G ECC
o7 smart

ECC-SMART PROJECT

Joint European Canadian Chinese development of Small Modular Reactor Technology

Grant Agreement Number: 945234
H2020 — NFRP-2019-2020

Start Date of the Project: 1/09/2020
Duration: 48 Months

_ _ D5.1 Safety criteria and requirements for
Deliverable Title:
the SCW-SMR concept
Lead party: Jozef Stefan Institute (JSI)
L. Cizelj, A. ProSek, M. Ursi¢, J.-C. de la Rosa Blul, O. Martin,
Author(s): A. Kiss, I. Boros, M. Hrehor, A. Toivonen, A. Nava-
Dominguez, S. He, |. Otic
Participant(s): JRC, CVR, KIT, BME, VTT, CNL, UoS
Due Date: 31/08/2021

Version Number: 0.1
Approved by: Coordinator

Date: 10/2/2022

Dissemination level
PU Public X

COo Confidential: only for ECC-SMART Partners
(including the Commission Services)
EU-RES | Classified Information: RESTREINT UE*

EU-CON | Classified Information: CONFIDENTIEL UE*

EU-SEC | Classified Information: SECRET UE*
*Commission Decision 2005/444/EC




ECC-SMART Project ' ECC

D5.1 Safety criteria and requirements for the SCW-SMR concept smart

Document History — Version Control

Version | Issue Date | Stage Description of Changes Contributor
0.0 7/1/2021 Draft Version | First integrated version Leon Cizelj (JSI)
0.1 9/2/2022 Final Version | Final version including WP5 participants,
comments from the project Leon (JSI)
consortium

Project information
Project acronym: ECC-SMART
Joint European Canadian Chinese development of Small Modular
Reactor Technology
Grant Agreement n° 945234
Start date: 1.9.2020
Duration 48 months
Framework Programme for Research and Innovation (2019-2020)
under the call NFRP-2019-2020
Coordinator: Centrum Vyzkumu Rez, s.r.o. (Czech Republic)

Project title:

Programme:

Document information

Work package: 5
Contractual Date of Delivery: 31.08.2021
Actual Date of Delivery to the EC: | 10.02.2021
Document type: Report
Dissemination level: Public
Number of pages: 113
Abstract:

This report collects the most important generic and design specific safety criteria and
requirements judged to be applicable for the conceptual design developed within the ECC-
SMART project. This has been done through a critical review of the relevant documents
published by IAEA, WENRA, GIF and national legislations of Finland, Canada, Czech Republic,
UK and China. The driving principles and main approaches for the refinement and further
development of the safety requirements and criteria have also been identified, substantiated
and documented.

Copyright / Disclaimer

The document is property of the ECC-SMART consortium members. This document reflects only the
authors' views. It does not represent the view of the European Commission and the European Commission
is not responsible for any use that may be made of the information it contains. This deliverable contains
original unpublished work except where clearly indicated otherwise. Acknowledgement of previously
published material and of the work of others has been made through appropriate citation, quotation or both.
Reproduction is authorized provided the source is acknowledged.

i The ECC-SMART project has received funding from the Euratom research and training
3 programme 2019-2020 under grant agreement No 945234.



ECC-SMART Project ' ECC

D5.1 Safety criteria and requirements for the SCW-SMR concept smart

Executive Summary

The purpose of this deliverable is to identify generic safety principles, objectives and criteria
(hereafter simply named ‘safety elements’) and specific safety elements applicable to ECC-
SMART.

The driving principles for the application of generic safety elements are discussed and
substantiated in Section 2. These are then implemented in the review of safety elements
applicable to all ECC-SMART family of designs at the international level, including IAEA, GIF and
European Commission (EC), in Section 3. Section 4 discusses safety requirements at the national
level in Canada, China, the Czech Republic, Finland and the United Kingdom. Finally, Section 5
closes the report by summarizing the identified safety elements applicable to Supercritical Water-
Cooled Small Modular Reactor (SCW-SMR) designs and provides recommendations for the
refinement and further development of the safety requirements and criteria with the future
developments of the respective conceptual designs.

In this deliverable, it was assumed that the ECC-SMART family of designs results from the
combination of three big nuclear power plant families of designs: new (3rd generation) reactors,
small modular reactors and 4th generation reactors including the Supercritical Water-Cooled
Reactor (SCWR). Such a combination is the conjunction of the three sets of safety elements as
long as compatible with ECC-SMART.

The determination of safety elements of ECC-SMART is made based on: (1) the identification of
existing safety elements based on a structured literature review and applicability analysis and (2)
the development of safety elements from identified gaps related to specific fields of safety where
accommodation of existing safety elements is not feasible. A critical review of the relevant
documents of international legal or guidance frameworks (IAEA, GIF, EC) and national
legislations (Canada, China, Czech Republic, Finland and UK) has been performed.

In the summary of specific safety elements for SCW-SMR, guiding principles for review and
selection of relevant safety elements, safety elements and recommendations are summarized.

All compatible safety elements of new 3rd generation reactors apply to ECC-SMART, while safety
elements specific to small modular reactor (SMR) designs apply to ECC-SMART depending on
the design, hence on a case-by-case basis. All the top-level safety requirements identified by GIF
apply to ECC-SMART, in particular, the elimination of DEC-B scenarios. No new challenging
safety requirements specific to SCW-SMR in the accident domain are foreseen or expected.

No safety elements developed specifically for the SCW-SMR have been found. The majority of
the IAEA high-level safety requirements apply to the ECC-SMART. IAEA SSR-2/1 standard for
design should be used during the SCW-SMR development as a starting point for the design
criteria development. As the SCWR is among the selected Generation IV International Forum
(GIF) designs, ECC-SMART should meet the relevant GIF safety goals. In summary, the
frequency of DEC-A scenarios shall be very low and its damage extension limited and DEC-B
scenarios shall be eliminated. Also, with the exception of Canada and China, no specific
regulations for SMRs appear to be in force in the countries reviewed within this project. Specific
requests for SCW-SMR are also not yet available in the Chinese and Canadian SMR regulations.
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This is why safety criteria covering particular aspects of the ECC-SMART conceptual designs will
have to be developed in parallel with the specific design features featured by the designs under
ECC-SMART.

Some relevant aspects to be considered in the future refined conceptual design and in the parallel
development of safety criteria, respective research and development (R&D) programmes and
Phenomena ldentification and Ranking Table (PIRT), are already identified in the deliverable.
However, it is recommended to carry out an exhaustive identification of the specific design and
performance features in the future. Within the scope of this project, the necessary preparations
to develop the PIRT are being planned to support the implementation of the Integrated Safety
Assessment Methodology (ISAM) in future projects.
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1 Introduction

1.1 Background

The Joint European Canadian Chinese development of Small Modular Reactor Technology
(ECC-SMART) is a multi-international project focused on the development and licensing of the
future Supercritical Water-cooled Small Modular Reactor (SCW-SMR).

In this document we assume that the ECC-SMART family of designs results from the combination
of three large nuclear power plant (NPP) families of designs: new (3" generation) reactors, SMRs,
4™ generation NPPs including the SCWR. Such combination is the conjunction of the three sets
of safety elements as shown with the help of Venn’s diagrams in Figure 1 as long as compatible
with ECC-SMART.

New Reactors

4"1 Gen. NPPs

ECC-SMART

Figure 1. Safety Elements applicable to ECC-SMART

ECC-SMART takes the family of new reactors (with light grey colour) as the reference family of
designs against which it departs from, and where most of the safety elements applicable to ECC-
SMART are located (hence the bigger circle compared to the others). This absolute reference to
analyse the applicable safety elements to ECC-SMART dwells on the fact that the new plants
have already achieved a consolidated, agreed and robust set of safety elements, so that in
principle no further research and development is required for successful licensing. The collection
of safety elements applicable for new plants is well reflected by many international organisations,
such as EC, IAEA and WENRA, and national regulatory frameworks. The current project therefore
addresses the task of identifying safety elements to ECC-SMART through a biased approach
based on first stating the common safety elements with so-called new plants applicable to ECC-
SMART, and then stating the differences that need dedicated application.

1.2 Purpose of the document

This document is the first among the four deliverables to be developed within the WP5 Licensing
and safety of the ECC-SMART project. It documents the work performed in the WP5 task 5.1 and
aims at two major objectives:
e Identification of generic safety principles, objectives and criteria (hereafter simply named
‘safety elements’) applicable to ECC-SMART.
¢ Identification of specific safety elements applicable to ECC-SMART.
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The information collected and developed for this document will be further developed,
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complemented and refined in the follow-up deliverables:

e Db5.2 Safety related features of the SCW-SMR concept, aiming at synthesizing the main

safety related findings and conclusions of the WPs 2-4;

o D5.3 Pre-licensing study; aiming to demonstrate the feasibility of the conceptual design to

be licensed;

e D5.4 Guidelines for the demonstration of the safety in the further development stages of

the SCW-SMR concept.

1.3 Safety of nuclear installations

It is assumed throughout the document that the reader is familiar with the top-level concepts and
principles of nuclear safety including Defence-in-Depth (DiD), fundamental safety functions and
principles (control the chain reaction, heat removal, containing the radioactive materials),

resistance to single failure, redundancy, diversity, independence, etc.

Nevertheless, it appears to be useful to depict some definitions of levels of defence, which are at
the core of diverse national and international implementations of the DiD concept. The general
idea of the DIiD concept is discussed in the document “Defence in Depth in Nuclear Safety” [1]
published in 1996 by the International Nuclear Safety Advisory Group (INSAG). This document
introduces five levels of DID, outlined in Table 1 and is consistent with the definitions of the five

levels of DID in IAEA SSR-2/1 [2].

Table 1. Levels of DiD according to INSAG-10 [1]

Level of
defence Objective Essential means
in depth

Level 1 Prevention of abnormal operation and | Conservative design and high quality
failures in construction and operation

, Control, limiting and protection
Control of abnormal operation and g P .

Level 2 . . systems and other surveillance

detection of failures
features

Level 3 Control of accidents within the design | Engineered safety features and
basis accident procedures
Control of severe plant conditions,

Level 4 including prevention of accident Complementary measures and
progression and mitigation of the accident management
consequences of severe accidents
Mitigation of radiological

Level 5 consequences of significant releases | Off-site emergency response
of radioactive materials
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The Western European Regulators Association (WENRA) called, for new plants, towards
reinforcement of DiD, and for the improvement of the independence between the levels of DiD.
As a result, WENRA derived a refined structure of the DID levels [3] depicted in Table 2. Even
though no new level of defence was suggested, a subdivision of the level 3 was created, with a

clear distinction between means and conditions for sub-levels 3a and 3b was proposed.

Table 2. The refined levels of DiD according to WENRA [3]

Levels of DiD Objective Essential means | Radiological Associated plant
conseqguences condition
categories
Level 1 Prevention of Conservative No off-site Normal operation
abnormal design and high radiological
operation and quality in impact (bounded
failures construction and by regulatory
operation, control | operating limits for
of main plant discharge)
parameters inside
defined limits
Level 2 Control of Control and Anticipated
abnormal limiting systems operational
operation and and other occurrences
failures surveillance
features
Level 3 | 3.a Control of Reactor protection | No off-site Postulated single
accident to limit system, safety radiological initiating events
radiological systems, accident | impact or only
releases and procedures minor radiological
3.b prevent escalation | Additional safety impact Postulated
to core melt features, accident multiple failure
conditions procedures events
Level 4 Control of Complementary Off-site Postulated core
accidents with safety features to | radiological melt accidents
core melt to limit mitigate core melt, | impact may imply | (short and long
off-site releases Management of limited protective term)
accidents with measures in area
core melt (severe | and time
accidents)
Level 5 Mitigation of Off-site Off-site -/-
radiological emergency radiological
consequences of | response impact
significant Intervention levels | necessitating
releases of protective
radioactive measures
material

As a rough approximation, the first three levels of DiD were traditionally considered as anticipated
events, transients, hazards and accidents, termed also plant “design conditions”, which were
together with the respective safety requirements, defined in the plant “design bases”. The
licensing process required to demonstrate successful defence against the threats collected in the
design bases.
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The events, transients, hazards and accidents leading to Levels 4 and 5 were traditionally termed
“beyond design”. However, they received augmented attention after the Fukushima-Daiichi
accident resulting in:

e Design Extension Conditions (DEC-A) without core melt. These may include for example
multiple failure events, which were traditionally excluded from the design bases. The goal
here appears to be in control of escalation of accidents to prevent core melt. This relates
DEC-A with Level 3 (INSAG, Table 1) and Level 3b (WENRA, Table 2).

¢ Design Extension Conditions (DEC-B). These include mitigation of anticipated core melt
event, especially mitigating the (large early) off-site releases of radionuclides. This relates
the DEC-B with Level 4 (INSAG, Table 1, and WENRA, Table 2).

WENRA allows for a graded approach, including probabilistic assessment, while demonstrating
defence against level 3b and level 4 events.

1.4 Security and safeguards of nuclear installations

At this time the conceptual design of the ECC-SMART does not appear to open any specific
security and safeguards challenges as compared to other 3™ and 4" Gen reactors. In addition,
the SMRs with decisively smaller inventories of radionuclides than typical large 3™ and 4" Gen
reactors appear to pose also comparably smaller security and safeguards risks.

As a consequence, this document focuses predominantly on the requirements for nuclear safety.

It is recommended to review these assumptions regularly with the future developments of the
ECC-SMART Conceptual Design.

1.5 Organisation of the document

The driving principles for the application of generic safety elements are discussed and
substantiated in Section 2. These are then implemented in the review of safety elements
applicable to all ECC-SMART family of designs at international level, including IAEA, GIF and
European Commission, in Section 3. Section 4 discusses safety requirements at national level in
Canada, China, Czech Republic, Finland and United Kingdom.

Section 5 closes the report by summarizing the identified safety elements applicable to SCW-
SMR designs and provides recommendations for the refinement and further development of the
safety requirements and criteria with the future developments of the respective conceptual
designs.
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2 Guiding Principles for the application of Generic Safety Elements in ECC-
SMART

The SCW-SMR designs comprised by ECC-SMART (hereafter referred to as ‘ECC-SMART’)
includes some specific design features, e.g. high-pressure tubes versus reactor pressure vessel
(RPV). This is why specific safety elements identified for ECC-SMART should be further broken
down into design-specific safety elements. However, this is out of this report's scope (but would
become necessary if a concrete SCW-SMR design becomes available).

The determination of safety elements of ECC-SMART is made up of two steps:
1) Identification of existing safety elements based on a structured literature review and
applicability analysis.
2) Development of safety elements from identified gaps related to specific fields of safety
where accommodation of existing safety elements is not feasible.

This two-step process is informed by four guiding principles as subsequently described.

2.1 First Guiding Principle derived from common aspects with New Reactors (3@ Gen.
NPPs)

Safety elements at general level mainly derive from the plant design and performance, on one
hand, and from the characterization of the hazard sources, on the other: if two different nuclear
systems share these aspects, top-level safety approaches allow similar application.

Similar Design / Hazard / Performance — Similar general safety elements

Furthermore, similar designs lead to similar accident phenomena and plant response, which in
turn leads to similar safety systems.

Similar Design / Hazard / Performance — Similar accident phenomena & plant response —
Similar safety systems

The first guiding principle for safety application in ECC-SMART states:

All compatible! safety elements of new reactors apply to ECC-SMART.

The underlying common fields of design and performance allowing the application of a similar
safety approach stem from the following similarities?:

- Fluid systems;

- Nuclear steam supply system (NSSS) and balance of plant (BOP) layout and interface;
- Key safety functions;

- Representative threats (initiating events, accident categories).

1 within the current context, ‘compatible’ is intended as applicable to ECC-SMART in terms of design and
performance.

2 ‘Similarity’ does not mean ‘equivalency’, in fact, emphasizing that many aspects regarding each of these
fields of the plant design and performance match between the design families, e.g. nuclear reactors, and
ECC-SMART, hence at the same time differing in some others.
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The underlying common fields of hazard sources allowing the application of a similar safety
approach stem from the following similarities:

- Encapsulated fuel material in solid state;

- Arrangement of physical barriers between the toxic, i.e. nhuclear and chemical, hazard,
and the people and environment: fuel pellet, fuel rod, reactor coolant pressure boundary,
containment;

- Hazard thermodynamic and chemical response;

- Hazard location.

Depending on the ECC-SMART specific design, e.g. design with a RPV or a pressure tube design,
a different compatibility, as set of generic safety criteria, applies.

Differences between new reactors and ECC-SMART are mostly quantitative: the phenomena
falling under the accident domain are the same, i.e. differences are more on magnitude rather
than on different figures of merit. For instance, limits on cladding oxidation or peak cladding
temperature (PCT) should hold yet perhaps at different thresholds; core melting also applies with
the same definition than for reference plants; containment thermal-hydraulics and challenging
phenomena only differ quantitatively; emergency core cooling system (ECCS) should play the
same role against loss-of-coolant accidents (LOCAS); loss of residual heat removal (RHR) system
in low power and shutdown (LP&S) conditions as initiating events apply for new reactor designs;
etc.

2.2 Second Guiding Principle derived from common aspects with SMRs

Despite the broad spectrum of SMR designs, all of them share some basic features:
- Modularity;
- Power less than 300 MWe¢;
- Passive safety systems.

These three factors might be potentially® beneficial for safety, as they should lead to higher system
reliability; lower hazard magnitude thereby lower potential radioactive / toxic releases; and lower
dependency of key safety functions on supporting systems or actions respectively.

On one hand, SMRs share many aspects with existing and new reactors — though strongly
depending on the SMR design, at least when dealing with light water (LW)-SMRs. On the other
hand, the plant response may depart from the new plants because of substantial modifications
due to different key ratios — e.g. containment volume versus thermal power— or passive safety
performance.

The second guiding principle on safety application in ECC-SMART states that:

Safety elements specific to SMR designs apply to ECC-SMART depending on the design,
hence on a case-by-case basis. Safety demonstration dealing with passive safety systems
performance and plant accident response need conservative safety margins.

3 ‘Potentially’ because the majority of SMRs still have to provide demonstration of compliance with more
stringent safety objectives consistently derived from these features.
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Higher uncertainties due to limited operating experience dealing with SMRs and passive safety
systems should be offset with larger safety margins. Experimental testing should provide enough
evidence to support the use of analytical tools involved in any qualification activity and safety
demonstration.

2.3 Third Guiding Principle derived from common aspects with 4" Gen. NPPs

4" Gen. NPPs constitute a family of innovative designs specifically aimed at solving some of the
most relevant issues of existing NPPs. It is precisely this problem-solving feature, shaping and
selecting the viable designs, where to invest research and development efforts and justifying their
innovative nature.

Because of their goal-based design, 4" Gen. NPPs already come with a set of nuclear safety
elements in all aspects dealing with nuclear energy production, such as sustainability, proliferation
or safety.

4" Gen. NPPs present substantial differences both in design and performance — contrary to 3"
Gen. NPPs — preventing the application of similar specific safety requirements. This is why safety
elements of 4" Gen. NPPs are necessarily generic, while specific safety elements only apply for
each design under the family of 4" Gen. NPPs.

Given the more ambitious nature triggering 4™ Gen. NPPs, predetermined goals imposed for all
the designs are equal or more challenging than those of new plants or SMRs.

Safety elements for 4" Gen. NPPs mainly come from OECD/NEA-sponsored Generation IV
Forum (GIF). The SCWR is one of the selected designs by GIF. GIF safety principles therefore
apply to ECC-SMART, among which one in particular, if reformulated, leads to the elimination of
DEC*-B scenarios, as further discussed in Section 3.2 (refer to [2] for further information on
categorization of plant states or design basis conditions).

The third guiding principle is stated as follows:

All the top-level safety requirements identified by GIF apply to ECC-SMART, in particular,
the elimination of DEC-B scenarios.

2.4 Fourth Guiding Principle derived from specific aspects of ECC-SMART

The key design differences between SCWRs and 3" Generation reactors are the followings:
- Higher energy conversion efficiencies;
- Higher operating temperatures and pressures;
- Differences in core design, e.g. two-pass / three-pass core configurations;
- No phase change (in normal operating conditions) compared to BWRs;
- Absence of separators and dryers compared to BWRs;
- Absence of reactor coolant pumps (RCPs) compared to BWRs.

These key design differences lead to the following key design aspects departing from existing
reactors in normal operating conditions:

- Heat transfer correlations;

- Harsher corrosion environment;

4 Design extension conditions
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- Changes in the water physicochemical properties;
- Neutron physics parameters and neutron — thermal-hydraulic coupling;
- Harsher mechanical loads on structural materials.

These key design differences lead to the following key design aspects departing from existing
reactors in accident conditions (DBC® and DEC):

- Réefilling / Reflooding patterns;

- Higher primary system depressurization rate in the RPV;

- Higher containment pressurization rate;

- Stronger High Pressure Melt Ejection;

- Stronger Direct Containment Heating;

- Stronger attack to the RPV lower plenum in case of corium relocation at high pressure.

Except for the lack of phase change under normal operating conditions, the list of phenomena
only departs quantitatively and not qualitatively from existing reactors, in line with what is stated
at the end of Section 2.1. As for the listed phenomena above, quantitatively more challenging
phenomena compared to reference plants’, each of them should be addressed in detail in the
ECC-SMART to check that they are practically eliminated, in consistency with safety principles
for new reactors, as stated in, e.g. [2], [3], and [4].

The fourth guiding principle for safety application in ECC-SMART states that:

No new challenging safety requirement specific of ECC-SMART in the accident domain is
foreseen. Quantitatively more demanding phenomena affecting safety need robust safety
demonstration and conservative safety margins.

5 Design basis conditions
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3 International legal frameworks for nuclear safety, security and
safeguards

This section aims at reviewing the existing safety elements applicable to ECC-SMART and
assigning the applicability scope of their elements upon the guiding principles as set forth above®.
o Safety elements belonging to new reactors apply fully to ECC-SMART, as derived from
the first principle — abbreviated as 1P.
e Safety elements dealing with SMRs apply on a case-by-case basis depending on the
design, as derived from the second principle — abbreviated as 2P.
e Generic safety elements dealing with 4™ Gen. NPPs apply fully as derived from the third
principle — abbreviated as 3P.
o Specific safety elements dealing with ECC-SMART come from the fourth principle —
abbreviated as 4P.

There are four key sources of information concerning international legislation or guidance
applicable to nuclear reactors: IAEA, OECD/NEA GIF, European Union legal acts and
international fora at European level. They are further discussed below.

3.1 IAEA

IAEA safety dispositions are arranged at hierarchical order in terms of both relevance — from
higher to lower — and scope of application — from more to less general —, at the top the
fundamental safety principles, followed by requirements and concluding on guidance, the first two
levels are mandatory whereas the latter are recommendations. Below this level, a set of technical
documents provide further insight into specific topics, e.g. Safety Reports, Technical Documents
(so called TECDOCS), etc.

The majority of the documents concerning safety of nuclear installations for energy production
are either technology-neutral or targeted to specific reactor coolants (i.e. water or gas). Several
documents also deal with SMRs and 4" Gen. designs. There is no IAEA document dedicated
specifically to safety aspects of SCWRs’.

The main applicable IAEA safety reports with their scope of application to ECC-SMART are listed
in Table 3.

® Please note there is no need of reproducing the safety elements here since they are available at the
source.

7 The IAEA has published a number of TECDOCSs on specific technical issues of the SCWR, e.g. thermal-
hydraulics and modeling of SCW flow phenomena, fuel cladding and reactor materials and water chemistry
of SCWRs.
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Table 3. Main applicable IAEA safety standards and reports with their scope of application to ECC-SMART

IAEA REPORT CLASSIFICATION APPLICATION COMMENTS

Fundamental Safety Principles, Safety

Fundamentals, SF-1 [6] 1P Full application Top-level principles apply to ECC-SMART fully.
Safety of Nuclear Power Plants: Design, o .
Specific Safety Requirements, SSR-2/1 [2] 1P Full application Top-level requirements apply to ECC-SMART fully.
Applicability of Design Safety Requirements
to Small Modular Reactor Technologies L .
2P and 3P Full application The LWR part requirements apply to ECC-SMART fully.

Intended for Near Term Deployment,
TECDOC-1936 [7]

Design and Safety Considerations for Water
Cooled Small Modular Reactors Incorporating
Lessons Learned from the Fukushima Daiichi
Accident, TECDOC-1785 [8]

Applicability of lessons learned and recommendations on
2P and 3P Partial application passive safety systems depends on the ECC-SMART
design.

Design of the Reactor Coolant System and
Associated Systems for Nuclear Power 1P Full application
Plants, Specific Safety Guide, SSG-56 [9]

Guidelines to fulfil the top-level requirements drawn from
SSR-2/1.

Design of the Reactor Containment and
Associated Systems for Nuclear Power 1P Full application
Plants, Specific Safety Guide, SSG-53 [10]

Guidelines to fulfil the top-level requirements drawn from
SSR-2/1.

Design of Auxiliary Systems and Supporting
Systems for Nuclear Power Plants, Specific 1P Full application
Safety Guide, SSG-62 [11]

Guidelines to fulfil the top-level requirements drawn from
SSR-2/1.

Protection against Internal Hazards in the
Design of Nuclear Power Plants, Specific 1P Full application
Safety Guide, SSG-64 [27]

Guidelines to fulfil the top-level requirements drawn from
SSR-2/1.
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As itis well known, the Technology Roadmap of Generation IV International Forum (GIF) identifies
four technology goals for the six different types of Generation 1V nuclear energy systems:

o the first is enhanced safety and reliability,

e the second is improved economics,

¢ the third is enhanced sustainability,

e while the fourth is the strengthening of proliferation resistance and physical protection.

3.2 Review of GIF guidance with respect to SCWR

It is worth to note, that both the plant physical protection and the operational reliability have been
significantly improved from the level of Generation IIl and lll1+ nuclear systems. Consequently, the
focus of further improvement for Generation IV nuclear systems falls primarily on the economics,
the safety, the sustainability, and the proliferation resistance. Additionally, after the Fukushima
Daiichi accident in 2011, the improvement of plant safety is the prime focus in order to secure the
public confidence and acceptance of nuclear energy.

3.2.1 Assessment of Generation IV Goals [12]

The SCWR is among the selected GIF designs. As such, ECC-SMART should meet the GIF
safety goals. In particular, GIF Safety and Reliability 2 goal states [12]:

“Generation IV nuclear energy systems will have a very low likelihood and degree of reactor core
damage.”

GIF Safety and Reliability 3 goal states:
“Generation IV nuclear energy systems will eliminate the need for offsite emergency response.”

First goal looks at significantly reducing both the probabilistic and deterministic aspects of DEC-
A scenarios whereas the second goal looks at preventing DEC-B scenarios. Reformulating these
goals:

The frequency of DEC-A scenarios shall be very low and its damage extension limited.

This first GIF goal on safety is flexible enough not to be translated into higher demanding safety
criteria and / or goals for Generation |V designs in general and ECC-SMART in particular. In fact,
it could be argued that current plants already feature low core damage frequency (CDF) values.
The same applies to the damage extension concept embedded in DEC, which is limited to
whether dedicated systems meant to cope with DEC events perform as expected — just like with
new plants. Therefore, this GIF criterion, even if looking at 4" Gen. NPP designs, is actually
shared with new reactors, and hence falls under 1P applicability.

Furthermore, DEC-A frequency depends upon two aspects: frequency of initiating events and
failure probability of safety systems in bringing the plant to a safe state. Low frequencies mean
low frequency of initiating events and / or reliable plant response in overcoming the threat posed
by the initiating event.

Concerning the initiating events, external and internal hazards for ECC-SMART do not
significantly differ from reference plants. As for the internal events, they depend on the reactor
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design and working operating conditions. In terms of design, ECC-SMART should feature lower
parts and a lower number of support systems subject to failure; however, higher working
pressures and temperatures may lead to more frequent initiating events.

Concerning the safety systems responding to the threat posed by the initiating event, passive
safety means characteristic ECC-SMART designs should decrease the number of components
whose performance is necessary to fulfil the safety function. Nevertheless, passive devices bring
a new source of dependence on the boundary conditions necessary for the driving force under
the laws of physics to perform as expected. If these boundary conditions significantly depart from
a certain range, e.g. higher heat losses, higher amount of non-condensable gases, etc., the
driving force, e.g. condensation flow rate, can be impaired. This is why safety criteria depending
directly or indirectly on passive safety features shall undertake higher safety margins in order to
compensate for the lower operating experience in this field.

Based on the arguments given above, no conclusion on CDF values of ECC-SMART compared
to reference plants can be derived. Since this criterion does not lead to higher demanding safety

criteria or objectives, it can be argued that ECC-SMART is already in the position of meeting it.

As for the second reformulated objective:

DEC-B scenarios shall be eliminated.

This safety principle is even stronger for the new plants as reflected in [3], etc., where only so-
called Low Early Release (LOERF) categories have to be eliminated. Instead, 4" Gen. NPPs shall
eliminate all significant radioactive releases. The applicability scope of this safety principle is 3P.

Accidents leading to significant offsite radioactive releases — high enough to achieve dose
thresholds so that countermeasures to protect people and environment must be deployed — fall
under the field of severe accidents. If no need for any offsite emergency countermeasure, the
distances taken by new reactors to quantitatively convert statements such as to limit
countermeasures ‘in space’, usually taken 3 to 5 km away from the plant, apply at the site
boundary in ECC-SMART (as 4" Gen. NPP), i.e. approx. 0.2 km away from the radioactive
source. This drastic reduction of the distance where radioactive releases must be kept below dose
thresholds can only be achieved if any DEC-B whatsoever is eliminated, since any unmitigated
(i.e. unstopped) DEC-B able to progress will highly likely lead to offsite dose values exceeding
dose reference values triggering countermeasures at 0.2 km away from the source.

There are only two possible design paradigms to eliminate all DEC-B scenarios: (1) integrity of
the latest static and dynamic confinement barriers and minimization of driving force for
uncontrolled radioactive releases; (2) no DEC-A events able to take place.

As for (1), if the last static confinement barrier, e.g. usually containment, keeps its integrity, and
the pressure difference with respect to the outside environment is kept low, offsite radioactive
releases may be low enough so that no cumulative dose threshold is ever reached at the site
boundary. In order for the last confinement barrier to hold the energy stored by the fuel without
exceeding the safety limits, usually maximum failure pressure, temperature and corrosion, while
keeping the pressure low, a set of mechanisms shall be put in place, such as heat removal outside
the containment. These mechanisms shall feature nearly full reliability, i.e. there shall be no
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credible scenario making them fail®. Therefore, this means that (1) points at so-called ‘inherent
safety’ linked to DEC-B: the last static confinement barrier and support systems are such
that there is no credible scenario, i.e. chain of events, leading to the loss of the last static barrier.
Full reliability of safety systems belonging to the last onsite DID barrier. This design paradigm
relies also on nearly fully trusting the dynamic safety systems once DEC-A has already taken
place: nearly full reliability of dynamic safety systems belonging to the 4™ level of DiD.

As for (2), the second way of achieving inherent safety linked to DEC-B is that DEC-A scenarios
are practically eliminated. This is based either (i) also on nearly full reliability of dynamic safety
systems belonging to the 3" level of DiD, or (ii) because of the physicochemical properties of the
hazard sources that naturally prevent any significant radioactive release, irrespective of the
condition of the 3™ and 4" static and dynamic safety barriers.

Both (1) and (2) are different ways of fulfilling the inherent safety concept linked to DEC-B (and
offsite consequences). It is worth noting that if inherent safety relies on dynamic passive safety
systems, they shall compensate their lack of reliability of the passive driving force through different
mechanisms such as redundancy, very large grace periods for recovery systems, active portable
equipment, etc. This is in line with a more robust safety demonstration of SMR passive safety
means (see the second guiding principle).

3.2.1.1 In conclusion:

e The first GIF safety goal does not impose any extra burden on ECC-SMART.

o The second GIF safety goal is transposed into challenging safety criteria dealing with the
last static and dynamic safety barriers or physicochemical properties of the nuclear
hazards. If relying on passive safety systems, compensation for the lack of reliability
through redundancy, diversity or large grace periods should constitute an additional safety
criterion.

3.2.1.2  Further reviewed GIF materials:
Next to the online available GIF information [12], the following five selected GIF documents were
reviewed in order to collect further SCW-SMR (ECC-SMART) relevant safety criteria and
requirements:
o Safety Design Criteria for Generation 1V Sodium-cooled Fast Reactor System (Rev. 1)
(2017) [13];
o Safety Design Guidelines on Safety Approach and Design Conditions for Generation 1V
Sodium-cooled Fast Reactor Systems (Rev. 1) (2019) [14];
¢ An Integrated Safety Assessment Methodology (ISAM) for Generation IV Nuclear Systems
(Version 1.1) (2011) [15];
e Super-Critical Water-cooled Reactors (SCWR) Risk and Safety Assessment White Paper
(Rev. 1) (2017) [16];
e Supercritical-water-cooled reactor system (SCWR) System Safety Assessment (2018)
[17].

8 ‘Nearly full’ leaves the door open to residual risk, in recognizing that plant response is always against a
set of scenarios that, even if extreme, still do not comprise all possible scenarios, indeed, only those
credited as reasonable. Nonetheless, the list of credible scenarios has been significantly expanded to
comprise complex sequences and DEC-A and DEC-B, including cliff-edge effects, which make the list
become wide enough to have high confidence in having captured even the most extreme —yet reasonable—
events.
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All safety criteria and requirements were selected and mentioned in the following five subchapters
which are directly applicable or applicable after adaptation to SCW-SMR designs.

3.2.2 Safety Design Criteria for Generation IV SFR document [13]

The document ,Safety Design Criteria for Generation IV Sodium-cooled Fast Reactor
System® [13] is the second highest level document in the regulation system created by GIF (see
Figure 2). On the top of the hierarchy of safety standards there are the general safety goals (SG)
representing fundamental safety principles and common safety goals for GIF reactors (discussed
in the previous sub-chapter). These principles reflect the basic fundamental requirements of the
IAEA [18] and the safety goals of the GIF.

Sa fety Fundamental safety principles
and common safety goals for all
Goals Gen-IV systems
¥
Safety A set of citeria reflecting GIF
Desion safety approach to achieve
- g harmonized safety requirements
Criteria of SFR system
. A set of guidelines on how to
Safety Design implement the design criteria
Guidelines and address SFR-specific safety
topics
Country- spe cific Dfome(sﬂ:ic regulatiotl'[s for disign
of reactor core, cooling system,
codes and and other structures, systems,

and components

Figure 2. Hierarchy of Safety Standards of GIF [13]

The “Safety Design Criteria” (SDC) document is on the second level of this hierarchy. It has been
developed by the safety design criteria task force of the GIF in 2017 for one selected GIF design
(Sodium-cooled Fast Reactors, SFRs). The document comprises a set of design criteria in order
to establish a harmonised requirement system for all SFRs. (It is worth to mention that recently
the document Safety Design Criteria for LFR has been published as well.)

The next level of the hierarchy is for the safety design guidelines (SDG). These are more technical
documents establishing a set of requirements for different fields in order to meet the criteria set
up in SDC. So far, two different guidelines have been released by the GIF:

e Safety Design Guidelines on Safety Approach and Design Conditions (SA SDG) [14];

e Safety Design Guidelines on Structures, Systems and Components (SSC SDG) [19].

On the lowest level of the hierarchy the national codes and standards can be found. These
country-specific standards regulate the design of the different systems in details.

During the review the criteria and requirements of the SDC document have been evaluated and
compared with the IAEA SSR-2/1 [2]. The results of the review can be seen in Annex 1. The
colour code shows, which requirements could be fitted without modification into a possible high
level SCW-SMR regulation document. The comments are available in Annex 2.
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3.2.2.1 Main findings of the review:

1. The basis of the development of high level SFR-related regulation is the IAEA SSR-2/1
document (Safety of Nuclear Power Plants: Design) [2]. The 82 criteria and the connecting
requirements of the [2] were evaluated by the GIF Task Force® one-by-one and modified,
if necessary. However, this modification is largely based on the special features of SFR
reactors (such as the special requirements concerning the high fast neutron flux, the
problems with possible reactivity transient, or the issue of possible interaction between
sodium coolant and water). This means that most of the modifications made by the
GIF Task Force cannot be accepted for SCWR regulation. The SDC document
therefore cannot be treated as a basis for the development of design criteria for
SCWR/SCW-SMR but as a good example how the IAEA standards and guidelines can be
applied for a Generation IV system through suitable adaptation of IAEA documents.

Recommendation: IAEA SSR-2/1 [2] should be used during the SCW-SMR development
as a starting point for the design criteria development.

2. The SDC document has been developed based on the IAEA standard for design of nuclear
power plants. This is absolutely acceptable, as Generation IV SFRs are planned in a large
power range, up to 1500 MW, capacity. However, SCW-SMR is a small modular reactor,
which needs special standards because of the different systems and arrangement of
SMRs. Such open questions are for example the requirements concerning multiple unit
NPPs (see Criterion 33 or Requirement 5.63). Being aware of this difference, IAEA has
published some safety standards concerning SMRs. These are:

o Applicability of Design Safety Requirements to Small Modular Reactor Technologies
Intended for Near Term Deployment (for LWRs and HTGRs) (IAEA-TECDOC-1936,
2020) [20];

e Design Features to Achieve Defence in Depth in Small and Medium Sized Reactors
(No. NP-T-2.2, 2009) [21];

e Design Safety Considerations for Water Cooled Small Modular Reactors Incorporating
Lessons Learned from the Fukushima Daiichi Accident (IAEA-TECDOC-1785, 2016)
[22].

For multiple units, [20] introduces the term “multi-module unit” emphasizing the differences
between the small and large multi-unit NPPs. “In some of the designs available, multiple
reactor modules share some safety systems, safety features for design extension
conditions, or supporting services. The potential for design approaches using multiple
modules introduces new safety considerations in areas such as common-cause failures,
internal hazards and human factors (e.g. shared control room design). For multi-module
units, it is important to ensure that the safety of the NPP is not negatively impacted by the
adoption of a modular design, and this provides the driving force for the formulation of
changes to the safety requirements established in SSR-2/1 (Rev. 1).[2]

Recommendation: Besides SSR-2/1 [2], the available SMR regulation standards and
guidelines should be used as a basis in order to take into account the specific safety
features of SMRs.

9 GIF Task Force on Safety Design Criteria (SDC-TF). See more about the Task Force here:
https://www.gen-4.org/gif/icms/c_93020/safety-design-criteria
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3.2.2.2 Criteria and requirements of SDC that need deeper evaluation'®:

“Criterion 15: Design limits

A set of design limits consistent with the key physical parameters for each item important
to safety for the nuclear power plant shall be specified for all operational states and for
accident conditions.

5.4. The design limits shall be specified and shall be consistent with relevant national and
international standards and codes, as well as with relevant regulatory requirements”

Requirements concerning design limits are of main importance in case of SCWR reactors.
Some non-conformance can exist between detailed — national — technical regulation and
the possible SCWR operational parameters. The mention of the very different design limits
of SCWRs should be considered here. (In Req. 5.4 rather than in the criterion itself.)

“6.15B. For multiple unit plant sites, the design shall take due account of the potential for
specific hazards to give rise to impacts on several or even all units on the site
simultaneously.”

Important requirement for SMRs where up to 5-10 reactors can operate at the same site.
For some SMR types (e.g. NuScale!) the reactors are in the same building sharing the
decay heat removal water pool, which creates a much tighter connection between the
units, including some interconnections of the safety systems. This special feature could
be reflected in the requirement (see at general remarks).

“5.26. The design basis accidents are preferably analysed'? in a conservative manner.
This approach involves postulating certain failures in safety systems, specifying design
criteria and using conservative assumptions, models and input parameters in the analysis.
The design basis accidents could also be analysed in a best estimate manner, together
with adequately analysed and evaluated uncertainties.”

Modification®® not accepted. The detailed evaluation of different deterministic approaches
is necessary. By IAEA the conservative manner means performing deterministic safety
analyses with different levels of conservatism associated with the computer code used
(conservative computer code type or conservative assumptions about system availability
or initial and boundary condition not fully best estimate). The realistic approach (or realistic
analysis) means use of best estimate code (without uncertainty quantification), best
estimate assumptions about system availability and best estimate initial and boundary
conditions. The application of BEPU (best estimate plus uncertainty) approach (also called
Option 3) is based on the development of physical and mathematical models in the last
decades (i.e. our better understanding and extended knowledge) of the considered
phenomena. (For Generation Il LWRs, this approach is used in the design process and
for DEC calculations, but for the analysis of DBC accidents usually the conservative
(Option 1) or the combined method (Option 2) - best estimate computer codes with
conservative parameters and assumptions - is applied, see IAEA SSG 2 [23]). Also, it

10 Deeper evaluation means that modification of IAEA requirements may be needed. For example, the
definitions may need to be modified or new ones may need to be defined (for example: multi-unit NPP).

11 See more about the NuScale here: https://www.nuscalepower.com/

12 Underlined text marks modifications of IAEA SSR-2/1 in GIF SDC. See also Annexes.

13 The underlined text presents added text, when comparing 5.26. to IAEA SSR-2/1 Rev.1
requirement 5.26.
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should be noted, that in U.S. the large-break loss of coolant accidents have been typically
calculated using BEPU (alternative is conservative Option 1).

According to IAEA SSG-2, Rev. 1 [23] for DBC one of the conservative methods (Option
1 — 3) should be used. In case of DEC-A Option 2 and 3 may be used. However, to be in
line with the general rules for analysis of design extension conditions, best estimate
analysis without a quantification of uncertainties may also be used. Analysis of severe
accidents (DEC-B) should be performed using a realistic approach (Option 4 in Table 1,
Section 2 of [13]) to the extent practicable. In case of SCWRs, the deep understanding of
accident phenomena are still missing.

o “Criterion 33: Safety systems, and safety features for design extension conditions, of units
of a multiple unit nuclear power plant
Each of a multiple unit nuclear power plant shall have its own safety systems and shall
have its own safety features for design extension conditions.
5.63. To further enhance safety, means allowing interconnections between units of a
multiple unit nuclear power plant shall be considered in the design.”

The above Criterion 33 differs from IAEA SSR-2/1 Rev. 1 Requirement, which starts:
"Each unit of a multiple unit...". The criterion shall be re-evaluated considering the SMR
safety approaches. The term 'multi-module units' is applied by IAEA documents for SMRs
instead of multiple units. However, the specific features of such multi-module unit type
SMRs means new type of interconnections between the reactors compared to the
traditional LWRs (e.g. common containment building or decay heat removal water pools).
See at general remarks.

e “6.9. The means for shutting down the reactor shall consist of at least two diverse and
independent systems._For design extension conditions, inherent power reduction with
complementary shutdown method and/or passive shutdown capabilities shall be
provided to prevent severe core degradation and to avoid re-criticality in the long run.”

The modification requires re-evaluation. For DEC conditions, usually no additional
shutdown systems are required in case of Generation Il reactors. Apart from ATWS,
diverse shutdowns systems are capable of stopping the chain reaction.

¢ Insertion of additional requirement should be considered for SCW-SMR:
“6.19C. The design of containment shall ensure the proper arrangement of structures,
systems and components, making possible to perform their safety functions. (Especially
for passive safety systems where the proper elevations are key factors for natural
convection development.)”

¢ Insertion of a new requirement concerning the radioactive contamination of steam supply
system could be considered for SCW-SMR.
“6.58A. The possible radioactive contamination of the turbine generators shall be taken
into consideration during the design of the system and for the planning of radiation
protection of plant personnel.”
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3.2.3 Safety Design Guidelines on Safety Approach and Design Conditions for
Generation IV SFR document [14]

The document (“SDG document”, [14]) has been prepared as well by the GIF SDC-TF and was
published in 2016, with an update (Rev.1) in August 2019.

Being published in 2013 (rev. 2017), the Safety Design Criteria (SDC) [13] established the high-
level requirements for sodium cooled Generation IV reactors. The aim of the SDG document [14]
is to give practical recommendations on how to meet the SDC and address SFR-specific safety
issues. The SDG document has been reviewed by the NEA and the IAEA. The wording of the
SDG is “should”, showing that the recommendations are not obligatory, but give a method to
comply with the “shall” requirements.

The document does not cope with all safety concerns of the SFRs — for example, it does not cover
the fuel handling and storage systems of a reactor.

3.2.3.1 Structure of the SDG document:
In the first part (Section 1.) a short introduction about the regulation framework and the scope of
the Guideline is given.

Section 2. (“Main Characteristics of Gen-IV SFR Systems”) presents the SFR technology systems
and fundamental characteristics of four current Gen-IV SFR designs.

Section 3. “General Approach” describes the different plant states taken into consideration in the
design basis. It introduces the concept of “practical elimination” and “residual risk”. The definition
of practical elimination is similar as in case of Generation 3 reactors (basically the events with
unacceptable consequences should be practically eliminated), however, among the situations to
be practically eliminated in Section 3.5.2 “situations leading to failure of the containment with a
risk of fuel damage” include for example “Complete loss of the decay heat removal functions,
leading to core damage and failure of the reactor coolant boundary” and “Core uncovering due to
sodium inventory loss”. It is not really clear, why would these events lead to early / large release
into the environment, as there is an IVR (in-vessel retention) approach for core damage.

The section describes the general approach to Normal Operation, AOO and DBA and the general
approach to DEC as well (see Figure 3). It describes the possible inherent and passive safety
systems for DEC states, the Decay Heat Removal systems and the concept of the IVR. For DEC
states, the following events are described:

- Anticipated Transient Without Scram (ATWS);

- Loss of Safety Systems for Decay Heat Removal;

- Reactor Coolant Level Reduction.

This section describes the situations to be practically eliminated in details. However, as mentioned
above, not the same situations should be subject of practical elimination in case of water-cooled
reactors (such as SCWRs).

Section 4. (“Guidelines for Application of Safety Design Criteria”) contains the recommendations
for meeting the requirements of Design Criteria. The scope of the Guidelines is the following:

e ‘“reactivity characteristics of the reactor core;

e reactor shutdown system;
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e containment function; and
e decay heat removal system, including important design parameters, postulated events
and design limits, as well as testability and safety design demonstrations”.
For all the issues recommendations are grouped based on the safety function to be performed
(such as prevention of core damage / mitigation of the core damage etc., see Figure 3).

AQE:::;IS * Examples of DBA : LOF, Sodium leaks...
Prevention
of core —~
damage i i
e Prevention * DBA initiators with additional failures Design Basis
si ) including safety systems
Design ituations * |nitiators more severe than DBA initiators
Extension -
Mitigation | Conditions
Mitigation . .
of core Situati * Severe accidents from postulated scenarios
damage

Figure 3. Design basis and residual risk [14]

For the given area the SDC identifies the relevant SDC requirements and the design concept. For
the area specific functional requirements and design considerations are given.

Section 5. gives a detailed description of the reactivity characteristics (that is a very specific SFR
issue because of the positive void factor of SFRs). It shows the considerations concerning
reactivity accidents in DBA or DEC states.

Appendix A of the SDG document [14] gives very useful insight into the use of Objective Provision
Tree (OPT) method through the example of determination of the situations to be practically
eliminated performed for the Japanese SFR (JSFR). Appendix B of the SDG document [14] gives
a preliminary list of some AOO and DBA initiating events.

3.2.3.2  Main findings of the review:
The SDG document [14] gives a good basis for the development of the set of regulation
requirements. It can be used as a practical tool for the fulfilment of SDC requirements.

However, as a rather technical document, the SDG is not really suitable to be used as a direct
basis for the development of the similar documentation for SCWRs (for example to the SCW-
SMR) because the technical differences are extremely large between the different Generation IV
reactor concepts. After the development of the Design Criteria document for SCWRs/SCW-
SMRs, a similar guideline should be issued. See more comment in Annex 3.
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3.2.4 An Integrated Safety Assessment Methodology (ISAM) for Generation IV Nuclear
Systems document [15]

The document (“ISAM document”, [15]) has been prepared by the Risk and Safety Working Group
(RSWG) of the GIF** and was published in 2010, with an update (version 1.1) in June 2011.

3.2.4.1 Integrated Safety Assessment Methodology (ISAM):

The ISAM methodology has been developed in the last decades for a systematic evaluation of
safety issues of different nuclear systems. The method is a PSA-based procedure which ensures
the thorough safety evaluation of nuclear reactors starting from qualitative evaluation up to a
detailed probabilistic and / or deterministic analysis of the affected systems (the use of
deterministic and probabilistic analysis conforms to the IAEA GSR Part 4 standard assessment
process, see Figure 4 below). The aim of this systematic approach is to prevent the necessity of
design backfits (i.e. the subsequent modification of the design of the reactor or the safety systems
to meet the safety requirements). This is in line with IAEA GRS Part 4 standard, which in
paragraph 1.8 defines stages in the lifetime of the facility including safety assessment and
"Development of the design".

SAFETY ASSESSMENT

Features to be assessed Safety approach

| Defence in depth |

Possible radiation risk _I |

Safety functions |

Safety margins |

Defence in depth |

Site characteristics

Safety analysis
Radiation protection d Deterministic/probabilistic

analysis
Engineering aspects Scope/approach
Safety criteria
Human factors Uncertainty/sensitivity
Computer codes
Long term safety Operating experience

Documentation
(Safety Report)

Figure 4. Overview of the safety assessment process (adapted per FIG. 1. of [59])

The ISAM methodology can be applied at the very early phase of the design process, so
that it can help to achieve that safety is “built-in” rather than “added on” by influencing
the direction of the concept and design development from its earliest stages, according to
the ISAM document [15].

14 For more information about the link between SDC-TF and RSWG see the 5" paragraph here:
https://lwww.gen-4.org/gif/jcms/c_92818/task-force-on-safety-design-criteria



ECC-SMART Project ' ECC

D5.1 Safety criteria and requirements for the SCW-SMR concept smart

Recommendation: Apply the ISAM methodology as early as possible in the design process of the
SCW-SMR concept. Its application may be prepared during the lifetime of the ongoing ECC-
SMART project then started in the next project by the application of first'®, second®®, third*’, fourth
and fifth'® steps of ISAM.

ISAM helps to identify the safety vulnerabilities of the concept, so these possible weak points can
be improved or eliminated at a very early phase in the development process, decreasing
development costs and time needed for the design process, and preventing the posterior
modification of the design. According to the ISAM document [15] the methodology can be used
for Generation IV reactors in three principal ways:

e The ISAM is intended for use throughout the concept development and design phases
with insights derived from the ISAM serving to influence the course of the design
evolution. In this application of the methodology, the ISAM is used to develop a more
detailed understanding of safety related design vulnerabilities, and resulting
contributions to risk. Based on this detailed understanding of safety vulnerabilities, new
safety provisions or design improvements can be identified, developed, and
implemented relatively early.

e Selected elements of the methodology will be applied at various points throughout the
design evolution to yield an objective understanding of risk contributors, safety margins,
effectiveness of safety-related design provisions, sources and impacts of uncertainties,
and other safety-related issues that are important to decision makers.

e The ISAM can be applied in the late stages of design maturity to measure the level of
safety and risk associated with a given design relative to safety objectives or licensing
criteria. In this way, the ISAM will allow evaluation of a particular Generation 1V concept
or design relative to various potentially applicable safety metrics or “figures of merit”.
This post facto application of the ISAM will be especially useful for decision makers and
regulators who require objective measures of safety for licensing purposes, or to support
certain late-stage design selection decisions.

ISAM, as a general methodology for safety development is a quite new, risk-informed method,
developed by the GIF-RSWG. It includes the qualitative evaluation of safety and technology
gaps identified and evaluated by expert judgement made by experts of the given technology. The
identification of these gaps can help to determine the fields of further development and
the needs for further experimental activities. In the quantitative steps of ISAM the deterministic
and probabilistic analysis of the selected systems and / or processes is performed. The ISAM
methodology consists of the following five consecutive steps:

- Qualitative Safety Features Review (QSR);

- Phenomena ldentification and Ranking Table (PIRT);

- Objective Provision Tree (OPT);

- Deterministic and Phenomenological Analyses (DPA);

- Probabilistic Safety Analysis (PSA).

15 QSR can be iteratively applied from the pre-conceptual phase (prerequisite is a reasonable pre-
conceptual design (PCD)).

16 Prerequisites for the first application / iteration of PIRT are the existence of a PCD, a set of relevant
accident scenarios and a complete set of phenomena influencing each accident scenarios.

17 OPT can be iteratively applied from the pre-conceptual phase (prerequisite is a reasonable pre-
conceptual design (PCD)).

18 DPA and PSA can be applied rather in more matured design phases (from late PCD), up to the licensing
of the Generation IV system.
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QSR, PIRT and OPT are basically qualitative methods, while DPA and PSA are well-known
gquantitative methods using different system codes and PSA analysis tools.

ISAM, as a whole concept of an integrated safety evaluation (see Figure 5) is not really widely
used yet, however some examples can be found in the literature (e.g. by the JAEA for an SFR
design, or for DEMO fusion project in Korea). However, the single parts of the methodology are
quite well known, for example PIRT method is widely used for the safety evaluation of specific
systems or phenomena in LWRs as well.

Pre-Conceptual Design Conceptual Design Final Design Licensing and Operation
Primarily Primarily
Qualitative Formulation — Roﬂnamt of Safety Features and Criteria / Quantitative

[ Qualitative Safety features Review (QSR) ]

* |dentify imporiant phenomana

Phenomena Identification Ranking Table (PIRT)
* Charactenze state of knowlsdgs

A
ObJsoctlve_ Provision Tree (OPT)\
» List provisions that assure

mplementation of DiD
* DiD levsl — safety function —
challengalmechanism —» prvisicns

= ‘Probabilistic Safety Assessment(PSA)
~ | ¢ Provides integrated understanding of risk and ssfet,f sssues
*1 « Allows sssessment of risk implications of dssign va
’_> + Inprnciple; allows companson to tachnology neutrel nsk matnes

Deterministic and Phenomenoclogical Analysis (DPA)
»| * Dsmonsirate conformance with design intent and assumptions
« Charactetize response in event sequences resulfing from postulated initiating events
= Establish margins to limits, success crtena for 8SCs in PRA, and conssquences

4

Figure 5. Proposed GIF Integrated Safety Assessment Methodology (ISAM) Task Flow [15]

3.2.4.2  Parts of Integrated Safety Assessment Methodology:
Different elements of ISAM methodology can be applied for different stages of design maturity
(see Figure 5).

3.2.4.2.1 Qualitative Safety Features Review (QSR):

The Qualitative Safety Features Review (QSR) provides a systematic means to identify and
discuss the safety-related attributes and characteristics of the given Generation 1V design and to
evaluate the relevant references for it (IAEA, GIF, INPRO guidelines, etc.).

QSR provides a useful means of shaping designers‘ approaches to their work to help ensure that
safety is "built-in, not added-on" through the early phases of the design of Generation IV systems.
Using a structured template to guide the process, concept and design developers are prompted
to consider, for their respective systems, how the attributes of DiD, such as transparency, high
reliability, minimization of sensitivity to human error, and other important safety characteristics,
might best be incorporated.

It provides a measure of discipline to help ensure that certain desirable characteristics are
incorporated into the design at its earliest phases. The QSR also serves as a useful preparatory
step for other elements of the ISAM by promoting a richer understanding of the design under
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development in terms of safety characteristics, i.e., assets or vulnerabilities that will be analysed
in more depth in those other analytical steps.

The method groups the applicable requirements and recommendations for different DID levels
(see also Table 1) and different safety functions into classes as it follows:
> Class 1 - Generic & Technology neutral (i.e., applicable to all the technologies implemented by

the innovative systems)
o Class 2 — Detailed & Technology neutral
= (Class 3 — Detailed & Technology neutral but applicable to a given safety function
# Class 4 — Detailed, applicable to a given safety function, and technology

specific, i.e., applicable to a given reactor technology.

As a result, design objectives are determined based on RSWG and other references and
compared with the given Generation IV design characteristics.

3.2.4.2.2 Phenomena Identification and Ranking Table (PIRT):
PIRT is a well-known qualitative process to identify the importance of safety issues and to
determine the knowledge of them.

The method is based largely on expert elicitation. The process involves selecting hardware
(i.e., nuclear power plant), selecting an accident scenario, and then identifying all plausible
phenomena impacting on the outcome of the accident. Each phenomenon is then ranked
in order of relative importance and its state of knowledge. The PIRT provides a structured
means of identifying and analysing a wide variety of off-normal scenarios that potentially
challenge the viability of complex technological systems. The PIRT methodology brings into
focus the phenomena that dominate, while identifying all plausible effects to demonstrate
completeness.

PIRT has been applied to different Generation Il reactors and Generation 1V concepts as well.
An example is the application to the Japan Sodium Fast Reactor — JSFR, for the evaluation of the
operation of the planned self-actuation shutdown system (SASS).

During the process important phenomena are identified and ranked based on their effect on a
selected key parameter (called figure-of-merit, FOM), chosen by a panel of experts. The ranking
process consists of the classification of importance and knowledge level of the phenomena (see
Figure 6). The typically used categories for importance are High, Medium, Low, Insignificant. For
the knowledge level evaluation, the level of uncertainty is also evaluated.
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Rank Definition Application Outcomes

High (H) Phenomenon has controlling Experimental simulation and analytical modelling
impact on figure-of-merit with a high degree of accuracy is critical

Medium (M) Phenomenon has moderate impact Experimental simulation and/or analytical modelling
on figure-of-merit with a moderate degree of accuracy is required

Low (L) Phenomenon has low impact on Modelling must be present only to preserve functional
igure-of-merit dependencies.

Insignificant Phenomenon has no, or Modelling must be present only if functional

(D) insignificant impact on figure-of- dependencies are required.
merit

Table 1. Most Often Used Phenomena Ranking Scales

Rank Meaning
4 Fully known, small uncertainty
3 Known, moderate uncertainty
2 Partially known, large uncertainty
1 Very limited knowledge, uncertainty cannot be characterized.

Table 2. Most Often Used Knowledge Based Ranking Scales

Figure 6. Possible ranking of phenomena importance and knowledge level [15]

Based on the PIRT evaluation process, important knowledge gaps can be identified. The results
can be used for the determination of further analytical and / or experimental investigations,
determining a priority R&D effort (shown red in Figure 7).

Knowledge Base Gap Determination

Adequacy of knowledge Rank of Phenomenaon
H M L

(4) Fully known; small

uncertainty

(3) Known; moderate

uncertainty

(2) Partially known; large
uncertainty

(1) Very limited
knowledge; uncertainty
cannot be characterized

Figure 7. Results of PIRT process [15]

3.2.4.2.3 Objective Provision Tree (OPT):

The OPT is a relatively new analytical tool, developed mainly by the IAEA. It provides an
exhaustive overview of the safety related architecture and allows the identification, for each level
of the DID, of all provisions that contribute to the achievement of safety functions as well as their
mutual interrelations.

Based on the results of the PIRT evaluation, it identifies the design provisions necessary for
preventing, controlling or mitigating the consequences if the given phenomena occurs. OPT can
be applied from the pre-conceptual phase through the whole design process in an iterative
manner.
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OPT uses a tree structure for the visualization of safety structures (see Figure 8). This tree
structure is prepared for all DiD level. For the given level the safety objectives and barriers to be
protected are identified, and for them the connected safety functions are set. After determination
of the possible challenges and their damaging mechanism for a safety function provisions are
listed, which are able to cope with the given challenges.

Level of
Defence
Qbjectives and To be achieved and
Barriers o be protecied
I
| I
Safety Safety To be maintained
Funeiion Function
[ |
1 | | |
Challenge | | Challenge | | Challenge | | Challengea | To cope with
1
I |
! ! . To be prevented
!ﬂnl:hlnlsm | |; gchanism | | fMechanism | ur:untl:ullud
= - Provision | Provision | -} Provision | To be implemented to
amenis prevent and/or control
structura Praovision | Provision | —} Provision | mechanisms

Provision

Figure 8. Hierarchy structure of OPT [15]

The result of the OPT gives a so-called line of protection (LOP), which is the elemental structure
shown in Figure 8. This LOP includes the necessary provisions that together can cope with the
given deterioration mechanism of the challenge.

3.2.4.2.4 Deterministic and Phenomenological Analyses (DPA):
DPA consists of the use of “conventional” deterministic and phenomenological analyses, as
thermal-hydraulic, computational fluid dynamics (CFD), reactor physics analyses, structural
models, etc. The aims of DPA are:

- To help to understand the phenomena important from safety viewpoint;

- To supply input data for PSA analyses;

- To determine the uncertainties of phenomenon description.

These quantitative analyses are expected to be performed by traditional deterministic system
codes, CFD or other finite element codes, etc. DPA can be applied rather in more matured
design phases (from late pre-conceptual design), up to the licensing of the Generation IV
system.
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3.2.4.2.5 Probabilistic Safety Analysis (PSA)

The basis of the ISAM methodology is the full-scope PSA. PSA can be applied rather in more
matured design phases (from late pre-conceptual design), up to the licensing of the
Generation IV system. However, development of earlier application is in progress with the help
of the so-called living PSA applications (updated frequently for the evaluation of design changes).

PSA is widely used in different nuclear systems, and is obligatory for new and operating nuclear
reactors in many countries. For new designs it can help to understand and manage different
types of uncertainties.

3.2.4.3  Evaluation of ISAM methodology for concept development of ECC-SMART project:

Integrated Safety Assessment Methodology can be evaluated as an important tool for the
development of SCW-SMR design in the ECC-SMART project. The advantages of the ISAM
methodology are the followings:

- Applicable for whole design or only for specific systems or phenomena (see examples of
JSFR SASS system);

- The method has been developed further since the release of ISAM document [15] in 2011,
new guidance created by JRC is available, and some examples of the application are
available;

- The method has been already applied for Generation IV reactors (e.g. SFRs). Canada
even has an experience with ISAM concerning SCWRs;

- Parts of ISAM (as the PIRT method) are well established, with decades of experience with
application for Generation Il and IV reactors;

- Can help to identify safety gaps of different designs and to evaluate the needs for further
evaluations and research activities (such as the necessity of experimental facilities etc.);

- Can take advantage of number of international experts participating in the ECC-SMART
project.

3.2.4.3.1 Disadvantages of the ISAM methodology are:

- For the application of ISAM methodology a preliminary design is needed in order to
determine the phenomena and systems being subject of evaluation, thus some design
decisions have to be made concerning the size and technology of the reactor (see
Figure 9). (However, it is also possible to use the ISAM for the selection of the favourable
design from competing ones, but that needs more resources.);

- At the present pre-pre-conceptual design phase only the first and second (partly the third)
steps can be used;

- The gqualitative analysis is based on the judgement of an expert panel, so the adequacy
of the result relies on the members of this expert panel — appropriate number and
qualification of experts is necessary;

- The quantitative analysis (OPT, deterministic analysis of selected phenomena and PSA
analysis) needs experts with large experience, mainly in field of PSA;

- The ISAM, as a whole approach has not an exhaustive literature. However, some parts of
it (mainly the PIRT) have been used for a wide range of nuclear technologies.
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Figure 9. Applicability of different ISAM steps during the design evolution [15]

3.2.4.3.2 Examples of ISAM and / or PIRT application:

e Guidance Document for Integrated Safety Assessment Methodology (ISAM) — (GDI), EC
JRC report prepared for GIF RSWG, 2014, https://www.gen-
4.org/gif/icms/c_65330/quidance-document-for-integrated-safety-assessment-
methodology-isam-gdi

¢ Phenomena Identification and Ranking Table, R&D Priorities for Loss-of-Cooling and
Loss-of-Coolant Accidents in Spent Nuclear Fuel Pools, OECD NEA No. 7443, 2018,
https://www.oecd-nea.org/upload/docs/application/pdf/2020-01/dirl/csni-r2017-18.pdf

¢ Kyemin Oh, Myoung-suk Kang, Gyunyoung Heo, Hyoung-chan Kim: Safety studies on
Korean fusion DEMO plant using Integrated Safety Assessment Methodology, Fusion
Engineering and Design, Volumes 98-99, October 2015, Pages 2152-2156

e David J. Diamond: Experience Using Phenomena Identification and Ranking Technique
(PIRT) for Nuclear Analysis, PHYSOR-2006 Topical Meeting, Vancouver, British
Columbia, Canada, September 10-14, 2006;
https://www.bnl.gov/isd/documents/32315.pdf

3.2.5 Super-Critical Water-cooled Reactors (SCWRs) Risk and Safety Assessment
White Paper document [16]

This document has been prepared by three authors delegated by the GIF Risk and Safety
Working Group (RSWG), the GIF Super-Critical Water-cooled Reactor (SCWR) System Steering
Committee (SSC), and the GIF as a whole institution [16]. This White Paper provides an overview
of activities conducted by participating members of the GIF in the application of the ISAM?*®
developed by the GIF RSWG. Based on the proper application of the ISAM, the GIF SCWR SSC
has elaborated the future Research and Development (R&D) needs for the conceptual design of
SCWR systems. Several areas have been identified which do require additional R&D and analysis
in order to improve the risk and safety performance of the different SCWR concepts. The White
Paper provided a summary of the identified areas for improvement [16].

The objective of this White Paper was to perform an assessment of the adequacy of safety
provisions incorporated in the conceptual design completed so far for the SCWR systems. While
the expected outcomes of the White Paper were improvements required to demonstrate DIiD and
additional R&D as required. It presented an overview of the SCWR concept and described the
application of some of the ISAM tools and their outcomes.

19 The RSWG documented a set of five distinct analytical tools as an ISAM to assess Gen-1V systems under
development to ensure that safety is “built-in” rather than “added-on”.
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The White Paper focused on the safety of the Canadian SCWR concept and only a supplementary
description has been provided on the High-Performance Light Water Reactor (HPLWR or
European SCWR). The reason was that the HPLWR project ended in 2010 before the first version
of the ISAM became available. Thus, the ISAM methodology is expected to be applied in the
next available European project on risk and safety of SCWRs [16]. Consequently, the
application of the ISAM methodology or at least a suitably selected portion of the five
analytical tools should be performed in the framework of the next EU financed research
project, if the pre-conceptual design of the concept will be available.

Recommendation: It is suggested that suitable preparation should be carried out during the on-
going ECC-SMART project to enable an immediate start of the application of the ISAM
methodology in case of a possible next EU project on the SCW-SMR concept.

Figure 10 shows a comparison on the general features of the simplified control systems of a BWR
and a SCWR [16]. As it can be seen on the left part of Figure 10, the so-called once-through
system of a BWR has an important safety advantage in terms of general safety system
requirements: it has a closed coolant loop inside the reactor (partially depicted and partially not
in Figure 10) during emergency situations. Thus, in case of a BWR the residual heat can be
removed by natural convection (driven by the rising steam in the core and above) and the safety
system has to ensure sufficient amount of coolant inventory into the pressure vessel to keep the
core covered with water. On the other hand, in case of a SCWR (right part of Figure 10) the
residual heat can be removed only by forced convection inside the reactor pressure vessel (RPV),
which forced convection may be driven by a natural convection loop outside the RPV. Thus, the
requirement for the safety system in case of a SCWR is to ensure sufficient coolant mass flow
rate to remove the decay heat from the reactor core [16]. Despite this fundamental difference
between the general features of the simplified control systems of a BWR and a SCWR, a BWR
has numerous safety system requirements, which can be directly applied to a SCWR
concept without significant modifications.

Coolant BWR SCWR

recirculation Power
Power I
control Z | Z |

Liquid level control Steam temperature control

Pressure control Pressure
control

control

once
through

Figure 10. Comparison on general features of simplified control systems of a BWR and a SCWR [16]

BWR safety system requirements, which can be directly applied to a SCWR concept without
significant modifications are [16]:
e reactor shutdown system consisting of either control rods or a boron injection system as
a second and diverse shutdown system,
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e containment isolation by active and passive containment isolation valves in each line
penetrating the containment to close the third barrier in case of an accident,

e steam pressure limitation by pressure relief valves,

e automatic depressurization of the steam lines into a pool inside the containment through
spargers to close the coolant loop inside the containment in case of a need for
containment isolation,

e coolant injection system to refill coolant into the pressure vessel after intended or
accidental coolant release into the containment,

e pressure suppression pool to limit the pressure inside the containment in case of steam
release inside the containment, and
¢ residual heat removal system for long term cooling of the containment.

3.2.5.1 Overview of the Safety Assessments of Canadian SCWR:
A preliminary analysis has been performed including three ISAM tools (QSR, PIRT, and PSA)
[15] during the concept development phase of the Canadian SCWR.

In the first step, Qualitative Safety Features Review (QSR) was performed. The QSR is an
important tool due to it is the only tool of the ISAM which has been specifically developed for
Generation IV reactor systems [16]. Based on the QSR analysis, many additional required
information and understanding of a number of relevant but currently unknown phenomena (e.g.,
heat transfer under supercritical condition and high temperature materials) were identified due to
the Canadian SCWR concept, which is essentially an innovative nuclear system with new
phenomena that are not present in the current fleet of reactors [16].

In the second step PIRT was applied in order to identify, recognize, and qualify the relative
importance of selected relevant phenomena (associated with the Canadian SCWR concept) with
the associated rationales and their level of knowledge. The PIRT process consisted of the nine
standard steps and allowed the evaluation of the reactor concept and design by following how
each phenomenon influences the key measurable parameter(s), called the Figure-of-Merit (FOM),
chosen consensually by a panel of experts [16].

PSA was not required at the conceptual development phase. Nevertheless, a simplified PSA has
been performed in the third step to quantify the core damage frequency (CDF) for the safety
systems of the Canadian SCWR concept [16].

As a summary of the preliminary application of the ISAM it can be pointed out that the method
described in ISAM report has been strictly followed during the QSR, the PIRT, and the PSA (see
above and in [16]). Thanks to these above mentioned three tools key areas were identified where
additional knowledge is needed in order to maintain the adequacy of safety-related system
design.

As a summary it can be stated that the Canadian SCWR concept offers the following advantages
in mechanical design and during operations compared to present (Generation Ill) pressure-tube
type CANDU reactors [16]:

e eliminates inlet feeders,

e eliminates channel closure plugs (two for each fuel channel),

e eliminates channel closure seal (two for each fuel channel),

e allows batch fuelling with simultaneous multi-channel fuelling and convenient access

through a hollow inlet plenum,
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e easier pressure tube replacement with convenient access to fuel channels by removing
the inlet plenum head,

¢ enables a compelling safety case,

e passive core cooling is made possible through natural convection of heavy water
moderator,

¢ small LOCA of an outlet has a small impact due to the common coolant inlet,

e provides 40% higher efficiency, and

e presents a compact footprint and layout.

3.2.5.2 Overview of the Safety Assessments of High-Performance Light Water Reactor:
The so-called High-Performance Light Water Reactor (HPLWR) is essentially a pressure vessel
type SCWR design developed by the European SCWR community since the beginning of 2000".

Figure 11 shows the minimum necessary set of safety systems for the HPLWR concept which
fulfil the ISAM requirements. Control rods and shut down rods serve as the reactivity control
system. They can be inserted into the reactor from the top like a pressurized water reactor (PWR)
unlike for a BWR the HPLWR does not has steam separators and steam dryers [16].

The boron injection system in the form of a vessel containing boron acid must be placed inside or
outside the containment (connected to the primary system) in order to enable an additional shut
down option under accidental conditions. The boron injection system cannot be used to
compensate excess reactivity during normal operation (different from the reactivity control system
of a PWR) due to fuel rods doped with Gadolinium as a burnable poison planned to be used
instead for this purpose [16].

Boron injection system :

Containment
Isolation valves

Feedwater ' 1“‘-'-';
~
line £

Steam
"
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1 depressurization
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Figure 11. The minimum necessary set of safety systems for the HPLWR concept [16]

The containment isolation valves are planned to be check valves in the feedwater lines (these
valves need to be damped in order to avoid the water hammer phenomena) and steam isolation
valves with hydraulic and medium controlled actuators in other lines [16].
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There is an essential need for a pressure suppression pool with vent pipes in the HPLWR to
maintain the pressure of the containment below the design limit. This system can also play an
important role as a heat sink for the automatic depressurization system [16].

Figure 11 shows a low-pressure coolant injection system with a heat exchanger to a secondary
emergency coolant system under the reactor itself. It means that this system must be installed
somewhere inside or outside of the containment but for sure it must be placed in a sheltered
location [16].

In case of a simultaneous trip of all feedwater pumps caused by a station blackout, as a
consequence, the primary system of the HPLWR must be depressurized immediately. It is the
only option to maintain a coolant mass flow rate through the core in order to keep it coolable. In
this situation it is not advised to close the turbine governor valve in order to keep a high system
pressure (like in case of a BWR) because such an action would stop the steam flow
simultaneously (which would overheat the reactor core itself) [16].

Based on the simulation results of the pressure and coolant temperature history in case of
containment isolation of all feedwater and steam lines, the following conclusion can be drawn. A
low-pressure coolant injection system with a certain pressure head (which is at least 6 MPa),
enabling ramp up of coolant injection pump and emergency power supply within 20s, allows for
long-term cooling of the reactor core. Having a closed cooling circuit within the containment
prevents a significant and fast loss of coolant. Additionally, the residual heat would be removed
to the secondary coolant system. While this time has been proven as feasible in conventional
BWRs, it may appear to be short for SCC-SMR and it would be advantageous to have a longer
grace period [16].

The safety assessments of Canadian SCWR and the European HPLWR have been concluded
with the following lessons learnt. There are no major impediments to further develop SCWR
design concepts. But there are significant gaps in understanding how the pre-designed
reactor cores would behave under SCWR pressures and temperature conditions [16], [17].

3.2.5.3 In conclusion:

e The application of the ISAM methodology or at least selected portions of the five analytical
tools should be performed in the framework of the next EU financed research project,
providing the pre-conceptual design of the concept will become available. Preparatory
steps to perform this task should be carried out already during the on-going ECC-SMART
project.

o Despite significant reduction in the probability of severe accidents of SCWR conceptual
designs, mitigation measures should be incorporated into the designs in order to avoid
short- or long-term post-accident escalation.

e Ongoing R&D on the various technical aspects of the SCWR (e.g. materials, thermal
hydraulics, etc.) should continue to close knowledge gaps.

3.2.6 Supercritical-water-cooled reactor (SCWR) System Safety Assessment document
[17]

This document (SSA document in the following) summarizes the lessons concluded from system
safety assessments of SCWR relevant reactor developments in the past and the current ongoing
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SCWR R&D activities (up to 2018). The Canadian SCWR concept represents the pressure tube
design while the European HPLWR represents a pressure vessel type SCWR concept among the
six existing SCWR concepts.

As explained in the SSA document, from a safety point of view, the SCWR concepts have adopted
passive safety systems to complement active safety systems to enhance the safety performance
of the SCWR concepts in comparison to the current fleet of existing LWRs. Basically, the design
of the safety systems adheres to the DiD safety principle [17].

3.2.6.1

Main lessons learnt:

Multiple fields where progress is needed have been identified in SSA document:

3.2.7

Novel manufacturing processes: An example is the new fuel assembly concept like the
Canadian fuel assembly containing 64 fuel rods. It may introduce new phenomena
imminent to the new design itself (e.g. re-entrant flow).

SCW is a harsher environment for any alloy compared to typical BWR or PWR water
environments. Thus, extensive corrosion and environmentally-assisted cracking testing
and demonstration on the suitability of alloys in SCW environments is required.

Similarly, due to the peculiar characteristics of SCW with regards to thermal-hydraulics
and neutronics and the strong coupling between the two, corresponding experimental
testing and demonstration is required.

Further validation of methods for SCWR concepts and of existing data is required, as
significant simplifying assumptions and extensions of existing data and methods have
been applied in the development of the various SCWR concepts.

A significant knowledge gap of the SCWR is the change in material properties of fuel
cladding materials as a function of irradiation damage. Experiments exposing fuel cladding
materials to irradiation and corrosion at the same time have been rarely performed yet.

It was explained that additional R&D data would be required in the field of “in-reactor” data
despite there is reasonable confidence that in-reactor performance should be satisfactory
during the relevant operational modes of the reactor.

Additional material issues beside the ones above, e.g. the maximum so-called “diametral
strain” estimated for the pressure tubes of the Canadian SCWR concept after 75 years of
full power operation would require validation.

Tests to provide data on thermal conductivity, fuel qualification, and performance of
thorium-plutonium dioxide (Th, PuO,) fuel to enable the implementation of this kind of fuel
in different SCWR concepts.

Overall recommendations from reviewed IAEA, OECD-NEA and GIF documents

Based on the review of the above-mentioned documents, the mostimportant recommendations
are the following:

The IAEA SSR-2/1 [2] should be used during the SCW-SMR development as a starting
point for the design criteria development.

[2]The available SMR regulation standards and guidelines should be used as a basis in
order to consider the specific safety features of SMRs.

After the development of the Design Criteria document of the SCWRs/SCW-SMRs, a
safety design guidelines (SDG) on safety approach and design conditions for
Generation IV SCWR/SCW-SMR should be issued.
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e An exercise to apply the ISAM should be performed on the SCW-SMR concept as soon
as a sufficiently detailed SCW-SMR concept becomes available.
In the meantime R&D on the SCWR and its different concepts to fill the knowledge gaps listed in
Section 3.2.6. should be continued.

3.3 European Nuclear Safety Directive

Council Directive 2014/87/Euratom [24] amending Council Directive 2009/71/Euratom [25]
establishing a Community framework for the nuclear safety of nuclear installations, applies to all
nuclear stations. Therefore, it is classified as 1P (see Section 3 at page 19).

It is per nature generic and thus does not provide wide and concrete safety requirements. The
few requirements of the directive are all well covered by existing IAEA safety guidance. For
example, article 8a of the directive requires avoiding large and / or early releases, and this
condition is already included in IAEA SSR-2/1 [2], under the so-called “practically eliminated
conditions”. The main difference is that the EU directive is legally binding and thus mandatory for
all EU member states, which is not the case for the IAEA set of safety principles, requirements
and recommendations.

Council Directive 2013/59/Euratom [26] of 5 December 2013 only contains important information
related to Annex | concerning reference levels for public exposure, which are important in order
to establish arrangements for emergency preparedness. Since all the content applies to all
nuclear stations, it is classified as 1P.

3.4 Other European Guidance

WENRA objectives and key positions gathered in [3] apply to all existing and new plants, and
hence are classified as 1P.

This collection of safety elements fully aligns with EU dispositions and IAEA’s, in particular looking
at eliminating the set of events leading to large and / or early release scenarios and limiting offsite
countermeasures — even though qualitatively, cf. Table 3 in [3].

European Utility Requirements (EUR) collection of safety objectives and requirements [4] also
align with international organization dispositions, specifying in quantitative fashion the limiting
distances, where offsite countermeasures must apply, ranging from between 0.8 and 5 km, cf. [4].
FORATOM-ENISS, which is in charge of EUR, has recently issued a brief report on key positions
specifically applicable to LW-SMRs. Seven key positions point at safety aspects. The elements
contained here are therefore classified as 2P, and they sometimes match with safety
requirements for new reactors, sometimes are a bit more demanding, e.g. smaller emergency
planning zones (EPZs) for LW-SMRs or radiological safety objectives for severe accidents.

The Sustainable Nuclear Energy Technology Platform (SNETP) has also issued a position on
SMRs in Europe [5], stating that safety levels are equal or higher to 3. Gen. PWRs. It also states
that no radioactive release outside the limits of the plant, in order to (i) avoid the consequences
of an accident requesting long term evacuation, and (ii) to avoid any consequences of an accident
on a neighbouring country should occur.

No radioactive releases outside the site boundary is in line with the second GIF safety goal. This
statement however seems not to be consistent with (i) and (ii). Furthermore, the same report
recommends applying reduced emergency planning zones. Therefore, it is unclear whether
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SNETP recommends SMRs to avoid any offsite release like GIF, or only large or early releases,
like EU nuclear safety directive, IAEA safety standards and WENRA objectives. SNETP
dispositions are classified as 1P, within which 4" Gen. reactors are also implicitly included, hence
classified as 3P as well.
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4 National legal frameworks for nuclear safety and security

So far, no country that is seriously looking into SMRs has changed its national nuclear regulation
to accommodate SMRs. But the regulators in some countries are in the process of changing their
regulation accordingly or have announced that they will do so, e.g. STUK in Finland. However,
nuclear regulators in some countries may have given opinions on SMR deployment in their
countries, what they expect in terms of safety. In Canada and the U.S. some SMR designs (even
non-water-cooled) are in the licensing or generic design assessment process. In the U.S. the
licensing process for one LW-SMR, the PW-SMR of NuScale, is even completed. Although none
of these SMR designs is a SCW-SMR design, some conclusions could be drawn from these
processes for the SCW-SMR.

4.1 Canada

The information presented herein are excerpts taken from the Canadian Nuclear Safety
Commission (CNSC) website (https://nuclearsafety.gc.ca/eng/ [50]). As the licensing process is
dynamic, it is recommended that the contents of this document be verified with information from
the official CNSC website. Should discrepancies arise between this document and the official
website of the CNSC, the information published in the CNSC would take precedence.

In Canada the legal regulator for the Canadian nuclear industry is the CNSC. It regulates the use
of nuclear energy and materials to protect health, safety, security and the environment. It
implements Canada’s international commitments on the peaceful use of nuclear energy, and
disseminate objective scientific, technical and regulatory information to the public.

Under the Nuclear Safety and Control Act (NSCA) [51], the CNSC has implemented regulations
and by-laws with the approval of the Governor in Council. The foundation for the CNSC'’s
regulatory framework is the Nuclear Safety and Control Act. The NSCA empowers the CNSC to
make regulations and to develop other regulatory tools to establish requirements for and provide
guidance related to the use of nuclear energy and materials in Canada. The NSCA came into
force on May 31, 2000 when it replaced the Atomic Energy Control Act. It established the CNSC
and set out the CNSC's mandate, responsibilities and powers. This Act provided the CNSC with
the authority to regulate the development, production and use of nuclear energy and the
production, possession and use of nuclear substances, prescribed equipment and prescribed
information in Canada.

The CNSC's regulatory framework consists of laws passed by Parliament that govern the
regulation of Canada's nuclear industry, and regulations, licences and documents that the CNSC
uses to regulate the industry. These documents fall into two broad categories: those that set out
requirements, and those that provide guidance on requirements. The CNSC is committed to
providing regulatory tools that achieve clarity of its requirements.

The CNSC'’s regulatory framework elements fall into two categories: requirements and guidance.

Requirements are mandatory. Licensees or applicants must meet these requirements to obtain
or retain a licence or certificate to use nuclear materials or operate a nuclear facility. Regulatory
instruments under requirements include:
e NSCA — The Act to establish the CNSC, with the authority to regulate the nuclear industry.
¢ Regulations — Sets out statutory requirements.
e Regulatory documents — Provide greater detail than regulations, as to what the licensees
and applicants must achieve in order to meet the CNSC'’s regulatory requirements.
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Guidance provides direction to licensees and applicants on meeting requirements. Regulatory
tools under guidance include:
e Guidance documents — Provide practical guidance to licensees and applicants on how to
meet the regulatory requirements of the CNSC.
e Staff review procedures — Internal working documents used by CNSC staff to conduct
regulatory reviews. Staff review procedures ensure consistent regulatory reviews.
¢ INFO-documents — Plain-language publications describing nuclear-related issues and
regulatory requirements and processes, for the general public and other stakeholders.
INFO documents also provide support and further information on other elements of the
regulatory framework.

The CNSC'’s regulatory framework ensures clear direction to industry, stakeholders and CNSC
staff. The CNSC’s primary focus is to create a framework that supports the timely development
and publication of regulations, regulatory documents and associated guidance.

With regard to the design of reactor design and licensing, the Design of Reactor Facilities: Nuclear
Power Plants (REGDOC-2.5.2)° [52] document, sets out requirements and guidance for new
licence applications for water-cooled nuclear power plants (NPPs or plants). It establishes a set
of comprehensive design requirements and guidance that are risk-informed and align with
accepted international codes and practices. REGDOC-2.5.2 [52] provides criteria pertaining to
the safe design of new water-cooled NPPs. All aspects of the design are taken into account, and
multiple levels of defence are promoted in design considerations. To the extent practicable, the
requirements and guidance provided herein are technology-neutral with respect to water-cooled
reactors. An applicant or licensee may put forward a case to demonstrate that the intent of a
requirement is addressed by other means and demonstrated with supportable evidence.

To a large degree, the REGDOC 2.5.2 [52] regulatory document represents the CNSC's adoption
of the principles set forth by the International Atomic Energy Agency in SSR-2/1, Safety of Nuclear
Power Plants: Design [2] as adapted to align with Canadian requirements.

This regulatory document considers all licensing phases, as information from the design process
feeds into the processes for reviewing an application for a licence to construct an NPP, and other
licence applications.

The REGDOC 2.5.2 [52] document is intended to form part of the licensing basis for a regulated
facility or activity within the stated scope of the document. It is intended for inclusion in licences
as either part of the conditions and safety and control measures in a licence, or as part of the
safety and control measures to be described in a licence application and the documents needed
to support that application.

For proposed new facilities: The REGDOC 2.5.2 [52] document will be used to assess new licence
applications for reactor facilities. For existing facilities?': The requirements contained in the

20 Design of Reactor Facilities: Nuclear Power Plants supersedes RD-337, which was published in 2008.
In addition, it implements recommendations from the CNSC Fukushima Task Force Report. Currently the
CNSC website states that REGDOC-2.5.2 Version 2 is under development (as of December 2021) and
will supersede REGDOC-2.5.2

21 Existing facilities in this document are effectively those first licensed before 2014.
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document do not apply unless they have been included, in whole or in part, in the licensing basis.
The REGDOC 2.5.2 [52] regulatory document is part of the CNSC's Physical Design series of
regulatory documents, which also covers: design of uranium mines and mills; design of fixed
radiography installations; design of nuclear substance laboratories and nuclear medicine rooms;
and exposure devices. The full list of regulatory document series can be found on the CNSC's
website [50].

The licensing basis sets the boundary conditions for acceptable performance at a regulated facility
or activity, and establishes the basis for the CNSC's compliance program for that regulated facility
or activity.

This regulatory document deals with a wide variety of topics related to the design of new NPPs.
To the extent practicable, REGDOC 2.5.2 [52] istechnology-neutral with respect to water-cooled
reactors, and includes requirements and guidance for:

e establishing the safety goals and objectives for the design,

¢ utilizing safety principles in the design,

e applying safety management principles,

e designing structures, systems and components (SSCs),

¢ interfacing engineering aspects, plant features and facility layout,

¢ integrating safety assessments into the design process.

Itis recognized that specific technologies may use alternative approaches. If a design other than
a water-cooled reactor is to be considered for licensing in Canada, the design is subject
to the safety objectives, high-level safety concepts and safety management requirements
associated with this regulatory document. However, the CNSC's review of such a design
will be undertaken on a case-by-case basis.

In addition to the REGDOC 2.5.2 [52] regulatory document, the REGDOC-1.1.5 entitled
“Supplemental Information for Small Modular Reactor Proponents”[53] provides information
about CNSC safety and control areas as they apply to a licence application for an SMR facility.
REGDOC-1.1.5 [53] provides information that is additional to the licensing process documented
in REGDOC-3.5.1 [58], Licensing Process for Class | Nuclear Facilities and Uranium Mines and
Mills, version 2, which provides an overview of the licensing process for Class | nuclear facilities.

REGDOC-1.1.5 [53] is a new regulatory document which set out requirements and guidance for
an applicant to consider prior to submitting a licence application to the CNSC for a SMR.
REGDOC-1.1.5 [53] also identifies the CNSC’s considerations in assessing the adequacy of a
licence application.

In accordance with CNSC regulations, the CNSC has developed licence application guides that
set out requirements and guidance for submitting a formal application to the CNSC to obtain a
licence for reactor facilities, including SMRs, in Canada. The licence application guides also help
identify information that should be included in an application. REGDOC-1.1.5 [53] is intended to
be used in conjunction with the following three licence application guides:

e REGDOC-1.1.1, Site Preparation and Site Evaluation for New Reactor Facilities [54],

e REGDOC-1.1.2, Licence Application Guide: Licence to Construct a Nuclear Power Plant

[55],
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e REGDOC-1.1.3, Licence Application Guide: Licence to Operate a Nuclear Power Plant
[56].

For the purposes of the REGDOC-1.1.5 document [53], the term SMR includes:
e water-cooled reactors (smaller than traditional reactors),
e advanced reactors with alternative coolant technologies (i.e. non-water-cooled).

SMRs may produce energy in the range of a few megawatts to a few hundred megawatts, and
may be used for purposes beyond the generation of electricity. In some cases, an SMR facility
could have multiple reactor units with a combined power output equivalent to that of a traditional
nuclear power plant.

Protecting the environment is part of the CNSC’s mandate. The CNSC requires the environmental
effects of all licensed activities to be evaluated and considered when licensing decisions are
made. This is a review of information used to support the Commission’s determination on whether
the licensee will make adequate provision for the protection of the environment and the health
and safety of persons while carrying out a licensed activity. In addition to the information on
environmental protection in the three licence application guides listed above, further information
on this subject can also be found in REGDOC-2.9.1, Environmental Protection: Environmental
Principles, Assessments and Protection Measures, version 1.1 [57], and REGDOC 3.5.1,
Licensing Process for Class | Nuclear Facilities and Uranium Mines and Mills, version 2 [58].

The REGDOC-1.1.5 [53] also provides specific guidance for licence applications for SMRs,
contains guidance on the application of the graded approach and the use of alternative
approaches in the development of the licensing basis for SMR facilities, and outlines the role of
pre-licensing engagement?2,

REGDOC-1.1.1, Site Evaluation and Site Preparation for New Reactor Facilities [54]

This regulatory document sets out requirements and guidance for site evaluation and site
preparation for new reactor facilities. It also includes a licence application guide for a licence to
prepare a site for new reactor facilities. This document refers to both NPPs and small reactor
facilities as "reactor facilities.” Its content also addresses how site evaluation information obtained
during site preparation activities is used and revisited in subsequent lifecycle phases of
construction and operation.

REGDOC-1.1.2, Licence Application Guide: Licence to Construct a Nuclear Power Plant
[55]

This regulatory document sets out requirements and guidance on submitting a formal application
to the CNSC to obtain licence to construct a NPP.

REGDOC-1.1.3: Licence Application Guide: Licence to Operate a Nuclear Power Plant [56]

This regulatory document sets out requirements and guidance on submitting a formal application
to the CNSC to obtain a licence to operate a NPP in Canada, and identifies the information that
should be included in the application. This document will be used to assess licence applications
for proposed new NPPs and for licence renewals for existing NPPs. Once the CNSC has granted
a licence, the safety and control measures described in the licence application and the documents
needed to support the application will form part of the licensing basis.

22 Pre-licensing engagement is optional
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4.2 China

The information presented herein are taken from the document “Safety Review Principle for Small
Pressurized Water Reactor Nuclear Power Plants (Trial)” drafted by China's National Nuclear
Safety Administration (NNSA). China's NNSA draws up this review principle for onshore small
PWR NPPs at the sites that may be adjacent to the users of power generation, heat supply, steam
supply, etc. to clarify its position on a number of important safety issues. The formulation of the
review principle as well as future practices in the safety review of small PWR NPPs will provide a
reference and experience for laying down nuclear safety regulations and standards.

The review principle is set by referencing the latest findings of domestic and international research
on the safety requirements of small PWR NPPs. It should be fully recognized that the
establishment of safety requirements for small PWR NPPs must go through an iterative process
of practices - cognition - more practices - further cognition. Such an attitude should also be held
for the application of the review principle.

In view of current research status and nuclear safety review needs, the review principle is only
applicable to demonstration projects with single reactor thermal power of several hundred MW or
less and a few units at a single site. The review principles do not address the problems arising
from numerous modular units arranged at a site, such as overall site risk, sharing of a control
room or auxiliary control room, and an instrument or control panel among multiple units, and
associated operator requirements. The requirements for these aspects will be gradually worked
out according to research progresses and safety review needs.

Safety Goals
The overall nuclear safety goal of a small PWR NPP is to establish and maintain effective
defenses against radiological hazards that threaten the safety of people, society, and
environment.

The goal is supported by the objectives of radiation protection and technological safety. Radiation
protection objective: ensuring that the radiation exposures within all operating small PWR NPPs
or due to any planned discharge of radioactive materials from these plants remain below the
prescribed limit and as low as reasonably achievable in a bid to mitigate the radiological
consequences of any accident.

Technological safety objective: taking all reasonably practicable measures to prevent accidents
at small PWR NPPs, and mitigate the consequences of any accident; ensuring with a high degree
of confidence that radiological consequences are least severe and below the prescribed limit for
all potential accidents considered in the design of a small PWR NPP, including the accidents of
very low probability; virtually eliminating the possibility of discharging a significant amount of
radioactive materials. Small PWR NPPs without off-site interventions should provide a higher
level of protection to the public than large PWR NPPs with off-site interventions.

The virtual elimination of the possibility for discharging radioactive materials in large quantities
means the virtual elimination of accident sequences that can result in high radiation doses or
substantial radioactive discharges. It can be regarded as virtual elimination if certain conditions
are in fact unlikely to occur, or highly unlikely to occur due to a high degree of confidence. This
must be judged in conjunction with the phenomenological evaluation of important sequences of
beyond design basis accidents, and the assessment of the engineering or design measures
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associated with these phenomena, and the manner in which the accident source term is
determined.

The above safety objectives allow small PWR NPPs to achieve a design goal: although the
regulatory body may still require the setup of external interventions, the requirement for external
interventions can nevertheless be technologically limited, or even exempted, as stated by IAEA
in No. SSR-2/1 SAFETY OF NUCLEAR POWER PLANTS: DESIGN.

Concept of DID

China's nuclear safety regulation namely the Design Requirements for Safety of Nuclear Power
Plants (HAF102) has defined the DIiD concept, that is, all safety related activities, including the
organization, personnel behavior, or design, are safeguarded by multiple barriers, and even if a
failure occurs, they will be detected, compensated, or corrected with appropriate measures in
order to provide multi-layered protection against various transients, anticipated operational
occurrences, and accidents resulting from on-site equipment failures or personnel activities and
off-site events.

The concept of DID is applied to design small PWR nuclear power plants, and form multi-layered
defenses (inherent characteristics, equipment, and regulations) to prevent accidents, and offer
adequate protection in case of failure in accident prevention.

While the overall five levels of DiD should be maintained for small PWR NPPs, the setting focus
of the in-depth defense levels differs from that of conventional large LWRs, given the
characteristics of the reactor type. Small PWR NPPs, for instance, should focus on the first three,
or at most, the first four levels of DID so that "the requirement for external interventions can be
technologically limited, or even exempted.”

The reasonableness in setting each defense level in depth should be justified by complete safety
assessment.

Overall Design Basis

The state of small PWR NPPs is divided into four categories, including anticipated operational
occurrences, design basis accidents, and beyond design basis accidents, in addition to normal
operating conditions. The classification of these NPP states is determined by referencing the
occurrence range of events, and the experience in existing and other reactor types. The frequency
range of anticipated operational occurrences and design basis accidents is divided by referencing
the occurring frequency of postulated initiating events (PIE); beyond design basis accidents are
determined by the combination of the probability theory, determinism, and engineering judgment.

Small PWR NPPs comply with the national standards promulgated and applicable in China. We
also recommend internationally recognized, practical, and authoritative standards and
specifications be used as much as possible, which are generally approved or recognized by the
nuclear safety regulatory authorities of the countries where they are developed.

Special attention should be paid to demonstrating the appropriateness and applicability of the
standards referenced, and obtaining the consent from the NNSA. Consistency should be noted

when using standards and specifications of different systems.

External Events Protection
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Small PWR NPPs must be provided with reliable protection against external natural hazards and
contrived events, which can be achieved through the design of the containment vessels or
combined design of nuclear island powerhouses and containment vessels.

Regarding external natural hazards, the protection against the external natural hazards of design
basis shall also be provided, and reserved with appropriate safety margins.

The protection against external contrived events shall meet the requirements of China's current
nuclear safety regulations and standards, and properly mirror the latest international practices
and requirements of associated regulations and standards.

Accident Source Item

In terms of conventional large LWR nuclear power plants, the early U.S. federal regulations
"Reactor Site Criteria (L0CFR100)" and the recent NRC regulatory guidelines "Radioactive
Source Items for Evaluating Nuclear Power Plant Design Basis Accidents (RG 1.183)" have
identified hypothetical accident source terms, but there are no domestic or international
regulations or standards for small nuclear power plants.

As mentioned earlier, for the design concept of small PWR NPPs, a higher safety goal namely
"virtually eliminating the possibility of discharging considerable amounts of radioactive materials"
so that "the requirement for external interventions can be technologically limited, or even
exempted" has been set. In other words, these plants should provide a higher level of protection
to the public without off-site interventions than existing large PWR NPPs with off-site
interventions, and the accident source term must be determined in a way that is compatible with
this goal.

The important event sequences of design basis accidents and beyond design basis accidents at
small PWR NPPs must be analyzed to identify the discharge of radioactive materials, from which
conservative and enveloping source terms can be selected as source terms for site selection and
contingency planning to evaluate whether the safety objectives are being met. The
reasonableness of the model should be carefully analyzed, and when the radioactive material
discharging mechanism is uncertain to a significant extent, or the required data is inadequate,
moderate conservatism must be considered.

4.3 Czech Republic

Nuclear legislation

Czech nuclear legislation is relatively new - the new Atomic Act came into force on 1 January
2017, followed by 16 implementing decrees issued in 2017-2018, which are part of the Collection
of Laws of the Czech Republic and are therefore legally binding. This new nuclear legislation is
general and practically technology-neutral. As such, it applies to all types of nuclear installations,
primarily VVER and PWR NPPs, radioactive material handling and storage facilities and, when
applying a graded approach, also to nuclear research facilities. It therefore also applies to
potential SMRs, irrespective of their technology system. Due to their specificity, in real licensing
practice, the national regulator SUJB would probably impose ad-hoc licensing requirements and
procedures (graded approach) as it is applied in the case of the research reactors.

At the top of the pyramid of Czech nuclear legislation is the Atomic Act, which defines conditions
for the peaceful utilization of nuclear energy and ionising radiation, including the activities
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requiring a SUJB licence. It gives the responsibility for governmental administration and
management to the SUJB and defines its power and competency.

Atomic Act - Act No. 263/2016 Coll., Atomic Act - was approved by the Parliament of the Czech
Republic on July 14, 2016 and has entered into force on January 1, 2017. Its preparation has not
been primarily driven by the need to set up completely new legal relationships, but rather to
supplement and particularly refine existing legislation on the basis of experience gained over
nearly two decades of application of previous legislation - Act No. 18/1997 Coll., on Peaceful
Utilisation of Nuclear Energy and lonising Radiation (the Atomic Act) and on Amendments and
Additions to Related Acts, and the new recommendations of international institutions and other
new findings.

The Atomic Act respects all changes presented both at the international level and within the
Euratom. In addition to individual IAEA recommendations, these are, for example, Council
Directive 2014/87/Euratom of 8 July 2014 amending Directive 2009/71/Euratom establishing a
Community framework for the nuclear safety of nuclear installations and Council Directive
2013/59/Euratom of 5 December 2013 laying down basic safety standards for protection against
the dangers arising from exposure to ionising radiation, and repealing Directives 89/618/Euratom,
90/641/Euratom, 96/29/Euratom, 97/43/Euratom and 2003/122/Euratom.

The Atomic Act establishes activities for which a licence issued by the SUJB is required. Besides
the main licences for the siting, construction, operation and decommissioning of a nuclear
installation, many more licences are concerned - see Chapter 7.2.2.

The Atomic Act authorizes the SUJB, and in strictly defined cases other bodies of the state
administration, to issue a set of related implementing regulations. They include but are not limited
to the following regulations, which are mentioned in the text below:

o Decree No. 358/2016 Caoall., on requirements for assurance of quality and technical safety
and assessment and verification of conformity of selected equipment;

e Decree No. 359/2016 Coll., on details of ensuring radiation extraordinary event

management;

Decree No. 360/2016 Coll., on radiation situation monitoring;

Decree No. 361/2016 Coll., on security of nuclear installation and nuclear material,

Decree No. 378/2016 Coll., on siting of a nuclear installation;

Decree No. 408/2016 Coll., on management system requirements;

Decree No. 409/2016 Coll., on activities especially important from nuclear safety and

radiation protection viewpoint, special professional qualification and training of persons

ensuring radiation protection of the registrant;

o Decree No. 422/2016 Coll., on radiation protection and security of a radioactive source;

e Decree No. 21/2017 Coll., on ensuring nuclear safety of a nuclear installation;

e Decree No. 162/2017 Coll., on requirements for safety assessment pursuant to the Atomic
Act;

e Decree No. 329/2017 Coll., on the requirements for nuclear installation design.

A complete text of the Atomic Act and its implementing legal regulations is available at the SUJB
website.

In addition to the Atomic Act, there are other important acts, which defines special requirements
for the construction of nuclear facilities, particularly:
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e Act No. 100/2001 Coll., on Environmental Impact Assessment and on Amendment to
Certain Related Acts (the Act on Environmental Impact Assessment);
e Act No. 183/2006 Coll., on Spatial Planning and Building Rules (Building Act).

System of licensing

The Atomic Act regulates and defines conditions for the performance of activities related to the
use of nuclear energy, activities in exposure situations, activities in the field of radioactive waste
management, carriage of radioactive or fissile materials, activities in the area of non-proliferation
of nuclear weapons and other activities important for ensuring nuclear safety, radiation protection,
technical safety, radiation situation monitoring, radiation extraordinary event management, and
security. A precondition for the performance of such activities is the licence issued by the SUJB
within an administrative procedure independent of the other administrative procedures including
the procedure required under the Building Act.

Approvals of the state authorities include, in addition to a licence for the siting, construction and
operation, a number of other separate licences issued by the SUJB in accordance with Section 9
of the Atomic Act in various stages of the life cycle of a nuclear installation, specifically the
following:

Pursuant to Section 9 of the Atomic Act, a licence shall be required for performing the following
activities:

a) the siting of a nuclear installation;

b) the construction of a nuclear installation;

c) the first physical start-up of a nuclear installation with a nuclear reactor;

d) the first power-generation start-up of a nuclear installation with a nuclear reactor;

e) the commissioning of a nuclear installation without a nuclear reactor;

f) the operation of a nuclear installation;

g) the individual phases of decommissioning of a nuclear installation, and;

h) the carrying out of maodifications affecting nuclear safety, technical safety and physical
protection of a nuclear installation.

In the case of construction of a nuclear installation, the Building Act sets out a three-stage
procedure for its licensing (site decision, construction permit and final inspection approval).
According to the Building Act, the site decision on the siting is issued by a local department of
planning and building management; the construction permit and operating permit (but also the
permit or order to remove the structure) are then issued by special authority of planning and
building management, which is the Ministry of Industry and Trade of the Czech Republic.
Section 86) and Section 110) of the Building Act directly imposes liability upon the applicant and
operator to present binding opinions or decisions of the authorities concerned according to special
regulations, i.e. the Atomic Act.

Provided the related procedure involves interests protected by special regulations, the
department of planning and building management shall decide in cooperation with or based on
approval from the competent state administrative bodies protecting such interests. A competent
state administrative body shall condition its approval upon fulfilment of conditions specified in its
resolution issued in agreement with the special act entitling the body to do so. The bodies include
in particular:
e technical inspection bodies dealing with conventional safety, including the safety of
pressure components and electric systems;
e regional and municipal authorities in respect to fire safety, waste management, water
consumption and effluents discharge;
e Czech Environmental Inspection — in respect to air pollution;
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e Local body in charge of public health protection in respect to industrial safety in agreement
with Act No. 258/2000 Coll., on Public Health Protection.

Act No. 100/2001 Coll., on Environmental Impact Assessment and on Amendment to Certain
Related Acts (the Act on Environmental Impact Assessment) impose the obligation to assess
installations from the viewpoint of their impact on the environment (the so-called “Environmental
Impact Assessment”), within a separate procedure preceding the licensing procedure. This
procedure involves the affected municipalities, authorities and the public represented by
individuals as well as societies. The Ministry of the Environment is the relevant authority
responsible for the issuance of a binding opinion concerning the environmental impact of the
nuclear facility.

System of requlatory inspection and assessment

The SUJB performs inspections of compliance with the requirements of the Atomic Act,
regulations issued for its implementation and fulfiiment of the decisions issued on the basis
thereof, as well as the commitments arising from international treaties by which the Czech
Republic is bound if they relate to the peaceful use of nuclear energy and ionising radiation, and
fulfilment of the obligations set out by the Act on Metrology in the case of meters intended or used
for measurement of ionising radiation and radioactive substances. The inspection activities of the
SUJB are regulated in detail by Section 200 and the following paragraphs of the Atomic Act and
Act No. 255/2012 Coll., on Inspection (Inspection Code), which sets out the general rules for
inspection authorities in the implementation of inspection activities. The two acts above provide
the SUJB with corresponding power and competency for the execution of the state supervision.
For a detailed description of the above-mentioned requirements and approval procedures see
Chapters 14, 15, 16, 17, 18 and 19 hereof.

Evaluation of site related factors

Site selection and evaluation of site-related characteristics are the crucial steps for the siting of a
nuclear installation. Site suitability for the siting of a nuclear is one of the fundamentals of the
“defence in depth” principle (IAEA Fundamental Safety Principles SF-1, 2006) and is assessed
from the aspect of potential external natural or anthropogenic influences on a nuclear installation
and from the aspect of site characteristics, which could affect the migration of radioactive
substances in the environment.

The legal framework governing the issue of a siting licence which covers the nuclear safety and
radiation protection aspects is established by the Atomic Act and its implementing regulations
such as:

o Decree No. 378/2016 Caoll., on siting of a nuclear installation;

e Decree No. 408/2016 Coll., on management system requirements;

o Decree No. 422/2016 Coll., on radiation protection and security of a radioactive source;

e Decree No. 359/2016 Coll., on details of ensuring radiation extraordinary event

management;
e Decree No. 329/2017 Coll., on the requirements for nuclear installation design.

A licence for siting of a nuclear installation is issued by the SUJB in accordance with the provisions
of Section 9 of the Atomic Act. Application for the nuclear installation siting must be, in accordance
with Annex 1 of the Atomic Act, documented by the following documentation:

1. management system program;
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initial safety analysis report;

analysis of physical protection assurance needs and possibilities;

intention to ensure the monitoring of discharges from the nuclear installation;

monitoring program;

intention to ensure radiation extraordinary event management;

proposal of the safe decommissioning concept;

description of the method of quality assurance for the preparation of construction project
implementation and

principles of quality assurance for the subsequent phases of the nuclear installation’s life
cycle.

Pursuant to the implementing regulations of the Atomic Act, in particular Decree No. 378/2016
Coll., on siting of a nuclear installation and in agreement with the IAEA (in particular NS-R-3 rev. 1,
2015; SSG-9, 2010; SR-85, 2015; NS-G-3.4, 2003, NS-G-3.6, 2005; SSG-18, 2011) and WENRA
(Safety Reference Levels for Existing Reactors: update in relation to lessons learned from Tepco
Fukushima Daiichi accident, 2014, and Guidance Document Issue T: Natural Hazards Head
Document, 2015) recommendations, a nuclear installation should be designed while taking into
account the historically most significant phenomena registered in the particular site for a nuclear
installation and its vicinity, as well as a combination of natural phenomena, phenomena resulting
from human activity and accident conditions due to these phenomena.

The Atomic Act further establishes the following requirements:

Pursuant to Section 5(1) (c) — act in a way ensuring that the risk to natural persons and
the environment is kept as low as can reasonably be achieved taking into account the
current state of technical knowledge and economic and societal aspects.

Pursuant to Section 5(2) (a) — as a matter of priority, ensure nuclear safety, the safety of

nuclear items and radiation protection, while respecting the present level of science and

technology and good practice.

Pursuant to Section 46(2) (e) — ensure resilience and protection of the nuclear installation

against the hazards resulting from the site characteristics of the site for a nuclear

installation and from external influences.

Pursuant to Section 47(1) — The site for a nuclear installation shall be evaluated in terms

of:

a) its characteristics that can affect nuclear safety, radiation protection, technical safety,
radiation situation monitoring, radiation extraordinary event management and security
during the life cycle of the nuclear installation, and

b) the impact of the nuclear installation on individuals, the general public, society and the
environment.

And furthermore, pursuant to paragraph 2 or 3:

Siting of nuclear installations is prohibited in the area, whose characteristics pursuant to
paragraph 1 (a) reduce the required level of nuclear safety, radiation protection, technical
safety, radiation situation monitoring, radiation extraordinary event management and
security during the life cycle of the nuclear installation so that in terms of the current level
of science and technology is not possible to remedy in the form of technical or
administrative measures.

Prior to siting a nuclear installation, a baseline survey of the site for a nuclear installation
shall be conducted with regard to radiation situation monitoring by measuring and
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evaluating the baseline radionuclide content in the environment and food chain. The
results of the baseline survey shall be retained for the needs of the complete
decommissioning.

e Pursuant to Section 50 — ensure that already reached the level of nuclear safety, radiation
protection, technical safety, radiation situation monitoring, radiation extraordinary event
management and security of another nuclear installation located in the site for a nuclear
installation under construction is sited does not degrade.

e Pursuant to Section 54 (a) — continuously ensure, verify and document that the nuclear
installation is capable of stable and safe operation.

Detailed requirements for the assessment of site characteristics and phenomena for a nuclear
installation are laid down in Decree No. 378/2016 Coll., on siting of a nuclear installation, which
also provides a list of assessed characteristics and phenomena in Section 3 as follows:

1) Site characteristics, assessed in site for a nuclear installation in terms of their capability to
affect the nuclear safety, radiation protection, technical safety, radiation situation monitoring,
radiation extraordinary event management and security during the life cycle of a nuclear
installation, are the occurrences of:
a. natural characteristics and phenomena, specifically

1. seismicity;

2. crack of the site for a nuclear installation as a result of a fault in the Earth’s crust
(hereinafter referred to as the “fault”);
floods;
groundwater circulation;
5. other geodynamic phenomena and geotechnical parameters of the foundation

soils;

6. climatic and meteorological phenomena;
biological phenomena, and;
natural fires;
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b. phenomena originated in human activity, specifically
aircraft crash and crash of any other flying object;
explosions and fires originated in human activity, and their products;
collision with the protection or safety zone;
impact of the nuclear installation already located in the area;
strong vibrations;
electromagnetic interference;
eddy current;
adverse impacts of air, road, rail and waterway transport;
effects of the pipelines and power transmission lines;
. pollution of the air, rock environment, surface and groundwater, and
. operation of an installation where readily flammable, explosive, toxic, suffocating,
corrosive or radioactive material are located or are released therefrom, and
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c. any other phenomenon that may adversely affect the nuclear safety, radiation
protection, radiation situation monitoring, radiation extraordinary event
management and security of a nuclear installation.
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2) Characteristics of the site for a nuclear installation, assessed in terms of the impact of a nuclear
installation on individuals, the public, society and the environment are the occurrences of
phenomena capable of affecting the effect of a nuclear installation on the surrounding
environment, specifically
a. spread of radioactive substance via air, ground and surface water, and food
chain, and
b. population distribution and density, and its development.

Decree No. 378/2016 Coll., also regulates the general principles of assessment when pursuant
to Section 4:

1. Site evaluation for a nuclear installation shall assess the extent to which the
characteristics pursuant to Section 3 are capable of affecting nuclear safety,
radiation protection, radiation situation monitoring, radiation extraordinary event
management and security.

2. The results of the assessment of the site for a nuclear installation shall be
compared with the features of the characteristics of the area, the achievement
of which causes the siting of a nuclear installation to be prohibited.

3. The evaluation of the site for a nuclear installation shall include the assessment
of:

a) the simultaneous effect and the interaction of characteristics pursuant to
Section 3, their intensity and duration;

b) the future development of characteristics pursuant to Section 3 during the life
cycle of a nuclear installation, and

c) the impact of installed capacity of a nuclear installation on the site for a
nuclear installation in case of a nuclear installation with a nuclear reactor.

4. The site evaluation for a nuclear installation shall take place for the site area of
a nuclear installation and up to such a distance thereof, which allows assessing
the impact of characteristics pursuant to Section 3 on nuclear safety, radiation
protection, radiation situation monitoring, radiation extraordinary event
management and security, however at least up to the distance determined for
that characteristic by this Decree.

It also specifies the characteristics, the achievement of which causes the siting of a nuclear
installation to be prohibited.

The Atomic Act and Decree No. 378/2016 Coll., are followed by detailed SUJB Safety Guides to
assess compliance with the criteria relating to the above phenomena:
e SUJB Safety Guide BN-JB-4.1, Siting of Nuclear Installation — Assessment of Natural
Phenomena.
e SUJB Safety Guide BN-JB-4.2, Siting of Nuclear Installation — Assessment of Phenomena
Caused by Human Activity.

Approval process for design and construction of nuclear installation
Construction of a nuclear installation is one of the activities to which the SUJB issues approval in
accordance with the provision of Section 9 of the Atomic Act, from the nuclear safety and radiation
protection point of view. Pursuant to Section 24 of the Atomic Act, the application for the
construction of a nuclear installation shall be provided with the documentation as set out in
Annex 1, Part 1 b) of the Atomic Act:

1. management system program;
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limits and conditions;

programme of inspections for the construction stage;

preliminary safety report;

list of selected equipment, including classification of selected equipment into safety

classes;

6. list of activities important to nuclear safety and description of the system of education,
training and exercises for the personnel, including a description of the qualifications of
the personnel;

7. description of the system of training for selected workers;

8. programme of construction of the nuclear installation, including the timetable;

9. preliminary commissioning plan for the nuclear installation;

10. preliminary probabilistic safety assessment;

11. preliminary physical protection assurance plan;

12. concept for the safe permanent shutdown of the installation to be licensed, including
the method of the radioactive waste management produced;

13. monitoring program;

14. radiation extraordinary event analysis and assessment for the period from the
commencement of construction of the nuclear installation to the commencement of
decommissioning;

15. on-site emergency plan;

16. establishment of the emergency planning zone;

17. preliminary ageing management program;

18. proof that the financing of the radioactive waste management has been secured, if such
waste is generated,

19. evaluation of quality assurance for the preparation of the construction of the nuclear
installation;

20. description of the method of quality assurance for construction project implementation;

21. principles of quality assurance for the phases of the nuclear installation’s life cycle

following construction.

o wbd

The documentation referred to in points 2, 3, 5, 11, 13, 15 and 16 shall be subject to approval by
the SUJB.

Pursuant to Section 5 of the Atomic Act, anyone who uses nuclear energy shall, among others,
as a matter of priority, ensure nuclear safety and radiation protection; precede radiation
extraordinary events and, if they occur, minimise their consequences, and act in a way ensuring
that the risk to natural persons and the environment is kept as low as can reasonably be achieved
taking into account the current state of technical knowledge and all economic and societal
aspects.

Section 4(2) a) of the Atomic Act defines nuclear safety as: “the state and capability of nuclear
installations and natural persons operating the installation to prevent uncontrolled self-sustaining
fission chain reaction or release of radioactive substances or ionising radiation into the
environment and to mitigate the consequences of accidents”.

In practice, compliance with the IAEA recommendations, in particular, SF-1 and SSR-2/1 (Rev. 1)
and WENRA (“Safety of New NPP Designs” (2013) and “Safety Reference Levels for Existing
Reactors” (2014)) is required for the project of a NPP in the Czech Republic by the SUJB. These
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requirements were also applied in the framework of the administrative procedure for a licence for
siting of Temelin NPP Units 3 and 4, which took place between 2013 and 2014.

The new nuclear legislation of the Czech Republic introduces a concept of “practical elimination”.
According to the Dec. No 329, §2, the “practical elimination” means a condition, state or event,
the occurrence of which are considered physically impossible, or which are, with a high degree
of confidence very unlikely.

The §4 of the Dec. 329 requires as design safety objectives that design of the nuclear installation,

shall ensure practical elimination of following events:

1) a radiation accident for which there is not sufficient time for the implementation of urgent
protective measures for the population (early radiation emergency); and

2) a radiation emergency requiring urgent protective measures for the public that cannot be
limited in location or time (large radiation emergency).

The §7 of the Dec. 329 requires that the implementation of the concept of practical elimination is
demonstrated using the conservative approach. The PSA used to prove a very low probability
(low frequency of occurrence) of major radiation accidents must meet the requirements described
in Dec. No. 162/2017 Caoll.

Application of the concept of practical elimination may result in simplified siting of nuclear
installations, in particular in respect of emergency planning zone. According to Annex No. 2 letter
(a) Dec. 359 for radiation accidents with a frequency less than 1 x 107 per year there is no need
to determine the emergency planning zone.

Application of DiD and improvement of nuclear safety in design extension conditions

The requirement for the application of DiD principle in the context of ensuring nuclear safety using
multiple physical safety barriers and applying the safety functions to protect the integrity and
functionality of these barriers at the various levels of DiD is set out in Section 6 of Decree No.
329/2017 Coll., on the requirements for nuclear installation design. In the context of ensuring
compliance with requirements for the application of DiD, there is an obligation to ensure
prevention and management of abnormal operating conditions, design basis accidents and
design extension conditions including severe accidents.

Section 5 of the Decree sets out that nuclear installation design shall ensure resistance and
protection of a nuclear installation against the risk arising from the occurrence of internal events
during operation of a nuclear installation as a result of accidental failure of its SSCs, external
events caused by the characteristics of the location for siting of a nuclear installation, human
activities, and combination thereof.

Section 7 of the Decree sets out the obligation to ensure, in order to manage design extension
conditions, such resistance of a nuclear installation which provides that a severe accident, which
could lead to an early radiation accident or a large radiation accident, is a practically eliminated
event, i.e. its occurrence is possible to consider as physically impossible or as very unlikely with
a high degree of confidence.

Sections 12 and 29 of Decree No. 329/2017 Coll. on the requirements for nuclear installation
design set out the requirements for nuclear installation design to ensure fulfilment of the principles
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of the safe use of nuclear energy and reliable performance of the safety functions of structures,
systems and components important to nuclear safety, including but not limited to:

e by using passive functions;

e by creating the ability to put them automatically into a state in which they contribute to the
management of abnormal operation conditions or accident conditions in a nuclear
installation;

e by automatic intervention or intervention on the basis of interventions by operators in
accordance with internal regulations;

e by their physical separation and functional isolation, and

¢ by independence and backing up of systems and by using diversification.

Incorporation of proven technologies

The obligation to use proven methods, processes and technologies in the nuclear installation
design is directly mentioned in Section 46 of the Atomic Act and the obligation to verify the
required characteristics of SSCs important to nuclear safety is then set out in Sections 8 and 9 of
Decree No. 329/2017 Coll., on the requirements for nuclear installation design.

Design for reliable, stable and manageable operation

In addition to the Atomic Act, the conditions for ensuring reliable, stable and manageable
operation are elaborated in particular in Decree No. 21/2017 Coll., on ensuring nuclear safety of
a nuclear installation. Among others, this Decree sets out the requirements for limits and
conditions for maintaining the safety-significant physical and technological parameters of a
nuclear installation within its operating state (Section 7), and for the processes and activities on
a nuclear installation designed to prevent the development of accident conditions and to mitigate
their consequences (Sections 26 to 30).

The requirements for the workplaces and systems used to control the nuclear installation, i.e. the
requirements for functions and equipment of the main control room and the backup workplace
(emergency control room) and means for managing a nuclear installation, are set out in Section
41 of Decree No. 329/2017 Coll., on the requirements for nuclear installation design.

Commissioning approval process

The requirements for the commissioning of nuclear installations in the Czech Republic as well as
for all stages of their operation are laid down so as to avoid an accident with radiological
consequences and in the case of its occurrence, to mitigate the consequences of such accident,
which is in compliance with the main objective and principles of the Vienna Declaration on Nuclear
Safety (VDNS).

The description of the approval process, in general for siting, designing and construction,
operation and decommissioning of a nuclear installation are given in Chapter 7.

The legal framework for approval of the operation of a nuclear installation from the nuclear safety
and radiation protection point of view is established by the Atomic Act and its implementing
decrees, in particular:

e Decree No. 361/2016 Coll., on security of nuclear installation and nuclear material,

e Decree No. 21/2017 Coll., on ensuring nuclear safety of a nuclear installation;

e Decree No. 422/2016 Coll., on radiation protection and security of a radioactive source;



ECC-SMART Project ' ECC

D5.1 Safety criteria and requirements for the SCW-SMR concept

smart

Decree No. 359/2016 Coll., on details of ensuring radiation extraordinary event
management;

Decree No. 377/2016 Coll., on the requirements for the safe management of radioactive
waste and on the decommissioning of nuclear installations or category Il or IV workplaces;
Decree No. 358/2016 Coll., on requirements for assurance of quality and technical safety
and assessment and verification of conformity of selected equipment;

Decree No. 408/2016 Coll., on management system requirements;

Decree No. 162/2017 Coll., on requirements for safety assessment pursuant to the Atomic
Act;

Decree No. 329/2017 Coll., on the requirements for nuclear installation design.

As further mentioned in Chapter 3.1.2, commissioning and operation of a nuclear installation are
activities for which the SUJB authorization is required under the provision of Section 9 of the
Atomic Act as to nuclear safety, radiation protection, technical safety, emergency preparedness
and security.

An application for the issue of authorization for the individual stages of nuclear installation
commissioning must be, in accordance with Sections B, C, D and E of Annex to the Atomic Act,
accompanied with the following documentation:

a) For construction stages of a nuclear installation:
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management system programme;

limits and conditions;

programme of inspections for the construction stage;
preliminary safety report;

list of selected equipment, including classification of selected equipment into safety
classes;

list of activities important to nuclear safety and description of the system of education,
training and exercises for the personnel, including a description of the qualifications of the
personnel;

7. description of the system of training for selected workers;

10.
11.
12.

13.
14.

15.
16.
17.

programme of construction of the nuclear installation, including the timetable;
preliminary commissioning plan for the nuclear installation;

preliminary probabilistic safety assessment;

preliminary physical protection assurance plan;

concept for the safe permanent shutdown of the installation to be licensed, including the
method of the radioactive waste management produced;

monitoring program;

radiation extraordinary event analysis and assessment for the period from the
commencement of construction of the nuclear installation to the commencement of
decommissioning;

on-site emergency plan;
establishment of the emergency planning zone;
preliminary ageing management program;
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20.
21.

b) For
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proof that the financing of the radioactive waste management has been secured, if such
waste is generated,;

evaluation of quality assurance for the preparation of the construction of the nuclear
installation;

description of the method of quality assurance for construction project implementation and

principles of quality assurance for the phases of the nuclear installation’s life cycle
following construction.

the first loading of nuclear fuel into a reactor (physical start-up):
management system programme;

limits and conditions;

programme of in-service inspection;

final safety analysis report for the first physical start-up of a nuclear installation with a
nuclear reactor;

list of selected equipment, including classification of selected equipment into safety
classes;

list of activities important to nuclear safety and description of the system of education,
training and exercises for the personnel, including a description of the qualifications of the
personnel;

7. description of the system of training for selected workers;

10.
11.
12.
13.

14.
15.

16.
17.
18.

c) For
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neutron-physical characteristics of the nuclear reactor core;

certificate of successful completion of construction and certificate of readiness of the
installation, personnel and internal regulations for the next phase of the nuclear
installation’s life cycle;

physical start-up program, including the timetable;
probabilistic safety assessment;
physical protection assurance plan;

statement that all checks of radiation extraordinary event response preparedness in the
emergency planning zone under Section 156 (2)(c) through (g) of the Atomic Act have
been conducted:;

pre-operational ageing management program;
document demonstrating that safe radioactive waste management has been ensured;
including the financing thereof, if radioactive waste is generated,;

assessment of the quality of selected equipment;
emergency operating procedures and
severe accident management guidelines.

stages following the first nuclear fuel loading into the reactor: (power start-up)
management system programme;

limits and conditions;

programme of operational controls checks;

final safety analysis report;

list of selected equipment, including classification of selected equipment into safety
classes;
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6. list of activities important to nuclear safety and description of the system of education,
training and exercises for the personnel, including a description of the qualifications of the
personnel;

7. description of the system of training for selected workers;
neutron-physical characteristics of the nuclear reactor;

9. certificate of successful completion of the first physical start-up and certificate of readiness
of the installation, personnel and internal regulations for the operation of the nuclear
installation;

10. program for the first power-generation start-up of a nuclear installation with a nuclear
reactor and trial operation, including the timetable;

11. probabilistic safety assessment;
12. physical protection assurance plan;

13. operational ageing management program for the first power-generation start-up and trial
operation of a nuclear installation with a nuclear reactor;

14.document demonstrating that safe radioactive waste management has been ensured,
including the financing thereof, if radioactive waste is generated,;

15. statement on verification of the expiry date of iodine prophylaxis antidotes distributed in
accordance with Section 156(2) d);

16. emergency operating procedures and
17. severe accident management guidelines.

After a positive evaluation of the above-mentioned documentation, the SUJB issues the approvals
for the individual phases of the reactor commissioning, whilst the programme of the phases,
proposed security method, changes in security assurance, proposed decommissioning method,
on-site emergency plan, in-service inspection programme, as well as the Limits and Conditions
for the safe operation of a nuclear installation, are subject to separate approval by the SUJB.

Operation
Application for issuing the authorization for the nuclear installation operation must be, in

accordance with Appendix F to the Atomic Act, accompanied with the following documentation:
1. management system programme;

limits and conditions;

programme of in-service inspection;

final safety analysis report;

o bk~ w0 D

list of selected equipment, including classification of selected equipment into safety
classes;

neutron-physical characteristics of the nuclear reactor core;

list of activities important to nuclear safety and description of the system of education,
training and exercises for the personnel, including a description of the qualifications of the
personnel;

8. description of the system of training for selected workers;

9. certificate of readiness of the installation, personnel and internal regulations for the
operation of the nuclear installation;

10. evaluation of the results of the first power-generation start-up of a nuclear installation with
a nuclear reactor;
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11. evaluation of the results of trial operation if this is the first licence for the operation of
a nuclear installation;

12. operational programme, including the timetable;
13. probabilistic safety assessment;

14. physical protection assurance plan;

15. decommissioning plan;

16. estimation of decommissioning costs;

17. operational ageing management programme;

18.document demonstrating that safe radioactive waste management has been ensured,
including the financing thereof, if radioactive waste is generated,

19. emergency operating procedures and
20. severe accident management guidelines.

After a positive evaluation of the above-mentioned documentation, the SUJB issues the
authorization for nuclear installation, whilst changes in the documentation, approved in previous
stages, are subject to separate approval by the SUJB. The licence for operation is not time-limited
by law.

The above list of national nuclear legislation and licensing procedures represents only the basis
that would govern the licensing process for the implementation of SMRs in the Czech Republic,
in particular site evaluation, design process and commissioning followed by commercial
operation. In addition to the above requirements, other requirements would apply in the case of
the construction of such a facility, particularly in the areas of radiation protection, emergency
preparedness and emergency response, including physical protection requirements. Some
licensing procedures may also involve environmental non-governmental organisations, which
may complicate the licensing process for a nuclear installation.

4.4 Finland

The legal basis for the use of nuclear energy in Finland is laid down in the Nuclear Energy Act
(990/1987) and the Nuclear Energy Decree (161/1988). The Radiation and Nuclear Safety
Authority of Finland (STUK) has published guidelines to ensure safe usage of nuclear energy and
that the objectives of legislation for the safety of nuclear energy are achieved [28], [29]. STUK
has also published Regulatory Guides on Nuclear Safety and Security (the YVL guides), which
contain instructions and rules for operators of nuclear facilities and suppliers of nuclear SSCs.
The guides are divided into five groups [30]:
e Group A: Safety management of a nuclear facility (12 separate guides: YVL A.1-YVL
A.12);
e Group B: Plant and system design (8 guides: YVL B.1-YVL B.8);
e Group C: Radiation safety of a nuclear facility and environment (7 guides: YVL C.1-YVL
C.7);
e Group D: Nuclear materials and waste (7 guides: YVL D.1-YVL D.7);
e Group E: Structures and equipment of a nuclear facility (13 guides: YVL E1-YVL E.13).

The French AFCEN codes (i.e. RCC-M, RCC-E, ...), German KTA and ASME Boiler and Pressure
Vessel code are accepted as supporting standards for the YVL guides.

The different phases of the current Finnish nuclear facility licensing process are shown in
Figure 12. The phases are identical regardless of reactor size. The licensing procedure was
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prepared for large power reactors and is not necessarily fully applicable to SMR licensing.
Construction of SMRs may deviate from the construction of large power reactors in many ways

[31]:

A plant may include several separate reactor units that are constructed at different times
(the construction may be timed so that one or several units are already in operation when
the construction of the next units is started);

The new-build project is not necessarily backed by a traditional NPP operator and
electricity (energy) supplier, but an industrial company (e.g. chemical industry, steel
manufacturer) that wants to use SMRs to provide energy directly and exclusively for its
manufacturing process or the SMRs primarily serve a different purpose other than
electricity generation (e.g. seawater desalination);

The construction time of a SMR unit is significantly shorter compared to large power
reactors.

Current Finnish nuclear legislation and regulation does not exclude applying for a decision-in-
principle for several reactors or facility sites at the same time. However, the common practice is
to provide a license for only one reactor at a time.

'4  Decommissioning License
A

The lifecycle of a nuclear power E"B;;;}'a'{i};}}"f_f
plant has four phases ... UL

Nuclear safety

Energy policy j
"1 Decision-in-Principle

’ I b,

i Feasibility studies

Environmental Impact (utility) :

Assessment (utility)

Figure 12. Licensing phases of Finnish nuclear facilities. Each phase is assessed by STUK before they are

accepted [31].

In June 2017 the Ministry of Economic Affairs and Employment (MEAE) established a working
group to explore the objectives, development measures and alternative solutions for safe and
efficient nuclear energy and radioactive waste management well into the future. It was recognized
that SMRs may require changes in waste management principles in Finland [32]. In 2019, Finnish
National Cooperation Group on Nuclear Safety (appointed by MEAE in 2016, operates under
STUK) reviewed the applicability of Finnish nuclear regulation with respect to SMRs and made
an initiative in October 2019 to MEAE to reform the legislation and regulation. According to the
cooperation group, MEAE should tackle the following issues [33]:

Approval for nuclear facility locations and design certification should be included in the
updated Nuclear Energy Act;

Waste management cooperation improvement (between the licensees);

Improvement of decision-making rights concerning waste disposal facilities so that
governmental decisions-in-principle are not needed for the extension of their operation;
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o National expertise should be ensured in view of possible deployment of SMRs.

MEAE established a specific working group in October 2019 to assess the need to amend the
Nuclear Energy Act. It was asked to assess the current state and development outlook of nuclear
energy production, the life cycle of nuclear facilities and the related fuel cycle as well as the needs
to develop the legislation on the final disposal of spent fuel. The final report of the working group
was submitted to Minister of Economic Affairs on 27 August 2020 [34], [35].

Hearings with energy companies and organizations (especially concerning SMRs), environmental
actors, municipalities, energy intensive industries, and labour market organizations were
organised. The working group concluded that an overall reform of nuclear energy legislation in
Finland should be initiated because of the following reasons [35]:
e The existing legislative framework is complex and difficult to understand.
¢ Significant changes have taken place in the operating environment of nuclear facilities and
they are expected to continue following the involvement of new players and the
introduction of new operating models and technologies.
e Emission reductions and actions to combat climate change have become the key topics
in energy and climate policy.

The working group outlined the key principles for the reform. Compliance with international
agreements, commitments and best practices in nuclear energy usage will be ensured. Keeping
in place a licensing system that covers the entire life cycle of nuclear facilities and transparently
and effectively upholds democratic decision-making is necessary. Some improvements are
required to the present situation, e.g. license processing and its predictability and reducing
overlaps in the decision making. The used concepts should be understandable. The working
group has made proposals for the definition of nuclear facilities, nuclear material, spent nuclear
fuel, and nuclear and other radioactive waste [35].

STUK coordinates and implements the Finnish Support Programme (FINSP) to the “IAEA
safeguards” in which “Safeguards by Design for Small Modular Reactors” task was assigned to
FINSP. The SMR task was offered to FINSP as there is a lot of interest in SMRs at Finnish
universities, companies and research organizations (e.g., Lappeenranta University of Technology
and VTT Technical Research Centre of Finland are both developing their own SMR designs for
district heating and Fortum Ltd. has had its own interest in SMRs at least since 2013) [36], [37].

4.5 United Kingdom

The legal framework for the nuclear industry is based around the Health and Safety at Work etc.
Act 1974 (HSWA) [38], the Energy Act 2013 [39] and the Nuclear Installations Act 1965 [40].
HSWA [38] places duties on all employers, including those in the nuclear industry, to look after
the health and safety of both their employees and the public. However, because of the particular
hazards associated with the nuclear industry, including the potential for accidents to cause
widespread harm and social disruption, further legislation is also in place, specifically the Nuclear
Installations Act 1965 [40]. Additionally, there are provisions for nuclear regulations to be made
under the Energy Act 2013 [39], as well as specific regulations under HSWA such as the lonising
Radiations Regulations 2017 (IRR17) [41] and Radiation (Emergency Preparedness and Public
Information) Regulations 2019 (REPPIR) [42]. In the following, the above-mentioned acts and
regulations are briefly described (for more details see Licensing nuclear installations document
from November 2021 [43]).
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Operators of nuclear installations in Britain are required to comply with the HSWA [38] and its
relevant statutory provisions ('Part 1 of the Act [sections 1-54]; regulations made under section 15
and the existing statutory provisions, principally provisions of the Acts in schedule 1). The HSWA
places a duty on employers to ensure, so far as is reasonably practicable, the health, safety and
welfare at work of all their employees. It also imposes a duty on employers to ensure, so far as is
reasonably practicable, that persons not in their employment are not exposed to risks to their
health or safety as a result of the activities undertaken.

Relevant parts of the nuclear industry must comply with Nuclear Installations Act 1965 [40] which
according to [43] has three key purposes:

a) It requires the licensing of sites which are to be used for the installation or operation of nuclear
reactors (except reactors forming part of a means of transport), and certain other classes of
nuclear installations which have been prescribed. Currently the latter are prescribed by the
Nuclear Installations Regulations 1971 (Statutory Instrument 1971/381) [44].

b) It provides for control, via permit, of processes for the enrichment of uranium and the extraction
of plutonium or uranium from irradiated matter and the application of associated security
measures.

c) It provides a special legal regime to govern the liability of nuclear site licensees and owners
towards third parties for certain kinds of damage caused by nuclear matter on, or coming from,
their sites.

The UK employs Safety Assessment Principles (SAPs) [45] to establish their expectations for
safety for nuclear facilities. The IAEA safety standards also include fundamental principles [6],
but these cover a wider scope than safety assessment. ONR’s principles have therefore been
drawn from the aspects of IAEA’s principles that are relevant to the remit of the SAPs:
e Responsibility for safety (FP.1) (note: drawn from IAEA SF-1 Principle 1: Responsibility
for safety);
e Leadership and management for safety (FP.2) (note: drawn from IAEA SF-1 Principle 3:
Leadership and management for safety);
e Optimisation of protection (FP.3) (note: drawn from IAEA SF-1 Principle 5: Optimization
of protection);
e Safety assessment (FP.4) (note: drawn from IAEA SF-1 Principle 3%%: Leadership and
management for safety);
¢ Limitation of risks to individuals (FP.5) (note: drawn from IAEA SF-1 Principle 6: Limitation
of risks to individuals);
e Prevention of accidents (FP.6) (note: drawn from IAEA SF-1 Principle 8: Prevention of
accidents);
e Emergency preparedness and response (FP.7) (note: drawn from IAEA SF-1 Principle 9:
Emergency preparedness and response);
e Protection of present and future generations (FP.8) (note: drawn from IAEA SF-1
Principle 7: Protection of present and future generations).

Licensees are expected to use three forms of analysis to establish adequate safety for fault and
accident conditions, namely design basis analysis, probabilistic safety assessment and severe
accident analysis. They are intended to check that the necessary high level of safety has been
achieved and provide important input to the design, operation and emergency preparedness of

2 Principle 3: Leadership and management for safety includes also safety assessment
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the facility. The fundamental requirement in relation to health and safety in the UK is to do
whatever is reasonably practicable to control and reduce risks to employees and the public. The
latest Rev. 1of SAP 2014 version [45] in addition to the lessons from Fukushima also take account
of recent work by the International Atomic Energy Agency (IAEA), in particular the development
of IAEA’s design standard on the safety of nuclear power plants (SSR 2/1). As with the previous
version of the SAPs, ONR believe that they are fully in line with IAEA guidance and standards.
ONR acknowledge that these SAPs cannot reflect the breadth and depth of the entire suite of
IAEA publications and so ONR explicitly identify those documents as relevant good practices
within ONR Technical Assessment Guides (TAGs). The SAP document [45] in the introduction
among other explains the purpose of SAP, gives regulatory background and discuss application
of SAP. Later in the document besides fundamental principles also leadership and management
for safety, regulatory assessment of safety cases, siting aspects, engineering principles, radiation
protection, fault analysis, numerical targets, accident management and emergency
preparedness, radioactive waste management, decommissioning and land quality management
are presented. The SAPs contain principles and guidance. New facilities are also considered.
One of the aims of the SAPs is to support the regulatory safety assessment of new (proposed)
nuclear facilities. They represent ONR’s view of good practice and ONR would expect modern
facilities to satisfy their overall intent. Multi-facility sites are also considered.

A key principle of the UK’s approach is that nuclear licensees are required to build, operate and
decommission nuclear sites in a way that ensures that risks are kept as low as reasonably
practicable. The requirement for risks to be reduced so far as is reasonably practicable or as low
as reasonably practicable (ALARP) [46] is fundamental and applies to all activities within the
scope of the HSWA [38] and NIA 1965 [40]. Put simply, it is a requirement to take all measures
to reduce risk where doing so is reasonable. In most cases this is not done through an explicit
comparison of costs and benefits, but rather by applying established relevant good practice and
standards. The development of relevant good practice and standards includes ALARP
considerations, so in many cases meeting them is sufficient. In other cases, either where
standards and relevant good practice are less evident or not fully applicable, the onus is on the
licensee to implement measures to the point where the costs of any additional measures (in terms
of money, time or trouble — the sacrifice) would be grossly disproportionate to the further risk
reduction that would be achieved (the safety benefit). Fundamental to demonstrating that nuclear
safety risks are ALARP for a nuclear installation, is the requirement to produce a ‘safety case’,
which demonstrates that nuclear related facilities and activities can be operated within safe limits
and conditions.

Part 3 of The Energy Act 2013 (TEA 13) [39] established ONR as a statutory corporation. This
makes ONR responsible for the enforcement of statutory provisions which are ’relevant statutory
provisions’ for the purposes of that Act. These provisions include sections 1; 3-6; 22 and 24A of
NIA 1965 [40] as well as the Nuclear Industries Security Regulations 2003 (NISR) [47], the
Nuclear Safeguards Regulations 2019 (NSR19) [48] and the Carriage of Dangerous Goods and
Use of Transportable Pressure Equipment Regulations (CDG 2009) [49] as they apply to the
carriage of radioactive material for civil purposes.

NISR 2003 [47] provides for the regulation of the civil nuclear industry for security purposes and
provides definitions of nuclear material (NM), other radioactive material (ORM) and sensitive
nuclear information (SNI) for security purposes. It contains provisions for the security of nuclear
premises, the transport of nuclear material and the security of SNI. NISR 2003 [47] is enforced
by ONR’s Civil Nuclear Security and Safeguards (CNSS) Division, which has produced Security
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Assessment Principles (SyAPs) and guidance to assist inspectors make consistent regulatory
judgements. For licensing, the applicant must produce a security plan that meets specified
outcomes. ONR will expect the security plan to be developed as security risks change during
construction and operation. Security assessments will draw from the SyAPs and guidance to meet
regulatory expectations.

NSR19 [48] deals with nuclear safeguards regulations. Nuclear safeguards are measures to verify
that states comply with their international obligations not to use nuclear materials (plutonium,
uranium and thorium) for nuclear explosives purposes. Global recognition of the need for such
verification is reflected in the requirements of the Treaty on the Non-Proliferation of Nuclear
Weapons, which relates to the application of safeguards by the International Atomic Energy
Agency (IAEA). NSR19 regulations require operators of qualifying civil nuclear facilities to
maintain standards and arrangements for nuclear material accountancy in accordance with an
accountancy and control plan (ACP). NSR19 [48] is a relevant statutory provision of TEA 13 [39].

The lonising Radiations Regulations 2017 (IRR17) [41] and their associated approved code of
practice cover the protection of workers and the public from work involving ionising radiations.
They include a general duty to keep exposures ALARP and, among other requirements, set limits
on such exposure. They implement, in part, the latest revision of the European Atomic Energy
Community's (Euratom) Basic Safety Standards Directive.

The Radiation (Emergency Preparedness and Public Information) Regulations 2019
(REPPIR19) [42] provides a framework for the protection of the public and workers from and in
the event of radiation emergencies that originate from sites. REPPIR19 [42] requires the licensee
to undertake a hazard evaluation and consequence assessment and present the conclusions in
a consequences report that is used to inform off-site emergency planning. The licensee must also
produce an operator's on-site emergency plan where the hazard evaluation shows a radiation
emergency may arise. The regulations also place duties on the local authority, to prepare (and if
necessary, implement) an off-site emergency plan for dealing with the consequences of any
reasonably foreseeable radiation emergency in an area surrounding the site that is determined
by the local authority. The local authority is also required to ensure that relevant information is
supplied to the affected population in the event that a radiation emergency should occur.

Finally, Annex 5 of Licensing nuclear installations document [43] for SMRs states that SMRs are
usually based on proven water-cooled reactor designs, but on a reduced scale with electrical
power outputs less than 300 MW. SMRs are called modular reactors because they can be
manufactured in factories and transported to site for installation. There is currently no legal
definition of an SMR and NIA 1965 [40] does not contain any specific provisions for them. The
UK regulatory approach to SMRs has not been decided at the time of writing Licensing nuclear
installations document [43]. The UK Government has committed to opening the generic design
assessment (GDA) process to SMR technologies in 2021. The government has also created an
advanced nuclear fund, aiming to develop an SMR design by 2030.
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5 Summary of specific safety elements for SCW-SMR

The review and discussion documented in Sections 2, 3, and 4 are summarized in this section.
First, the guiding principles are summarized. This is followed by the outline of generic and specific
safety elements for ECC-SMART.

No safety elements developed specifically for the SCW-SMR have been found. Also, with the
exception of Canada and China, no specific regulations for SMRs appear to be in force in the
countries reviewed within this project. Specific requests for SCW-SMR are also not yet available
in the Chinese and Canadian SMR regulations.

This is why safety criteria covering particular aspects of the ECC-SMART conceptual designs will
have to be developed in parallel with the specific design features featured by the designs under
ECC-SMART. This section is therefore closed with the recommendations for the future re-
evaluations, refinements and potential enhancements of the safety elements.

5.1 Guiding principles for review and selection of the relevant safety elements
The guiding principles are developed and substantiated in Section 2. They are summarized for

convenience in Table 4.

Table 4. Guiding principles for review and selection of the relevant safety elements

Guiding Principle Section
All compatible?* safety elements of new reactors (3rd Gen. NPPs) apply to ECC- 2.1
SMART.
Safety elements specific of SMR designs apply to ECC-SMART depending on the 2.2
design, hence on a case-by-case basis. Safety demonstration dealing with passive
safety systems performance and plant accident response need conservative safety
margins.

All the top-level safety requirements identified by GIF apply to ECC-SMART, in 2.3
particular, the elimination of DEC-B scenarios.
No new challenging safety requirement specific of ECC-SMART in the accident 2.4
domain is foreseen. Quantitatively more demanding phenomena affecting safety
need robust safety demonstration and conservative safety margins.

5.2 Safety Elements for ECC-SMART

ECC-SMART comprises a set of nuclear reactor designs representing an intersection between
39 Gen. NPPs (new reactors), SMRs and 4™ Gen. NPPs. This is why safety principles,
requirements and objectives of ECC-SMART should come from all these domains.

The majority of the IAEA high level safety requirements apply to the ECC-SMART. The most
important IAEA safety standards and reports with their scope of application (e.g., full, partial) to
ECC-SMART are listed in Table 3. IAEA SSR-2/1 [2] should be used during the SCW-SMR
development as a starting point for the design criteria development.

24 Within the current context, ‘compatible’ is intended as applicable to ECC-SMART in terms of design and
performance.
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The SCWR is among the selected GIF designs. As such, ECC-SMART should meet the relevant
GIF safety goals. In summary (for discussion see Section 3.2.1):

e The frequency of DEC-A scenarios shall be very low and its damage extension limited.

e DEC-B scenarios shall be eliminated.

The SDC document [13] was developed for Sodium Cooled fast reactors and cannot be directly
applied to the SCWR. It can however be used as a good example how the IAEA standards (e.qg.,
SSR-2/1 [2]) and guidelines can be applied to a Generation IV system through suitable adaptation
of IAEA documents (for discussion see Section 3.2.2). A preliminary screening of the applicability
of criteria developed in the SDC document [13] is given in Annex 1 and in Section 3.2.3. For
multiple units, the revised document [20] introduces the term “multi-module unit” for SMRs
emphasizing the differences between the small and large multi-unit NPPs. This is the reason why
the safety specific aspects of so-called “multi-module unit” SMRs should be more deeply
evaluated in the frame of the ECC-SMART project or possible follow-up project(s). For more
discussion about this topic see Sub-section 3.2.2.1 and 3.2.2.2.

5.3 Recommendations

Some relevant aspects to be considered in the future refined conceptual design and in the parallel
development of safety criteria, respective R&D programmes and PIRT, are already identified in
Sections 3.2.6 and 3.2.7.

An exhaustive identification of the specific design and performance features should be carried out
in the future. Within the scope of this project, the necessary preparations to develop the PIRT are
being planned to support the implementation of the ISAM methodology (Section 3.2.4.1) in
possible future projects.
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Annex 1: The results of the review on SDC document [13]

The summarized results of the review of the SDC document [13] performed by the safety
experts of BME NTI are given below. Further comments developed during the review are
summarized in Annex 2.

Colour codes: Accepted
Modified text not accepted
SCWR-related modification
needed
Not relevant
Criterion 1
Bl
Criterion 2
3.2 83 3.4
Criterion Bl
23 3.6
Criterion 4
4.1 4.2
Criterion 5
4.3 4.4
Criterion 6
4.5 4.6 4.7 4.8
Criterion 7
4.9 4.10 4.11 4.12 4.13 4.13A
Criterion 8
4.13bis
Criterion 9
4.14 4.15 4.16
Criterion 10
4.17 4.18 4.18.a
Criterion 11
4.19
Criterion 13
5.1 5.2
Criterion 14/
53
Criterion 15
Criterion 16
B0 5.6 B/ 5.8 5.9 5.10 5.11 5.12 5.13 5.14 5.15
Criterion 17
5.15A | R BV 5.18 5.19 5.20 521 5.21A 5.22
Criterion 18
5.23
Criterion 19
5.24 5.25 | R
Criterion 20!
5.27 5.28 5% 5.30 531 52
Criterion 21
535
Criterion 22
534 B85 5.36
Criterion 23
537 5.38
Criterion 24
Criterion 25
5.39 5.40
Criterion 26
5.41
Criterion 27
5.42 5.43
Criterion 28
5.44
Criterion 29
5.45 5.46 5.47
Criterion 30
5.48 5.49 5.50
[criterion T 31
5.51 532
Criterion 32
558 5.54 B 5.56 57/ 5.58 5.59 5.60 5.61 5.62
Criterion 34
Criterion B
Criterion 36
5.64 5.65
Criterion 37
5.66 5.67
Criterion 38
5.68




ECC-SMART Project
D5.1 Safety criteria and requirements for the SCW-SMR concept

> ECC

* smart

Criterion 39
Criterion 40!
5.69 5.70
Criterion 41
Criterion 42
5.71 5.72 5.73 5.74 5.75 5.76
6.1 6.2 6.3
Criterion 44/
6.3ter 6.3quater
Criterion 45
6.4 6.5 6.6
Criterion 46
6.7 6.8 6.10 6.11 6.12
Criterion 47 _
6.13 6.14
6.17
Criterion 51
6.18 6.19 6.19bis
Criterion 52
Criterion 53
6.19A 6.19B
Criterion 54/
Criterion 55
6.21
6.24
Criterion 57
6.25 6.26
Criterion 58
6.27 6.28 6.28A 6.288 | CECI G
Criterion 59
Criterion 60
Criterion 61
6.32 6.33 6.33bis
Criterion 62
6.34 6.35 6.36
Criterion 63
6.37
Criterion 64/
6.38
Criterion 65
6.39 6.40 6.40A
Criterion 66
6.41
Criterion 67
6.42
Criterion 68
6.43 6.44 6.44A 6.44B 6.44C 6.44D 6.45 6.45A
Criterion 69
Criterion 70!
6.46
Criterion 71
6.47
Criterion 72
Criterion 73
6.48 6.49
6,51 6.52 6.53 6.54 [65abis  [65ater |
Criterion 75
Criterion 76
6.55
Criterion 77
Criterion 78
6.59 6.60
Criterion 79
6.61 6.62 6.63
Criterion 80!
Criterion 81
6.70 6.71 6.72 6.73 6.74 6.75 6.76
Criterion 82
|6.77 6.78 6.79 6.80 6.81 6.82 6.83 6.84




> ECC

ECC-SMART Project
~ smart

D5.1 Safety criteria and requirements for the SCW-SMR concept
Annex 2: The comments of the review on SDC document [13]
The review the SDC document [13] performed by the safety experts of BME NTI is documented

below. The relevant pages from the document SDC document [13] are depicted on the left with
the comments on the right.
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Summary of Comments on pages with comments
Ref.12_GIF.SDCreport.revl_commented.by.BMENTI pdf

3. MANAGEMENT OF SAFETY IN DESIGN Page: 1

| Humberi 1 Authori BME NTI__Subjecti Highlight _Date: 15.07. 2021 1005117 +0200
Mo cation ot accept d. Mod Fcation not neees sary -

Criterion1: ilities in the f safety in
An applicant for a licence to construct and/or oper atea melear power plant shall be resporsible
for ensuring that the design submitted to the regulatory hody meets all applicable safety
requirements.
31 All organizations, incluling researchamd design organizations, egaged in activities important o

the safety of the design ofa nuclear power plant stell be responsitle for ensuring hat safety matters
are gven the highes! priority.

Criterion2: Management system for heplant design
The design organization shall establish and implement a maragerrent system for ensurirg that
all safety requi ished for ignof the idered and i i
allphases of the designp rocess and that they are met in the final design.

32. The management system stell inclade provision for ensuring the quality of the design of cach
structire, system and component, as well ag of the overall desgn of the nuclear power plart, at all
times. This includes the means for identifying and correcting design deficiencies, for checking the
adequacy of the designand for centrolling design changes]

ugh acarrective astion rogran

33. The design of the plant, including subsequent changes, modifications or safety improvements,
shall be in accordance with established proceures that call on appropriate engineering codes,
standards and related supporting resecrch vesults, and stll incomporate relevant requirements and
iesign bases. Inter faces shall be idertified and controlled.

34. The adeqpacy of the glant design, inchuding design tocls and design inguts and autputs, shall be
verified and validated by individuals or groups separate from those who ariginally performed the
design work Verification, validation and approval of the plart design shall be completedas soonasis
practicatle in the design and construction processes, and in any case efore operation of the plan is
commenced. Ay vesearch actiity performed to support the sty istfication of the plant design
shall be subject to guality cssuramce. Clear Iimis o expevivertal vecords and results shall be
established and nainiained Design choives rade during the design process shall be reoarded with
adequate tracking

Page: 2
T humbert Eiitror EME NT1_Subect gt _Date 15,07 201 100534 0700
R P e BT T e T o e er e s B ey
i i of s desion I - i 1
cond; for the full d of its design life and can be y dec . | Mumber: 2 Author: BME NTI__ Subject: Highlightt_Date: 15.07. 2021 100547 +0200°
[wrtamination of the fucility ard the environment is mirdrnized . TRoaTIcation PG 3ccept: 3. TRere 15 1o reason foF empRasizng oy The DD eve d.

4.5. The design for 2 maclear poveer plant stall be such asto ensure that the safey requirernents of the
operating organization, the reqirements of the regulatory body and the requirements of relevant
Iegistation, 25 well as applicable national and interratioral codes and standards, are all met, and that
e account is taken of humen capabilities and Limitations and of factors that could influence hurman
pecformance. Adequate inforration on the design shall be provided for ensuing the safe operation
and maintenance of the plant, and to allow subsequent glant modifications to be made, Revommended
prartices stall be provided for incorporation into the adriri strative and operational proceures for the
plant (i.e. the operatioral limits and conditions).

4,6, The design shall take dus accout of relevant availatle experience that has been gained in the
design, construction and opewtion of other muclear power plants, and of the resulis of relevan
research programimes.

47. The design shall take due aceourt of the results of detemisi gic safety aralyses and probabilistic
safely andlyses, to ensure that due consideration is gven to the prevention of accidaris and to
mitigation of the consequences of any accidert conditions

4:3. The design shall be such as to enure that the generation of radioacive waste and discharges are
lept 1o the minisrm practicable in teerns of both activity and volume, by means of approprizte design
measares and aperatiorel and decommmissioring practices.

Criterion 7: Applicationof defence in depth
The design of a nuclear powerplant shall incorporate defence in depth. The levels of defence in
depthshallbe independent as far as is practicchle.

design of o rusckar pewer plant shell e such that levef 4 of the defence i depth ond the
associnted] safety design for prevention anlior miigation of severe accident eonditions shail e
incorporaid, in order that significans radicaciive refoase can be considered as belonging o the
residunl risk:

4.9. The defence in depth concept shall be applied to provide several levels of defence that are aimed
at preventing consequences of accidents that could lead to hanful effects on people and the

covironment and ensuring that approprisie measures are taken for the protection of people and the
environment and for the mit gation of consequences in the evert that prevention fails
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Page: 3
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4.10. The design shall take due accourt of the fact that the existence of multiple levels of defence is
ot a bads for continued operation in the absence of one level of defence All levels of defence in
depth stell be kept available ot all times and any rdaxations shall be justified for specific modes of
operation.

4.1, The desigr:
() Shall provide for multiple physical basiers to the release of radioacive material 1o the
environment;

(b Shall be conservative, and the construction shall be of high quality, so s to provide
aseurance that filures and deviations from noral eperation are wiritized, that accidents
are prevented as far as i practicable and that a srall deviation ina plart pammeter does ot
leattoa oliffedge effict;

() Shall provide for the cortral of plant bebaviow by means of inherent and engineered
Seatures, such that filures and deviations from normal operstion requiring achtion of wmfty
systetnsare mivitvized or excluded by design to the extent possil g,

¢dly Stall provide for supplementing the control of the plant by means of awtormatic achation
of safety spstems, such tiat failures and deviations form normal operation that excsed the
capability of control systerns can be contrulled witha high level of eonfidence, and the need
for perator actions in the early phase of these filures or deviations from norral cperation is
minirmized;

(%) Stall provide for systems, structures and componerts and procedures to cortral the
course of and as far as practicable, to it the consequences of filures and deviations from
‘nonual operation that exceed the capability of safety systems;

() Shall provide ritiple means for ensuring that each of the findamental safety fanctions is
pecfomned, thershy enswing the effectivensss of the bamiers and mitigating the
consequences of any filwe or deviation Fom noral operation

Shall consider the benait of inylementing passive saely featwes for shutdown and
eooling

4,12, To ensmre that the concept of defence in depth is sraintained, the design sall prevent as farasis
practicatle:
() Challengesto theintegity of physical bariers;

(b} Faile of one or more bariers,

Page: 4

[ humber: 1 Author BIME NTI__Subject: Highiight _Date: 15, 07. 2021 100607 0200
TG Cobon FE SeCeped [0t necessan]

() Failure of a barrer asa consequence of the filure of another bar er,

(2l The possitility of harmful consequent es of erors in operation and mainterance

413 The design shall be sach asto ensure, as far as is pracicable, that the first, or at most the second,
fevel of defence is capable of preventing an escalation to acddent conditions for all filures or
deviations from normal operation that are likely to oco over the op erating lifetime of the nuclear
power plant.

4.134. Thelevels of defence in depth shell be independent as faras practicable to avaid the Slure
of one level reducing the effectiveness of other levels In particular, safety features for design
extension conditions (especially features for mitigating the consequences of accidents involving the
melting of fuel) shall as far ac is practicable beindegendent of safety systems

Criterion §: Interfaces of safety with security and safeguards
Safety measwres, nuclear security measures and arrangements for the State system of
accounting for, and control of, nuclear material for a muclear power plant shallbe designed and
implemented in an integrated manner so that they do not corpromise one anather.

D235, Managemers spster shal take into account the potenticl for adverse efeds on safy o
securtty when designing and bebre inplementing chamges to, the plant confgwaions, faciliy
conditions, engimearing and administrative corrols.

Criterion9: Provenengineering practices
Tterns inporiant to safety for a nuclear power plant shall be designed in accordance with the
relevant national and international codes and standards

414, tems irportant to safety for a nuclear power plart shall preferatly be of a dedn that has
previausly been proven in equivalent apglications, and if not stell be ibems of high quality and of @
tecknology that has been qualified and tested.

4,15, National and intemational codes and standarde that are used as design i es for flems important
1o safety shall be identified and evalusted to detersmine their applicability, adecmacy and suffciency,
and shall be supplemented o modified as necessary to ensure that the quality of the design is
commensurate with the associated safety fanction,

20
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4,16, Where an wiproven design or feabure is introcuced or where there is a departure from an
established engineeting practice, safety shall be dempnstrated by means of appropriate supporting
ressarch rogrammes, perfonmance lests with specific acoeplance coteria or the examination of
operating experience from other relevant applications. The new design or feature or new practice shall
also be adequately tested to the extent practicable before being brought into service, and shall be
monitored in service to verify that the behaviour of the plart is as expected.

Criterion10: Safety assessment P

C i iistic safety and ilistic safoty shall he
carried owt throughout the design process for a nuclear power plant to ensure that all safety
on the design of et of the lifetirme of the plant,

and to confirm that the design as delivered meets requirements for manufacture and for
construction, and ashuilt, as operated and as modified.

417, The safety assesaments shall be commenced at an eary point in the design process, with
iterations between desiga activities and confrmatory analytical activities, and st increase in scope
and level of defail as the design programme progresses

413, The safety assesamerts shall be documented ina form tfat facilitates indep endent[lamation

Criterion 11: Provision for construction

Ttems ingortant to safety for a murlear power plant shall be designed so that they can he
assemb led, installed , evected [T | i i

established processes that the achi of the design specifications and the required
level of safety.

4,19, In the provision for construction and operation, due account shall be taken of relevart experience
that ks been gainedin the construction of other similar plants and their associated structuses, systems
and commponents. Where best practioss from other relevant industries areadopted, such practices shall
e showm 1o be appropriate to the speci fic nucl earapylication.

Criterion 12: Features to

Special consideration shall he given at the design stage of a nukear power phnt to the
incorporation of features to facilitate radioactive Bl chemical waste maragement and the
future decommissioning and dismaniling of the plant.

30

Page: 5

420 In garticidar, the design shall take due account of

(a) The chrice of materials, so thal amounts of radicactive waste will be minimized 1o the
extent practicatle and decontamisation will be fad itated,

(b) The access capatilities and the means of handlingthat might be necessary,

() The facilities necessary for the treatenert and storage of rdicactive [Thd chemical waste
generated in operation and provision for masaging the radisactive vaste that vl be

generated in the decorrmissioning ofthe plant.

By The disposal andior veuse of the sodiua afer the veactor findl shutdown shail be
mvestigated,

methods and tools (e.0. compLter codes) have to be verfied andvalidated for these special conditions

[ Mumber: 2 Author BME NI Subject: Highlight _Date: 15.07. 2021 1006:20 40200
TiadTfcaan Rak 3ecepted (ot neceran].
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iterion 15: Design Limits
A set of design limits consistent with the key physical parameters for each item important to
safity for the muclear power plant shall be specified for all operational states and for accident,
conditions.

5.4. The design limite shall be sperified and shall be consistent with relevart rational and intemational
standards and codles, as well as with relevant regulatory requirerents

Criterion 16: Postulated initiating events
The design for the muckar power plant shall apply a systematic approach 1o identifying a
comprehensive set of postulated initiatirg evenis such that all foreseeable events with the
potential for serious consequences and all foreseedhle events with a significant frequency of
occurrence are anticipated and are considered in the design

55. The postulated inifiating events shall be identified on the basis of enginesting judgemert,
Brerating experience and a of and assessment. &
justification of the extert of usage of deterministic safety analysis and probabilistic sfety andysis
shall be provided, 1o showthatall foresseable events have been considered

5.6. The postulated intiating events shall include all foreseeatle failures of sructires, systers and
components of the plant, as wel as operating errors and possible filures arising from intemal and
external hazards, whether in full power, low power or shutdovm states.

57. An analysic of the postlated initiating events for the plant shall be made to establich the
preventive measures and proleciive measwes that are necessary to ensure that the required safely
fanctions will be performed

53. The expected belaviour of the plant in any postulated initiating event stall be such that the
foll swing conditions can e achieved, in order of prority:

(1 A postlated iritiating event would produce no safety sigaificant effedts or would
produce only a change towards safe plant conditions by means of irheret characteristics of
theplant

(2) Following a postulated initiating event, the plant would be rendersd saft by means of
passive safety features or by the action of systems that are operating continuousty in the state
necessary 1o control the postulated initiating evert;

Page: 7

(3)Following a postulated iniiating eveat, the plant would be rendered saft by the acuation
of safety systems that need 10 be brought into operation in response to the postilated
initiating event.

(4) Following a postulated initiating event, the plant would be rendered safe by following
specified procedures:

59 The postlated initiating events used for developing the perfommance requirements for the items
imnportart to safety in the overall safety assessment and detailed aralysis of the plant shall be grouped
intoa murber of representative event identify that provide the tasis
for the desig and the operatioral lirits for items importan 1o safety.

510, A technically supported justification shall be provided for exclusion of any initiating event
the design analysis that is identified in accordance with the comgrehensive st of postilated initisting
events.

511, Where promptand would sponse 10 a postulated iritiating evert,
provision shall be made in the design for automatic safety actions far the necessary actuation of safety
systems, to prevent progression to more severs plant conditions

512 Where prorpt action in response toa poshilated initiating event would not be necessary, it is
pemmissible for reliance to be placed on the maml initiation of systems or on other operater actions
For such cases, the timeinterval betwezn detection ofthe sbnormal event or acddent and the required
action stall be sufficienily long, and adequate procedures (sach as administrative, operational and
emergency procedures) shall be specified to ensure the performance of such actions. An assessment
shall be wade of the potential for an operator to Worsen an event sequence through erroneous
operation of equipmaent or incorredt diagaosis ofthe necessaty recovery process,

513 The operator actions that would be necessary to diagnose the state of the plant following a
postulated initiating event andto put itintoa stable long term stntdown condition in  timely rammer
shall bie farilitated by the provision of adequate instrumentali o to monitor the satue of the plant, and
adequate controls for the manyal aperation of equigment

514, The design shall specify the necessary provision of equipmert and the procedures necessary to
providethe means for keeging contral over the plant and for mitigating any harmfil cosequences ofa
loss of contral
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515 Any eqipment that is necessary for actions o be taken in manual response and recovery
processes shall be placed at the most suitatlelocation to ensure its availability at the time of nesd and
o allow safeacoess to it under the enviromnental cunditions anticipated

Criterion17: Internal and external hazards

ATl foresceable iniernal hazards and external hazards, inchuding the potential for human induced events
directly or indirectly fo affect the safety of the nuclear power plant, shall be ientified and their effects
shallbe evaluated. Hazards shallbe considered in designing the layout of the plant and in deterniining the
postulated initiating events and generated badings for use in the design of relevant items important to
safety for the plant.

254, Rers imporiant do safbly shall be designed and losated, with due considerstion of other
implications for safety, o withstand the effects of kazards or to be protecied, , inaccordance with their
importance 1o sqBty, againsl hazards and agsine common cause falure mechanisms generated by
razards

1B, For multiple unit plant stes, the design stll ke dae account of the potential for specific
Fazardsto give rise to irnpacts on several or even all units on the site simultaneously.
Frternal hazards

516, The design shall taks due account of intemal hazards such as fire, explosion, flooding, missile
generation, collapse of structures and falling objects, pipe whip, jet impact, release of fuid from failed
systems or fom other installations on the sit

d sodium chemicad veartion with air, water and othey
vaterials, including ssociated pressure waves, fenperdiure increase and product releases, g
typdrogen Appropriate features for prevention and mitigtion stall be provided ta enure that safety is
ot comprormised.

Betomat hezards 1

5.17. The desiga shall include due consideration of those naturel and human induced events of origin
external to the plant that have been identified in the site evaluation process. Causation and hkelihood
shall be considered in postulating potertial hazards. In the short term, the safety of the plart shall not
e dependert on the availability of off-site services such as electcity supply and fire fighting
services. Bbe design shall take into accourt site specific conditions to determine the delay afer which
offisite services need to beavailable.

Page: 9

18, For ail the postulated inftiating events fhat thvacten the supply of power or the heat sinks, die
consideration shell be taken of the capability of the plant to veash andmaiiain a saf state, without
external ntervertion, for @ long period after an event, For this purpose, the peviod of time durng
which a saféy finction is ensured in an event without the need of action by persorvel should ke
reimized.

519 Features shall be rovided to minimize any interactions between struchies containing items
imnportart to safety (inchuding power cabling and cotrel cabling) and any ofher plart structure asa
result of extermal events considered in the design.

520, This paragragh vas deleted and its content, with a broader scope, ks been transferred to the new
paragraph 5154

521, The design shail include due consideration of extreme extornd haaards and their consequences
B additon, specific equipments qualied to withstand these hazarcs should be provided (eg
aedicated AC power, iustrimentation ) and the design of the plant stall provide for an adequate
wargn to protect items itmportant to safely aguingt levels of external hazands 1o be considered for
design, derived from the hazard evaluation for the ste, and to awid ciff edge effeds.5. 214 The
desiga of the plant shall also provide for an adequate frargin 1o protect items ultimately necessary to
prevent [} significant racioative relearse in the event of levels of natural hazands excesding those
consiered for design, derived from the hazard evaluation for the dte.

522 This paragraph was deleted and its content, with a broader scope, Tas been transferred to the new
faragraph 5.15B,

Criterion 18: Exgineering design rules
The engincering design rukes for iferms important to safety ai a nuckar power plnt, shall be
specified and shall comply with the relevant national or international codes and standar ds., with
proven engineering practices amd with sefevant research, with due account taken of their
relevance to mckar power technology.

523 Methods to ensure a robust design shall be applied and proven engneering practices shall be
adhered to in the design of a nuclear power plant to ensure that the findamental safety funrtions are
achieved mall operatioral states and for all accident condit ns.
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Criterion 19: Design basis accidents Blus UnCettainties) approath is based on the dey elopm ent of physical and mathematical m odels of the considered phenom ena (For Gen3
LR, ths approach is used in the design process and for DEC calclations, but for the anaysis of DBC acciderts usually the conservative or

A set of accidents that are to be considered i the design shall be derived from postulated the com bired m ethod- best estimate com puter codes with cnservative param eters - is applie d, see BEA 556 2).
Hawever, in case of supercritcal water cooled reactars, he deep nderstanding of acdident phenomena are sl missing.
nitiating events for the purpose of estab lishing the houndary conditions for the nuclear power _
© ) - o neition i Number:2 AuthorEME NTI _Subject:Highiight_Dater15.07. 2021 101016 +0200
plant to withstand, without acceptable limits for rad iation protection being exceeded. Mot accepted. There 1 no feason foF seleciing and FigRGFLNG Level .

524, Design basie accidents shall be used to define the design bases, including perfommance criteria,
for safety systerns and for other items dmpostant to safety that are necessary to cortrol design basis
accident condifions, with the cbjective of retwning the plant to a sfe sate and miligating the
consequences of any aceidents

5.5 The design shall be such that for design basis accident condtions, key plant parameters do ot
eacead the specfied design limits. A primary objective shall be to manage all design basis acciderts
so that they have no, or only minor, radiclogical consequences, on or off the site, and do not
necessitate any off-site protective actions

526 The design basis accidents ave profovably analysed in a conservative wanner. This approach
involves posidating cerlain failures in smfdy sysiems, specifying design citeria and using
design basis accidents
vould aiso be analpsed i a best estimate manney, fogether with adequately anlpsed and evaiuted

conservative assumptions, models and input garameters in the analysis.

sncertaintes.

Criterion 20: Design extension conditiors

A set of design extension conditions shall be derived on the basis of engineering judgement,
aerating experience, isti for the purpose of
farther improving the safety of the nnclear power plant by enhanciny the phut’s capabilides to
withstand, without wnacceptable radiological consequences, accilents that are either more
severe than design hasis accidents or that involve additional failures. These design extension
conditions shall be used to identify the additioral aceilent scenarios to be addressed in the
design and i plan pragticable provisions for the prevention of such accidents or mitigation of
their consequences.

design of @ mclear power plant shall be such that the Ievel 4 of the defenee in depth and the
associated safoty design for o andor nitigasice of severe core ion and of serions
Jitel failiwes ducing fucl handling and storage shell be incorporaied, in order Fat significant
redioactive rekase can e considered as belonging ta the resilual risk
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conditions, or to miligate their consequences. This might require additioral s fey feabures for design a5 eartuake, fooding ete), taken inta corsiderstion the passible com bination of hazands.

extension conifions, or extension of the capability of safety systerns to prevent, or to mitigte the
consequence of a severe accident, or to maintin the contsinment fnction. These addtiorsl safety
features for design extension conditions, or tiis extension of the capatility of safety systems, shall
ensure the capatility of wanaging accident condifions in which there i a sgnificant amout of
Brermical and radivactive material in the containment (including radivactive raterial resulting from
severs degradation of the reactor core) The plant shall be designed o that it can be brought into a
controlled state and the continment finction can be mairtained, with the resul tha the possitility of
plant states arising that could lead to a significant radivactive releases is “practically elimirated™. The
effectiveness of provisions to ensure the functionality of the cortainment could be arelysed on the
tasis 0f the best estimate approach.

52% The design extension coneitions stall be used to define the design specifications for safily
features and for the desig of all other items impostant to safety that are necessary for preverting such
conditions from arising, or, ifthey do arise, for controlling them and i gaing their consequences

529 The aralysis underiaken stall include demi fcation of the feanires t1at are desi gned for use in, or
that are capable! of preventing or mitigating, events considered in the design extension conditions
These features
(a) Shall be independent, to the extent practicable, of those vsed in more frequent acciderts;
() Shall be capable of perforteing in the environmental condd ons pertaining to these design
extension conditions, induding design extension condiions in severs acddents, where
approprial

(c) Stall have relistility commensuate with the sq@ty fnction that they are required to
flfil

530, In particular, the contaimment and its safety features shall be able to vithstand extreme scermrios
that include, among other things, melfing of the reactor core. These scermrios shall be selected by
using enginesring. ind ingut from safety assessments

1 Forreturning the plant to a safe state or for ritigating the consequences of an accident, consideration cowd be
givento the full decign capsbilities of the plantand to the temporaryuse of additional syeterns. [Fom [SE4 SSR.
1 Footuote 9]
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531 The design shall be such that design estension conditions that could lead to significant
radivative releases are practically elimirate

e a fast reastor cove is vot i its most reactive
configur ation under normal qperating conditions, the fallowing design featwes for prevention and
ttigation of severe accidents i pestulated destgn extension conditrons s hall be considered.

) Additional recctor shutdown measures agamst fislure of cetive veactor shutcbwn
spstoms,

®) Mitigation provision to avoid recriticalily leading large mechanical enerey reloase
durirg acore degradton progressian,

) Mecans o decey heat vewoval of a degraced ceve, and

@ capability Toads undley severe acerdent

conditions.

Combinations ofevents and gifures

532 Where the remlts of engineering judgement, operatng experience, deterrinistic safety
assessments and probabilistic sfely assessmerts indicate that combinafions of events could lead to
anticipated operations] occurrences or 1o accident conditions, such combinations of evens shall be
considered to be design basis aceidents or shall be included as part of design extension conditions,
depending mainly on their likelinood of ccourrence. Certain events might be conseqences of other
events, such asa flood following an earthquake, Such consequertial effeds shall be considered to be
part of the original postulated iritiating event,

Criterion 21: Physical separation and independence of safety systems
Interference hetween safbty systems or bebween redundant elements of a system shall be
prevented by means such as physical separation, electrical isolation, functioral independence
and ication (@ata transfer), as

533, Safty system equipment (including cables and raceways) shall be readily identifiable in the
plant for cach redundant element ofa sa ety system.

Criterion 22: Safety chssification
Al fterms important to safety skall be demified and shall be classified on the basis of their
function and their safety significaree.
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Criterion31: Ageing management
The design life of items important 1o safety at a nulear power plant shall be determined.
i i in the design o take Televant
of ageing, swck as embrittlernent and wear-out, and of the potential for age related degradation,
[ikee 20 high aperating tenperatre, the sodium coolans, and the fast nesdron irradiation, 10 ensure
the capability of ites inportant to safety i perform ther necessary safety functions
throughout their design life.

551, The design fora nuclear power plant shall takce due account o fa geing and wear-out effeds inall
operational states for which & component is credited, including tesing, maintenance, mairterance
ontages, plant states during 2 postulated initiating event and plan dates following a postulated
initiating evert.

552 Provison shall be made for moritoring, testing, sampling and inspection to assess ageing
‘mechanists predicted at the design stage and to help identify vranticipated behaviowr of the plant or
degradation that smight occur in service.

3.3 Human Faciors

Criterion 32: Design for optimal operator performance
Systematic consideration of human factors, irchuding the human-wachine interfare, shall he
included at an early stage in the design process for a muclear power plant and shallbe continued
throughout the entire designprocess.

553 The design for a nuclear power plant shall specify the minimmm mumber of operating percomel
required to perform all the o bringthe plant into 2 safe state

554, Operating personnel who have gained operaing esperience in sirnilar plams shill as far as is
practicatle be actively involved in the design process conducted by the design orgarization in order to
ensure that consideration is @iven as early as possible in the process to the fotwe operation and
neintenance of equipment.

555, The design shall support operating personnel in the fil ilment of their responsitilities and in the
performance of their tasks, and skall lismit the likelihnod and the effects of operating etors on safety.
The design process shall give due consideration to plant layout and eqipment layout, and to
procedures, including grocedures for meinterance and inspection, to farilitate interaction between the
operating persomnel and the plant, inall plant siates

44




ECC-SMART Project
D5.1 Safety criteria and requirements for the SCW-SMR concept

Page: 15

5.4 Other Design Considerations SMRsinstead of multiple Lrits. However, e specific features of such muit-m oclule unit type SMRS means newtype of interconnections
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Each of a multiple unit melear pow er plant shall have its own safety systems and shall have its
wn safety features for design extension conditions.

63 To firther enhance safety, means allowing interconnections between urits of a multiple urit
miclesr poswer plant shal be considered in the design

Criterion 34: Systems containing fissile material or radivactive material
Al systerns in a nuclear power plant that could contain fissile material or radicactive material
shall be so designed as: o prevent the oceurrerce of events that could lead to an uncontrolled
radioactive release to the enviromment; to prevent accidental criticality and overheating; to
ensure that radicactive releases are kept helow authorized limits on discharges in normal
operation and helow acceptable limits in accident conditions, and are kept as low as reasonably
achievable; and to farilitate mitigation of radiological consequences of accidents.

Criterion 35: Nuclear power planis used for ion of heat and ion or
desalination

Nuclear power plants cowpled with heat wtilisation units (uch as for district &7 process heating)
andior water desaliation wnits shall be designed to prevent pro that transport
radiomclides from the nuclear plant to the desalination unit or the[fstrict heating unit under

inacident condtiors.

Criterion 36: Escape routes from theplant

A nuclear power plant shall he provided with a sufficient number of escape routes, clearly ard
durably marked, with reliable emergency lightig, ventilation and other services essential to the
safls use of these esape routes.

5.64. Escape rovies Fom the muclear power plant shall med the relevant national and intemaional
requirements for radiation zoring and fire protection, and the relevant natioral requirements for
indusirial safety and plant security.
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Criterion 37: Commumication systerns at the plant
Effective means of communication shall he provided throughout the nuclear power plant to
li inall modes of rormal i o ilah le for use following all
postulated initiating events and in accilent conditions, (s accaunting for the interface of safety
with securily.

566, Suitable sl systems and means of commnication shall be provided so that all persons
present at the nuclear power plant and on the site can be gven warnings and instructions, in
operational statesand inaeci dent conditions.

567, Suitable and diverse means of communication necessary for safety within the muclear power
plant and in the immediate vicinity, and for commuri cation with relevant off.site agencies, shall be
provided

Criterion 38: Control of access to the plant

The nuclear power plant shall be isolated from its surroundings with a suitable layout of the
various that aceess to it

5,68 Provision shall be made in the design of the buildings and the layout of the site for the cortral of
access 10 the nuclear power plant by operating persomel andfor for equipment, including emergency
responge personnel and velicles, with particular consideraion gven i gaming against the
wiautherized endry of persons and goods o the plantBl detecting assessing, and delaying the entry.

Criterion 39: Prevention of ized access 1o or inter ith iterms important to safety
Unawthorized access o, or interforence with, items important 1o safety, including computer
hardware and software, shall he prevented.

Criterion 40: Prevention of harmful interactions of systems important to safety
The potential for harmful interac tions of systerns inportant te safety at the muclear power plant
that might be required to operate simultaneously shall be evaluated, and effects of any harmful
interactions skall be prevented.
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&1 Overall Plan Systom Mot relevanE for SO,

riterion 42bis: Flant sysiem performance of a sodium-cookd fast reacior
The overall plnt st shall be designed eomsidering the specific chamcieristes o o
sodinr-cooled fast reacior as describid below.

(@ The reactor core is mot in its must reaciive configuration smder normml operating
conditions. This coull fewd to a positive reactbviyy insersion due to an wnfavonrable change
in reactor core geometry.

8 The sdim void reaciivity rny de posidive in the ceriral region of the reaciar core. This

(c) The high beiling temperature of soduom ot sundord etmospheric presure enables the
e 7 is it do boiling.
& The high thermnl combuctiviyy ard head ironser cocffickni of sodiam, dhe lurg
senperature gradient in ihe reactor core, ol the decrease of sodian density with
increasing tempernture emnble Jecay heat removel ly ravrol circulation of the coolont,

(6) Sadivanis chemically active and epague, and it is solil Bekrw 98 °C.
@ i vapour of sodi deprasit an the
62 Reactor Core ard Associsied Featiires

Criterion 43: Performance of fuel elernents and asserchlies

Fusl elements and assemblies for the muclear power plant shall be designed to waintain their

structural integrity, and to withstand satisfactorily the anticipated radiation levels and other

conditions in the reactor cove, [chiding fast netran fluence, in combiration with all the
that could ocour i i

6.1, The processes of deterioration to be considered shall indude those arsing from: differential
expansion and defonratio; intemal pressure mevedse due 1o tevpevatire, fission products and the
tuildup of helivm; irmdiation of fuel and ofher materals in the fael assemily; vasiaions in
temperature resulting from variations in power derand, chemical effecls, static and dynamic loading,
including flowinduced vibrations and mechanical wibations, and variations in fewperature in relation
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in anticipated operatiomal occurrences so that the fud remains sutable for contimued use

63, Fuel elements and fel assemblies shall be capatle of withstanding the loads and siresses
associated with fuel bandling

Criteriond4: Structural capahility of the reactor core

The fuel elements and fuel asserchlies and their supporting structures for the nuckear power
plant shall he designed so that, in operational states and in accident conditions [z 20 Soth
indernal arad exiernal events) other than severe accidents, a geometry that allows for adequate
cooling is maintained, core geomeiry is preserved io prevent excessive reactiviy changes and the
insertion of control devices is not impeded.

For the design 2xtension conlisions, provisions shall B inchided to avoil re-criicaBly resulting in
potentially karge mecharical during a.care disrugeive aceide

585, The supporting structuwes shall be designed with due account taken of the creep properties,
thevmal striping, first neutron iwduced changes, cther agemg gfBcts, and the waterial compatiiliy
with sodiur and 1 conpours

63w, The fiel assemblies and associated care support structure shall be destgned fo prevent
s oading of flel assemblios and any coolant channel blockages

Bl2quater. The assemblies and associcted cove support structure shall be designed so that the core
Eeomelry can be praserved to prevent excessive reasiivity effcs

Criterion 45: Control of the reactor core

Distributions of neutron flux that canarise in any state of the reactor core in the nuclear power
plant, including states arising after shutdovn and during or after refuelling, and states arising
from anticipated operational occurrences and from accident conditions not involving
degradation of the reactor core, shall be inherently stable. The demands made on the control
system for maintainirg the shapes, levels and stability of the neutron flux within sp ecified design
limits inall operational states shall be rinimized.
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65. In the design of reactivity control devices, due accomt stal be taken of wear-out and of the

effects of irradiation, such as bum-up, changes in physical properties and dimersions, and produstion

of gas curing normal operation, anticipated operational occurvences and aceident coritions.

6.6, The mrasimm degree of positive reactivity and its rate of increase by insettion in operatioral
siates and accidert conditions not involving degradation of the reactor core shall be limited or
compensated for to prevent any resultant failure of the boundary of the reactor coolant systerns, to
maintain the capability for cocling and to prevent any significant dogvacktion of the reactor cose

[ 62ss. To avid significant mechanical energy release during a care disruptive accident, the reactar
core shail be designed to hax fwowdble neutronc, themna, and stuctwal chavacteristics,
considering all veactiwty joedbacks, meludig Sodium void worth, to witigate the consequences of

such design extansion condétions

Criterion 46: Reactor shutdown

Means shall e provided 1o ensure to shut down the reactor of the nuclear power plant. in
operatioral states and in accident conditions, and that the shuidown condition can be
maintained even for the most reactive conditions of the reactor care.

67. The effectiveness, speed ofaction and shutdowm rmargin of the means of shitdown of the reactor
shall be suchthat the spedfied design limits for fuel are not exceeded.

63 In judging the adequacy of the means of shutdown of the reactor, considerstion shall be given to
failures arising anywhere in the plant that could render part of the means of sttdown inoperative
(suchas ilure ofa control rod to insext) or that coul d resultin a ornmon cause filure

6.9. The means for shitting down the reactor shall consist of at least two diverse and independent
systems. [Bpr dosign extension condtions, inherant power reduction with complenentary shutdown
wethod anor passive shutdown cqpebilities shall be provided 1o prevent severe core degretlation
andto avordve-critizalfy i the long run
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611 The means of stustdown shall be ademate to prevert any foresseable increase in reackivity
leading to unintetional criticality during the shutdown or during refuelling operations or other routine
or non-routine operations in the shutdown state.

612 Instrummentation shall be provided and tests shall be specified for ensuring that the means of
shutdown are always n the state stipulated fora given plant state.

&3 Reactor Coolznt Spstems

Criteriond7: Design of reactor coolant systems
The components of the reactor coolant systerns for the nuclear power plant shall be designed
and constructed so that the risk of faults due to inadequate quality of materiak, inadequate
design standards, insufficient capability for inspection or inadequate quality of manufacture is
‘mirimized.

613 Fipewnrk connected to the fpartor coolamt boundary for the nuclear power plant stall be
equipped with adequate isolation devices to limit any loss of radioadtive flud (prirary codantyand to
prevent, the loss of coolant, through interfcing systems so et cooling of the reacior core can be
rafntained.

614, The design of the reactor coolant boundary shall be such that fiaws are very ualikely to be
initiated, and any Baws that are isitiated @ad wropagate resul in leaks long before the favs would
gow to an unsiatle s, therehy permitting the timely detection of coolnt leakage.

14vis. Fuert gas shall be used as @ cover gas in sodonsfiled components to prevent chemical
veaction at the fee sujiice ofsodunn, and the bosndenp ofthe cover gas shall de desigred to be ledit
sight with isclation vadves, except when the lives ave oquipped with pressure relief valves to protct the
reactar vessel fom excessive pressure Joad (over or under presswe) The reator coclant boundary
shall be designed as a barvier agamst redioantive materials reiease cnd de closed by theveactor cover
s boundary.

[l 46er. Provisions shall b made to detect sodium leaks ard o nitigate ihe consequence of sodum
chemical reaction i case of postidated soduam leaks Fom the reactor coolant sysiems. The
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L2555, The components of the veastor coolant systems shail be destgned with dlie acooumt taien of
creqp properties, thermd siviping, fast nautron fluence, and offer ageing efécts, as well @ s
compatibilty with sodur, and with thermal stress and dinarnic load on Siin-walled strictives used
wndor low pressure and high temperature concitions

1oy, The dosign shall consider the potential for fiow and theral chsturbimees, such as flow
indused vitwations or #hermal striping, and shall veduse o eliinae such efftcis 1o mainiain te
structurd integrity of the coraponents of the reactor coolant systerns.

616 The design of the components comained inside the reactor coolant bowdary, such as pump
imnpelers and valve pats, shall be such a3 to miniize the liklifood of filure and consequential
damage to oiber componerts of the reactor coclant system thet are imporiant to safety, in all
operational states and in design tasis accident conditions, with due all owance mad for detefomtion
that might oecur in service,

[0k, Components, which constitute the reactor. b ) shall be e
boundary fimction and 1o mamtain a suffcient sodium invertory in the reactor coolant spstem in case

of anticipeted tramsients WRhoL Scram.

Bker. Cemicd reactions between sodiurn and water/stean ov cther working fluids shall be
considered in the design of the secondary coolars system. Provisions to prevert andlor mitigate such
cherical veactions shall be mcorpovated i the design
(@) Frovisions shall be made to detect lecks of working fuick, to conol anp leak
propagetion, emd to cutovamicdlly witigete ey loaik accident 1o prevent further darages,
Such that isolation and relief valves in working fuid spstem, when a heat exchamge spsier
‘batween the sodun amd the working fuid is used.
(b} A pressure veliofspstem sharl be emplaped i the secondvy ool spste o protact the
secondary coolent Spstom Fowm covsequences vesulting from sedium mtevactions with
water/stea in the steam generator or with cther working fluids inihe heat exchanger.
() The fimckonental sty fctions shatl be matained under postilated design extersion
conditions for severe ehernizal reations betweon the o and the working fuid

54
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Criterion 48; Excessive ion of the reastor boundary

Pravision shall be made to ensure that the operation of pressure relief devices will protect the
aciar coolant houndary agairst excessie pressure bad.

Blriterion 49: Zevel of reactor coolant

Provision shall be wade for controlling the Jevel of the reactor coolant to ensure that specified
design limits are ot exceeded in operatiomal states and that the cooling of fisel is maintined in
accilens conditions, with taking due accont of volumetric charges o cnsure that the core
remmins covered,

Guuard vesselsand guard pipes shall be designed so as to mainiabs the sadisom suface of the reactor
coolont sysiem ata level necessery for decay heat semoval in the case of @ sodion leak aceident in
the idesations shall be taken of  fuitire and @ cormmon
cause fuilure Beiween the reacior vessel el the guard vessel, s well as bobween mudrs coolarat pies
and guard pipes. Pravisians shall be made 1o redice ihe amoint of sodbm that leaks fram the
reacicr coolnt systemin case of o faiksre of the reaciar coolant boimdnry.

Criterion 50: Cleanup of reactor coolant.

[Bdequate facilities shall be provided for the removal of radicactive and chemical substances
Jfyem the reacior coolant, including activated corrosion products and fission products deriving
from the fuel, and non-radivactive stbstances.

617, The capabilities of the necessary plant cleamy systems shall be based on the specified design
lirmit on pernissibie leakge of the fuel, with a conservative margin to ensure that the glant can be
operated with a Level of circuit activity that is as low as reasonably practicatle, and to ensare that the
requirements are met for radioactive releases 1 be as low as reasonably achievable and below the
anhorized lirits ondischarges.
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particuldte inpurities in the coolart, A cover gas clearup syster shall be included to ensure pie iy of
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Criterion 51: Decay heat removal sysim Wk relevarror SRR,

Means shall be provided for the removal of decay heat from the reacior core i ez udtimes heat
sink gfier shutdown of the nuclear power i ional stotes arsl i i)

13, The dbeay heat reoval spstems for cocling of the reactor core shall be such asto ensure that

(@) The design linits for fiel, the veastor coolar bowdary and structures imporiant
Sty o natexceeded i the shutdown state of the uiclear power plart,

(b} The cooling of the flil fs resiored end meintained undsy accident conditions even if the
integritp of the veectoy coolant bouneky i not maintaved, and

(&) The fumction to transiér decay Feat ffom Hems inportantto sqily a the nuslear power
plant to cn ulttrate heat sivik shall be carvied out with very egh levels of veliability r ail
piant states

[E129. The decay hect remova spsterm shal be designed @ fellows

(@) To mrovide diversity 1 the extent practicable and redindancy for rechicing coryon
eccuse filures, ncludg extermed events

(b} To prevent frezing ofthe sodisn coolant to avoid Hockage of coolent civculetion, and
(&) Fo provide detection arid wetigation reasires aganst postulated deoay heat i dlecis

[@79b¢s. In design extension eoneitiors, means for derqy Feat vansfey shall be provided, inaddition to

@ docay hoat vewovel spstem for anticipeted operations] occumence and cbsign-basis cecidents, with

the conditions listed below. Means shall be provided for the capabilip of core cooling under
postilated plant cordtions with core degradtion.

(@) The cooling of the veactor eore is possibie wen wder extyone external hezards andibery
consequences, such as long-terw less ofall AC power supplies,

(b) Passive mecharisrs are usedto the exiert practicable, and

(¢) Becap hoatt vermoval ysto s diversi 10 the extent practicable
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The capability to transfer heat to an ultimate heat sink shall be ensured for all plant states.

6194, Systems for transferring heat shall have adequate reliability for the plant states in which they
tave to ful il the heat transfer fanction. This ey require the vse of 2 di fferent ultinate heat sitks or
ciffirent apcess o the uitimate heat sink.

6.198. The heat transfer function shall be ful flled for levels of natural Tazards more severe than those
considered for design, derived from the bazand evaluation for the site.

6 Conzi and C

Criterion 54: Containment system for the reactor

A containment system shall e provided to ensure or to contrbute to the fulfilment of the
following safety functions at the nuclear power plant: () confirement of radioactive substances
in operatioral states and in accident conditioxs, (i) protection of the reactor against natural
external events and human induced events and (i) radiation shielding in operational states and
accident corditions,

Criterion 55: Control of radivartive releases from the containment

The design of the comtainment shall be such as to ensure that any radiactive material release

from the nuclear power plant fo i isas low asr y achievable, is helow the
authorized limits on discharges in operational states and is below accep table limits in accident
conditions.

620 The containment sirvctwe and the systems and componerts affecting the Leskighiness of the
confainment system shall be designed and constructed so that the leak rate can be tested after all
penetrations trough the comainment fave been installed and, if necsssary duing the operating
lifetime of the plant. e design basis for the continmert shall considey pressure increcse and
therrial loads due 1o sockum fire andl severe acoident.
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penctrations shall be protected against eaction forces cawsed by pipe movement or acddental loads

suchas those ducto missiles caused by extemal orinterral events i Mumbser: Author BME NI Subject: Highlight _Date: 15.07. 2021 1018225 0200
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Criterion 56: Isolation of the containment

Each line that penetrates the comtainment at a nuclear power plant as part of the reactor coolart,
houndary d the reactor cover gus Bowndary or that is connected directly to the containment
atmosphere shall he automatically and reliably sealable in the event of an accident in which the
leaktightress of the containment is essemtial to preventing radicactive releases to the
environment. that exceed accepiable linits.

622 Lines that penetrate the comainment, as fart of the reactor coolart boundary and
covey gas boundary, and linesthat are connected directly 1o the containment atmosyhere shall e fitted
with at least two isnation in sesies”, and shall be provided with
sullatle leak detection systems fv preventing the corbapomnt bypss of vadioactive rdterials

veactor

Containment isolation valves shll be located as dose to the contaitment as is pracicable, and each
valve stall e capable of reliable and independent actuation and of being periodically tested.

6.23. Each line that pencirates the containment and is neither part of the reactor coolant boundary nor
o reactor cover gas bounday and is not comected direcily o the cortainment atmosphers shall
tave at least one adequate containment isolation valve The cortainment isdlation valves shall be
located outside the containment and as close to the cortainment as is pradticable.

6.24. Exceptions to the requisements for containment isolation, stated in pargraphs 6.22, 6.3, shall
be permissible for specific dasses of lines such as instnmentation lines, or in cases in which
application of the methods of containment. isolation, specified in pamgraphs 632, 6 23 would reduce
the reliatility of a safety system that insludesa penetration of the containmett.

* Inmost cases, ove containment isclation valve ov chack valve s aatside the contaivenert and the other is irside the
contsimnent. Other anangenent wightbe asseptible, howerey depanting on the design. [From IAEA SSR 271 Foomote
1]
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Criterion57: Access to the containment

Access by operating personnel to the containment at a mwlear power plant shall be through
airlocks equipped with doors that are interlocked fo ensure that at least one of the doors is
closed during reactor power operation and inaccident conditions.

625 Where provision is made for entry of operating personnel for surveilance purposes, provision
for ensuting protection and safely for operating personnel shall be specified in the design. Where
equipment aitlocks are provided, provision for ensuring protection and safety for op erating personnel
shall be specifiedinthe design

6.26 Containmert apenings for the movement of equipment or material through the containment shall
e desiged to be closed quickly and reliably in the event thatisclation of the cotainment is rerpired]

Criterion 58: Control of containment conditions

Provision shall be made 1o control and in i atanuclear
power plant and to control any build-up of fission products or other gaseows, liyuid or solid
substances that might be released inside the containment and that could affect the operation of
systerns inportant to safety.

6.27. Jf prosent, the design shall provide for sufficient fow routes between separate compartmerts
inside the comainment, The cross-sections of epenings between compatiments shall be of much
dimensions as 10 caswe that the pressure differentials ocourring during pressure equalizaion in
accident conditions do not result in unacceptable damage to the pressure bearing structure o to
systems tkat are important in mitigating the effects ofacci dent conditions,

623 The capability to remove heat from the corbainment shall be enswed, in order to reduce the
pressre and temperature in the oontainment, and to meiniain if at acceptably low levels. The systems
performing the fanction of removal of heat from the containment shall ave sufficient reliability and
redundancy 1o ensure tiat this function can be fulfilled.

6284, Deagn provision shall be made to prevent the loss of the stractural integrity, ¢.g. due fo
lemperature andoy pressure mereases, of the containment inall plart siates. The use of his provision
shall not Lead to & sfgniicamt radi activerel ease.

[b285 amitied)
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(a) To reduce the amousts of fission products that could be relcased to the evironment in
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(0) prevent or mitigaie sodium combustion, sodum-concrele reaction, and debris-comereie [ Mumberid. Author; BMENT|__Subject: Highlight Date: 15,07, 202110:1907 +0200"
intoraction and 1o control the concentration of hydvogen in the contaivent anosphers in Modifications are nokrefevs i for SCVAR.
accident conditions so as to yrevent thermal, deflagrtion o defonation loads that could

challenge the integrity of the containment

0. Onitiod]

&5 Instrurnensniion and Conirdl Systems

Criterion 59: Provision of instrumentation

hall he provided for ining the values of all the main varihles that can
affect vhe fission process, the integrity of the reactor core, the reactor coolant systerns and the
containment at the muckar power plant, for obtaining essential information on the plant that is
recessary for its safe and reliable operation, for determining the status of the plant in aceident
conditions, and for making decisions for the purposes of accident naragement.,

631, Instrumentation and recording equipment shall be provided to ensurethat essential information is
available for monitoring the status of essertial equipment and the course of accidents, for predicting
the locations of releases ani amounts of sadioartive material that could be released from the locations
that are so irtended in the design, and for post-accident analysis

[@5vss. Fnstrumentation tines, which penatrate or are comvected o the bowndary of the veactay
coolamt systerns, shail be designed so that sodhum leals and combustions cavsed by their filure are
preventad anclior raitigated

Criterion 60: Contro] systems
Appropriate and relishle control systems shall he proviled at the muclear power plant to
intain and it . i y .

Page: 28

[ hmber: 1 Author BIME NTI__Subject: Highiight _Date: 15, 07. 2021 10:13:15 #0200

‘Mot accepted. TeTated b the proper Te .

634 Design techniques such as testability, inchading a self-checking capability where necessary,
fil-safe charactistics, functional diversity, and diversity in component design and in concepts of
operation stall besed to the extent practicable to prevent theloss of a safety functicn.

6.35. Safely systems stall be designed to pemit periodic test ng of their fundionality when the plant
s in operation, including the possibility of testing channels independently for the detedtion of filures
and losses of redndancy. The design shall pennit all aspects of fanctionality testing for the sensor, the
input sigral, the final actuator and the display.

636 When a safety system, or part of & safety system, has to be taken out of service for tesing,
adequate provision shall be made for the clear indication of any rotection system hypasses that are
necessary for the duration of the testing or rraintenance activities

Criterion 63: Use of computer based equipment in systeros imp ortant to safety
If a system important to safety at the nuclear power plant is deperdent upon computer hased
equipwent, appropriate standards and practices for the development and testing of computer
hardware and software shall be established and implemented throughout the sexvice life of the
systern, and in particular the softvare cycle. The entire

102 quality system.

6.37. For coroprter based equipment in safety systems or safety[iewnt systemns
(a) A high qlity of and best practices for, tardware and software stall be used, in
accordance vith the irportance of the systemo safety;

(b) The ertire development process, including control, testing and commissioing of design
changes, shall be shall 3

(c) An assessment of the equipment shall be undertaken by experts, who are independent of
the design teamand the supplier tearm to provide asusnce of is high reliatility, and who are
quaiified with vespect to the environwert that the ecuipuent iy be subjected 10 during
narmal operation, anticipated aperationad ocourrences and aceident conditians;

(dl) Where safely functions are essertial for achieving and maintsining safe condiions, and
the necessary high rdiability of the equipment cannet be demonstrated with a high level of
confidence, diverse means of enswing the Plfilmest of the safety finctions shall be
provided,

(&) Common cause filures deriving from software shall be taken inio consideration;
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644C. The altemate power source shall be independent of and physically sepamted from the
emergency pover supply. The connection time of the alterate power source shall be consistent with
the depletiontime of the battery.
644D, Continity of power for the monitoting of the key plant parameters and for the complefion of
shott term actions necessary for safety shall be maintained inhe evert of loss of the AC (altemating
CITELL) POWET SOUrCES.
645 The design bads for any diesel engine or other prime mover® that provides an emergency power
supply to items important to safety shall include:
(a) the capability of the assoctated fuel oil storage and supply systems to satisfy the demrand
wwithin the specified time period;
(b} the capability of the prime mover to start and Lo finction successfully w der all specified
conditionsandat the reqired time,
(©) awdliary systems of the prime mover such as coolan systems
6454, The design stall also incude features to able the safe vse of non-pemanent equipment to
restors the necessary electrical power supply 2
&7 Supporting Systms and Asxiliary Systems
Criterion 6%: Performarce of supportingsysterns and awxdliary systerus.
The design of supporting systems and awxiliary systems shall be such as to ensure that the
performarce of these systens is consistent with the safety significance of the system or
+ lenoid ap
ko action whem comumanded by mn acturton device. [From IAEA S5R 2/1 Fostmote 12]
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component that they serve at the nuclear power plant with due consideration of the prirciple of
indepentence of levels of defence-in depth.

Criterion 70: Heat transport systems
Auxiliary systems shall he provided as appropriate to remove heat from systems and

components at the murlear power plant that are required to function in operational states and in
accident conditions.

646, The design of heat transport systerns shal be such:as 1o ensure that non-essential parts of the
systems can beisolated,

Criterion 71: i post-acci ing sysiems
Process sanpling D ident sanpling
in a timely wanner, on of sperified radionuelides in andin

gas and liquid samples talen from systems or from the environment, in all operational states
and in accident conditions at the nuclear power plant.

6.47. Appropriate means stall be providedat the nuclear power plant for the monitoring of activity in
fuid systeens that have the potential for significant contamination, and for the eollection of process
samples

Criterion 72: Compressedair anf gas systems
The design hasis for any compressed air & gos system that serves an item important to safety at
the nuclear power plant shall specify the quality, flow rate and cleaness of the air er gus to be
provided.

Criterion 73:

Systems for air conditioning, air heating, air cooling and ventilation shall be provided as
appropriste in awdliary rooms or other aress at the mckar power plant to maintain the
required envi conditians for important to safety in all plant
states.

643 Systerns shall be provided for the ventilation of buildings & the midear power plart with
approgriate capatility for the cleaning of airllhd gas

66
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(a) To prevent unacceptable dispersion of airborne radioative substances within the plant,
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() To reduce the concentration of airbore radicactive subatances to levels comypatible with TRodTretors 37e e eV For SC

theneed for aceess by persaunel to the are;

(0) To keep the levels of sithome rdivactive substances in the plant below authorized limits
and as lowas reasoratily achievatle;

(d) To ventilate rooms containing inert gases o noxious gases without impaising the
capability to cortrol mdioacive efluerts,

(&) To control gaseous radioactive rd eases o the environment below the authorized lirits o

0 keep reasonabl

649, Areas of higher contariration o the plant stall be maintained at a negative presoure diffrenial
(partial vacuur) vith respect to areas of lower cortaminati on and other accessibleareas

Criterion 74: Fireprotection systems
Fire protection systems, inchuding fire detection systems and fire extinguishing systems, fire
containment harriers and smoke control systems, skall be provided throughout the nuclear
powerplant, with due account taken of the results of the fire kazard analysis. [faser systoms used
Jor firefighiing shall not be Jocated in the seme conguriment as soisan circuits and tanks

650, The fire protection systems installed at the miclear power plant shall be capable of dealing safely
with fire events of the various types Bheluding sodim fire, thatare postulated.

651, Fire cainguishing systems shall be wapable of avomatic advation where appropriate. Fire
extinguishing systems shall be designed and located o ensure that their rupture or spurious or
inadvertent operation would not signi f cantly irrpair the capability of items itmportart to safety.

652 Fire detection systems stall be designed to provide operating pescanel promgtly with
informetion on the location and spread of any fres tha start,

6.53. Fite detection systems and fire extingu shing systems that are necessary Lo prolect againgt a
possitle fire foll owing a postulated initiating event shall be appropriately quatified to resist the effects
of the postulated initiating event

654, Non-combustible or fire reiardant and heat resistart materials shall be used wherever practicable
throughou the plant, in particularin locations such as the comainment and the conirol room.
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| Stter. Compariraents with sodin componerts shall be profected fiam Bie bpacts irduces
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veactions, especially from water wsed in case offire fighting in an adiccent compartent

Criterion 75: Lighting systems
Adequate lighting shall be provided in all operational areas of the nulear power plant in
operational states and in accident condtions.

Criterion 76: Overhead lifting equipment
Overheal lifting equipment shall he provided for lifting and lowering items important to safety
at the mulear power plani, and for lifting and lowering other itemns in the proximity of items
important to safety.
655, The overhead lifling eqipment stall be desiged so that
() Measures are taken to prevest the ifting of excessive loads;
(b) Conservative design measares are applied to prevent any unintentiors! dropping of loads
that could affect items irmportant to safety,
(0) The plant layout penrits eafe movemert. of the overhead lifling equipment and of items
beingtrnsporied;
¢dly Such equipmnent can be used only in specified plant states (by means of safety interlocks
on the crane),;
(2) Such equipment far usein areas where iterns important to safety arelocated is sei smically
qualified.

iterion Tebis: Sedium Heating Systerms
Heating systerns shall be provided for conponends s necesswy & prevent loss of fundonenal
sufely furciians by soditon freecing These heating systems and their conirols shall be apprapriately
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drsigned to assure thet the temperanye distribution and e of change of tempertue are
mninained within the Brsits

riderions 7oier: Sodium Chemical Reaction Prevention and Mitigation
Duie to chemsicel risk of sodirn which burns in ai and reacts with wier, impoct of such chemical
reactions 1o itms imponant o safery maist Be provented. Water systems shall b avoiled in
compastment coniaining ar Eely do contain sodiurs ks justificd with the demanstratios that
riskiof the sodianwaier reacions are properly managed.

&8 Oeher Power Conversian Systems

Criterion 77: [lower comversion systems, inchading potential steam supply systerrs, feedwater
systerns and turh ine generators
The design of theBlwer comversion ystems, incliuling potendiol steam supply systems, feedwater
systemns and turhine generators, for the nuclear power plant shall he such as to ensure that the
appropriate design limits of the houndary of the reactor coolant sysizmss are not exceeded in
operatioal states ez in accident conditions,

656, The design of the power conversion sysiers shall provide for appropriately rated and qualified
werking fhuid isolation valves capable of closing under the specified condiions in operational states
and in accident concfitions.

657, TheBlorking fuid supply systern shall be of sufficient capacity and shall be desgned o prevent
anticipated operational occurrences from escalating to accident concitions.

658 The turbine genertors diall be provided with appropriate protection such as overspeed
srotection and vibration protection, and measures stall be taken to minimize the possitle effects of
fety.

trtine generated missiles on items important t

69 ‘Radisaiive Radionctive Waste

Criterion 78: Systemns for treatment ard control of waste
and liquid radioacti he
nuclear power plant to keep the amounts and concentrations of radioactive releases helow the

69
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authorized limits on discharges and as low as reasonably achievable [} normud operation and
Delow accepiabic fimivs in accide nt conditions.

650, Systems and faeilities shall be provided for the management and siorage of riicadive waste on
the miclear power plart site for a period oftirme consistent with theavailatility of the relevant disposal
option.

660 The design of the plart chall featuresto facilitate , transport
an handling of radioactive waste. Consideration shill be given to the provisian of aceess to fuclifics
and to capabilites for fifling and for packaging.

Criterion 79: Systerns for treatment and control of effTuents

Systems shall be provided at the nuclear power plan for treating liquid and gaseous radioactive
effluents 10 keep their amounts helow the authorizel limits on discharges and as low as
ly achi 'E; ion and below azceptoble Emiss 2

661, Liquid and gaseous radivactive effluerts shall be treated at the plast so that exposure of mermbers
of the public due o isas

662 The design of the plant shal incorporate suitable means to keep liquid of radioative re sase 1o
the low, 1o ensure that below
the awthorizedlirits on discharges.

663 The cleanup equipment for the gascous radivactive substances shall provide the necessary
retention factor 1o leep radioactive releases below the awhotized limits on discharges. Filter systems
shall be desi gned so that their offi ciency can be tested, their performance and fundion can be regularly
monitored over their service life, and flter cartridges can be replacod while mairtaining the
throughpt of air

810 Fuel HomHling and Sornge Sysiems

Criterion $0: Fuel bandling and storage systems
Fusl handling and storage systerns shall be provided at the nuclear power plant to ensure that
the integrity and properties of the fuel are waintained at all times during fuel handling and
storage inchiting inernal end externad evenss.

[ Murnseri 1 Author BMENTI__Subject: Highlight _Date: 15. 07. 2021 1020536 0200
“TTGOERTors 37e RotreTevark for SOV

o Mummberi 2 Author BMENTI__ Subject: Highlight _Date: 15.07. 2021 102046 +0200

TiadfcaBan Rek 3ecepted, The oA gTal TAER, FequIemErt 15 cofreck The tern potertial sEeam SUpply yetem T Cannot B URderstond
[ Mumber: Author BME NI Subject: Highlight _Date: 15.07. 2021 102056 0200

Wiadficatior nok szcepked. The oniginal IAEA require menk & corteck The term patental sbeam Sup Iy systems carmot be Undersoed.

7 Mumberid Author BMENT|__Subject: Highlight Date: 15. 07. 2021 102104 +0200°
WMadficatiors are nok relavark for SCVAR.

1 Mumberi Author BME NTI__Subject: Highlight_Dates 1
The Inserifan of 3 new requirem e conceming the radieachve caramin aten of steam supply system coUldbE @rsidered,
"6.58A. The passible radioacive corkamination afthe turbine generatars shall be takenirka consideraion during the design of the system
and farthe planning of radistion protection of plant personnel
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664 The design of the plant ¢hall incorporate appropriate features to fadilitate the lifling, movernent R Author BMENTI _ SubjectHighight Dote: 15,07, 3001 100149 50200
and bandling of fresh fuel and spert fiel Wiodicatiors are nokrelevark for SR
665 The design of the plant st be such as to preventany signi fcant damage to items important to
safety during the transfer of fuel or casks, or in the event offuel or casks being dropped.
666 The fuel handling and storage systemns for itradiated and non-rradiated fiel shall be designed:

2) To prevent citicality by a specified margin, by physical means or by means of physical

processes, and prefercbly by fhe use of geometrically safe configwations, even vader

conditions of optirmum moderatior;

(6} To pernit inspection of the fid;

(c) To permit mainterance, periodic inspsction and testing of components important. to

safety,

(d) To prevent darmage Lo the fuel,

¢¢) To prevent the dropping of fuel in transil @nd the fnisrgpton of the fansit,

¢6) To provide for the ideatif mtion of indivd dual fucl asscrnhlics,

To prevent mis-loadng,

(h) To provide proper means for mesting the relesant for

) To ensure that adequete operating proceduwes and a systerm of aceourting for, and control

of, mclear fuel can be implemented to prevent any loss of, or loss of control over, nuclear

fuel.
667, Tn addtion, the fuel handingand storage sysiems for imadkated fucl Bkt minor activids bearing
Jie? shall be designed:

(a) To pemit ermoval of heat from the fuel its stzaus in operational

states and in accident conditions, meluding during lovg-tern loss of all AC power supplies;

¢b) To prevent the dropping of spent fucl in trnsit and the imtermuption of'the tramsit,

(c) To avoid causing unacceptahl e handling stresses on fuel dements or fiuel assermblies;

(d) To prevent the potential of damaging the fael by dropping of heavy objects, such as spent

fuel casks, cranes or offer ohjecks onto the fil,

(&) To permit saft keeping of suspect or damaged fiel dlements or fuel asserblies,

(f) To control levels of soluble absorber if this is used for criticality safety,

T
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(g) To facilitate mainterance and futwe decormmissioning of fiuel handing and storage
Tacilities,

() To facilitate decontamination of fuel andling and storage areas and equipment when
necessary,

(i) To accommodate, with adeqate wargns, all the ful removed fiom the reador in
accordance with the strategy for core management that is foreseen and inclding the entive

smventory of el in the reactor care;

() To facilifate the removal of fael from storage and its preparation for offsite transport.

668 Forreactors usingawater pocl system for fusl storage, the design shall be such as to prevent
the uncovering of fuel assemblies in all plant states that are of relevance for the spent ftel pool so that
the possitility of conditions arising that could lead tolf]signifioant radioactive releanc is *practically
sliminated” and %0 a3 to avoid high radiation fields on the sits. The design of the plant:

(2) Shall provide the necessary fuel coaling capabilities;

(1) Shall provide features to prevent the uncavering of fuel asserblies in the event of aleske

or a pipe brek,

(¢) Shall providea caability to restore the water inventory.

The design shall also include features o enable the safe use of non-persmanent equipment 1o

snmire suflcient water inventary for the long tern coaling of spent fuel and for providing

stielding against radation

6,684 For reactors using a water pool system for fuel storage, the design of the plart shall include the
full rwing

() Means for meritoring and cortrolling the water temperature for operational states and for
accident states that are of relevance for the speat fael pool;

(b) Means for monitoring and controlling the water level for operational states and for
accideat conditions that are of relevance for the spert fuel podl;

() Means for moritoring and controlling the adivity in weter andinair for operational siates
and means for menitoring the activity in water and in i for accident conditions that are of

relevance for the spend fuel pool;

() Means for moritoring and controlling the water chemistry for operatiosal states
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water qualiy of the water poo,
(9 Maams o providing adequate heat vemoval from the fiel and for monitoring its status in
operational states and i accident conditions, including dwing long form doss of ail AC
power supplics

[d8tis. For reasiors using @ sodiur dank system fir fuel storage, he design shall inchude tre
Pitowing:
(@) ecens for momitoring evid contyolling the sodimn rempercture for qpevetional states cnd
o accident statos that are of relevence v the fiel stovage tank,
() ddeans for monitoring and controlling the sodin level in the fliel storage tmkand for
datocting leakage for operational statos and oy aceident conditions thetave of relevimce i
the fsel storage tank;
(elidecrs for monitoring and conirolling the aclivity in sodiun ad in cover gas fiv
aperational states and means for monitoring the activity i sodfwn and in cover gas for
aecident conditions that e ofrelevarve for the flel stovage tan;
() Mezns for wonitoving and eont alling Bie watey chewistivy for operationdl stetes;
(&) Means for preventivg the uncovering of fiel assembiies in the tank in the ewrt of @
Teakuge
() Meems for providing adequate heat vemoval from the fliel and for monfioring ifs stans in
aperational states and in accident conditions, ncluding uring longemn doss of @l AC
power supplies

() Mecns for preventing sodiur fieezing to awoid blockage of coolmt circulation

& 11 Radintion Protoction.

Criterion 81: Design for radiation protection
Provision shall be made for ensuring that doses 10 operating personnel at the murlear power

plant will be maintained below the dose limits and will be kept as low as reasoxably achievable,
and that the: iints willbe takeninto i
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669, Radation sources throughout the plant,
comprehensively i denti fied and exposures and radiation risks associated with them shall be kept as
low as reasorably achievable B9, the integrity of the fiel cladding shall be maintained, and the
generation and transport of corrosion products and adivation products shall be controlled.

jcluding yadioactive sodium coolant, stall be

670, Materials used in the manufacture of sructires, systems and components shall be selected to
minirnize activation ofthe material as far as is reasorably practicatie

671, For the purposes of radiation protection, provision skall be mmde for preventing therelease or the
dispersion of radioactive substances, radioactive waste and confaminationat the plar.

672 The plart layout stall be such as to ensure that access of operating persomel 10 areas with
radiation azards and areas of possible contamisation is adeqately controlled, and that exposuresand

prevented or reduced by thi by means of ventilation systerms

673 The plant stell be divided into radiation zones that are reated to their expected ocoapancy and
10 radiation levels and contarnination levels in opesatioral sates (including refoelling, maintenance
and inspection) and to potential smdiation levels and contamiration levels in accident eonditions
Shieldng shall be provided so that radiaion esposare is preverted or reduced

674, The glant layout shall be sach that the doses received by operating persomel during nomnal
operation, refuelling, maintenance and inspection can be kept as low ag reasonably achievable, and
e accourd stell be taken of the necessity for any special equipment to be provided to meel these
requirements

675 Plart equiprent subject to frequent raintenance or ranual operation shall be located in areas of

low dose sate to reduce the caposure of workers

676, Facilities shall be provided for the decontamination of operating personnel and plant equipmert.

Criterion 82: Mears of radiation monitoring
Equipment shall be provided at the muclear power plani {0 ensure that there is adequate
radiation monitoring in operational statesand accident condiions.

677, Stationary dose sate meters shall be provided for motitoring Local meation dose rates at plant

Iowations fhat are rovtinely accessible by operating persomel amd where the changes in radiation levels
in operational states could be such that accessis allowed orly for certain speci fied periods of time
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Annex 3: The comments of the review on SDG document [14]
The review the SDC document [14] performed by the safety experts of BME NTI is documented

below. The relevant pages from the document SDC document [14] are depicted on the left with
the comments on the right.
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1. INTRODUCTION

L1 Backgromd aral Objectives

Saftty Design Criterta (3DC) for Generation-IV (Gen-TV) Sodiun-cooled Fast Reeadtor (3FR)
systems [1] have been developed by an EDC Task Force (TF), under the auspices of the GIF
Palicy Group (PG). Falloving agproval by the PG, the SDC Report was detriowed to
interratioral organisations and matiora! reguatory bodies forreview

The following needs were i denti fied by the SDC TF memh ars
»  Development of detail d guidelines to of SDC
»  Espansim of selected topics, specifically on

Blactica climnation (1) of suracacaderts,

¥ esigg basis of spedfic components (2.8, cortairments)

htavifieation oftechni cal issues such as

 prevention and rtigation messures against sodivn fire and sodiun-water reaction

accidents,
' implications of the fact that the reactor coreis notinits most reactive configuration.

In response, the PG and the GIF Senior Industrial Advisory Panel rec ormended the TF to
»  develop guidelines forapplication ofths SFR SDC, and
» pursue quEntification of key criteria to demonstrate the safety advantages of Gen-IV
SFR.s over current LWR. designe

this report is to provide it guidance on howt cornply with
the GIF SFR Safety Design Criteria. I presents examples for the measures stated in criteria as
the best practices to help the designers achisve high levels of safety. The guidelines are placed
below the SDC in the ierarchy of safely standards as depicted in Fignre 1 below: ifially, the
guirelines vl focus on specific safety concems, such as reactivity characteristics of SFRs and
heat removl issmes. In the fabare, the guidelines will be extended by taking imio account
additional issues, such as foel fandling and storage. These guidslines deal orly with safity
ismues, security considerations are deall by the Proli ferati on Resistance and Phiysical Protection
Working Group (FRPPWG) of GIF or by national regulators.

The guidelines, except Clapter 4 “Guidelines for application of safety design criteria”, provide
recommendations and guidance on how to comply with the SFR. SDC, which are generally
applicable for Generation IV SFR. systems, Chapter 4 covers specific ismes to be considered in
the design of structures, systems and conponens (S5Cs) with examples of design provisions

Summary of Comments on Chapters 1 & 2 Contents

Page: 1

1.2, Scape of the Safety Design Guidsiines
The geisary foms afthis report is to provide Safety Design Guidelines (SDG) for Gen-IV SFR.
systems as atechnical supplement to the SDC report. The exhancement of Gen-TV SFR safely is
neinly focused on improving each level of Defence-in-Depth, including the 4% level, with
particlar attenion on the rotustness of safety dempnstrafions (practical elimination
demonstrations, independence of lines of defece). The definition of Defencein Depth and
plant sate follows the definition in IAEA SSR 211 (2016), which conslts INSAG-12 for the
Defencein-Depth principle: i.e. the plart siates shown in Figute 2 are operational states include
noriral operation and anticipated operational oeoarrences; accident conditions include design
basisaccidents and design extension conditions.

Levell Level2 Level 5
Plant states ( onsidered in de sign)
Operational States Accidert conditions ofste
emergency
S T Design extension condiions | TR0
operational or Wit of the design)
operation ceiderts Wih core
aecurences signicant el '
degradation g

gure 2 Defence-in-Depth Level and Plant Sates tincluding Severe Accidert) based on IAFA
INSAG-12 & S8K-2r1 (Rev 1, 2016)

Like Generation-III Li ght Water Reactors (UWRs), Gen IV SFR. safdty is primarily based on the
use of multiple redindant engineered safety features to lower the probatility of acd dents and 1o
it the consequences of anticipated operational occurrences and design basis accidents. These
safity features inludeindependert an diverse scram systerns, mutiple coolant pumps and heat
transport loops, decay heat rernoval systerns, and ultiple barriers against release of radloactive
materials. In addition to these featiwes, passvedtherent features for cooling and stutdown /
power reduction showld also play a significant role in the safety pecformance of Gen IV SFRs
by improving the diversity of safety systems and reducing reliance on electrical power and
external water sources during design etension conitions

For very low probability Design Extension Condit ons (GECS), the following two major groups
of accidents merit sperial attention due to challenges in desigring an SFR. to successfully
respond o these acciderts without severe consequences

| Number: 1 Authoriboris ___Subject: Highlight _Date: 10.05. 2021 165503 0200
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MAIN CHARACTEKISIICS OF GEN-1V SFK SYSIEMS
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A Sotium-cooled Fast Reactor (SFR) uses liquid sodiun as the reactor coolant, as it can
retantain fist neviron spectrum and allows high power density with low coolam volume fraction,
at low gresaure. While the oxygen-fee environment prevents corosion, sodium feacts
cherrically with air and water and requires a sealed coolant system. The current plant size
options range from sl modular reactors, 50 to 300 MW, to larger plants up to 1,500 MWe.
The coolant outlet termperature of primary system is 500 - 550°C, which allows the use of
matedals developed and proven in prior fst reacior programmes. An SFR. closed ful cycle
enaties generation of fissile fuel and facilitates the mranagement of minor actirides. kmportant
safdy featwes of SR systems include core reactivity caraderistis such as shotter neviron
lifetime, a large margin to coolant boling during normrel operating conditions, a primary system
that operates at near atmospheric pressure, and an imermediate coolant loop between the
raioadtive sodium in the primary circuit and the power conversion system Wterkstear,
titrogen and superctitical carbon-dioside are ammong the working fuids considered for the

power comversion system o ackicve high e iency, safety and reliatility.

Much of the basic technology of the SFR has been esiablished in fonner B reacior
programemes, and is confitmed by the Phénix end-0f1ife tests in France, the initial startaup teg
of Monju in Japan, the lifetime exiension of BN-600 and the stari-ap of BN-800 in Russia, as
well as the start-up of the Chira Faperimental Fas Reactor.

A tigh level of safety can beackieved for an SFR using a combiration of engineered active,
passive and inherent features, which may also acoummodats transients and bounding events
with significant safety margins.

fn SFR can be aranged in a pool lagout or in a compact Loop layout. The following Bhree
options are considered in the GIF SFR System Research Plan, with esamgles provided in
Figures 311034 (2]
» & Targe stze (600 to 1,500 MWE) loop-type reactor with mized uranivn-plutorium
xide fuel and potentially minor acinides, supported by a fuel cycle based o
advanced aqueous processing at a central location serving a number of reactors, as
showninFigire 2-1
»  Anintemediate-o-darge sze (300 to 1,500 MWe) pool-type reactor with oxide or
metal fud, as shown inFigures 2-2 and 3-3
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3. GENERAL APPROACH
3.1 Design Basisand Residual Risk

In the design of @ nulear power glant, compliance with the fundamertal safety ojectives! [1]
should be demonstrated for all iitiating events. Initiating events are identified and grouped into
a limited number of plant states, primarily o the basis of their fequency of occurrence.
Initiating events in the plant states [7], descibed below, provide the design basis? for the safety
design of muclear power plants, while the residual risk is not included in the glant dates
Situations to be practically eliminated are considered to be part of the reddual risk An
ilustration of design basisand residual risk is given in Figure 4.

1.1 Flant Statss for Design Basis

ol aperation — The plant is operating as intended, with afl plant parameters (temperiure,
pressure, etc) witkin the design ranges for normal operation, and is considered for the
development of design measures for Defence-inDepth Level 1 (1)

Anticipaied Operaiionaf Occurrence (AGO) - Inchudes events, which isnpt plant conditios
fromm their nomnal state and are expected to ocour during the lifetime of a plant, and which are
typically eaused by a failure or an inadvertent operation ofa singl e SSC, accemmodates by the
safely systems. When one slects iniliding evens in each plant siate, safety classificaion of
SSCs are taken into account in the relation of its femuency of failure. A filure of an active
system manufactured to normal indusirial standards would be trested as an 4 00, The expectsd
Freqpency of nceurrence of A0Os should be estimated aceording to component reliability, but it
showld not be lower than approvimately | % 102 per seactor year hecause such events may occur
during the ifetire of the plant. Flant conditions, expectedas a resdt ofan AO0, ars consideredd
for the development of design measures for Defence-in-Depth Level 2 [1]. Any significar
consequences ofan AOO should ke preverted (1o clad or fuel damageand 1o significant release
of radicactive materials).

Pesign Basis dccident (DBA) ~ Includes events, which are typically caused by the filwre ofa
single S5C with consequences of greater severity than those consideres for AOOs and whith

! The design of @ nuslear ower plant shall be such as to ensum that rediation doses to workers at the
plant andto members of the public do not excead the dase s, (Crterion J n SD¢,) The dose himits are
difined by cach national re latory avthorg.

# The range of conditions and events faken axplicitly info aceonnt in fhe design of a faciliy, according fo
established crifaria, sich that the facilip can withstand them without axc sading authorizs d limits by the
planned operation of safetp sptems. The authorized imits ave definad by aach national regulatory
authorip,
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ar nat expected t oocnr dnring the fifetime of & plant’ Ehhe expocted frequency of oceurrance
of TP i Toss tham | 107 per resctor yea, and as low as mpprescimately 1 x 107 por rosotor
ear or less, consistent with plobal probatilisic objectives asipned to core damage frequencies
Flanl, enuditions, expuetiad us a rosall, of w DDA, we omsidened for e develoymenl of safely
systes for Defence-in-Depth Level 3 [1]. Reactor and plant systems should respond to prevent
any sigiticant core damage or radioactive release exceeding acceptable limis. Although a
Timited number of fuel pin Filus may be scceplable, These should be prevented ws fir as

reasonably practical

Design Extension Condition (DEC) - Accident conditions that are typically of lower
probahility than design hasis sceidets and imvalve the failire of mare than ane SSC imporkant
o safety or part of @ safety system. Design extension coaditions should include accident
sequances that cooll lead to severe acident conditions and e considered for desian measures
o prevent core darmge wnd mifgale eon: damge v shown in Fige 4. Planl cond ioms,
expected a3 a resnit of meh events, are cansidered for the development of desin measwes for
Delimee-in-Depih Level 4 |1]

3.1.2. Sitmalions to be practicaily efminated stations and Residual Risk

Sitwations o e practicaiy eliminate ituationy  Spos e silufions, whose consequences cn

Teal o cirly or Tage radioactive relense wnd which nmol be managed by the desgn st
acceptable conditions, have to be practically eliminated by implemented design measmres‘[4]
These situetions Teve 1o be demonstrated cither us phydenlly impossible by design, o s
axtremely wilikely to arse with @ high level of confidence. Situations fo be practically
Climisated situations are part of the residual sisk.

Resvidual Risk — Accidenta with sufficienly low frequency due to the implementation of defence
in depths principle and not considered in the desig basis

2 pnas iied b the syt demonstraion are defined a5 envelopes™ of famiies of abwormal
aperating condliivns that gaher several initiaiing evenis of the same pe.

WA defision is as follons — “Event seqenees thet woald lecd r an carly rrdioceie release ar
a luge rahoacie release are neguired o be “proclically climinglec, the possliity of cerfain
comiions arising may he coiiders to ivwe Daen “proxticatly elbuinaied  1F it woub be phuicaily
mpossitic for the condiions o arive v [f shese conditions cauld be considorval vith @ high level of
comderse o be exTEUY Untikol) 10 e

DEEIBRBMIE e of 04 o e
Brevention
ai o
damage Preventign | * EEN It s sdons s Deslgn Basis
Situations s e
intstors e Severs e DU Filtors
Extension
Mitigation | Conditions i
o IARIENEON S ot e postltid st

Fignre 4 llstration of desipn basis and residual risk

3.2, General Approach fo Normal Operation. AOOs and DBAs

In the new SFR desipns. strong emphasis thould be piven 1o te prevention, detection aud
A SER must b desianed to allow for stable nomual

opration, which requires being able to conirol reacler lempenatures, wilkin s small nmgze sl by

contrel of accidenr sequences [5].

the designens, possilily ulso by varying the reselor coolmt Oow using the cookmt pumps, and by

Teveping the reactor power in Dalance with (e demand for power from the eletic grid Reactor

power is regulated nsing cantrel rads, which are meved in response to the changing demand for
power production, such that the steant flow rate and temperature at the turbine can he

maintained.

A0 are expeeted to be managed to retucn o @ nommal operation coudition by the plaut cantrol
provisim s fhal resctor shutdown s decay be removal systems s not required o openale.
lite the renctor shutdown and decy heat removal aystems should respord o AQUs iFneede
DBAs e managed by using safety systems to shut dawn the reactor and remove decay heat

These rapidly responding safiy systems cun be acluaed by using o signal from the plant (i,
the plant protection system that deteets an afi-normal condition of sufficient magnitude set by

< e gunerad GO and D for the sty amedsis aee selecied e envelops and representcvives of similar
i of evens, TR mast caws of ACES 1equire elisation of SIRN SRS Uch a5 UL
suaco shutcown ol decery ot wemeval, Actuatly AOU domaii lnelukes minor tbles, wikch desn't
require vhe automaic reactor shudown For swel caves meauires should be provided to dewer amd
coninel cl viations, from sormal ope ration in ordeefo prvent ACIOs from escalating fo aecidend condiions:
Plant equipment such as ol reactor control sustem and balaice-ef plant is used for tha: purpose.
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the plant designer) Ohhe goal, 1n cases of AUOS w DBAs, 15 10 ensure the reactn vure and

3.3. Genend Approach 1o Design Extension Coneltions

This documert is forused on everts that begin with a reactorBhaer normal power operation, as
the initial plant condition, crelding accidert conditions associated with foel hendling and
storage fucilities. The following section descries the general approach for the consideration of
DE Csin the design and imyolves iderti ing postulated everisto be included inDECs

231, Applicationto Design

Design provisions for DECs are assigned within the fourth level of the Defence-In Depth (DiD)
as shown in Figure 5. This level includes measwres for “prevention of core damage” in
“prevention situstions” and for “mifi gation of core damage” in “witigation stuations™

The goal of design measures in “prevention of core darnge” of DiD Lewel 415 o provide lines
of defence to prevent comditions leaing 1o significant core damage. Design features for
“prewertion of core damage” in DEC deal with accident sequenices that are typically caused by
Silure of one ar more systems related to safety, such as the reactor coclant puenps, followed by
filure of other safety systems needed to prevent eacessive power andior temperatures resulling
from. the off normel conditions of the plant. “Frevention sintions” of DECs also include
iitiating everts, more severe than hose in DBAs

Design measures in “mitigaion situations” provide design feabwes for mitigation of
consequences of postalated acci dents where signi foant core damage occurs, with the chjective
of maittairing the containment fanction to limit raci caclive release within applicable design
limits and practically dininating a large or eady release which would lead to wnacceptable
offsite consequences.

A5 described in the following section, design provisions to achieve In-Vessd Retertion(IVR) is
crucial for addressing “mitigation situions”, since the reactor vessel (RV) can, in this case,
serve as the boundary for relertion and coding of core material, limiting any threat to the
confairment.
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Description 5 not refevark for SOAER, Similar description about STAR could be useful,
boiling (g, fom mazimm coolart chamel tenperature in normal operation to sbo 000°C

until boiling) of the reactor coolart provides sufficient room to use reactivity feedback due to
thermel espansion of core components, as well as neutron leakage effects dus to the change in
coolant density. When the change in coolant density may conitute positively to the overall
reactivity, it is impartant that the net reactivity (with contributions from all feedhack effects) is
negativeto foster the potential for inherently safe betaviourin case of a ATWS.

Bussive sutdown systerns, such as the SelfAcuated hutdowm Sysiem (SASS) [6] are also
applicable. In SASS, a Cuiepoint magnetic alloy is wilized for autormatic de-laiching of
contrcl rods urder high coolant temperature aceidert conditions, higher than for nommal
operating conditians, but still below the codlant boiling poirt. 4 Hydraulically Suspended Rod
HR) [4 system (@lso called “Bowlevitated absorbers’), where the control rods are
antormatically dropped irto the core when the hydraulic force is reduced wer accident fow
reduction conclitions, could also be used. In fast reactors, due to the sensitivity of the cure
reactivity to newtron lealage, it is also possible to consider uing concepts like the
Gas Expansion Module (GEM) [8], where a decrease in core inlet pressue is exploited io
inrrease neutron eakage under a flow reduction condition,

Theseinherent and passive safety features should contribute to improve the dversity of safety
systems and to reduce reliance on electrical power and extermal waler sources.

cay Heat Removal (DHR)

Sinee an SFR is operated at nearly atmnsphetic pressure and at temperatives far below the
coolart boiling point, coolart leakage or a pipe treak does nob lead to the sams type of
Loss-of-coolant acci dent as postulated in an LWR, which has the potential for depressuisation,
coolart biiling and loss of conling capability. The reqirements for core coding of an SFR.
comprise keeping the sodium coolart level above the reactor core and the circulation of the
liguich coclart to an appropriate heat sitk for decay heal removal As long as these two
requiremerts are satisfed, significant oore damage can be prevested. Depending on the plant
siates, various measures such as the nonnal heat transport system, a separate sodiumto-air heat
exhanger, or any other system at would allow cooling of the sodium can be provided. Natral
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citculation ofa single phase sodium coolart can be effectively wilised if an adequate diference
in height is available bebween the core and the heat sschanger, e to the fk that sodiam hasa
refatively large density variation with temmperanire. Such passive Decay Heat Removal Systems
(DHRS:) can be placed in cifferent locations, e.g in the reactor vessel (RV) or in the
primary-/secondary-coclant cireuits. Altemative emergency cooling can be made available via
steam generators and guard vessels (GV's) for enbiancing div ersity

fessel Retention ([VE)
Foran SFR, in-vessel retertionis a safety design drategy aimed at ensuring long-tem retetion
of core materials inside the RV for any accident sitvation, including those resulting in
degradation or loss of core imtegity, by providing coolability of the core materials under
sub-critical conditions. This is typically accomplished by providing the means to kesp the core
submerged under the sodium coolant and the decay hest semoval paths available. Such an
approach can beakey design measwe to address “mitigation sitvations” for DECs,

3. Design Corsiderntions for Design Exiension Conditions
341, Avticipated Trcmsiovt Without Seram (ATWS)

Postulated ATWS everts cause animbalance between generated power (heat) in the reactor core
and its removal from the systern, either by the normal path through the power production part of
the plant, or by specific heat removal systerns. If adequate heal removal is not. provided,
substartial core degratiation will ocour, which may lead to severe consequences, surh as large
energy releases. Refiable means of mmintaining the balance between heat generation and heat
removal st be provided to avoid such consequences. This can be accomplished by ensuring
alternate means of stutdown, including the use of inherent and/or passive readtor shutdown, as
lng as sufficiert heat removal capabilily is also provided Frovisions for retention and cooling
of degraded of a core damage,

Provisions for ATWS can be sumrmarised as foll ows,

> “Prevestion of core danage”
Means for maintaining an aceeptatle balance bebween reactor power and heat removal
capabilities should be provided to aveid core damage, givenan assumed filure of the
active reactor shutdown finction in AOOs. These capabilities should include inherent
andior passive means. In order to temminate the acddent, means for reactor smtdown
should be grovided.
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Related Criteria in the SDC Report |ix Number: 2 Aasthor: boris Subject: Highlight_Date: 3. 08.2021 13:48:35 +0200'
Critarion 20: Design extension conditions o reley i, T shall be modiied for SOAR.
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Watrelerant, moAFEaton neces oy,

»  “Mitigation of core camage”
Provisions for prevention of a large energy release that could threaten the integrity of
the containment and provisions for long-term cacling of a degraded core to avoid
reactor coolant boundary fitwe, should be made availati e for achieving [VR. against
ungrotected transients? with core danmage.

Related Criteria in the SDC Report

Critericn 20: Design extension conditions

Criterion 44: Stuctural capability of the reactor core®
Critericn 45: Control ofthe reactor core®

Critericn 47: Design of rector ool pstors10
Criterion 31: Decay heat removd spster

4.2, Loss of Safety Systems for Decay Heat Femoval

In a situation of a failed DHR S afler the reactor has been stut down and the heat generation has
dropped to osly a few percent of the nowinal power shortly, the terup erahure of the reactor

© Criterion 46: Reactor shutdown
6.9, The means for shutting down the reactor shall consist of at least two diverse end indegendent
g stans. For design extension conditions, passive o inherent reacior shutdown capabilties shall be
‘provided to prevent severe core deg radation and o avoid re-criticality i the long rin
Unprotected tnansients” means accident sequences with failure of active reactor shutdawn gstem,
which include ATIFY.
# 3DC Critertan #4: Structural capakley of the reactor care
Por the design extension conditions, provisions shall be mchudad to avord m-crificalty rasuleng
‘potantially [arge machanical enargy relaase during a core disrupfive aceident
C Criterton 43 Control of tha reac or cora
6.6bis To avord signiicant machanical energy relsass diring a core disruptive accident, the reactor
core shall be dssignad o haw favorable neutrontc, thermal and physcal characterisics
congdering all reactvty foedbacks, tncluding sodum void worth, to mitigats the consequences of
such design extension conditions
Chiterion £7: Design of eactor coolant spstems
616515, Components which constitute the reacor coolant boundary, shall be dosigned fo maintain
tha boundary fimetion and o maaintain a sygfe et soduim 1aventory in the primazy eoolant pstam
case of aniéipaded transionts withous scram.
SDC Chaterion 51: Decay heatremoval st
619555, Moans shall be provided for the capabiliy of core cooling under postulated plant conditions
with core degradation
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coolant systern, including the core, coolant and reactor coolant boundary, increases. The rate @ Moo 2 Authoribots Subect ighlght_ Date: 3, 05,2021 142153 40200

which the temperature increases depends o the overall heat caparity of the systerm, Bhd it may Trstead of [evel Reduction, LOCA sha e spphied here

take along time before reaching temperatures that would threaten the core ar system integrity. It [ Mumber: 3 Autther: baris Subject; Highlight Date: 10,09, 2021 204507 +0200

Da ot agree. Core uncavry is Fe predecessar of a core damags ¢ m eking, for which we have the COF Timit. Core meling & 3 brpical DECZ
is therefore possibleto consi der recovery actions for filed DHRSs andfor to implement backvp event {ar maybe fuel m elting with uncavered care is etusice of the DEC conditions 7.

cooling meaures, before reaching wacceptatle tempertires for SSCs. Howewer, if no heat

|a Mumber:4 Awthar; boris Subject: Highlight: Date: 3, 08,2021 140443 +0200"
sink is available the codlant boundary will evertually fail due to creep damage, leading to Hot refevant
release of rdicactive fission products and sodium vapows into the containment, Such dtuations
should be practically eliminated by design measwres for enhanced core codling capabilities
(described in Section 3.5.3). Provisions can be summarized as follows.
> “Prevertion of core dammge”
Extension of the DHRS (normelly designed for DB As) capatility should be cansidered,
and other altemative cooling provisions chould be made available to prevert core
darrage and reacter coolant boundary filures due to ovetheating, gven the asmumed
causes of DHRS filures as DECs.
Related Criterion in the SDC Report
Critarion 51: Decqp heat removd spstem™
3. Reartor Coolart Level Reckiction
If the core is uncovered, following events causing a reduction of the reactor coolant level, it is
impossible to avoid core melt. Depending on the course of the accidert and under some
cireumstances, significant mdioactive matedal would be released into the containment
amosphers. D ey ———— e )
design measures (descaibed in Section 3.5.3), Provisions can be summartsed as follows.
#2 SDC Criterion 51+ Decay heat vemoval systam
6 19 The decay heat remo vl g stems shall be desi gned as fellows:
a) To provide diversity to fhe axtent practicable and redundancy for yedueing cormon eause
friluras, ineluding axtemnal events.
B Tobhevent froezing of the sodium coolant to avoid blockage of coolant cireulation, and
o T provide defection and decay
6 19b1s. In design axtension eonditions, means for deeqy heat trangfey shall be provided, Tn addition
to o decay heat rewoval pstem for anficipated epevational sceurence and design-basis
accrdents, with tha condifions Risted below.
@ The cooling of the reactor core 1s possible even under extreme exfemal hazards and their
consequences, such aslong-term loss of all AC power supplies,
B Passive mechanisns are used fo the extent practicable, and
&) Deep heat has diversity fo the
20
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> Prevertion of core damage” ot relevant,

cactor Vessels (RVs) and Guard Vessels (GVs) should be designed, manufuctured,
installed, mairtained and inspected to fave the highest level of reliatility in order to
prevent double lealkage fom RVs and GVs. For a loop-type reactor, measutes for
ensuting a mivimal primary coolart level 1o prevent core damage should be provided
ageinist postulated leskage fom the primary loop componetts and giping If double
Leakage fiom RV and GVs cannot be practically dlimminated, the situation as o be
considered for TPl EmMEnting GesIgR. provisons

Related Criterion in the SDC Report
Criterion 49 Level of reactar coolant®

3.4.¢. Conditions Considered for DEC Design Provisions

When. considering design provisions for the prevertion of core damage and mitigtion of the
potential cansequences of DECs, the following aints needto be taken into account
> Identification of expected s feky fancions
> Identification of acci dent conditions for the expected safety fancti ons.
> Designto ensure performance under a postulated accidert condition and, if necessary,
design to ensre perfomnance of any required supporting system, mch as plan
protection and corbrol systems, and power supplies, under the postulated accident
concition.
» Provision of emergency operation manwals for accident diagnoss and management
actions, ifnecessary
»  Perfurming safety evaluations vith valichted aralytical codes The evaluations will be
based on best estimates to show that design Limits are not exceeded.
> Perfurming reliahility analyses to review risk reduction effects agsinst the initiating
event; to cornglemnent the detenministic analysisas needed.
»  Consideration of the independence of the selected design provisions fom other safety
related S5Cs.

B 5D Criterion #9: Lovel feactor coolant
Guard ve ssels and guard pipes shall be designad so as fo mantain the sodium surface of the primary
coolant @Fem af a level necessarp for decay heat vemoval  the case of @ sodsum leak aecident 1
the primary coolant spstem. Due considerations shall be taken of @ dependent fatlure and a comvmon
cause failure between the reactor vessel and the guard ve ssel, as well as between main coolant pipes
and guand pipes. Provisons shall be made fo reduce the amount of sodium that leals from the
primarp coolant spséem in case of a failure of the reactor coolant boundap.
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» Consderation of testability of the abovementioned provisions Since simmulation of
severe plant conditions in DECs are generdlly not possible during normal reacor
operations, a best-estirmate andlys's based on related data, including those obtained
during normal reactor operati ans and their extrapolation, those obizined in exp erimental
installations to faulted conditions as far as possible, will be used 1o evaluate the
effectiveness of the safety fanctions troughout the life-time of the plant.

Frotbilistic Safely &ssessments (PSAs) should be implemented a1 the design stage to support
the estimated probability of failwes for iritiaing events, and the adequacy of the design
measures for addressing events in DECs. PSA results will also provide the means to evaluate
et no particular feature or initisting event makes a disproportiosately large or wicertain
contribution to the overal risks

3.5. Practical Elimination of Accident Situntions

This section describes the design approach for practical dlimmination of accident situations,
examples of induidual situations and considerations for design measures

One of the tighlevel GIF safely geals is “elimination of the need for offsite emergency
response”. In crderto achieve this goal,all scerarics that could lead to earty or large release of
rdicadivity to the enviroment need to be prevented, mitigated, of practically diminded GIF
SFR SDC and 8D approach places an emptasis on prevertion, and then on mitigation

Some scenatios for whith the mitigation measures may not be sufficiert 1o marage the core
camage and subsequent release of radioactivity (or they are too costly to implement) will Tave
10 be practically eliminated. These stetasios are vsually designpeciic, but the selected list
inrluded in the 8DG repart is feirly common set of pract cally elimirated accidents cons dered
for the Gen IV SFE design tracks

251, Application o Design
»  Anearly or large radioactive release is sabject to the practical elitrination approach
» Dhe approach shoutd be applied to any speraion sate of the plant, including fud
handing and spent foel storages

v

Sitvations, which mmy lead to carly or large radioactive release and which canadt be
nitigated under acceptable conditions, are idertified o be pradically climinated by
implementation of design provisions

> The approach is intended to demonsirate that the identified situation is physically
irepossible by desgn, or that the implemented provisions reduce the likelihood to a
reidval tisk witha high degree of confidence,

2
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Section 2 2.4 Frevention of cliff edge efect; Whvere accidents tiat could lead to a Motrelevant.

significant and suddon vadioactive yelease, nat veasonablp memagechle Iy design
irproverent, shall be prastically diménated by appropriate design rovisions

.52 entfication of Situctions 1o be Fratically Rtminated

Al potertial situations which might lead 1o early or lrge rdioative release should be
considered as the situations to be practically eliminaed. Some emmples of sitvations o be

practicallyBliminated are as follows

(1) Severe events with mechanical energy release excescing the capatility of the cortainment
> Powwer excursions for intact eore simations (during power opemation)

vBasge gas flow trovgh the core

+ Large-scale core comyaction
+ Collapse of the core support structures
Note: As far as reasonably possible, severs acciderts have to be mamaged with
mitigation means, before inpl ementing = practical elimination demanstration.
(2) Situations leading to failure of the containment with a risk of fuel damage
> Complete loss of the decay heat remaval fndions, leading 1o core darage and failure
ofthe reactar coalast oundary
> Blors uncovering dve to sodivm inventory loss
(%) Fuel degradation in the fiel stomge or when the containment is not funcioral due o
meinterance (e.g. opening containment for replacement of large equipment)
> Core danage without a fanctioning containment
» Spent fud meltinginthe somge

Table 1 shows the reasons for chaosing the specific sxanples for an SFR. An exargple of an

appreach to identify situations o be p in Appendis (4).

In practice, situations to be practically eliminated will be detennined by giving a concrete shape

to the design step by sep. of stuations to be practically eliminated should be

made as the results of tmdeoff between practical elimination and ritigation Robust desion

provision chall be provided for_the of the practical elimination Design
ball be made, ifit isnot suffi cient to the

3
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3. Design Considerations jor Stuctions to be Practically Hliminated

(1) Power excursions for intact core situations
Large gas flow through the core

The primary coolant systerm shold be designed to prevent or limit cover gs
entrainment from the sodiun free suface in the reactor vessel and to limit or prevent
gas aceumrmlation in stroctures and comp onets submerged in sodum. In addition 1o
the gas enrainment fom the sodum free surface, any gas generation and resase
consequences which poesibly ooour in the reactor coclant system, including Sesion gas
release, should Gasrelease paths where
amight ocow. An evaluation should be rade to show that an acedental gas ingress,
entrainment and transport through the core does not cause prompt crificality. Such
accidertal gas ingress might kappenin abnormal conditions, &g, asa consequence of a
primary pump over-speed.

Related Critetia in the SDC Report

Criterion 42bis: Fiars spstem pexfornence ofa sodiur-cocled fst reacior

Criterion 45: Covtrol ofthe veactor sove

Large-seale uure compaction

Reactivity insertion, due to motion and deformation of fuel assermblies and other
asserriblies such as control rod assembly and shiel ding asseribly, should be limited to
prevent cors darage following any possible causes, including earthyuakes Due
oot detation shovd be teken o the fuel assemby design b prevent, compasion
Adeciate siffess of the core ould be enared for each platt e, throvgh the
auitahle design for the core sthasserrblies, core support plates and the core resirairt
system, if provided. The gap betumen the core subasserntlies should be adequate
taksing any core coniiions asswned i noal opereton, ¢ 8, reacker shutdovn sate,
nominal power operation, and partial power operation into account,
Control rod insertion should be assured with sufficient geometrical clearance margin
for  large earthepakee. Tn order 1o mairiain suberitical conditions afier contral rod
insertion, when the contrel rads dissemnected om the dive maechanisns, the upward
smovernett, ofthe inserted conteo rods shodd beisited during an ek

Related Criteria in the SDC Report

Critzrion 42bis: Flant spstem pevformanse of @ sodiun-cocled fist rearior

Criterion #4; Suctural capability of e vecctor core
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Bl cattapse of the core support sructurs
The care suppert siruchure should be designed to ensure a sufficient safely margin,
subject to design rules required by the regulator and includingthe uncertainties against
mechanical and themal loads. In addition, it should, during its lifetime, cope with
environmental conditions and aging of core support siructure materals, The core
suppatt strusture shall not undergo bigh radiation dose. Ogeration of this Sructure in
tittle dormein is forbidden. A minimun material ductlity should be preserved untl
the end of lift of the reactor. In normal operation, temperature of the core support
structures should remain in the domain of negligible cresping of the deirless seel
Dietection of potential core support defommation or failure should be provided, e.g
inspection capatility by using utrsonic deteciors and monitering plant parameters,
such as flow rates and temperatures.

Related Criteria in the SDC Report
Citerion 42bis: Flant system per formance of a sadéurn-cooled fust rece for
Criterion #4: Stuctural capabiliy of the veastor core

B Compiete 10ss of the decay beat removal function, leading to core camageand faifure of the
reactor conlant boundary.

» FarDBA, a docay heat removal system should be provided fo deal with iniiating cverts
typically cavsed! by single filure ofan SSC

> For DEC, desi g measures should be provi ded againg! initialing everts, which are more

severe than DBAs, or which originate o naultiple lures of SSCs.

Proventechnology, based on the design, construstion and operation expericnce of SFRs,

should be applied 1o the basic desiga of decay heat removal 5y dems

> Extension of capabilitiesto deal with DECs, e.g. addtional decay heat removal systerms,
increased capaciiies of heal removal, and operation with patural as well as forced
circulation, should be considersd. Application of mobile power sowoss and rmanmal
operations can reinforce the design in case of exireme cxtemal hazards of low
probabiity even with their uncerairty ofavailability.

» Bhsiring diversity in sydems is essential for improving the overall reliability
Redundancy of systerns does not bring the same seliability benefts, It is requiree to
mainiain heat removal funclions, oven under postulated scvers extsmal hazards, suchas
carthquakes, flooding. tsurami and missiles eading 103 common cause fallure. Physical

v

separation of the diverse or redindant systems can firther reduce the potential for
cormman cause failures

- breach of the pressure vessel
- prompt critiality

- Ioads endangering the containmsnt irtegrity

- 1035 Of heat rem oval from SF storage causing fuel damage
- 1035 of coolant accident with open containm ent building,

i Mumber:2 Authoriboris ___ Subject: Highlight _Date: 5. 08,3021 11:40:71 40200
TGt reTev o
[ Number: 3 Authoriboris ___ Subject: Highlight _Date: 5. 082021 11:45:45 40200

“The Con s AeF#tiar oF Care com Bachan Should Be re-evaliated, The eNmiFatian oF prom bt s U ercricaTRy & more General Fequiemert, The
1055 of the shutdown system i5 3 typical DEC eventfor which desigh prowisions shauld be made,
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Tee previotss com ments. IFERTs SFURT o Includes the 105 of passive DEC safety systems, 1¢ sl be eliminatsd. OFierTo5s o RFR stations
are not subject of practical elimination

cifuthon bors ___Subject Sticky Note Date: 18.08. 2021 214547 +0200
"The scenara Tl Shauld hot 12ad B Tge £y releate, ad a5 3 Consequence, F1 ok SUE]dk 6F prackical elminatian.
i Mumber: 3 Authoriboris __ Subject: Highlight _Date: 15. 08, 2021 21152:32 +0200
The role of dwersfly and redundancy s ot the sam e, Ehelr relBITEy benefls cannatbe com pared.
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» Mo ser srouia proacisvely uitsse sts natural circulatson capabrlity Lo an ultrate heat

sink (atrnosphers), since this can significantly contritute to improving the reliatility of \‘TE“{’“”T’"Q - Author: boris Subject: Highlight Date: 18.08, 2021 23:35:37 40200
et releran

the heat removal capatility, even wnder long-term loss of power supplies. Natural
circulation can e used asa measure for DB As, aswell as for DE Cs.
Rotust dempnsirations of practical elimination should consider independence between
safely systemns for DB As and decay heat removal capabilities for DECs. If necessary,
additionl indepersdent decay heat removal systems should beinstalled,
1t is necessary to clarify all credivle factors leading to loss of decay heat removal
function and to demonstrate that measures can be isnplemented to overcorme all of them,
“Crecitle factors” events
of regaited safely related systems, struchures and components (ncluding common cuse
failures and dependent filures of recundant systems). Broad range of situations
including irterral and exterral everts and associated plart states (A0Os, DBAs and
DEC) should be comprehensively considered to assess their infuence on decay heat
removal fanction.
> Each system, related to decay heat removal, showld be able to demonstrate that it can
perform its function as expected.

v

v

potential subsequert Brilures

Related Critesia in the SDC Repott
Citzrion 42bis: Flant system pexormance of a sodéurn-cooled fust reatior
Chiserion 51: Decay heat removal sysiem

[3) Coreuncovering daeto sosium inventory loss

» The F¥s and GVs chowld be designed, mmaufictured, ingalled, maittained and

inspectad to havethe highest level of rdiabitity:

> Due design considerstions should be faken 1o prevent dependert filures and commen
cause failires between RVVs and GVs, even under postulate severe esterrel. fazards,
aachas carthauakies
The reliatifity ofthoss compononts may alsa be tell mged by a faiture ofany adicining
55Cs. The impact of scha filuwe should be prevented Wherever possible by fayout
opitmisation andor provisian of adequate protection by features designed to witheland
the global and ocal Loads which may be placed onthem.
n cass of & RV lealage, the GV should be des gned considering a single fifwo in the
pressure cortral between the inside and owside RV a that the reactor core raains
covered and the decay heat removal paths are maintained.

v

v
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ble 1 Examples of Situations to he practically eliminated for an SFK.

SFR.

Situations to he practically Reason for choice
eliminated

Power excursions from intact core | In case an accident invelving uncontrollable readtivity
situations (Extreme initialing everts) | insertion of more tran 18 occurs, it may lead to prorpt
criticality and a severs power excursion either LWR or
SFR.

Dueto physics of fast neviron spectrum reatars, the
SFR. cores are ot in their most readive configuration.

Therefbre, the possible causes of such reactivity
insertion in SFR, suchas large-seale gas cnfrainment
through the core, large-scale core compaction, and
collapse of core sugport structure, should be prartically
Jisvinated o measwes
for them may ot be effective to provent an carly or
3.

farge relcase of radicactivit

Corplete Toss of heat removal Ifno heat sinkis available, a codlant boundary failurs

fanction that could Lead to core
camageand fiilure of the reactor
coolant boundary

will oceur, ether due to creep damage anywhere in the
primary and secondary coolant systerns, o from
melt through by degraded core naterids.

Coreuncovering due to sadium
iwentory Loss

Ifthe core becomes uncovered, i is impossible to avoid
a core melt, Depending on the cowrse of the aceident
and wder some eircurnstances, g ficart radimckive
‘materials wld be rdeased into the cortainment
atmosphere.

Core damage during maimtenance, or
spent fuel melting in the storage

Ifa core damge or fuel meliing occurs during
mairtenance (when the containment is not fancioral),
oratthe fuel storage outside the containmert,
significant radioaciive el case might happen.

This tatle provides cwamples not intended to be comprehensive and ot implied 1o be
generically applicable to all §FFs. Tt should be established in the fame of detailed design and

safety analysis




ECC-SMART Project
D5.1 Safety criteria and requirements for the SCW-SMR concept

Page: 19

[ Murniseri 1 Authoribonis ___Subject Highlight _Date: 26,05, 2021 1057112 +0200
Oy CoREraTaTE, ot £t GHETeS

Contral 1od insertion should be assured even in case of deformati m of core components
dueto, for insance, imadation or design basis earthquales. The reador shudown system,
which functions as reactor controller under nomnal operation, &g, reactor startup and
power regulation, should also be designed so that any failure of the contrdl fundion, such
as contral rod position change by motor dive mechanian, shouldn't affect the reactor
stutdovn fnction.

Felated consideration

The reactor core shold be desiged to have favourable inherent safety charactristics, eg
anegative power coefficiert, to selflirit any reacior power increase in case of reactivity
insertions,

e3.gn consderation
& Duration of s guel transmiting and processing to actuate conral rod insertion
 Luration of control rod insettion

«  Reactivity warth of control rods

¥ (Reactivity characteristics of reactor corg)

(32 Diversity and independence
> Functionl recommendatioms
Twn shutdown systems shauld he designed to Tave independence and dversity to the

extent racticable to prevert cause failures. Examples of are
¥ Different structwes/mechanisms for rod insertion, different designs for the control
rods and their guide tbes

" Plhysical separation of electric distribtion boards and catles, i slated amangements,
divided by walls, el
 Eleciricd isolation of protection system

Detection parameters for the reactor shutdown systems should be diverse to the extent
pracicable
At Ieast one of the two reactor shutdown. systerns should be designed according to a single
failure criterion that applies to componerts of actuation mectanisms, detectors and sigral
provessing systerns.
Fail safe features, such as control rod insertion by loss of the hal ding finction in case of
electric power supply filure, shovld be considered.

» Designconsideration

¥ Elecrical and physical separation
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¥ Diverdfication of design (eg detection parameters for reactor shutdown, a |ix Number: 2 Aathor: boris Subject: Highlight_Date: 26.08. 2021 135836 +0200
comitination of prograarrable digital 1&C sydtem and diverse systerm with a Tt relevant

diffevent operation principle. )
¥ Fail safe measures

(3:3) Congideration for. conditions

»  Funclional recommendations
Throughout their 1ifc in the reacter inctuding conditions during DBAs, two sutdovm
systems should be designed to wihstand environmertal conditions, such as imadiation,
temperature, chernical effects, gecmetrical changes

» Desiga consideration

 Terrperature, irradtiation effects Bl sodiuem enviroremental concitions, uver s

lemun with sockum aerosals.

Reactor Shindown for DECs
(1) D¢
“For design extension conditions, passive o inherent reastiviyy veduction eapabilties shall
be provicid fo prevent severe core degradtion and to avoid re-criticaiity in the long run.”

(2) Design concept
Passive reactivity reduciion or feedback cagabilities, several different meckarisms, inchuding
those responding to coolant temperature increase or coolant hydraulic force change
Inherent seactivity reduction in balance with heat removal capatilities due to negative
reactivity feedtack from Doppler effect, asial and radial expansion of core and structure Bhd
even sodivn expansion effects, i f desi gned accordingly.

(3) Funcional recommendationsand Design consideration
(3-1) Cagahility of passive or inherent

»  Fuctional recommendations
Adequate combination of passive reactivity reduction, passive feechack and irherent
power reduction capabilities should be provided in case of an ADO witha failure of the
active reactor shutdown systems, to avoid exceeddng the design limits for DECs.
1) Passive reactivity reduction or feedback mechaniss shold be designe to provide
sufficient negative reactivity within an allowable time and to be activated and
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conditions shoul d be provided in case of failure of the active shutdown systerns. This chapter s very specific for SFR; it has 1o be re- evaluated for SOARS
» Design consideration
¥ Reactivity needed for sa fe chutdown
¥ Pammeters for moritoring the reactor condition after an accidert.
(34 C for condifions
¥ Functional recommendations
Passive reactivity reduction or feedback mechanisms showld be designed to withsiand
environmental conditions and to waintain insertion functi on throwghout the lifetine of the
reactor and DBASDECS
Reactivity effects of inherent reactivity reduction capabilifies should beassured throughout
thelifetime of the reactor, considering environmental conditions.
» Design consideration
¥ Effects of irradiation and temperatore Qquict sotium environmental conditions, and
aeometrical changes
1.2 naitigation of Core amage
The witigation functions of core damage are defined in the Criteria 44, 45, 47 and 51 in the
SDC for GIF SFRs. Therelated design guidelines are presented below Objectives are to prevent
prompt criticality in the course of core degradation and to ensure the cootability of core debris
Design measures against core damage from unprotecied tansients should be imgl emented for
the following accident phases, accorting 1o the progression ofa core damage:
¥» Initiating phase, accident phase fom intad state wp to inter-subassembly materal
motion onset, i.e. subasserntly duct failure
P Transition phase; accident phase after initicting phase vp o the establishment of stable
caoling conditions
> Postaccident heat removal: stable cooling condition for a long term
Mitigation in Iniiating Plase
(1) e
“To avoid significart mechanieal enorgy relecse dwing a core disryptie aciden, the
veactor core skl be designed to hae fwcurable neutronics, thermal, and physicdl
kS
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chavacteristics, corsidering all reactivity foodbaris, metuding sodium void worth, to itigate g Mumoer:2 sfhorcbos SubjectiHighlght Date 10,05, 2021 184605 40200
the conseguences ofsuch dasign extension condtions. ot et 1t
[ Muraber: 3 Aufthoribons __ Subject:Highlight_Date: 10,0, 2021 18616 +0200
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(2) Design concept
i Mumber: 4 Authoriboris __ Subject:Highlight_Date: 10,05, 2021 184621 +0200
Jarious care designs with di fFerent output power, different fuel material, ie. oxide, metal and Fetreler s
nitride. 4 common cote geometry consists of fuel sutassemtlies containing the fuel pins in [ Humben 5 Autthr: baris Subject: Highlight _Date: 10,09, 2021 184630 +0200"
ducts of hexagonal cross-sections, typically referred to as subassembly ducts or heg-cans, Fatrelevant

(%) Functional recommendations and Design consideration

3.1 Liriting the total reactivity during umprotected trandlents

» Functional recommentations

Core reactivity characteristics should be designed 50 as to prevent prompt riticality, i e
e < 1% during the initiating phase of unprotected transients. Positive reactivity effects,
as sodiura beiling, sheuld be limited 50 that negative realivity effects g, Dappler
effect, fuel expansion and Biled fuel disperdon are sufficient to counteract the positive
reactivity effects. Design parameters, ich as sodtum velume fiachon, core height and
ather geometricparmeters, should be propedy chnsen based on the effects of sodkum void
worth duting transients,
¥ Design consideration
¥ Core reactivity characteristics Bbdium veid reactivity, Doppler cffect, fuel axial
expansion, core radial expansion, control-od driveline expansion, eic)
v dium wolume faction and core height and geometry (eg heterogeneous
armngements, sodiven plemni)

321 Facilitating fiel reactivity effects

»  Fuctional recommendations
Core design parameters, such as core heght, shovl d be property chosen to obtain effective
negative feedback due to filed fuel dspersion Fuel reactivity feedback is dependent on
the choice of fuel type for the reacior. The effects should be appropriately included in
transient analysis ofan accidert.

> Dedgacomsideration

« Choice of fuel type, core height
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» Design consideration
« Molten firel relocation characteristics
« Molten fud relocation path
¥ Coolant flowand re-entry paths to the core.

evention of Reactor Coolant B oundary failures

(1) D¢
“Corponerts, which consttuls the reactor coolant bounday, shall be designed to rairtain
the boundiry inction ard to mamtatn @ suéciont sodtum invertory i the primeary coolant
spstem in case ofa core disuptive aecident "

(2) Desiga concept
Prevention of reacter coolant boundary failures against mectanical load. (Countemmessures
depend on the reactor struchire design)

(3) Functional recommendationsand Design consideration.
(31" Prevention of reactor coolant bonndary filures following mechanical loads
> Functionl recommendatioms
The reactor eoclant banndary should smaintzin its boundary finction following pressure
Load: by fuel-coolart interaction (FCT).

» Dedgncomsideration
¥ Choice of fud type, inlet and/or oullet design of core asserblies, plem geometry,
structural design of reactor coolant bowndary components, material sirength,

3.2) Prevention and mitigation of sodiurg election from 3 reactor cover gas o duetn
mechanical loads
» Functional recommentations

Reactor cover gas boundary components should withstand pressure loads 1o prevent
sodium g ection into the containment, inchiding any lmds induced by FC1 Design
measures, such as strengthensd seals of plug structures, including rotating plugs for fud
handling, should be considered.

IVit gation provisions aginst sodium  ection showld also be implemented as needed
» Dedgncomsideration

' Structural design ofreactor cover gas boundary components, material sirengh

£
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(3-3) Prevertion of aver pressure
> Functional recommendatios
IMeasures should be provided ta cope with ternperature and pressure increases due to heat
genration and accumulation of fission gases, released from a degraded core.
» Design consideration
¥ Ingiallation of pressure relief devices, such as safety relief valves at the reactor
cover gas boundary

st A ccident Heat Remowal

(1) EDC
“Mocars shadl be grovided v the capability of core cooling nder postulated plad conditions
with core degradation”

(2) Design concept
Retention and cooling of a degraded core
Depending on reactor cure characteristics, pecfomn the retention function with an existing
compenent or structure, ora dedicated structure, e.g. core catcher

(3) Functional recornmendations and Design consideration.
(3-1) Retention of s degraded core
P Functional recommendations
Measures should be provided 1o retain degraded core materials to facilitate post acddert
heat removal. Re-criticality of 2 retained degraded core should be preveted duing the
post-accident heat removal phase. The retention structure should resist the therrmal load
froma degraded core, as well asmechanical loads, including any loads from FC s
»  Design consideration
« Design of any strcture intended to relain degraded core materials, including the
core inlet glenum, core support structe (form, sirength), moterial sirengih
chamcteristics;
¥ Coolatitity and re-criticality of degraded core materials;
¥ Fuel retention capacities for such structures;
L relocation of degraded
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1. Frovention of Uove Uncovering
) e
“Chiardlvessels and griard pipes shail be designed so s to maintainthe sodum surfiee of the
primany coolart spstem & & level necessap v decqy Peat removd i the case of  sodium
lecie ascident m the primerp coolamt spstem. Due eonsidevations shall be taen of @
dependens fielure and e commen cause Jailure bebween the reactor vessel and the gurd
vessel, as well as between mam coolant pipes and guard pipes. Provisions shll be made 1
reduce the amount o sodiun that ledls fram the primayy coolant spstem i cese ofa fisture of
the veetor coclamt boundery.”
(2) Design concept
Guard vessel,
Guard ipes (option for loop type)
(3) Functionl recommendationsand Design consideration
3-1) Guard vessel
> Fuclional recommendations
A Guard Vessel (GV) should be installed to enclose the Reactor Vessel (RV) o that the
readtor sodum lovel can be mmintained in the RY following a sodium lesk. The gap
volume between the RV and the GV should be limited, so that the sodium surface level
inside the RV should, during a safe shutdowm state, always be above the design imit lewel
for sodiutm circulation (EdL; emergency sodivm level)
» Desgn consideration
¢ Gapfrelume between the reactor coolat boundary and the GV (guard pipeas loop
type optiony
« EiLinRV
(3.2 Prevention of doutle fafure of the Y and the GV
> Fuciional recommentations
T order to swbstantiste the pranical elimination of core vacovering, the conditions for
preveating double falarc of the RV and ihe GV are givenas follows
Ensure the rliskility
The RVs and GVs should be designed, mamuaciured, insialled, mainained and
inspected to have the highest level of reliability
39
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prevent core damage under severe leak conditions, such as muliple leaks in the primary | Mumber: 2 Author:boris ___ Subject: Highlight _Date: 36, 08, 2021 200243 40200
loops, decay heat removal rneasires should be provi ded, e g, enabling an in-vessel cooler Requirements conceming the DHFE are relevart.

o be operable in. case of low sodium levels without coolart circulation in the primary
coolant logps.
» Design consideration
¥ Armangement of the primary coolart system (e.g. vertical position of the horizontal
parts of prirary pipes), sodium quartity

2. Decay Heas Femoval for DEA
(1) D¢
“The decap heat vemoval spstem shall be designed as follows
(@) B provide diersity o the extent precticable and vadundancy By vecieing covmon
cause faikures, including externad events
(3) B prevent froezingofthe sodisn coolamt o avoid blockage of coolanteirculation, and
() B provide detection anel vutigation mecswes agaivst postated decqy heat fuid
ledles.”

(2) Desiga concept
Various optians for system configuration, nuenber of sub-systems (DRACS, PRACS, IRACS,
RVACS, SGAHRS eic) as safely systems. A secondary sodium loop connedted to an air
cooleris atypical DBA comtermensure.

DRACS; Direct Reactor Awmiliary Cooling System

PRACS, Primary Reactor Ausiliary Cooling System

IRACS, Intemediate Reactor Ausiliary Cooling Sydtem
RVACS, Reactor Vessel Auxiliary Cooling System
SGAHRS; Steam Generator Ausiliary Heat Removal System

(%) Functional recommendations and Design consideration.
B-1Basic capatility ofa DHRS
> Functional recommendations
4 Deray Heat Removal System (DHRS) should be able to cool the reactar core
immeciately afier reactor shutdown and for as long as needed time. The system
configuration and heat removal capacity of DHRS:, as well as transient characteristics,
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such as flow coastdown of the primary pumps, should be set not to exceed design limits of
A00sand DBAs, as discussed in Section 4.3,assuming a single failure
» Design consideration
¥ Heat removal capacity 0f DB A measures
¥ Decay heat charaderistics
¥ Pump coagtdown
 Pritary coolant system heat capacity
3-2) Enauring reliability ofa DHRS
¥»  Functional recommendations
In order to avoida common cause failure in case of DB As, inchiding intemal and exterral
tazards, redundancy, diversity, physical separstion and independence should be
adecuately provided. DHRSs should be designed o have recndancy and diversity for
ensuring sufficient core cooling caparity against AOOs and DBAs, considering loss of
offsite power and single failure of components. For instance, thres systems at 100% of
the capacity required for decay heat remaval, or four systems at S0% capacity, wauld be
provided, considering one system failure a5 an initiating event and a single filure in
another system, depending on the design
Diiversity in the system configuration and/or operation mode (forced ciroulation and
natural circulation), as well as physical separation, should be introduced.
»  Designconsideration
 Redundancy (munber of subsystems and their heat removal capacity)
 Diversity (system level, component level, mechanizm level (ie., forced/matural
ciroulation))
¥ Layout, physical sepamtion and independence (protection against intemal and
extemal hazands)
¥ Emergency power supply systern, i required (the capacity and the acivation time)
! FPrevention of coolant freezing
¥ Functional recommendations
In order to prevent sodium (or other types of coolant such as NaK) Freezing in DHRSs,
design measures, such as keeping a minimum fow rate, providing an clectdc heater, o
fot gas blow heating, should be provided. To prevent freezing in the air codlers, design
measures should be provided, e.g. keeping sufficient circulation in the sodium circrits and
42
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independent control of subsystemns for prevention of cormnon cause failures due i
el fanction of the air flow regiators and blowers
» Designconsideration
¥ Openting terperature (standby temnperature)
¥ Heal exhange of air cooler (control

[0h.43 nieacures agamet soctum leaiss

¥» Functional recommentdations

Design provisions should be mads for the prevention and early detertion of sockum (or
other types of cootant such as Nak) leaks, £.g acrusol and cortact type detedtors, and for
mitigation of the effects of chemical reactions between sodium and air or water, e.g. guard
fipes or enclogures, sodium drain systems.

» Dedgnconsideration

+ D for prevention, detection, control, and miligats

413, Daccy Hoat Femoval fir DECS
(1) D¢
“Bi design extonsion conditions, waams Por deccp hect trangfey shil be provided in addtion
to a decay heat removal system for antisipabed operational cccience and designbasis
accidans, with the corditions listed below
(@) The cooling of the reattor core is possible even under extreme extemal hezcrds and
thetw consequences, sush as long-termn doss of all AC powe supplies,
() Passive mechanisis ave used o the extend practioable, and
(¢) Decay heat ewoval spstem has diversity to the extent practicable. ”

(2) Design concept
Funclional extension of the design measwes dedicated to AOOs and DBAs to cope with
DECs
Providingaltemative cooling measures, in addition to the measures for DBAs

(3) Functional recommendations and Design consideration
(313 of deges caahilities
»  Fuction recommendations
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core geometry is preserved and should be coolable, and the reactor coolant boundary
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gas bonndary, and containment should uphold their bamier functions

For SCAR, this requitem ert should be formulated for film boiling (boiling crisis]
Typical indices for design limits of the reactor core are the maximim temperatures of the fusl, [ Humber: 5 Author:boris___ Subject: Highlight _Date: 26, 08. 2021 204246 +0200
clarsing, and cootant Bloolant noiling should be prevented to maintin the cosling of the MOETElerant o Waler Conlee reattors

reacter core, and tolhit its contributicn to the nel reactivity

Cladding failure during nrmmel operation and AOOs should be aveided and specified
acceptable fbel design limils are not excesded. Cladding fime-ald amperatare during AOOs
and DBAs, cadding siress and strain due o intermal pressure are used (c.g to evaluate the
cladding cormlative damage)

The inbegity of the reactor codant boundary should be mairtained during a postulated
accident Typical indices are the maximum coolant termperabire and the duration of the
accident when the reactor coolart boundary is exposed 1o elevated termperaure

Typical indices for the containment are the containment temperature and irtemal pressure,
Concerning release of radivaciive materials, the potertial public radiation exposure dose
should be limited according to the criteria for operational states and accident conditions

43.2. DEC

Core damage prevention under DECs

(1) Typical initiating events
Typical iritiating events incude ATVPS that reqpire other means of comtrolling or redacing
the reactor power, such as passive stutdown or provisions for favaurale irherent reactivity
feerbackc Postlated ATWS:, i.e., AOOs associated with failures of ackve reactor dutdown
systems, comprise: Loss of Flow (LOF), eg loss of power in all the primary pumps,
Transient Over Power (TOP), e uncartralled withdrawel ofa control rod, and Loss of Heat
itk (LOHS), e.g. loss of main heat removal system typically via the secondary coolart
systern of the water-steam system.
Typical everts, ciallnging the “reactor core heat removal® safety function, are: muliple
failures in the coolant system cr miltiple failures ofthe decay heat removal function, which
might result ina reduction of the reactor codlant level or loss of the safety systems for decay
heat removal. For these events, core degradation, due to core uncovering or complete loss of
decay heat removal capabilities, should be practically elirinated by design measures.
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(2) Design lirrits TGt reTerant or SOWR.

As for the reader core, core coolable geometry should be raintained by averting or limiting
possitle causes of codling defici encies dueta coolas boiling, cladding Bilure or deforiation
(e.g. teltooning). Bhiel melting should be averted or limited to prevert propagation of fuel
faifures

As for the coolant bowndary, cresp filwe caused by a lemperatire increase should be
prevented. Hence, tenmperatire increase and duration of the everts shoud be adeqately
limited

Containment feiures should be avoided, i.e. temperature and pressure limits shold not be
exceeded.

Any retease of radicactive materials from the cortairment should be limited and should not
exzceed acoeptable regulatory dose limits 1o achieve “sliminaion of the need for off.ste
emnergency response” for these events [9]. It should be noted that an offsite emergency plan
is sill envisioned for Gen-IV SFRs, even if the goal is eliminaion of the need for offsite
emergency response.

IMitigation of of under DE Cs

(1) Typical initiating events
Usprotected transents remlting in core degradation, are representative of DECs with core
melt, Ifinherert power reduction capabilities are insuficient, core degrasation can oceur, and
analyses should include considering the wcertainty of individual reactivity feedback effects
The potertial for propagation of damage from local fuel filures should be considered as a
core degradation mode and different from that of core dhmage Fom unprotected transients.
Provisians for actieving IVR. should mifigate clellenges to the cortainment struchure from
cither type of core degradation modes.
Bor mogt SFRs, the containment design basis include a fire from socium leakage and
combustion. The contaitment function should be able to withgiand preseures, 1emperatures,
chemical reactions, aerosal deposition etc. which ariseas a result of sucha sodium fire

(2) Design limits
Severe mechanical energy release, remillingina reactor codlant bowndary filure, shoud be
prevented for unprotectsd trans ents that may lead to core degradation. Possible indices are
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reactivity showld be less than 13, Notrdevartfor SOAR,

To prevent coolant boundary failures, the steain on the RV should belirited so that the filure

won't occur during a dynamic load. In addition, cresp damage, dus 1o themmal stress at an

clevated termperature, should be proverted

Containment filwes shovld be aveided, i.c. te temperatire and pressure should not ez oed

specified fimits, and dynamic effects should not challenge the containment boundary.

Hydrogen generation shoul d be prevented as far as possible, and its concentration should be

limited to avoid reaching deflagraion and detonation lizits
Release of rdioactive materials should not exceed the regulatory limits for the public
radiation ezposure dosethat iritiates off-site response.

44, Teshbilty
The safety functions of S5Cs mertioned in 4.1 and 4.2 should regularty be inspected and tested
throughout the plant's lifetime Dkoording to their safity classifications, Examples of tests and
iuspections to be pesfomned during the plants i lime are given beloww
Parficular attertion should be paid to the following aspects

> istegily ofthe barriers the such as el
cladding the reactor coolant bourdary andthe contairment);
availahility of safety systens, suchas protection systems, safety achiation sysiems and
safety system support features,
avnilability of iterns, whose failure could adversely affect safety,
Blcesibitity and operbility for moritoring and inspeciion of componenis uader

v

v v

submerged in sodium coolar.
(1) Reactivity feedback
» Measurement of reactivity feedback during start-up to verify both sign and magnitude
for narmeel operation and accidents
(2) Reacter shutdavm
> Functional tests of reactor shutdown systems eg. control rod positions and insertion
tirmes to ensure that the tested system or companentis capable of perfomingits design
fanction
(3) Decay heat removal
¥» Functional tests of active components, such as purnps and blowers
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> Confinnation of ratural drcwation heat removal capatilities, for instance, by checking
temperature and flow rate changes From a safe shutdawn state in case of termination of
forced convection. This could be done asa performance testin the commissioning stage
or pre-start-up phase in service.

4.5. Demenstrazion

The effeciivensss of the safely funcons of S5Cs, mentioned in 4.1 and 42, should be
demanstrated acoording 1o their safity dassification before starting any power operation of a
maclear power plant. Eamples of information required for the safety demonsiration ate given in
this section.

For DBAs and DECs without core damage, experimants, using scale models of the achual S85Cs
or actual reactor tests duting conmmissioning siage, can be posile and usefl for the safely
demonstration

For DECs with core damage, direct perfomnance demmstration oo the acmal reactor is
impossible. Thus, nunerical rant role, Inaddifion, ssperiments shold
be set up o walidate the analylical tools and to understand the tasic phenomena having a
bearing on the accident analysis

[ Passive stuobtooon raechanisen (el for SASS)
> Material tests understanding physical properties of sensing alloys (Cude point
temperature, themal aging and irradiation effect), productivity.
»  Componert tests: comirol rod insertion perfarmance by model tests, ransier response
tests, thermel hydrulic testsat the reactor outlet by scale models
> Reactortests: stability of the in-vessel holding force, operability and material tests
»  Development of analytical methods for desg and evaluation
> Validation of aralytical methods based on above-mentioned experiments
»  Evaluation ofthe core dara ge frequency fromreactor shutdown filures using PSA
(2) Decay heat removal by natral circulation
»  Validation of arslytical models by water and sodium testsand applying the results to the
evaluation of the reactor case.
> The performance of the actal plant shod be confinned during the performance test
phase,
»  Evaluation ofthe core damage frequency from loss ofheat removal using PSA

(3) Mitigation of core tamage
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CONSIDERATLONS FOR SFR KEACTIVITY CHARACIERISIICS type reactors should be ealuated hee.

In the course of the international reviews of the “SDC Phase | Report”, a request was made for
a tectrical clarification of the “sodium void reactivity in the fist reactor core reactivity
characteristics” to be included in the SDG. In generdl, theidea and design concept of a so-called
“negative sodium void reactivity reactor core” has been proposed and examined from many
angles during the some half century long SFR development History.

This clapter sunmarises the general reactivity caractedstics of an SFR and commins
concluding remarks on the sodium void reactivity in relation to SFR safety, emphasicing that it
iz the overall reactivity feedback that is iznportant and not any single fart, auchas sodium void.
In adition, integrated transient analysis is reqired to defermine if the sodum void of the
design is acceptable or not since the entire core typically does not void duting a postulated
transient, but sodium veiding is vsually predicted to initially occur locally with a mich lower
reactivity effect. The core reactivity can be dornitated by readtivity change induced by motion
of molten vore materials such as fuel and steel ina CDA (Core Distuptive Accident). Positive
sodiurn oid reactivity should be appropriately lirited but the sodium woid is not necessaily
negative,

General view
Regardless of the LWR or the fast reactor including the SFR, the reactor core shoul d have the
inherert reactivity feedback characteristics so as to achieve stable control in operational states
and terminate an abnorsral event in an accidert condition without resulting in core damage. In
addition to the inherent reactivity fesdbark characteristics, the mclear facility hould have an
instrumentation and control system thet ensures dable conbrol of the reactor in operati onal states,
and safety systems such s a reactor shtdown system ageinst a DRA to prevent the events from
excesting the design linits. Furthermmore, the facility should uilise the inherert readivity
feedack, and also a pasive mechanism complementary to the fnction of the feedbads if
needed, asa preventive measure against core daageundera DEC.

A fast reactor core has a writical geametry for which moderation of fast nevtrons generated by
miclear fission is not required in principle. The core reactivity is affected by the change in
temperature of or in distribution of coolant and struchal materials, which bave the eapatility 1o
moderate neviron, and fuel itself Therefore, the safety design shovld prevent excessive power
increase cansed by re-crificality ina CDA.

The core of a commercial power-generating fast reacior generally has regions of positive void
reactivity (interior) and negative void reactivity (the periphery), sodium woiding hardens the
neutron spectrum, leading 10 positive void reactivity in the interior, while it facilitates netron
leakage, leading o negative void reactivity in the periphery. In a fast reactor core except very
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