderator poison system to achieve long term sub criticality.

- SDS2 which injects of gadolinium nitrate into the moderator to maintain reactor sub criticality in the
long term.

It was noted that the 3 systems are independent of each other, addressing redundancy and diversity.

Shutdown Designs

CANDU 6

EC6

Reactor Regulating System

Liquid Zone Control Units,
CARs, Adjusters, Moderator
Poison System

Liquid Zone Control Units, CARs,
Adjusters, Moderator Poison
System, Supplemental Absorber
Rods

Liquid Zone Control Units

6 units with 14 zones

6 units with 14 zones

# of Control Absorber Rods 4 4

(CARs)

# of Adjusters 21 11

Moderator Poison System Boric acid addition to Boric acid addition to Moderator

Moderator System System

# of Supplemental Absorber Rods 0 10

# of Shut-off Rods 28 32

# of Poison Injection Nozzles 6 6

Improved LOCA margins

Both EC6 and CANDU 6 have a positive coolant void reactivity (CVR) coefficient as a consequence of
using natural uranium fuel and the geometric arrangement of the lattice pitch. Improvements are made to
reduce the total amount of CVR and peak positive reactivity during LOCA. There is a 12% pressure tube
thickness increase for EC6 design to reduce creep during 30 year operation.

Design Characteristics Unit CANDU 6 EC6
Coolant Void Reactivity (Limit of operating envelope) $ ~3.3 ~3
Peak positive reactivity inserted during LOCA $ ~0.9 ~0.61

- Improved containment design margins
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The EC6 containment design pressure is based on main steam line break peak pressure plus design
margin, in comparison with the CANDU 6 plant containment design pressure which is based on LOCA
peak pressure plus design margin. Improvements of containment design for EC6 include increase of
design pressure, containment wall thickness and type and pressure of the airlock seals. The EC6
containment structure meets post 9/11 requirements for aircraft crash. The leak rate has also been

reduced.
Design Features CANDU 6 EC6
Containment - 124 kPa (g) design pressure with | - 400 kPa (g) design pressure with
Design dousing tank Reserve Water Tank (RWT)
- 1.07 m containment wall thickness | - 1.5 m containment wall thickness
- Inflatable airlock seals, good to 235 | -  Solid face type airlock seals, good to
kPa(qg) 600 kPa(qg)
Leak Rate Epoxy liner with 0.5%/d leakage rate Steel liner with 0.2%/d leakage rate

- Improved seismic margins

The EC6 DBE level is above the CANDU 6 level, with the reduction of return frequency from 107
years to 10™ years; also enough seismic margin is available for the seismically qualified systems and
components to withstand a 0.5 g horizontal peak ground acceleration (PGA).

The EC6 provides additional provisions for seismic function capability:

» Control: 10 seismically qualified supplemental absorber rods for reactor regulating system (RRS)
to prevent re-criticality after transient fission product poisons have decayed when using SDS1

* Remove decay heat: Seismically qualified emergency heat removal system (EHRS), 2 seismically
qualified emergency diesel generators per unit

» Contain: Seismically qualified connection for the spent fuel bay and the reception bay

* Monitor: Seismically qualified main control room

Event CANDU 6 EC6

Earthquake Original DBE applied a return frequency | Return frequency of 10* years, as per
of 10° years; reassessments used 10™ | CSA standard N289.1-08; SMA measured
where the HCLPF (High Confidence of | in terms of HCLPF which exceeds 0.5g
Low Probability of Failure) exceeds 0.3 g | PGA.

PGA (Peak Ground Acceleration).
DBE seismic level up to 0.3 PGA
DBE: seismic level up to 0.2 g PGA | (Horizontal PGA at DBE level is 0.21 ¢
(generic design) for CSA based spectra and 0.3 g for
Uniform Hazard Spectra (UHS))

- Improved flood margin

The EC6 applies CANDU 6 ‘dry site’ condition philosophy for flood protection. The EC6 flood
protection: The building grade level is set at an elevation which provides significant margin against
the maximum external flood. The flood margin for the location of the system, structure and
component (SSC) has been increased from 0.50 m above the heavy rain coincident to 0.60 m.

Event CANDU 6 EC6

External Flood Return frequency of 10* years if Return frequency of 10° years if
sufficient  data; otherwise use sufficient  data; otherwise use
maximum observed flood plus margin maximum observed flood plus margin

- Design Basis Flood: Dry site concept Design Basis Flood: Dry site concept
(050 m margin for heavy rain (0.60 m above max. ground water
coincident with design basis flood) level)

- Improved heat sink margin

CANDU has the following features: (i) heat distributed over large fuel volume, (ii) many cooling
sources, and (iii) both active and passive systems and multiple barriers to prevent severe accidents.

The EC6 design further improved the heat sink margin by incorporating the following features:
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» Addition of a SARHRS to extend cooling make-up capability to calandria vessel and calandria
vault. There is a dedicated SARHRS diesel generator to draw water for cooling of heat
exchangers and/or for make-up to the Reserve Water Tank from the local water supply (lake or
river)

* Improved heat sink capability by seismically qualifying shield cooling system piping inside the
reactor building for use by SARHRS

» For a severe core damage accident, SARHRS (or SCS) is used to remove heat from corium to
maintain in-vessel retention strategy

On SBO or loss of all AC Power Event (Loss of Class IV (off-site and on-site) + Class 11l Standby
diesel generators + Emergency Power Supply diesel generators), the diesel generator for SARHRS
would be assumingly unavailable and there is up to 5 day time for the operator to restore either power
to SARHRS to use the water as a heat sink, or to substitute by supplying power from mobile diesel
generator or gas turbines or add a fire truck.

System Availability CANDU 6 EC6
& Consequence
SDS1/SDS2 X X X
SARHRS - - No
HPECC X No X
Batteries X No X
RWT to SG x (Dousing) No X
Consequence
Containment integrity | Containment failure | Containment failure | Containment integrity maintained —
after ~6 days after ~5 days* prevention of severe core damage

* |If calandria vault make-up is available, as for some CANDU 6 stations, containment integrity is
maintained

It was concluded that EC6 design provides added safety margins for reactor shutdown, sub criticality,
containment design, seismic margin, flood margin and heat sink margin. Therefore, evaluation parameter
EP1.1.1.1 has been demonstrated by the EC6 design.

4,5.2.2. EP1.1.1.5 Redundancy of System
- Reactivity control
The EC6 design provides additional means for reactivity control in comparison to the CANDU 6.

CANDU 6 EC6

Level 1land 2DID | - 14 liquid control zones - 14 liquid control zones

- 4 mechanical Control Absorber | - 4 mechanical Control Absorber Rods
Rods - 11 Adjuster Rods

- 21 Adjuster Rods - Gadolinium or boron addition via

- Gadolinium or boron addition Moderator Poison System
via Moderator Poison System

Shutdown State)

Level 3DID SDS 1: 28 SS-clad cadmium rods SDS 1: 32 SS-clad cadmium rods
Moderator Poison System after Xe- | Moderator Poison System after Xe-135
135 poison decayed poison decayed or 10 Supplemental Absorber
Rods after Xe-135 poison decayed
Level 3DID SDS 2 : 6 injection nozzles of SDS 2: 6 injection nozzles of gadolinium
gadolinium
Overpoison Adding gadolinium poison to Adding gadolinium poison to moderator
GSS (Guaranteed | moderator

Rod-Based GSS
(Guaranteed
Shutdown State)

Stable sub-critical state achieved by
- inserting 28 shut-off rods

- locking 21 adjuster rods

- inserting 4 control absorber rods

Stable sub-critical state achieved by
- inserting 32 shut-off rods

- locking 11 adjuster rods

- inserting 4 control absorber rods
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- adding small amount of
B/Gadolinium

- inserting 10 Supplemental Absorber
Rods

Heat sink capability

The CANDU 6 and EC6 designs have multiple heat transfer paths to remove decay heat from fuel to the
ultimate heat sink. It was noted that for DBA and BDBA there is an upgrade of Emergency Heat
Removal System (EHRS) and SARHRS as compared to CANDU 6. There is also emergency filter
containment system as a last resort to reduce pressure in the containment. Also for both CANDU 6 and
ECS, there is provision for portable water and power during BDBA.

Plant State

CANDU 6

EC6

Normal Operation
and

Main Feed water System including
- Auxiliary Feed water

Main Feed water System including
- Auxiliary Feed water

AOO - Shutdown Cooling System - Shutdown Cooling System
- Recirculated Water /Raw - RCW/RSW
Service Water System - LAGCs
(RCWI/RSW)
- LAGCs
DBA ECCS ECCS
Emergency Water Supply System EHRS
Dousing Shutdown Cooling System
Shutdown Cooling System RCW/RSW System
RCW/RSW LACs
LACs
BDBA - Moderator System - Moderator System

- Shield Cooling System

- RCW/RSW

- HPECC

- Emergency Water Supply
System

- EFCVS (added to some
CANDU 6 plants)

- Emergency Mitigating
Equipment (portable power and
water)

- Shield Cooling System

- RCS/RSW

- HPECC

- EHRS

- SARHRS

-  EFCVS

- Emergency Mitigating Equipment

The independence of the SARHRS for providing heat sink capability was briefly discussed, noted it has
separate diesel generator and pump. The SARHRS can also provide water to calandria vault and vessel

from the RWT.

Improved capability of the EC6 design for heat sinks is summarized below.

Design Feature

CANDU 6

EC6

Safety Systems

- Shutdown System 1
- Shutdown System 2
- Emergency Core Cooling System
- Containment System

- Shutdown System 1
- Shutdown System 2
- Emergency Core Cooling System
- Containment System
- Emergency Heat Removal System

Water inventory
in reactor

3 000 Mg of water available for
passive heat removal:

- 2056 Mg in Dousing Tank

- 215 Mg HPECC

- 240 Mg D,0 in calandria vessel
- 520 Mg H,0 in calandria vault
- 190 Mg D,0O in HTS

3 000 Mg of water available for passive
heat removal:

- 2056 Mg in RWT

- 215 Mg HPECC

- 240 Mg D,0 in calandria vessel

- 520 Mg H,0 in calandria vault

- 190 Mg D,O in HTS

Extended cooling
capability

- Make-up to the calandria vault via
portable water source for some
CANDU 6 plants

- Severe Accident Recovery and Heat
Removal System for cooling water
make-up to RWT
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- Make-up to the calandria vessel from
the RWT

- Make-up to the calandria vault from the
RWT

Spent Fuel Bay | Firewater make-up provisions - Make-up to SFB from seismically

(SFB) - Long | upgraded to seismically qualified in qualified firewater

term cooling some CANDU 6 plants to address - SFB walls qualified to 100°C for long-

Fukushima Lessons Learned term

- Seismically qualified monitoring
provisions for SFB level, temperature
and radioactivity detection

It was concluded that the EC6 design provides increased redundancy by means of: (i) Reactivity control
during normal operation, (ii) Increased shutdown margin for SDS1 during DBAs, and (iii) Increased heat
sink capability during severe accidents, as compared to CANDU 6. Therefore, evaluation parameter
EP1.1.1.5 has been demonstrated by the EC6 design.

4.5.2.3. EP1.1.2.7 Increased availability / capability

The EC6 design builds on CANDU 6 lessons learned to achieve higher availability and capability of the
plant. This accomplished by implementation of extensive Equipment Health Monitoring System (EHM) and
reduction in maintenance induced equipment failures. The capacity factor has been increased from 85% to
92%, lifetime from 40 to 60 years, and outage interval has been extended to 3 years.

Availability / Capability CANDU 6 EC6
Capability Factor Lifetime capacity factor greater | Lifetime capability factor greater than
than 85% 92%, with a year to year plant capability
factor greater than 94%.
Design Life 40 years 60 years
Outage Interval/ Duration | Between 18 and 30 months/~30 | 3 years/30 days
days

It was concluded that the EC6 design provides higher availability and capacity factor resulting with a longer
design life, as compared to CANDU 6. Therefore, evaluation parameter EP1.1.2.7 has been demonstrated by
the EC6 design.

4.5.2.4. CR1.3.3 Safety Features

The EC6 design has additional protection against single failures for safety groups. Redundancy is added to
address single failures identified by failure modes and effects analyses for all systems performing
fundamental safety functions. Each safety system in EC6 and CANDU 6 is designed to satisfy regulatory
requirements for less than 1E-3 failure on demand. It was noted that the requirement is still met for EC6
despite the increase in the number of components in the safety system, e.g. increase in trip parameters and
coverage of safety systems. One challenge to fulfil this requirement is during longer outage there are always
components that cannot be tested while reactor is in operation hence they must be procured to reliability
standards to meet 1E-3.

It was concluded that the EC6 is designed with similar reliability targets as the CANDU 6 plants, which
satisfies the latest regulatory requirements. The EC6 design has increased the protection against single
failures for safety groups relative to the CANDU 6 plants*.

(*Mr Lee noted the one universal exception not peculiar to CANDU is it is not practical to introduce redundancy for
check valve on the HP ECCS. For CANDU, it has been demonstrated that with four injection points for HP ECCS into
pressure tubes, adequate performance is obtained if only one check valve fails, i.e. there is no need to have four to meet
the objectives in terms of protecting the fuel and removing heat from the core.)

4.5.2.5. CR1.3.4 Barriers
The EC6 design provides ‘extended’ defence in depth provisions for DID Level 1-5.

DID Level CANDU 6 EC6 Additions
1 — Prevention of - Conservatism and consists - Additional redundancy in process
abnormal operation and of safety features for systems for increased outage
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failures prevention of abnormal intervals*

operation and failures
2 - Control of abnormal - Reliable reactor regulating - Additional reactor regulating systems
operation and detection of systems (RRS) (RRS) parameters to respond to
failures. AOOs**
3- Control of accidents - Engineered Safety features | -  Added safety margins (Sped up SDS)
within design basis - SDS1, SDS2, ECCS, - Lower leakage rate from containment

Containment

4 — Control of severe - SAMGs - Added SARHRS
plant conditions - Portable sources of power - Portable sources of power and water

and water to multiple connections and systems

- EFCVS at 200 kPa(g) - EFCVS at ~400 kPa(Q)
- Added severe accident monitoring
parameters

5 — Mitigation of - On-site and off-site - Hardened on-site emergency response
radiological consequences emergency response centers center***

Added explanation during presentation:

* and also lower forced outage rate. Hence greater number in balance of plant (BOP) can be tolerated without shutting
down the plant, and more online maintenance can be done.

** Adding setback and stepback parameters to RRS

*** Safety parameter monitoring system display will provide plant information to plant emergency response personnel,
and control operator will have access in either the main control room, secondary control area or technical support
center. They are set up so as parallel and redundant in term of communication pathways.

For both EC6 and CANDU 6, at least two confinement barriers remain secured during DBA, namely (i) fuel
matrix — no fuel melting, and (ii) containment. The safety system is designed to be sufficiently capable and
fast acting. In case of large LOCA, the barriers include (i) contained fuel matrix, and (ii) intact containment
boundary, and (iii) fuel sheath and pressure boundary be maintained in unbroken loop.

It was concluded that depending on the accident severity, a minimum of two confinement barriers can be
maintained by CANDU 6 plants and the same is maintained by the EC6 design. The fuel channels are
expected to remain intact, as long as they are surrounded by water. The EC6 improves safety margins for
containment design by increasing containment design pressure from 124 kPa(g) to 400 kPa(g) with a
conservative design margin. The EC6 is designed with ‘enhanced’ defence in depth provisions in comparison
to the CANDU 6 plants, resulting in improved barriers to protect the plant, public and environment.

4.5.2.6. CR1.3.5 Controlled State
There is improvement in shutdown margin for ECS6.

Design Features CANDU 6 EC6 Additions
Level 2 (AOO Setback: 9 parameters Setback: 14 parameters
function) DID Stepback: 8 parameters Stepback: 10 parameters
Level 3 (DBA - 28 shut-off rods and manual | - 32 shut-off rods and manual addition of
reactivity devices) addition of liquid poison liquid poison or 10 seismically qualified
DID - Poison moderator Supplement Rods

- Improved safety margin for SDS1
- Poison moderator

Level 3DID SDS1: 10 trip parameters SDS1: 15 trip parameters
SDS2: 9 trip parameters SDS2: 14 trip parameters
Level 3,4and5DID | - 1 hour Group 1 UPS - - 1 hour Group 1 UPS
Battery life for CANDU 6 - 24 hour Group 2 UPS
plants has been extended - Safety computers available for 8 hours
based on distribution of - Increased post accident monitoring (PAM)
loads for Operator Action
- 38 post accident monitoring - 22 existing parameters SQed
(PAM) parameters for - 7 parameters added for DBA (Level 3)
Operator Action - 36 parameters added for BDBA (Level 4
& 5)

152



It was concluded that EC6 design has improved margins and capability for shutdown in reaching and
maintaining controlled state.

45.2.7. CR1.4.1 Major release into containment

In terms of CDF, the EC6 is designed to meet CDF safety goal of 1E-5/year with margin, as per regulatory
requirements, i.e. more rigorous safety goals than CANDU 6 plants with 1E-4/year. It was noted the
contribution to the CDF for internal events is of an order magnitude lower. In terms of fire, there is a
substantial reduction to the CDF related to internal fire as a direct result of implementing the latest nuclear
standards and building standards for fire protection. Meanwhile contribution for shutdown, flood and seismic
are not much different compared to the current CANDU 6.

Therefore CR 1.4.1 has been demonstrated by the EC6 design.

CANDU 6 vs. EC6 -
Target: CDF < 1E-4/year Severe Core Damage Margin

1.00E-04

1.00E-05

1.00E-06

1.00E-07

CANDUG Refurbished EC6 Preliminary

H Internal Events & Shutdown i Fire ®Flood & Margin

FIGURE 4.5.4. Comparison of core damage frequency (CDF) for EC6 vs CANDU 6
4.5.2.8. CR1.5.1 Major release to environment

It was noted that although the AL asked for improved large release frequency (LRF), the EC6 is designed to
meet not only large release frequency (LRF) but also small release frequency (SRF) safety goals with
margin, as per regulatory requirements (10 times lower than that for the existing CANDU 6 plants). The
reason is the indicators for the SRF are the contribution of radionuclides that could be discharged to the
environment that would affect the decision for temporary evacuation, with 1-131 as a benchmark measure.
For long term evacuation and possible relocation of the populous, the benchmark is Cs-137 simply because
of the difference in half lives.

* The SRF is defined as the sum of frequencies of all event sequences that can lead to release to the
environment of more than 10" Bq of iodine-131 is less than 10 per reactor year. A greater release
may require temporary evacuation of the local population.

* The LRF is defined as the sum of frequencies of all events sequences that can lead to release to the
environment of more than 10" Bq of cesium-137 is less than 10 per reactor year. A greater release
may require long term evacuation of the local population.

The EC6 design also includes an emergency filtered containment venting system (EFCVS) as a
complementary design feature to prevent uncontrolled, unmonitored and unfiltered releases. Some CANDU
6 plants have or are in the process of installing an EFCVS.

Comparison of CANDU 6 versus EC6 LRF margin is provided in the figure below but without breakdown
for shutdown, flood, and seismic for EC6. However, a smaller margin is resulted for requirement of being an
order of magnitude lower, reflecting the practicality to achieve the improvement.
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1.00E-05 1 L
Target: LRF < 1E-5/year
Safety Goal: LRF < 1E-
1.00E-06
1.00E-07
1.00E-08

CANDUS (Refurbished) EC6 Estimate
H Internal Events ®Shutdown wFire ®Flood & Seismic & Margin

FIGURE 4.5.5. Comparison of large release frequency (LRF) for EC6 vs CANDU 6

It was concluded that EC6 is designed to meet more rigorous safety goals than CANDU 6 plants. Therefore
CR 1.5.1 has been demonstrated by the EC6 design.

4.5.2.9. CR1.6.1 Independence of DID levels

The EC6 has added improvements relative to CANDU 6 plants to provide more independence between
Levels 1 through 5 for the following safety functions:

Control of reactivity

With respect to control reactivity, in Level 1 and 2 there are RRS to control reactivity and shutdown the
plant for AOOs, and in Level 3 there are 2 independent SDS to maintain sub criticality in the long term.
It was noted that for control of reactivity for fresh fuel and spent fuel storage, since EC6 and CANDU 6
use natural uranium there is no need to control reactivity in the fresh fuel storage as long as there is no
heavy water. In the spent fuel bay, no poisoning or spacing of fuel bundles, or criticality control is
required.

Removal of heat from core

In Level 1 and 2, there is HTS. In Level 3, in case of LOCA there is 3-staged ECCS: high pressure
ECCS with water tank in an aircraft crash protected located outside the containment building, medium
pressure ECCS using water in the reserve water tank at the top of the containment building, and low
pressure ECCS i.e. a set of pumps taking water from sumps inside the containment building and
recirculating by pumping it up into the reserve water tank and injecting by gravity back into the core. For
non-LOCA events where heat transport pressure boundary remains intact, the EHRS will inject water
into the secondary side of SG for DBA. Also in the event of seismic occurring after a LOCA, the EHRS
will provide water to the secondary side of ECC heat exchanger to remove heat from the core. For
BDBA, if the EHRS is impaired, there is recovery heat removal system which will transfer heat to the
ultimate heat sink. For limited and severe core damaged accidents, the water inventory in the calandria
vessel will transfer heat from the core to the ultimate heat sink. This can be done if the moderator system
is still intact and running, if not then injecting water from the severe accident heat recovery removal
system, or resorting to mobile water sources like fire truck. If all fail and the corium forms, the water
inventory in the calandria vault transfers heat from the calandria vessel to the ultimate heat sink and it
can be replenished by SARHRS or mobile water.

Confinement of radioactive materials, e.g. primary function of containment

Shielding against radiation

Mr Lee noted one of the side benefits of increasing thickness of containment wall from 0.7 m to 1.5 m,
which is to lower on-site radiation.

Control of planned radioactive releases and limitation of accidental radioactive releases
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In the case of low containment pressure, the leakage rate is made sufficient low up to 600 kPA(Q). In the
case of severe accident, the EFCVS will be used.

- Monitoring to guide operator actions.
There is addition of large number of parameters for severe accident monitoring and DBAs. The
monitoring system is provided in the emergency response system, main control room secondary control
room and technical support center. The system in each location system has its own dedicated UPS
sufficient for 8 hours, and a separate provision to connect to portable generator to recharge the battery.

Overall there are more barriers, hence larger safety margins are achieved in each level, as demonstrated by
lower values for CDF and LRF safety goals.

It was concluded that the EC6 is designed to meet more stringent safety goals and provides complementary
design features to cope with system challenges, that strengthen DID levels. Therefore CR 1.6.1 has been
demonstrated.

In summarizing the assessment presentation, Mr Lee indicated that comparative assessment of EC6 design to
CANDU 6 plants take into account Fukushima lessons learned based on the DID principle in the INPRO
Methodology. The EC6 design has improved safety margins for DID Level 1 to 3, and also has additional
capability in Level 4 and 5. For Level 4 and 5, the EC6 design and CANDU 6 plants can rely on similar
provisions for flexible emergency mitigating equipment. The more robust and lower leakage containment
means more time to implement off-site emergency procedures in Level 5. The EC6 design improvements
have practically eliminated the potential for societal disruption due to a nuclear incident by maintaining
multiple and flexible barriers to severe event progression.

4.5.3. Availability of References

The availability of data for INPRO assessor depends on the level of data needed. Some technical information
is available in the technical summary while other can be made available upon request or requires a
commercial arrangement. It is possible for INPRO assessor to obtain safety analysis report that was
submitted to the Canadian Regulator, already made available to the public - with detailed sensitive
confidential information already removed. Data such as on SSC and DID approach to the design are not
readily available, e.g. reliability data for EC6 for SSC is a proprietary database because it includes
information from operating CANDU 6 plants.

For the purpose of the Dialogue Forum, Candu Energy Inc. has prepared a document on INPRO comparative
assessment for the EC6 pertaining to lessons learned from the Fukushima Dai-ichi nuclear event. An EC6
technical summary document is also made available for reference.

Overall, involvement of reactor vendor is considered important to provide technical information and
interpretation of the design intent to have a high quality assessment.

45.4, Discussion

Questions Answers

Mr Zhou (China) asked whether
EC6 can be used for mixed fuel

Mr Lee (Candu Energy Inc.) replied that EC6 can use a variety of
fuel mixes, including recycle of spent PWR fuel down blended to
enrichment equal to natural U without the need any further changes to
the reactor or a safety case. It is also possible to achieve higher burn-up
in each of the individual fuel bundles with recovered uranium
maintaining enrichment above natural at 1.21 wit% U-235 range,
double the exit burn-up of the bundle, reduced number of fuel bundles
discharged per year, and consume stockpile of recovered U from spent
PWR and BWR fuel. EC6 can also able to fuel reactor with other
recovered fuel such as MOX fuel. A whole core MOX will require
some changes to the reactivity control devices.

Ms Bayazitova (Kazakhstan) | Mr Lee (Candu Energy Inc.) explained that the coolant in HTS

asked whether D,O is also used for
SG or only as a coolant.

She also asked about
economics of heavy water.

the

which removes heat directly from the fuel to SG is heavy water and the
secondary side uses light water.

The heavy water economics was not covered in the presentation. The
plant comes with initial inventory of heavy water to fill the HTS and
calandria vessel, i.e. 190 Mg in HTS and 420 Mg in the moderator.
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There is built-in small continuous heavy water upgrader, so heavy
water lost / spilled over time from refuelling can be collected and
upgraded — for the entire 60 years period.

Mr Dulera (India) questioned
about the lifetime of pressure tubes

and improvements of pressure
tubes.
He later asked about the life

limiting factor of the pressure tube
- in comparison with hydriding and
oxidation for zircaloy tube.

Mr Lee (Candu Energy Inc.) said that pressure tube in EC6 has a
lifetime of 30 effective full power years (EFPY), compared to 25
EFPY for CANDU 6. So after 30 EFPY, it is necessary to do midlife
replacement of the pressure tubes.

He noted elongation and creep as the life limiting factors for the
pressure tubes.

Mr Benkovskyi (Ukraine) asked
comparison of HWR and PWR on
radioactive waste flow (whether
much more)

He also asked about the price
comparison per kWe installed
capacity for CANDU reactors.

Mr Lee (Candu Energy Inc.) explained that in terms of radioactive
wastes for EC6, there are several categories. For 4560 bundles per year
(~one core load), for other types there are similar amounts and types of
liquid waste and also solid waste similar to that for PWR or BWR, e.g.
resulting from maintenance of SGs such as cleaning and of turbines.
Similar volumes and types. But there will be small amount of liquid
waste containing tritium given the inability to recover 100% of spilled
heavy water from routine maintenance.

The historical liquid discharge of tritium is 18 Bg/l which is somewhat
higher than that from PWR, but not an order of magnitude higher.

On price comparison, Mr Kupitz (Chairman) stated that commercial
matter be discussed separately.

Mr Aziz (Indonesia) asked about
the load following capability and
capacity factor of EC6 compared to
CANDU 6.

Mr Lee (Candu Energy Inc.) explained the existing CANDU 6 fleet
has an average capacity factor of ~90%. For EC6, improvements were
made to equipment on the BOP side such that on a year to year basis,
the capacity factor is expected to be greater than 94%. Taking into
account maintenance outages and midlife outage for retubing the
reactor, it is expected the capacity factor for a 60 year lifetime to be
around 92%.

For the load following, all CANDU 6 historically have the capability to
do 2 types of load-following: (i) frequency control load following,
where reactor power is allowed to increase and decrease by +2.5% to
respond to grid fluctuations, and (ii) reduce power from 100% full
power to 50% net electrical output to the grid in 2 hours, maintain the
operation at lower power for days or weeks, and return to full power
within 2.5 hours. For EC6 design, there are some additional changes
including daily load cycle, i.e. down from 100 to 50% net electrical
output to the grid in 2 hours, maintain for 4-10 hours before returning
to 100% in a period of 2 hours, day after day for 60 year life.

Mr Kupitz (Chairman)
commented on recommendation on
INPRO principles but would return
after the assessment presentation.

Mr Korinny (IAEA) wanted to
clarify the redundancy of shutdown
systems:  one  system  using
mechanical control rods and the
other system using liquid poison.
For system with mechanical control
rod, is it enough to maintain reactor
subcritical long enough after
shutdown or cooled down to 50°C?

Mr Lee (Candu Energy Inc.) noted that it is one of the changes made
to EC6. There is a set of mechanical absorber rods to maintain reactor
subcritical indefinitely after cool down and after decay of transient
poisons.

Mr Popov (Belarus) wanted to
confirm whether in several states
CANDU has positive power

Mr Lee (Candu Energy Inc.) explained CANDU 6 has positive
power coefficient of reactivity in the power range from 94% upwards.
The value is sufficiently small that it does not create any control

156



reactivity coefficient and asked
measures that are implemented in
these states.

concern in terms of stability of control. The contribution during any
postulated accidents has been taken into account, e.g. during LOCA
because the main cause of the positive power coefficient of reactivity is
the positive coolant void reactivity. At normal operating condition near
100% power, there is ~2% steam quality in the coolant at the exit
which contributes to positive reactivity. This has been taken into
account in the safety analysis, design of control system and there is
large margin in the stability diagram for reactor power control as well
as impacts on any postulated accidents.

Mr Silva (Thailand) asked what
CANDU  would suggest to
newcomer countries about finding
a dry site.

Mr Lee (Candu Energy Inc.) mentioned there are several approaches,
one of which taken in several CANDU location was to perform
engineering landscape and terrain to achieve the dry site condition. For
examples, by adding backfilled soil and rock to build up the base, or in
China, mountain was levelled and the rock was used to produce the dry
site.

Mr Benkovskyi (Ukraine) asked
reason to shut down CANDU
reactor in South Korea.

Mr Lee (Candu Energy Inc.) indicated that he was not in the position
to answer the question. But he indicated retubing of Wolsung-1 was
successfully completed and it was restarted in June 2011, briefly
shutdown to install passive autocatalytic recombiner and complete the
commissioning and operated at full power. However, the licensing
operation for Wolsung-1 was expired in November 2011 and the
Korean regulator asked KHNP to perform EU stress test to identify
improvements to be made to the reactor before renewed operation
license can be granted. KHNP has been working toward completing
those actions and is expecting to restart the reactor in a near term.

Mr Seo (KEPCO-E&C) confirmed the current status and added that
following Fukushima accident, decision has been delayed. Also, the
new Korean president promised all plants that are not safe will not be
allowed to operate. So, before restart, safety must be verified, i.e.
following the licensing review.

Mr Ibitoye (Nigeria) asked the
cost of unit electricity produced for
CANDU 6 in comparison to a
typical PWR.

Mr Lee (Candu Energy Inc.) pointed at the experience with CANDU
6 reactors in Korea, Argentina, Romania and China. Along with
building the reactor, there has also been localized manufacturing of
fuel, i.e. easy transfer of the technology and training of knowledge to
fabricate the fuel.

Mr Grudev (Bulgaria) asked
about the sub criticality safety
function, and pointed that the
presentation did not show the
anticipated transient without scram
(ATWS). Given the shutdown is
improved but without reactor
scram, he asked whether it is
possible that in case of something
happens, the power continues to
increase without operator action.

Mr Lee (Candu Energy Inc.) said that within the control system,
there is setback and stepback to monitor reactor power independent of
the shutdown system - unless there is a rapid power transient - to bring
power back under control. The setback and stepback function, if
transient power occurs, either step the power back to 60% or set it back
to 1 %. The design of control system is intended to minimize the use of
the shutdown systems.

For ATWS, CANDU has analysed the consequences of LOCA
assuming SDS1 and SDS2 do not function. The reactor is rendered
subcritical by injection of light water using the ECCS.

Ms Yang (China) asked about the
purpose of supplemental absorber
rods which she believed are not
shutdown system, but perhaps for
reactivity control redundancy or
something else.

Mr Lee (Candu Energy Inc.) noted there are 10 supplemental
absorber rods that do not exist in CANDU 6. The rods are not
automatically inserted in response to trip action, and the operator needs
to push a button to drop the rods into the core. It is designed not
automatic to give operator the time to make decision whether the
shutdown happens because of a real transient or a spurious transient.
He noted resetting 32 rods takes time, and resetting 42 rods takes
longer time. The 10 rods need not be inserted until 36 hours later
giving sufficient time for operator to decide. The supplemental rods
have the same drive mechanism as the shut-off rods avoids immediate
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shutdown, but are not connected to the automatic trip.

Mr Reyes (Chile) asked how to
assure or confirm that EC6 exceeds
0.50¢.

Mr Lee (Candu Energy Inc.) explained that testing was conducted to
confirm components having sufficient robustness, margin and capacity
to withstand 1.6 times the 0.3 g of DBE. The majority of the
components are tested on the shaker table, with the exception for the
structure. There are standard civil engineering practices and code that
identify the margin to account stress loading from seismic event. The
equations are all empirically derived from historical small scale being
for containment building back in the late 1960s / early 1970s, subjected
to a range of transients until the wall structurally failed. The civil
engineers code established multiplying factors to provide the margin.
So input loading in the design is adjusted so as to have 1.6 margin to
withstand the 0.5 g.

Ms Yang (China) pointed out
there are more parameter for
reactor protection, and asked
whether it is possible to resolve
some unplanned shutdown during
the operation.

She further asked the experiment to
test the reliability of 1&C system.

Mr Lee (Candu Energy Inc.) indicated the designer has looked at the
likelihood of unplanned shutdown in forced outage rate, one of which
is whether the noise signal received from additional parameters is
sufficiently filtered so as not to increase forced outage rate. The design
target for the forced outage rate is still less than 1%. The design takes
into account adding additional parameters such as stepback parameters
to intercept more transient before SDS parameters will be reached.
This requires more reliability in the 1&C system. Modern 1&C are less
likely to be analogue and more to be digital with fewer types of failure
modes, hence quality of instruments can be improved. However, within
the context of safety, new postulated accidents must be considered,
such as resulting from internally generated cyber terrorism.

Mr  Korinny (IAEA) asked
whether Candu Energy Inc.
considers an accident with control
rod rejection at full power
condition within the design basis.

Mr Lee (Candu Energy Inc.) indicated it is not the case because the
adjuster rods are the only rods in the core during full power operation,
they are all in moderator at low pressure and temperature so there is no
driving force to drive them out. The only way to pressurize the
moderator to drive the adjuster rods out to the core would be failures of
pressure tubes and calandria tube. These failures will cause
pressurization of moderator and calandria vessel. The overpressure
protection disc will rupture very early, ejecting moderator from
calandria vessel. The loss of moderator causes large amount of
negative reactivity to be inserted. If ECCS initiates, the injection of
light water into the moderator through the broken pressure tubes shuts
the reactor down and maintains in a subcritical condition regardless
whether or not the shutoff rods and poison injection system operate.

Mr Grudev (Bulgaria) asked
about the filtering system that is
used to manage severe accident,
with regard to level of temperature
that can be reached on the filtering
system because up to 30% of
fission products will go to the
filtering system and the fact decay
heat will be put in a small area. He
asked whether Candu considers
replacing the filtering systems or
melt them.

He also wanted clarification on the
fact that Candu does not use core
catcher to manage corium in the
cavity, meaning in-vessel retention
is used.

Mr Lee (Candu Energy Inc.) pointed out that the filter venting
system used to discharge the containment atmosphere, is a liquid
system. It can be regenerated and recharged when the liquid gets
saturated by using compressed air to force the liquid back through the
duct into the containment building and add new charge solution to the
filter. It is allowed to boil generating steam, most of which will be
trapped in the baffles and condense. It is a well proven system with
R&D done in the 1980s.

With regard to in-vessel retention, Candu’s strategy is first to protect
the calandria vessel and retain the corium in vessel. Candu has done
extensive heat transfer experiments to examine conditions under which
the vessel will fail if cooling is lost. There is a back-up strategy in the
case in-vessel retention fails, i.e. the use of refractory materials on the
bottom floor which will react with the corium. Furthermore, below the
refractory layer there is a steel liner, a special concrete mix and
conventional concrete. So multiple steps have been taken.
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Mr. Kupitz (Chairman) asked | Ms. Boyle (Candu Energy Inc.) explained that the Fukushima event
Ms. Boyle (Candu) to explain the | made an impact on the public and disturbed the social aspect, therefore
recommendation made during her | it would be prudent for INPRO methodology to look at the Fukushima
presentation in which she indicated | lessons learnt and incorporate them.

that INPRO should have a new | Mr Phillips (IAEA) responded that lessons learned from Fukushima
principle; disruption in social life | are being considered in the current revision of the INPRO manual,
due to accidents. being driven directly by safety action plans. In addition, a Dialogue
Forum

Mr Drace (IAEA) added that a Dialogue Forum was held in Seoul in
2012 which has a similar idea to better understand the lessons learnt
from Fukushima.

Mr Lee (Candu Energy Inc.) stated that within the nuclear industry
there are a number of discussions on how to treat extreme external
events, and what has been emerging from the discussions is that one
cannot simply use a probabilistic approach to treat the problem. In
North America (certainly in Canada and USA), the term used to
consider such extreme external events is to look at ‘black swan’ events,
i.e. events in which regardless of the likelihood of the occurrence and
how low it may be, the ultimate consequences should be considered if
such an event were to happen. When looking at these events from a
sustainability perspective is important to think about these ‘black
swan’ events.

4.6. ESBWR (Economic Simplified Boiling Water Reactor)

Mr James A Beard and Mr Gary L Miller from GE Hitachi Nuclear Energy International presented INPRO
assessment in the area of safety of the US Economic Simplified Boiling Water Reactor (ESBWR) design.

4.6.1. Overview of ESBWR Design

Mr Beard (GE Hitachi NE Intl.) explained that the ESBWR builds on the successful operational history of
the BWR technology from GE, Hitachi, Toshiba, ABB and others, including the ABWR design. It is
designed to incorporate proven state-of-the-art technology, simplification, passive safety features, less
dependence on operator actions, and no dependence on safety-related diesel generators. The key EBSWR
design is a passive power plant, i.e. primary means to address DBE relies upon passive principles to achieve
safety shutdown and maintain safe shutdown. The design still has active system like conventional BWR to
provide core cooling, high pressure make up to reactor vessel and removal of decay heat. So the design
features diversity and DID. In addition, significantly more margins are available to operators during normal
events to response to transient conditions. One of the key drivers of the design mentioned is no reliance on
emergency diesel generator as part of the safety case, thus avoiding having to spent cost for maintenance
program to ensure availability of the emergency diesel generator.

The ESBWR has a thermal power output of 4,500 MW and an electric output of 1,600 MW. The design
eliminates forced recirculation (no recirculation pumps), hence employing natural circulation only. This is an
optimization or a trade-off; one downside is no capability for rapid power maneuverability but the reactor
can still perform load-following. The design fulfils the US NRC 72 hours passive capability requirement, and
in addition it has passive capability on site up to 7 days (instead of the US NRC 4 days requirement). The
ESBWR operating cycle length without refuelling is of 12 to 24 months.
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FIGURE 4.6.1. ESBWR overall flowchart

Two changes made following some optimization in the designs. First is the use of open/direct contact
feedwater heater which has significance during transient, disruption in the condensate, or potential transient
initiation. The size of direct contact can provide for 15 minutes of full power operation even with condensate
pump trip. Second is the additional high pressure feedwater heater to adjust power by changing the
temperature of feed water going into the reactor vessel without moving the control rods.
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Optimization was done to achieve reduced (overnight) capital cost and at the same time higher level safety.
There are 11 fewer major systems equivalent to 7% reduction of the systems) and 25% fewer components.
With 60-year design life, there is no need to replace or make major refurbishments to nuclear steam supply

system (NSSS), containment,

or safety related structures. Whenever cost effective, safety-related

components are qualified for 60 year lifetime. Some overhaul/replacement work like battery banks can be
performed online (batteries are significant on passive power plant, providing 72 hour electricity, requiring
significant maintenance and testing — which can be performed online). Design of 1&C based on non-
proprietary standards with large margins is adopted allowing for inevitable obsolescence and subsequent

increases in performance.

TABLE 4.6.1. Optimised parameters for ESBWR

Parameter BWR/4-Mark 1 | BWR/6-Mark 111 ABWR ESBWR
(Browns Ferry 3) | (Grand Gulf 1)
Power (MWt/MWe) 3293/1098 3900/1360 3926/1350 4500/1590
Vessel height/diameter (m) 21.9/6.4 21.8/6.4 21.1/7.1 27.6/7.1
Fuel Bundles (number) 764 800 872 1132
Active Fuel height (m) 3.7 3.7 3.7 3.0
Power density (KW/I) 50 54.2 51 54
Recirculation pumps 2 (large) 2 (large) 10 Zero
Number of CRDs / type 185/Locked Piston | 193/Locked Piston |205/Fine Motion | 269/Fine Motion
Safety system pumps 9 9 18 Zero
Safety Diesel Generator 2 3 3 Zero
Core damage frequency/yr 1E-5 1E-6 1E-7 1E-8

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved

Assessment of EBSWR using the INPRO methodology uses BWR6 as the reference plant. It was noted
BWR6 uses pressure suppression containment (Mark 111 containment) with large wetwell airspace so lesser

need of high design pressure. Comparison of their key safety functions are presented below.
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TABLE 4.6.2. Comparison of key safety functions of ESBWR versus BWR6

Key safety BWR6 ESBWR

functions
Coolant High Pressure Core Spray: 1 Train - Gravity-Driven Cooling System: 4 Trains
injection Motor Driven Pump with dedicated No Pumps

Diesel Generator

Reactor Core Isolation Cooling: 1
Train -Turbine Driven Pump
Control Rod Drive Bypass Flow
Automatic Depressurization System:
Safety/Relief Valves

Low Pressure Core Spray: 1 Train -
Motor Driven Pump

Low Pressure Coolant Injection: 3
Trains - Motor Driven Pumps

2 Diesel Driven Fire Water Pumps

Automatic Depressurization System:
Safety/Relief Valves and Squib-actuated
Depressurization Valves

High Pressure Control Rod Drive System
Flow: 1 Train Motor Driven Pump

Low Pressure Injection: 2 Trains Motor
Driven Pumps

Isolation Condensers: 4 Trains Natural
Circulation, Passive actuation

1 Diesel Driven Fire Water Pump

Containment

2 Trains — Motor Driven Pumps

Passive Containment Cooling Heat

cooling with Heat Exchangers Exchangers: 6 Trains Natural Circulation
Wetwell venting Wetwell venting

Reactivity Hydraulic Control Drive System Hydraulic control rod drive with

control Standby Boron Injection System mechanical drive back-up

with Charging Pumps

Passive standby boron injection system

Key supporting
systems

AC Power — 2 Emergency Diesel
Generators + 1 HPCS Emergency
Diesel Generator

DC Power — 12 hour batteries
Service Water for component
cooling and decay heat removal

Cooling Pools for Isolation Condenser
and Passive Containment Cooling

DC power — 72 hour batteries

Diesel Generator and Service Water
available for alternative cooling paths,
but not required.

Loss of coolant
accident
(LOCA)

High Pressure Core Spray, Reactor
Core Isolation Cooling, Low
Pressure Core Spray, Low Pressure
Coolant Injection, Firewater

Core becomes partially uncovered
during design basis LOCA

Gravity-driven Cooling System, High
Pressure Control Rod Drive Injection,
Low Pressure Injection, Firewater
Core remains covered during design
basis LOCA

Loss of heat
sink (LOHS)

Reactor Shutdown

Containment Isolation

Safety / Relief Valves discharge to
Containment Suppression Pool
Cope for 12 hours using non-AC
injection until heat sink is restored

Reactor Shutdown

Containment Isolation

Isolation Condensers actuates, removing
decay heat to atmosphere

Restore water to Cooling Pools after 72
hours

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved

Mr Beard had the opinion that one should look failure mechanism beyond Fukushima that could lead to
disruption and disable capability to react. He showed response of EBSWR to LOCA, and noted the time
elapse from initiation of event to occurrence of certain activity (See also figure in CR1.3.2). It was noted that
the water level of the reactor vessel never drops below the top of the fuel, at least 1 m over top of the fuel,
and in vast majority of DBAs it is around 3-4 m.
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FIGURE 4.6.2. ESBWR LOCA response
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FIGURE 4.6.3. Natural circulation of

ESBWR
4.6.2. Assessment of INPRO Criteria

4.6.2.1. EP 1.1.1.2 Simplicity of Design

Mr Beard (GE Hitachi NE Intl.) discussed one of the options to simplify the reactor design, i.e. reduction of
the number of components of the cooling system. The approaches taken for the ESBWR are elimination of
systems or combining system functions, and simplification of systems. The Reactor Recirculation System
including support systems (e.g. pumps, heat exchangers, powers supply, adjustable speed drive) and the
Relief Valve mode of Safety Relief Valves (SRV) are eliminated. Elimination of relief valve is due the
availability large volume of subcooled water and vapour in the vessel that during pressure transient no relief
valve is required. Passive safety requires a lot of water to transfer heat to the ultimate heat sink, requiring
continuous cooling and cleaning. The ESBWR combines system functions for Reactor Water Cleanup and
Shutdown Cooling, and also Water Pool Cooling and Cleanup system (Spent Fuel Pool, Suppression Pool,
Reactor Cavity and Equipment Pool). The Standby Liquid Control has been simplified, i.e. active system
converted to passive system.
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FIGURE 4.6.4. Evolution of the ESBWR nuclear island showing simplification with respect to the ABWR
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The ESBWR adopts passive natural circulation by increasing the differential water level by ~8.2 m (27 ft),
by increasing the length of pressure vessel by 6.5 m. The fuel assemblies are also shortened (3 m for
ESBWR vs 3.7 m for ABWR) to overcome the dominant two-phase flow restriction (in natural circulation)
in the upper part of the fuel assemblies. Simplification in the ESBWR removes many risks of forced
circulating plants, e.g. pump failure. Components, e.g. pumps, motors, controls and heat exchangers, are
significantly reduced. Altogether there are 11 fewer major systems and 25% fewer components in the
ESBWR compared to that in the ABWR design.

In conclusion, simplicity of the system with respect to reference plant is achieved.
4.6.2.2. EP 1.1.1.5 Redundancy of Systems

Mr Beard (GE Hitachi NE Intl.) discussed design features focusing on elimination or minimization of
transients. In the turbine island, the design adopts triplicated fault tolerant digital 1&C (turbine control via
steam by pass and pressure control, and 3-element feed water level control) and 100% load rejection and
transition to island mode without scram. There are redundancies in both condensate and feed water systems
(4x35% for pumps) and within filters and demineralizers within the condensate system (N+1). The feedwater
heater #4 (direct contact) has a capability of ~15 minute volume. Standby condensate and feedwater pumps
auto start if needed.

In the nuclear island, there are isolation condensor system (ICS), high pressure CRD makeup and RWCU
shutdown cooling. It was noted that the ICS although credited and qualified as passive system, have
components that need to be repositioned to put the system in operation (according to the regulator, passivity
constitutes reliance on stored energy although a change of state is expected in a minimum set of
components). The use of ICS means no loss of coolant on isolation event (no opening of SRVSs). The ICS
comprises 4x35% heat exchangers with fail-safe initiation through the parallel control valves operable by 3
of 4 safety related divisions (Q-DCIS and DPS). Any 3 out of the 4 heat exchangers in operation will remove
sufficient decay heat to ensure safe shutdown. Mr Beard explained there are 4 safety related divisions of
I&C. Because the design relies on solenoid or squilb valves, multiple signals can be brought in into a
configuration such that a change in state in any one of the 4 valves will give the desired action. When
ranging control configuration for the valves and the ICS, signals come from 3 of the 4 different I&C systems
and they are distributed out. Because common cause failure is a significant consideration, there is also
diverse protection system. So the 4 different 1&C systems can cause a valve to actuate and perform the
desired function, although mechanically it is only N+1 because there is no requirement to postulate passive
failure of the heart exchangers, rather only active failure (parallel control valve and ability to control with
multiple divisions of I1&C), so it can be shown that ESBWR is a N+2 plant for that particular function.

The high pressure CRD makeup consists of two trains of high pressure pumps (1.96 m*min per train) and
each is backed by on-site standby diesel generators. Active system is available for transient; the pump should
deliver enough water to RPV to handle a small break LOCA. The RCWU shutdown cooling is high pressure
decay heat removal and has 100% capacity 30 minutes after shutdown. The major improvement is that
shutdown decay heat prior to the ESBWR was limited to 1 MPa pressure.

In conclusion, the ESBWR has achieved the desired characteristics.
4.6.2.3. EP 1.1.2.2 High Quality of Operation

Mr Beard (GE Hitachi NE Intl.) referred to features that show enhancement to the reference plant. In the
nuclear island, the ESBWR has combined Reactor Water Cleanup and Cooling Combined together into a
single system; the low pressure RHR is not utilized and source of Inter-System LOCA (ISLOCA) is
eliminated. Utilizing natural circulation eliminates the recirculation system (external recirculation piping and
pumps). Although with ABWR, unstable operation can be avoid for a single up to 3 pump trips, the ESBWR
is further claimed to take one step further, i.e. no pump trip hence it is not possible for the core to go into the
region of ABWR operation and cause the core to go neutronically unstable. The favourable water to steam
volume ratio eliminates opening of SRVs for transients and DBAs.

The ESBWR greatly improves the natural circulation with passive safety/natural circulation. The differential
water level is increased by approximately 8.2 m (27 ft) to increase driving heat to natural circulation flow.
The ESBWR can operate under natural circulation condition up to ~40% of rated thermal power.
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Simplification removes many risks of forced circulation plants e.g. pump failure. Significant reduction is
done for components, e.g. pumps, motors, controls, and heat exchangers.

On MSIV closure transient, the design eliminates potential transient conditions in the operating plants, e.g. in
the event SRVs are open, stuck open or not fully receded, forcing unnecessary shutdown.

In conclusion, it is shown that the design features in the ESBWR has improved operability of the plant in
comparison to the reference plant.

4.6.2.4. CR1.2.2 Grace Period (Normal Operation)

Mr Beard (GE Hitachi NE Intl.) indicated that focus has been given to the BOP side because the PSA shows
that the transient starting of BOP tends to be developed into cascaded DBAs. However, in the nuclear island,
the support systems are arranged in 2x100% train configuration (active equipment) to remove decay heat
from the spent fuel pool, RWCS, and during shutdown cooling. The system in standby is available to auto-
start in the event that the system running is disrupted. Each train has on-site AC power sources. This applies
to electrical power, cooling (service water), component cooling water, compressed air, chilled water, heating
ventilation and air conditioning (HVAC), and other support functions. The ESBWR features 100% load
rejection and transition to island mode without scram (this is optional for ABWR) following experience of
SBO in North American state.

In the turbine island, there is triplicated fault tolerant digital I&C (turbine control via steam by pass and
pressure control, and 3-element feed water level control). Condensate and feed water is 4x35% for pumps,
and N+1 for filters and demineralizers. Feedwater heater #4 (direct contact) has ~15 minute volume. Standby
condensate and feedwater pumps auto start if needed. In the nuclear island, for rapid reactor power reduction
the pre-designated control rods are hydraulically scrammed. In addition, other pre-designated control rods
are inserted normally. Both are sufficient to reduce the power to 50%. Reactor power is decreased to match
sustained steam bypass capacity of the main condenser. The operator can then discuss to determine whether
it is a short-term or long-term situation.

In conclusion, operation capability for this criterion is shown.
4.6.2.5. CR1.2.3 Inertia

Mr Beard (GE Hitachi NE Intl.) pointed at the NSSS and turbine island features to address the criterion. In
the NSSS, the key feature is that pressurization transients such as main steam isolation valve (MSIV) closure
or turbine trip without bypass do not lift the safety relief valves (SRVs). The reason is large volume of both
sub-cooled water and vapor in the RPV with favourable ratio of water to steam. The turbine island has 100%
steam bypass capability and generator load rejection without turbine trip or scram (island mode operation).

He referred to the MSIV closure transient below. Within a few seconds, the pressure in BWR6 or ABWR
will exceed the pressure relief valve setpoint. With ESBWR, there is just minor increase in pressure followed
by significant drop-off in pressure due to all cold water being swapped down under the core (and not due to
the isolation condenser that is still not in operation within the first 30 seconds or so of transient).

164



9.0

—+— Dome Pressure
e B et EELERELETTTEEE --| —#—Steam Line Pressure
85 —a—TCV Pressure —
—+—essel Bottom Pressure
‘a“ ------ SRV Opening Setpoint
o 80 —— === High Pressure SCRAM Seipoint ||
= 4;:'.&1'“_:\:, — — — Low Steam Line Fressure Setpaint
—_— ol B B | TE T T T
@ 751 % s -
= ot e g
] Iy,
T

® 7.0 .
| B ¥
&L ——
[} —

6.5 Y -
§ ", A
3 A
/]
8 60—
© el

55 !

5.0 L

0 5 10 15 20 25 30 35
Time (sec)

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved
FIGURE 4.6.5. MSIV closure transient: limiting pressure transient — no SRVs open

In conclusion, natural circulation in the ESBWR provides significant amount inertia to enable operator to
correctly analyse the response to the event.

4.6.2.6. CR1.3.1 Frequency of DBA

Mr Miller (GE Hitachi NE Intl.) pointed out the use of PSA directly in the design process as a feedback
mechanism, looking at safety and operational features to provide insight and analysis as the design
progressed. The development and use of a PSA in the ESBWR design process allowed the designers to
assess design options that reduced the risks of core damage and radiological release. Extensive use of
operating experience and advanced light water reactor design principles (e.g. passive safety) has significantly
reduced the plant risks. One example is the comparison of CDF. The original regulatory goal was even
achieved by the reference plant by a factor of 10, as part of the evolutionary process. He also noted the
BWRG6 has 2 safety-related divisions at the time and the ABWR has 3, while the ESBW already has 4 safety-
related divisions as well as passive safety features. So when quantifying CDF and reliability of safety
system, the ESBWR is considered as very unlikely to fail.

Although the ESBWR has a very low CDF, the importance is not the value but the relative insights. For
example, the reference plant BWR6 has high contribution to SBO due to the use of active safety systems
which require pumps and forced recirculation for safety injection cooling system in the decay heat removal.
In the current fleet of light water reactors PRA and PSA, the dominant contributor to CDF is the SBO. As
noted in the table, there is slight improvement of the CDF for the ABWR given more safety-related
divisions, use of reactor core isolation cooling that is independent of AC power, and use of residual steam
from reactor to drive the turbine to drive the pump to supply cooling water. For the ESBWR, the calculated
contribution to SBO is very small, even no actions are required for some time in the event of SBO.

The ATWS is another big contributor to CDF. Mr Miller noted the CDF due to ATWS for the ESBWR is
higher than that for the ABWR. In developing the ESBWR, the designer used the realistic and some
conservative approaches for a purpose and removed actions that require lots of procedural steps. In
developing the PRA model, the role of operator is downplayed for dominant accident sequences that could
be mitigated by more operator’s action, by means of additional design features in order to increase the
reliability of the design and less reliance on operator.

Transient condition is a small contributor to CDF. The ESBWR looks at more prevention and mitigation,
increasing BOP capability, forward heating of feedwater safety system, and additional capacity of
condensate and feedwater pumps to accommodate transient without having to trip the reactor. On LOCA, the
ESBWR design has eliminated recirculation piping, resulting in progressive reduction of the CDF
magnitude.
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FIGURE 4.6.6. Comparison of internal core damage frequencies (CDF)

TABLE 4.6.3. Contributions to core damage frequency. Internal events accident sequence frequency (/a)

Reference BWR ABWR ESBWR
Station Blackout 3.9 E-06 1.1 E-07 <1 E-09
ATWS 1.1 E-07 3 E-10 3 E-09
Transient Condition 1.9 E-08 4.5 E-08 6 E-9
LOCA <1 E-08 7 E-09 7 E-09
Safety Architecture 2 Divisions 3 Divisions | 4 Divisions + Passive

Copyright 2013 GE Hitachi Nuclear Energy International, LLC - All rights reserved
4.6.2.7. CR1.3.2 Grace Period (Design Basis Accident)

Mr Beard (GE Hitachi NE Intl.) noted that depressurization and flowing water from the gravity driven
cooling system into the RPV do not start until about 8 minutes into the event. This shows very extended time
for the need of additional outside water into the RPV, relative to that in other designs. The fault tolerant
digital 1&C is designed to execute all actions required for the first 72 hours of transients and DBAs, without
operator actions. The large sub-cooled water volume in the RPV dampens immediate demands, hence
providing confidence and time for the operators to assess the events.

In light Fukushima, the vendor looks back at some inherent capabilities of the ESBWR. It was shown that
the 72 hour water inventory is actually sufficient for 7 days. In the 72 hour case, the water level is brought
down to up about halfway down the heat exchanger tubes. Assuming continuous removal of water from the
heat exchanger, the water level will continue to drop. There will be a slight increase in pressure of the RPV
because a slightly larger AT is needed given the less tube surface immersed in water. All analyses show there
is no need to replenish the water to the Isolation Condenser Passive Cooling Containment System (ICPCCS)
pools for the next 7 days. It was noted the function does not rely on electricity to accomplish. The safety
analysis in the case of loss of both AC and DC power, the ESBWR includes designs elements such that
During beyond DBA and DEC, the fail-safe actuation of scram, MSIV closure and ICS (initiate at fail-safe
mode) occurs without I&C or control power — allowing the plant to maintain safe shutdown at least for 7
days.

There is automated response to DEC events, whether ATWS or SBO. SBO is handled by isolation system
condensers (ICS) with minimal heat up of the primary containment. For Anticipated Transient Without
Scram (ATWS), all actions are automated, with diverse 1&C system controls functions, backup actuation of
hydraulic scram, alternate insertion of control rods electrically, and time delayed actuation of SLC which
allows for electrical insertion to complete. For the LUHS, disruption of ultimate heat sink is very unlikely.
However, a mechanism is yet to be identified because the design currently relies on water stored within the
reactor building to remove heat from the ICPCCS.
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ESBWR response to extended SBO: Full power

The assumptions used include automatic system responses, operator recovery actions not credited for 7 days,
and auxiliary equipment not credited for 7 days. Responses from the first second to the 7 days SBO are
presented below. For long-term recovery, when AC power and service water are restored, normal shutdown
cooling is established.

Key Safety Features
* ICS - Isolation Condenser System

» PCCS - Passive Containment
Cooling System

» RPV - Reactor Pressure \essel
* SP - Suppression Pool
* FPC - Fuel Pool Cooling

* GDCS - Gravity Driven Cooling
System

Batteries Backup Generators

Key Supporting Features
* Batteries - 72 hour life
* Fire Woter Storage tank

Fire Water Storage  Service Water Control Room

e O
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FIGURE 4.6.7. Response to extended station blackout (SBO)
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FIGURE 4.6.8. ESBWR response to extended station blackout (SBO)

In conclusion, the ESBWR satisfies the large margin in the grace period.

4.6.2.8. CR 1.3.3 Safety Features
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Mr Beard (GE Hitachi NE Intl.) delivered the assessment on enhanced reliability of engineered safety
features of the ESBWR. He particularly discussed the ICS which are available in several operating BWRs
including in Fukushima. The ISC on Unit 1 was almost too good. Immediately after the earthquake, the ISC
came into operation and the plant was cooling down too rapidly and the operator made a decision to limit the
cool down within the technical specification limit and secure the operation of the ICS because the AC power
was available. The operators did not anticipate of the tsunami that followed, which took the away the AC
power and the operator had difficulty to re-establish the ISC. In the ESBWR, the size of ISC is decreased to
handle decay heat immediately after shut down and not to provide rapid cooling. It was noted that in relation
to the size of DC battery, once the system is actuated, the system does not actually require any more
electrical power to operate. The valves do not require constant energy or pressure to maintain the position.

The Passive Containment Cooling System (PCCS) is entirely passive. The system actually varies slightly
with the steam condition in primary containment. Because of the 9 condensable gases that will start to
accumulate in the PCCS and degrade heat removal capacity. As the pressure rises lightly, purge cycle is on
where non-condensable gases are pushed out. This restores full heat removal capacity.

In the Gravity Driven Cooling System (GDCS), each train is controllable by 3 of 4 Q-DCIS and DPS. The
squilb circuits are continuously monitored for continuity and the squilb circuit contacts can be verified
without firing. The valves do not require constant energy or pressure to maintain position.

For the Automatic Depressurization System (ADS), there are two stages: first stage relies upon external
actuation of SRV followed by depressurization valves using small explosive charge to actuate. 10 of 18
SRVs are controllable by 3 of 4 Q-DCIS and DPS and are only needed for a short period. For the
depressurization valves (DPVs), the squilb circuits and valves work in the same way like those in the GDCS.

Passive Containment Cooling System (PCCS) Automatic Depressurization Isolation Condenser System (ICS)
Gravity Driven Cooling System (GDCS) System (ADS) Standby Liquid Control System (SLCS)

Reactor Well

Containment

Suppression g “ Suppression
Pool E é Pool

DPV = Depressurization Valve

’z = Explosive Valve i = Safety Relief Valve

% = El ydraulic Valve & = Solenoid Valve

E = Nitrogen Op Valve

Containment Boundary
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FIGURE 4.6.9. ESBWR passive safety systems
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FIGURE 4.6.10. Isolation condenser system (ISC) — standby

Squilb valve cannot be tested. So to verify the circuit is always available, so there are 3 contacts in series.
Each has a resistor and there is always voltage applied. Because of resistor, there is not enough current
passing through the squilb device to actually initiate it. Even by closing individual contact within the circuit,
there is not enough current. But by measuring the change in current, the availability of the circuit across the
contact can be verified when needed. To prove operability, each time shutdown for plant maintenance
outage, remove certain percentage of the explosive assembly, and tested.

4.6.2.9. CR1.4.1 Major release into containment

Mr Miller (GE Hitachi NE Intl.) indicated that the calculated frequency of a highly degraded core is well
below the recommended value by IAEA of 10® per unit-year. He referred to the internal CDF figure (See
CR1.3.1) and reminded again the importance of the progress of the design, and not the absolute value of the
CDF.

4.6.2.10. CR1.4.2 Processes

Mr Miller (GE Hitachi NE Intl.) noted that after the core has melted through the vessel, the number one of
objective of the plant operator is to protect the containment as the barrier to the environment. The EBSWR
has a Deluge Line which opens a flow path between the GDCS pool and floods the lower drywell & BiMAC.
He discussed the BIMAC device under the core and start with the water source for BiMAC to start for
cooling. Above BiMAC device, there is an array of simple thermocouples to detect very high temperature
which is an indicative of core melt through. The signal will go to independent control platform that would
initiate squilb valves, i.e. the Deluge squib valves open on high temperature set point in the lower drywell.
The squilb valves would allow water from gravity driven cooling system to be diverted into the BIMAC
pipes. The deluge line is designed to cool the core in the event it melts through the vessel. DBA analyses
show that the core will always remain covered, so no melting will occur. Therefore, the deluge function is a
DID feature (BDBA).
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FIGURE 4.6.11. GDCS configuration

The BIMAC is designed to quench any high temperature corium and mitigate core-concrete reactions, with
dedicated I1&C and electrical supply. The heat is passively transferred out of the containment utilizing PCCS.
Once an equilibrium is established, the PCCS only works as hard as it needs to in removing decay heat.

Inside heat exchangers there is a moving boundary established between fluid rich in steam and fluid rich in
non-condensables.
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FIGURE 4.6.12. Basemat internal Melt Arrest and FIGURE 4.6.13. PCCS and GDCS operation
Coolability (BiIMAC)

The ESBWR also has some passive features for cleaning the atmosphere of the containment following a
severe accident. All steam in the drywell and LOCA will be directed to the passive suppression pool and
scrubbed. The passive suppression pool scrubbing has a decontamination factor (DF) of 10 for gases and
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100+ for particulates. The manual containment venting is done through the suppression pool airspace.
Another passive feature is that when radioactive steam from the suppression pool will go to the PCCS heat
exchangers and condenses, there could be some plate out of particulates to provide sufficient
decontamination (and not enough to cause flow blockage). The ESBWR also has containment spray.

4.6.2.11. CR1.4.3 Accident management

Mr Miller (GE Hitachi NE Intl.) stressed the importance to have accident measures in advance in the
beginning of the designs. The nuclear industry has learned that planning of severe accidents would have
mitigated some of the accidents that took place in the past. The GE Hitachi NE Intl. used the PSA and
Human Reliability Analysis to confirm that severe accident guidance effectively addresses preventing core
damage, recovering from core damage, maintaining containment integrity, and minimizing radionuclide
releases. An example was provided on risk-informed emergency operating procedures. The human actions,
that would contribute greater than or equal to 10% of the NRC Safety Goals (e.g. CDF of 1E-4/year, LRF of
1E-6/year) if not completed successfully, are identified as key operator actions having the highest risk
importance. The designer informed the human factors engineering group that those functions and operator
actions must have sufficient procedures and training developed as well as control room indications to know
exactly that for specific actions operators have all the information required to diagnose and take actions,
keeping in mind the sequences are still of very low frequency.

4.6.2.12. CR1.5.1 Major release to environment

Mr Miller (GE Hitachi NE Intl.) noted that for severe accidents there are several common phenomena and
the goal is to make the frequency low (AL of less than 10 per unit-year) or practically excluded by design.

- Combustible gases control. Problem with excess of H, that can cause containment over pressurization
not only from explosion but also overpressure of H, that can result in containment breach. In the
EBSWR, the containment is inerted with nitrogen during normal operations. The calculation shows that
the rate of hydrogen and oxygen production by radiolysis will not yield a detonable mixture in the first
24 hours of a severe accident. In addition, Passive Autocatalytic Recombiners (PARs) are also included
in the design.

- Direct Containment Heating (DCH) (occur during vessel failure at high pressure, impacting on the
containment structure integrity). 2 of 4 Isolation Condensers must fail (passive actuation) and
depressurization valves and safety relief valves must also fail. The likelihood of DCH is thus very low
for the ESBWR. Reinforced concrete containment is not structurally challenged by DCH.

- Line break outside containment - LRF ~1E-10. Design requirements have eliminated potential high-to-
low pressure piping in the Reactor Coolant Pressure Boundary (RCPB). Redundant isolation valve are
added to RWCU/SDC (shutdown cooling) line based on probabilistic risk assessment (PRA) (although
not imposed by the US requirement) .

- Isolation failures - LRF ~5R-9. All RCCB isolation valves have redundancy. Distributed digital
information and control systems provide more reliable operating system for actuation signals.

- Core - Concrete Interaction (CCI) — LRF <1E-11. The GDCS Deluge subsystem provides flooding of
lower drywell following vessel melt-through to minimize CCI. Pressure from non-condensable gas
generation does not exceed containment ultimate pressure for most likely accident sequences.

- Basemat Penetration — LRF <1E-11. BiMAC device cools the corium, preventing basemat penetration.

- Ex-Vessel Steam Explosion — LRF ~1E-9. This phenomenon could occur if Lower Drywell contained a
lot of water at a depth greater than 1.5 m prior to vessel melt-through, i.e. hot corium/core debris
dropping into steam causing very violent explosion. This accumulation is prevented by design features,
such as elimination of large breaks below the core (e.g., recirculation piping which was major
contributor to LB LOCA and high drywell water level).

4.6.2.13. CR1.6.1 Independence of DID levels

Mr Miller (GE Hitachi NE Intl.) mentioned the ESBWR design incorporates independence between accident
mitigation and severe accident management. He highlighted true independence, that is, when a system is
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credited for mitigating DBA and the same system is also credited for severe accident, then one should ask if
the system fails during the DBA then how it cannot work in severe accident. Between DID Level 3 (design
basis) and Level 4 (severe plant conditions), the designer has incorporated core catcher called BiIMAC
device. (See BIMAC in CR1.4.2) PSA severe accident insights were used to develop BiMAC is designed to
passively guench high temperature corium and mitigate core-concrete reactions. It is located on the bottom
of drywell floor, buried under refractory materials. It is a series of pipes, side by side, covering the whole
drywell floor area at an inclination. There is a distribution header in the middle, inclined pipes on the side.
Given core melt / severe accident, it allows cooling with water on top and below, thus creating natural
circulation to cool the corium. The BiMAC is controlled by an independent logic platform.

4.6.2.14. CR2.1.4 Confidence in innovation

Mr Miller (GE Hitachi NE Intl.) discussed several testings and RD&D programs to validate the innovative
components and approaches of the ESBWR design. He noted the major new features of the ESBWR which
are passive features to replace conventional pumps and valves. Proven innovation of the design is presented
in the figure below. As new features, both GDCS and PCCS received extensive testing.

- The PCCS heat exchanger test. A full scale test was done in Italy, e.g. on non-condensable gas testing to
make sure non-condensable is properly vented. The main purpose is validate the codes to predict
performance and characteristics of conditions thus providing high confidence. The same unit is used for
for ICS heat exchanger heating (because of lower power, both halves of full-size unit could be tested).

- PCCS heat exchanger integral testing was performed in Japan and Switzerland (Paul Scherrer Institute).
Itis a full scale in vertical direction but with fewer tubes.

- The DPV test is performed at Wyle Laboratories. The DPV is a squilb actuated valve which will open to
allow depressurization. This is a common squilb valve but of bigger size, hence testing must be done to
ensure its performance under the expected accident condition.

- Drywell to wetwell vacuum breaker test. Vacuum breaker is used to prevent large pressure differential
across the suppression pool and drywell that can cause backflow.

- The Isolation Condenser for ESBWR which is same in principle with those used in BWR2 and BWR3
(Dresden2/3, Oyster Creek, Nine Mile 1, tube and shell configuration), but with different geometry. The
older BWRs use horizontal isolation condenser (shells and tubes) while the ESBWR uses the vertical
one. A a one full-scale half unit was tested over a wide range of operating conditions.

- Natural circulation. The EBSWR used data from proven natural circulation at operating Dodewaard and
also data from Canada to understand the behaviour of the void in the chimney area.

- Fuel. The ESBWR uses the same fuel as that for the ABWR, except for the difference in height, as
already explained before.

- FMCRD. The ESBWR adopts the FMCRD for the ABWR given the excellent operating experience.

- A full scale vertical GDCS Integrated Systems Testing (GIST) facilitywas developed at GE site to
simulate gravity cooling system, i.e. to take into account the impact of gravity, although volumetrically
scaled down. No unpredicted phenomenon was found on the ability of the gravity driven cooling system
to provide flow into the vessel.

-  BIMAC testing. BIMAC testing includes single channel test and system effects test. Different
configurations were used, looking at angle of inclination, critical flow, and two-phase flow, under
different simulated heat fluxes.

- Panda Full Height Containment Test facility is used to study passive containment cooling, to understand
elevation and head, and others.
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FIGURE 4.6.14. ESBWR proven innovation

4.6.2.15. CR4.4.1 Risk informed approach

Mr Miller (GE Hitachi NE Intl.) noted that insights from the ESBWR PSA have been used to implement
several design enhancements, and consequently, have contributed a significant improvement to nuclear
safety. Examples of the use of PSA in the design process were provided.

- Addition of redundant and physically separated flow paths in response to fire analysis. There is
alternative cooling system, which is not a safety class, but has a lot of benefits in certain sequence (In
PRA if a system has a safety useful function then its benefit can be quantified). When looking at the fire,
the system has one incoming path to the vessel. A fire in the area would disable that, so a redundant /
alternate path is provided for the cooling.

- Fail-safe actuation of ICS. The ICS accommodates the pressure, converts and condensates steam so
maintain the level in the vessel and reject heat to the atmosphere. It does not go into containment, i.e. not
heat up the containment and no containment cooling is needed. In PRA analysis of different accident
scenarios, in case of loss of certain control power, it would be better to modify the ICS to make it fail-
safe.

- Addition of parallel injection line valves for the ICS to eliminate a dependency on power supplies.

- Change of fire suppression route to reduce room flooding frequency. This is because a pipe break could
cause room flooding. The example shows the benefit of using PSA tools, looking not only from internal
events and fire but also from internal flooding.

Mr Miller referred to the ICS diagram (See figure in CR1.3.3) and noted that the only thing that will stop the
ICS in normal operation is the two parallel valves. The original design had one valve that needs to open. In
the modified design, there are two valves in which at least one valve should be energized to close. So if the
plant lost either DC power or control power, or both, the valve would automatically open — an indicative
condition during containment isolation and transient when the ISC is needed to establish natural circulation
flow path.

Mr Miller provided another example on operator actions. The PSA was intentionally pessimistic on
estimation Human Error Probabilities. The designer did not go into a lot of details on estimating of
performance shaping factor or doing time study on simulators, and instead used conservative values. Also
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the designer did not take credit for recovering fail system. In some current plants in their PRA models, when
reasonable, a pump that fails may restart within a reasonable amount of time. For the ESBWR, additional
design feature is used so as not to rely so much on operator considering human makes mistake. So the
designer makes use of identification of PSA accident sequences where operator actions are important, and
then improvements with physical design changes.

Reflection on Lessons learned from Fukushima

At the end of all presentations, Mr Beard (GE Hitachi NE Intl.) addressed two key points.

Immediately after Fukushima, the US NRC convened working group with one of the tasks was to examine
two designs APWR and ESBWR whether to reopen certification. The NRC noted the ESBWR passive
design would have handled the Fukushima event well. The only recommendation was to enhance the spent
fuel pool and instrumentation, which is currently undertaken. The GE Hitachi NE Intl convened a small team
who agreed the NRC findings on spent fuel pool instrumentation, and discussed the use of hardware
connection to portable generator.

On the debate on injection of salt water into the RPV like in Fukushima, he noted the pool for the ISC in the
PCCS can be filled with any kind of grade water. In the ESBWR ICPCCS concept, the operator shall not
hesitate to use salt water because the worst case will be to replace the heat exchanger as salt water will not
damage the NSSS at all. This will only cause temporary shutdown ~2 years to replace the 100 million dollars
components, saving the multibillion dollar investment.

4.6.3. Availability of References

The following references are available on the US NRC website:

- Safety Evaluation Report (NRC): http://pbadupws.nrc.gov/docs/ML1034/ML103470210.html

- Design Certification Document (DCD) Rev. 9:
http://pbadupws.nrc.gov/docs/ML1034/ML103440266.html

- NEDO-33201, Revision 6, Probabilistic Risk Assessment ESBWR Design Certification:
http://pbadupws.nrc.gov/docs/ML1028/ML102880536.html

- NRC Final Design Approval: http://pbadupws.nrc.gov/docs/ML1105/ML110540310.pdf

4.6.4. Discussion

Questions Answers

Mr Arshad (Pakistan) requested a | Mr Beard (GE Hitachi NE Intl.) stated that primary differences
comparison of the ABWR and ESBWR. | are that the ABWR uses active safety to accomplish emergency
On a follow-up question, since the | core cooling and decay heat removal, and the ESBWR has
ESBWR seems much more reliable | converted those functions to passive, i.e. isolation condenser and
compared to that ABWR, Mr Arshad | PCCS for decay heat removal, and gravity driven core cooling.
asked the rationale for developing | The second difference is the ESBWR eliminates the recirculation
ABWR. system. In order to enhance the natural recirculation, the reactor
vessel height is increased, giving greater driving head. The huge
volume of subcooled water is able to remove a lot more decay
heat. During the initial response after scram, the back pressure
from the two-phase flow through the flow decreases, and the
subcooled water sweeps down into the core during the first 10-15
seconds and removes a lot of decay heat. The pressure in the
vessel decreases for a short period of time even before isolation
condenser comes into operation. On the second question, the key
driving in developing ESBWR are lower the capital cost,
increase safety, and decrease operation and maintenance cost.
One key attraction with the ABWR is power manoeuvrability
with the ability to change 10% power in 10 seconds using flow
control, and then 5% per minute afterward. So if there is a grid
condition with tremendous amount of renewable or not very
stable, the ABWR could be attractive. The ABWR has 40+ years
of experience while the ESBWR has not been deployed yet
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(currently in the very final stage being reviewed and certified by
the US NRC).

Mr Dewayatna (Indonesia) asked if
the 10-12 hour DC battery capacity was
increased because the systems of the
ESBWR are passive systems or to raise
capacity.

Mr Beard (GE Hitachi NE Intl.) said that it is a combination of
both but with the introduction of the passive systems there is a
very low demand on the batteries. The primary demand is for the
I&C systems so there must be sufficient batteries to operate the
I&C for 72 hours. But the motor forces for core cooling or heat
removal are entirely passive so there is no requirement for
electricity.

Mr Koshy (IAEA) asked how the
isolation condenser comes into service,
if it purely valve principle or if it can
work in the absence of DC and AC
power. He also asked how the other
relief valves work for depressurisation.

Mr Beard (GE Hitachi NE Intl.) explained that for the ICs they
are globe type valves which are held closed by pneumatic
pressure so the solenoids that are maintaining the pneumatic
pressure and are normally energised, would de-energise and vent
the pneumatic pressure to force the valves open establishing the
flow path for the isolation condenser to go into operation. For
depressurisation, there are two different stages. In the initial
stage there are 10 safety relief valves with external actuators
which will be open to release the steam in the suppression pool to
affect the initial part and then there are 8 depressurisation valves
which are pyrotechnically actuated, relying on a very small
electrical current to initiate the chemical charge to open the
valves. Therefore the valves rely on DC but depressurisation is
only necessary in a LOCA scenario. In a SBO there is still an
intact reactor cooler pressure boundary then there is no need to
go into the depressurisation phase.

Mr Koshy (SH-NPTDS) asked how the
isolation condenser valves are triggered
to open.

Mr Beard (GE Hitachi NE Intl.) stated that they are triggered
on sensing low water level within the RPV. There are 4 isolation
condensers and 2 valves in parallel so either of the valves
opening will put the system into operation. So when the low
water level is reached then both valves are commanded to open
and one of the valves is also designed as the fail-open valve.

if the
been

Mr Popov (Belarus) asked
natural circulation has
experimentally confirmed.

Mr Beard (GE Hitachi NE Intl.) confirmed that there is
experimental and practical data. The largest pressure drop occurs
in the fuel assembly and there is lot of data from just fuel design
process. There are additional minor changes to the spacer
elements to decrease the pressure drop even further. There is a
test facility at Canadian Hydro to study the chimney assembly
partitions that are used to minimize possibility of horizontal
eddies, to see what possible pressure drop given the two-phase
flow. From the practical side, the Dodewaard BWR in the
Netherlands (much smaller in thermal power) had agreed to
perform some additional test, prior to closing, to obtain
correlation with Dodewaard database.

Mr Grudev (Bulgaria) asked for what
reason GE Hitachi NE Intl. decides to
create such high power output plant
with such a large reactor vessel that may
be difficult to deliver.

Mr Beard (GE Hitachi NE Intl.) said that this was decided on
the base of the economies of scale and the initial market for
potential deployment by the European and US utilities which 15
years ago were all looking for large base load capacities. A
smaller plant would also be too expensive on a per kW basis.

Mr Silva (Thailand) recalled the
results of internal events CDF shown in
the presentation and asked if the
external events such as large
earthquakes would change the CDF a
lot, and secondly whether the
engineered safety features would still be
reliable in case of large earthquake.

Mr Miller (GE Hitachi NE Intl.) replied that the ESBWR is
based on the US design but with the intention of accommodating
regulations of any other host country. The requirements in the
US are to perform a seismic margins assessment and not a
seismic PRA. So GE did not quantify the seismic PRA however
there is still a lot of research going on to estimate profiles and
frequencies and other such factors. On the second question, that
would dominate due to uncertainty. The plant is designed to a
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higher peak ground acceleration of 0.5g so it is very robust. But
the seismic hazard probability of an earthquake even 1 in
100,000 years is still more frequent that the CDF. So the number
IS not important, but the insights. The important things is what
ESBWR will do to survive a major upset are to scram the reactor,
close the main steam isolation valves and operate the isolation
condensers: few components, no rotating equipment, no relays
and very robust from a seismic standpoint. There are a lot of
features to mitigate such an event. Mr Beard (GE Hitachi NE
Intl.) added that g-force described is actually slightly higher
frequency content, 2-100 Hz, which as described, designed for
higher frequency content, thus more realistic to get that high
peak ground acceleration.

Ms Yang (China) asked if there is any
experiment of the core catcher.

Mr Miller (GE Hitachi NE Intl.) replied there are a series of
experiments on BIMAC, a semi-scale with tubes and full scale
with single tube, with different arrays, to validate the phenomena
and model them on computer.

Mr Randy Beatty (USA) asked about
the usefulness of INPRO criteria for the
vendors, i.e. it may not be useful to
enhance the design (also vendor’s are
driven Dby utility requirement). But
INPRO requirements representing the
international standards may be useful
for countries considering purchasing the
reactors, to help them feel confident,
that the assessment is a useful exercise
for country’s particular application.

Mr Miller (GE Hitachi NE Intl.) responded the criteria are
valid reflecting key features.

Mr Tjahjono (Indonesia) asked in the
case of pipe break between reactor
vessel and the injection gate valve,
whether the injection is still effective.

Mr Miller (GE Hitachi NE Intl.) indicated in the case of pipe
break, it is possible a LOCA will occur. But there is still
adequate capacity to flood the core. The lower drywell can flood
up in fact above the level, and cover the pipe, i.e. there is water
above the core too.

Mr Dulera (India) asked if in the core
catcher there is a vent for gases build up
in the core catcher, and if there is a
chance that hydrogen gas can be
produced in the core catcher.

Mr Miller (GE Hitachi NE Intl.) responded that in the core
catcher, hydrogen generation will have occurred earlier and
probably still occurring regardless of the core catcher itself but
there is no reason why the non-condensable gases such as
hydrogen and oxygen would accumulate in the bottom of the
core catcher. They would be driven by the natural circulation of
the water. They would have a tendency to migrate up towards the
passive containment cooling system. There is no need to vent the
gases because the pipes of the core catcher are inclined so the gas
would migrate upward.

Mr Susyadi (NPTDS) asked how long
it takes to bring the reactor to full power
during start-up, considering there are
recirculation pumps.

Mr Beard (GE Hitachi NE Intl.) informed that it takes
generally between 24 to 28 hours to go from cold conditions to
100% power operation.

4.7.

EPR (European Pressurized Reactor)

Mr Franck Lignini from AREVA (France) presented INPRO assessment in the area of safety of the European

Pressurized Reactor (EPR) design.
4.7.1. Overview of EPR Design

Mr Lignini briefly noted the EPR™ currently under construction in Flamanville (France) and Taishan
(China) and then discussed the following aspects of the EPR™ design:
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o Design key drivers

There are four main drivers to the design:

- Take advantage of lessons learned from decades of existing commercial plants (operating PWRS) to
develop an evolutionary design

- Reduce power generation costs by means of larger size PWR (~1600 MWe), longer plant lifetime
(up to 60 years), increased availability (target>92%), decreased O&M costs (reduce typical outage to
16 days), and reduced fuel cost (7 to 15%) for enhancing the economic aspects.

- Further increase safety levels, being reduced collective doses during normal operations, reduced
probability of core meltdown by a factor of 10, reinforced deterministic DID, and reinforced
resistance to external aggressions such as airplane crash contribute to further increase safety levels.

- Further decrease volumes of ultimate waste through reduction of liquid waste (by ~10% versus EDF
existing best plants), gaseous waste (by 30 to 50% versus EDF existing best plants) and irradiated
material by 20 to 30% in particular due to utilization of 60 GWd/t fuel burn-up.

Mr Lignini (AREVA) said that these key drivers are the reason why AREVA chose those criteria for the
Dialogue Forum.

¢ Building on N4 and Konvoi achievements

Mr Lignini stressed the fact that the EPR™ reactor, in fact, has been developed by combining the best
technology based on the France and Germany reactor. France and Germany had the N4 reactor (1,475
MWe) and KONVOI reactor (1,365 MWe) respectively around the 1990s, both of which were
evolutionary reactors at the time. In total there were 69 NPPs in France and Germany which was
integrated into the design of EPR™ reactor. Thus EPR™ was built on N4 and KONVOTI’s achievements.

EPR™

N4 High output Very high output
Large core Very large core
High steam pressure Very high steam pressure
Fuel Building Fuel building

Computerized main control room Computerized main control room
Concrete cylindrical containment :}_ Best-in-class airplane crash

Military aircraft resistance 4x100% independent safety trains

4 independent safety trains No containment spray system for DBA
No spray system } Top mounted instrument

Top mounted instrument

KONVOI

Type of plants N4 EPR KONVOI
Core thermal power (MWth) 4250 4590 3850
Electrical output (MWe) 1475 1660 1365
Number of loops 4 4 4
N° of fuel assemblies 205 241 193
Type of fuel assemblies 17x17 17x17 18x18
Active length (cm) 427 420 390
Total F.A. length (cm) 480 480 483
Rod linear heat rate (W/cm) 179 1686,7 167
N° of control rods 73 89 61
Total flowrate (kg/s) 19420 22256 18800
Vessel outlet temp. (°C) 330 330 326
Vessel inlet temp. (°C) 292 295.2 292
S.G.: heat exch. Surface (m?) 7308 7960 5400
Saturation Steam Pressure (bar) 73,1 77.2 65.5

FIGURE 4.7.1. Development of EPR by Combining N4 and KONVOI

e Key technical characteristics
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The EPR™ has a net output of 1600 MWe with a net efficiency of about 37%. It is expected to have
target availability of 92% and operation cycle of up to 24 months with design service life of 60 years.

TABLE 4.7.1. Several Specifications of EPR Design

Thermal power ~ 4600 MWth
Gross output > 1750 MWe
Net output > 1600 MWe
Net efficiency Up to 37%
Target availability 92%
Number of loops 4
Steam pressure (secondary) ~ 77 bars at 100% power
Operation cycle length Up to 24 months
Design service life 60 years

Reactor core characteristics

The EPR™ has a large size core comprising 241 fuel assemblies to provide the large output. It has low
linear power of 167 W/cm. Better utilization of fuel is achieved with high burn-up (60GWd/t) and the
use of neutron reflector. The design has flexibility in fuel utilization with a possibility to have up to 50%
MOX fuel in core without any specific provision, and up to 100% MOX fuel taken into consideration
right from design. Mr Lignini indicated that for the INPRO assessment, the use of MOX fuel in EPR™
reactor was not taken into account.

Safety systems

Mr Lignini pointed out several main safety systems, such as large amount of cooling water inside the
reactor building, emergency feed water tank in safeguards building in which there is a 400 m® tank for
emergency feed water pool in each of the 4 divisions (see figure on installation in the safeguards and
auxiliary building), and also 2600 m® tank for firefighting system.

Both redundancy and diversity for the EPR™ are illustrated in the figure below, where safety functions
are achieved with the use of both passive and active systems.

Safety systems Safety functions Safety system
passive parts active parts
I Gravity driven ] Bringing the reactor to ] [ SCRAM system ]
control rod subcritical state
[ Extra Borating System |
[Accumulalon with high boron] Maintaining subcriticality
concentration whatever temperature

Safety Injection System |

Maintaining coolant inventory il 4
Pressurizer on the core Depressurization Severe
Accident Valves

safety valves

Ensuring primary circuit
[ Passive H, recombiners ] integrity

: IRWST + RHR/LHS!
{ Core-catcher ] : | WST + LHS |

Ensuring containment integrity . I Containment Heat Removal
IRWST + System

flooding valves

Minimize radioactive products i Annulus ventilation
{ Double containment | release System

FIGURE 4.7.2. Diversity of Safety Systems of EPR™ Design

An overview of the reactor main fluid system inside the reactor was provided, starting with reactor
coolant system (chemical and volumetric control system), Safety injection system in the emergency

Essential Service Water
System
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borating system, the containment heat removal system, emergency feed water system and the ultimate

heat sink.
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CCWS Cooling Chain
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FIGURE 4.7.3. The EPR™ Reactor Main Fluid System

The safety systems in EPR™ are divided into 4 divisions, in which 2 divisions are housed inside building
resistant to airplane crash while the other 2 divisions on both sides of the containment building are not.
In addition, the fuel building containing the emergency borated system (EBS) is also protected against
airplane crash.

division 2 division 3
ESWS ESWS
ccws CCWS
SIS/IRHRS SIS/IRHRS

EFWS

division 1 division 4
Steam lines penetrations
Feedwater lines penetrations SL SL
ESWS ESWS
CCws CCWs
SIS/IRHRS SIS/IRHRS
CHRS CHRS
EPREADING
EFWS AREA EFWS

Airplane crash protected buildings

FIGURE 4.7.4. Installation in the Safeguard and Auxiliary Building

Principles for safety classification of systems

There are three classes of safety functions corresponding to whether the functions are needed for control
state, shutdown state or final state.

- F1 Functions:
- F1A Functions: all safety functions which are required to reach a controlled state after a DBC
event
- F1B: all safety functions required, once the controlled state is reached, to reach and maintain
shutdown state after a DBC event

- F2 Functions
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- Functions related to the monitoring and controlling of radioactivity during normal operation

- Safety functions required to reach and maintain, from 24 up to 72 hours, the safe shutdown state
after a DBC event

- Safety functions needed to reach final state for DEC-A sequences or to prevent significant
releases in DEC-B sequences

- Non-Classified Functions

Note that shutdown state is defined as:

- Controlled state (for DBC 2 to 4): the core is subcritical, heat removal is assured on short-term basis
(max. 24 h), core water inventory is stable and radioactive releases remain acceptable.

- Safe shutdown state (for DBC events): the core is subcritical, residual heat removed on a long term
basis through the cooling chain and radioactive release remain acceptable.

- Final state (for DEC-A): the core is sub critical, residual heat is reliably removed at least up to the
plant autonomy limits, and radioactive releases remain acceptable.

Allocation of main I1&C functions
The EPR™ has the following lines of defence:

- Preventive line of defence
The preventive line of defence is comprised of Process Automation System (PAS) for functions
which do not use control rods as actuator, and Reactor Control Surveillance and Limitation system
(RCSL) for functions which use control rods as actuator. The RCSL is aimed at avoiding the reactor
trip in case of deviations such as reactor coolant pump failure so a partial trip is generated, not a full
scram.

- Main line of defence: Design Basis Accident (DBA)
The main line of defence is comprised of Reactor Protection System (RPS) to reach control state by
means of monitoring safety parameters and actuation of reactor protection and safety features, and
Safety Automation System (SAS) to reach safe state, i.e. post accident management (PAM) to bring
the plant into and maintain a safe shut-down state.

- Risk reduction line for Design Extension Conditions (DEC)
The risk reduction line is comprised of Diverse Actuation System (DAS) to cope with a common
cause failure of 1&C systems, and Severe Accident 1&C (SA-1&C) to mitigate severe accidents.

1&C Human Machine Interface

EPR™ has two main man-machine interfaces. The first one is the Primary Human Machine Interface
(Primary HMI) also known as Process Information and Control System (PICS) which is used to monitor
and control the plant in all conditions. It is basically screen based, integrated and fully computerized. It is
implemented in the main control room as well as in the remote shut-down station. The second one is the
Secondary Human Machine Interface (Secondary HMI) known as Safety Information and Control
System (SICS) which is mainly used if PICS is not available. It mainly consists of conventional
monitoring and control means dedicated to the individual automation systems. It is implemented in a
dedicated area in the main control room. It was noted that depending on the requirements of national
regulators, the design is flexible enough particularly the layout of building to accommodate additional
cubicles in particular, e.g. for non-computerized safety system as required by some European regulator.
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FIGURE 4.7.5. The 1&C Overall Architecture
EPR™ reactor certified by EUR and AREVA Worldwide engagement in EPR licensing

99.9% of EPR™ features comply with EUR requirements and the certificate attesting to the EPR™
reactor’s compliance with European utility requirements was officially awarded to AREVA on July 15"
2009. The EPR™ reactor has outstripped the EUR specifications in the following areas:

- Protection against the airplane crash (the risk of the large commercial aircraft is covered)

- Spent fuel storage capacity

- Life expectancy of 60 years against 40 required by the EUR

AREVA has worldwide engagement in EPR licensing with several countries, i.e. France, Finland, China,
UK and the US. Mr Lignini pointed out that the EPR™ reactor is the only Gen3 model under
construction in the EU, the only reactor designed within the EU, and the only reactor licensed by 3
independent European regulators. Furthermore, AREVA continues to incorporate lessons learned not
only from operation but also from engineering process, standardizing early engineering / construction
activities. One concrete milestone achieved by AREVA is the reduction of ERP™ construction duration
from 47 months in Olkiluoto (Finland) to 24 months in Taishan (China).

System activities:
Input data for other disciplines ready earlier MNSSS engineering standardized
and better defined and streamlined

P&ID : Important input for layout in

order to validate Civil Works (CW) i —
interfaces

DSE stage 2 : important input for I&C
30

W OoL3
M Taishan

OL3 Taishan
System Descriptio Iping Isometrics ) ]
P&ID Firstissue Stage 2 - First issue Nb of revisions Number of engineering hours
(m onths) (months) for NSSS completion

(for Taishan: estimate)

FIGURE 4.7.6. Standardization of Early Engineering Activities
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FIGURE 4.7.7. Reduction of Construction Duration as the First Main Milestones
In conclusion, Mr Lignini made the following summary:

The EPR™ reactor is an evolution of mature French and German reactors, incorporating proven

technologies as well as innovations validated through R&D programmes.

The Safety features of the EPR™ reactor integrate the lessons learned from the past. They have been
deemed necessary and sufficient by the safety authorities of advanced nuclear countries as fulfilling the
most stringent Gen |1l safety objectives, until March 2011. Although the lessons learned from the
Fukushima event are not yet all drawn, preliminary evaluations show that the EPR™ reactor would have
withstood the earthquake and the subsequent tsunami. The soundness of the EPR™ reactor design was
confirmed by the complementary safety evaluations (stress tests) performed by the European Regulators;
however light improvements may be incorporated to satisfy new requirements (Example, additional

connection point for pump to inject water).

4.7.2. INPRO assessment in the area of safety of EPR
4.7.2.1. EP1.1.1.1 Margins of Design

The EPR™ reactor was designed for being capable of high performance, for example, in load following and
frequency variation control (between 25 and 100% up to 90% of the fuel cycle length) and low power
operation (without penalty on the possibility to regain nominal power after which it would be longer to go
back to nominal power). The fuel cycle length for EPR™ is increased compared to the operating fleet up to

24 months. The linear power rate is lower than currently operating PWRs in France.

The ERP™ reactor is licensed and meets the safety requirements in France, China, Finland and UK and the
design certification is underway with the US NRC. Some safety margins are demonstrated and provide the
highest level of confidence on how the EPR™ reactor to cope with normal operation, AOOs, incidents and

DBA:s.

Mr Lignini (AREVA) illustrated margins, i.e. safety margin and operation margins.
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FIGURE 4.7.8. Safety margins and operation margins: DBC events

Given normal values and variations to take into account for example control and accuracy of measurements,
normal transients will take the operation to limiting condition, thus constituting operation margins. These
limiting conditions of operation (LCO) can be considered as the initial conditions of the accident safety
analyses. For each kind of event, the EPR™ has different criteria to be satisfied. For a particular event in the
accident analysis, when the result found is below the criterion and the gaps constitute the safety margins.

Mr Lignini (AREVA) noted DBC acceptance safety criteria adopted in the EPR™ which should be the same
for other PWRs.

- Safety criteria are expressed in terms of radiological consequences
- No short term countermeasures (shelters, evacuation, distribution of iodine tablets), no need for
long-term relocation, no long-term restriction on the consumption of foodstuffs.
- Effective dose (based on a 7 day exposure in 500 m distance from the plant border) < 10 mSv
(sheltering)
- Decoupling criteria (examples for illustration)
- No departure from nucleate boiling (DNB) in any DBC-2 event, and in the DBC-3/4 events
involving a failure of the secondary side shell (e.g. main steam line break)
- Fuel rods experiencing DNB in DBC-3/4 lower than 10%.
- Decoupling criteria for LOCA:
- Peak cladding temperature lower than 1200° C
- Maximum cladding oxidation lower than 17% of the cladding thickness
- Maximum hydrogen generation lower than 1% of the amount that would be generated if all the
active part of the cladding had reacted
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FIGURE 4.7.9. Balance Between Safety Margins and Operation Margins

Mr Lignini (AREVA) discussed balance between safety margins and operation margins, as shown in the
figure. In case of event, the protection system will initiate reactor trip and there will be response of the
mitigation system. Depending on how the analysis is performed, there are best estimate result and
conservative result and also safety margins before the acceptance criteria. In order to increase the safety
margin, designer has to reduce the operation margin. To increase the reactor margin and not to decrease the
operation margins, then there will be a risk of spurious reactor trips during normal transient.

So, on margins of design versus margins of operation (EP1.1.2.1) there is a necessary compromise for new
design between increased safety margins and increased operational performance. For most penalizing
transients regarding safety function ‘Control of reactivity’, assessor has to take into account other criterion,
i.e. CR1.3.6 Sub-criticality margin, which in particular the CR asks that sub-critical be met in the shortest
time and reliably kept in sub-critical considering uncertainties and worst single failure in the shutdown
system. Depending on national circumstances, designer may have to consider some specific requirements
from regulator. To cope with these requirements and meet specific criteria, designer may have to adapt, .e. g.
design of fuel elements, fuel pattern in the core, efficiency and different type of control rods, pattern of Rod
Control Cluster Assemblies (RCCA), operation of the Safety injection System (SIS) and of the Extra
Borating System (EBS), and 1&C (signals + actuation of equipment). Hence, there is no a single design and
there is flexibility in the design to cope with the specific requirements.

Mr Lignini provided several examples of margins of design:

- Reduction of number of reactor scram. Failure of one reactor coolant pump (RCP) implies a partial trip
to approximately 40% of full power. Plant can still be operated in three-loop operation with maximum
reactor power of approximately 70% full power. The RCP can be returned to service once the reactor
power is reduced to approximately 30% full power.

- RPV nozzle shell. The higher nozzle axis improves fuel cooling in case of LOCA.

- Heavy reflector (HR) reflects effectively a large amount of escaping fast neutrons back to the core.
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FIGURE 4.7.10. Heavy reflector in EPR™ reactor

- Flow Distribution Device (FDD). The enforced reactor coolant flow in the downcomer annulus generates
strong turbulences in the RPV lower plenum, which are homogenized by means of the FDD. Hence, the
FDD results in a distinct smoothing of coolant flow, i.e. uniform flow distribution at core inlet, better
cooling of all fuel rods, and decreased probability of DNB.
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FIGURE 4.7.11. Flow Distribution Device (FDD) for smoothing of coolant flow

Mr Lignini (AREVA) considered that from reviewing the publicly available information, e.g. regulatory
bodies who have licensed the EPR™ reactor or which are about to deliver Design Certification), an INPRO
assessor may conclude that the EP 1.1.1.1 on ‘Margins of design’ is met.

4.7.2.2. EP1.1.1.2 Simplicity of Design

The EPR™ reactor has ~20% less equipment than the current 4-Loop US PWRs. To illustrate, study on
pumps and turbines, heat exchangers, tanks and valves as shown below indicates reductions in terms of
absolute value (except for pumps and turbines) and the normalized value per MWe.

TABLE 4.7.2. Reduction of equipment in the EPR

<) Cylindrical Shell

EPR 4-Loop % Change % Change
PWR (Absolute) (Count/MWe)
Pumps & Turbines 43 37 16 (18)
Heat Exchangers 34 44 (23) (44)
Tanks 23 33 (30) (50)
Valves 2,044 2,766 (26) (47)
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Other example is the Safety Infection System (SIS) in which the SIS configuration for EPR™ is shown to be
simpler than that of N4 and KONVOI. The SIS itself is a 4-train system without headers between trains,
hence there is 1 train per loop. Mr Lignini explained the reason why 4-train has the legitimacy by assuming
that in case of LOCA if 1 train is lost at the break, then a single failure criterion (SFC) is considered, i.e. an
additional train fails and another train is in the preventive maintenance, then the 4" train should be sufficient
to cope with the LOCA (100% of the safety function).
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FIGURE 4.7.12. Safety Injection Systems of EPR™ in comparison with N4 and KONVOI

Further example of simplicity is given the fact that cooling water is now located inside the reactor building,
i.e. IRWST, the 4 trains (LHSI, MHSI) can take suction from the IRWST hence there is no recirculation
switch-over sequence in case of LOCA.

The SIS also can cope will all the LOCA assumed in the safety analysis (DBC 3 and 4) without the need to
actuate containment heat removal system in spraying mode due to good condensation of steam, in particular
after ~2 hours of possibility to switch safety injection from cold leg to hot leg. Containment spray is only
need during severe accidents. The Low Head SIS (LHSI) also performs the Residual Heat Removal (RHR)
function during plant shutdown.

Mr Lignini (AREVA) believed that from reviewing the publicly available information (e.g. regulatory bodies
who have licensed the EPR™ reactor or which are about to deliver Design Certification) an INPRO assessor
may conclude that the EP 1.1.1.2 on ‘Simplicity of design’ is satisfied.

4.7.2.3. EP1.1.1.3 Quality of Manufacture and Construction
Mr Lignini discussed several examples of improvements made in the EPR™ reactor design.
- Reactor Pressure Vessel (RPV)

- General improvements of structure

These include (i) alloy 600 has been systematically replaced by Alloy 690, (ii) neutron influence on
the core shell region has been reduced with the use of heavy reflector, and (iii) manufacturing of one
piece RPV upper part instead of two welded pieces (for N4) has been achieved.
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FIGURE 4.7.13. General Improvements on EPR™ Reactor Pressure Vessel Structure
Reactor Pressure Vessel (RPV) internals

Mr Lignini (AREVA) discussed the main design features that took advantage of general arrangement
similar to N4 reactor, namely (i) similar flow distribution in upper plenum and closure head dome,
(ii) forged core support plate, (iii) fuel assemblies resting directly on the core support plate, (iv)
same principles regarding centering and maintaining inside the RPV, and (v) same materials with
more stringent requirement on Co residual content. In addition, there are 3 main modifications made
to incorporate German KONVOI design: (i) adaptation to an in-core instrumentation introduced
through the RPV closure head (KONVOI design) i.e. there is no more penetration in the bottom part
of RPV, (ii) installation of a dedicated annular structure under the core support plate to ensure a
proper flow distribution at the core inlet, and (iii) incorporation of an innovative component which is
the heavy reflector to contribute of protection of RPV irradiation.

Overall, the general improvements on the RPV internals are (i) increased margin with respect to
RPV embrittlement achieved through neutron fluence reduction, i.e. new heavy reflector design
reducing neutron leakage at the core periphery and enlarged diameter of RPV, (ii) prevention of low
induced vibrations (R&D / experimental programs performed showed all modifications do not
generate vibrations, in fact, resulted in reduction of the vibrations) and (iii) better inspectability and
easier replacements given the new design, i.e. the distance between heavy reflector and RPV is
favourable regarding the inspection of the bottom part of the RPV.
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FIGURE 4.7.14. General Improvements on EPR™ Reactor Pressure Vessel Internals
- RPV lower internals: heavy reflector

Replacement of conventional core baffle assembly by a heavy reflector contributes to a reduction in
the fuel cycle cost, improvement of long term mechanical behaviour of lower internals and
protection of RPV core shell against radiation embrittlement. Some improvements of the mechanical
behaviour are no bold in the most irradiated areas, well managed temperature distribution in the
structure, and very low depressurization effects in case of LOCA.

Reactor Coolant Lines (RCLS)

There is a significant reduction in the number of welds in the Reactor Coolant Lines. In particular the big
nozzles have been integrated in the main coolant lines at the forging stage, which is an improvement in
the integrity of the pressure system.

There is improvement of the Leak-Before-Break concept. A minimum number of auxiliary nozzles are
provided on top of the RCLs, leading to reduction of leak risk. The Extra Borating System (EBS)
injection is introduced into the Reactor Coolant Line via CVCS or SIS nozzles.
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FIGURE 4.7.15. Reactor Coolant Lines in EPR™ Design
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FIGURE 4.7.16. Reactor Coolant Lines Layout in EPR™ Design

- Pressurizer

There are improvements regarding:

- Structure integrity with the reduction in the number of lances
- Support welding optimization, i.e. reduction of weld length for the support attached to the shell of
the pressurizer. Fatigue analysis has been performed to confirm feasibility of the improvement)
- Mechanical behaviour for the bottom part by modification of the configuration of the heaters flanges
from a square net to 4 circles, thus reducing manufacturing risk. Installation (welding) of sleeves is
much easier (less radii to be considered: 4 vs 8). Accessibility for the required maintenance around

the heaters flanges was checked.
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FIGURE 4.7.17. Reduction of welding length on support

From reviewing the publicly available information (e.g. regulatory bodies who have licensed the EPR™
reactor or which are about to deliver Design Certification) an INPRO assessor may conclude that the
EP1.1.1.3 on ‘Quality of Manufacture and Construction’ is satisfied.

4.7.2.4. EP1.1.1.4 Quality of Material

Mr Lignini mentioned that AREVA has some Technical Centers for conducting R&D in France (Fluid and
Structural Mechanicals Components Testing, Manufacturing Materials, Metallurgy and Corrosion,
Chemistry), Germany (Thermal Hydraulics and Components Testing; Materials, Corrosion, Welding
technology; Chemistry, Radiochemistry; Components Qualification) and the USA (Components Testing;
Chemistry, Radiochemistry; Components Qualification). It is noted that the conclusion of Quality of Material
derived from the tests performed in these facilities.

R&D programs focused on degradation modes of PWR components were conducted inter alia in AREVA’s
technical centers. Some preventive measures were integrated in the design of the EPR™ reactor particularly
regarding ageing of materials during plant operation. Through these programs, AREVA has been able to
demonstrate and convince the regulators through these measurements that the selected materials are adequate
for given component taking into account all susceptible modes of degradation such as ageing during
operation, neutron irradiation assisted stress corrosion cracking, thermal ageing, etc. To improve the quality
of materials, some measures taken are redesign of pressurizer in 20MNDS5, reduce impurities in RPV
material (P content < 0.008% and Cu content < 0.08%), abandon the use cast duplex austenitic-ferritic
stainless steels for primary piping, and manufacture primary loops with austenitic stainless steel with integral
elbows and nozzles to reduce the number of welds.

Regarding environmentally assisted fatigue, field experience on existing PWR fleet worldwide showed
cracking in locations where loadings were ignored or underestimate. For the design of the EPR™ reactor,
AREVA conducted some critical experiments to evaluate the real concern and to establish a justification
methodology. Tests were conducted with load signals representative of the actual components, and loading
tests used representative surface finish (ground surfaces, etc).

Mr Lignini (AREVA) believed that from reviewing the publicly available information (e.g. regulatory bodies
who have licensed the EPR™ reactor or which are about to deliver Design Certification) an INPRO assessor
may conclude that the EP1.1.1.4 on ‘Quality of Material’ is satisfied.
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4.7.2.5. EP 1.1.1.5 Redundancy of Systems

The EPR™ design of the safety systems is based on redundancy, diversity and complementarity, to resist to
exceptional events and prevent damage to the surroundings.
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FIGURE 4.7.18. Diversity, Redundancy and Complementarity in the EPR™ design

- 4x100% capacity to allow for preventive maintenance at power (n+2 concept). The systems include
MHSI, LHSI/RHR, CCWS, ESW and EFWS with ‘passive headers’.

- Diversified safety system to avoid common mode failures, so every system has a diversified back-up
(active and passive systems).

- External hazards through systematic physical separation of the safety system

- Clear separation between the 4 redundancies located in 4 separate buildings (location of the 4 trains) to
ensure robustness against hazards (flooding, fire) and airplane crash. It was noted that train 2 and 3 are
located in the airplane crash protected building, while redundancy 1 and 4 are not protected against
airplane crash because they are located on the sides of reactor building.

- Reactor building, Safeguard buildings, and Fuel building on a single raft to cope with seismic and
airplane crash loads

Regarding general organization of the safety systems, the objective of train (‘train’ designates a redundant
portion of a system) separation is to preclude possible common cause failures due to equipment failures
including headers or check valves. The EPR™ design has no header between the different SIS trains.
However, for EBS, EFWS and CCWS headers are acceptable and useful (probabilistically) provided that
isolation devices ensuring independency of trains in case of equipment failures are installed. Besides, the
EPR™ has adopted a radial layout which results in separated trains and shorter piping lengths. The objective
of separation into divisions (‘division’ designates a building of part thereof housing a train) is to prevent
common cause failures due to internal hazards e.qg. fire and flooding.

For design rules for safety systems, as previously discussed, four trains needed to cope with safety analysis
in that 1 train is unavailable by application of the Single Failure Criterion, 1 train is unavailable due to the
Preventive Maintenance, 1 train can be affected by the accident (e.g. LOCA) and the 4th train is sufficient to
cope with the accident. The main systems involved are Safety Injection System SIS/RHRS, Emergency Feed
water System (EFWS), Electrical Power Supply System, Component Cooling Water System (CCWS) and
Essential Service Water System (ESWS). The trains are installed in 4 separate divisions providing efficient
protection against internal and external hazards which could lead to common model failure, e.g. fire,
flooding, airplane crash. With these redundancies, the EPR™ could be possible to perform the preventive
maintenance during power operation.

Regarding electrical power supply system, EPR™ has 4 electrical diversified trains each of which contains a
10kV emergency busbar, an emergency diesel generator and DC busbars with batteries to take over such
accidents. In addition, two diversified small diesel generators (690V) for trains 1 and 4 are used in case of
failure of the 4 EDGs i.e. a SBO.

Mr Lignini (AREVA) had the opinion that from reviewing the publicly available information (e.g. regulatory
bodies who have licensed the EPR™ reactor or which are about to deliver Design Certification) an INPRO
assessor may conclude that the EP1.1.1.5 on ‘Redundancy of Systems’ is satisfied.
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4.7.2.6. Proposed EP on Robustness against External Hazards

Mr Lignini discussed robustness against external hazards as a supplement to improve the INPRO
Methodology. He drew attention to the safety objectives against external hazards which are the prevention of
unacceptable radiological releases and the plant operation to the safe shutdown conditions. In the design of
EPR™, the external hazards under consideration include earthquake, airplane crash, explosion pressure
wave, site flooding, extreme weather conditions, extreme winds, rain, snow and ice formation, drought,
hazards associated with the industrial activities or natural environment and with transport routes (missiles,
offsite fire, movement of toxic or corrosive gases), and lightning and electromagnetic interferences.

Two examples were provided, namely the DBE and explosion pressure wave. The EPR™ has a DBE of 0.25
g at 33 Hz taking into account the quality of the soil. The standard Explosion Pressure Wave (EPW) is
applied in the design of the following buildings, many of which house safety systems: Reactor building
(inner and outer containment), Fuel building, Safeguard buildings including the main steam / feed water
valve compartments, Nuclear auxiliary building, Radioactive waste processing building, Diesel buildings,
Service water pump buildings (site specific) and connecting ducts to and from service water pump buildings
(site specific). The stability in case of explosion pressure wave is ensured.

When assessing external hazards, AREVA does not systematically take into account single failure and
preventive maintenance rather looking at the factors on case by case basis to see the trends. It should be
noted that they are not systematic feature integrated into the safety analysis.
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FIGURE 4.7.19. Design Basis Earthquake (DBE) for EPR™
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FIGURE 4.7.20. Explosion Pressure Wave for EPR™
Airplane Crash Protection

The approach for protection against aircraft crash is deterministic. The protection is achieved by
designing safety-classified buildings called the airplane crash (APC) shell for aircraft crash loads and by
geographical separation of safety-classified systems. Usually 3 load cases are considered associated with
different types of planes, i.e. light aircraft weighting less than 5.7 tons, military aircraft and commercial
aircraft. For the EPR™ design, the military and commercial aircrafts have been taken into account. The
requirements for impact of the crash are stability of the buildings, surviving vibration or shock caused on
the safety related equipment, no perforation of the structures, no scabbing of the structures and kerosene
fire, i.e. external fire from the aircraft could not penetrate the protected building.

There are two ways of prevention and mitigation:

- Buildings protected by design include the Reactor building, Fuel building, Safeguard buildings 2 and
3. The protection requirement is provided by the APC shell, consisting of a bunker designed to
withstand aircraft crash load scenarios. It is made of reinforced concrete. A LOCA inside the reactor
Building must not be induced (and a fortiori no severe accident) so containment isolation is not
required.

- Buildings protected by geographical separation include the Safeguard Buildings 1 and 4, the Diesel
Buildings and the Service Water Pump Buildings. At least one redundancy stays available after the
aggression. The loss of diesel generators due to fire induced fumes can be ruled out due to the 2 by 2
arrangement on opposite sides of the reactor building and the associated distance of the air intakes.

Protection against airplane crash is made with provisions for an impacting large passenger or military
aircraft. A thick shell of highly reinforced concrete protects the inner walls and the inner structures from
the direct impact and resulting vibrations.
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FIGURE 4.7.22. Protection of Buildings Housing Safety System Against Airplane Crash

Robustness of the EPR™ reactor to a Fukushima like event

Mr Lignini briefly explained the EU stress tests imposed by nuclear regulators as common approach of
all European Nuclear Safety Authorities. The specifications were prepared by WENRA (Western
European Nuclear Regulators Association) and adopted by ENSREG (European Nuclear Safety
Regulators Group and Commission). The tests involved 14 countries and 143 reactors with exceptional
mobilization and also neighbouring countries. The process is transparent comprising 3 steps: operators,
national authorities, and European peer reviews. The implementation of the ENSREG recommendations

joins in the continuity of the dynamics of safety in Europe.
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The ENSREG specifications comprise performance of a complementary assessment based on
deterministic approach, irrespective of the probability of the loss of line of defense. A sequential loss of
the lines of defense and a long duration of events are considered, taking into account the entire affected
plant (reactor, fuel storage). The objective is to identify weak points and cliff-edge effects, for each of
the following extreme situations:

- Extreme earthquake, flooding (consequential or linked event should be considered such as fire,
load drop for earthquake, bad weather conditions for flooding

- Total loss of power sources, total loss of ultimate heat sink, combination of both

- Severe accident, notably in case of the two previous situations

A particular attention should be paid to confinement failure risk and provisions to cope with weak points
and cliff-edge effects, notably to improve the grace period before cliff-edge effects. These provisions
should be considered as hardened equipment.

The resistance of the EPR™ reactor to a Fukushima like event was assessed by analysing the
consequences of the external hazards beyond those taken into account in the design basis. As no
guidance existed to define which “beyond-design basis external events” are to be considered and what
criteria shall be met, the Fukushima load cases were taken as input data: earthquake of ~0.5 to 0.6 ¢
Peak Ground Acceleration (PGA) at site and tsunami/flooding with wave height of 4 m above the
platform level. The analysis shows that the design would withstand such an event and that a Fukushima
scenario would result in a combination of a loss of offsite power (LOOP) and a loss of ultimate heat
sink (LUHS).

- Resistance to a beyond design earthquake

The 9.0 magnitude earthquake resulted in a ~0.5 to 0.6 g PGA at the Fukushima site. The EPR™
reactor is designed to resist to a 0.25 g PGA earthquake at the site. Seismic Margin Assessments
(EPR UK) have been performed showing the capability of the design to withstand a 0.6 g PGA
earthquake. A 0.5-0.6 g PGA earthquake at site would result in a total loss of offsite power (LOOP)
which is overcome by automatic start-up 4 Emergency Diesel Generators (EDG). In addition, the
Emergency Feed water System would automatically start up to feed the SGs in case of loss of the
main feed water. Therefore, the decay heat would be safely removed.

- Resistance to beyond design flooding

The earthquake at Fukushima triggered a ~14m high tsunami which flooded the plant up to 3-4 m
water on the platform. The analysis of the impact of such a tsunami at an EPR site shows that the
Safeguard Buildings, the Diesel Buildings, the Pumping Station would resist to a 4 m flooding of
the site, including the dynamic effect of the wave. The leak-tightness is ensured since these
buildings and their doors are designed to resist to external hazards (earthquake, external pressure
wave) and they comply with Physical Plant Protection requirements which provide design margins.
The safety systems needed to remove the decay heat remain available: EDGs, SBO-DGs, 1&C and
batteries, Emergency Feed water System, and others.

However, a 3-4 m platform flooding could result in the loss of the Ultimate Heat Sink (LUHS) in
case of the loss of the cooling chain (possibility of debris clogging the water intake). The diverse
cooling chain, however, might not be affected thanks to site dependency, e.g. location of reservoir
on the top of the hill above the Flamanville reactor

For mitigation of LOOP and LUHS, for reactor cooing the decay heat is removed by the SGs (EFWS
pumps, SBO-DGs) and for the fuel pool cooling the 3™ FPCS/SRU train is used. A large plant
autonomy is thus ensured:
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- Phase 1 “Short Term”: 24 h without offsite means support nor on-site mobile means and no actions
outside protected buildings

- Phase 2 “Mid Term”: 7 days with onsite fixed and mobile means support (for water reserve, fuel oil
and lube oil inventory)

- Phase 3 “Long Term”: unlimited with offsite support given the connections for mobile means:
connections for water tank refilling, for fuel and lube oil tank refilling, for mobile power sources to
take over SBO operation.

Hence for EPR™ design, there are more than 7 days of autonomy.
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FIGURE 4.7.23. Mitigation of LOOP and LUHS for the EPR™ design

The initial design basis features of the EPR has been proved to be resistant to extreme events as a result of (i)
deterministic means to reduce probability of core melt events and to mitigate severe accidents in all plant
states, (ii) availability of multiple lines of defence, and (iii) design of the EPR buildings against severe
hazards and malevolent acts providing a high degree of resistance to beyond design basis hazards such as
those that occurred in Fukushima. The ASN (French regulatory) Complementary Safety Assessments
conclusions highlight the EPR™ specific safety features and design to manage severe accidents stating that,
“the safety objectives and the strengthened design of this type of reactor already offer improved protection
against severe accidents compared to any existing operating nuclear power plant”. In addition, the EPR
design in particular takes account of and incorporates measures to deal with the possibility of accidents with
a core melt and combinations of hazards. All the systems necessary for the management of accidental
situations, even severe, are designed to remain operational for an earthquake or a flood as defined in the
baseline safety requirements.

Overall, Mr Lignini (AREVA) considered that from reviewing the publicly available information (e.g.
regulatory bodies who have licensed the EPR™ reactor or which are about to deliver Design Certification)
an INPRO assessor may conclude that the criterion CR1.1.1 on ‘Robustness of Design’ is met.

4.7.2.7. CR1.4.1 Major Release into Containment

Major release into the containment would result from severe core degradation and one has to look at the core
damage frequency (CDF). The Probabilistic Safety Assessment (PSA) Level 1 (CDF) and 2 (LERF) were
performed at the design stage to supplement deterministic safety assessment and confirm soundness of the
design. This was performed for the standard EPR™ design with a generic site condition. The PSA takes into
account internal events, internal hazard and risk analysis of fuel damage in the SFP. The results are the CDF
for <107/RY which comprise half for internal events and roughly a quarter each for internal and external
hazards. The large early release frequency is much below 107/RY. Note that the values of CDF and LERF
are at least an order of magnitude less than existing designs.

TABLE. Core Damage Frequency (CDF) and Large Early Release Frequency (LERF) of the EPR design
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EUR EPR

Plant condition
design target evaluation

Core damage frequency :
#all plant states * <10 fr.y ~107 [r.y
sall type of initiators

Large Early release frequency <105 fry <107 fr.y

*particular focus on accidental sequences during shut down states

Mr Lignini (AREVA) believed that from reviewing the publicly available information (e.g. regulatory bodies
who have licensed the EPR™ reactor or which are about to deliver Design Certification) an INPRO assessor
may conclude that the CR1.4.1 on ‘Major release into the containment’ is met.

4.7.2.8. CR1.4.2 Processes & CR1.4.3 In-Plant Severe Accident Management

Severe accident can be defined as event beyond the DBC & DEC-A accidents, leading to core damage/melt
(loss of the 1% barrier) and possibly to RPV failure (loss of the 2" barrier). Mitigation approach aims at
ensuring containment integrity (3" barrier). Energetic phenomena that may lead to an early containment
failure should be practically eliminated, namely (i) high pressure cold melt sequences, (ii) steam explosion
and (iii) hydrogen detonation. Mr Lignini pointed out at the RPV melt-through experiment at elevated
pressured in KTH Sweden (FOREVER experiment) showing a stream of corium ejected at high speed from
the RPV at such impact on the concrete wall of the containment. A provision is needed to ensure that molten
corium is not to be ejected at high speed. Commitments made to ensure the confinement integrity for any
other sequences following a core melting, including those leading to the RPV failure at low pressure: (i)
stabilization of molten corium, (ii) containment heat removal and (iii) limitation of radioactive releases, i.e.
protective measures limited in area and time and no long term off-site contamination.

The typical sequences of event in case of severe accidents:

- Failure of water inventory and the core is uncovered and heats up

- In-vessel core meltdown: (i) cladding (Zr) oxidation, with H, production, transport, release and
combustion, and (ii) corium relocation in RPV bottom end

- RPV bottom end failure: (i) reactor vessel wall attack / melt-through, (ii) if vessel failure at high
pressure, core debris and coolant injection, and (iii) interaction of corium / water, with possible steam
explosion

- Ex-vessel corium spreading: (i) interaction between corium-concrete, (ii) effective corium cooling
leading to solidification, (iii) containment heat up and over-pressurization with failure risk, and (iv)
fission product release if confinement leaks.

So it is important to ensure the basemat will be able to resist, and spread the corium to be able to cool /
remove the heat to stabilize it.

FIGURE 4.7.24. Sequences of event following a core melting
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The practical elimination of energetic phenomena in the EPR™ design was further elaborated:

Practical elimination of high-pressure core melt

Should RPV fail at high pressure, the core debris and coolant ejection may lead to direct contamination
heating. The EPR™ has in place a primary depressurization system that prevents high-pressure core melt
sequences above 20 bar. The dedicated depressurization valves supplement the 3 Pressurizer safety
valves and provide a safe and reliable Reactor Coolant System (RCS) depressurization. These
redundancy and diversification assure high probability of successful operation.

Practical elimination of steam explosion

Steam explosion is a potentially destructive reaction between the molten corium and water. The design is
that for in vessel steam explosion, there will be no risk of containment failure, i.e. the reaction is
confined with the RPV. To avoid steam explosion outside the reactor vessel, the EPR™ design
provisions ensure dry reactor pit and corium spreading area prior to corium flooding, thus there will be
no water in the reactor pit at that time when the reactor pressure vessel fails.

Pressurizer
safety valves

Dedicated severe accident
depressurization valves

(2 x 2 valves) A
FIGURE 4.7.25. Depressurization system to prevent high-pressure core melt sequences
Practical elimination of H, detonation

H, detonation results from the oxidation of Zr fuel cladding at high temperature. The amount of
hydrogen that can be produced from the total oxidation of Zr fuel cladding is 1684 kg H,, which is equal
to a concentration of >20%. The global detonation can be avoided as long as the average global H,
concentration within containment is less than 10% by volume. In order to do this, the EPR™ is equipped
with passive device which allows mixing and good spreading of diffusion of hydrogen into the whole
volume of containment. lllustrations were provided on hydrogen mixing dampers installed at the wall
between IRWST and annular rooms, and ‘open’ compartments within the large volume of containment
(80,000 m®). Also, there is no automatic early containment spray to avoid steam condensation.

In addition, the reactor is fitted with Passive Autocatalytic Recombiners (PARs) so that the H,
concentration remains low and detonation of fast deflagration is not possible. The calculation shows that
the maximum global containment pressure in the most limiting scenarios with H, deflagration is 4.1 to
6.3 bars abs (containment integrity is up to 6.5 bar abs).
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FIGURE 4.7.27. Analysis of H, combustion. Acceleration in the SG tower: left 0.13 s and right 0.18 s
after ignition. In the dome, deceleration with low impact on the containment shell.
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Mr Lignini briefly mentioned the sequences of the core melt retention. Should the RPV fails, the strategy is
to prevent corium-basemat interaction to avoid significant releases and durable contamination of sub-soil and
underground water. The corium would accumulate and be temporarily retained in the reactor pit. Metal gate
and sacrificial concrete in the reactor pit would be consumed thus delaying the pouring of corium into the
core catcher spreading area or core catcher. Once spread in the in the core catcher, the spreading area would
be flooded and cooled by the IRWST water. All these stages (retention, spreading, flooding, cooling) are
fully passive.

Mr Lignini (AREVA) explained that the spreading area is located away from the reactor pit in order to
prevent potential damage to the spreading area resulting from the failure of the RPV. When the RPV fails,
the corium is going to accumulate in the reactor pit, with the target to facility spreading in one event and to
lower corium temperature and viscosity (sacrificial concrete). After the sacrificial material is consumed, the
spreading may occur. AREVA has performed corium spreading tests at the French CEA VULCANO to
validate this sequence using oxide fuel mixed with cladding material. The flooding and cooling is going to be
passive, i.e. when the corium arrives at the spreading area, some fuse will melt which then triggers the
opening of valves which allows overflow of water by gravity from the IRSWT. The water will first start to
circulate underneath the spreading area, and after about 5 minutes, the level will increase and the water will
start to pour from the top onto the corium. Thus cooling is achieved from the bottom and the side. At the
equilibrium water level, cooling is established also for debris potentially remaining within the transfer
channel and lower pit. Formation of a saturated water pool in the spreading compartment would take place
with steam release into the containment. With these sequences, the EPR™ can have at least a grace period of
12 hours prior.
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Reactor pit

FIGURE 4.7.28. Core melt retention

For a long term stabilization of core melt, following a grace period of 12 hours the Containment Heat
Removal System (CHRS) will be initiated. The CHRS can operate as a spray mode or an active mode to
limit the pressure inside the containment hence there is no need for filtered venting. This has been accepted
by several regulatory bodies though some other regulators may still impose on the use of filtered venting.
Note that possible switch between passive and active core catcher cooling is not required as the formation of
a sub-cooled water pool above the melt avoids the need for further containment spraying after some days
(atmospheric pressure is reached). Effective cooling process would be achieved due to large surface-to-
volume ratio of the melt, without interaction between met and structural concrete. Therefore, a stable state of
the melt is reached within hours and total solidification of corium is reached within days.
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FIGURE 4.7.29. Melt cooling and containment heat removal system for long term phase, beyond 12 hours
grace period

Besides, for the safety, there is double wall containment which is composed of outer wall and inner wall. The
outer wall is a reinforced concrete shell, resistant to external hazards, while the inner wall is a pre-stressed
concrete shell with a steel liner. The design leak-rate at the design pressure for a 24-hour period is less than
0.5% by volume at 5.5 bar. All leakages at the level of penetration are collected in the annulus and a
reduction of radioactive aerosols is achieved by filtration prior to the release via the stack.

Mr Lignini considered that from reviewing the publicly available information (e.g. regulatory bodies who
have licensed the EPR™ reactor or which are about to deliver Design Certification) an INPRO assessor may
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conclude that the acceptance limits for indicators IN1.4.2 (Criterion ‘Processes’) and IN1.4.3 (Criterion
‘Accident Management’) are met.

4.7.2.9. CR 3.1.1 Occupational Dose

Mr Lignini (AREVA) focused on aspects as pointed out in the INPRO Methodology to achieve reduced
occupational dose, which are through minimization of source terms, layout features and maintenance friendly
design.

- Dose targets for the EPR™ reactor

The collective dose target of the design is 0.5 man-Sv per year averaged over plant life. Other targets are

covered and demonstrated in the safety analysis report:

- Dose limit to occupationally exposed persons is 20 mSv per/ effective dose for normal operations.
The design is aimed to meet ALARA principles, i.e. individual dose restraint of 5 mSv per year.

- Dose limit for the public is 1 mSv per year effective dose in the vicinity of the power plant

- Dose rate limit for areas outside of the radiation controlled areas: All radioactive systems and
components are contained in a controlled area: external dose rate <2.5 uSv/h (inside buildings) and
external dose rate <1 uSv/h (outside walls; owner protected area).

- Local neutron dose rate is < 2.5 uSv/h (reactor building)

The graph below describes how the design targets were established, showing the effective dose measured
in some PWRs in various countries. AREVA may have different targets depending on the projects and
national circumstances.
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FIGURE 4.7.20. Collective dose evolution feedback on PWR
- Layout features adopted for the EPR™ reactor

The table below provides the evolution of the layout of reactor starting from the first generation of PWR
as a good practical measure resulting from operating experience.
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TABLE 4.7.3. Improvements of Building Design

Plant
Group,
1300 MW

Building

- separated

= HP cooler

paths

transducer
compartment

separated from
recuperative heat
exchanger

- High-radicactive

- Medium-radicactive

- Separation of

tanks/vessels set up
separately (¢.g. lon-
exchanger)

1¥ Generation 2™ Generation Pre-Konvoi EPR / Konvoi / N4
- SG separated from - separation of hot « residual heat - tanks/vessels
RCP motor leg of loop from coid removal pumps usually set
- loop valve leg separated from separately (e.g
compartment valves liquid waste,
= loop-specific coolant) (Konvoi
stairwel! and EPR)
- separated access - shieided safety

- improved shielding

- additonal pipe

injection pump

for HP cooler,
recuperative heat
exchangers, fuel
pool and residual
heat removal
pumps (accessibidity
after accidents)

ducts

tanks/vessels set up
in pairs (e.g. coolant
tanks)

medium low-level
waste

= COMMON access 1o

tank rooms

- separate access for

high radiation tanks
(shield brick
openings

- mostly ladders for intemnal stairs

- fixed installed

platforms at SGs
and loops

- avoidance of

shielding block
openings
(labyrinths, shield
doors)

= increase of

inspection platforms
in the auxibary
building

-~ Separate access

- no shieid block

paths of many
levels
(avoidance of
ladders)

walls

- widened transport
and construction
routes

- stationary platforms
in the auxiliary
building (large
tanks/vessels)

Examples of source term reduction for the EPR™ reactor

Mr Lignini mentioned quality material and limitation of impurities as two examples, both of which had
already been discussed earlier. He added another example, i.e. a reduction of Stellite™, which is a
hardened material that may generate activation of cobalt. With the corrosion phenomena, the corrosion
product may spread into the RCS and generate dose. The EPR™ reactor has achieved the minimization
of Stellite™ compared to the French P4 by a factor of 2, hence reduction of the cobalt content which
leads to the reduction of staff radiation exposure. However, it was noted that the amount of Stellite™ in
German KONVOI is already very low, less than that of the EPR™. Mr Lignini indicated that EPR™ is a
compromise between French and German reactors, keeping in mind that some internal configurations
from the French reactors are much higher in terms of the amount of Stellite™.

TABLE 4.7.4. Amount of Stellite™ in EPR™ compared to French P4 and German KONVOI

STELLITE™ SURFACES (m?)
KONVOI — Co-60 Model (inpuf]
COMPONENT P4 EPR™ SIEMENS EPR™ basic
Design)

CRDMs 1.8 2.03 1.22-16
Rpﬁr::ﬁ;afnl:':ignm 0.56 0.49 0.02 - 0.06
Main Coolant Pumps 25 14 0/03-0
Valves 2.4 0.03 0.56 — 0.97

TOTAL 7.3 3.95 18/2.1-26

Some aspects of operation and maintenance for the EPR™ reactor

The EPR™ boasts short outages for high availability. The reduction of outage duration owes to the
preventive maintenance on safety trains (4x100% safety trains), a large set-down area to prepare outage
work, and fast cool-down of the core. The outage time for normal refuelling outage would be about 16
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days, refuelling only outage without maintenance would be about 11 days and the ten-year outage would
be about 40 days for many periodic tests.

The high reliability of the equipment is due to proven evolutionary components based on hundreds of
years of reactor operations, hence improved reliability. The unscheduled unavailability rate is lower than
5 days / year (3 days / year for NI) is 1.4%/RY. The design has the capability to cope with various grid
failure situations and loss of equipment without reactor trip, with <1 unplanned reactor trip/year. The
high reliability of equipment given the robustness of the design would allow high availability of 92%+.

In order to achieve short outages, fuel unloading could start early (end of 3" day) because of the very
fast cool down from hot shutdown to cold shutdown, no oxygenation phase of the primary circuit, and
adequate size of the Fuel Pool Cooling System (FPCS). It could also perform early and limited
maintenance on the safety trains by provisions of maintenance works during power operation,
maintenance of one safety train during fuel unloading and simultaneous maintenance of two safety trains
during SG inspection and control as soon as the core is unloaded. Besides, the design of the SG has been
improved to facilitate and to shorten the time needed for inspection. Furthermore, regarding the restart
system, it is possible for a fast start up from vessel closing to grid connection in particular by having
periodical tests which can be performed by being not on the critical path and the use of the aeroball
systems allows quick flux mapping.

Regarding the improvements of the building design, there is the four-train concept for preventive
maintenance during operation with easier maintainability and higher availability. Also there is optimized
layout with clear geographical separation between divisions and large set down areas to facilitate
maintenance operation in the reactor building. It was noted that from the beginning of the design phase,
maintenance was taken into account, in particular the need for area where the equipment can be
deposited after being dismantled for maintenance and also there are some handling devices which are
being incorporated and which are fixed in order to facilitate dismantling and handling of the equipment
which have to be maintained.

The reactor building is partly accessible during power operation, which allows operator to remove
preparatory and maintenance activities from the critical path, i.e. 7 days before the outage and 3 days
after the start up. The main activities can be in the critical path, for examples, requalification of the polar
crane, maintenance and requalification of the handling equipment of the vessel head and the internal
structures of the reactor pressure vessel, tests of the refuelling machine, and leak tightness tests on some
containment penetrations (service compressed air, demineralized water, and primary waste systems). All
these contribute to reduce the duration of the outrages because these activities should be conducted
during power operation.

The redundancy of Level 4 in safety system allows preventive maintenance of safety systems and
operational systems during operation, for example:

- Component Cooling Water System and Essential Service Water System — scheduled so as to
concurrently perform maintenance of the safety system associated trains (SIS, CHRS, etc)

- Electrical systems — performed concurrently during preventive maintenance of the safety system
associated train (partially)

- Batteries

- Main feedwater pumps (4 x 33% motor-driven pumps)

- Start-up and Shutdown System pump

- Containment Heat Removal System

Improvements of the system and component design of the EPR™ reactor in comparison with the French
N4 and German KONVOI are given below.
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TABLE 4.7.5. Essential improvements of system and component design of the EPR™ reactor

Plant Group,
1300 MW

1% Generation 2™ Generation Pre-Konvoi EPR / Konvoi / N4

Ease of maintenance and operation

- remowvable shaft for changing gaskets on reactor coolant pumps
S}fS[Eme - machines for changing fitters (gradually improved)

COI’T‘IF}DH ents | - canned moter pumps for some systems

- mechanical seals as exchangeable integral unit

- sufficient number of mamways of adequate size (esp.: 5Gs)

- elimination of - considerable
welds to be reduction of welds
inspected (e.g. SG (RCL, 5G)

cone, pressurzer)

- thermal mat - thermmal insulafion in cassette form in area of weld which can be

imsulation with assembled and disassembled quickly (quick actuating closura)

shesat metal covers (initially soft design with metal foil; later hard design with sheet metal)

with screw

connector

- gradual improvement of auwxiliary - if possible
extensions for pumps and valves permanent lifting for

exchanging pumps
and vahles

Improved possibilities of decontamination

- setdown area for - in part, - permanently
mabile equipment permanently installed equipment
in containment installed supply for RCP
{esp. for RCP) lines decontamination

- connections to the and permanenthy
tanks of the installed auxiliary
auxliary building equipment (Konwvaoi

and EPR)

permanenthy
installed
decontamination
system for
components in the
auxiliary building
and waste building

(waste building EFPR

and M4}

To achieve low collective dose, the design is optimized for radiation protection with personnel exposure
target < 0.5 man Sv/year:

Components

- Low frequency and small effort for maintenance work

- Equipped with quickly removable and reusable thermal insulation

Selection of material

- Activated corrosion products are kept low

- Reduction of cobalt base alloys to a minimum

Component layout and accessibility

- Easily testable regarding operability

- Easily replaceable, if necessary

Maintenance and In-Service inspection

- Tanks, vessels, and heat exchangers are designed to avoid radioactive deposits or at least enable
easy removal

- Adequate access and space provided for inspection and maintenance of components

- Remotely controlled in-service inspection for primary components

- Hot/cold separation of rooms and access ways

205



> Cassette type insulation : SS boxes
filled with mineral wool or SS foils

» Quick removable sections at inspection
locations

» High performance insulation material at
specific locations

» Mattress type insulation for smaller
pipes

FIGURE 4.7.21. Insulation of equipment — which can be easily removed and reused

FIGURE 4.7.22. Example of main coolant line (MCL) without antiwhip supports

Mr Lignini indicated the design does not use the antiwhip supports allowing better access for inspection,
i.e. less congestion, no gap measurement/follow and no risk of thermal interference. This is already
accepted by regulators in UK and France, but not in Finland at least for Olkiluoto 3 though shall be
applicable for future EPRs in Finland.

On occupational dose, AREVA looks not only into the normal operation but also accident conditions.

Under accident conditions, the general tasks of radiation protection are to support post-accident

management, make possible the repair of failed components, and provide accessibility to radioactivity

sampling points (information gathering). The scope of investigation includes:

- Fuel building - compartments of post-accident atmosphere sampling system (location of sampling
box)

- Fuel building — compartments samplers of aerosol and iodine radioactivity

- Nuclear auxiliary building — laboratory

- Safeguard building 1 to 4 - residual heat removal system compartments

- Safeguard building 1/4 - containment heat removal system compartments (CHRS)

- Safeguard building 2/3 - main control room
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The individual effective dose for post-accident interventions is <50 mSv. For practical reasons the
following design criteria are defined: maximum dose rate for local operations 1 mSv/h and maximum
dose rate for routes 10 mSv/h. Individual dose for access to and from a local plant area <1 mSv of
external radiation. For sampling, a maximum collective dose is less than 10 mSv with first sampling not
earlier than 24 hours after reactor scram. Repair of pumps is done not earlier than 30 days after start of
accident, and the maximum dose rate in the vicinity of a failed pump 0.5 mSv/h.

CHRS pump

Suction valve

A
1)/ 2o ,

: Minimum wall thickness
Wall opening for
dose rgtee mgnitor Local operating (1) based on room classes: 30 cm concrete
introduction area (2) based on post severe accident requirements: 110 cm

(3) wall chase: additional 3 cm steel plate

FIGURE 4.7.23. Containment Heat Removal System (CHRS) shielding

Estimate of collective dose for the EPR™ reactor

Mr Lignini took Olkiluoto-3 as an example. The following doses were estimated for the reactor building:
- Outage with refueling only 90 man-mSv
- QOutage with partial maintenance 405 man-mSv
- Outage with extended maintenance 745 man-mSv

Taking an expected succession of outage types, the mean value per EPR is 280 man-mSv (12 months
sequence) or 235 man-mSv (24 months sequence). The dose contribution from other NI buildings: 100
man-mSyv, and the dose contribution due to activities during normal operation is 30 man-mSv. The
collctive dose that can be achieved in EPR reactor, for the Finnish Olkiluoto is 0.41 man-Sv/year based
on 12 months sequence, which is below the target. All estimates have been made at the end of the life
when the source terms and activation of the facility are the highest.
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TABLE 4.7.6. Main dose contributors inside reactor building

Collective Exposure Rate
Task Assessment (%)
(man.mSvly) o
1-Reactor 36 11 12 84 fDupéll:—:iErEé”‘i::;surE,RF'\-finternals&
2-SG&PZR 65.04 23.12 All tasks on SG incl. inspection
3'Logi5t 5945 2113 :I:—;nlng,demnlﬂmlnamn,lrsulahm
4-Elproce_Handl_Ventil 23.75 A4 | e e e
S-Valpl.lmp 83.94 29.84 All works for pumps and valves
6-Others 11.41 4.06 2;:;;::”5 supervisions, health
T7-INSPNDE 1.81 0.57 Tvl::—dE.é‘trLl_c!i'\-'EtEsting of welds,
examination of supports

GLOBAL 281.31 100.00

Basis: 12 months sequence

In conclusion, Mr Lignini (AREVA) considered that from reviewing the publicly available information (e.g.
regulatory bodies who have licensed the EPR™ reactor or which are about to deliver Design Certification),
an INPRO assessor may conclude that CR3.1.1 on ‘Occupational dose’ is met.

4.7.3. Availability of References

Mr Lignini indicated the availability of related EPR™ safety information on the US NRC, UK ONR (Office
for Nuclear Regulation) and France ANS websites. In the US NRC website, there are final safety analysis
report and also US NRC safety evaluation report which still includes open items. He expected design
certification by the end of 2014 or by the beginning of 2015.

4.7.4. Discussion

Questions

Answers

Mr Reyes (Chile) wanted further
explanation for the difference in the
construction time for the two examples
(Olkiluoto in Finland versus Taishan in
China).

Mr Lignini (AREVA) provided several examples. First,
pouring of first concrete in Finland (Olkiluoto) was done in 2
sessions as compared to just one session in China (Taishan) so it
was much faster in China. In Finland, he noted that AREVA as
the leader of the consortium was responsible for the overall
project although the civil work was contracted to a specific
company. There was difficulty with the composition of the
concrete leading to stopping of work to improve the process.
Another reason for the delay was the techniques for welding of
liner inside of container were not optimized. All lessons were
learned and integrated into constructing the Taishan reactor.

Ms Yang (China) asked if there is any
aircraft design basis standard for the
containment design; and whether there is
a standard for the design.

Mr Lignini (AREVA) explained that the outer containment is
capable to resisting to military aircraft and large commercial
aircraft. There is a standard but the information is confidential
for security reason, but Mr Lignini believed it is a big aircraft.

Mr Dulera (India) asked the factors
involved in reduction of fuel cost.

Mr Lignini (AREVA) explained that the main drivers for
reduction of fuel cost are increase of fuel burn-up and
implementation of heavy reflector inside the reactor vessel
which limits leakage neutron outside the reactor which improves
efficiency.

Mr Kupitz (Germany) asked the kind of
material used for heavy reflector to
improve neutron economy and to have
less embrittlement of the surrounding
pressure vessel

Mr Lignini (AREVA) indicated it is stainless steel
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Mr Koji (Japan) wanted to know about
pump trip given that EPR™ can operate
without shutting down the reactor with 3
pumps. But under normal operation, if
one pump trips, how to prevent reactor
from shutting down automatically due to
the low flow or high temperature signal.

Mr Lignini (AREVA) responded that he may seek the
appropriate information from the specialist.

Mr Grudev (Bulgaria) wanted to clarify
the statement given that for published
document, the requirement is reached,
whether for real non-published document,
the requirements are met.

Mr Lignini (AREVA) responded that most of the time the
information is owned by the client / utility and permission is
needed for transfer of the information. The SAR and topical
reports are posted publicly and can be accessed on the websites
of US NRC, UK ONR, etc. Mr Lignini emphasized that he was
not doing an assessment but simply provided insights and
examples and where to find information. He was confident that
potential assessor with such information can conclude that.

Mr Hj Khalid (Malaysia) wanted to
know the main contributor in the
reduction in waste

Mr Lignini (AREVA) explained that the main contributor is the
increase of fuel burn-up because this will generate less waste
regarding fuel cladding and also elements in fuel assemblies. It
is the most significant contribution for medium activated waste.

Mr Reitsma (IAEA) considered the 16
day outage is very short. Online
maintenance may be one of the reasons,
but perhaps there are other steps in the
design to achieve this.

Mr Lignini (AREVA) would discuss the question during
presentation on the occupational dose criteria, and the fact that
reduction in the occupational dose is relying on 3 factors, i.e.
reduction of source terms, layout provisions and maintenance
friendly features.

Mr Koshy (IAEA) indicated that while
addressing tsunami effect on flooding on-
site, the presenter mentioned up to 14 m
the design could withstand. He wanted to
know the onsite emergency diesel
generator, whether the air intake and the
exhaust are designed to be sealed from
the effect of any flooding so it can
withstand such a high level flooding on
site or how AREVA addressed that.

Mr Lignini (AREVA) explained the wave was 14 m high, but
effectively on the platform the water was only 4 m and this was
considered in the analysis. Effectively the air intake in the
emergency diesel generator building is higher; the bottom part
of air intake is around 7 m high, so above 4 m on the platform.

Mr  Korinny (IAEA) asked the
availability of analysis and calculations to
avoid criticality in case the debris
following a core melting would block the
pipe between the reactor compartment
and the spreading area potentially causing
criticality.

Mr Lignini (AREVA) believed there were calculations
performed in the spreading area regarding the accumulation in
reactor pit and transfer to the channel in the spreading area. In
order to limit risk of criticality, the sacrificial material at the
bottom of reactor pit includes some neutronic poison. There
were some experiments conducted at AREVA and other testing
facilities to demonstrate that once in contact with molten corium
there is good diffusion of the sacrificial material in order to limit
the risk of criticality.

Mr Koshy (IAEA) asked clarification for
the two scenarios. First, when heading for
severe accident, feeding is stopped
feeding to reduce the possibility for H,
production. Secondly, after temperature is
progressing toward the worst scenario, it
is very likely that the cladding melts first
and comes down because fuel melt
temperature is higher than that of
cladding. So zirconium will be coming
down in liquid form further down. As it
spreads into the spreading area, there is
fuseable link to provide extra cooling. So

Mr Lignini (AREVA) explained that for the second scenario,
there is a metallic plug underneath the reactor pit which ensures
that spreading is not taking place immediately. In fact, there is
going to be mixing inside the reactor pit, so that it is not just
zirconium that is going to flow first into the spreading area. He
was not sure but believed there was a simulation conducted
relying on experimental data to show that all H, that could
possibility be generated from reaction of zirconium with water
has already been generated. He believed the issue was sorted
out.

One has to take into account that in the spreading area, cooling
starts from the bottom, i.e. dry cooling, then after 5 minutes
there is water overspreading ensuring cooling from the top.
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this means the melted zirconium will get
a supply of water which again will cause
explosion.

Mr Koshy (IAEA) recalled the scaled
down experiments that were conducted
using the actual material to see that the
melt down begins with zirconium which
has the lowest melting point. If the
experiments were done with fuel material
and zirconium, then the behaviour in the
scaled down version can be seen. So he
wanted to confirm whether the tests were
done with actual material or compatible
material.

Mr Lignini (AREVA) confirmed
performed with the actual material.

the experiment was

Mr Tjahjono (Indonesia) asked about
the material used for sacrificial material
for core melting.

Mr Lignini (AREVA) could provide the answer separately,
after the meeting.

Mr Reitsma (IAEA) pointed that in
standard design evaluation filtered
venting for containment is not needed,
however, for the most severe case he
wanted to know the overpressure as a
function of time (day or week) in the
containment.

Mr Lignini (AREVA) was not sure about the figures but the
pressure should rise to ~5 bar after one day. Afterward, the
pressure inside the containment will drop quite fast, and in the
midterm it will stabilize at ~2-3 bar and slightly decreases over
time. More detail information can be provided later on, or one
can check on the publicly available website. When conducting
the stress test, the design pressure for the containment is 6.5 bar

abs, which was already verified and demonstrated. In fact there
is some margin, and the containment could maintain its integrity
up to a pressure between 10-11 bar.

5. FEEDBACK ON INPRO METHODOLOGY

Mr Kupitz (Chairman) requested vendors following presentations and during the afternoon discussion to
provide feedbacks on the INPRO Methodology. At some point, he noted that the INPRO methodology was
developed unfortunately without major involvement of the designers. The feedback provided in the Dialogue
Forum will be taken into account since the methodology is under the revision. But vendors may have other
areas and points for involvement in the future revision. The feedback is summarized as follows.

Mr Fujii (Mitsubishi) considered some INPRO questions require very detailed information including for
manufacturing. Design of a NPP is done in a stepwise manner, from the conceptual, fundamental, detail and
manufacturing design. When MHI obtains the design certification, not all components are fixed. From the
business point of view, information like cost and impact to the environment also cannot be made available
because of business competition. He also pointed out that without accumulation of operational data or
history, MHI cannot estimate criterion such as probability of reliability. For example, the RV manufacturing
method has been improved but to show the evidence how numerically the reliability has been improved is
impossible. Maybe it can be done 30 years from now. But smaller number of welding seams increases the
reliability but it cannot be shown numerically. Mr Fujii also noted that INPRO Methodology asks for the best
design and many (INPRO) questions ask vendors to do what vendors will do for a particular NES. The fact is
vendors prepare a variety of designs as requested by the utility company, which will be decided after the
contract specifications are fixed, e.g. radioactive waste management or fuel cycle downstream policy which
is decided mainly by the government. Vendor will design according to the request by the user’s state /
government. Also electric power companies like in the US and Japan have their own culture about the
design.

Mr Bykov (Rosatom) questioned on the philosophy of assessment concerning DID, and the UR needs detail
definition. He had the opinion there is a mixing of assessment principles because of mixing of functions in
different levels. Mr Drace (IAEA) responded that this will be addressed in the revision of the INPRO
manual, with more detailed guidance for the assessment. Mr Korinny (IAEA) added that the UR1.1

210



discusses the first level DID for normal operation, and indicated the manual will be revised and updated for
clear wording.

Mr Bykov (Rosatom) also pointed out that EP 1.1.1.2 Simplicity of design (e.g. reduced number of
components of the reactor system or reduced number of active components) is not suitable for evolutionary
projects on the basis of active systems because the main principle of improving the reliability and protection
against common failure is redundancy and diversity. He also commented that if the criterion EP 1.1.1.5 is
related to the conditions of normal operation, to DID Level 1 or 2, then this option should not be considered
in the particular UR. This option should be applied to DID Level 3 (DBA) as a basic requirement and as
recommendation for Level 4 (BDBA). He added the necessity to discuss additional EP “Diversification” for
fulfilment of safety functions evaluation assessment.

Mr Kolchinsky (Rosatom) stated that CR1.6.1 should be simplified. The INPRO methodology should be
made more user friendly. Mr Zhou (China) suggested a list of specific design parameters be included in the
revised version of the INPRO safety manual considering many similar design parameters such as for design
margins and simplicity were presented by vendors. This would allow Member States to compare the design
margins with the reference design. INPRO proposed that the revised version of INPRO safety manual would
be distributed to the vendors to obtain critical comments and necessary design parameters.

Mr Beard (GE Hitachi NE Intl.) brought up question on chasing safety versus optimizing design, safety
versus cost and issue on margins, i.e. chasing margin versus return on investment or return on increasing
margin, and how these could be facilitated by INPRO (in the methodology). The INPRO criteria selected for
the ESBWR presentation, according to Mr Miller (GE Hitachi NE Intl) are very valid because the criteria
highlight the safety and operational features of the design.

Mr Seo (KEPCO-E&C) responded that there are not really significant inconsistencies among the criteria.
But acceptance limit for each criterion is sometimes ‘better than the reference plant” or “equal or higher than
the reference plant’. All reactor designs discussed in the forum are advanced, so by definition they are the
better designs than the reference plants. In other words, without going through the details reference plants or
assessment, vendors can claim the advanced designs are better. So, it is how comparing the advanced design
with the reference design, which is the problem with the methodology. When looking through all the criteria,
Korean advanced design is definitely better than the reference plants. Otherwise, the advanced design is done
wrongly. Mr Phillips (IAEA) pointed out the case with no reference plant, i.e. a first-of-a-kind (FOAK). But
for large commercial NPPs, he doubted the applicability of the methodology. Additional comment is the fact
that every vendor participating in the forum selected safety area, and not the other two areas: environment
and waste management. This is because safety has a lot of technical issues, and not for the other two areas
from vendors’ perspective. However, when talking about safety, the commercial NPPs must meet active or
current regulatory requirements as the basis. Beyond that, maybe vendor can design beyond what is required
by the regulator as option, but the minimum is meeting the licensing requirements. All reference designs and
advanced designs meet licensing requirements; the only difference is by some advanced novel features. So
safety area may not be a good topic for INPRO Methodology. Mr Phillips (IAEA), however, noted that it is
logically impossible to explain to the community why safety is not a proper topic of sustainability.

Mr Lee (Candu Energy Inc.) pointed out that BP1 places more emphasis on preventative rather than on
corrective or mitigative barriers for DID. Lessons learned from Fukushima show more emphasis is needed
on corrective or mitigative barriers than has been previously considered. INPRO assessment criteria should
also be updated to reflect IAEA Fukushima Action Plan, i.e. to include severe accident management,
monitoring and emergency mitigating equipment. Mr Lee noted the assessment did not consider the
capabilities and availability of operators and emergency response personnel to perform mitigative actions
during severe accidents — and this should be jointly done by reactor vendor and operator. Some general
observations about INPRO assessment methodology are as follows.

- Lessons learned from Fukushima Dai-ichi nuclear accident have an impact on many parts of the INPRO
assessment methodology. This includes impact to the public and disruption in social life. INPRO
assessment areas for economics, infrastructure, waste management, physical protection, environment and
safety should be reviewed to account for the Fukushima lessons learned and the IAEA Fukushima Action
Plan.

- INPRO assessment criteria have not accounted for cyber security, which affects infrastructure,
proliferation resistance, physical protection and safety areas. In particular on cyber security, although
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covered to some extent in INPRO Physical Protection area, he stressed the fact that digital 1&C in
modern power reactors means the use of digital measurement devices, e.g. transmitter, flow
measurement. Conventional heating, AC and ventilation system utilize digital control. So additional new
modes that can initiate plant transients in the context of safety resulting from erroneous maintenance on
digital control or malicious software, should be taken into account.

- The methodology needs to factor in the economic consideration of ALARA in the safety area when
looking at reduction of releases and doses because there is a practical limit of what can be achieved
during normal plant operation.

Mr Lignini (AREVA) indicated that even if UR1.1 ‘Robustness’ relates to Level 1 of DID, ‘Robustness
against External Hazards’ was treated as well in the presentation since it was considered not obviously
identified in the INPRO assessment methodology. He proposed robustness against external hazards to
supplement and improve the INPRO methodology. Mr Phillips (IAEA) responded that in the revision
process of the methodology, one of the major drives is to take into account lessons learned the Fukushima.
The part of external hazards is actually covered in the methodology but perhaps it is not clear enough. It is
based on BDBA, so technically external hazards should be included. It will be made clearer in the
description of the revision text.

6. QUESTIONS AND ANSWERS

The section contains questions and answers to promote further interactions among Dialogue Forum
participants: panel of reactor designers, Member States and the IAEA, by addressing both oral and written

guestions prepared by participants to further clarify issues.

Questions

ANsSwers

Mr Grudev (Bulgaria) noted
that when discussing safety, all
vendors already discussed the
two digits. One of which is CDF
in which every design meets the
agency (INPRO) and national
requirements. It would be
interesting to have a table of
comparison because safety is
what vendors are promising, i.e.
quality not to have core damage
higher than CDF, not to have
huge release to the environment.
The third and fourth digits is
about the price, important for
country / company as operator to
take decision, i.e. how to achieve
safety and how cheap. This is the

first to be solved in the
methodology. There are many
other criteria that decision

makers could found or have
some impact. But the above
mentioned are the 4 important
digits.

Mr Beard (GE Hitachi NE Intl.) agreed with previous statement from
Mr Seo (KEPCO-E&C) that vendors are trying to optimize design
features, not chase safety above everything else. So in criteria there
should be recognition that sometimes decreases in margin might be
acceptable as long as meeting recognized regulation standards for a
number of reasons. For example, every utility in the US up until a year
ago was pushing for extended fuel cycle because it makes more
economic sense. Given the natural gas resource now, these utilities are
discovering that purchase of replacement power is much cheaper. They
have done study, one of which showed that a 12-month fuel cycle with a
slightly better fuel utilization is more cost effective for the utility. So it is
a game changer, a totally different way of thinking. So vendors make
optimization on enrichment rate, burn-up, fuel utilization, etc. So there
is a need of acknowledgement that sometimes even the design is not
good or better than the existing plant, but as long as satisfying the
regulatory requirements, that ought to be acceptable.

Mr Kolchinsky (Rosatom) indicated that the methodology does not
define ‘depend on evidence to meet criteria’. In some cases, it is possible
to say only yes or no, i.e. CR is met. Meanwhile in other cases, the
evidence needs lots of documentation, research and experience. So the
methodology does not define ‘depends on evidence’ and this should be
taken into consideration.

Mr Bykov (Rosatom) also agreed with Korean and US vendors, and
added that it is necessary to make very detail analysis of the all criteria
from the point of view of contradictory among CR and EPs. For
example, redundancy in contradiction with simplicity, also there is no
diversity analysis. Also situation with basic project, designer looks at
normal operation margins, transient or safety margin, find the project is
not optimized because of the large difference for example between
normal operation conditions and some operational margins. It is possible
to increase power to improve economics of NPPs, to reduce cost of
electricity, and slightly reduce the rate between the operational
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parameters and margins. This will go on, e.g. reduce margins but it is not
reasonable from economical point of view.

Mr Reyes (Chile) noted that one
of the most important things is
cost. The concept of overnight
cost gives an idea of the cost of
NPP. But the overnight cost does
not depend on interest rate and
others. He suggested to start the
concept of redundancy according
to the basic design, e.g.
redundancy with 2 or 3 loops,
maybe the concept will be built
and the cost will be 0.3 times; to
give an idea, that is, the
redundancy and improvement of
technology according to the cost.

Mr Beard (GE Hitachi NE Intl.) hesitated to give the overnight capital
cost, because of the significance influences that need to be discussed,
e.g. local labour, local commodity cost, and localization requirement.
Secondly on redundancy, when GE Hitachi NE Intl. made an
optimization for ABWR which has to go with 3 times 100%, the reason
to do that was that by adding another train, there is only 5% reduction of
CDF yet at a cost of about $100 billion. That is an example of chasing
redundancy providing very little additional benefit.

Mr Bykov (Rosatom) commented that some authority requires not only
redundancy but also diversity, like Finnish authority. So it is not possible
to achieve simplicity in this condition. Mr Seo (KEPCO-E&C) added
the fact that Finland is willing to pay.

Mr Susyadi (NPTDS)
commented on the safety manual
of the INPRO methodology for a
NESA. For technology user
country, his impression was that
it seemed since vendors use own
reference plant, and the fact
vendor for Korea mentioned, the
advanced design is definitely
better than the previously
designed reactor. He wanted to
stress two things. The safety
cheaper, the best assessors are
the vendors. Vendors make the
assessment and publish it. If
done, INPRO Methodology is
more of a structure way to sell
their reactor. So it is not
beneficial for newcomer country
trying to look at their energy
system  sustainability, e.g.
comparing safety aspect of later
design with existing reactor. The
question was the relationship
with sustainability, whether the
reactor has longer sustainability
because of the better design or
we want to have deeper answer /
explanation.

Another thing is technology user
countries want to know from the
different reactors, which one is
the best. But the IAEA has
already had other guidelines, i.e.
technology assessment.  This
INPRO methodology provides
more technical and quantitative,
which is still useful. But when
looking at the vendors compare
only with their own reference

Mr Phillips (IAEA) responded that to understand how INPRO ends up
with the methodology has to do how any project within the agency is
done. Experts gathered from MSs in experts consultancy meeting, within
the given situation and political nature of the agency. For example,
technology selection. If one reads the technical document, it is
completely contrary to how the work is done at the agency for obvious
reason.

The presentations have a lot of information and detail how the particular
vendors through technical means meet the objective in a clear way. How
member states to use that approach that in their own time, not published
under the agency heading, also if how MSs want to use technology
selection.

But when we talk about assessing technology for sustainability, the only
thing that INPRO can recommend from INPRO political position is MSs
compare against the lineage of that technology but that does not mean
the only thing MSs can do. INPRO expects MSs make the best
commercial decision MSs can make. He further noted that INPRO
Methodology has a long lineage, and all of these (philosophical) issues
have been repeatedly discussed. Eventually, just like to do safety
assessment to satisfy regulator, you need to show details why one can
make a statement. INPRO is showing that in order to make any kind real
technical statement on sustainability, there has to be a reason to make a
statement.

Mr Beard (GE Hitachi NE Intl.) would advise against the vendors
doing the assessment because it would end up like doing EUR / EPRI
assessment, where the assessment is done by vendors and then reviewed
by government body to accept that. He agreed with Mr Phillips (IAEA).
There are lots of data involved to point the MSs, and vendors certainly
cannot point if there is an interest. But the actual assessment should be
done by the country that is trying to do the assessment.

Mr Bykov (Rosatom) added that looking at the INPRO methodology as
a set of criteria, it is possible for each newcomer country to choose the
most important criteria for the local conditions and to carry out
assessment based on these criteria. He noted the same documents like
US URD, EUR utility requirements, but site documents can be produced
using these database. MSs can choose what to see in the new NPP

Mr Popov (Belarus) shared view from technology user point of view.
From the forum, it is seen no one can make better assessment other than
vendors. But the question is whether vendors are really interested in
doing the assessment. He had the impression that it is not so much
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plant, then there is not much
benefit. Maybe later if vendors
produce their own assessment
using the structured INPRO
methodology, then user countries
can get much more benefit. But
as indicated, vendors do not
want to provide any information
without business deals, the
guestion remains how user
countries can get benefit from
the INPRO methodology.

interested because they have enough work to proof advantages of the
technology, e.g. SAR and documents presented to regulatory body.
Secondly, there is some contradiction between which users of
technology to get information as early as possible. Belarus did not have
enough background to get the information. This explains why in Belarus
report there is lack of information to make a good assessment.

Mr Reyes (Chile) asked if the
enhanced designs of the reactors
from all the vendors improved
by reducing the amount of
nuclear waste produced.

Mr Fujii (Mitsubishi) replied saying that each designer can provide
information about waste reduction depending on the infrastructure of the
country in which the NPP is situated.

Mr Beard (GE Hitachi NE Intl.) adds that it also depends on the type
of waste (high, intermediate, low level) but there is a slight reduction in
most categories in the new design. Minimising maintenance minimises
low level waste. High level waste, primarily fuel, is decreased by
increasing fuel burn-up. New technologies are being tested and
developed continually to reduce waste.

Mr Seo (KEPCO E&C) also adds that reducing low or medium level
waste can be done by installing a verification instrument to reduce the
volume of solid wastes.

Mr Drace (INPRO) suggests that there are different types of waste so
there is no simple answer to this question.

Mr Tjahjono (Indonesia) asked
that in some criteria, one has to
compare the performance of
evolutionary reactors to a
reference plant according to the
evaluation  parameter  (EP)
considered. In many cases, the
analysis data for the EP for both
reactors are obtained from two
different sources with different
methods. In these areas, how one
can decide which reactor is
better than another. This is
because for the same input data
to be calculated using different
methods would provide different
results.

Mr Phillips (IAEA) explained that INPRO methodology is not designed
to do technology comparison outside the lineage of the technology. The
host state can look at the kind of questions and can use it as they want.
But as a matter of policy, INPRO does not engage in technology
comparison. On issue regarding comparison of results using different
methods, this has come up in several places in the INPRO methodology
in the past, and clarification that is always given is that one should try to
make the things being compared as similar as possible. For example, on
calculations and methods of calculation, when comparing dose to
environment or personnel that is based on conservative estimate should
not be compared to actual measurement from operation. It requires some
work to try to find comparable things to make useful comparison.

Mr Tjahjono (Indonesia) asked
concerning the reference plant to
be compared with the innovative
reactor, whether there are any
criteria  or methodology in
choosing the appropriate plant
for the comparison.

Mr Phillips (IAEA) stated that the recommendation in the INPRO
methodology is to pick the most recent installed operational technology
in that lineage, e.g. for AP1000 it would be PWR Sizewell B in the UK.
However, in the case of the comparisons done by GE Hitachi NE Intl.,
there are a number of plants in the similar part of the lineage so there
will have to be a judgment to make about which specific site is more
appropriate. From the INPRO methodology, one must try to pick the one
which is most recent or more comparable to what is being assessed. On
innovative technology, if there is a reactor that is not comparable to
anything, such as the ESBWR which is very different from the
predecessor technology and could be argued as an innovative re-design
rather than an evolution, then it is up to the assessor to make a technical
judgment about what similar technology it should be compared with.
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Based on the assessment done by the vendor on the ESBWR, the INPRO
criteria are sufficiently generic.

Mr Tjahjono (Indonesia) asked
concerning the acceptance limit
“superior to existing designs in
at least some of the aspects
discussed in the text”, whether
the aspects considered only
depend on the assessor. If that is
so, it could be rather subjective
because the assessor could
choose only some convenient
aspects and leave the remaining
inconvenient ones. He proposed
that INPRO methodology
determines also the aspects
which should be at least
considered in each evaluation
parameter.

Mr Korinny (INPRO) acknowledged the issue and indicated there have
been discussions on about which parameters should be obligatory and
which should be only recommendation. INPRO will take this
recommendation into account in the next version of the INPRO
methodology which is currently under development.

Ms Yang (China) asked that
since the INPRO assessment in
the area of safety is based on
IAEA safety standards, what the
exact relation is between them,
whether the IAEA standards are
necessary for the INPRO
assessment.

Mr Phillips (IAEA) answered that the IAEA safety standards are a
foundational element in the original development of the INPRO
methodology. It takes them into account. When we get a clearance on the
revision of the document or the new document, the IAEA Safety
Department clears on this document. INPRO assessment is not the same
as doing safety assessment directly under the standards but not in
contradiction. The assessor should be knowledgeable of the IAEA safety
standards because on several occasions there is a presumption that an
INPRO assessor in a particular area is a subject matter expert in that
area. A subject matter expert from a host state must be knowledgeable of
their own states regulation in that area and also of the international view
of regulation in that area, which are the IAEA safety standards.
Therefore, it is not a safety standards analysis or assessment. It is an
INPRO assessment but the subject matter expert is expected to be aware
of the IAEA safety standards.

Ms Yang (China) noted that the
INPRO assessment in the area of
safety is at the macro level, but
most of the assessment answers
are ‘Yes’ or ‘No’. So, she
wanted to know how it can be
made more available and reliable
for Member States. She later
added that if some detailed
information is provided then it
could be more helpful to the
Member States.

Mr Phillips (IAEA) explained that in many parts of the assessment
there is a comparison asking whether something is equal to or better and
occasionally there is a numeric value. In the case of equal to or better,
the logic is about incremental improvement in the lineage of technology
as an indicator of the direction of sustainability. In terms of the actual
underlying evidence, this is not just a yes or no question as in order to
answer one has to provide evidence of why it is ‘Yes’ or ‘No’ and this
involves technical information like seen in the presentations, making an
actual comparison of technical information necessary. In the case of
some of the target numbers, they are generally drawn either from the
IAEA safety standards drawn from some major regulatory systems so the
origins of the numbers (e.g. frequency) are not arbitrary. The detailed
information is for the assessor to provide as evidence in order to support
the answer.

Ms Yang (China) asked how to
assess the “practical elimination”
of the major release of
radioactivity.

Mr Korinny (IAEA) answered that the current version of the INPRO
methodology manual was drafted in 2006 when the authors had a rather
weak idea of what the “practical elimination” of the design and just put
requirement that the frequency of containment failure should be
significantly less than 10°. This is currently the only description of the
“practically eliminated by design”. Information has been accrued so in
the next version of the INPRO methodology more discussions will be
added on this issue, including information gathered in the Dialogue
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Forum from AREVA.

Mr Lignini (AREVA) responded that as a representative of the
industry’s nuclear safety standard committee he attended a meeting that
discussed the need to develop guidance about the assessment of
‘practical elimination’ because it is not covered by safety standards
currently. There is no detailed explanation or guidance on how to assess
whether something is effectively practically eliminated or not. It is
important not to base the decision only on probabilistic assessments but
to demonstrate effectively the probability of occurrence of a sequence
which is claimed as practically eliminated to be very low. Expert
judgement is needed to convince it because of the very low figures that
may be interpreted and arrive at reasons as one wants. In the medium
term the IAEA will provide a safety guidance / standard on ‘practical
elimination’.

Mr Ordabayer (Kazakhstan)
asked about the advantages and
disadvantages of SMRs of LWR
type which are under
construction and or planned,
with an electricity range: 600-

1000 MW. In particular, he
would like to know about
VVER-640.

Mr Phillips (IAEA) pointed out that the IAEA NTPDS has a project
area that follows the technical developments on SMRs and the
information is available on their website. INPRO has also had a dialogue
forum on SMRs so there is also information under INPRO. Since the
question is referred to a Russian product, he referred the question to
Rosatom. He suggested that since it is a commercial discussion as it is
about advantages and disadvantages, then it should be discussed directly
with the vendor.

Mr Kupitz (Chairman) added about a publication called “Design
features to achieve defence in depth in small and medium size reactors”
and there is also an advanced information system online in the Agency
called ARIS (Advanced Reactor Information System).

Mr Fujii (Mitsubishi) explained that based on his 30 years work
experience for electricity company, he had to choose the capacity of NPP
in Hokkaido. Because the electric company was not so large, the
maximum capacity of NPP must be decided according to the grid
capacity and economics. The index function to decide the capacity is
cost, because for a large capacity of power plant, there must be a standby
power plant during maintenance outage. For Hokkaido electric company,
for example, the capacity of 1 unit of NPP should be less than 50% of
the grid.

Mr Drace (IAEA) added that the topic of this Dialogue Forum was the
application of the INPRO methodology on the type of the reactors in
discussion with the reactor vendors who were willing to discuss their
design and the use of INPRO methodology. On the other hand when a
country is doing an INPRO NESA, regardless of whether it is a limited
or full scope NESA, they try to consider all different options which are
good for that particular country. So for Kazakhstan who is interested in
SMRys, it was suggested that if the country plans to do a NESA, then
they can look at the advantages and disadvantages of large reactors over
SMRs.

Mr Harper (IAEA) pointed out that the IAEA ARIS database contains
very detailed technical presentation of advanced and evolutionary
reactors. All 7 vendors that have presented during the Dialogue Forum
have given the IAEA their technical data which is available in the
website in pdf format and also as a part of the database. The database
was given to the IAEA, and then reviewed to remove bias or claims or
superfluous information, and the information was sent back to the
vendors for approval. So it is vetted and consistent across all the type of
reactors. Currently there are 40 different advanced reactors in the
database, so if one is looking to compare one system with another and
this system includes light water, heavy water, boiling water, pressurized
water reactors, SMRs, gas cooled reactors as well as fast reactors, then

216



ARIS is an excellent source of information. It is clear, consistent and
unbiased.

Mr  Zidi (Algeria) asked
Mitsubishi the tools for getting
the number of the core damage
frequency (CDF) and the large
release frequency (LRF).

Mr Fujii (Mitsubishi) replied that he did not have the information about
the names of fault tree and event analysis codes used but would send the
information on the behavior and probability analysis codes once
available.

Mr Zidi (Algeria) asked that for
a full assessment, how much
time will be needed and whether
participants have all the data. On
contacting vendor directly, he
later argued that it means the
country has already chosen the
technology since vendor is
already informed.

Mr Phillips (IAEA) indicated that in the opening presentation he had
shown the estimate for a simple full NESA as requiring about 2-3 total
man years for assessment in all areas but for a very simple system not
including fuel cycle. Collecting the data has a sensitive effect on how
long it takes. INPRO does not collect the data for assessors. INPRO has
a support package and there are other supports within the IAEA.
Assessors can also find information on their own.

Mr Kupitz (Chairman) noted the data needed for an INPRO
assessment are not the ARIS database fully. One needs to visit the
websites provided by vendors or contacted them directly.

Mr Phillips (IAEA) added that in several presentations there are listings
provided by vendors on how to collect data from internet directly e.g. US
NRC website (EPR, US-APWR), or from regulatory (EC6). For more,
the assessor needs to go to the sources including to speak with the
vendors.

Mr  Zidi (Algeria) asked
whether it is possible to have the
results of assessment by INPRO
methodology to AES-2006.

Mr Phillips (IAEA) responded that it was completed. There are a few
places missing but with the presentations done in the Dialogue Forum
plus Tecdoc 1716, the assessment is complete for AES-2006. It is site
specific to Belarus so one would have to consider site issues separately

Mr  Zidi (Algeria) asked
whether (Tecdoc 1575) Volume
8 fulfils all the requirements for
sustainability.

Mr Phillips (IAEA) replied no, saying that (Tecdoc 1575) Volume 8
considers only safety. One can have a reactor that is extremely safe and
is entirely unaffordable, and this is not sustainable. One has to look at all
the different areas. The areas are selected as what the MS experts feel are
the minimum set of issues that have to be addressed to answer the
question of sustainability.

Mr  Calabrese (Argentina)
wanted a concrete example of a
gap in the INPRO methodology
and ways to close it.

Mr Phillips (IAEA) informed that the INPRO methodology does not
address the question of what is the proper follow-up action or the way to
close a gap. How a MS chooses to do that is up to them. However the
Tecdoc 1716 has examples of gaps in the full scope NESA that Belarus
performed. He provided an example in the waste management which
requires an end point for each type of waste. At the moment the Yucca
Mountain project has been cancelled in the United States. This means
there is no end point for high level nuclear waste in the United States and
this is a gap. There are more detailed technical examples in the Tecdoc
on Belarus NESA.

Mr Calabrese (Argentina)
asked in which way an assessor
is qualified to assess the
robustness of a new design.

Mr Phillips (IAEA) noted it is a subject matter expertise. The success
and efficiency of picking the correct staff to perform a NESA is very
strongly dependent on the level of expertise of the assessor. Picking the
right person will be much less painful and picking the wrong person
means the assessment will probably never be achieved.

Mr Dulera (India) asked how
the generation of hydrogen
subsequent to a postulated
accident is addressed.

Mr Phillips (IAEA) indicated that in two particular UR 1.4 and 1.3,
under the heading of engineered safety features, it specifically describes
hydrogen igniters and combiners. He suggested one keyword searches in
the manual to find it.

Mr Dulera (India) asked that
with reference to the new design
of VVER, what is the basis of H,
recombiner design, i.e. how long
and how much H, can be

Mr Kolchinsky (Rosatom) explained that as for H, recombiners
installed in Tianwan NPP in China NPP from Framatome manufacturer,
and Rosatom continues work with the manufacturer. As for the capacity
of the catalytic recombiners, it is chosen for all possible generated
volume of H, in the core through the zirconium and steam reaction.
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absorbed. When the limit is
reached, he wanted to know
what happens.

Nothing will happen after the recombiner is not effective anymore
because there is no other source of hydrogen in the reactor building.

Mr Phillips (INPRO) added the catalyst is not passivated by the reaction;
it continues to act as long as there are hydrogen and oxygen. There have
been tests by the manufacturer to study the behavior.

Mr. Lignini (AREVA) commented on the number of recombiners that
have to be implemented inside the containment. One has to consider not
only the individual capacity of the recombiner but also its location and
the circulations inside the containment. Simulations have to be
performed in order to locate the recombiners. It is also important to
make sure that the recombiners are not going to be affected by the
sequence and phenomena which occur in the containment. So there is no
simple answer to the gquestion. One cannot simply divide the amount of
hydrogen produced by the individual capacity of the recombiner; one
must perform quite complex simulations.

Mr Dulera (India) asked how to
ensure the re-criticality does not
take place in the core catcher.

Mr Kolchinsky (Rosatom) answered that the internal material of the
core catcher has gadolinium for neutron absorbing and the internal
material also reacts with the damaged core as to dilute its fragments and
make it impossible for the fission process to take place.

Mr Dulera (India) asked
whether the vendors feel whether
full or partial assessments of
their designs done on the basis of
the INPRO methodology would
improve public acceptance of the
design.

Mr Phillips (IAEA) answered that from a vendor perspective, the first
constituency the vendor has to satisfy is the regulator and the utility. The
question of broader public acceptance and international acceptance is
really what IAEA standards and best practices cover. In a particular
country, speaking from personal experience and not as an IAEA staff,
the national regulation is the most important. From the point of view of
neighbors and regions, it is a larger question.

Mr Calabrese (Argentina)
asked about models used to
validate innovations in designs,
whether it would be necessary to
use some standard procedures
for these kinds of tests.

Mr Phillips (IAEA) commented that the question should be addressed
by regulators as they decide these things. There are probably variations
in what the standard procedures are. He was not aware of the details
except in few narrow cases in which there are standard procedures. The
only way to satisfy these questions is to follow the procedures of the
regulator. If vendor sells in multiple countries, then the vendor gets to
address multiple regulator procedures and methods. Mr Seo (KEPCO-
E&C expressed his agreement. It comes against the question of the
balance of international standards versus the sovereignty of the state, the
latter of which is typically dominant.

Mr Calabrese (Argentina)
asked about probabilistic safety
assessments for innovations in
design, that is, how it is possible
to determine failure probabilistic
for an original system.

Mr Miller (GE Hitachi NE Intl.) responded that looking at each feature
which is innovative in a way or another, one certainly try to understand
failure modes and mechanisms and usually those come down to physical
properties. If the system is truly passive, lots of the common failure
modes are removed. With probabilistic safety assessment, however, a
large portion of that has uncertainty.

Mr Fujii (Mitsubishi) explained it is very difficult to prepare such
reliability data. Therefore, designer wants to use the reliability data
having similar design. For example, if there design is improved, still
there might be similar existing design and in such case, designer uses
reliability valid data. This means even for innovative design, designers
must use original old data. This means result of PRA does not change to
good direction. That was done for the US-APWR, as already addressed
in the presentation. For example, the reactor vessel break probability of
10°° was decided and assumed more than 40 years ago, and ever since no
data has been obtained. Such way must be used for innovative design. So
innovative design can have more reliability but cannot be predicted.

Mr Lignini (AREVA) added the importance of level of confidence in
the data. It is important to stress that regarding reliability there is no
simple and absolute reliability. For example, on passive system and
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component, the IAEA has launched collaborative research project, and
within INPRO there was a collaborative project PGAP (Performance
Assessment of Passive Gaseous Provisions) aimed at defining the
reliability for passive system and also building a methodology to
evaluate this reliability. For passive systems, it was shown that the
effectiveness of the system really depends on the condition, mission and
transient to respond. There are a lot of parameters which are going to
evolve, like the roughness inside the pipe, which will influence the
behavior of the system. So there is not absolute reliability, but it is
impossible to whether for a particular transient, the system will perform
as requested or not. So, there is no simple answer to the topic.

Mr  Zidi (Algeria) asked
whether the INPRO
methodology has been
benchmarked  against  other

assessment methodologies.

Mr Phillips (IAEA) responded that in the first instance there would
have to be another methodology with the same objective. He did not
think that there is another methodology. In the past there have been some
misunderstandings, for instance, that the methodologies developed by
GIF are comparative when they are actually not. INPRO has had several
collaborative projects that have involved members from GIF and INPRO
and the GIF methodologies are much broader, not just asking on
sustainability problems. GIF does not try to ask the minimum number of
questions. They are much more generic in their approach. As an
example, in the area of proliferation resistance, the INPRO manual is
very short and the GIF methodology occupies an entire binder. So, to do
a benchmarking, there must be two comparable methodologies. INPRO
methodology is rather unique and for example, in the area of safety, it
was derived from the safety standards. It tries to develop a minimum set
of questions on the subject pertaining to sustainability only and not all
the questions of safety. Since it is derived from those sources, INPRO
hopes that it will help a country to discover their gaps and help in the
planning.

Mr Zidi (Algeria) asked ABWR
whether the feedback from
Fukushima accident has been
taken into account in the new
design, and if so what the main
improvements are.

Mr Yasuda (GE Hitachi NE Intl.) explained that mobile
countermeasures and backup building are added to protect mobile
equipment; there are also additional DC batteries and alternative AC
generators, and so on.

Mr Silva (Thailand) noted that
there are a number of criteria in
the area of safety in the INPRO
methodology. When gaps are
identified, the effort to fulfill one
gap may worsen another gap or
even create a new oOne.
Furthermore, it may create some
other gaps in other areas. He
wanted to know how the assessor
can prioritize the criteria
determined in INPRO
methodology, especially criteria
in different areas. In case of
multiple assessors, he asked how
to make sure that the
recommendations to fulfill a gap
will not create another gap.

Mr Phillips (IAEA) noted that the first question is basically deciding on
weighting of priorities. INPRO methodology intentionally avoids the
question of weighting and coming up with weighting functions to decide
priority. This was decided within consultancies and within the INPRO
group, that the structure of the manual would not consider weighting
between different parameters since the objective is not to make a
judgment call on what is more or less important in a given case. INPRO
shows the whole space of important issues that an answer, one way or
another, may have a significant impact on sustainability. When a country
performs a NESA and they obtain a complete gap map, then the country
has to decide the efficient way to balance these questions.

On the second question, it is possible to cause a problem by making
improvements elsewhere but this is the question of how to balance
priorities again. In many cases, where this occurs, the structure of the
methodology says that one makes improvements in some areas — to be
clarified further in the revision of the manual. In the case of multiple
assessors, INPRO recommends that these assessments be coordinated
between areas at some point when the assessment becomes mature. If a
NESA is coordinated as it develops, then these issues are generally
resolved. If there are several assessors working in isolation, then there
will be an uncoordinated outcome. There is a manual describing
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approaches to performing a NESA that addresses these questions.

Mr Silva (Thailand) asked that
when the INPRO methodology
addresses core damage
frequencies or large release
frequencies, whether the scope
of the initiating events includes
external events. If so, then what
kind of external events are
included.

Mr Phillips (IAEA) indicated that the question had been touched on
before. If one thinks about what can be contained in the phrase ‘design
basis accidents’, then all those things are theoretically captured. In the
new manual INPRO will give more specific language about that so there
is no confusion on whether external hazards are captured or not. It is
captured. He later added that the format of the meeting allowed the
vendors to select a limited number of criteria to present during this
meeting because of the lack of time but this does not mean that all the
criteria could not be assessed.

Mr Korinny (IAEA) explained that INPRO does not specify explicitly
that external or internal events should be covered in your assessment.
INPRO does not distinguish these. Depending on the data available and
depending on the situation and status of the design, one may not have
site specific data for external events. In this case, these issues are not
covered in the INPRO methodology yet, but in the updated version of
the INPRO methodology it will be covered.

Mr Zhou (China) noted that
Mitsubishi’s and Rosatom’s
presentations were valuable and
explained how to assess safety of
the advanced PWR by analysing
some URs and CRs in detail on
the design results of advanced
PWR. The EPs on design margin
and simplification are major and
important aspects to assess for an
innovation reactor design. Based
on those assessment, he
suggested that a list of kinds of
design parameters of PWRs
which need to do ‘design
margin’ assessment, and a list of
kinds of reactor system or
subsystem of PWRs which need
to do  ‘simplify  design
assessment” would be supplied
as an example in the user manual
of INPRO methodology. This
kind of example would be
helpful for providing guidance
on the assessment of fast reactors
such as TNPP. Supplement
example in the user manual of
the INPRO methodology is an
important work and major part of
updating the user manual.

Mr Phillips (IAEA) explained that the existing manual currently
provides examples in the text and one can see how details are handled in
Tecdoc 1716, the full scope NESA performed by Belarus. It is not
certain of what additional language may have been inserted in the
current draft of the safety revision.

Mr Ibrahim (Egypt) asked how
the new comer country can
confirm  the long  term
sustainability of its nuclear
power programme.

Mr Phillips (IAEA) said that INPRO recommends performance of a
NESA. However, if a country wants to ensure long term sustainability of
its programme, this is an on-going process as the nuclear programme
grows, where there are gaps and continuing plans to close the gaps over
time. INPRO decided early on in the process of developing the INPRO
methodology that it should be a process to achieve sustainability without
expecting that it is just a onetime declaration. This is because generally
nuclear energy programmes evolve considerably over decades so this
question has to be considered as the programme develops.
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Mr Ibrahim (Egypt) asked with
respect to the new comer
country, what the relationship
among the tools for energy
system planning, the INPRO
methodology and the milestone
approach is.

Mr Phillips (IAEA) answered that INPRO considers nuclear energy
system planning in a broad sense to be a prerequisite to performing a
NESA. When INPRO has an initial meeting to address the interest of
Member States in NESA, if INPRO makes a determination that they may
benefit from the broader energy system planning, then we immediately
involve the PESS group in the IAEA that does the energy system
planning. Then PESS will give them training and provide them with
software tools to develop their own energy system planning. The INPRO
methodology begins by presuming that the nuclear energy fraction of a
broad energy plant has already been established, so INPRO does not
address that problem which has been answered by tools such as in PESS.
Many countries have their own established energy system planning
already and INPRO recommends they use it. In terms of other areas such
as INIG which has a strong focus (milestone approach) on first nuclear
power plants or a second plant if there was a long delay since the first
one, there is also a document called NE series NP/T/1.12 which
describes the relationship between these services.

Mr Arshad (Pakistan) asked
that since most of the advanced
reactors are being proposed for
large powers (1200 MWe or
above), whether this will not
decrease their clientele. He
wanted to know whether these
reactors are meant for large
utilities only. He asked whether
the advanced reactors can be
built/designed in a lower power
range (<1000 MWe).

Mr Miller (GE Hitachi NE Intl.) indicated that designing a NPP takes
several years so a decision has to be made on what the parameters are
and what the output is. A decision has to be made for the design to carry
on. In GE Hitachi’s case, there are different offerings; ESBWR and
ABWR. The vendor also has PRISM reactor which is a smaller fast
reactor. In larger reactors it would be very difficult to go back and
decrease power significantly down to ~500 MWe output. This would be
a redesign of the plant and a decision that vendor would have to make
commercially.

Mr Seo (KEPCO E&C) indicated that as a vendor, if there is a market,
vendor will design and develop advanced smaller sized NPPs. That is the
key factor. Recently the nuclear market was giving more attention to the
bigger plants and that is why the vendors developed larger NPPss. For
Korea, however, the APR1400 was developed based on the OPR1000
plant and afterward the same advanced features were then backfitted to
the OPR1000 which was called APR1000. Korea has a completed design
for this and ARIS has a report of this plant in the IAEA website. The
APR1000 however has not been built in Korea so a newcomer country
may not want to buy and operate a plant which has not been built and
operated in the vendor country, although technically Korea can design
smaller sized advanced reactors.

Mr Phillips (IAEA) commented that the scale of a market strongly
affects the business plan of a vendor. This is an intractable issue the way
business is done.

Mr Fujii (Mitsubishi) explained that in the Dialogue Forum the
presentation was referred to the US-APWR because the document
evidence can be easily obtained by the user. Mitsubishi has a variety of
NPPs for the customers. For example, if the customer needs a 1000
MWe class output, then Mitsubishi can construct a Gen 11l plant. The
objective of the Dialoguee Forum is to make an assessment, so for the
purpose, the vendor only referred to the US-APWR.

Mr Kolchinsky (Rosatom) informed that Rosatom has some designs for
medium and small power reactors. The medium reactors have VVER
technology and the small reactors have other technology. The VVER-
640 is a design that worked well and was licensed in the Russian
Federation in several sites in the 90s. The medium reactors may not be
so efficient as high power reactors from the economic point of view as
these designs cost more per MW of power. These types of reactors are
therefore better for grids that are not as large as in Russia or the US.

Mr Phillips (IAEA) considered that the particular question has more to
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do with the economics of the reactor and there is a manual on
economics, which is a different part of INPRO methodology.

Mr Arshad (Pakistan) wanted
to know from the vendors
whether it is purely a market
driven decision or the advanced
features are economical only at
higher powers. If there are many
requests for 800 — 1000 MW
advanced reactors, whether it
will be possible to make these
reactors feasible and economic at
low powers or whether the
advanced features are only
possible and feasible at high
powers such as 1500 MW or so.

Mr Phillips (IAEA) answered that there are some very small units
under consideration at the moment that have advanced features but the
economics of these are still unknown.

In responding to the follow-up statement on the availability of
information about SMR on ARIS, Mr Phillips responded that the
difficulty is that until FOAK is built, it is hard to establish the actual
cost. Also, there are site specific issues.

Mr Sato (Japan) noted that the
INPRO manual has been
developed and prepared as a
methodology for comprehensive
assessment for nuclear energy
systems to confirm long-term
sustainability in the 21% century.
Therefore, the content is very
detailed and  complicated.
However, the degree of details of
a NES design varies at the
design stage of NES, e.g.
preliminary, conceptual design,
detailed design, and basic design
for construction and so on. It is
difficult to assess some items
such as site specific ones when
the construction site is not
determined, or when the fuel
cycle system is not specified.

He proposed that a simplified
manual should be prepared
depending on the design stage,
on a selection of table showing
items to be assessed depending
on the development stage of the
design.

Mr Phillips (IAEA) noted the importance of the question. INPRO has a
two-track process for revision of INPRO manual. In the first track,
INPRO does not consider proposals that would in a large way change the
concept of how assessments are being done, instead INPRO answers
specific technical questions about the current approach. In the track two,
INPRO takes these recommendations into consideration and put them in
the formal list. Certainly, this is an important question. There is some
information about this phase approach and how one might use the
existing manual. However, with respect to innovative design where there
are tremendous amount of unknown. These will be the subject for future
consideration in the INPRO methodology.

Mr Sato (Japan) viewed that
the INPRO methodology is too
detailed and complicated for
technology users and new
comers to use it without vendor’s
cooperation/support. He would
like to know vendors’ frank
opinion.

Mr Fujii (Mitsubishi) answered that according to his understanding of
INPRO methodology, it is a sort of reference user requirement and
assessment of user requirement should be carried out by the user. So
vendors do designs according to the requested user requirements and
propose a design result to the customer, after which the customer should
check based on the requirements. It is the role of the customer to do the
assessments, not vendors.

Mr Phillips (IAEA) added that to the extent possible on the current
version of the manual there is considerable emphasis on self-assessment
(by the user). In the future this is being emphasized even more.

Mr Lee (Candu Energy Inc) referred to the concern that everybody
has, that the INPRO assessor has to be a subject matter expert in the
area. For a lot of evolutionary designs and innovative designs it becomes
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increasingly more difficult for Member States to become subject matter
experts in some of the areas. There has to be some reasonable balance
found in terms of the extent to which one has to rely on having the
necessary expertise and knowledge to be the subject matter expert and to
what extent one has to then rely on information able to be obtained from
the vendor and take that information more at taste value rather than try to
independently assess the validity of the information. For every one of the
reactor vendors that the extent to which the R&D programmes that has
been developed and the nature of the data that has been collected to
support the teachers that has been included in the reactor require a very
deep understanding of the underlying phenomena. It is a very big
challenge for a lot of Member States to have acquired subject matter
experts of the same level of understanding.

Mr Korinny (IAEA) wanted to clarify that INPRO methodology is a
rather flexible tool and INPRO recommends to use this methodology not
only to those people who are already experts in this area and not to those
countries that have already more or less established a mature nuclear
power programme, but also as a tool of familiarization with all
sustainability relevant issues for newcomer countries. INPRO
assessments can be done on different levels of details and there are
examples of these at different detail levels. This means that a newcomer
country, depending on the objectives, would be doing either limited or
full scope NESA with different levels of details. So this is not only a
methodology for experts as it can be used for different purposes. A
newcomer country without experts that wants to do a full scope NESA in
full depths and analyzing detailed designs will probably fail. The country
should be realistic in the plans on how to start the programme. If the
country does not have experts, the country should think of how to create
a group of knowledgeable people in the country for starting the
programme by performing familiarization with the sustainability issue
and then limited scope NESA. Later on when there are enough
knowledgeable experts, the country can proceed and improve the
assessment in more detail.

Mr Miller (GE Hitachi NE Intl.) added that this is good example of
where consultants would be helpful. There are plenty of expert engineers
that would be able to help.

Mr Bykov (Rosatom) indicated that from the point of view of the
vendors, the simple answer is that it is impossible to do a very clear and
correct assessment without the designers as many user requirements,
evolution parameters and indicators need very precise design data. The
first step to perform before the start of the assessment is to write the list
of questions for the designer to provide initial data. It is impossible to do
it through the common knowledge found on the internet.

Mr Kolchinsky (Rosatom) noted that the assessment and participation
of the vendor in the assessment is useful for both parties. However, these
assessments require resources and people. The intent for the assessment
must therefore be serious, for participation of vendors.

Mr Lignini (AREVA) indicated
that perhaps Belarus could tell
the forum a good example of
how the country implemented
the INPRO methodology and
how it helped in the decision
made to construct a NPP. He
asked whether the assessment
was done before or after the
selection of technology and

Mr Popov (Belarus) said that the decision of introducing nuclear power
in Belarus was done before the assessment was finished. However, to
show economic reasonability of the decision and other areas of the
INPRO assessment it was very useful for the country; not only to
decision makers but also to public acceptance for the introduction of
nuclear power in the country. In response to Mr Lignini’s further
comment whether the assessment was to confirm the decision already
made before, Mr Popov said the assessment showed that the decision
was made correctly and useful for the country. To conduct the
assessment at a higher level than what had been done in the report,
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whether it was useful for its
selection, i.e. how the
assessment is used in Belarus.

Belarus would need more information from vendors. Unfortunately, one
could not always get this.

Mr Korinny (IAEA) explained that INPRO methodology is not focused
on technology selection and was not used for this in Belarus. It may be
theoretically possible to be used for technology selection but INPRO
does not advise this. In response to comment from Mr Goncalves Filho
(Brazil) regarding comparative assessment in the second stage
development of INPRO methodology, Mr Korinny explained historically
INPRO had steps to try to validate the methodology. It was found that
comparison of technology is not the purpose of INPRO methodology. So
priority, aggregations, and weighting are not recommended.

Mr Phillips (IAEA) noted that the IAEA will only discuss matters of
international diplomacy, not political or commercial questions. What
Member States choose to do is a national decision.

Mr Popov (Belarus) asked
Rosatom what the negative
consequences are, if any,
regarding long term operation of
the AES-2006 at reduced power
of about 600-700 MW level. For
example, whether it would not
affect the lifetime of the turbine
due to the possible change of
steam humidity.

Mr Kolchinsky (Rosatom) explained that the derated operation does
not pose problems on the turbine but it is only uneconomical to run the
power plant in this way.

Mr Dahar (Algeria) asked the
state of the art of development of
the assessed reactors.

Mr Miller (GE Hitachi NE Intl.) said that the ABWR has an NRC
certification and has been built in Japan and is also being constructed in
Taiwan. For the ESBWR the final NRC design certification is imminent
and GE Hitachi NE Intl. expects it within the next few months. The
vendor currently has a development agreement with one US utility, and
other agreements with 2 US customers applying for licensing.

Mr Kolchinsky (Rosatom) commented that the new design is under
construction in 3 sites in Russia and 1 site in Belarus, and now Rosatom
is participating in a bidding procedure in the Czech Republic and
Finland. Rosatom has licensing for construction in Russia and Belarus.
Mr Seo (KEPCO-E&C) explained that 8 units of the APR1400 are
being constructed and will soon operate. The licensing in Korea and
UAE has been obtained but the US licensing is in the process.

Mr Lee (Candu Energy Inc) said that for the EC6, Candu Energy has
completed all phases of pre-licensing review with Canadian regulators
and submitted proposals to build. The EC6 is just waiting for a customer.
Mr Lignini (AREVA) responded that the EPR reactor is licensed and
being constructed in Finland, France and China. It has been licensed in
the UK but construction has not started yet. The design certification is
underway in the US.

Mr Fujii (Mitsubishi) explained that for the US-APWR the licensing
design certification is underway and close to the final stage. The J-
APWR construction permission has been suspended due to Fukushima.
Mitsubishi is waiting for new decisions from the nuclear regulatory
agency in Japan.

Mr Dahar (Algeria) asked
information about quality control
of the assessment.

Mr Phillips (IAEA) explained that this is up to the assessor since it is a
self-assessment.

Mr Korinny (IAEA) added that when a country is doing the
assessment, in particular newcomer countries, INPRO suggested that the
country requests peer reviews from the IAEA.

Mr Dahar (Algeria) asked as to
what extent the validity of the

Mr Phillips (IAEA) responded that in the case of the safety manual
most assessments are comparative to previous designs and lineage. So
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INPRO requirement value is.

the logic is about making progress in that lineage. In the case of the
numerical values, these are taken from the IAEA safety series which is
derived from major regulatory positions so INPRO thinks of those as
best practice.

Mr Grudev (Bulgaria) asked
whether GE Hitachi NE Intl.
considers designing the ESBWR
with 30-50% load following.

Mr Miller (GE Hitachi NE Intl.) answered that their design can follow
load although it is not optimum due to fuel economy and the plant was
not designed for this. Nuclear should be the base load and among the
cheapest power that one wants to run continually.

Mr Banches (Romania) asked
INPRO is focused mainly to

avoid  relocation and or
evacuation outside the plant site
apart from the measures
developed for industrial

facilities. He asked the specific
NPP parameters to prove this
aspect in relocation in relation
with the local community from
the point of view of technology
holders.

Mr Lee (Candu Energy Inc) pointed at the key parameters used to
govern whether or not to evacuate the populous surrounding a NPP after
postulated accidents or long term relocation is based upon IAEA
intervention guidelines. When looking at the expected dose the populous
may receive within a given time frame, the objective for evacuation is to
ensure the populous does not receive a dose between 3-10 mSv
integrated over a period of 7 days. If it is projected as possible, then
population will be temporarily evacuated and returned once the projected
dose drops down to ~1 mSv/month. For long term relocation, the
projected dose is 1 mSv incurred over one year. The populous may
return if the projected dose is reduced less than 10 mSv in one month.
When exceeding LRF safety goal, i.e. inventory of radionuclides will be
discharged to the environment, long term relocation would be necessary
for some period of time. Specific parameters that are relevant to
determine whether temporary relocation is necessary is quantity of 1-131
exceeds 10™ Bq such that the populous may receive 3-10 mSv in one
week. Since 1-131 has a 8.25 day half-life, after 90 days the inventory of
I-131 and the associated short-lived radionuclides will be reduced by a
factor of 1000 allowing the population to return. For long term
relocation, the key indicator is Cs-137 which has a 30 year half-life. If
released in the order of 10™ Bgq, the population could receive a dose of
up to 50 mSv over a period of one year. This is used by the WHO to
determine whether relocation is the right measure.

Mr Banches (Romania) asked
how the 5 levels of sustainability
developed in the consultancy
meeting on collaborative project
ROADMAPS can be supported
by tech holder in national
strategy to achieve NES
sustainability. Some concept of
sustainability can cover some
aspects of fuel cycle.

Mr Drace (IAEA) considered the question was outside the scope of the
meeting. The hypothetical study/concept was developed to better
understand GAINS and SYNERGIES study, which requires a separate
forum possibly in 2015.

Mr Zulquarnain (Bangladesh)
asked while selecting technology
the consideration of having a
reference plant is taken as one of
the single most important issue

in technology user countries
particularly ~ in  developing
countries with limited
technology assessment
capabilities. Evolutionary

reactors may have very attractive
features but because of non-
availability of the reference plant
this is not considered in the
country mentioned above. So he

Mr Phillips (IAEA) said the reference plant does not have to be in
operation in the country that performs the assessment. For example, in
case of Indonesia, the reference plant of AP1000 (as one of NPP options)
is in the UK. So it is comparison not within the lineage in the same
country, but in the world.
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asked how the problem can be
resolved.

One participant asked how to get
information on unit cost and
electricity generation cost of
evolutionary reactor in
comparison with SMRs.

Mr Phillips (IAEA) explained that the forum tried to avoid comparative
discussion on questions on cost. Mr Korinny (IAEA) added
OECD/NEA had published a report comparing economics characteristics
of SMRs. Mr Phillips (IAEA) cautioned the huge promotion of SMRs
that may not have sound basis. At very low end, there are factory built
modular units with no one knows much. Until they are actually built,
they should be considered as speculative. Mr Popov (Belarus) shared
experience of Belarus on unit cost. Initial economic of NES in 2010 used
data from investment feasibility study and the final unit capital cost was
obtained once contract to build NPP was available. The team repeated
the economic study and the final result is in available in the report. Mr
Phillips (IAEA) added the final cost is known when one actually starts
the plant (given schedule delay, etc).

One participant indicated the
evolutionary reactors presented
in the forum have a design life of
60 years, and asked the basis of
60 years.

Mr Seo (KEPCO) explained the commercial power plants were
designed for 40 years. In the US the life extension starts at 20 years. So
the logical next life is 60 years. If longer lifetime, there is need to
evaluate life-related factors in component and system design and this
will cost more.

Mr Reyes (Chile) asked if
INPRO methodology can be
used for potential scenario in the
country to check the advantages
and disadvantages of the
different types of reactor
technologies in the scenario.

Mr Phillips (IAEA) explained INPRO does not propose this approach
because INPRO does not technology comparison.

Mr Dewayatna (Indonesia)
asked that since ESBWR has no
secondary loop, in case the fuel
rod fails the steam going to the
turbine is contaminated with
fission products. The risk of
release of radioactivity s
increased. He asked the lowest
value of calculated probability of

Mr Miller (GE Hitachi NE Intl.) noted the figures were not available
in the meeting. Radiation in the main steam / feedwater steam is
monitored. When there is a large increase in radioactivity which would
indicate fuel failure, then immediate closure of the main isolation valve
to contain. Some contamination would get to the turbine but will be
bypassed to condenser, retained and scrubbed.

Recent experience with BWR fuel has been excellent, and there have
been few cases of fuel bundle/pins leaking.

radioactivity release to the
environment.
Mr Dewayatna (Indonesia) | Mr Lee (Candu Energy Inc.) said that EC6 is designed only for 700

asked vendor of EC6 pointing
that to achieve economics, most
power plants raise power output.
Can the same be done to EC6 to
further improve economics?

MWe and the electric output can be increased by a few percentages. For
1000+ MWe output, the vendor can provide design similar to those at
Darlington or Bruce site which have 480 fuel channels instead of 380.

Mr  Calabrese (Argentina)
asked cyber security is an item to
be included in the physical
protection of the INPRO
methodology. He also asked
whether the INPRO
methodology has covered natural
disasters like tsunami

Mr Phillips (IAEA) said that it is already in the physical protection
manual but since it has brought up several times INPRO will make sure
the discussion is sufficient. On natural disasters, there is a learning
process in any industry, as one said every 7 years we learn some new
major things about safety in LWR. This is also true in regulatory system
where the regulators can only regulate against problems that they are
aware of. INPRO methodology cannot be more pre-essence than any
other system and will include new issues. Tsunami is a site evaluation
problem and in generic sense, it is a natural hazard which is already
covered in the methodology.

Mr Dulera (India) asked about
with an increase in the level of

Mr Lignini (AREVA) said that vendors are very confident because
vendors take into account in design all situations that have been
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NPP safety, how confident we
are in locating power plant near
population centers, which is a
typical goal for innovation
design. This is a problem for
countries with high population
density.

predefined as well as specific requirements. So design of reactor is made
to fulfil the objective of very limited consequences in case of accident.
So it is more of political issue than technical issue. For example, for
EPR, the consequence for accident is very limited and does not
necessitate evacuation of population nearby. When further asked
whether the regulator also feels the same confidence, Mr Lignini
believes so otherwise regulators would not license the reactor. In his
opinion, it is a matter of national policy.

Mr Seo (KEPCO-E&C) indicated that no regulator defines the location
of a new NPP based on the amount of radioactive materials release by
certain design.

Mr Lee (Candu Energy Inc.) shows confidence the reactor designed
today can be located next to the population. CANDU reactors have been
designed that way since 1970s, where the 500 MWe class reactors have
been sited at Pickering near Toronto. The vendor is confident that in any
postulated severe accidents there will be very minimal impact on the
environment and populous.

Mr  Zhou (China) asked
regarding assessments of NES,
whether the assessment shall be
done by users and technology
holders only provide necessary
design data, or the assessment
can be done jointly by users and
vendors. He wanted to know
which of these ways would draw
convincing assessment
conclusions.

Mr Phillips (IAEA) noted the answer referring to the introductory
presentation. It has more to do with the efficiency of completing the
assessment. Theoretically the assessor can work to the same standard but
this implies that the assessor has to become an expert on the technology.
This depends on how much of the information is available publically. In
most cases there is sufficient information for safety experts to do an
INPRO assessment to very good quality. In other cases it may be
impossible and the assessor has to work with vendor. From the point of
view of efficiency, if the assessor works with the vendor from the
beginning it will be much easier as the country does not have to build an
expert base.

One participant asked about
licensing issues that may arise
for innovative designs, e.g. any
aspect of design innovation that
may not be easily acceptable to a
licensing authority

Mr Lignini (AREVA) admitted indicating there are aspects that may be
of concern to regulatory body, e.g. digital 1&C. It is always a sensitive
matter to regulatory body with respect to the reliability of software for
programming and pure use of activation within the digital 1&C.

Mr Phillips (IAEA) provided a generic example on significant
innovation to put a large number of NPPs within a single building with
one control room. This is new to regulation and the regulatory answer to
this is not yet known. It is an R&D problem. With the current regulation
on number of staff, the design will requires 30-40 staff in one control
room. He predicted in the next 10 years very completely new questions
may be raised by new designs.

7. STATEMENTS FROM MEMBER STATES

Member States were asked to deliver a statement on the following six issues:

QL.
Q2.
Q3.
Q4.
Q5.

What is your country’s plan in terms of deployment of nuclear reactors in the next 10 to 20 years?

Do you discuss in your country / organization the sustainability of your national nuclear energy system?
Did you get useful information from this Dialogue Forum as you had anticipated?

How would the information from the Dialogue Forum be used in your country / organization?

Aside from safety of nuclear reactors, there are other design-related issues in the INPRO Methodology

e.g. waste minimization, environmental stressors. Do you have any specific interests in these areas?

Q6.

7.1. Algeria

Do you have any recommendations for follow-up Dialogue Forum meetings?
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7.4.

3.

The Algerian Minister of Energy and Mines announced last June 2013 at St. Petersburg that the country
is planning to have its first NPP around 2025. This will be followed by 1 NPP for each five years to
reach the goal of 13% of nuclear in the energy mix.
Generally the sustainability of a nuclear energy system is usually discussed when talking about including
nuclear energy in the energy mix. But up to now there is not a full study of the whole energy systems
that have to be considered in long term planning.
The dialogue forum was very interesting. The applicability of the INPRO assessment methodology in
some pertinent area of safety has been demonstrated along with some drawbacks which have to be
improved in the forthcoming revision of the methodology.
The information from the Dialogue Forum will help to:
know how to apply the INPRO methodology and get familiarized with
learn how new safety issues can be handled by designers/vendors of evolutionary reactors
understand the challenges and proposed solutions
get more information about the future market trends of NPPs
Algeria is interested in infrastructure, economics and security.
Algeria suggested human resources development for evolutionary power reactor including SMRs in
order to build an appropriate infrastructure that can handle new NPP projects.

Argentina

In the short term respected current plans and recent announcements of the Minister of Energy Planning
up to 2023 include incorporating the 4™ NPP comprising 2 HWR modules of 750 MWe each and the 5"
NPP comprising 1 or 2 LWR modules of 1,200 MWe each to the electricity net. The objective is to reach
30% of nuclear energy participation in the final energy demand, considering a diversified energy mix
formed by 30% of nuclear, 30% fossil, 30% hydraulic and 10% of other renewable energies.

In 2014, Embalse NPP will start life extension programme for several years.

- In 2018, CAREM 25 will start operating.

- In 2019, Atucha I will start with the lifetime extension programme and then restart in 2021.

- In 2020, CAREM 150 will start operating along with the first out of the two 750 MWe reactors that
will be part of the 4™ NPP. The second reactor will start operating in 2022.

- In 2023, the 5" NPP will start up with a 1200 MWe reactor (This value of power was adopted
instead of a generic 1000 MWe in corresponding to the speech delivered by the Minister of Federal
Planning, Public Investment and Services of Argentina in Saint Petersburg in June 2013).

- In 2027, another CAREM 150 MW will start operation.

- Atucha I and Embalse would be permanently shut down in 2046 and 2050 respectively.

Argentina considers the efficient use of uranium and minimization of wastes. Argentina has uranium

resources.

Yes

Information is shared with technical groups.

Yes

No recommendation.

Armenia

Armenia will be constructing one new unit with a capacity of 1000 MWe of AES-92 type.

Yes, last year Armenia adopted sustainability of energy development concept and discussed future
development in this context for the deployment of AES-92.

Yes, Armenia received much information from vendors about news unit and experience dealing with
other user’s development of NES in countries.

The Dialogue Forum was a very good area for exchange of information or receiving information on
future deployment of NPPs.

For Armenia, the important areas are safety and waste management area. Economics has been
understood.

IAEA arranged and organized the Dialogue Forum very well and there are no gaps.

Bangladesh
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According to the present plan (Power System Master Plan), Bangladesh is expected to have a generation
capacity of about 2,000 MWe and 4,000 MWe from nuclear by the next 10 years and 20 years
respectively.

Yes but need to consider in a more organized way, maybe by conducting a NESA.

Yes, with a lot of valuable information and a great opportunity to hear directly from technology
developers.

The information gathered from the Dialogue Forum will be shared with the top management as well as
with the relevant divisions/professionals of the organization so as to facilitate decision making with
regard to the deployment of evolutionary reactor in the country.

Bangladesh is interested in those areas (waste minimization and environmental stressors) as well. Being
a densely populated country, Bangladesh has particular interest in understanding the impact of
evolutionary reactors on the neighbouring population during normal operation as well as during
abnormal and accident conditions including BDBA.

Competent human resource is one of the most important key elements for sustainability of NES. As such,
the Dialogue Forum may consider the issue of HRD as well as knowledge retention in the area of NES.

Belarus

Belarus plans to introduce nuclear power sources are known and consist in introduction of two units of
AES — 2006 design in 2018 and 2020. Although optimization studies of the structure of the Belarusian
energy system show the economic feasibility of the introduction of another same unit until 2035, but
such a decision is not considered yet in our programs of energy system development.

Effective work of the NPP in economic terms is, in our opinion, one of the conditions for sustainable
development of NES. Therefore, in the discussions that take place in our institution and beyond, at the
Ministry of Energy, for example, we try to prove the necessity of nuclear power plant operation at
maximum utilization rates of its installed capacity, which are achieved in the project. There are several
obstacles to this, for example, an overabundance of gas facilities, a large share of cogeneration energy
sources, etc. Therefore, the efficient operation of NPP is only possible if Belarus energy system will be
adapted to introduce large nuclear energy sources.

At the forum Belarus has received a lot of useful information. Information from Russian colleagues
regarding AES-2006 was particularly interesting for Belarus. Presentations of other nuclear energy
technology holders also were extremely interesting from a cognitive point of view and gave excellent
examples of the use of INPRO methodology.

Information from Russian colleagues regarding NPP-2006 will allow Belarus to considerably
complement research using the INPRO methodology. Familiarity with nuclear technology through direct
contact with their holders can be useful in the search for further ways to develop nuclear energy system.
Areas of special interest are still the economy, the management of radioactive waste including spent
nuclear fuel, and manpower resources.

It may be advisable that one of the future forums could be devoted such an important area as radioactive
waste and spent fuel management. The main recommendation is to continue INPRO activity with the
same spirit.

Brazil

First to complete the construction of Angra I11, rescheduled for 2018. Next to build one or two new NPPs
of approximately 1000 MWe in the north-eastern region of Brazil. Site location has been started.
Currently discussion of the sustainability of our national NES is restricted to the INPRO areas of
economics, safety and waste management.

Yes, not only from the formal presentations and discussions but also from parallel conversations held
during the meeting intervals.

The information would be shared with other interested organizations of the national nuclear sector
through the usual channels.

Our main interests are in the areas of economics of NPPs and high level waste management.
Recommendations are to distribute the proceedings of the Dialogue Forums as working materials for the
follow-up Steering Committee meetings (SCM) and its Conclusions and Recommendations as an item of
the SCM agenda to make decision on evolution of program.

Additional remark: By comparing a potential Innovative Nuclear Energy System (INS) candidate to existing,
the current version of the INPRO methodology in the area of reactor safety is not making a case for the
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sustainability of nuclear energy (the main objective of the INPRO methodology) but measuring progress of
evolution of the nuclear technology. The secretariat should consider at least track 2 of the revision of INPRO
methodology to review safety area, perhaps along the line of the current UR 1.5 of the safety area on release
into environment.

7.7. Bulgaria

1. Bulgaria considers further using of nuclear energy based on extending of life of units 5 and 6 and
building of new units. Decision is taken to build Unit 7 at KNPP site, and also option is discussed for
restarting the BNPP project.

2. In the National Energy Strategy is written that nuclear energy will be supported institutionally not only
as a promising resource for generation of emission-free electricity, but also due to the accumulated
successful experience and professional capability for operation of nuclear capacities.

3. Receiving information for innovative nuclear reactor systems directly from vendors is helping in
developing and deploying of nuclear energy strategy including dynamic evolution.

4. The information will be used for discussion of different options for further developing of nuclear energy

strategy. It will be useful in the university / education, since until now only VVER technology is used in

the country.

Yes. Spent fuel management, impact to environment and human resources.

Bulgaria recommends INPRO to continue with organizing such Dialogue Forum meetings by inviting

vendors.

7.8. Chile

Chile to understand INPRO methodology and explores possibility to use NESA as a tool to study nuclear

power options.

1. Chile has energy policy aspects such as sustainability, mixed energy, improved competitiveness of
electrical market and environmental aspect for development of energy mix in the next 20 years. The
electrical market is 100% handled by private companies. The decision of technologies to be introduced
in the mixed is taken by Gencos under the local market conditions and environmental assessment studies.
The role of government is to guide the market with technical and legal framework and assure low cost of
electricity for the final consumers based on model of economical low dispatch at marginal cost in a
competitive market. Under this market scenario, nuclear power is considered as alternative in the next 20
years. One incentive is to improve the level of knowledge in nuclear technology aspects and to compare
technologies available. This aspect is necessary to develop appropriate legal and technical framework for
possible NPP in Chile.

2. Sustainability in energy level in the energy sector, like capability of accepting technology with the

highest standard and environmentally friendly. So in this context nuclear power is a real option. The

sustainability of nuclear power covers aspects such as nuclear waste volume and management option,
low emission, low cost of electricity and strong nuclear safety.

The information is useful to understand current technologies available in the market.

4. The information will be used to understand technical aspects and reactor design in the current
technologies in the new reactor design.
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6. Future Dialogue Forums on Fukushima lessons learned and improvement of safety and include impact
on levelized cost.

7.9. China

1. There are 15 NPP units in operation in China now. The capacity of nuclear power is about 2% of total
electric capacity. Up to 2020 there are about 58 units in operation and 30 units on construction. All those
units are thermal reactors. Based on strategy study of nuclear energy in China, there will be about 100-
200 units in operation in 2030, and the proportion of the capacity of nuclear power will reach average
value of the world. Among these hundreds units, there are at least 2 sodium cooled fast reactors. During
2020-2030, a partly closed fuel cycle system will be on demonstration operation. The fleet of NPPs
would be very big and with various reactor types in the future.

2. The sustainability in China is assessed in 3 levels:

- Level 1: The China academician associations of engineering and science have finished strategy study
of nuclear power development for 2030 and 2050 in China. The main topic of study is how to
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develop nuclear energy on sustainability, and when and what kind of the closed fuel cycle system
would be established.

- Level 2: Based on those studies, China national energy agency draws up development strategy and
plan of nuclear energy. It contains items of uranium supply, fast reactor and reprocessing plant, to
assure the nuclear energy will be developed in a large scale and on sustainability.

- Level 3: China institute has finished the study on technical roadmap and cycle mode of closed fuel
cycle. The suggestion of how to use depleted uranium, recycled uranium, plutonium and minor
actinides, adopt what kind of reactor and fuel type, use what kind of reprocessing technology has
been provided to administration agency in charge of R&D.

China has finished INPRO assessment in the area of safety of a fast reactor conceptual design, and

proliferation resistance assessment on a fast reactor and its fuel recycle system using INPRO

methodology. There are questions and puzzles in mind. From this Dialogue Forum China learned how to
expand in detail when assessing, and to select what kinds of parameters or systems to assess to certain

UR.

The working team in CIAE will assess again on safety and proliferation resistance of fast reactor design

using the information from the Dialogue Forum based on enough new design data. Then, CIAE hopes to

expand working team and assess other areas such as economics, waste Management.

Except safety and proliferation resistance, the areas of economics and waste management are the major

concerned aspects or topics to fast reactor and its fuel cycle. CIAE should do these two areas assessment,

to obtain relatively whole conclusion.

China recommends to assess one area such as economics, but on all BPs, URs and Ins and select only

one kind of design for whole assessment, or select several designs referring to certain BP, UR and IN,

and the assessment on several designs would cover all BPs, URs and IN.

7.10. Egypt

1.

2.

Egypt has a peaceful nuclear power program to introduce a series of NPPs by 2022 with diversity of
power generation resources.

Yes, nuclear power system is considered in energy planning studies as a candidate for energy demand
expansion. There is cooperation and coordination among Egyptian organizations such as NPP authority,
regulatory body and electrical and energy production. Egypt issued its Nuclear Law for the Nuclear &
Radiological Activities in 2010.

This information gives us a vision of the current and future trends in nuclear technology related to NPPs
and nuclear fuel cycle considering INPRO documents.

The information can be used to overcome the challenges faced during execution of nuclear power
programs such as design, contracting, management, and financial issues and can be adapted with R&D
related to INPRO activities.

Some issues related to INPRO methodology such as economics, waste management, and infrastructure
are essential focal points to be considered.

Egypt recommends the forum should stress on enhancing nuclear safety with result from Fukushima
accident.

7.11. Germany

1. Germany is in phase out. There were 17 reactors in operation, after Fukushima 8 reactors were
immediately shut down, and others will be shut down by 2020. The plan is to continue to emphasize on
renewables and by 2050 80% is generated by renewables. It is not clear how it is done considering
renewables are intermittent.

2. No

3. The information is useful, with real serious amount of technology work and construction program in
various MSs.

4. This is to be reported back to the government that nuclear energy is continuing with more countries
relying on nuclear energy. Germany should reconsider the decision taken.

5. Germany is interested in waste management and looking for new options for waste storage. The salt
dome has been put on hold and will be discussed again.

6. Germany recommends Dialogue Forum on final waste storage.

7.12. Hungary

231



1.

Currently in Hungary about 40% electricity generated is by nuclear, 38% by gas, 18% by coal and the
rest 4% is by others. The capacity of NPP is 2,000 MWe from 4 units of VVER-440, each with a
capacity of 500 MWe. The operating time of existing units was finished by 2009, the parliament took
note of the lifetime extension so the operational lifetime has been changed from 30 to 50 years. The
operational time will expire between 2032 and 2037. Working and licensing of the lifetime extension is
on-going. Currently the 1% unit has received the license for lifetime extension for 50 years. For the 2™
unit, the application for lifetime extension has been received by Hungarian atomic authority recently. In
2009 the parliament passed preliminary permission for preparatory work for construction of new units at
existing site. The scenario is to construct 2 units each with 1,000 MWe capacity from Gen 3+ by 2030.
The reactor type and the number of new units have not been decided yet. Between 2030 and 2032 the
total capacity of electricity generated by nuclear will be 4,000 MWe. From 2032 the existing units will
start to shut down, and from 2037 the capacity will be 2,000 MWe again. In addition to NPP, the
national NES consists of spent fuel temporary storage near NPP with a lifetime of 50 years and the site
for final disposal is being prepared; geological disposal facility from low level waste (LLW) and
intermediate level waste (ILW) originated from NPP, there is a near surface disposal, also for ILW and
LLW from industry and hospital.

For authority, it is important to ensure safety and reliability. Furthermore the design and construction
requirements for construction of these reactor types are done by other big authority e.g. Russian and
American, which can be incorporated into national regulation considering the state legislative.

The information about new reactor types is very useful.
Presentation and documents will help the delegate working with the authority.

There is no recommendation for a follow-up Dialogue Forum.

7.13. India

1.

India has a unique, sequential three-stage nuclear power programme based on closed fuel cycle. The
programme is aimed at optimum utilisation of India’s nuclear resource profile of modest uranium and
abundant thorium. The spent fuel of each stage is reprocessed and acts as resource for the subsequent
stage. The first stage is mainly based on natural uranium (0.7% “**U content) - fuelled PHWRSs. In the
second stage, plutonium and reprocessed uranium from the spent fuel of PHWRs would be used for fuel
fabrication of Fast Breeder Reactors (FBRs), including metallic fuel once, in the second stage. During
the later period of second stage, thorium would be put in the blankets of FBRS so as to obtain U after
reprocessing. Subsequently, the third stage systems would be based on ***U-Th fuel. When the spent fuel
is reprocessed to produce fuel for the next stage, it multiplies manifold the energy potential of the fuel
and greatly reduces the quantity of waste. It is thus an optimum solution for meeting the country’s energy
needs in a sustainable manner, securing its energy freedom in the long term. Currently India has 21
operating reactors with about 5,800 MWe installed capacity. 18 of them are PHWRs, 2 are GE BWRs
and one is recently commissioned VVER. The first stage, with many PHWRs in operation and many in
construction and planning stages, has reached a state of commercial maturity. There are 4 PHWRs with
total of 2,800 MWe capacity under construction, and each year during 2015 and 2016, two are likely to
be commissioned. The second unit of 1 GWe VVER is also likely to be commissioned during next year.
India has plans to increase its nuclear power installed capacity to 21 GWe by 2020. This includes about
10 GWe imported LWRs. The first commercial 500 MWe FBR of second stage is at an advanced stage
of construction and is likely to achieve criticality around end of next year. Besides these reactors, India is
also developing innovative reactors mainly based on thorium-based fuels. Construction of 300 MWe
Advanced Heavy Water Reactor (AHWR) is likely to be started within next few years. High temperature
reactors, such as Compact High Temperature Reactor (CHTR) and Innovative High Temperature Reactor
(IHTR), being developed with an aim to produce nuclear hydrogen by high efficiency water splitting
process, are at various stages of technology development, and are likely to be commissioned by early
next decade (2020-2025). Besides, there are plans to set up research reactors (including high flux
research reactors) for multiple applications, including material and fuel irradiation studies.

The concept of sustainability is inherent in the Indian three stage nuclear power programme and is the
central most important criteria. Accordingly, India has adopted closed fuel cycle. Analysis for key
parameters such as ‘energy produced per tonne of mined uranium’, and ‘waste generation per unit energy
produced’ etc. are regularly done.
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Yes, the dialogue forum was useful in enriching knowledge of application of INPRO methodology.
Earlier INPRO methodology had been applied for India’s innovative reactor concepts, which are FOAK
reactors. Information about evolutionary reactors from major vendors was additional advantage.

This will help in India’s own assessments, since the Dialogue Forum provided exposure to detailed
assessments of many evolutionary reactors.

All INPRO areas are of interest but the most important ones being: Safety, Economics, Waste
Management, and Environment

Separate Dialogue Forums on assessment of individual INPRO areas with its applications to few sample
cases would help Member States in better understanding about the methodology and in their assessments.

7.14. Indonesia

The use of NPP is mandated by the national law term development plan which state nuclear electricity.
Nuclear should commence by 2019 but government decision is yet to be made. Regardless the decision,
the development on nuclear infrastructure such as site and non-site feasibility studies, HRD including
NESA and regulatory aspects are ongoing. Under current national energy policy, the role of new and
renewable is to be promoted. Currently the role of renewable mainly hydro and geothermal is 5% while
the target in 2025 is 23%. The gap should be filled by new energy such as nuclear, coal bed methane, and
liquefied and gasified coal.

Yes, Indonesia started NESA in 2011. The objective is to evaluate sustainability for planned NES, find
gaps or unconformities and ways to resolve the gaps.

Yes, Indonesia obtained very useful information from the IAEA and vendors to help its NESA team to
make the assessment, and correspond and relate to vendors and other countries to discuss nuclear energy.
The information will be used to complete Indonesia’s assessment on planned NES, which has progressed
quite well, using INPRO methodology

Indonesia is interested in safety of nuclear fuel cycle facilities such as conversion and fuel fabrication,
interested in NPP design that can accommodate high local content and local participation, with simpler
design and shorter construction time to meet infrastructure and economics principles on NESA using the
INPRO Methodology.

Indonesia recommended the IAEA facilitate holding more intensive dialogue with embarking countries
and vendors / technology holder to improve capability in NES which in turn will accelerate NPP
deployment in embarking countries.

7.15. Japan

1.

Japanese government is currently reviewing from scratch the policy to enable zero operation NPPs in
2030’s decided in September, 2012 by the former administration of the Democratic Party of Japan, and
developing the new basic energy plan with responsibility from the view point of securing stable energy
supply, reducing energy costs, and so on. It is uncertain whether the new basic energy plan including
nuclear energy will be announced by the end of December 2013 as planned, because it is not known how
many reactors, including 3 units under construction, can be brought back online after passing the safety
review under the new regulatory requirements for commercial NPPs which was taken effect on July 8,
2013. It is not clear whether construction of new reactors will be stated in the new basic energy plan.
This new regulatory requirements cover:
- severe accident measures
- measures against large-scale natural disaster such as tsunami and earthquake, terrorist attacks
including aircraft crash and the like
- prohibition of construction of reactor buildings and other key facilities above active faults based on
the criteria
‘back-fitting’ system where the new regulations are applied to the existing NPPs.
Currently all NPPs, 50 units in total are offline. TEPCO has decided to use the intact Unit 5 and 6 in the
Fukushima Daiichi nuclear power station as research facilities for decommissioning, not as power
reactors, responding to the request by Prime Minister Abe, which TEPCO should concentrate on the
decommissioning work of Unit 1 to 4. Safety review of 14 units is being conducted under the new
standards. The Nuclear Regulatory Authority (NRA) determined that the faults running under the two
sites, Japan Atomic Power Company‘s Tsuruga NPP and Tohoku Electric Power Co.’s Higashidori NPP,
are active, resulting in dispute with the electric utilities. Further two NPP sites are being investigated for

233



active fault lines. The new regulatory requirements for nuclear fuel facilities, research reactors, and
nuclear waste storage/disposal facilities will be issued in December 2013. It is hoped that the new plan
stipulates the nuclear energy utilization with closed fuel cycle including fast reactors.

Yes. Since Japan is a country with scarce national resources, it is necessary to secure long-term domestic
energy resources. Therefore, Japan has been developing a closed nuclear fuel cycle with fast reactors
since the beginning of nuclear development as a national policy. This new basic nuclear policy is under
discussion due to the Fukushima accident, but the representative believed that Japan will go back to the
policy giving importance to the closed fuel cycle with fast reactors in the future.

The representative could recognize the outline and features of evolutionary nuclear power reactor design
being developed including assessment results of INPRO safety criteria by seven vendors. Vendors’ and
INPRO member states’ comments on the INPRO Methodology such as its usefulness, convenience in the
Dialogue Forum are very important and will be very useful for the future review and revision of the
INPRO manual.

The representative will share the information from the Dialogue Forum with related persons in Japan
Atomic Energy Agency (JAEA) and ministries.

The representative is interested in waste management, environment and economy covered by the INPRO
methodology.

In order to familiarize INPRO MSs with the details of INPRO methodology, assessment results of
reference plants throughout the safety area, for example, should be presented and discussed in the
Dialogue Forum.

7.16. Jordan

1.

Jordan has identified in its short term energy strategy, in the next 10 years, the role of different available
technologies, including nuclear, in meeting its near future energy needs. This will ensure that nuclear
energy will be available to contribute to meeting the energy demands in Jordan, shortly.

Achieving nuclear energy sustainability would require an expansion of future NES in Jordan to
constitute the electricity mix in the national long term energy strategy. Therefore, national effort should
be accumulated for developing nuclear energy strategy towards sustainability.

This Dialogue Forum was a good opportunity to be familiar with the INPRO Methodology and how
much it is useful to use this methodology to assess the sustainability of the future NES in Jordan.
Furthermore, the demonstration of the use of the INPRO Methodology to assess the safety of reactor
design conducted by different reactor vendors was a unique experience.

In Jordan, there has not been any discussion yet within Jordan Atomic Energy Commission or at national
level in details the sustainability of the planned NEs. However, with the assistance of the IAEA and the
selected vendors and upon the availability of the necessary resources, Jordan is looking forward to using
the INPRO Methodology to assess the sustainability of its planned NES in different areas of interest such
as safety, infrastructure, physical protection, proliferation resistance as well as economics. In addition,
other areas of interest such as waste minimization and environment will be assessed using the INPRO
Methodology.

Developing the capacity building of Jordanian experts, identifying gaps in the Jordanian nuclear power
program, developing technical document to support decision making and identifying potentials for
regional and international collaboration, all of these benefits will be obtained from performing an
assessment of our national nuclear energy systems using the INPRO Methodology, hopefully, in the near
future.

The representative recommended INPRO Group to organize in the future a Dialogue Forum in the area
of the INPRO Methodology application in the newcomer countries: Challenges and Feedback.

7.17. Kazakhstan

1.

H~w

Construction of NPP in Kazakhstan is on the stage of consideration at the moment. Country supplies
electricity by itself. However, trend of increasing energy demand forces to plan ahead, considering
energy diversification including NPP sources.

Establishing energy sustainability is essential for Kazakhstan. Nuclear energy is one of the main options
to achieve following objectives: (i) Energy diversification, (ii) Optimisation of fossil fuel and
hydrocarbon resources usage, and (iii) Attraction of high-technology manufacturing and innovation
Information learned from the Dialogue Forum has been useful and fulfilled expectation and gaps.

After the decision on NPP construction, Kazakhstan intends to apply INPRO Methodology and carry out
detailed work with the IAEA.
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5.

6.

For mentioned directions, the country is open to collaborate in a frame of INPRO Methodology after
decision on NPP. Meeting format has met all the expectations.

The recommendation is to involve participants very quickly with discussion, it would be useful to give
information about criteria of the INPRO methodology for vendors.

7.18. Kenya

1.
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Kenya is in the process of undertaking a milestone approach to nuclear power production within the next
17 years. A pre-feasibility study has been conducted and a strategy developed.

Yes.

Yes.

It will be helpful in deciding an appropriate reactor model.

Yes, Kenya is interested to know more about environmental stressors.

Kenya recommends to focus also on environmental stress factors.

.19. Korea, Republic of

The basic plan for long-term electricity supply and demand is announced biennially by the government.
Based on the 6™ plan, the newest plan announced in February this year, nuclear capacity will increase
from 20.7 GWe to 35.9 GWe in the year of 2027 so approximately 11 additional units will be needed.
Korean government is going to update the national energy plan next year. For that purpose, the public
debate is going on. The share of nuclear power is one of the most controversial issues in that debate,
especially about the safety and high level waste management including nuclear spent fuel.

It was a very valuable chance to enhance the knowledge about the advanced feature of various
evolutionary designs from vendors.

The information will be good references in the debate regarding nuclear safety.

As already mentioned earlier, managing high level waste in a sustainable manner is a crucial issue in
Korea so the country is highly interested in minimizing the waste.

Korea hopes that the Dialogue Forum will play as a good venue to share the ideas about common
sustainable nuclear future. (On being questioned by Russian Federation and Chairman whether waste
will be supported by Korea as topic for future Dialogue Forum, the representative will report to the
decision maker in Korea).

7.20. Malaysia

1.

In 2006 the government of Malaysia has agreed to include nuclear as a possible energy source post 2020.
The decision was made in view of depleting indigenous sources namely gas and oil as well as increasing
dependence on imported coal. In 2011 NEPIO was formed to undertake study on NPP deployment so
that government can make informed decision as well as develop the Nuclear Power Infrastructure
Development Plan (NPIDP) and Regulatory Infrastructure (NPIRDP). A new nuclear bill has been
drafted and proposed to be passed by Parliament in 2014. The NPIDP is supposed to be completed by the
end of 2014. The government decision on whether to go nuclear or not will be based on the report.

In 2010 the government has produced a blueprint with an Economic Transformation Programme (ETP)
to increase the per capita income of the country and to make Malaysia a developed economy by 2020.
Numerous high impacts Entry Point Projects (EPP) were proposed including NPP as one of the EPP. It
was believed that NPP can sustain the energy needs of the expanding economy as well as enhanced the
technological development and services industry in Malaysia. EPP is planned to bring jobs as well as
increase the Gross National Income.

The Dialogue Forum has brought new knowledge especially on various designs of NPP and how the
safety features incorporated made the plant withstand severe accident postulated either due to natural
causes or man-made.

The information will be used in completing and input to the NPIDP report. The knowledge will also be
used to understand more of INPRO methodology and to propose workshop on the subject including
NESA.

Waste from NPP has always been brought up by the public in any meeting or session with regard to
nuclear energy. The subject related to innovative fuel cycle especially if it can reduce the amount and
toxicity will be very advantageous to the industry. Since thorium fuel cycle is said to be more efficient
and generates less waste as well as more abundance, INPRO should put greater initiatives into the
subject.

Malaysia recommended the followings:
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- Thorium as a future energy resource material

- Public information and acceptance (PI/PA) is a very important factor to ensure successful and
sustainable implementation of nuclear energy. Therefore INPRO should also include PI/PA on the
innovative nuclear energy initiatives.

- Building a strong basis for future NPP program (infrastructure, feasibility study, assurance and
sustainable fuel supply and fuel cycle, waste management)

7.21. Nigeria

1.

The decision to explore nuclear energy is Nigeria has large deficit in electricity production. With less

than 40% of the population have access to electricity, the country is one of the lowest electricity

consumption per capita in the world. To support nuclear power in the next 20 years, the government has
formally inaugurated the Nigeria Nuclear Regulatory Authority, energy commission of Nigeria, Nigeria

Atomic Energy Commission including some institution. The Nigeria Atomic Energy Commission is the

focal point of all nuclear activities in the country. In terms of development of nuclear energy:

- A National Roadmap for Nigeria’s Nuclear Energy Programme has been developed and approved by
government.

- A draft law for the implementation of the national nuclear energy programme has been developed,
and subjected to detailed scrutiny by all major stakeholders with technical input of the IAEA.

- The law establishing the Nigeria Nuclear Regulatory Authority is being revised and modified to
adequately empower the agency to effectively regulate and license NPPs (following effort to acquire
small research reactor). Currently it is under consideration in the National Assembly.

- A draft regulation on the Safety and Regulatory Requirements for Licensing of Sites for Nuclear
Power Plants has been developed.

- A National Policy on Radioactive Waste Management has been finalized by NAEC in consultation
with the Nigeria Nuclear Regulatory Authority and other stakeholder institutions.

- Ratification and domestication of relevant extant international statutes, treaties and conventions.

- The framework for the establishment of a national nuclear insurance policy and scheme to
adequately address the civil liability component of the nuclear power industry is being developed in
conjunction with Ministry of Justice.

- Capacity development. Two years ago the commission recruited young scientists and engineers for
training in nuclear science and engineering. The first batch of trainees is now concluding their
Master’s programme in Nigerian universities.

- ldentification of possible sites for NPP. Preliminary studies concluded for 6 sites, now narrowed
down to 3 potential sites.

- Public acceptance through awareness programmes, seminars and workshops.

- Energy system analysis has been carried out using IAEA tools — MAED, MESSAGE etc, by the
Energy Commission of Nigeria. Efforts are now being made to revise the analysis.

- Nigeria is expected to have the first NPP in operation in the early 2020s.

2. On sustainability of Nigeria nuclear power program:

5.

6.

- Long-term national and political commitment to the nuclear power programme and its sustainability.
With political development in Nigeria, it is hoped the government will support the program.

- How to retain the current crop of young scientists and engineers being trained — in case there is a
large gap.

- Nigeria is an observer of INPRO and needs to perform at least a limited-scope NESA. To do this,
Nigeria needs to join the INPRO community. Chairman of NAEC indicates positive steps taken so
that Nigeria will become a full member of INPRO.

Yes. The information obtained here will serve as mind opener when dealing with issues on choice of

technology and will be useful in discussions with potential suppliers.

Information from the Dialogue Forum will be disseminated to larger fora through seminars and

workshops. On the overall, Nigeria would like to use INPRO methodology as a tool for development of

its national nuclear energy programme.

Nigeria also has interest in waste minimization and environmental stressors.

Nigeria recommends a follow-up dialogue forum on back-end fuel cycle.

7.22. Pakistan

1.

The government has advised to raise the nuclear power generation from currently ~750MWe to 8,800
MWe (or more if possible) by the year 2030. Half of this can be absorbed overnight by Pakistan’s power
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hungry grid. For this purpose, 3 small reactors are already in operation and two are about to be
commissioned in 2014, and the rest are in planning stage.

Sustainability of national nuclear energy system is discussed with respect to availability, economics and
safety.

The interaction with the vendors did provide useful information regarding new design trends and
application of those in improving the safety of nuclear reactors.

The information obtained during the Dialogue Forum will provide background for selecting future NPPs.
Waste minimization is one of the most important aspects of nuclear energy.

At least one more Dialogue Forum should be held with the vendors on the topic of waste management
and minimization. If possible, some information provided by the vendors may be provided to the
participants in advance so that participants can interact in a more conducive way.

7.23. Poland

1.

5.
6.

In the next 10-20 years Poland plans to build 2 NPPs, each comprising of 2-3 units, of total power of 6
GW(e). The start of construction of the first unit is planned for 2019; commercial operation is estimated
for 2025.

With reference to the sustainability of the future Polish nuclear energy system it has to be pointed out
that at present most of the production of electricity in Poland is based on coal (more less 90%). Poland is
aware that the situation has to be changed mainly because of the level of emission of main air pollutants
from coal power plants and also of the security of energy supplies reasons. That is why Poland plans to
diversify sources of energy and reduce dependence on coal by increasing share of both renewables and
nuclear power in energy mix. According to the long-term strategic programme called “Energy Policy of
Poland until 2030 the contribution of nuclear energy to the yearly electricity production should reach
more than 10% (approximately 15% of installed power).

It was very informative meeting, very well organised and it fully met expectations especially in the area
of safety of nuclear reactors.

All the information obtained during the forum will be passed to the investor, nuclear regulator and TSO
to facilitate in planning of the future development of nuclear programme and proper selection of applied
technology.

Poland is interested in issues of waste minimization and spent fuel management.

No recommendation.

7.24. Romania

1.

w

o

National nuclear strategy development/Energy strategy.

- Romania is currently operating 2 CANDU units (Cernavoda 1&2) and will construct 2 more
CANDU units on the same site (Cernavoda units 3&4) in 2020.

- After 2035-2040 new Gen III+ NPP (i.e. EPR1600, AP1000, ABWR1300, APR1400) is to be
constructed following the site selection project which was finished in 2009.

- For Cernavoda 3&4 Romania needs to finish the procedure to find a new investor.

On sustainability, until 2008 Romania has national sustainable development strategy that covers 2013,

2020 and 2030. Authorities & investors periodically debate about how to implement EU regulations, and

also mass media debate. After 2012, several companies address the sustainability in their project in

balance with the capacity of society to support the increasing cost of renewable technology (e.g. wind,

hydro).

Yes; technical data, procedural practice and lessons learned and NESA applied by technology holders.

Romania is preparing to start NESA about NES alternative scenarios for the long-term. The information

would be used to acquire assessment and to start effectively.

The main interest will be in waste management, economics and infrastructure.

Future Dialogue Forum should focus on the back-end of the fuel cycle and the end spent fuel end state

achievement.

7.25. Russian Federation

1.

Russia has one of the oldest and biggest nuclear power programs in terms of reactors under operation and
construction and also is one of the INPRO founders, donors and leaders. Therefore some questions in the
recommended questionnaire require no answer because they are well known.
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That Russia is now implementing the Program of closed nuclear fuel cycle and planning to operate a
mixed system of fast and thermal reactors, therefore the country is deploying a truly innovative NES.
Assessing the sustainability of this NES is already a routine part of development in Russia.

The Dialogue Forum is useful by definition as a place for meetings of technology users and holders. This
Dialogue Forum was really interesting for us as a possibility to present Russian reactor design in terms of
INPRO as a vendor country, as well as to learn about the approaches of colleagues from other vendor
countries and, what is especially important, to participate in discussions and to hear questions from user
countries.

First of all it is necessary to support the activities aimed at further modernization of INPRO
Methodology and approaches to NESAs.

Russia has a complete nuclear fuel cycle — therefore the answer is certainly “Yes”.

From this Dialogue Forum and many other forums and meetings, one of the main impediments for many
countries embarking on NP is the back-end issue. Therefore, one of possible topics for future DFs could
be related to back-end solutions for countries with initial or small nuclear power programs, including
regional and multilateral approaches.

Additional remark: Small and medium nuclear power was often mentioned during the forum. In recent years
Russia was performing expert studies of all our SMR projects using the INPRO Methodology. Russia has
received very interesting results and experience and also formulated some proposals for improving the
INPRO Methodology to make it better fit to specific SMR issues. Russia intends to present these results at
next dialogue forums.

7.26. Thailand
Thailand is considering joining the INPRO Group as soon as acquiring resources and human.

1.

2.

o

The national plan was revised three times during this three year and is not yet finalized. The latest
tentative plan is to introduce two 1000 MWe NPPs by 2026 and 2027.

There is no particular discussion on sustainability of NES. However, there are discussions on
sustainability of the overall energy supply system and also in particular areas introduced in the INPRO
methodology.

Thailand received a lot of useful information, especially technical information of reactors and the sources
of the information. However, Thailand representative was not very sure whether there are enough
country experts and competencies to perform INPRO assessment in Thailand. Thailand may need to go
through the Tecdoc-1575 and other related documents more closely.

Technical information and know-hows gained from of the Dialogue Forum will be shared in the Thailand
Institute of Nuclear Technology Institute and also to related institutes. In addition, the institute together
with two universities is doing a survey study on the feasibility of SMRs, which includes the assessment
of each SMR. The information will be used to perform a limited scope of NESA following the way that
all vendors have done in the forum.

Thailand is interested in economics and environmental stressors.

In order to further familiarize Member States with the INPRO methodology, it is useful to hold more
Dialogue Forums on other particular issues. However, though the comparison of the reactors is not the
objective of the INPRO methodology, it is the opinion that asking the vendors to evaluate their reactors
toward the same set of particular criteria would offer more benefit to Member States.

7.27. Ukraine

1.

2.

Nuclear energy system of Ukraine in 2020 — 2030:
Lifetime extension of the existing NPP units of Ukraine for 20 years. Lifetime of 11 units (the
installed capacity of each unit is 1 GW) is supposed to be extended.

- Construction and commissioning of new units with total capacity of 5 GW by 2030 (according to the
basic scenario and considering the completion of units 3 and 4 at Khmelnitska NPP to 2020).

- Commencement of construction of new units to replace those to be decommissioned after 2030 (it is
necessary to start construction of 12 GW of installed capacity).

Total installed capacity of Ukrainian NPPs in 2030 may be about 19 GW, with nuclear share in total
energy mix of 47-48%.

Ukraine discussed sustainability and the near plans:
- Assessment of current NES using INPRO methodology, to finish in 2014
- Elaboration of an action plan for sustainable nuclear generation until 2030
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Ukraine obtained the big set of information especially related to safety of new reactors. At the same time
Ukraine has to emphasize that NES is not only reactor safety in NPP design. There are a lot of other
types of information expected to be received from vendors for assessment of NES according to INPRO
methodology, such as economic issues, radioactive waste management aspects, spent fuel management
and storage and front end and back end of fuel cycle.

Ukraine has to collect all information which was received from vendors and will provide internal
assessment taking into account information and results assessment from others organizations, such as
European Utility Requirement group.

Ukraine has specific interest in the area of waste minimization and spent fuel management, as two
biggest tasks for the near future.

The organization by IAEA of the meetings with vendors is very useful and Ukraine recommended
INPRO to provide the same meeting (with vendors, to include some specific area such as radioactive
waste and spent fuel management) in the future.

7.28. Vietnam

1.

8.

In November 2009, Vietnam’s National Assembly approved the government plan to build the first two
NPPs Ninh Thuan 1&2 with a total capacity of 4,000 MW. Russia and Japan have been chosen as
partners for Ninh Thuan 1&2 respectively. In July 2011 the Prime Minister approved master plan on
electricity development for period 2012-2020 and to 2030. According to the plan, Vietham nuclear
power capacity will increase from 1,000 MW in 2020 to 10,000 MW in 2030.

Development of sustainability of NES is not only required but also objective to ensure economic
competitiveness, safety, security, environmental protection and non-proliferation of nuclear power
program. Vietnam is interested in lessons learned on infrastructure for nuclear power

Many issues presented and discussed in the Dialogue Forum is interesting and very useful.

Information is disseminated and used in studies related for making policy for Vietnam’s nuclear power
development and preparation work for Ninh Thuan 1&2 NPP project

As a newcomer embarking on NPP, Vietnam is interested in new generation reactor with innovative
design and improvement for increasing economics efficiency, more safety and secure, and waste
minimization.

In order to enhance meeting outcome, the follow-up Dialogue Forum should have presentations on some
other advanced reactor types.

RESULTS OF QUESTIONNAIRES

A short questionnaire was distributed to representatives from Member States prior to the Dialogue Forum to
gain understanding of the following issues:

1. Familiarity with INPRO Methodology and a Nuclear Energy System Assessment (NESA) using the
INPRO Methodology

2. Main expectation in attending the Dialogue Forum knowing vendors’ are going to demonstrate the
use of INPRO Methodology to assess safety of reactor

3. The extent the topic of sustainability has been discuss in the respondents’ country

4. Ranking of the importance of benefits of performing a NESA using the INPRO Methodology, to
Member States

5. INPRO areas which may be of interest to MSs for a partial / full NESA

A total of 33 responses were received from 26 Member States, comprising 21 INPRO Members, 4 INPRO
Observers and 1 other Member State.

Question 1: Rate of familiarity with

a.

b.

INPRO Methodology

Most of the Member States score 3 (average) for their familiarity with the INPRO Methodology, and the
average score is 3.2. As expected, INPRO Members in general have better familiarity with the
methodology compared to INPRO observers and non-INPRO Member. However, it is noted that the
range of scores among INPRO Members was quite wide, from as low as 1 (no familiarity) (Jordan) up to
5 (very familiar) (Armenia, USA). Overall, the results show that INPRO needs to further familiarize
INPRO Members with the Methodology for a better outreach.

A Nuclear Energy System Assessment (NESA) using INPRO Methodology
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The results show that most of the countries are familiar with a NESA as much as with INPRO
Methodology, with an average score of 2.9. There were 5 INPRO Members (Germany, India, Kenya,
Pakistan, Russian Federation) who provided lower scores for NESA (from scores of 3-4 for familiarity
with INPRO Methodology down to 1-3 for a NESA).
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FIGURE 8.1. Familiarity with INPRO Methodology and NESA. (A total of 33 responses were
received from 26 Member States, comprising 21 INPRO Members, 4 INPRO Observers and 1 other
Member State)

Question 2: Main expectation in attending the Dialogue Forum, knowing that several reactor vendors
are going to demonstrate the use of INPRO Methodology to assess safety of reactor design.

Respondents provided a range of expectations from this Dialogue Forum, which can be summarized as
follows:
e To familiarize with INPRO methodology and NESA
To observe assessment using INPRO Methodology by vendors
To checking the update of INPRO Methodology and its revision process
To find out current reactor designs and updated safety features post Fukushima
To obtain data from vendors including the extent of data provision
To obtain feedback on INPRO Methodology: implementation, clarification of terms, simplification
To see experience of other Member States
To seek the importance for authority / regulatory requirements.

Questions 3: The extent the topic of sustainability has been discussed in the respondent’s country,
considering INPRO Methodology is targeting at sustainability of a nuclear energy system, whether a
current or future / planned system.

The survey shows that 21 out of 35 respondents, which correspond to 18 Member States, claimed that
sustainability issue has been well discussed in their country. The remaining admitted that it was not so
well or never discussed. The actual responses are quite interesting, since countries with huge nuclear
power program (China) and a NESA country (Ukraine) fall in the latter category.
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FIGURE 8.2. Discussion of sustainability in Member State. (A total of 33 responses were
received from 26 Member States, comprising 21 INPRO Members, 4 INPRO Observers and 1
other Member State)

Question 4: Rank the importance of benefits which can be obtained from performing an assessment of
a nuclear energy system using the INPRO Methodology, with respect to respondent’s country.

In general, the respondents from Member States provided similar responses to the four benefits given in
the survey, with the average score ranging from 3.75 to 4.5. The INPRO Members placed ‘Identifying
gaps in the national nuclear power program which will require follow-up actions’ as slightly more
important than the other benefits. Meanwhile, INPRO observers selected ‘Developing capacity building
of national experts’ as relatively more important. The difference in the view of INPRO observer and
also one other Member State (non INPRO Member/Observer) suggest that INPRO may need to
emphasize on the capacity building of national experts as additional way to promote NESA using the
INPRO Methodology to support infrastructure for newcomers who are planning for deployment of their
nuclear energy system.
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241



Ranking of Importance of Performing a NESA to Member States
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FIGURE 8.3. Ranking of the importance of benefits from performing a NESA using the INPRO
Methodology to Member States. (A total of 33 responses were received from 26 Member States,
comprising 21 INPRO Members, 4 INPRO Observers and 1 other Member State)

Question 5: Areas in the INPRO Methodology that may be of interest to Member States for a partial /
full NESA.

Most countries considered Economics and Safety as INPRO areas of interest for a NESA using the
INPRO Methodology, each with 31 and 30 tallies respectively. Waste Management received 25 tallies.
A mix of technology holders and newcomer countries selected ‘Infrastructure’ as another area of
interest. Infrastructure is in the fourth place with 20 tallies. Technology holder countries like Germany,
India, Japan, Korea, Russian Federation, and the US considered Environment as another INPRO area of
interest. It is to be noted that a number of respondents selected the whole 7 INPRO areas; they are from
Algeria, Belarus, Chile, Japan, Jordan, Kenya, Malaysia, Vietnam and Nigeria.

INPRO Areas of Interest to Member States
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FIGURE 8.4. INPRO Areas of Interest to Member States. (A total of 33 responses were received from
26 Member States, comprising 21 INPRO Members, 4 INPRO Observers and 1 other Member State)

9. CONCLUSIONS AND RECOMMENDATIONS

The IAEA INPRO Group convened the 7" Dialogue Forum to develop and promote INPRO assessment
services to Member States to help in their long range and strategic nuclear energy planning. The forum
brought together representatives from 32 technology holder and technology user countries and 12 reactor
designers of evolutionary reactor technologies from AREVA, Candu Energy Inc., GE Hitachi Nuclear
Energy International, KEPCO Engineering and Construction and KHNP, Mitsubishi and Rosatom. The
designers helped demonstrate exemplary INPRO assessments in the area of safety of their reactor products.
The meeting achieved its objectives to provide familiarization of the INPRO Methodology to Member States
as a tool for sustainability assessment of NES, to discuss salient features and assessment of evolutionary
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nuclear reactors in the area of safety of nuclear reactors, case studies and lessons learned as well as the
important role of vendors to support a NESA.

The IAEA presented an overview of the INPRO methodology and how it was developed from the concept of
sustainable development within the UN system. The structure of the INPRO methodology covers the key
issues that influence sustainability of nuclear power and the infrastructure issue required, which are all
translated into the 7 INPRO areas namely economics, infrastructure, waste management, proliferation
resistance, physical protection, environment and safety. The methodology is of holistic in nature covering all
reactor types and fuel cycle facilities and all phases on a NES from cradle to grave. The methodology
comprise 14 Basic Principles (BPs) as goals for development of sustainable NES, 52 User Requirements
(URs) indicating what should be done by designer, operator, industry and State to meet goal defined in Basic
Principle, and about 150 Criteria (CR) with indicators (IN) and specific acceptance limits (ALS) to check
whether a User Requirement is met. INPRO requirements in the area of safety of nuclear reactors were
discussed to familiarize the Member States with the requirements for safety, as topic selected by designers
for the Dialogue Forum. The forum was informed how INPRO safety manual was developed based on the
IAEA Safety Standards specifically targeting at the sustainability, i.e. INPRO assessment is looking at
continuous improvements for long sustainability, and not at evaluating compliance with the IAEA Safety
Standards or checking licensability. The main outcome of a NESA is a sustainability metric of defined NES
through identification of gaps to define a path toward a sustainable NES. Member States were also briefed by
the NSNI from Department of Nuclear Safety on the structure of IAEA Safety Standards considering NESA
assessors need to access to safety analysis reports that must comply with certain safety requirements.

The expert designers successfully delivered INPRO assessments in the area of safety of their corresponding
reactor design, namely APWR, AES-2006, ABWR, APR1400, EC6, ESBW, and EPR. All reactors are
evolutionary improvements of currently operating NPPs with some already under construction. Each vendor
selected a number of INPRO safety criteria / evaluation parameters and showed the type of data that were
used for the assessment, how the assessment was performed, and how their design features have met or
should meet the acceptance limit of INPRO safety criteria / evaluation parameters. As many as 31 out of 54
INPRO safety evaluation parameters and criteria were covered combinedly for the seven different reactor
products. Robustness, high quality of operation, 1&C and inherent characteristics, grace period for normal
operation and DBA, frequency of DBA, reliability of engineered safety features, barriers, controlled state,
sub criticality, frequency of release into containment and to environment, accident management, and
independence of DID levels were among the mostly chose topics. Incorporation of lessons learned from the
Fukushima accident into the design was widely elaborated. Additional features such as portable
power/generator, on-site/off-site additional power supply system, and recharge battery have been adopted by
the designs. Some designers also depicted how their evolutionary designs could withstand the Fukushima-
like accident, including the reliance on passive safety system. Insight into criteria on RD&D understanding
was provided, i.e. description of sample RD&D performed, scaling and computer codes used for verification
and validation. Other issues addressed outside the safety area were, among other, overall reduction of costs,
extended reactor lifetime, higher plant efficiency, increased power output, increased maneuverability, and
minimization of waste. Flexibility of the design was cited to meet country’s site specific requirements.

- APWR by Mitsubishi

Mitsubishi discussed the 1700 MWe US-APWR design given the availability of the safety reports in the
US NRC website. The reactor was designed with major objectives to achieve the best performance in
safety, reliability, operability and maintainability, and to support large electric grid utilities aiming at
economical production costs. PWR (four-loop) Ohi 4 in Japan is used as the reference plant for the
INPRO assessment in the area of safety. Six design aspects were discussed, namely, operational safety
margins, reactor vessel manufacturing and welding, simplicity and reliability in safety system design,
reliability data of equipment and CDF, detection of anomalous condition and safety analysis, and
integrated full digital 1&C system and advanced operator console. These correspond to INPRO safety
criteria: robustness, operation, failures and disturbances, 1&C and inherent characteristics, frequency of
DBA, safety features, sub-criticality, frequency of release into containment, processes, frequency of
release to environment and human factors. A specially prepared handout containing technical aspects to
supplement the assessment was provided to the forum.

- AES-2006 by Rosatom
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Rosatom presented INPRO assessment in the area of safety of the 1,197 MWe AES-2006, an evolution
of the reference plant AES-91 (VVER1000/V-320). The main principles and approaches for the AES-
2006 design are maximum use of well-proven solutions and technologies as well as minimizing costs and
timeframes by using of experience obtained during construction and operation of the reference NPP.
Assessments of the following INPRO safety criteria were presented: robustness, 1&C and inherent
characteristics, grace period, inertia, frequency of DBA, grace period (DBA), safety features, barriers,
controlled state, sub criticality, frequency of release into containment, processes, accident management
and independence of DID levels.

ABWR by GE Hitachi Nuclear Energy International

GE Hitachi NE Intl. presented INPRO assessment in the area of safety of its 1,360 MWe ABWR, taking
BWR5 in Kashiwazaki Kariwa, Japan, as the reference plant. Assessments of the following INPRO
safety criteria were presented: robustness (quality of manufacture and construction), use of worldwide
operating experiences, grace period, inertia, frequency of DBA, grace period (DBA), safety features,
frequency of release into containment, processes, independence of DID levels, confidence in innovation,
and occupational dose.

APR1400 by KEPCO-E&C and KHNP

KEPCO-E&C and KHNP delivered sample INPRO assessment in the area of safety for their APR1400
which was developed based on the currently operating OPR1000 design, incorporating advanced design
features to enhance safety and operational flexibility, using proven technology enhanced constructability
and maintainability. The OPR1000, Shin Kori 2 in Korea is taken as the reference plant. Assessments of
the following INPRO safety criteria were presented: 1&C and inherent characteristics, safety features,
accident management, RD&D, computer codes and scaling.

EC6 by Candu Energy Inc

Candu Energy Inc discussed the EC6, taking the generic CANDUG6 plant as the reference plant.
Particular criteria/evaluation parameters were selected to address lessons learned from Fukushima that
have been incorporated into the EC6 design. Assessments of the following INPRO safety criteria were
discussed: robustness (margins of design), operation (redundancy of system), safety features, barriers,
controlled state, frequency of release into containment, frequency of release to environment and
independence of DID levels. Candu Energy Inc had also prepared a report on application of INPRO
comparative assessment for Enhanced Candu 6 pertaining to lessons learned from the Fukushima Dai-
ichi nuclear event.

ESBWR by GE Hitachi Nuclear Energy International

GE Hitachi Nuclear Energy International presented INPRO assessment in the area of safety of the
ESBWR, taking BWRG6 as the reference plant. Five design aspects were discussed, namely, simplicity of
passive safety, redundancy and reliability of safety systems, severe accident prevention and mitigation,
risk-informing design with probabilistic safety assessments, and confidence in safety features. These
correspond to the following INPRO safety criteria: robustness (simplicity of design, redundancy of
system), operation (high quality of operation), grace period, inertia, frequency of DBA, grace period
(DBA), safety features, frequency of release into containment, processes, accident management,
frequency of release to environment independence of DID levels, confidence in innovation and risk
informed approach.

EPR by AREVA

AREVA presented the 1600 MWe EPR, which is an evolution mature French N4 reactor (1,475 MWe)
and German KONVOI reactor (1,365 MWe) incorporating proven technologies, lessons learned from the
past as well as innovations validated through R&D programmes. Information on the following INPRO
safety criteria were presented: robustness (margins of design, simplicity of design, quality of
manufacture and construction, quality of material, redundancy of system), frequency of release into
containment, processes, accident management, and occupational dose. Although lessons learned from
Fukushima are not yet all drawn, preliminary evaluations show that the EPR™ would have withstood the
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earthquake and the subsequent tsunami as confirmed by the complementary safety evaluations (stress
tests). Light improvements may be incorporated to satisfy new requirements.

The technical capabilities of assessors committing to a NESA ultimately depend on availability of data.
Member States were informed on how to best proceed with obtaining safety design data, i.e. through open
source such as regulatory body website. For commercial data like cost or economics, experimental data and
other proprietary data, assessor countries are advised to establish close contact with the vendors or related
parties, in which commercial or legal agreement might be required. Overall, it was agreed that involvement
of vendors is important to provide technical information and interpretation of the design to deliver a high
guality assessment. It was pointed out, nevertheless, that assessor from user countries should be the subject
matter experts, and in doing so continuous communication with INPRO should be done to succeed in data
selection.

From survey and comments, representatives from Member States noted that participation of vendors to
provide hands-on assessment was highly anticipated and valued for better understanding of the use of
INPRO methodology. The survey indicates that sustainability issue is well discussed at the national level and
identifying gaps in national nuclear power program is deemed to be of most importance. Development of
capacity building of national experts and identifying potential for regional and international arrangements or
collaboration are also targeted. Economics, safety and waste management received high priority and waste
management in particular was proposed to be the topic for the future Dialogue Forum. Several Member
States have expressed interest in conducting a NESA using the INPRO methodology.

Altogether, the INPRO Group received important feedbacks and important comments from reactor designers
and the forum on the applicability of INPRO Methodology. They include aspects, inter alia, on (i)
requirements for reliability of the data which necessitate accumulation of historical numeric data that cannot
be attained for new designs / evolutionary reactors; (ii) optimization of criteria for robustness, such as
simplicity, redundancy, and diversity; (iii) better clarification of independence of DID levels in the
methodology; and (iv) lessons learned from Fukushima including external hazards. These are inputs to be
incorporated in the on-going revision and update of the INPRO safety manual.

To sum up, designers of evolutionary reactors have provided very valuable contribution toward
familiarization of INPRO Methodology to the Member States with their exemplary assessment in the area of
safety of nuclear reactor, and also to important feedbacks for the on-going revision of the INPRO manual as
well as to the validation of the INPRO methodology. The important role of vendors in providing the
necessary design data and interpretation of the design for a NESA project by Member States is understood.
Meeting participants are looking forward to the next Dialogue Forum to further discuss enhancement of
sustainability of nuclear energy system using the INPRO methodology.

245



ANNEX I. TERMS OF REFERENCE

Terms of Reference for Technical Meeting

=
B
L

\{I\,\ﬁ\& INPRO INPRO Dialogue Forum on the Sustainability of Nuclear
Rl | oz Nuceas Raacors Energy System Based on Evolutionary Reactors
I EA and Fuel .yL‘,\ﬂS
IAEA Headquarters, Vienna, Austria, 18-22 November 2013
Boardroom A, Building M, Vienna International Centre (VIC)
Background

The International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) was launched in the year
2000, based on resolutions of the IAEA General Conference (GC(44)/RES/21). INPRO’s objective is to help
ensure that nuclear energy is available in the 21* century in a sustainable manner. Moreover, INPRO seeks to
bring together all interested Member States, including technology holders and users, to jointly consider
actions to achieve desired innovations.

Four projects are reflected in the Action Plan for 2012-2013, as endorsed by the Steering Committee: Project
1: National long-range nuclear energy strategies; Project 2: Global nuclear energy scenarios; Project 3:
Innovations (technical and institutional); and Project 4: Policy coordination and the INPRO Dialogue Forum.
The current Technical Meeting will be the 7" INPRO Dialogue Forum on the Sustainability of Nuclear
Energy System Based on Evolutionary Reactors.

Additional details on the INPRO project are available on the INPRO website: www.iaea.org/INPRO.
Activity: 7" INPRO Dialogue Forum

To assist Member States in long range and strategic planning of nuclear energy programmes, INPRO is
offering support to Member States in assessing sustainability of nuclear energy systems (NES) as part of
their country’s energy mix.

In selecting certain technology (e.g. a reactor design) for the NES sustainability assessment (NESA), the
assessor is dependent on the information available for each particular design of interest. Some INPRO
Methodology criteria require that specific input data be collected and analysed by an assessor. In some cases,
engagement with technology design authorities and their direct participation in an assessment may be the
most practical approach. This INPRO Dialogue Forum will provide an opportunity for nuclear technology
designers/vendors of evolutionary power reactors to meet with interested IAEA Member States’ participants
and for the vendors to present exemplary INPRO Methodology assessments of their reactor products. It is
also an opportunity for the technology holders and users to discuss approaches to further their cooperation.
To prepare for the Dialogue Forum, Consultancy Meetings with participating vendors are planned for the 3"
quarter of 2013.

Meeting objectives
The objectives of the 7" Dialogue Forum are to:

1. Familiarize Member States with the INPRO Methodology, focused on the sustainability assessment of
NES, to support long-range and strategic planning of a successful nuclear power program.

2. Discuss assessment of evolutionary nuclear reactors in the areas of safety of nuclear reactors,
environment (stressors) and waste management (minimization).

3. Discuss case studies and lessons learned as well as support to the on-going and future projects on
national NESAs.

4. Discuss salient features of evolutionary nuclear reactors relevant to sustainability of NES, and the
important role of vendors in a NESA — particularly in providing necessary data and familiarization with
the design to support the assessment.

Expected participation

The meeting is open to 50 or more participants from Member States including Albania, Algeria, Argentina,
Armenia, Australia, Bangladesh, Belarus, Belgium, Brazil, Bulgaria, Canada, Chile, China, Croatia, Czech
Republic, Egypt, Finland, France, Germany, Georgia, Hungary, India, Indonesia, Israel, Italy, Japan, Jordan,
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Kazakhstan, Kenya, Republic of Korea, Latvia, Lithuania, Malaysia, Mexico, Mongolia, Morocco,
Netherlands, Nigeria, Norway, Oman, Pakistan, Poland, Romania, Russian Federation, Saudi Arabia,
Slovakia, Slovenia, South Africa, Spain, Sudan, Sweden, Switzerland, Thailand, Tunisia, Turkey, Ukraine,
United Arab Emirates, United Kingdom, United States of America, Uruguay, Vietnam, the European
Commission, FORATOM, Generation IV International Forum (GIF), International Framework for Nuclear
Energy Cooperation (IFNEC), International Science and Technology Center (ISTC), Sustainable Nuclear
Energy Technology Platform (SNETP), the OECD Nuclear Energy Agency (OECD/NEA), the World
Nuclear Association (WNA).

Participants include representatives from national authorities, technology developers (vendors/reactor
designers), utilities, technical support organisations (TSO’s), nuclear energy project implementing
organizations (NEPIO’s), and members of the INPRO Steering Committee.

Location/date

The meeting will be held at the IAEA Headquarters, Boardroom A, Building M, Vienna International Centre
(VIC), Vienna, Austria, from 18-22 November, 2013.

Programmatic context

The activity is being implemented under Project 4, Activity 1.1.4.4/3 and Activity 1.1.4.4/7 of the IAEA
Programme & Budget 2012-2013.

Organization

Scientific Secretary

Mr Andriy KORINNY

Nuclear Engineer, INPRO Group

Department of Nuclear Energy, Division of Nuclear Power
International Atomic Energy Agency

Vienna International Centre

PO Box 100

1400 Vienna, Austria

Tel. +43 1 2600 21392

Fax: +43 1 26007

E-mail: A.Korinny@iaea.org

Secretarial and Administrative Support

Ms. J. Golubovic and Ms. K. Robinson-Onorati
Secretaries to the INPRO Secretariat

Tel. +43 1 2600 26741 and 22885

Fax: +43 1 26007

E-mail: J.Golubovic@iaea.org, K.Robison-Onorati@iaea.org
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ANNEX 1. AGENDA

INPRO Dialogue Forum on Sustainability of Nuclear Energy System

Based on Evolutionary Reactors

Vienna International Centre (VIC), IAEA Headquarters, Vienna, AUSTRIA

19" — 22" November, 2013. IAEA Board Room A, Building M

Time Date / Topic Participant(s)
Tuesday, 19" November
08:00 —09:00 | Access to the VIC. Seating of delegates All
09:00 — 09:25 | Opening remarks by DDG-NE Mr Alexander
Bychkov
09:25 - 09:55 | Overview of INPRO Project Zoran Drace
(INPRO)
09:55 -10:40 | INPRO Methodology for Sustainability Assessment of Nuclear | Jon R. Phillips
Energy System (NES) (INPRO)
Group photo and Break
11:00 —11:25 | Safety Assessment and NPP Design Requirements Hussam Khartabil
(NSNI)
11:25-11:50 | INPRO Methodology Requirements on Safety of Nuclear Andriy Korinny
Reactors (INPRO)
11:50 — 12:15 | Overview of Mitsubishi Advanced PWR Sumio Fuijii
(Mitsubishi)
12:15—12:40 | Assessment items selected for 7" Dialogue Forum Sumio Fujii
(Mitsubishi)
Lunch break
14:00 — 14:20 | Operational Safety Margins in Design of APWR Sumio Fuijii
(Mitsubishi)
14:20 — 14:35 | Reactor Vessel Manufacturing and Welding of APWR Sumio Fujii
(Mitsubishi)
14:35-14:50 | Simplicity and Reliability in Safety System Design of APWR | Tesushi Yuasa
(Mitsubishi)
14:50 — 15:05 | Reliability Data of Equipment and CDF of APWR Tesushi Yuasa
(Mitsubishi)
15:05 - 15:15 | Detection of Anomalous Condition and Safety Analysis of Tesushi Yuasa
APWR (Mitsubishi)
15:15-15:40 | Integrated Full Digital 1&C System and Advanced Operator Sumio Fujii
Console of APWR (Mitsubishi)
Break
16:00 - 16:25 | AES-2006 —New Design with VVER Reactor and INPRO Denis Kolchinsky
Methodology (Rosatom)
16:25 -16:50 | Margins and Robustness: Design Solutions Providing the V- Mikhail Bykov
491 Reactor Plant Reliability (Rosatom)
16:50 — 17:15 | Safety System of Reactor Plant VV-491 and Safety Analyses Mikhail Bykov
Results (Rosatom)
17:15—-17:40 | Discussion All
17:40 Adjourn
Welcome reception All
Wednesday 20™ November
09:00 — 09:25 | Principles Providing Safety of the VV-491 Type Reactor Mikhail Bykov
(Rosatom)
09:25 - 09:50 | Release Into Containment in AES-2006 Design Denis Kolchinsky
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(Rosatom)

09:50 — 10:15 | Independence of DID Levels in AES-2006 Design Denis Kolchinsky
(Rosatom)
10:15-10:40 | Overview of ABWR Safety Features James A Beard

(GE Hitachi Nuclear
Energy International)

Break

11:00 - 11:25

Reliability and Autonomy of ABWR Safety Functions

James A Beard
(GE Hitachi Nuclear
Energy International)

11:25-11:50 | Improving the Operational Response of the ABWR James A Beard
(GE Hitachi Nuclear
Energy International)
11:50 - 12:15 | Frequency Reduction and Accident Management in the ABWR | James A Beard

(GE Hitachi Nuclear
Energy International)

12:15-12:40

Reducing the Operational Doses in the ABWR

Kenichi Yasuda
(GE Hitachi Nuclear
Energy International)

Lunch break

14:00 — 14:25

Manufacturing and Construction Improvements

Kenichi Yasuda
(GE Hitachi Nuclear
Energy International)

14:25 - 14:50

Overview of APR1400 Design

Jong Tae Seo
(KEPCO-E&C)

14:50 — 15:15 | I&C and Inherent Characteristics Jong Tae Seo
(KEPCO-E&C)
15:15 - 15:40 | Reliability of Engineered Safety Features Jong Tae Seo
(KEPCO-E&C)
Break
16:00 — 16:25 | In-Plant Severe Accident Management Jong Tae Seo
(KEPCO-E&C)
16:25 —16:50 | Design Characteristics of APR1400 Safety Injection System: Han Gon Kim
RD&D and Scaling (KHNP)
16:50 — 17:15 | Code Validation for APR1400 LBLOCA Analysis Han Gon Kim
(KHNP)
17:15-17:40 | Discussion All
17:40 Adjourn
Thursday 21° November
09:00 — 09:25 | Application of INPRO Comparative Assessment for Enhanced Sabi
abine Boyle

CANDU 6 ®Pertaining to Lessons Learned from the
Fukushima Dai-ichi Nuclear Event

(Candu Energy Inc.)

09:25 - 09:50 | Evolution of EC6 design from CANDU 6 Albert G Lee (Candu
Energy Inc.)

09:50 — 10:15 | INPRO assessment in the area of safety of EC6 Safety Margins | Albert G Lee (Candu
Energy Inc.)

10:15—-10:40 | INPRO assessment in the area of safety of EC6 Robustness Sabine Boyle
(Candu Energy Inc.)

Break

11:00 —11:25 | INPRO assessment in the area of safety of EC6 Safety Features | Albert G Lee (Candu
Energy Inc.)

11:25-11:50 | INPRO assessment in the area of safety & EC6 Safety Goals Albert G Lee (Candu
Energy Inc.)

11:50 — 12:15 | Overview of ESBWR Safety Features James A Beard

(GE Hitachi Nuclear
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Energy International)

12:15-12:40 | Simplicity of ESBWR Passive Safety James A Beard
(GE Hitachi Nuclear
Energy International)
Lunch break
14:00 — 14:25 | Redundancy and Reliability of Passive Safety Features James A Beard
(GE Hitachi Nuclear
Energy International)
14:25 - 14:50 | Risk-Informing ESBWR Design with PSA Gary L Miller
(GE Hitachi Nuclear
Energy International)
14:50 — 15:15 | ESBWR Severe Accident Prevention and Mitigation Gary L Miller
(GE Hitachi Nuclear
Energy International)
15:15 - 15:40 | Confidence in ESBWR Safety Features Gary L Miller

(GE Hitachi Nuclear
Energy International)

Break
16:00 — 16:25 | Presentation of the EPR™ reactor
16:25 —16:50 | Robustness of Design Part 1: Margins and Simplicity of = Lo
. ranck Lignini
Design (AREVA)
16:50 — 17:15 | Robustness of Design Part 2: Quality of Manufacture and
Construction, Quality of Materials, and Redundancy of
Systems
17:15—-17:40 | Discussion All
17:40 Adjourn
Friday 22" November
09:00 — 09:25 | Robustness of Design Part 3: Robustness against External
Hazards Franck Lignini
09:25 - 09:50 | Release into the Containment: Major Release, Processes, and (AREVA)

Accident Management

09:50 — 10:15 | Occupational Dose

10:15-10:40 | Q&A, comments and discussion All
Break

11:00 - 11:50 | Q&A, comments and discussion (continued) All

11:50 — 12:40 | Statements from Member States Member States

Lunch break

14:00 — 15:40 | Statements from Member States (continued) | Member States
Break

16:00 — 16:50 | Meeting Summary by Chairman Juergen Kupitz

Closing Remarks
16:50 Adjourn
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ANNEX I11. TABULATED RESULTS OF QUESTIONNAIRE

TABLE I111.1. Rate of familiarity (1=None; 2=Little; 3=Average; 4=Good; 5=Very good)

# | Country | INPRO Methodology | NESA
INPRO Members
1 Algeria 3 3
2 Argentina 4 4
3 Armenia 5 5
4 Belarus 4 4
5 Brazil 3 3
6 Bulgaria 4 4
7 Chile 2 2
8 China 3 3
9 Egypt 2 2
10 Germany 3 1
11 India 4 3
12 Indonesia 4 4
13 Indonesia(2) 4 4
14 Indonesia(3) 4 4
15 Japan 4 4
16 Jordan 1 1
17 Kazakhstan 2 2
18 Kenya 4 2
19 Korea, Rep of 3 3
20 Malaysia 2 2
21 Pakistan 4 3
22 Poland 2 2
23 Romania 4 4
24 Russian Federation 3 2
25 South Africa 3 3
26 Ukraine 2 2
27 United States of America 5 5
28 Vietnam 4 4
INPRO Observers
29 Hungary 2 2
30 Nigeria 4 4
31 Nigeria(2) 2 2
32 Thailand 2 2
33 Tunisia
Other Member States
34 Albania 2 2
35 Bangladesh
INPRO Member (%) 3.286 3.036
INPRO Observers (%) 2.5 2.5
TALLY Other Member States (%) 2 2
TOTAL (%) 3.152 2.939
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TABLE 111.2. The extent the topic of sustainability has been discussed in the respondent’s country,
considering INPRO Methodology is targeting at sustainability of a nuclear energy system, whether a current
or future / planned system.

# | Country | None | Notsowell | Well | Very well
INPRO Members
1 Algeria J
2 Argentina J
3 Armenia J
4 Belarus J
5 Brazil J
6 Bulgaria J
7 Chile J
8 China J
9 Egypt
10 Germany
11 India J
12 Indonesia J
13 Indonesia(2) J
14 Indonesia(3) J
15 Japan J
16 Jordan J
17 Kazakhstan J
18 Kenya J
19 Korea, Rep of J
20 Malaysia J
21 Pakistan J
22 Poland J
23 Romania J
24 Russian Federation J
25 South Africa J
26 Ukraine J
27 United States of America J
28 Vietnam J
INPRO Observers
29 Hungary J
30 Nigeria J
31 Nigeria(2) J
32 Thailand J
33 Tunisia
Other Member States
34 Albania J
35 Bangladesh
INPRO Member 1 6 8 12
INPRO Observers 1 2 0 1
TALLY Other Member States 0 1 0 0
TOTAL 2 9 8 13
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TABLE I111.3. Rank the importance of benefits which can be obtained from performing an assessment of a

nuclear energy system using the INPRO Methodology, with respect to respondent’s country. (1=Not
important; 2=Less important; 3=Important; 4=More important; 5=Very important)

Identify gaps | ldentify potential Develop
in national for regional and Develop capacity
# Country nuclear international technical building of
power arrangement or document national
program collaboration experts
INPRO Members
1 Algeria 5 4 4 5
2 Argentina 3 3 3 3
3 Armenia 4 2 5 5
4 Belarus 5 5 4 3
5 Brazil 2 2 2 2
6 Bulgaria 5 4 3 2
7 Chile 5 4 3 3
8 China 3 2 3 2
9 Egypt 5 2 3 4
10 Germany
11 India 5 3 1 3
12 Indonesia 4 3 3 5
13 Indonesia(2) 5 4 2 2
14 Indonesia(3) 5 4 3 2
15 Japan 3 5 2 2
16 Jordan 4 3 4 5
17 Kazakhstan 3 3 4 3
18 Kenya 5 5 5
19 Korea, Rep of 4 3 2 1
20 Malaysia 5 5 5 5
21 Pakistan 2 2 3 2
22 Poland 3 5 3 4
23 Romania 5 4 5 4
24 Russian Federation 5 4 5 3
25 South Africa 4 4 5 5
26 Ukraine 3 2 3 4
27 United States of America 2 4 3 4
28 Vietnam 3 3 4 4
INPRO Observers
29 Hungary 3 5 5 3
30 Nigeria 5 3 3 5
31 Nigeria(2) 5 5 5 5
32 Thailand 2 3 4 5
33 Tunisia
Other Member States
34 Albania 3 4 4
35 Bangladesh
INPRO Member (%) 3.923 3.481 3.407 3.404
INPRO Observers (%) 3.75 4 4.25 4.5
TALLY Other Member States 0 3 4 4
(%)
TOTAL (%) 3.9 3.531 3.531 3.562
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TABLE I11.4. Areas in the INPRO Methodology that may be of interest to Member States for a partial / full

NESA.
# Country Economics | ™ | management | Resistance | prowction | ment | Saety
INPRO Members
1 Algeria J J / J J J J
2 Argentina J J /
3 Armenia J J J J
4 Belarus J J J J J J J
5 Brazil J J J
6 Bulgaria J J J
7 Chile J J J J J J J
8 China J J J J
9 Egypt J J J J
10 Germany J J
11 India J J J J
12 Indonesia J J J
13 Indonesia(2) J J J
14 Indonesia(3) J J J
15 Japan J J J J J J
16 Jordan J J J J J J J
17 Kazakhstan J J J
18 Kenya J J / / J J J
19 Korea, Rep of J J / J
20 Malaysia J J J J J J J
21 Pakistan J J J
22 Poland J J J /
23 Romania J J J J
24 Russian Federation J J J J J
25 South Africa J J
26 Ukraine J J J J
27 United States of J J J J
America
28 Vietnam J J J J J J J
INPRO Observers
29 Hungary J
30 Nigeria J J J J
31 Nigeria(2) J J / J J J J
32 Thailand J J J
33 Tunisia
Other Member States
34 Albania J J J J
35 Bangladesh
INPRO Member 26 16 22 9 9 15 27
INPRO Observers 2 3 3 1 2 1 3
TALLY Other Member 1 1 0 0 1 1
States
TOTAL 29 20 25 10 11 17 31
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ANNEX IV.

Participating Vendors
Mr Albert Lee, Candu Energy, Canada

Ms Sabina Boyle, Candu Energy, Canada

Mr Franck Lignini, AREVA, France
Mr Jong Tae Seo, KEPCO-E&C, Republic of Korea
Mr Kim Han-Gon, KHNP, Republic of Korea

Mr Sumio Fujii, MITSUBISHI, Japan

Mr Tetsushi Yuasa, MITSUBISHI, Japan

LIST OF PARTICIPANTS

Mr Kenichi Yasuda, GE Hitachi Nuclear Energy International, Japan

Mr Gary L Miller, GE Hitachi Nuclear Energy International, USA

Mr James A Beard, GE Hitachi Nuclear Energy International, USA

Mr Mikhail Bykov, OKB “GIDROPRESS”, Russian Federation

Mr Denis Kolchinskiy, JSC (Leading institute VNIPIET) (SPAEP), Russian Federation

Member States

COUNTRY

/ ORGA- PARTICIPANT OFFICIAL MAILING ADDRESS
NIZATION
Albania Mr  Kuneshka National Nuclear Agency
Milo, Blv. Deshmoret e Kombit nr. 1
milokuneshka@yaho | 1000 TIRANA, ALBANIA
0.com, Fax: 224 8298
milo.kuneshka@akob | Email: , milokuneshka@yahoo.com,
.gov.al milo.kuneshka@akob.gov.al
Algeria Mr  ZIDI Commissariat a I'énergie atomique (COMENA)
Tahar, 2, boulevard Frantz Fanon, B.P. 399
tzidi@scientist.com; 16000 ALGER Gare, ALGERIA
t.zidi@comena- Tel: 0021321433 4444
dz.org Fax: 0021321 648 242
Email: tzidi@scientist.com; t.zidi@comena-dz.org
Argentina Mr  Calabrese Comision Nacional de Energia Atomica (CNEA)
Carlos Ruben, Avenida del Libertador 8250
calabres@cnea.gov.a | C1429BNP BUENOS AIRES, ARGENTINA
r Tel: 0054 1 7547218; +54 11 6779 8484
Fax: +54 11 6779 8570
Email: calabres@cnea.gov.ar
Armenia Mr  Gevorgyan Ministry of Energy and Natural Resources RA
Aram, 2, Government House, Republic Square
atomen@freenet.am YEREVAN 0010, ARMENIA
Tel: 00374 10 523447
Email: atomen@freenet.am
Bangladesh Mr  ZULQUARNAIN Bangladesh Atomic Energy Commission
Md. Ali, E-12A, Agargaon, Sher-e-Banglanagar
zmaliee@gmail.com | DHAKA 1207, BANGLADESH
Tel: 8181840, Fax: 8181845
Email: zmaliee@gmail.com
Belarus Mr  Popov Joint Institute of Power and Nuclear Research "Sosny";
Boris, National Academy of Sciences
bipopov@sosny.bas- | 99 Academik Krasin Street
net.by 220109 MINSK, BELARUS

Tel: 00375 17 2994872, Fax: 00375 17 2994355
Email: bipopov@sosny.bas-net.by
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Brazil Mr  Goncalves Filho National Nuclear Energy Commission (CNEN); Instituto
Orlando Joao de Engenharia Nuclear (IEN)
Agostinho, Rua Hélio de Almeida, 75
orlando@ien.gov.br | Cidade Universitaria - Ilha do Funddo
Caixa Postal 68550
21941-972 RIO DE JANEIRO, BRAZIL
Tel: 0055 21 220 98230, Fax: 0055 21 22098 259
Email: orlando@ien.gov.br
Bulgaria Mr  Grudev Institute for Nuclear Research and Nuclear Energy
Pavlin Petkov, (INRNE); Bulgarian Academy of Sciences
pavlinpg@inrne.bas. | 72 Tzarigradsko chaussee, Blvd.
bg 1784 SOFIA, BULGARIA
Fax: 00359 2 97 53 619
Email: pavlinpg@inrne.bas.bg
Chile Mr  Reyes Comision Chilena de Energia Nuclear (CCHEN)
Jerson, Casilla 188-D, Amunategui 95
jereyes@cchen.cl SANTIAGO, CHILE
Tel: +56 2 364 6217
Fax: 0056 2 3646181
Email: jereyes@cchen.cl
China Ms Yang China Institute of Atomic Energy (CIAE)
Xiaoyan, P.O Box 275 (34)
yangxy83@gmail.co | Beijing, CHINA
m Email: yangxy83@gmail.com
China Mr  Zhou Department of Fast Reactor Engineering; China Institute
Peide of Atomic Energy (CIAE); China National Nuclear Corp.
(CNNC)
P.O. Box 275-34
BEWING, CHINA
Tel: 0086 10 69358399
Egypt Mr  Ibrahim Nuclear Power Plants Authority (NPPA)
Mohamed M. Abdel- | P.O. Box 108, 4 EI-Nasr Avenue, Nasr City
Raouf, CAIRO 11381, EGYPT
MRAOUFSALAH@ | Tel: 00202 2633503
yahoo.com Fax: 00202 2616276
Email: MRAOUFSALAH@yahoo.com
Germany Mr  Kupitz Research Center Juelich
Juergen, IEF-STE
j-kupitz@fz- 52425 Juelich, GERMANY
juelich.de Tel: +43 6765573915, Fax: +43 12030237
Email: j.kupitz@fz-juelich.de
Germany Mr  Miassoedov Karlsruher Institut fuer Technologie, Hermann-von-
Alexei, Helmholtz PI. 1
Alexei.Miassoedov@ | 76344 EGGENSTEIN-LEOPOLDSHAFEN
kit.edu GERMANY
Email: Alexei.Miassoedov@kit.edu
Germany Mr  Nunnemann Ministry for Economy and Technology
Thomas, Scharnhorststrasse 34-37
thomas.nunnemann@ | 10115 BERLIN, GERMANY
bmwi.bund.de Email: thomas.nunnemann@bmwi.bund.de
Hungary Mr  Hodossyné Hungarian Atomic Energy Authority (HAEA)
Hauszmann P.O. Box 676, Fenyes Adolf u. 4
Zsuzsanna, 1036 BUDAPEST, HUNGARY

hhzsuzsi@gmail.com

Tel: 0036 203505300, Fax: 0036 1 4364804
Email: hhzsuzsi@gmail.com
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India Mr  Dulera Bhabha Atomic Research Centre (BARC); Department of
Indravadan, Atomic Energy (DAE)
dulera@apsara.barc.e | Trombay
rnet.in MUMBAI 400 085, INDIA
Fax: 0091 22 25505151
Email: dulera@apsara.barc.ernet.in
Indonesia Mr  Aziz Komplek Batan Indah Blok H No. 4, Setu
Ferhat, Serpong, Tangerang Selatan
ferhat@batan.go.id 15313 INDONESIA
Fax: 525 1110
Email: ferhat@batan.go.id
Indonesia Mr  Dewayatna Center for Nuclear Fuel and Recycle Technology;
Winter, National Nuclear Energy Agency (BATAN)
winter@batan.go.id Kawasan Puspiptek Serpong; Gd. 20
15314 TANGERANG SELATAN, INDONESIA
Tel: 0062217560915, Fax: 0062217560919
Email: winter@batan.go.id
Indonesia Mr  Tjahjono Center for Reactor Technology and Nuclear Safety;
Hendro, National Nuclear Energy Agency (BATAN)
hendro@batan.go.id | Kawasan Puspiptek Serpong Gd. 80
TANGERANG 15310, INDONESIA
Tel: 0062 21 7560212 ext. 5856; 0062 8129751369
Fax: 0062 21 7560913
Email: hendro@batan.go.id
Japan Mr  Hioki Leonard Bernsteinstrass 8/34/7
Kazumasa, 1220 VIENNA, JAPAN
hioki.kazumasa@jae | Tel: +43 1 955 4012, Fax: +43 1 955 4016
a.go.jp Email: hioki.kazumasa@jaea.go.jp
Japan Mr  Sato JAPAN
Koji, Tel: +81292674141, Fax: +81292677173
sato.koji@jaea.go.jp | Email: sato.koji@jaea.go.jp
Jordan Mr  Qutishat P.O.Box 70 Shafa Badran
Eyad, Rajab, 11934 AMMAN, JORDAN
Eyad.Qutishat@jaec. | Tel: +96265200460, Fax: +96265200471
gov.jo Email: Eyad.Qutishat@jaec.gov.jo
Kazakhstan Ms Bayazitova Ministry of Justice, Orynbor str. 10/12
Zhanar, 010000 ASTANA, KAZAKHSTAN
z.t.bayazitova@gmail | Tel: 77017733633
.com Email: z.t.bayazitova@gmail.com
Kazakhstan Mr  Ordabayev Head, Division of Atomic Energy
Makhsut, Committee of Atomic Energy
un@kazakhstan.at Ministry of Industry and New Technologies of
Kazakhstan
ALMATY, KAZAKHSTAN
Email: un@kazakhstan.at
Kenya Ms  Dwasi Reinsurance Plaza, Taifa Road, P.O. Box 26374
Jane, Akinyi, 00100 NAIROBI, KENYA
nuclearkenya@gmail | Email: nuclearkenya@gmail.com
.com
Korea, Mr  Lim Korea Atomic Energy Research Institute (KAERI)
Republic of Chae-Young, P.O. Box 105, 1045 Daedeok-daero, Yuseong-gu

limcy@Kkaeri.re.kr

DAEJEON 305-353, KOREA, REPUBLIC OF
Tel: 0082 42 8688231, Fax: 0082 42 8617521
Email: limcy@Kkaeri.re.kr
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Korea, Mr  Song Korea Atomic Energy Research Institute

Republic of Lee Young, 1045 Daeduk-Daero, Yousung-Gu
lysong@kaeri.re.kr 305-353 DAEJEON, KOREA, REPUBLIC OF

Email: lysong@kaeri.re.kr

Malaysia Mr  Hj Khalid Malaysian Nuclear Agency; Ministry of Science,
Mohd Ashhar, Technology and Innovation
ashhar@nuclearmala | Bangi, 43000 KAJANG, MALAYSIA
ysia.gov.my Selangor

Tel: 0060 3 89250510, Fax: 0060 3 89250755
Email: ashhar@nuclearmalaysia.gov.my

Nigeria Mr  Ekedegwa Nigeria Atomic Energy Commission (NAEC)
Anthony Inalegwu, P.M.B. 646 Garki, 9 Kwame Nkrumah Crescent,
tekedegwa@nigatom. | Asokoro
org.ng ABUJA, NIGERIA

Tel: 00234 8058479346, Fax: 00234 9 3146515
Email: tekedegwa@nigatom.org.ng

Nigeria Mr  Ibitoye Nigeria Atomic Energy Commission (NAEC)
Francis ldowu, 9 Kwame Nkrumah Crescent, Asokoro
francis.ibitoye@nigat | ABUJA, NIGERIA
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ANNEX V. OPENING REMARKS
Alexander Bychkov
IAEA Deputy Director for Nuclear Energy and INPRO Project Manager

Dear Participants, Ladies and Gentlemen,

On behalf of the International Atomic Energy Agency, | welcome you to the seventh INPRO Dialogue
Forum on the Sustainability of Nuclear Energy System Based on Evolutionary Reactors.

The meeting is designed to foster a dialogue between technology developers and technology users from all
IAEA interested Member States. It serves as a platform to discuss issues related to sustainable development
and deployment of nuclear energy. The forum facilitates a mutual understanding of the needs and potential
roles of technology users, and the possibilities and limitations of technology developers.

This particular forum is intended to familiarize participants with the INPRO Methodology, focused on the
sustainability assessment of nuclear energy systems. Previous experience shows that in selecting certain
reactor technology for the NES sustainability assessment (NESA), the assessor is dependent on the
information available for each particular design of interest. This INPRO Dialogue Forum will provide an
opportunity for Member States to meet and discuss with nuclear technology developers on potential
cooperation.

Ladies and Gentlemen,

INPRO Methodology is an internationally validated tool for the assessment of nuclear energy system. It
serves to assist Member States in assessing the NES sustainability based on a comprehensive set of
internationally agreed basic principles, requirements and criteria in the areas of Economics, Infrastructure,
Waste management, Proliferation Resistance, Physical Protection, Environment, and Safety.

In this forum, in addition to the IAEA and INPRO Group, we have representatives from the reactor vendors
who will demonstrate the use of INPRO Methodology to assess their evolutionary reactor designs. The
vendors include Candu Energy Incorporated, Mitsubishi Heavy Industry, KEPCO and KHNP, GE Hitachi
Nuclear Energy International, AREVA and Rosatom. The vendors have selected the area of safety of nuclear
reactors, one of the seven INPRO areas essential to the sustainability of a nuclear energy system and the
most important area as we all have learned from the past Fukushima accident. They will perform evaluation
of progress that has been achieved in their evolutionary reactor designs compared against operating reactors.

The assessments performed by the vendors also serves to further validate the INPRO Methodology as a tool
that can be used by the Member States in their long range and strategic planning of nuclear energy
programmes. The expected output shall be very useful for current and future NESA assessors and for the on-
going efforts in updating the INPRO methodology.

Hereby I would like to acknowledge and thank the nuclear industry for their participation.
Ladies and Gentlemen,

In conclusion, INPRO is part of the IAEA integrated services provided to Member States considering initial
development or expansion of their nuclear energy programmes. And INPRO cooperates with Member States
to ensure that sustainable nuclear energy is available to help meet the energy needs of the 21* century. The
INPRO Methodology serves as the tool for this purpose.

I wish to thank all participants, presenters and colleagues for their significant interest and contribution to this
important event.

I also wish to thank the INPRO Group for organizing this dialogue forum, for bringing in the reactor vendors
to the event.

I wish you all an active, successful and fruitful meeting.
Thank you.
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AB

AC
ACC
ACIWA
ADS
AHWR
AOO
APC
APC-S
APR1400
APWR
ASD
ATLAS
ATWS
BAMP
BiIMAC
BDBA
BOC
BOP
BWR
CANDU
CAR
CB
CCF
CClI
CCu
CCwpP
CCWS
CDF
CEDM
CFS
CHRS
CHTR
CLDS
CLI
CMF
COPS
CPCS
CPM
C-PHRS
CRD
CS
CSA
CSAS
CTG
CVR
DAS
DBA
DBC
DBE
DCD
DCH
DEB
DEC

ABBREVIATIONS

Auxiliary Building

Alternating Current

Advanced Accumulator

AC Independent Water Addition
Automatic Depressurization System
Advanced Heavy Water Reactor
Anticipated Occupational Occurrence
Airplane Crash

Auxiliary Process Cabinet — Safety
Advanced Power Reactor 1400
Advanced Pressurized Water Reactor
Adjustable Speed Drive

Advanced Thermal-hydraulic Test Loop
Anticipated Transient Without Reactor Scram
Boric Acid Makeup Pump

Basemat internal Melt Arrest and Coolability
Beyond Design Basis Accident
Beginning of Cycle

Balance of Plant

Boiling Water Reactor

CANada Deuterium Uranium

Control Absorber Rod

Compound Building

Common Cause Failure

Core Concrete Interaction
Containment Cooling Unit
Component Cooling Water Pump
Component Cooling Water System
Core Damage Frequency

Control Element Drive Mechanism
Cavity Flooding System
Containment Heat Removal System
Compact High Temperature Reactor
Coolant Leak Detection System

Cold Leg Injection

Common Mode Failure

Containment Overpressure Protection System
Core Protection Calculator System
Control Panel Multiplexer
Containment Passive Heat Removal System
Control Rod Drive

Containment Spray

Canadian Standards Association
Containment Spray Actuation Signal
Combustion Turbine Generator
Coolant Void Reactivity

Diverse Actuation System

Design Basis Accident

Design Basis Conditions

Design Basis Earthquake

Design Control Document

Direct Containment Heating

Direct ECC Bypass

Design Extension Conditions
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DF
DID
DIS
DIVA
DNB
DNBR
DOBO
DPS
DVI
EBIS
EBS
EC6
ECC
ECCS
ECSBS
EDG
ENSREG

EFCVS

EFWP
EFWS
EHRS
EHM
EOC
EOF
EPRI
EPS
EPP
ERVC/ERVCS
ESBWR
ESF
ESFAS
ESF-CCS
ESW
ESWS
ETP

FA

FBR
FDD
FLB
FMCRD
FOAK
GDCS
GIST
GSS
GTG
HCLPF
HFE
HHSI
HMI
HPCF
HPECC
HPME
HST
HVAC
IBA
1&C

Defence In Depth

Decontamination Factor

Diverse Indication System

Downcomer Injection Visualization and Analysis
Departure from Nucleate Boiling

Departure from Nucleate Boiling Ratio
Downcomer Boiling

Diverse Protection System

Direct Vessel Injection

Emergency Boron Injection System
Emergency Borated System

Enhanced CANDU 6

Emergency Core Cooling

Emergency Core Cooling System

Emergency Containment Spray Back-up System
Emergency Diesel Generators

European Nuclear Safety Regulators Group and
Commission

Emergency Filtered Containment Venting System
Emergency Feedwater pump

Emergency Feed Water System

Emergency Heat Removal System

Equipment Health Monitoring

End of Cycle

Emergency Operations Facilities

Electric Power Research Institute

Emergency Power Supply

Entry Point Project

External Reactor Vessel Cooling / ERVC System
Economic Simplified Boiling Water Reactor
Engineered Safety Features

ESF Actuation System

ESF-Component Control System

Electro Slag Welding

Essential Service Water System

Economic Transformation Programme

Fuel Assembly

Fast Breeder Reactor

Flow Distribution Device

Feed Line Break

Fine Motion Control Rod Drive
First-of-a-Kind

Gravity Driven Cooling System

GDCS Integrated System Testing

Guaranteed Shutdown State

Gas Turbine Generator

High Confidence of Low Probability of Failure
Human Factor Engineering

High Head Safety Injection

Human-Machine Interface

High Pressure Core Flooder

High Pressure Emergency Core Cooling

High Pressure Melt Injection

Hot wire Switching Tungsten inert gas

Heating Ventilation and Air Conditioning
Inner Barrel Assembly

Instrumentation and Control
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IAEA
ICPCCS
ICIS
ICS

IE
IHA
IHTR
ILW
INIG
INIR
INPRO

IRWST

ISI

ISLOCA

IVR
KEPCO-E&C

KHNP
KINS
LAC
LBB
LBLOCA
LCO
LCS
LHSI
LLW
LOCA
LOHS
LOOP
LPD
LPDS
LPSI/LPSIP
LRF
LUHS
MCCI
MCDS
MCR
MIDAS

MHI
MIG
MMIS
MSIV
NES
NESA
NIMS
NPA
NPCS
NPIDP
NPIRDP

NPP
NPSH
NSSS
OBE
OPR1000

International Atomic Energy Agency

Isolation Condenser Passive Cooling Containment System
In Core Instrumentation System

Isolation Condenser System

Initiating Event

Integrated Head Assembly

Innovative High Temperature Reactor
Intermediate Level Waste

Integrated Nuclear Infrastructure Group
Integrated Nuclear Infrastructure Review
International Project on Innovative Nuclear Reactors and
Fuel Cycles

In-containment Refueling Water Storage Tank
In-Service Inspection

Inter-system Loss of Coolant Accident

In-Vessel Retention

Korea Electric Power Corporation Engineering &
Construction

Korea Hydro & Nuclear Power

Korean Institute for Nuclear Safety

Local Air Cooler

Leak Before Break

Large Break Loss of Coolant Accident

Limiting Conditions of Operation

Local Control Station

Low Head Safety Injection

Low Level Waste

Loss of Coolant Accident

Loss of Heat Sink

Loss of Off-site Power

Local Power Density

Loose Parts Detection System

Low Pressure Safety Injection / LPSI Pump
Large Release Frequency

Loss of Ultimate Heat Sink

Monitoring, Control and Diagnostic System
Molten Core Concrete Interaction

Main Control Room

Multi-dimensional Investigation in Downcomer Annulus
Simulation

Mitsubishi Heavy Industries

Metal Inert Gas

Man-Machine Interface System

Main Steam Isolation Valve

Nuclear Energy System

Nuclear Energy System Assessment

NSSS Integrity Monitoring System

Nuclear Plant Analyzer

NSSS Process Control System

Nuclear Power Infrastructure Development Plant
Nuclear Power Infrastructure and Regulatory Development
Plant

Nuclear Power Plant

Net Positive Suction Head

Nuclear Steam Supply System

Operating Basis Earthquake

Optimized Power Reactor
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PAM : Post Accident Monitoring

PAR : Passive Autocatalytic Recombiner

PAS : Process Automation System

PCCS ; Passive Containment Cooling System
P-CCS : Process-Component Control System

PCCV : Pre-stressed Concrete Containment Vessel
PCS ; Power Control System

PCT : Peak Cladding Temperature

PCV : Primary Containment Vessel

PICS ; Process Information and Control System
PI/PA : Public Information and Acceptance

PIRT : Phenomena Identification and Ranking Table
PGA ; Peak Ground Acceleration

PGAP : Performance Assessment of Passive Gaseous Provisions
PHWR : Pressurized Heavy Water Reactor

PHRS / PHRS-SG : Passive Heat Removal System / PHRS via Steam Generator
POSRV : Pilot Operated Safety Relief Valve

PPS : Plant Protection System

PRA : Probabilistic Risk Assessment

PSA : Probabilistic Safety Analysis

PTU ; Pressurized Water Reactor

PWR : Protection Tube Unit

Q-DCIs : Safety-related Distributed Control and Information System
QIAS : Qualified Indication and Alarm System
RCB : Reactor Containment Building

RCCA : Rod Control Cluster Assemblies

RCIC : Reactor Core Isolation Cooling

RCL ; Reactor Coolant Line

RCP : Reactor Coolant Pump

RCPB : Reactor Coolant Pressure Boundary

RCS : Reactor Coolant System

RCIC : Reactor Core Isolation Cooling

RCSL : Reactor Control Surveillance and Limitation system
RCW ; Recirculated Water

RD&D : Research, Development and Demonstration
RFID : Radio Frequency In Identification

RHR : Residual Heat Removal

RIP : Reactors Internal Pump

RLACS : Remaining Life Automated Control System
Rosatom : Rosatom State Atomic Energy Corporation
RP : Reactor Plant

RPS : Reactor Protection System

RPV : Reactor Pressure Vessel

RRS : Reactor Regulating System

RSC : Remote Shutdown Console

RSR : Remote Shutdown Room

RSW : Raw Service Water

RTD : Resistance Temperature Detector

RTSS : Reactor Trip Switch gear System

RWCU : Reactor Water Cleanup Unit

RWST : Refueling Water Storage Tank

RWSP ; Refueling Water Storage Pit

RWT : Reserve Water Tank

SA : Severe Accident

SAR : Safety Analysis Repot

SAM ; Severe Accident Management

SAMG : Severe Accident Management Guideline
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SAMS : Severe Accident Management Simulation Module

SARHRS : Severe Accident Recovery and Heat Removal System
SBLOCA ; Small Break Loss of Coolant Accident
SBO : Station Blackout

SCC : Stress Corrosion Cracking

SCD : Severe Core Damage

SCP ; Shutdown Cooling Pump

SDC : Shut Down Cooling

SDS1/SDS2 : Shutdown System 1/ Shutdown System 2
SFB ; Spent Fuel Bay

SG/SG PHRS ; Steam Generator / Steam Generator PHRS
SIA : System of Integrated Analysis

SIAS ; Safety Injection Actuation Signal

SICS ; Safety Information and Control System
SID : System Integrated Diagnostics

SIP : Safety Injection Pump

SIS : Safety Injection System

SIT : Safety Injection Tank

SLB : Steam Line Break

SLC ; Standby Liquid Control

SMR ; Small and Medium-sized Reactor

SOR : Shut-Off Rods

SPACE : Safety and Performance Analysis CodE
SQed : Seismically Qualified

SSC : System, Structure and Component

SSE : Small Release Frequency

SRF : Safe Shutdown Earthquake

SRV : Safety Relief Valves

B : Turbine Building

TIG : Tungsten Inert Gas

TLOFW ; Total Loss Of Feed Water

TSC : Technical Support Centre

UGS : Upper Guide Structure

UHS ; Uniform Hazard Spectra

URD : Utility Requirements Document

VAPER : Valve Performance Evaluation Rig

VDS : Vibration-noise Diagnostics System
V&V : Verification & Validation

WENRA : Western European Nuclear Regulators Association
WHO ; World Health Organization
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