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ASAMPSA2 PROJECT SUMRY

The objective of the ASAMPSA2 project was to develop best practice guidelines for the performance and
applicatio n of Level 2 probabilistic safety assessment (L2PSA), for internal initiating events, with a view to
achieve harmonisation at EU level and to allow a meaningful and practical uncertainty evaluation in a L2PSA. The

project has been supported and funded by t he European Commission in the 7" Framework Programme.

Specific relationships with communities in charge of nuclear reactor safety (utilities, safety authorities, vendors,
and research or services companies) have been established in order to define the ¢ urrent needs in terms of
guidelines for L2PSA development and application. An international workshop was organised in Hamburg, with the

support of VATTENFALL, in November 2008.

The L2PSA experts from ASAMPSA2 project partners have proposed some guidancefor the development and
application of L2PSA based on their experience, open literature, and on information available from international
cooperation (EC Severe Accident network of Excellence & SARNET, IAEA standards, OEGNEA publications and
workshop).

At the end of the ASAMPSA2 project, the guidelines have been submitted to an international external review
open to European nuclear stakeholders and organizations associated to the OECD-CSNI working groups on risk and
accident management. A second internatio nal workshop was organized in Espoo, in Finland, hosted by FORTUM,
from 7 to 9 " of March 2011 to discuss the conclusions of the external review. This final step for the ASAMPSA2
project occurred just before the Fukushima Daiichi disaster (11 ' of March 2011). All lessons from the Fukushima
accident, in a severe accident risk analysis perspective, could not be developed in detail in this version of the

ASAMPSAZ2 guideline.

The first version of the guidelines includes 3 volumes:
- Volume 1 - General considerati ons on L2PSA.
- Volume 2 - Technical recommendations for Gen Il and Il reactors.
- Volume 3 - Specific considerations for future reactors (Gen V).
The recommendations formulated in these 3 volumes are intended to support L2PSA developers in achieving high

quality studies and focussing time and resources on the factors that are most important for safety.

L2 PSA reviewers are another target group that will benefit from the state  -of-the art information provided.

This first version of the guidelines is more a s et of acceptable existing solutions to perform a L2PSA than a
precise step-by-step procedure to perform a L2PSA. One important quality of this document is that is has been

judged acceptable by organizations having different responsibilities in the nuclear safety activities (utilities,

safety authorities or associated TSO, research organizati or
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Hopefully it can contribute to the harmonization of the quality of risk assessments.

Most activities related to the developmen t of the guidelines were performed before the Fukushima Daichi
accident. Some complementary guidance for the assessment of severe accident risks induced by extreme events

will be developed in a follow -up European project (ASAMPSA_E).
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The following table provides the list of the 21 ASAMPSA2 partners involved in the development of these

guidelines.
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6 | Nuclear Research Institute Rez pl uJv Czech

7 | Technical Research Centre of Finland VTT Finland
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9 | AREVA NP GmbH AREVA NP GmbH Germany

10 | AMEC NNC Limited AMEC NNC United -Kingdom

11| Commi ssari at | 6Energi e At omi qy CEA France

12 | Forsmark Kraftgrupp AB FKA Sweden

13 | Cazzoli consuting CCA Switzerland

14 | National Agency for New Technologies, Energy and the Environment | ENEA Italy

15 | Nuclear Research and consultancy Group NRG Nederland

16 | VGB PowerTech e.V. VGB Germany
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ASAMPSA2 CONCEPT ANEROJECT OBJECTIVE(S)

Members of the European community who are respo nsible for fission reactor safety (i.e.  plant operators, plant
designers, Technical Safety Organisations (TSO), and Safety Authorities) have repeatedly expressed a need to
develop best practice guidelines for the L2PSA methodology which would have the aim  of both efficiently
fulfilling the requirements of safety authorities, and also promoting harmonisation of practices in European

countries so that results from L2PSAs can be used with greater confidence..

Existing guidelines, like those developed by the IA EA, propose a general stepwise procedural methodology, mainly
based on US NUREG 1150 and high level requirements (for example on assessment of uncertainties). While it is
clear that such a framework is necessary, comparisons of existing L2PSA which have be en performed and
discussed in (6th EC FP) SARNET L2PSA work packages, have shown that the detailed criteria and methodologies of
current L2PSAs strongly differ from each other in some respects. In Europe the integration of probabilistic
findings and insights into the overall safety assessment of Nuclear Power Plants (NPPs) is currently understood

and implemented quite differently.

Within this general context, the project objectives were not to share L2PSA tools and resources among the
partners, but to highl ight common best practices, develop the appropriate scope and criteria for different L2ZPSA
applications, and to promote optimal use of the available resources. Such a commonly used assessment
framework should support a harmonised view on nuclear safety, an d help formalise the role of Probabilistic

Safety Assessment.

A common assessment framework requires that some underlying issues are clearly understood and well

developed. Some important issues are:
- the PSA tool should be fit for purpose in terms of the qu  ality of models and input data;

- the scope should be appropriate to the life stage (e.g. preliminary safety report, pre -
operational safety report, living PSA) and plant states (e.g. full power, shutdown,

maintenance) considered;

- the objectives, assessment criteria, and presentation of results should facilitate the

regulatory decision making process.

The main feature of this coordination action was to bring together the different stakeholders (plant operators,
plant designers, TSO, Safety Authorities, PSA dev elopers), irrespective of their role in safety demonstration and
analysis. This variety of skills should promote a common definition of the different types of L2PSA and so help

develop common views.

The aim of the coordination action is to build a consens us on the L2PSA scope and on detailed methods deemed to
be acceptable according to different potential applications. In any methodology, especially one developed from a
wide range of contributing perspectives, there will be a range of outcomes that are con  sidered acceptable. To

represent this range, the projescstopeasd$ @amictoipael®f ymettohnosdiod eorgeyd,
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on what is currently technically achievable in the performance of a L2PSA. In this respect it should be noted that
what is technically achievable may not be cost effective, but for the purpose of this project it was taken to
represent the upper bound of what may be considered O6reasor

T 6Li miscogped met hodol ogy

A limited description of the main reactor systems, asso ciated with standard data on the reactor

materials, severe accident phenomenology and human actions reliability will lead to a simplified L2PSA.

This ©64dsicmipedd PSA would include some indication of the
totherisk of atmospheric releases due t o a csoegpweedr enea cheoiddse nct
apply to a L2PSA performed with a limited number of top events in the event  -tree and mainly dedicated

to identification of accident sequences which contribute t o the Large Early Release Frequency (LERF).

However such a L2PSA can include very detailed and complex supporting studies for the quantification of

these top events. Engineering judgement may also help in the quantification of the top events of a

limited s cope L2PSA but the justification of this engineering judgement is considered as a key issue.

1T OFulcloped met hodol ogy

This method can utilise sophisticated methods that consider the full range of reactor initial states and
possible accidents together with detailed physical phenomena modelling and uncertainty analysis. As a
consequence these L2PSAs allow identification of the most sensible sequences with their probabilities of
occurrence (annual frequencies) and associated fission product release to the env ironment. These L2PSAs
also allow identification of the uncertainty range of the results, weak points in the reactor system and
operation, and the accident phenomena which would need further assessment to improve the relevance

of the results. In such a wid e ranging L2PSA, the quantification of sequences leading to large early

release is not the only objective.

In reality, most current L2PSAs are at an intermediate level between these two approaches. However this
representation was recognised as a pragmatic way to organise the coordination action because it allowed
discussion on both simple and elaborated methodologies. It should be assumed that the need for application of an
advanced method is established from the results obtained by an earlier simplified st  udy in regard to specific

requirements of the national safety authorities.

Evidently the second type of approach is time consuming and supposes a qualified dedicated team. Some
applications do not warrant this level of detail and additionally some small st akeholders (especially utilities)
cannot afford this level of commitment. The scope should be appropriate to the application and life stage under

consideration and the detailed methods should represent an acceptable balance between best practice and
available resources. L2PSA results obtained using differing approaches or for differing scopes should not be

directly compared.

When developing the guideline it was found by the partners that a clear distinction between limited -scope and

full -scope was very difficult to formalize and it has been decided to present in the report, for each issue, some
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recommendations that may refer to simplified or detailed approaches. The guidelines users are then supposed to

develop themselves a strategy to build a consistent set of L2 PSA event trees and supporting analysis.

ASAMPSA2 CONTRIBUTND TO THE COORDINATIN OF HIGH QUALITY
RESEARCH

As explained above, in spite of the availability of existing L2PSA guidelines, the recent comparisons of existing
L2PSA, performed and discused in SARNET L2PSA work packages and also in CSNI workshops (Koln 2004, Petten
2004, Aix en Provence 2005), have shown large differences in practical implementation of L2PSAs and integration

of probabilistic conclusions into the overall safety assessment of Nuclear Power Plants (NPPs).

The main contribution of the project should be the reduction of the lack of consistency between existing
practices on L2PSA in the European countries.

The project had strong links with SARNET (Severe Accident Network of Exce llence) and took into account all

harmonization activities performed in other framework (IAEA,OECD -CS NI , WENRA, EUR, ANS,

ASAMPSA2 COORDINATMOMECHANISMS

The ASAMPSAZ2 organisation of the coordination action was based on three working groups:

1 Atransverse group of End-Users, consisting of representatives of plant operators, plant

designers, TSOs, safety authorities, R&D organisations, and L2PSA developers. The objectives of this

group were:

o to define and/or validate the initial needs for practical L2PSA guidelines f

ASME

or b «

and &fcwlpled met hods according to the different po

User needs at the beginning of the coordinated action;
0 to provide a continuous oversight of the work of the Technical Group;

o to verify that any proposed L2PSA guidelines can fulfil the initial and evolving End -User

needs if required at the end of the coordination action;
0 to propose any follow -up actions in collaboration with the Technical Group.

This group was coordinated by PSI and includes representatives from IRSN, NUBIKI, TRACTEBEL,
IBERINCO, VTT, AREVA GmbH, AMBONC, FKA, CCA, VGB, FORTUM, and STUK.

1 A technical Group in charge for the development of a L2PSA quideline for Gen Il and Il reactors _;

This group was coordinated by IRSN and includes representatives from GRS, NUBIKI, TRACTEBEL,
IBERINCO, UJV, VTT, ERSE, AREVA GmbH, AMIIC, FKA, CCA, FORTUM, AREVM3AS, and
SCANDPOWER.

M A technical Group in charge of the development of a L2PSA quideline (or prospective considerations)

for some specific Gen |V reactors.

Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 9/ 130



ASAM PSA2 Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM

This group was coordinated by CEA and includes representatives from IRSN, AREVA GmbH, ERSE,
ENEA, AMEENNC, NRG, and AREVA SAS.

The overall coordination of the ASAMPSA2 project was assumed by IRSN, including all administr ative tasks and

relationship with EC services.

SOME LIMITS OF THE®AMPSA2 PROJECT

The number of issues that were addressed in the ASAMPSA2 project and discussed in the guidelines is very large.
Nevertheless, these best practice guidelines have to be con sidered as a set of acceptable existing solutions to
perform a L2PSA and not as a precise step-by-step procedure to perform a L2PSA.

The reader should be aware that issues such as external events, fire hazard, and ageing are not in the scope of
this first version of the guideline, consistently with the Grant Agreement with the European Commission. For
these topics, it was identified a needed for further harmonization activities during the End -Users final review.
The Fukushima accident has then further high lighted their importance. Additional developments are expected to

be included in any future updates of these guidelines.

Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 10/130



ASAMPSA2 Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM
VOLUME3S CONTENT

MODIFICATIONS OF THPOCUMENT ... i eeieees 3
LIST OF DIFFUSION....ccuiiiiiiiiiiiiiis it aerieeesieeens 3
ASAMPSA2 PROJECT QUIMRY....ccoiiiiiiiiiiiiiiiiiiieees tevtiiitee e e niiineeees aeeeaaavsieeeeeaae s 4
ASAMPSAZ PARTNERS. ... .ot e e ... 6
ASAMPSA2 CONCEPT ARROJECT OBJECTIVE(S)..ccccoeiiiiiee i aevviieeessieeee s snveeee e 7
ASAMPSA2 CONTRIBUNIOO THE COORDINATNIOF HIGH QUALITY FEEARCH........ccccvveeeeen. 9
ASAMPSA2 COORDINANIGIECHANISMS......ccoi ittt i seieiinieeees aevveaieees 9
SOME LIMITS OF THESAMPSAZ PROJECT.....iiiiiiiiiiiiiiiee e e 10
LINTRODUCTION...cciii it ettt et reeeaaeeeanns 14
2 REVIEW OF THE MAINFEATURES OF THE GENRATION IV REPRESENTAVE
CONCEPTS. it ittt e e e 16
2.1 MAIN OBJECTIVESND FEATURES OF THESONCEPTS.....ccoiiis s 16
2.2 DESIGN FEATURES THE REPRESENTAEIGENERATION IV RERGRS.........cccccivivieeeeeenn, 20
2.2.1 COrE fRAIUIMNES ...oeeiviiiiiiic v e eeeeee e . 20
2.2.2 Reactor Coolant System (RCS) and circuits for Decay heat removal (DHR)............c.ccc...... 26
2.2.3 Containment featureS for EFR ... e e 32
2.3 SPECIFIC DEGRADI®N MECHANISMS ANIBMAGE CRITERIA RHIED TO THESE CONCERT.. 36
2.3.1 Classification of phen0OmMENa ...t e v 36
2.3.2 Key parameters related to core degradation mechanisms ..........ccccccvvvvcvevvicees e 38
2.3.2.1 Material INVENIOMES .....cccciveeiiiiiiiiiiiiiiiis e reere e 38

2.3.2.2 Core materials behaviour at high temperature (melting / slumping / sublimation) and potential

interactions of fuel/cladding with primary coolant or foreign fluids (water/air/...): .o, 39
2.3.2.3 Interactions between the primary coolant and others fluids: ........cccccoiiiiiiiiiiccces e, 42
2.3.2.4 Key parameters - Core diSruptive aCCIdeNt .......ccccccvieiiiiiiiiiiiiies e .. 43

2.3.2.5 Core criticality concern due to for instance foreign fluid ingress in the fissile region, or to coolant

VOIdING EffECES: oot s e e 47
2326 CasSE Of VHTR ..c..ooiiiiiiiiiicii et e e 49
2.3.3 Compliance and potential transposition of containment degradation modes .................... 54
2.3.3.1 Potential transposition of containment degradation Modes ........ccccovviieiiiiiiiies eeveieenn 54

2.3.3.2 Identification of specific and important containment degradation processes (phenomena + damage

criteria) related to the aforementioned reactor CONCEPLS: .o e 60
2.3.4 Specific provisions for prevention and mitigation of Severe Accident consequences ........... 63
2.3.4.1 Supplementary ShutdOWN SYSIEM ....cccoviiiiiiiiiiiiiiiiiiis e v 64

Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 11/130




ASAMPSA2 Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM

2.3.4.2 Specific design of core assembly to promote the corium spreading and local recovery of cooling path

............................................................................................................................... 66
2.3.4.3 COrE CACNEN ..oeiiiiiiiiiic i et e aevn 67
2.3.4.4 Specific containment engineered safety features ..........cccoiiiiiiiiiiiiiiies s 68
2.3.4.5 Means / systems of ultimate heat SiNK  .......ccccccceiiiiiiiiiiiiis e s 69
2.3.4.6 Severe Accident Management Strategy ....ccceevvieeeeeeieiiiiiiiiiies e e 70

2.3.5 Important parameters for L2PSA related to the source term evaluation ...........cccccccoueeee. 71
2A4TREATMENT OF HAMRDS .....ccoiiiiiiiiiiciiiiie eteeeeeiiiirie e ereieeeaa e e e 77
2.4.1 RAdIiOIOQICAI [1SKS ...vvviiiiiieiiii s i eeeeeee e ———————— 78

2.4.1.1 Treatment of hazards 8case Of SFR.......ccccoviiiiiiiiiiies e eeeeas 78
2.4.1.2 Treatment of hazards 9case Of GFR.........cccccviiiiiiiiiciis e e 80
2.4.1.3 Treatment of hazards 8case Of LFR......cccccoiiiiiiiiiiiiiiies e eveenaies 80
2.4.1.4 Treatment of hazardsdcase Of VHTR........ccccoviiiiiiiiiiiiies e v 81

O @ {1 G 1] RS ... 83
2.5 SPECIFICS RELADHO SHUTDOWN OR REELLING STATES......oo s e, 84
2.6 REVIEW OF EXISNG L2PSA APPLIED T&FR, LFR, HTR OR GER.....ccccovviviiviiiiiiiiees e, 85

3 EXISTING TOOLS FORCCIDENT ANALYSES......ccciiiiiiieiiiies v, 86
3.1 EXTEND OF THE KDWLEDGE AND POTENTIAIMITATIONS IN THHFODELING OF SA........... 86
3.2 EXISTING AND AVMBABLE TOOLS ...t it eririreeeeees aevreeeees 91
References of the Chapter........ccooooi oo 97

4 SCREENING OF THE@MPLIANCE WITH L2PS&SUIDELINES OF LWRS............ 98
4.1 COMPLIANCE WITAWR PHENOENA AND SYSTEMS FORPSA BUILDING..........ccccvveeerennn. 98
4.2 L2PSA STRUCTURE......ccoiiiiiiiiiiiiiiis it eiiiiitee e iereeee e e e e e 104

4.2.1 LIPSAL2PSA interface parameters and modelling structure ........ccccovvveviiieniiees e 104

4.2.2 APET/CET oot iiiiiieiiiiie ettt rire e niiiees e ... 106
4.3 HUMAN RELIABILNTASSESSMENT ..ottt it eesiinieees aeeveeanees 110
4.4 QUANTIFICATION OF PHYSGAL PHENOMENA AND OBERTAINTIES.......cccoiiieeeiiiieee 110
4.5 PASSIVE SAFETYSTEMS ... it vrrinineees eevveesneeeeeeeeeens 111
4.6 CALCULATION TOMAND UNCERTAINTIES......cci it et .113
4.7 ROLE AND EXTENDF EXPERT JUDGMENT......ccoiiiiiiiiiiiiiiiees eeeieieeee e e e e .. 113

5 CONCLUSION AND PREPECTS. ... e 116
GLOSSARY. ..ottt et e, 119
OTHER REFERENCES........ccii it e e 120
APPENDIX A: ELEMENT®N THE PRINCIPLES WEP FOR AN EXCLUSIO®F SEVERE
FUEL CONANEMENT DAMAGE (CORHEELT) FOR VHTR.......cviiiiiiiiiiiiiiinn. 121
APPENDIX B: TABLE OMNITIATING EVENTS FR VHTR (PBMR)...........ccccee. 123
Alternative arrangemMENt ......coooieiiiiiiiiiiiiiiiiiis ettt e e e e e e e e 126

Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 12/130



ASAMPSA2

Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM
Large LOCA, NORISOIAtADIE .......ccooiiiiiiiiiciiiiiis e et 126
APPENDIX C: REVIEWBFORMER GFR CONCEBT....ccciiviiveiiiies 129
Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 13/130




ASAM PSAZ Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM

1 INTRODUCTION

The main objective of a Level 2 Probabilistic Safety Assessment (L2PSA) is the depiction and the quantification, in

terms of probabilities and consequences of challenges to the containment and of its possible response. In

addition, it provides an assessment of the potential Fission Products (FPs) release into the environment. According

to Light Water Reactors knowledge and studies (computation
particular related to:

1 Slow over-pressurisation of the containment (i n particular due to a slow deflagration of hydrogen
produced during core degradation and/or to the non -condensable gases produced during Molten Core
Concrete Interaction d MCCIJ);

1 Fast pressurisation of the containment building mainly due to risks of inte rnal explosions (caused by
species produced during the core degradation e.g. hydrogen (fast deflagration or detonation) , or non
condensable gases like He;

1 Potential containment isolation failures or bypasses;

1 Late containment failure through the base mat, following the corium spreading.

For the source term evaluation, the inventory of the released material, its physical and chemical forms, and

information on the time, the duration and the location of release s are foreseen.

As expressed in the Generation IV t echnol ogy roadmap, Omaintaining and er
operation is an essenti al priority i n([1t-1f paged2g. Okl tleepiabditn t of n-
and safety evaluations of the selected reactors, the deterministic  concept of defence in depth needs to be

integrated with simplified probabilistic considerations (e.g. systems reliability and probabilistic targets) to provide

metrics for acceptability and a basis for additional requirements, and to ensure a well -balanced d e s i @LAlfH

page 69).

The main objective assigned to the Work Package 4 (WP4) o]
expressed as a verification of the potential compliance of L2PSA guidelines based on PWR/BWR reactors (which are
specific tasks of WP2 and WP3) with Generation IV representative concepts. Therefore, in order to exhibit
potential discrepancies between LWRs and new reactor types, the following work was based on the up -to-date
designs of:
1 The European Fast Reactor (EFR) which wil be considered as prototypical of a pool-type Sodium-cooled
Fast Reactor (SFR);
1 The ELSY design for the Leadcooled Fast Reactor (LFR) technology;
1 The ANTARES project which could be representative of a Very-High Temperature Reactor
(VHTR;
1 The CEA 2400 M\t Gas-cooled Fast Reactor (GFR).
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Recall of the WP4 schedule and proposed tasks:

In the first phase, it was proposed to build the most exhaustive list of mechanisms and provisions involved in the
selected Generation IV concepts. In order to help doing that work (i.e. verification of compliance with Light Water
Reactor phenomena or mechanisms), and according to the respective reactor designs, it is first proceeded in a
review of their main features that could potentially impact the containment response and the source term. Then,
the work is followed by a depiction of:

1  Specific degradation mechanisms (for the containment, if relevant compared to PWR/BWR ones, and also

for core degradation on the basis of final states resulting from the L1-PSA);
1 Potential specific provisions (if defined) to face with the containment degradation mechanisms (including

the specific core degradation mechanisms).

At this point, it seems interesting to notice that for the selected Generation IV concepts:

1 Three of them are character ized by a fast neutron spect rum, i.e. the Sodium-cooled Fast Reactor (SFR),
the Gas-cooled Fast Reactor (GFR) and Leadcooled Fast Reactor (LFR);

1 Two of these reactors have a gaseous coolant (helium) in the Reactor Coolant System (RCS),i.e. the GFR
and Very-High Temperature Reactor (VHTR while the two last operate with a liquid meta | (Na for SFR
and Lead for LFR);

As a consequence, coolant phase change and resulting threshold effects can affect the two late concepts as
regardsto:

1 Thermal exchanges in the core region (that are reduced by several orders of magnitude when the coolant
is vaporized and depends of the pressure in this case);

1 Neutronic behaviour through the coupling between the coolant density and the reactivity.

With the present knowledge of L2PSA modelsbuilding for LWRs (PWRs and BWRs), potential similarities or
discrepancies could be exhibited between LWRs and Generation IV concepts. A review is performed for L2PSA
models, which were developed in the past for nuclear reactors involving othe r coolants than water. In addition,
assuming that for LWRs an important effort was made during the past decades to build and to maintain validated
calculation tools for the consequence assessment, it appears crucial to draw an inventory of existing calcula tion
tools (past and present) to evaluate the Severe Accident (SA) consequences for the selected concepts. With
regards to the limited experimental support that enables the development of these tools, it was tried to exhibit
their potential limitations for applying them for L2PSA quantification, in terms of applicability —easiness(e.g. CPU
cost) and deepness of depiction of the main phenomena that could be encountered . These items are developed in

the chapter 2 of this document.

A glossary has been added at the end of the document.  Some parts which were more developed for the VHTR

reactor (as being a far more developed concept) have been put in a special square intending to mean it
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provides some interesting supplementary information but the reader can drop them if he is not especially

interested in the VHTR subject.
A second phase of the WP4 work consisted in a review of the potential compliance with the guidelines issued from
WP2&3 and related to L2PSA models for LWR. It composes the main part of the chapter 3 of this document. In

addition, some methodological points are discussed.

For easy reading and understanding of this document, it is assumed that the reader has knowledge of L2PSA

models developed for LWRs.

References of chapter 1

[1-1] A technology roadmap for Generation IV nuclear energy systems. Document referenced GIF-002-00 available

on line at www.gen-4.org

2 REVIEW OF THE MAINEATURES OF THE GENEHION 1V
REPRESENTATIVE CONEES

2.1 MAIN OBJECTIVES ANBEATURESOF THESE CONCEPTS

As defined by the GIF, the main objectives with the development of Generation IV concepts are recalled
hereafter:

1 The SFR, GFR and LFR systems (i.e. those featuring a fast neutron spectrum) are top-ranked in
sustainability because of the ir closed fuel cycle and excellent potential for actinide management,
including resource extension; they are also rated good in safety, economics, and proliferation resistance
and physical protection;

1 SFR is primarily envisioned in electricity production a nd actinide management; the SFR system is the
nearest term actinide management system; based on the experience with oxide fue |,

1 GFR is primarily envisaged in electricity production and actinidle management, although it may also
support hydrogen production; given its R&D needs for fuel, the GFR is estimated to be deployable by
2040;

1 The LFR system is specifically designed for distributed generation of electricity and other energy products
and for actinide management , given its R&D needs for fuel, materials, a nd corrosion control, the LFR
system is estimated to be deployable by 2025;

1 The VHTRaddresses advanced concepts for helium-cooled, graphite moderated thermal neutron spectrum
reactors with a core outlet temperature  higher than 900°C. The ANTARES concept éatures a thermal
power of 600 MWth and allows a full passive decay heat removal. The core envisioned is based on

prismatic bloc type assemblies that contain UO , fuel TRISO coated particles. The electric power

Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 16/ 130



http://www.gen-4.org/

ASAMPSA2 Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM

conversion unit operates in an indirect Brayto n-type cycle (i.e. gas turbine mixture in the secondary

circuit).

Four representative concepts have been selected as a basis for this work to have some clear data to base the
discussion on. Choice of the concepts was only based on the data availability fo r this WP participants. The four
selected concepts, retained as reference for the work to be performed in the WP4 of ASAMPSAZ2, are (see Figure
1):

1 The EFR(European Fast Reactor) concept for SFR; an European engineering consortium (EFRA)developed
the EFR project on behalf of a European utility consortium (EFRUG)from 1988 to 1998, aiming at pooling
the experience and resource of several European design and construction companies, R&D organisations
and electrical ut ilities. The result of this common work was embodied in a preliminary design.

1 CEA 2400MWth GFR (as designed at the end of 2007);

1 ELSY project of LFR;a European lead-cooled fast reactor developed in the framework of EU FP6,

1 ANTARES projecta commercial pr oject designed by the AREVA company, for VHTR

AREVAWISHR AANTA
(w/o HYdrogen Production Plant)

T

C EA ®@400MWth GFR

- L

EUGLSFR AELSY pr
i T

Figure 1: Overview of the f ouerationr ¥ gonceptsent ati ved Gel
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SFR The SFR features a fast spectrum reactor allowing an efficient management of high -level wastes and uranium

resources. Using liquid sodium as the reactor primary coolant allows high power density with low coolant volume

fraction. The primary system operates at near -atmospheric pressure with typical outlet temperatures ranging from

500 to 550°C. The EFR reactor, devel oped by a consortium of European uti/l

power, an intermediate cooling circuit (also filled with sodium) and a steam -water thermodynamic cycle.

GFR: The GFR features a fast neutron spectrum and a closed fuel cycl e for efficient conversion of fertile material
(uranium) and the management of Minor Actinides (MA). Actually, the reference version for the CEA is considering
a 2400 MWth power and a combined thermodynamic cycle (Brayton-type gas turbine mixture in the se condary
circuit and steam -water tertiary circuit); the helium -cooled system operating with a pressure of 70 bar and an
outlet temperature of 850°C for high thermal efficiency (45 -50%). Several fuel forms are being considered to
ensure high FP retention capabilities: the reference core is actually based on plate -type fuel assemblies made of

carbide fuel (with minor actinides) and ceramic clad elements.

LFR: The LFR features a fast neutron spectrum and use either lead or lead -bismuth eutectic as the liquid -metal
coolant for the reactor. In the frame of the 6th FPRD, a consortium of organizations has been pursuing the
development of the European Lead-cooled SYstem project (ELSY). The ELSY power plant is a pooltype reactor
concept, sized at 600 MWe, and retain s lead as primary coolant. With a core outlet temperature close to 480°C,
the primary side cycle is consistent with a secondary side water -supercritical steam at 240 bars, 450°C, and then

providing a thermal efficiency above 40%.

VHTR As an introduction, some of the VHTRfeatures should be emphasised on. In contrast with the other GEN IV
reactor concepts considered in the ASAMPSA2WP4 project, the VHTR concept is a thermal reactor so that some
safety issues specific to the three other projects are of no r elevance for this concept. On the other hand, it shares

some safety issues with the GFR concept as both are helium cooled gas reactors. It also shares some similarities
with the SFR as both concepts are not so new so that it is possible to benefit a lot fr om former experiences. In
fact, no less than five reactors have been operated in the past (1 in Great Britain, 2 in the U.S. and 2 in Germany)

China is operating the HTR-10 and Japan the HTTR. The South African PBMR project has been cancelled.

The main conceptual difference between VHTR and former HTR lies in the core outlet temperature devised to be
higher with VHTR,; the V-HT stands for Very High Temperature as the objective is a core outlet temperature that
is around 200 K higher than with the previous High Temperature Reactors. This high temperature issue is related
to the use as energy source in the foreseen large scale production of hydrogen. This coupling will increase the
economical interest. The most promising means of hydrogen production are the s o-called hydrogen-cracking
processes which require temperatures above 900°C to be efficient. However, such an industrial plant needs to be

located in the vicinity of the nuclear plant as, contrary to electrical power, heat can not be transported
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efficientl y on long distance. The drawbacks could be that the coupling with an industrial plant enhances specific
hazards for the reactor with initiators as an hydrogen explosion in the hydrogen plant generating damages to the
reactor containment or abnormal mass an d/or heat exchanges through the coupling system. Nota : coupling
between a HTR and an hydrogen production plant has been examined within the EUROPAIRS European project
(FP7).

Gen |V project has scored VHTR concepts high from the safety point of viewandi t 6 s true t hat
devised, ab initio, as inherently safe reactors. Modular HTR design is fundamentally ruled by the possibility to
oexcluded6 severe fuel confinement damage, defined a
number of fuel particles. The justification that this accident is not plausible is expected to allow a considerable
reduction in the requirements currently associated with the mitigation of severe accidents; in particular, it is
expected that no pressure resistant containment is needed. Some VHTR safety features should be emphasised as
they constitute major differences with LWR reactors:

1 A certain degree of primary circuit radiological contamination will always exist due to some particles
failure in operating condi tions. This initial pollution, although limited, appears as a major contributor for
source-terms;

1 No-core melting is to be expected due to the combination of the high thermal inertia (large mass of core
non fissile materials and large heat capacity, high ¢ ore thermal conductivity), the low power density and
the high graphite / fuel matrix melting temperature (large thermal margins);

1 The negative temperature -reactivity coefficient for the entire fuel cycle and large fuel temperature
margin (between operation and damages);

1  The possibility to execute some safety tests on the reactor as has been done on the German AVR (stop of
the blowers without control rod scram). Such tests are also planned on HTTR in Japan (project OECD
HTTRLOFC)

One more point is worth me ntioning: former and present VHTRcores may be built along two principles as the core
may:

1 Either be constituted of a pile made with hundreds of thousands of graphite pebbles (more or less the
size of a tennis ball). The fuel particles are dispersed inside those pebbles. This is the pebble -bed
concept;

T Or be constituted of hexagonal graphite assembly
a kind of long cylinder containing the fuel particles (especially for the ANTARES concept).

The ANTARESoncept features a thermal power of 600 MWth that allows a full passive decay heat removal. The
core envisioned is based on prismatic bloc type assemblies that contain UO , fuel TRISO coated particles. The
electric power conversion unit operates in an indi rect Brayton-type cycle (i.e. gas turbine mixture in the

secondary circuit).
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2.2 DESIGN FEATURES OF HE REPRESENTATIVE GIERATION IV
REACTORS

Firstly, the main features regarding the core and the circuits of the representative Generation IV reactors are
provided in the following paragraph. Then, it will be proceeded in a review of the specific degradation
mechanisms to be accounted for in these various concepts, in such a manner that the final objective will be see
the compliance with LWRs ones for L2PSA modé building. In order to mitigate the consequences of a Severe
Accident, several provisions of different natures and related to these specific risks are intended to be
implemented in these Generation IV concepts. A paragraph is therefore consisting in a rev iew of these provisions.
Finally, for the source term assessment, some specific issues regarding the Fissions Products chemistry and

phenomenological trends will be exhibited.

2.2.1 CORB-EATURES

The data have been provided by the different participants accordin g to what was available or in open literature.

For the ANTARES project, only a few data are allowed to be published which explains why a lot of cells remain

empty.
SFR (EFR) GFR (CEA design) LFR (ELSY) VHTR (ANTARES)
Power level
3600 2400 1500 600
(MWth)
Core power
300 91 160 °6
density (MW/m 3)
Fissile height (m) 1 2.35 0.9 8
Core H/D ratio 0.25 0.62 0.2
Oxides (U,Pu)G at
Oxides Carbides the first stage;
Nature of fuel uo,
(U,Pu)O, (U,Pu)C + MAs MOX+MAs at the
second
TRU  enrichment 18 to 30%o0f Pu
18.2 (Pu9 eq.) 15.7 °20
(%) content
Pu+MAs inventory 11
6 10.56
(/GWe) (Efficiency 45%)
Equiv. Pu9 mass
6586 / 6610 8150/ 8284 4601/4625
BOC/EOC (kg)
fuel / coolant vol.
36.01/32.94 22.4/40.0 32/58
fraction (%)
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SFR (EFR) GFR (CEA design) LFR (ELSY) VHTR (ANTARES)
9Cr-1Mo ferritic -
Nature of cladding martensitic
Stainless Steel SiC/SiCf SiC
/ coating (T91mod)
steel/GESA
MAs inventory <5% From1to 2 % 1%
Core management residence time
3 x 600 1460
(efpd) (fuel) : 1700
Moderated
Neutron spectrum Fast Fast Fast
(graphite)

20/14% h.a.
6.7 at% FIMA
Burn-up target maximum / average 100 GWd/t

100 GWd/t
(190/145 MWd/kg)

Delayed neutron
fraction bes 350 355/342 340 460
BOL/EOL (pcm)

Doppler  constant

-900 -1283/ -837 -740 -2 pcm/K
BOL/EOL (pcm)
Voiding BOL/EOL
~+2000 (6%) +309 / +307 (0.85%) +4040 (12%)
(pcm)
Moderator

constant BOL/EOL - 4 pcm/K

(pcm)

Table 1: Core features

For SFR (and EFR in particular) , the core features a pin -type hexagonal arrangement with (U,Pu)O , fuel pellets
surrounded by a Stainless Steel cylindrical cladding. Figure 2 below illustrates the pin -fuel design and t he core lay-

out.
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Figure 2: EFR pin fuel and core arrangement

The reference GFR core is a considered here is the plate-type core (as designed at the end of 2007; since this
time the pin -type had been chosen as a reference) with ceramic cladding (SiC/SiC) with the following core
operating temperatures : 400/850°C. In this concept, the fuel plates are made of a honeycomb structure (in grey in

the following figure) containing cylindrical pellets made of mixed carbide (U,Pu)C (r  epresented in red). The choice
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of this fuel design is essentially governed by the fact that this arrangement allows a micro -confinement in each
hexagonal cell (expectation of lower radioactive releases in the case of an accidental scenario).  These plates are

arranged in a hexagonal SiC wrapper.

=
-
edute,

Figure 3: GFR plate-type fuel and core arrangement

For the ELSY core (LFR concept), the wrapper-l ess (o0opend) s quischeserfas e refarensee mbl i e s
design option, to be consistent with the available design of core support system and fuel handling components . A

reference square fuel assembly (FA) consists of 428 fuel pins arranged in a 21 x 21 square lattice with a pitch of

13.9 mm. The fuel pins are supported along their lengths by six grid spacers, which maintain the lateral spacing

between pins. Four structural tubes are located at the corners and a structural tube of square cross section (39

mm X 39 mm) is located at the centre of the fuel assembly replacing 9 fuel rods. Finger -type control rods moving

inside of central structural tubes of FAs are also envisaged. The open square-lattice configuration, with fuel

bundle details displayed in the figure below.
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291,9 mm (FA size at 20 *C)

«— Req (4 Ext §S rod) = 6,745 mm

£S5 BOX (+ Void) + Pb
+ 3 SPACERS (h=4 mm)

Homogeneous region with:

- 48,36 % Void
[Real Void [71%] - 3 spacers)
-34,64 % SS
139+ [22.6% spacers + 12% box)
—— =-17,00 % Pb

Figure 4: Schematic view of the square fuel rod lattice

The ANTARES corefeatures fuel particles (TRISO) and fuel blocks. Fuel takes the form of a particle containing a

core of fissile material (kernel of UO ,) surrounded by a buffer layer of ¢ arbon, a layer of pyrolitic carbon, a layer

of silicon carbide and an outer layer of pyrolitic carbon (the overall diameter is about 1 mm

below ). The functions are differentiated:

d see the two figures

1  The inner porous layer of carbon serves as a buffer for the fission gases;

1  The silicon carbide layer plays the role of a barrier to prevent the diffusion of solid fission products ;

1  While the two dense pyrolytic carbon layers provide mechanical resistance to the internal pressure of the

fission gases and hép to retard the migration of solid fission products.
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Figure 5: TRISO particles for VHTR
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The fuel particles are agglomerated in a graphite matrix in  the form of cylindrical rods called compacts. The

compacts are inserted into prismatic graphite blocks, to constitute an organized core structure (see figure below).

' A Specific Fuel Design

- TRISO Particles
- Graphite
- Helium

Double heterogeneity Block
- Particle
- Compact

ipancegq

Figure 6: prismatic blocks for VHTR(ANTARES)
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2.2.2 REACTOR COOLANSYSTEM (RCS) ANDRTUITS FORECAYHEAT
REMOVALIDHR)

SFR:The layout of normal and DHR systems as designed for EFR 98 is represented on the following figure.

SGU

Stack
Air autlet
AHX

Blower

I
Il -
ey

R
Eesstees

il drdbedl |
R
e
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Bt ‘o

boT T

X .

Wault cooling systern

Figure 7: EFR 98 8 DHR systems

As for all pool-concepts, theprimary <circui t i s 0 isodiom posl.drdnérmal furetio fssian heat
is transferred to the secondary circuit through an intermediate  heat-transport circuit using sodium as a coolant. It
represents a barrier between the radioactive primary cir cuit and the non radioactive water/steam system. The
primary circuit and the intermediate circuit are connected through Intermediate Heat Exchangers (IHX). Thermal
exchange between the intermediate circuit and the secondary circuit is  done through Steam Generator Units
(SGU). There are six of such loops (which means six IHX and six SGU).Core decay heat is removed by the same
route. However when this route is not available, dedicated decay heat removal systems using six sodium/sodium
dip coolers (DHX) immersed in the hot pool, take the heat directly from the primary system. The heat is rejected
to the environment using sodium/air exchangers (AHX). Those six loops are organised into two systems, each

consisting of three loops. An additional safety system (SGO®HR)is designed to cool the sodium in the SG by heat

exchange with external wall of the SG. A specific system is foreseen to cool the reactor pit.

GFR: The main specifications of the 2400 MWth GFR concept were driven by the internationally agreed object ives,

which led to the main features of the concept:

Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 26/ 130



A S AM PS A2 Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM

1 A fast neutron core with a zero or positive breeding gain (without or with reduced fertile blankets) and
characterised by an initial plutonium inventory allowing for the deployment of a GFR fleet near 20 40 (for

sustainability and proliferation resistance);
1 A three loops helium -cooled primary circuit (7 MPa at full -power operating mode, around 850 -900°C at

core outlet) connected to a Brayton secondary circuit (Figure 8) allowing for a high thermodynamic
efficency (for economics);
1 A decay heat removal (DHR) system initially based on dedicated loops allowing for forced or natural

circulation (passive features of systems for safety concern);

1 A spherical close-containment that aimed at first providing low pumping power (and related electrical
supplies) for FCDHR following a RCS rupture andalso to keep a pressure level that is consistent with the

expected performance of NCDHR.

‘ Electrical grid

A Net efficiency ~ 45%
A with optimization: Up to 48%

Figure 8: Layout of the GFR no rmal loops featuring a combined Brayton cycle

LFR: The primary system arrangement of ELSY can be seen in the following figure.
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Figure 9 : sketch of ELSY primary circuit

There are eight flat -spiral Steam Generator Units (SGUs), each one of them encloses a coaxial Primary Pump (PP).
The primary coolant moves upward through the pump impeller to the vertical shaft and then radially through SG
tubes on the shell side out of the steam generator to the downcomer through the perforated double -wall outer
shell. The coolant continues through the downcomer and at the bottom end of the RV it turns upwards through the

core. Above the core the coolant turns to one of the SGU entrances, thus completing the full  primary circuit path.

The safety-grade DHR system of ELSY consists of the Reactor Vessel Air Cooling System (RVACS), the Direct Reactor
Cooling (DRC) system, which is constituted by four water loops, and the Isolation Condenser (IC) sub -system, which
branches off the feed water steam system. Thus, the overall DHR reliability and decay heat removal capability

shall be achieved by a combination of the three systems, RVACS, DRC and IC.

VHTR The ANTARES main features are:
Reactor core thermal power 600 MWth;
Primary coolant Helium;

Core inlet temperature 400°C;

Core outlet temperature 850°C;

Indirect cycle arrangement;

= =4 -4 a4 -—a -2

Two options for the primary loop: one loop with plate type Intermediate Heat eXchanger (IHX) or two
loops with two tubular type IHXs;

q IHX secadary inlet temperature 350°C;

q IHX secondary outlet temperature 800°C;

1 Primary loop(s) coupled to the process heat application through an intermediate heat transport loop that
uses as coolant a mixture of 80% Nitrogen and 20% Helium;

1 Power generating system combined cycle gas turbine with steam bottoming cycle.
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The ANTARES plant includes the following key components/systems: the Vessel System (VS), which includes the
Reactor Pressure Vessel (RPV, housing the reactor system, the reactor internals and the re actor support
structures), the Intermediate Heat eXchanger (IHX) vessel (IHXV, housing the IHX and the Main Primary Gas
Circulator (MPGC)), the cross vessel (housing the internally insulated hot duct and delimiting the surrounding
annular cold duct), vesse | supports, and lateral restraints (see figure below for a general sketch of the ANTARES
concept).

The VS has the functions to confine the primary coolant and to maintain primary coolant boundary integrity

IHX

Primary

Circulator

Reactor
Isolation

| Valves

|

AL
Shutdown
Cooling ——
System
Cross Vessel
and Hot Duct

\I'\ Building

e
IHX Modules

Figure 10: sketch of ANTARES primary circuit

1 Reactor Core System (RCS), which includes the reactor core, the reactivity control assemblies (Normal
Shutdown System (NSS) control rods (split in two groups: 36 operating control rods and 12 start -up control
rods) and Reserve Shidown System (RSS)), the core supports, the internal structures (permanent side
reflector, replaceable reflectors, metallic core support (barrel), upper core restraint, upper plenum shroud),
and the hot gas duct assembly. The RCS has the functions to generate heat from the release of energy of
nuclear fission, to transfer heat to the primary coolant Helium and to confine radioactive products.

1 Main Primary Gas Circulator (MPGC), which includes an electric motor and a compressor immersed in the
primary Helium inside the IHXV. It is used to control the primary Helium flow rate modulating the rotational
speed. The MPGC rotor is supported by active magnetic bearings and by catcher bearings. The MPGC includes
also a shutoff valve to isolate the heat transport syst em from the RPV when the MPGC not operate

1 Intermediate Heat eXchanger (IHX), which transfers the heat from the primary coolant to the secondary. Two
types of IHX are envisaged: plate type and helical tube type. The number of IHX and IHXV depend from the
IHX type selected. The IHX can be isolated from the Secondary System by means of the Secondary Separation
Valves (SSWH on the hot gas side and SSYC on the cold gas side).

1 Secondary System. The nuclear heat source is coupled via the IHX to a secondary system. The heat
transferred to the secondary system can then be used to generate electricity either in a Brayton cycle or in a
steam (i.e. Rankin) cycle. The secondary system can also be used as process heat including hydrogen

production.
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Core Heat Generation Control System (CHGCS), which includes two reactivity control sub -systems, the Normal
Shutdown System (NSS) control rods and the Reserve Shutdown System (RSS). NSS control rods are split intc
two groups: i) 36 operating control rods, ii) 12 start -up control rods. The NSS control rods have the same
design and are made by boron carbide as neutron-absorbing material. NSS is used to maintain sub-criticality
during cold shutdown conditions, to compensate for the xenon effect, to compensate reactivity effect in ¢ ase
of water ingress accident. The RSS is equipped by spherical neutron -absorbing elements that are dropped into
the core fuel assembly channels by gravity. RSS provides reactor shutdown independently and diversely from
NSS and it is designed for maintaining the core in sub-critical state if the NSS fails to operate.
Secondary Decay Heat Removal System (SDHRS), a non safetielated loop implemented on the secondary
system. The operation of this system requests the availability of the forced helium circulati  on in the primary
circuit and the IHX integrity. SDHRS could also be used for normal start -up and shutdown of the plant.
Shutdown Cooling System (SCS), a non safetyrelated system which include three heat transport circuits in
series designed to remove heat from the RCS and transfer that heat to the ambient air. The first circuit is in
parallel with the plant Primary Heat Transport System (PHTS) across the RCS and consists of a helium-to-
water heat exchanger, an electrically powered gas circulator and a shu toff valve. The second circuit is a
closed pressurized water heat transport loop that runs from the helium -to-water heat exchanger to a water -
to-air heat exchanger. The water is circulated by conventional electrically powered pumps, and the ultimate
heat sink (third circuit) is an air -blast type heat exchanger with electric fans. SCS can operate even if the
secondary circuit and the primary forced helium circulation are not available. SCS is designed for achieving
this function in pressurized and depressuri zed conditions.
Reactor Cavity Cooling System (RCCS), a safetyrelated passive water cooling system for decay heat removal
during emergency cool-down, for cavity heat removal during normal plant operation and for confining of
radioactivity released into th e reactor cavity during normal operation. The RCCS consists of two independent
and redundant trains operating in natural circulation. Each train consists of the following four major
components, plus associated pipes, headers and valves, all located inside the reactor building and the
reactor auxiliary building:
a) a panel wall cavity cooler, consisting of alternating vertical pipes around the periphery of the RPV (a
compact air -to-water heat exchanger that surrounds the RPV);
b) a water storage tank (a water -to-water heat exchanger is inside and integral to the pressure boundary of
the water storage tank);
c) a water-to-air heat exchanger (closed circuit cooling tower);
Helium Processing System (HPS): System to transfer, to purify and to stor e the Helium.
Fuel Handing and Storage System (FHSS): System to handle the fuel and reflector blocks, and to transport
them between the receiving facility, the reactor core, and the fuel packaging and shipping facility;
Reactor Control and Protection System (RCPS): System to povide the monitoring and control of the

technological processes in all modes of plant operation, including emergencies.

Technical report ASAMPSA2/WP4/D3.3/201335 IRSNPSNRES/SAG/20130177 30/ 130



ASAM

PSA2

Advanced Safety Assessment

Methodologies: Level 2 PSA

EURATOM

The following table recalls the main features of coolant circuits for the 4 representative concepts.

SFR (EFR) GFR (CEA design) LFR (ELSY) VHTR (ANTARES)
Primary
Nature of coolant Sodium Helium Lead Helium
Mass or volume of
~2500 nt 8000 kg 6.3*10° kg
the fluid
Inertia
5 MJ/K
(fluid+structure)
Operating pressure 0.1 (cover gas
7.0 0.1 6.0

(MPa) pressure)
Core inlet

395 400 400 400
temper ature (°C)
Mean core outlet

545 850 480 850
temperature (°C)
Hottest core outlet

570 900 500
temperature (°C)

Secondary
He/N2
Water-superheated He/N2
Nature of coolant Sodium (80720 %vol)
steam (80/20 %vol)
Alternative He/Ar
Mass or volume of 6 loops x ~200 nt
6000 kg 25000 kg
the fluid (at 180°C)
Operating pressure 0.1 (cover gas
6.5 18.0 55
(MPa) pressure)
maximum
525 820 450 800

temperature (°C)

Tertiary circuit (if

relevant)
Nature of coolant Water Water / steam n/a
Mass or volume of

n/a n/a n/a
the fluid
Operating pressure

18.5 15.0 n/a
(MPa)
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SFR (EFR) GFR (CEA design) LFR (ELSY) VHTR (ANTARES)
Maximum
490 535 n/a 550/250

temperature (°C)
DHR secondary

DRC : sodium
Nature of coolant DHRTYV : water Water Water Water/air

SGOSDHR : air
Mass or volume of 6 loops ~15 nt / 3400 Kg (cold water
the fl uid loop (for DRC) storage)
Operating pressure

0.1 1.0 0.1
(MPa)
DRC : air

DHR Ultimate heat

DHRTV : water Water water Water/air
sink

SGOSDHR : air

DRC : FC+NC
Passive / active FC + NC in He /

DHRTV : NC NC

DHR system pressurized water

SGOSDHR : FC

Table 2: Main circuits features for the four representative concepts
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2.2.3 CONTAINMENT FEATUREOGR EFR

For the EFR reactor, the containment design has been quite well defined and information

chapter. Information for the other reactors are provided mainly in the following chapter.

containment function is provided by three physical barri

products and the environment. These barriers are:

1 theclad;

i the primary contain ment;

1 the secondary containment.

Technical report ASAMPSA2/WP4/D3.3/201335

IRSNPSNRES/SAG/20130177

is provided in this

In the EFR project, the

ers implemented in series between the radioactive
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