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The objective of the Generation IV Internationatufa (GIF), in
which France is actively involved, is to prepare thture nuclear
sector in an international framework by jointly ééping the
R&D of 4" generation reactors, based on clearly identified
objectives:

achieve sustainable development of nuclear endygy
optimising the use of natural uranium resources agd
reaching the highest levels of nuclear safety;

minimise the production of the most radioactivaste, in
particular long-lived waste;

ensure high resistance to nuclear proliferation;

develop applications of nuclear energy for othees than
production of electricity.

After an analysis phase carried out jointly by tfoeinding
partners, the GIF selected six concepts of nudleactors and
their cycled which exhibited the most promising potentials to
achieve the abovementioned objectives:

SFR: Sodium-cooled Fast Reactor;

GFR: Gas-cooled Fast Reactor;

LFR: Lead-cooled Fast Reactor;

SCWR: Supercritical Water-cooled Reactor;
VHTR: Very High Temperature Reactor;
MSR: Molten Salt Reactor.

Except for the VHTR, all these systems operatelosexl cycle,

that is to say that they are based on recyclingrenfsable
materials, in particular plutonium. The first thrggstems among
the six ones are characterised by the fact thgtdhefast neutron
reactors (FR). These are the SFR, GFR and LFRmgstéhich

differ by their coolants: sodium for the SFR systeyas for the
GFR system and lead for the LFR system.

The SCWR is a reactor whose technology is derivenh fihat of
pressurised water reactors (PWR) and it uses &plart coolant:

supercritical water. Obtaining a spectrum of famitrons in such
a concept involves significant difficulties (therdmaydraulics,

coupling with the neutronic systems and stabilityhe reactor)
and most of the studies performed on the SCWR witénGIF

are now focused on a version with thermal neutpmtsum.

MSR will appear in a more distant future and, iadty, they can
be derived into versions operating in fast or therspectrum.

4 — A Technology Roadmap for Generation IV Nuclezergy Systems,
December 2002 - US-DoE and GIF.
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Finally, VHTR is a thermal spectrum system. ThecHjmity of

this concept lies in its high temperature operafigmto 1,000°C
for the coolant) for applications other than theduction of
electricity.

Therefore, among the six concepts selected by tRednly four
will or can operate in fast neutron spectrum (SERR, LFR and
MSR) and have intrinsic characteristics (associatithl a closed
fuel cycle) suitable for sustainable development mifclear
energy.

European countries are currently maintaining veiffeént
positions concerning the part that the nuclearosauust play in
their energy mix, whether in the medium or the lonm.
However, several
Commission have recognised that nuclear energynedessarily
play a significant part in the way of respondingthe energy
demand in a context of greenhouse gas reductioe SET Plan

proposed by the European Commission in November 20@7
adopted by the European Union Member States
February 2008, considers that it is essential &ot,stvithin the
next tenyears, the construction of a new-generatieactor
demonstrator for sustainable nuclear energy. Alghogertain
countries have decided to stop using nuclear enethg
Fukushima accident does not throw back into questice
fundamental elements expressed in the SET Plan.

The European nuclear technology development segathered
in the SNETP platform, defined its strategy and priorities is i
“Vision Report” published in September 2007 and itedain its

“Strategic Research Agenda” published in May 2008clear

fission will bring a massive, carbon-free and snstale

contribution to the European energy mix by relyiog fast

neutron reactors (FR). The SFR technology is camsidl as the
reference system, while two alternatives will hawéve explored
in the long run: the GFR and LFR technologies:

In line with the recommendations of the SET Plde, SNETP
platform launched the ESNIlI (European Sustainablecl®ar
Industrial Initiative), which gathers industriaistand R&D
organisations around this action plan.

5 — SET Plan: Strategic Energy Technology Plan hfgp:europa.eu/energy/
technology/set_plan/set_plan_en.htm

6 — Sustainable Nuclear Energy Technology Platfasmw.snetp.eu

European countries and the Europea



FOREWORD

FAST REACTOR TECHNOLOGIES SELECTED BY THE SNETP EUROPEAN PLATFORM

France has joined the European strategy. The mpeeific
analysis carried out in France led to the followaogclusions:

France has brought a major contribution to thesbigment
of SFRs and intends to rely on its large experi¢aaevelop
this system with the purpose of achieving the alled
objectives. Furthermore, this experience is a &gt
heritage of intellectual property and provides country and
its industrialists with a competitive advantage.

There is a strong connection between the teclyizab
maturity of a process and nuclear safety. As aanait fact,
technological control associated with significanperience
feedback contributes to guaranteeing the safetgl lef a
system. Therefore, among thd' 4eneration fast reactor
systems, only the SFR has a sufficient knowledgee bia
meet the technical and operational expectations of
4" generation systems in the short and medium ruhs. T
economic conditions of the development of suchesyststill
remain to be assessed. They will have to be exahiméhe
overall context of a fleet in which, at the begimmi 3 and

4" generation reactors will be used simultaneoushyriter to
produce electricity at the best price while fuififf a strategy
intended to implement sustainable management of
radioactive waste produced by used fuels basedhen t
concept of closed cycle applied in its entirety.e Tbther
systems involve much more significant uncertaintésssome
major technological obstacles still have not bdeared.

The GFR system is highly attractive since the afseoolant
gas, in particular helium, removes the difficultietated to
the use of a liquid metal such as sodium or lead:

— Helium is optically transparent, unlike liquicetals; this
makes in-service inspection and repairability gasie

— Helium is chemically inert, contrary to sodiunhieh
reacts with air and water;

— Helium has a very low neutral impact; in casdosé of
coolant, the resulting reactivity effect is veryan

On the other hand, gas has drawbacks:

— Its low density and low calorific value requite use of
a pressurised primary circuit. During an accidesaiding
to a loss of the coolant, the thermal inertia & thactor
will be very limited in comparison to the inerti&lmuid
metal cooled reactors. As a matter of fact, theagéreat
removal capacity and the associated safety denatiostr
still remain a significant problem for the demoagitin of
feasibility of GFRs, in particular with the postkshima
type requirements;

— In order to have a sufficient margin in terms cofre
integrity as a measure for prevention of severédaats,
it is necessary to use a fuel and refractory clagidind
structure materials able to withstand high tempeest
This is also a technological obstacle that stithains to
be cleared;

— Gas has a lower heat extraction capability, Wwingguires
to reduce the power density of the core by a faat@ to
3 in comparison to the power density of liquid rheta
cooled fast reactors; this means drawbacks in texins
saving, as it requires a significant quantity aflfu



The main advantage of the lead coolant in coraparito
sodium is its low chemical reactivity with air améter. The
main drawbacks of lead are its toxicity, its tengbere
ranges (risk of blockage due to freezing of theljeand its
density which is detrimental to the resistancehefreactor in
case of earthquake. But the main technological olestaf
lead concerns the development of structure maseaidle to
resist lead corrosion.

Finally, in its principle, MSR is an interesticgncept since
the fuel is in a liquid form mixed with the coolarithe
number of technological obstacles to be clearesléh that
this type of system will certainly not be able titer service
before the second half of this century, in partécidiven the
quantity of innovations to be achieved to complyhwihe
safety objectives considered. Beyond the questielased to
on-line fuel reprocessing, materials able to wihst salt
corrosion need to be designed and developed. Tfetysa
approach also has to be entirely redefined sineeetis no
cladding to contain the fuel, the first barrierrmprelocated at
the limits of the primary system. It is not be ribtihat a
tricky and unusual point of the overall safety aygmh
concerns the aspects related, on the one hanke touclear
reactor and, on the other hand, to the plant usedhfemical
processing of the fuel and molten salt mixture.réhae also
many operability-related questions (in particulasgection
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and repair in the presence of highly radioactivés)dt is to
be noted that the operation and safety of an M$&hgly
depend on chemical processes whose control iscoemplex
and which are still poorly known, thus leading tsks of
leakage. Another problem concerns the coupling hefse
chemical processes with the neutron equipmenteotte or
with the mechanisms of degradation of materials eand
irradiation. The CNRS is performing the main parttioé
studies on MSR in France. Within the GIF, this aptcis
currently studied and supported only by France Eumctom,
through a “Memorandum of Understanding” (MoU), @hd
“system” agreement still remains to be negotiated.

During the Committee on Atomic Energy of 17 MarcB02

concerning future nuclear systems, the Ministerdrfdustry and
Research acknowledged the fact that, in the curstmie of
knowledge, there is a very broad international easss on the
fast reactor technology and they recommended #&s#arch in
France should be carried out in priority for twpeg of reactors:
SFR and GFR.

This position was confirmed and consolidated duritige
Committee on Atomic Energy of 20 December 2006.

The SFR reference system is specifically dealt witffome 3.
Tome 4 is dedicated to the othef generation fast neutron
systems: GFR, LFR and MSR.
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I INTRODUCTION

The sodium-cooled fast reactor (SFR) concept isajrtee four
fast neutron concepts selected by the GeneratidntBrfnational
Forum (GIF). In addition to France, the GIF partnfar the SFR
system are the USA, Japan, China, Russia, SouthaKanel
Euratom.

FIGURE 1: OPERATING PRINCIPLE OF
AN SFR

As we will see below, SFRs have favourable technical
characteristics and they are the sole type of oedar which
significant  industrial experience feedback is aalali.
Approximately twenty prototypes or demonstratoryvehdeen
built throughout the world and they total more than
400 reactor-years of operation, among which appmately
100 reactor-years for the four SFRs with signifigaoiver which
have operated over a long period at industrial |lefsze
Table No. 1). In France, the Phenix reactor wag stown in
2009, after more than 35 years of operation arhst become a
very significant sum of knowledge.

The second chapter of this Tome 3 presents a swnafathe
lessons learned from the operation of SFRs at raltiand
international levels and it highlights their adwggs and
drawbacks.

Based on this statement, in 2007, the French plag@EA,
Areva and EDF) defined an R&D programme with a syste
oriented vision whose purpose was to reinforcengtimoints and
reduce weak points by means of significant techgiod
innovations. This programme was oriented towardpridrity
progress areas:

Design of a high-performance core with improvedesafin
particular concerning prevention of severe acceléikely to
cause complete core meltdown;

Improved
aggressions, in particular design of redundantdiversified
decay heat removal systems, as well as aspectsddtathe
risk of recriticality and to molten core containrtien

Search for an optimised and safe power conversystes
intended to reduce or even completely remove thke of
interaction between sodium and water;

Reactor design options to make inspection and nmaante
easier and, more generally, to improve the avditppihe
performance and the general economic characterisfithe
facility.

The third chapter describes these priority reseéiettis as well
as the results obtained during the past 5 years.

The first purpose of the Astrid reactor (Astrid medAdvanced
Sodium Technological Reactor for Industrial Demaat&in”) is
to demonstrate, at a sufficient scale, the abovéored
technological progress by qualifying the innovatieptions
during its operation, in particular in the field$ safety and
operability. Therefore, Astrid is a technologicaltegration
prototype which will make it possible to demonsdrétte safety
and the operation of4generation SFRs on an industrial scale.
Astrid will also be used as a test bench for the afsadvanced
inspection and repair techniques. Its size mustufécient to
allow extrapolation to commercial reactors, howevgthout
being excessive, in order to limit the cost anditickistrial risk.

Safety is at the heart of the Astrid project, muirfibr the
following reasons:

The acceptability of nuclear energy in the futu@nty relies
on the demonstrated level of safety of facilities;

The image of SFRs is much debated, in particulartdube
perception of their safety. The specific featurdsS&Rs
(positive reactivity effect in case of sodium degie, sodium
risks, etc.) are often highlighted, however thetahie
solutions are ignored and the intrinsic advantagesomitted
(absence of pressure, significant thermal inegtia);

The Fukushima accident led everyone to reconsiuesafety
approaches and, through this, it has an impacherdésign
and operation of facilities.

Chapter 4 presents the specifications which the idAstr
demonstrator will have to comply with and the a&sed safety
objectives. Chapter 5 is dedicated to the resultaguirements
and to the baseline choices applied to Astrid.

resistance to severe accidents and externa



Chapter 6 describes, for all the components of ésthie design
options already selected and the options for witiehchoice still
remains open given the state of progress of thggrorhe main
systems defined are as follows:

= the core;

= the nuclear island;

= the power conversion system;
= the fuel handling system;

= the instrumentation in the core and the inspedtahénd
repairability of components essential to safety;

= the instrumentation and control system.

A fuel cycle needs to be associated with a fastroaueactor, so
that the whole nuclear system can be taken intsideration in
order to assess its overall performance. The keiitias of the

fuel cycle, such as the fuel manufacturing workskzop the
irradiated fuel processing workshop necessary toomstrate the
plutonium multi-recycling, as well as the manufaistg line for

minor actinide based elements to continue the dstration of

the technical feasibility of long-lived nuclear was
transmutation, are specifically described in ChapteFhe main
R&D facilities necessary for the qualification ofetttore and
components of Astrid are also described.

Pursuant to the act dated 28 June 2006, CEA became t

contracting authority of the Astrid project. CEA eaecd a
significant part of the funding for the basic designd the
associated research, via the “Investment for théurdw
programme.

A specific organisation was implemented. The piojeas
broken down into study batches entrusted to variadsstrial
partners, preferentially within the scope of bitate
collaborations with the main players of the nuclsactor or
through commercial contracts.

Chapter 8 describes this industrial organisatiodeatail and also
describes the international cooperation in thedfi@f the
associated R&D.

In terms of scheduling, the work concerning the idbas
preliminary design of the Astrid project startedOotober 2010.
It is composed of 2 phases:

= The first phase of the preliminary design, calle¥PA,
whose purpose is to analyse the open options, riticpkar
the most innovative ones, in order to select tHereace
design at the end of 2012. This phase includespapation
phase which made it possible to structure the ptoje
formalise the expression of the needs and defieenthin
milestones and deadlines; it ended in March 201ting the
AVP1 phase, the schedule of the project was andlase a
preliminary cost assessment action was initiated.

= The second phase of the preliminary design, callg@2,
will start in 2013. It will be aimed at confirmirthe design in
order to have a complete and consistent basicnurelry
design by late 2014. This basic preliminary desigh be
accompanied by a more thorough assessment of gieand
the schedule, and it will allow a decision to bedmao
continue the project.

At the beginning of the preliminary design, a certaumber of
design options were frozen. The options left opensabjected to
an assessment and selection process so that thédearadually
frozen during the preliminary design.

The basic design is scheduled for between 2012aad,; it will
be followed by the construction studies, the augabion
procedures and the construction itself. The destydy phase
itself therefore runs from 2010 to 2017, accordiaghe initial
schedule. At the same time, it will be necessagatoy out R&D
actions and option selection validation actions tlesults of
these actions may have an impact on the contedtdsamation of
the design studies.

Chapter 9 describes this forecast schedule untitémetruction
phase and specifies the action proposed to adseswérall cost
of the project.

In order to make the reading of the following cleapteasier, a
brief description of the specific features of SFRpiiesented in
Appendix 1.
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EXPERIENCE FEEDBACK OF FAST
REACTORS IN FRANCE AND
WORLDWIDE

The purpose of this chapter is to summarise theerépce
acquired with SFR systems in France and all overtiorld,
analyse the incidents which occurred on this systathdescribe
the most mature technological options as well a&sfiélds in
which progress is expected, in particular in terofssafety,
performance, availability and cost.

21. RESULTS OF THE OPERATION OF FAST
REACTORS WORLDWIDE

Since the commissioning of the first fast reactiorshe 1950s,
the fleet of fast reactors in the world is comptisd 13 reactors
which operated over a time period ranging betweerand
44 years and which are shut down today, and 6 tpesgh
reactors, among which 4 are actually in service (BBDRBN-
600, FBTR, CEFR) and 2 which are being repaired (Mamjd
Joyo). Furthermore, 2 reactors are being built (BN-8 Russia

and PFBR in India). As a result, the SFR

system has totalled today 404 years of operatisncésted with
all of these reactors (see Table No. 1).

It is to be noted that although Europe and the USsive
dominated the development of this system as frarb#ginning,
Asian countries now have a leading position.

2.2. SUMMARY OF EXPERIENCE FEEDBACK IN
VARIOUS FIELDS

2.2.1. EXPERIENCE
ADVANTAGES

Therefore, significant experience feedback existtay for the

ACQUIRED  AND  INTRINSIC

SFR system, both in terms of design, manufacturing,

commissioning, operation and functioning over timm
particular in France, the expertise acquired oker36 years of

TABLE 1: WORLD FLEET OF SFRs AND TOTAL OPERATING DURATION - SITUAT ION IN 2012

Reactor (Country) I e Start Shutdown Oerating duration
EBR-I (USA) 14 1951 1963 12
BR-5/BR-10 (Russia) 8 1958 2002 44
DFR (England) 60 1959 1977 18
EBR-Il (USA) 62.5 1961 1994 33
FERMI 1 (USA) 200 1963 1972 9
RAPSODIE (France) 40 1967 1983 16
SEFOR (USA) 20 1969 1972 3
BN-350 (Kazakhstan) 750 1972 1999 27
PHENIX (France) 563 1973 2009 36
PFR (England) 650 1974 1994 20
KNK-II (Germany) 58 1977 1991 14
FFTF (USA) 400 1980 1993 13
SUPERPHENIX (France) 3,000 1985 1997 12
JOYO (Japan) 50-75/100/140 1977 32
MONJU (Japan) 714 1994 15
BOR-60 (Russia) 55 1968 43
BN-600 (Russia) 1,470 1980 31
FBTR (India) 40 1985 25
CEFR (China) 65 2010 1
BN-800 (Russia) 2,100 Under construction

PFBR (India) 1,250 Under construction

Total 404
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EXPERIENCE FEEDBACK OF
FAST REACTORS IN FRANCE
AND WORLDWIDE

operation of Phenix, the experience added by ttegdeand
construction of Superphenix as well as the stuaéseciated with
the EFR (European Fast Reactor) project are vehyaia taken
into account as from the design phase of the Astgtinological
demonstrator.

Preservation of this knowledge and reappropriatibindustrial
control and R&D capabilities are also objectivesttod Astrid
programme.

The detailed technical analysis of this expericieeglback forms
the subject of specific documents. A very brief suwary will
highlight the achievements and intrinsic advantagfethe SFR
system:

The operation of SFRs has demonstrated the extelte of
the uranium resource as well as the capability hefse
reactors to recycle the plutonium without any latitin in the
number of recycling operations (multi-recycling)nlite the
vast majority of reactors currently operated or emd
construction all over the world, which consume s 1%
of natural uranium to extract the energy contaiimeitf SFRs
have the capability to consume, in theory, almbstwhole
resource via multi-recycling of the successive ulseds. In

the case of Phenix, 520 used fuel subassemblies wer

reprocessed in three different facilities, whichame a little
more than 26 metric tonnes of fuels. As a result,etric
tonnes of plutonium where extracted. The breeditig*rwas
confirmed and measured at 1.16. Then 3.3 metring®rof
this plutonium were used to manufacture new sulbasises
for Phenix and these subassemblies were used ¢torsain
a multi-recycling strategy.

The pool concept appears to be preferable to oept,
since this pool type architecture allows in pattcwa very
good start of the natural circulation of the cootland, in
practice, it eliminates the risk of the core beimgy longer
immersed or the risk of loss of decay heat remsysiems.

The primary system is not pressurised but itdasry high
thermal inertia which provides operators with siigaint time
to intervene in case of loss of cooling.

In operation, there is a high margin with theisodboiling
temperature, typically 300°C.

The oxide fuel is more mature when compared wiita
limited experience feedback concerning dense fioaldbide,
nitride and metal). In terms of performance, wordtords
were achieved, in Phenix, by experimental subaskesnb
(Boitix 9 which totalled 144 GWd/t in burn-up fragti). This
performance was achieved while keeping the numbelad

failures to a very low level. Among approximately

150,000 fuel pins irradiated in Phenix during iGy@ars of
operation, only 15 clad failures occurred (none
Superphenix), half of which occurred on experimeffal
pins irradiated beyond the “standard” charact@ssti

4 -— The breeding ratio is defined as the ratithef number of produced fissile
nuclei to the number of destroyed fissile nucleiypet of time.

The control of the reactor appears to be eagnkh to the
absence of burnable poisons (to compensate foexhess
reactivity) contrary to PWRs, thanks to the absewnfe
poisoning effect generated by highly-neutron-abisarb
fission products such as xenon or samarium in PVéRd,
thanks to self-stabilising thermal feedback.

Active or passive decay heat removal systemsdas two
types of cold sources (air and water) have dematestrtheir
efficiency. For the % generation reactors, higher
diversification of these systems will be aimedrabrder to
further improve the safety of these facilities.

The environmental assessment is very positive tral
collective dose received by workers is very low whe
compared with other types of reactors (in Phenierdhe
36 years of operation, the average annual doséveec®y
each person is 0.05mSv, to be compared with rlatura
irradiation — except medical and human activitieshich is
2.5 mSvl/year).

However, this experience feedback also highligliffecdities or
problems specific to SFRs.

2.2.2. SPECIFIC DIFFICULTIES OR PROBLEMS

Several material selections proved to be unsuitdte example,
let us mention the crack and leakage of the exeldssl storage
tani®® of Superphenix in March 1987 due to the use &fi$t8D3
(ferritic molybdenum steel). This steel had beelected for its
high temperature performance but there was nocserfiily long
experience available as regards its use in vess®isaining
liquid sodium.

Similarly, steel 321 was extensively used in Phamd PFR and,
after some time, it exhibited cracks due to thédred welding
stresses, in particular in the hot and thick ar@asong other
things, this phenomenon led to gradual replacemeatmost all
the parts made of steel 321 in Phenix, multiple aadcessive
repairs on the PFR steam generators and to themngpitation of
surveillance of all parts made of steel 321 indkisting reactors.

This experience feedback also makes it possiblkntav which
materials had a correct behaviour over time, andsita
fundamental asset to design the various systems@mg@onents
of future SFRs. This experience feedback will be gleted in
the years to come thanks to the dismantling ofctiveently shut
down SFRs throughout the world, among which Phemd a
Superphenix, and thanks to the sampling of irradiahaterials
(components, structure elements, cladding materfiaéds, etc.)
whose analysis will considerably improve the dasasa The
Phenix reactor contains some materials which aelieecords
in terms of integrated dose and, as such, it ieah ‘ttreasure”
which has to be used.

5 — Component in which used fuels are temporatdyes in sodium to allow them
to cool down.



In 1989 and 1990, four emergency reactor shutdaensrred in
Phenix due to the sudden drop in the core reagt{viegative
reactivity trips). Even if the exact root causetloése incidents
still remains to be ascertained, the investigatigesformed
showed that fast reactors are sensitive to oveoa#f movements.
Therefore, particular care must be given to thiscHr feature.
In order to limit the risks of core compaction, iops must be
implemented during the design of the subassembdiesh as
bosses, called “contact pads”, to be installed han hexagonal
tubes of each subassembly so as to prevent anyntgavelosing
in of the tubes.

More generally, it will be necessary to strive ford achieve a
natural behaviour of fast reactor cores in ordemiake them
more resistant to any disturbance and prevent asgilpility or

runaway of the chain reaction.

Handling of the fuel subassemblies in an SFR isiogntly

different from handling in water reactors. Firstatff the opacity
of sodium requires to work “blind” as long as theelf
subassemblies are inside the reactor or in theusoditorage
tank. Systems to check for movements and obstégleasonic
“viewing” in particular) have been developed to esiy this
drawback. Then, the subassemblies need to be ddaoma the
sodium which may remain attached to them beforg tiam be
stored in water. These operations require radiolgirotection
and they are performed using remote-controlled pgant. The
experience feedback showed a gradual extensidmeadurations
of the core renewal campaigns, due on the one twaequipment
ageing (more frequent failures) and on the otheidha stricter
assembly movement control procedures requiring eatgr
number of checks and hold points during the opmmati
Additional R&D is necessary to improve the handliagd

cleaning speeds in order to preserve optimum reaetglability.

The experience feedback shows that the incidefaseceto the
use of sodium mainly had consequences in termyaifadility
of the facilities (apart from the media or politic@ntext, as in
the case of Superphenix or Monju, as this contexbhetimes
significantly extended the shutdown durations). et striking
examples are given below:

in Superphenix, pollution by air of the primargd&um
(8 months of unavailability due to a faulty neomen
membrane compressor) and argon leakage at an sdata
exchanger (7 months of unavailability due to a krao a
22 mm diameter tube), leakage at the storage tEhknpnths
of shutdown);

oil ingress in the PFR primary system (18 montfs
shutdown);

sodium leakage in Monju in 1995, leading to sbutd of the
facility until 2010;
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fuel handling incidents in FBTR and in Joyo (tweays
of unavailability in the first case, probably everre in the
second case). It is to be noted that these twdaesaare not
equipped with ultrasonic viewing systems like PRemihich
could have made it possible to avoid these inc&lent

We also have to mention the sodium leakages (onggae and
per operating reactor in average, however it ise¢moted that the
last leakage occurred in BN-600 in May 1994), usuaiolving
small quantities (approximately one kilogramme),pidey
detected and not generating significant fires, éeakages at
steam generator tubes leading to small sodium-watactions
(five leakages in Phenix, approximately twelve in -BOD,
approximately forty in PFR) or to a large sodiumsiver
reactions (BN-350 in October 1973 and February 1$FR in
February 1987).

The analysis of the sodium-related incidents lethéoconclusion
that most of these incidents had no consequencéseasafety of
the reactors, even if some of these incidents tedeaeak points
in the former safety demonstration. In another exntthe fire
which occurred in the solar power plant of Aimgi$pain) led to
a review of the basic assumptions related to thereaf sodium
fires, thus improving the industrial experiencedtegck related to
the use of sodium.

All in all, the number of events is rather smatl,garticular for
reactors which are prototypes. For this reasors ftormal that
the starting phase of a reactor which is the firs¢ of a series
requires a period for adjustment and validation thie
technological options. The integration, during tlesign phase of
future reactors, of the huge knowledge availabknkls to the
experience feedback of the operation of formergutsjallows us
to expect availability rates close to those of xgsLight Water
Reactors (LWR). Therefore, for example, let us nmnthat the
BN-600 reactor, which used the experience feedback
accumulated in Russia thanks to the operation ofopye
reactors and the operation of BN-350, reaches dititjyarates
comparable (and in some cases higher) to thosheoRtssian
water reactors. These availability rates are smtdathose of the
French Pressurised Water Reactors (PWR) which staréed at
the same period (1980), such as the Tricastin ttoeaas a
matter of fact, BN-600 has a load faéfarf almost 75% over the
period between 1982 and 2008.

The shutdown periods appear to be very signifigeitit regard
to the number of events. Beyond the time necessaanalyse,
investigate and repair the incident itself, theicaxd which
generate extended shutdown periods are mainly éhiécations
of conformity of the components or structures reteg by the
nuclear safety authorities. This statement provest tit is
necessary to implement high-performance in-seriispection
and repairability; this remains a challenge, gitke fact that
sodium is opaque and reactive.

6 — Here, the load factor, or capacity factor, hetratio of the gross electricity
production to the gross nominal electrical powetlt facility multiplied by the
operating duration considered.



EXPERIENCE FEEDBACK OF
FAST REACTORS IN FRANCE
AND WORLDWIDE

Significant experience feedback has been accundulaith the
Phenix reactor in terms of maintenance and inspectin
particular during the programme aimed at extendiegservice
life of Phenix. Several significant actions wererieal out on the
reactor and its main systems. The replacement eypairrof the
intermediate exchangers, primary pumps and steamergr
modules, which had been planned as from the desigthe
reactor, were carried out many times and succégsful
Significant portions of the intermediate systemseneepaired,
with the replacement of the base metal when itadrout that
steel 321 was not suitable for the operating camut of the
hottest parts. On that occasion, an original anficierft
procedure was developed to weld the new portionte dime
original pipes. A Closed Circuit TeleVision (CCTV) iresgion
was carried out on the upper internal structureshef reactor
block, in particular the above core structure amel network of
fuel subassembly heads, using optical devices tadeénto the
primary system after drainage of half of the sodi#®0 metric
tonnes) under radiation of approximately 100 Grags hour.
This inspection revealed that these structures wemxcellent
condition after thirty years of operation. The adionic test
performed on the conical skirt which supports tlegdd and the
core inside the main vessel demonstrated that theme no
defects in this structure which is fundamentaltfar safety of the
reactor, in particular in case of earthquake. Thépection was
performed using the skirt itself as a wave guidenfthe outside
of the main vessel and over a distance of more thigae meters
at the heart of the primary sodium maintained &°C5 This
operation can be qualified as “world first”.

The Superphenix reactor and several experiment&sSére
being dismantled. The main lessons which can bmédea in
particular for the design of future SFRs, from thedges and
operations related to the dismantling of thesetogacare the
following:

complete core unloading is a long operation wisizmetimes

requires processes or equipment items which were no

provided for in the operation phase;

complete drainage of the sodium from the reaidtaxlso a
long operation which requires complex work; itasbie noted
that, until now, what happens to the sodium isedéfit from
one facility to the other (direct or indirect reuselease of
sodium salt into the river or
incorporation into concrete);

possible presence of sodium in the form of adrdeposits,
for instance in the penetrations of the above strectures of
reactors, needs to be taken into account duringrehetor
water filling when this process is selected to jeva
biological protection during the dismantling opéas;

cold traps (or similar equipment)
compounds (oxides, hydrides, etc.) and radioactleenents
(activation products, fission products in caseeaaking fuel

marine environment,

in  which sodium

clads, etc.) concentrate during the service lifehef reactor,
are equipment which generate the highest levehefrical
and radiological risks during dismantling;

processing of the sodium-potassium alloy (Nakjolwes
chemical risks which require perfect control of @anplex
process;

the radiological source term is concentrated infea
structures located close to the core, in particilacase of
presence of some materials such as stellites whédome
highly activated under a neutron flux (on the cantr the
overall activity of nuclear waste produced by afiRS$lower
than the activity of the waste of the other typéseactors,
and a significant part of the waste produced during
dismantling operations can be disposed of throulgé
conventional channels);

special care must be given to the tritium reldasits during
the dismantling of components which were in contaith
the primary sodium.

Generally speaking, the deconstruction of SFRs doemvolve
any technical dead end or major difficulty andsivery similar to
the dismantling of the other types of nuclear resacor facilities.

—
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PRIORITY IMPROVEMENT AREAS
AND ASSOCIATED R&D PROGRESS

The analysis of the experience feedback of SFRdigfgld the
difficult points which still remain to be solved foee an
industrial product that complies with the objectivef the
4" generation can be available. Solving these probliewolves
technological innovations which go far beyond aorémental
approach in comparison to Superphenix and the EBJRqt.

The table below details the R&D areas and the tdolgical
orientations selected for research on improvemeatsl
innovations.

The progress of the work related to these majooriyi
innovation objectives is presented below.

3.1. REACTOR SAFETY
3.1.1. PREVENTION OF SEVERE ACCIDENTS
3.1.1.1. HIGH-PERFORMANCE, IMPROVED SAFETY CORE

In terms of safety objectives, th& deneration SFRs are required
to achieve a better safety level than before, aigldafety level
shall be at least equivalent to that of the nucteactors which
will be commissioned at the same time. The safbjgatives for
the reactors under construction are formalisechan WENRA
document “Safety Objectives for New Nuclear Powlants”.

To comply with these objectives, the preventiontted risk of
complete core meltdown must be given special CHre.reactor
protection and malfunction detection systems mirgrefore
achieve a very high level of reliability and redandy, and this
must be demonstrated through a deterministic aotatnilistic
approach. An additional approach consists of implaing a
natural behaviour of the core which will make sevaccident
prevention and mitigation easy. The robustnesshef safety
demonstration shall be ensured by means of a caudbin
probabilistic and deterministic approach.

7 — Western European Nuclear Regulators’ Assoaiatio

TABLE 2: PRIORITY R&D AREAS FOR SFRs

FORMER EXPERIENCE FEEDBACK R&D areas / Technical innovations

Sgﬁjcggg}/ﬁzifecrﬁrersoblem I Optimisation of the cores to improve the natural behaviour in case of
P abnormal transient. Investigation into heterogeneous cores.
=> Safety
I Modular steam generators
Sodium-water reaction ' Reverse steam generators (sodium in the tubes)
= Safety — Availability 1 Gas power conversion system instead of water-steam power
conversion system
Sodium-air reaction = Innovation for sodium leakage detection
=> Safety . .
I Studies related to sodium aerosols
s ident = Path of the corium
evere accidents
> safety m Core cgtcher . .
W Interaction between corium and sodium
Decay heat removal = Combination of well-proven systems, diversification of the cold source
= Safety = Decay heat evacuation through the vessel
= Simplified nuclear island design
= New techniques: acoustic detection, laser measurements
= High temperature ultrasonic sensors
ISIR = High temperature fission chamber
= Safety — Availability = Optical fibres
= Instrumentation for sodium flowrate measurement for assemblies
I Carrying robots for inspection or repair
' Under sodium viewing
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PRIORITY IMPROVEMENT AREAS
AND ASSOCIATED R&D
PROGRESS

The design studies concerning the natural behawbtine core 2. Core cooling failure accidents of different natres
are focused on an analysis of accident situatiaieniging to
two main categories: the reactivity insertion aeqid and the
core cooling failure accidents.

Overall accident which affects the entire coygidally, the
primary and secondary sodium flows are stoppeavotig
the loss of the electrical power sources which bupipe
pumps, this being likely to lead to core damagéhturto the

L . . appearance of sodium boiling;
1. Reactivity insertion accidents PP 9

There are three possible types of reactivity insert Local .accident, which can affect one or sevaubbs;emblies
following a fast loss of coolant such as a failukthe

Through drainage of the sodium from the core ldoge size connection between the pump and the diagrid (Lipaso

conventional cores exhibiting positive associatedctivity following a blocked subassembly leading to locaklfu
coefficient. The associated accident sequences are a gas meltdown, likely to entail a feared scenario ofgagation of
bubble going through the core, or the sodium wttidiis the fusion phenomenon up to a complete core metidow

during a loss of coolant accident in the core;

The R&D work is based on the development of a casigh
methodology, in particular the Cocons approach (hesif
naturally safe cores). This gradual improvementhodblogy
relies on an analysis of the core reactivity caefits which play
an important part in the behaviour of the reactioen on their
optimisation so as to make the core more resistadamage in
the abovementioned accident situations. Then, onitéiia
optimisation methods have been developed to take th
Through a core compaction movement. Due to tearahces complexity and variety of accident sequences intmant.

between the subassemblies, the core is not, in mami
operation, in its most reactive geometrical configion.
Therefore, core compaction, by filling all or past the

Through unexpected withdrawal of one or sevemmitrol

rods. These rods are inserted into the core dteganing of
the cycle to compensate for the initial reactivigserve
necessary to withstand the duration of the cydlé. i not

detected early, an unexpected withdrawal can cdhee
degradation of the fuel in certain subassemblies wuthe
local increase of power;

These studies revealed the need to first reducerehetivity
effect due to the loss of sodium of the core.

clearances between the subassemblies, can potsialyto Based on these orientations, the R&D teams defined an
reactivity insertion. innovative core concept, covered by a common CEA-Rbdva
patent and called CFV (core with low reactivity effen case of
8 — Sodium can slow down neutrons. Disappearanceooium leads to the SOdlum.dramage); thls.concept features major Imﬁ?r\ts in
following: comparison to conventional concepts. The main cheriatic of
«  Positive reactivity effect due to “hardening” dfe neutron spectrum; as this concept is that it has a very low or even tiegaeactivity
the neutrons are less efficiently slowed down; . . - .
* Negative reactivity effect due to the increasaeutron leakage out of the e]_cfeCt in case of complete drainage of the sodinoiuding for a
core; high power reactor.
¢ As neutron leakages are smaller in large sizeesothe most positive . . i
drainage reactivity effects are obtained for higiwer, large size cores. This performance is made possible by:

the reduction of the proportion of sodium insithe core
through a reduction of the diameter of the wireduser
separation between the fuel pins,

FIGURE 3: SCHEMATIC DIAGRAM OF THE FUEL PIN AND CFV CORE
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the application of the “sodium plenum” concepticthis
materialised by a cavity normally filled with sodiylocated
above the fuel pin bundle inside the fuel subassiembin
the event of drained situation following partias$oof sodium
in the core, this plenum will allow neutron leakane of the
core. The innovation of the CFV core lies in thenbination
of this sodium plenum concept with the core hetenegus
geometry concept (presence of a fertile plate &xtat
approximately at mid-height in the core) and withe t
“crucible” core configuration (differentiation beten the
heights of the internal and external fissile zoneah
absorber plate is also installed above the sodilenum.
This combination increases the leakage effect @hibutrons
of the plenum (increase by a factor of 3 with respge a
configuration with just the sodium plenum) and #fere, it
compensates for the positive reactivity insertiare do the
drainage of the fuel zone only. As a result, thactigity
effect related to complete sodium drainage becoragative.
It is also worth noting that all these feedbaclkeet start
before the sodium begins to boil, as from the tiitge
expansion begins under the effect of heating.

The fuel pin and the RZ geometry description of @tV core
are presented on Figure 3.1.

These characteristics allow us to consider a marx®urable
behaviour of the CFV core during unprotected conapless of
cooling accidents (total failure of the electrigadwer sources).
Furthermore, the small loss of reactivity during ttycle, which
also characterises the CFV core, is favourable ise caf
unexpected control rod withdrawal.

The other accident sequences (fast blockage of fuel

subassemblies, core compaction, drainage due topassage)
can be precluded, in practice, through the useady eletection
technological options (innovative instrumentatiasr) physical
limitation options (reinforced plates to limit commpaction,
removal of gas release sources).

To master the specificity of the CFV core based be t
combination of options and separated multiple éffeand to
certify the calculation uncertainties associatedhwhe main
neutron parameters, an experimental physics pragefecalled
“Genesis”) was defined. A part of this programmeéslicated to
analytical assessments and it is scheduled tomiedaut in the
BFS critical mock-up in Russia, while the tests tdidede the
impact of the combination of these effects will performed
from 2017 in the Masurca critical mock-up (undenaeation)
installed on the CEA centre of Cadarache (FrancejerGihe
innovative aspect of this core, other tests or @reent work
will certainly be necessary and they will be defiress the studies

and the R&D progress. For example, the severe aucide

simulation codes will require further adaptatiorderelopment.

The CFV core concept requires a specific material R&D

programme:

the reduction of the spacing wire leads to attiggtwork of
fuel pins. Therefore, it becomes absolutely necgsbat the
cladding materials exhibit low swelling in the oatmg
conditions of an SFR, in order to achieve the hupn-
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fraction objectives defined for the commercial tees The
current reference cladding material is a work-haede
1515 Ti austenitic steel, material grade AIM1, tlwato say
the last material grade used in the Phenix readfus
material has a satisfactory behaviour but its gdarited to
approximately 100 dpa (displacements per atom).R&D
programme is in progress to develop a material ggdlied
AIM2, which will be compatible with an objective of
120 dpa. For the commercial power plants, the dgwaént
of an oxide dispersion strengthened ferritic-magitén steel
(ODS steel) is under study. More advanced silicarbide-
based materials (SiCSiC) and, to a smaller exteniadiam,
are also considered as they provide additional msrin
terms of heat resistance. R&D work is in progress t
determine the feasibility of these materials.

a programme to characterise the behaviour of dbee
materials at high temperatures (in particular thetemal of
the hexagonal tubes, made of steel EM10), to satista the
preservation of the geometry of the core for tramisi such as
loss of cooling.

This development and qualification programme reliasiong
others, on the use of irradiations carried outheritx and on an
examination programme (non-destructive testing @estructive
testing) in the various CEA laboratories. In pattcu
subassemblies with heterogeneous geometry, call&dD®
made of an AIM1 cladding material and EM10 hexadonbes,
were irradiated during the last operating cyclePbénix; they
should bring a very useful quantity of data for thmlification of
the fuels for CFV type cores.

In the long run, within the scope of a gradual ioy@ment
action, it appears that the use of a denser amtbcélel than the
reference oxide fuel will bring interesting persipezs. The best
compromise is given by nitride or carbide type @ensramics.
As a matter of fact, these ceramics have the besjins in terms
of meltdown, thanks to a good thermal conductiabd a high
melting temperature. Their rather low core tempeest make
these ceramics more suitable for loss of coolanidaots. The
nitride type ceramic has similar characteristicstiiose of the
carbide type, but its problems of dissociation ather low
temperature make it less suitable in comparisooarbide type
ceramic.

As regards the carbide fuel, the experience feddisddndia,
which has developed this type of fuel, highlighte difficulties
to manufacture this fuel on a large scale (rislatel to the
pyrophoric characteristic of carbide).

Foreign countries (USA, South Korea, India) carnytbe study
and development of metal fuels, mainly with a vi@amprove
the breeding potential. Such fuels have advantéygh density,
good conductivity, lower interactions with sodiutn)t they also
have significant drawbacks (lower melting tempeamtthigher
effect with sodium void reactivity, etc.).

To conclude, in addition to continuing the develemtof oxide
fuels and monitoring the studies carried out abr@aitride,
metal), it appears interesting to continue ourreffen the long
run to explore the potentialities of carbide fuetes which will
allow us to go even further in terms of favouralmatural
behaviour.



PRIORITY IMPROVEMENT AREAS
AND ASSOCIATED R&D
PROGRESS

For an SFR, the reactor shutdown function is ugyagformed
by two families of rods (control and shutdown rodiese rods
are diversified and redundant as no system exiated on a
soluble poison, such as the injection of boron inPWR.

Diversification therefore relies on a different ges and

construction of the control rod mechanisms, a ptae system
also diversified from the physical data and senswrsthe

actuators and a combination of both types of rodharisms and
both types of protection systems in order to previtte automatic
shutdown function with a high level of reliability.

In order to further improve the reliability of thshutdown
function and achieve an almost total practical ilation of the
risks of unprotected accidents, a third intringiatdown level is
searched for, based on a completely different dipgrarinciple
than that of the other two systems. This approactovered by
an R&D programme with specifications and requirement
suitable for the objectives allocated to tHegéneration reactors.

Such a very innovative concept of third shutdowvelecalled
Sepia (SEntinelle for Passive Insertion of Antiteaty) was
designed and a patent was filed. This third shuid®wvel can be
integrated into a fuel subassembly independent ftbenrods
and, as a consequence, it is not susceptible tpdbsible causes
which could make the other conventional shutdowstesys
inoperative; its operation is activated passivehtie increasing
temperature of the sodium which flows in the subadsgy, in
case of a threshold value being exceeded.

FIGURE 3.2: SEPIA DEVICE

Figure 3.2 illustrates an example of Sepia based differential
thermal expansion device, but other activatingesystare under
study (“thermal fuse” for example).

Such a system improves the capability to stop thdear power
in all circumstances, this being a first order iegment. But
beyond this, it is also absolutely necessary taiensontinuous
evacuation of the residual heat, and the Fukushacgdent
highlighted this point.

For the future SFRs, the main R&D objective consisfs
reinforcing the design solutions to achieve a rbbus
demonstration of the practical elimination of thatat loss of
decay heat removal (DHR) systems over a long peridte
architectures have been redefined since 2007, winiede it
possible to identify priority work areas:

better use of the intrinsic characteristics oé thodium
(thermal inertia, boiling margin, etc.) to develaesigns
which will improve the initiation and holding of naal
circulation. This relies on cores with reduced pues loss
and on the optimisation of the components in thenmessel.
The accurate assessment of the way to achieve this
performance (this capability has already been deinated

by real tests on the Phenix and Superphenix resctelies

on the progress of simulation and on the contridsutof
intensive calculations, for example by means of the
possibility to perform three-dimensional calculagoccoupled
with system calculations for the intermediate exggas
(see Figure 3.3). For example, in order to takeaathge of
this capability to operate in natural convectiorttia primary
system, with a hydraulic system going through the
intermediate exchanger, design feasibility studigsre
performed for a DHR exchanger integrated into an
intermediate exchanger.

Development of probabilistic safety assessmentdetso
adapted to the specificities of SFRs, in order teess the
robustness of the architectures with respect tootijectives
and the advantage of the diversification of thed csburces;
these models will finally contribute to the demoasbn of
the achievement of these objectives.

Search for innovation in the design of DHR systemaking
it possible to reduce the risks related to the tifled
common modes such as, for example:

— all the exchangers immersed in the main vessel e
subjected to similar loading,

— most of the sodium systems go through the reatan
and they are potentially vulnerable to common loads
(sodium fire for example).
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FIGURE 3.3: SIMULATION TO DESIGN A DECAY HEAT REMOVAL SYSTEM
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of a natural convection
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inlet window of an
intermediate

Therefore, actions are in progress to develop mdit systems
which will make residual heat extraction by the eemal

structures easier, by attempting to rely on a betienprehension
of the evolution of the emissivity of the vesseltenals and on
the development of exchangers in the inter-vegsmtes or in the
reactor pit. We are also studying the potentialesgy of these
new systems with the requirements on the post-antidecay
heat removal systems in case of selection of a cateher
located outside the main vessel. And finally, sHbothese
solutions prove to have insufficient efficiencyhet engineering
approaches are under study (protection and segtwinthe

exchangers on the slab, etc.).

The objective of the implementation of these soh#iin Astrid,
as we will see in Chapter 6, is to practically détiate the risk of
complete and prolonged loss of the decay heat rahfiomction.

The accident which occurred in the Japanese povat wf

Fukushima-Daichi demonstrated how much it is imgodrtto

guarantee the inventory in primary fluid in case sHvere
accident. On a pool type SFR, the approach corgigissuring a
very high prevention level with a safety vesselahhwill recover

the sodium in case of leakage from the main vessethat the
core remains immersed and can be cooled. This apprbas
been completed with a procedure intended to guegahe safety
of the reactor should the safety vessel have adealell. For the
future SFRs, this approach is integrated as frondéségn phase.

3.1.2. MITIGATION OF SEVERE ACCIDENTS

Within the scope of defence in depth, irrespectivie the
performance level reached in terms of preventiond &n
consistency with the approaches followed for tfeggneration
reactors, it is absolutely necessary to take thesipiity of a core
meltdown into account as from the reactor desigasph

All the steps and devices implemented to limit ¢basequences
of a complete core meltdown are referred to asifatiion”. For

the 4" generation reactors, the purpose of mitigationtds
demonstrate that massive release of radioactivitip ithe

environment is not possible and that only counteasares
limited in space and time may possibly be necess$arythe

public.

In case of degradation of the core, the objectiz¢he studies
carried out is first to analyse the various accidaenarios and
assess the potential risks in terms of releaseechamical energy
and source term. Then, it is proper to proposevatidate a set
of mitigation means making it possible to precluelrly or
significant release of radioactivity into the emviment so that,
even in case of a severe accident, the implementatas
applicable) of measures to protect the populatidhbe limited
in time and space.

This objective is taken into account and integraaedirom the
core design phase through the application of depiowisions
which will prevent the situation from getting worsk this
context, the reduction of the reactivity coeffidien case of
drainage of the scheduled cores (CFV core) appedrs & good
thing in the first phase of an accident, by limitithe potential
mechanical energy and, therefore, the risk of dkgian of the
primary containment. In order to manage the mottere, it is
necessary to keep any possible recriticality udetrol, through
two main areas of study:
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FIGURE 3.4: SEVERE ACCIDENTS AND ASSOCIATED MODELLING TOOLS

Transient simulation
(Cathare + CFD
tools such as
Trio_U)

Corium route -
(Simmer Il and V) s

Core catcher and long-term cooling
(Trio_U, CFD tools)

Resistance of structures
(Europlexus)

Behaviour of the core
(SAS4A codes, Simmer lll and IV etc.)

Possibility to insert antireactivity in the molté&rel (through
dilution of the fuel or through the addition of ren
absorbers); concerning the CFV core, the upper orutr
shielding (PNS) contains absorbers, and the assessohits
contribution in such degraded situations is in pesg.

Possibility to disperse the molten fuel out of tioee area; the
Japanese JSFR concept proposed by JAEA is basedoon
devices:

— a device named Faidus to eject a sufficient tjyaof
molten fuel out of the core in order to maintain a
subcritical state during the period necessary w®erin
additional absorbers. It is to be noted that, eehd, the
ejected fuel will return to the molten core area;

— a CRGT device (Control Rod Guide Tube) to eject the
corium below the core. The adaptation of the CRGT
concept is under study for a CFV type concept in a
reactor with pool architecture.

These studies to assess the behaviour of the ndréha primary
containment rely on a constant strive to devel@pdbmputation
chain used to assess the consequences of a degmadathe
core, to adapt this computation chain to the desigtions
studied and to their validation (see Figure 3.4). shipport this
validation, CEA has access to the results of the BHAG
programme carried out by JAEA for the validationtted CRGT
concept, and it is studying the feasibility of addiional
experimental programme to validate the simulatmoig for the
case of the calculations of geometry of a core wittightened
pin bundle (CFV type).

Finally, concerning the mitigation means, it isedtled to install
a core catcher able to contain the entire coriuventory. The
main functional requirements for the core catcheras follows:

Geographical containment of the corium without aggion
of the containment barriers, in order to Ilimit the
consequences out of the site;

Keeping the corium in a subcritical state to prévany
recriticality accident;

Long-term cooling of the corium to guarantee thhée t
containment will be maintained and to prevent tbeumn
pressure from rising;

Preservation of the long-term mechanical stren§the core
catcher and the associated structures;

Instrumentation systems to transmit the information
concerning the characteristics of the corium intyaesident
situations.

Finally, the design of a core catcher is dependenthe options
selected for the decay heat removal system and tHer
containment and it is also dependent on the conepigbn of the
possible routes of the corium.

A multicriteria analysis of the various severe deait scenarios
and of the possible corium route was initiated ideo to study
the suitability of three different types of coretateers, both in
terms of design feasibility and robustness of themahstration as
regards the safety objectives and the previous tifumal
requirements:

An internal core catcher, located in the main esggch will

maintain the integrity of the main vessel but weékuire to
guarantee that the possible routes of the coriumaire under
control and that the performance of such a comgoinethe
primary system is maintained over time;

An inter-vessel core catcher, located at the bottdnthe
space between the main vessel and the safety vessel
guarantee the integrity of the safety vessel; sachkore
catcher would avoid the constraints related to the
preservation of performance of a component in theary
system, but it transfers the design constraints éinteduced
space potentially in contradiction with the inspddlity
requirements (see Figure 3.5);



FIGURE 3.5: EXAMPLE OF AN INTER-VESSEL
CORE CATCHER

An external core catcher, located at the bottorthefreactor
pit; this type of core catcher transfers the designstraints
to the layout of the reactor pit, in particular fbe long-term
decay heat removal system, and also on the sealthgthe
reactor building.

Given the requirement to maintain the corium inubcsitical
state in the long term, and given the phenomeniatefaction
between the corium and the core catcher, a pasgitsl being
studied in order to add a layer of sacrificial miais (to prevent

the risk of material abrasion) associated with atmo® absorber.

An R&D programme is in progress to assess the paence of
these materials as well as their resistance owvee,tiand this
programme will contribute to the selection of opsdor the core
catcher.

3.1.3. SODIUM-WATER RISK: POWER CONVERSION
SYSTEM

Two different approaches were studied to desigrovative
power conversion systems:

A completely new approach which removes the useatér

and which uses a Brayton cycle gas power conversion

system. Therefore, this approach gives a simple farad

response to the reactivity of sodium with watertheut the
need to modify the reactor operating parameters: cibre
inlet and outlet temperatures remain unchanged thed
design of the nuclear island is impacted only Far $odium-
gas heat exchangers which replace the steam gerseeatd
for the operating of accident transients (lowerihed inertia,
removal of the risks of sodium-water reaction, &ddi of

problems specific to pressurised gas tanks ang)ipe
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An approach which still relies on the use of a wateam

Rankine cycle, but with the objective of signifidgnt
reducing the probability of occurrence of a sodwater

reaction and drastically limiting the potential sequences
(practical elimination of consequences on the rargrt of

the facility).

Note: Steam generators are the main place in an S#ire the risk of
sodium-water reaction exists. However, whatever plogver conversion system
selected, an approach of prevention of this rigk articular concerning the
emission of hydrogen and its explosive reactiorh Wi oxygen contained in the
air) will be necessary in several other parts o facility: “cleaning” of the reactor
components and of the used fuel subassemblies,isg®mwhere sodium pipes or
capacities are present and in which water (weatheakage, etc.) may also appear,
in particular during maintenance or dismantling opons.

The studies carried out on a Brayton cycle gas paaBversion
are aimed at assessing the industrial feasibifitguzh a system
in the temperature and pressure conditions coreidér this

application, the performance (among others, in gerof

efficiency) and its compatibility with a nucleafand (impact on
safety, security and radiological protection).

The impact on efficiency can be very different degieg on the
selected gas. Selecting supercritical G©uld make it possible
to achieve high performance (efficiency above 40%ihe same
level as a water-steam cycle) and significantlyucedthe site
coverage of the power conversion system. Howeheés,dycle is
very innovative, it requires studies to stabilise bperating point
and it has never been implemented. There is alsbemical
interaction between CQOand sodium. The use of supercritical
CO, is therefore considered as a long-term optionghbgment
studies are being continued within the GIF in aterimational
cooperation framework.

For short-term development, the selection fell orl8D bar
nitrogen cycle (with operating temperatures betw@20°C and
530°C). Today, this power conversion system takksatage of
all the studies carried out in the years 2000 f&r gas-cooled
nuclear reactor projects of the HTR or VHTR tygasluding the
Antares project supported by Areva, as well as shelies on
conventional gas turbines. Therefore, CEA thinkst thais

possible to consider this type of cycle for an SE®jsidering
however that this is a major industrial innovationa 600 MWe
turbine. The net efficiency of the power station a@ssessed
between 37 and 38%, which remains above the gffigiéevel of

the reactors currently in operation. It is alsogioie to design a
set of modular turbines of the same type, but witmaller size.

The use of a gas power conversion system (whdehfacto
removes the risk of sodium-water reaction) does meke it
possible to avoid the use of the sodium secondatem, as it is
necessary to keep a barrier against any sourcasoéigd against
any pressure stress for the primary system, inro@eomply
with the safety objectives associated with the core

The first assessments of the consequences of éraasbn the
primary system, for an initiating event located the tertiary
system and impacting the primary and secondaresystshow
that the consequences of transients of loss aatgrtooling are
lower for a gas power conversion system than faater-steam
power conversion system.
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Preliminary studies have been carried out on thsigde of
turbomachines (turbine, compressors). The desigheturbine
remains particularly difficult, but there is no heological
obstacle identified. A first model of the architae of this gas

power conversion system was also made for Astrid

(see Figure 3.6). It does not reveal any technodgi
impossibility concerning the design of all the campnts;
however, the roadmap for the commissioning of a gawer
conversion system of significant size (approxima&)0 MWe),
will have to be consolidated, as there have negentany similar
facilities with power exceeding a few MWe built aler the
world. This conversion system will therefore beeahinological
demonstrator itself.

Due to their very innovative nature, sodium-gashexgers are
the real technological challenge for the gas poeaiversion
system and therefore they are the critical comptneh the
system. A compact type exchanger technology (sger&i3.7) is
a promising way in terms of technical, economicadl safety
performance, but studies still have to be carriatlancerning
the qualification of the assembling process and riteans for
inspection during manufacturing and for in-servioenitoring.

A backup solution is studied at the same time, véthmore
conventional, “shell and tubes” type, heat exchangehnology
which would significantly simplify the manufactuility and

inspectability of the component, however at thet afsa lower
thermal compactness (less good heat exchangesth wiould

directly impact the number and size of the exchenge well as
the overall facility.

FIGURE 3.6: EXAMPLE OF A MODEL OF TERTIARY
SYSTEM OF A NITROGEN POWER CONVERSION
SYSTEM

Alternator Collector

Low pressure
compressor
High pressure
compressor

The design phase for this type of compact, nonestah
exchanger for a reactor requires to know a cemaimber of
parameters, in particular the exchange and frictiorrelations
suitable to correctly describe the exchange gedesewf the
compact exchangers studied, that is to say Pri@ieclit Heat
Exchangers (PCHE) or Plates Fins Heat ExchangersliEPF
These characteristics have a direct effect on ihe ef the
components and on the input data for the thermoemgcal

analysis. An experimental loop, named DIADEMO-N&aeing
commissioned in the CEA centre in Cadarache to aechaéat
exchange data to validate the design studies. €&umttre, the
acquisition of validated material data for the themechanical
analysis, and the validation of the assembling ggsawhich is
extremely important for the thermomechanical sttengf the
component, are important areas in the current R&y@mmme.

In the current state of the studies carried outtipiwith Alstom
and Areva, no redhibitory feasibility issue has rbédentified;
however, the technological challenges for the soejas
exchanger and the turbine are taken into accoumil kow, no
closed gas Brayton cycle energy production faciligs been
operated on an industrial level, except a few itéesl of small
power in Switzerland and Germany, with low effiaign(~30%),
the bigger one being the 50 MWe facility of Oberseu
(Germany) operated during the 1980’s. If these eatives are
confirmed, a technological demonstration of the eapower
level will be necessary before a nuclear applicat@an be
considered.

FIGURE 3.7: PROPOSAL OF DESIGN OF A
COMPACT AND MODULAR SODIUM-GAS
EXCHANGER
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Gas inlet
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For a water-steam power conversion system,
objectives are as follows:

the gulesi

reduce the risk of sodium-water reaction througke th
robustness of the concepts as regards the faidiribe walls
between sodium and water and as regards their tévolu
kinetics,

limit their consequences by reducing the souraa through
the implementation of early detection systems dmdugh
the limitation of the loads on the structures,

reduce the costs by simplifying the concept andtling of
the pipes and through the control of the manufawgur
processes.

The studies associated with the minimisation of tiek of
sodium-water reaction are based on different telciyical
options and associated materials, with the thrdewimg areas
(see Figure 3.8):

Comparison of the performance of the various steam
generator families studied:

— Helical steam generators; this is a mature ap#ith the
experience feedback from Superphenix, the A800
material is well-known, but this option still remaito be
improved in particular as regards in-service
inspectability, manufacturability and control of
consequences in case of sodium-water reaction;

— Straight tube steam generators, with a low esipan
coefficient material (type 9Cr) for the tubes, atadiants
to manage expansions (bellows or loops); this aptias
a simplified design, but the behaviour of the 9Ctemal
is under assessment in case of sodium-water reactil
the experimental database associated with the ialater
needs to be completed. Tests are in progress Wwih t
Japanese and Indian partners;

— Reverse steam generators (sodium flows insidéuthes,
while water flows outside); one of the major instgeof
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this option is that it is possible to limit the exfs of a
possible sodium-water reaction to only one tubeéhavit
propagation to the other tubes. However, the lower
maturity of this option requires significant teclogical
development as well as innovative solutions for the
inspection of the tubes.

Improvement of the computation models and codes, an
integration of data concerning new materials (9@J aew
design options taking the different phenomena axtoount
(in particular as regards the reverse steam genesption);

Improvement of the performance of the sodium-water
reaction detection systems, with the objective akimg sure
that the initial leakage can be detected beforeatfjacent
tubes result perforated by a local erosion-corrogtiect (a
phenomenon called “wastage”) or by a swelling-bogst
effect:

— Assessment of the performance of electrochemical
sensors, whose principle is based on the differasfce
hydrogen concentration between the liquid sodiuch @n
reference electrolyte which generates an elecigoat
Promising tests were carried out in 2008 and 2009 i
Phenix on prototypes supplied by the Indira Gandhi
Centre for Atomic Research (IGCAR).

— Assessment of the performance of acoustic detect
techniques: a passive technique based on the idetedt
noise generated by the resonant oscillations ofgide
bubbles, and an active technique which analyses the
acoustic attenuation due to the presence of a hasep
within the liquid.

— Improvement of signal processing.

Concerning the limitation of consequences, the objds to
limit the losses of integrity of the steam generatasing, the
secondary system and the intermediate exchangeorder to
make the safety demonstration robust. The modutaans
generator is an assessed design option for whielolfective is
to verify that the integrity of the casings of tsecondary system
components will be maintained in case of failuralbthe tubes.

FIGURE 3.8: DIFFERENT STEAM GENERATOR TECHNOLOGIES

Helical tubes (Superphenix)
Straight or J-shaped tubes
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FIGURE 3.9: EXAMPLE OF A MODEL OF
MODULAR STEAM GENERATOR

Figure 3.9 illustrates an example of a modular retegnerator
composed of 3 modules integrated into a secondatgr® with
its sodium discharge tank and with the secondarstesy
circulation pump.

3.1.4. SODIUM LEAK DETECTION

Apart from the monitoring of the core in the primaystem, one
of the applications for which improvements are expé is

leakage detection, both for safety (risk of sodidine) and

availability (reliability of the detection system@ompared to the
techniques previously used, CEA and its partnerseaptoring

several innovative techniques with the aim to digantly

improve the time necessary to detect and locatedaus leak.

For example, we can mention optical fibre basedrtiggies,

detection integrated into the coolant (CEA patemtdcsodium
leak detector multilayer coolant, offset coolant;.eor laser
techniques (Laser Induced Breakdown Spectroscopyin® the

AVP2 phase, these technologies will be comparesetect the
most efficient ones, in particular based on expenitations in
progress in CEA facilities.

As regards reliability, the objective for th® generation systems
is to obtain an availability factor of the same dewas the
standards for a production power plant, which megpgally
approximately 90%. This objective is ambitious 8FRs, and it
requires significant progress in in-service insectechniques
for the primary system and the exchangers or stgamrators, in
the possibilities of quick replacement of primaongponents and
in the development of a high-performance fuel himgdsystem.

The objectives associated with this field of inntima mainly
concern the following:

Improvement of instrumentation performance for diébe
and location of sodium leaks;

In-service inspection and repairability;

Reduction of the shutdown periods for fuel reloadthgs
requiring improved handling system design. The
improvement of the speeds for subassembly handling
operations, which must be carried out in sodiumtamn
intermediate storage tank to integrate, in paricuhe fuels
containing minor actinides (warmer than standard
subassemblies), the reliability of the technologiesposed
and the preventive detection of failures will béerra for
selection;

Reduction of shutdown periods for replacement oragtibn
of components (for inspection, ten-year maintenanegair,
etc.).

3.2.1. INSTRUMENTATION AND INSPECTION,
MONITORING AND REPAIRABILITY

For safety reasons, CEA selected a pool type conaephe
beginning of the project. This option has advargage
(minimisation and simplification of the structuremnd the
containment to be inspected) and drawbacks (ladgeensions,
obstructed access areas) as regards the inspigtabfl
structures. The inspectability of components inwwods difficult
due to the opacity of sodium and the need to keept ia
sufficient temperature so that it remains liquid least 150°C)
and the need to keep it isolated from air. For Bhemd
Superphenix, the prevention of failures of struesuimportant to
safety was based on a large design margin andcaaality of
construction; in-service inspection capabilities d habeen
developed during the project or during its operafiar the areas
whose failure was likely to have consequences enstfety of
the reactor (the core supporting structures inqadar).

Beyond the principle used in former projects, thgective in this
field is to rely on the experience feedback of‘fBkenix lifetime
extension” project and to take the inspection cd fhternal
structures of the reactor block into account amftbe design by
providing the access points and the structure atiaps which
will make the implementation of technologies (eitegisting or
under development) easier. As applicable, thesgeti®n
technologies may be carried out from the outsiddram the
inside of the reactor. They will mainly use optical ultrasonic
methods. Selection will be made according to theigieof the
primary system. The amplitude and frequency of dhes
inspections will be defined so as to comply witle thafety
objectives and with the objective of reactor avality
demonstration. For all the studied architecturtes,inspectability
of structures in sodium will be one of the majoitezia for
selection.



FIGURE 3.10: HIGH-TEMPERATURE
ULTRASONIC TRANSDUCER TESTING MOCK-UP
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FIGURE 3.11: LASER CLEANING THEN
WELDING ON SODIUM WET PLATE

As many reactor structures as possible (above sioueture in
particular, and the components for which a senife of
60 years still cannot be demonstrated today) uslh &ave to be
made repairable (or replaceable on an exceptiassh

Significant progress in terms of inspection andangbility
capabilities is expected for the future SFRs, evénthe
experience feedback from the operations perfornmedPtienix
and Superphenix already contains a large quanfitgata and
results which will have to be taken into accountfrsn the
design of future reactors.

Therefore, since 2007, the R&D programme has beeericm a
wide area, from the design of the reactor so thatinhternal
structures allow development of instrumentatiomsgses, signal
processing, etc.) in various operating conditiostiufdown
states, power states, behaviour in neutron flux) eic the
development of efficient carriers in a sodium eominent at
temperatures of approximately 200°C and the dewvedop of
repairability tools (welding, etc.) in this enviment.

Without trying to be exhaustive, we can mentiorw £xamples
of results concerning, for instance, the progreaderin the field
of inspection:

High-temperature  ultrasonic  transducers have been
manufactured and tested in sodium environment on a
mock-up to assess the impact of the internal strastof the
primary vessel on the quality of the measurements
(see Figure 3.10).

As regards the developments in robotics, adapttiare
being performed on carriers to operate in enviramale
conditions compatible with those of an SFR, andséhe
adaptations will be tested in the sodium test loopshe
Papirus platform (see para. 8.2.). In terms of irapdity,
promising results have been obtained both for lak=ming
and laser welding (see Figure 3.11).

3.2.2. FUEL SUBASSEMBLY HANDLING AND CLEANING

Handling of fuel subassemblies is a major challeagét has a
significant impact on the duration of the outageiqus for
reloading or rearrangement of the core, and thexetm the

reactor’s availability factor. The selection of tthesign options is
based on the search for the best compromise between
performance in terms of timing, safety or impact tre
compactness of the nuclear island and the cosiea$ystems.

Main principles:

The function of the fuel handling system is to #fen and
manage the fuel within the nuclear island, fromtihee it enters
the nuclear facility to the time it is removed afits period inside
the reactor.

There are three main types of fuel handling (sger€i3.12):

1. In-vessel handling of the reactor fuel subassesbrhe main
operations to be carried out for in-vessel handirgyas follows:

Installation of new subassemblies inside the chreugh an
in-vessel receiving position,

extraction of irradiated subassemblies from thel da an
in-vessel receiving position,

rearrangement of the core, with transfer to intestarage
area if applicable.

2. Loading/unloading system. This concerns the atjmers of
insertion, after conditioning, of new fuel subasbées into the
vessel down to the receiving position, and the afjmns of
extraction of used subassemblies from the vessem fthe
receiving position to the next processing position.

3. Ex-vessel handling, which includes all the opere carried
out on fuel subassemblies out of the reactor vesalis to say:

receipt, inspection and conditioning of new subadses
before their insertion into the reactor vessel;

displacement of irradiated subassemblies, afteraeton
from the vessel, between the different stationthethandling
system;

storage of irradiated fuel subassemblies in areatstorage
area, if applicable, before cleaning;

irradiated subassembly inspection and cleaningabipes;

storage of subassemblies, if applicable, beforasfem for
reprocessing.



PRIORITY IMPROVEMENT AREAS
AND ASSOCIATED R&D
PROGRESS

FIGURE 3.12: SCHEMATIC DIAGRAM OF THE FUEL HANDLING SYSTEM
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A search for innovations has been carried out sip@@7 to

develop means which will significantly increase thandling

speeds and means which will allow handling of fuels FIGURE 5.12: PRESENTATION OF THE FUEL
subassemblies containing minor actinides. Figut8 8lustrates ASSEMBLY HANDLING AND CLEANING
an example of design of a “mixed” system composkednoin- SYSTEM

sodium ramp type primary handling system associatgd a

system to swap new subassemblies and irradiatezbseimblies
in order to improve the speeds, all these systerirglzombined
with a corridor filled with gas for access to thdeznal storage
area.

As regards the availability in the secondary harglystem, one
of the critical paths is the cleaning process (untw, this

process involves water spraying in carbon dioxigdh)ch must

allow the processing of fuel subassemblies havingesadual

power up to 7.5 kW. The experience feedback frormnBhand

Superphenix showed areas of improvement in ternapefation,
processing speed and robustness of the process.

Innovative cleaning processes have been testedshoded a
promising potential. These processes are intenu@tttease the
immersion speeds by adding mineral salt into theeeags
solution so as to moderate the sodium-water readtinetics.
Furthermore, such a process is rather similaréathrently used
process and, as a consequence, it should requive fe
modifications in the design of the cleaning pits.
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SPECIFICATIONS AND SAFETY
OBJECTIVES OF ASTRID

The main objectives of the Astrid specificatione aummarised
below. The resulting requirements are detailed iap@ér 5.

The main objective of Astrid is to prepare the istlial
deployment of # generation SFRs. Given the experience
acquired with formerly operated SFRs, Astrid musreifore
demonstrate and qualify, on an industrial scake vedidity of the
innovative options in the identified progress areasparticular
safety and operability. The deadline for the indaktleployment
has not been defined yet and it will depend onofactvhich are
still unknown today (resources, energy cost, intgrd the fight
against global warming, interest of the public omm political
context, etc.). Therefore, it would be logical svh accumulated
at least ten years of Astrid operation before timdustrial
deployment, in order to take advantage of a sefficexperience
feedback on the one hand and benefit from the imdusind
R&D competences mobilised for Astrid on the othemndyebefore
building the next industrial power plants.

Therefore, it will be necessary to extrapolatedharacteristics of
Astrid to future 4' generation industrial SFRs of higher power, in
particular for everything related to safety. Theesof the future
industrial power plants still remains undetermindmjt the
maximum value of 1,500 MWe was selected for thgeoto for
the extrapolation studies.

The Astrid design shall have certain flexibility $leat more
innovative options not implemented in the initi@stgn can be
tested during its entire service life.

The safety level to be reached for Astrid shalleg@ivalent to
the safety level of the power plants which will d@mmissioned
at the same period, that is to say in the 2020 dkecdhis
reference corresponds to the best safety standeuwd®ntly
known. It stems from the level of the currerif 8eneration
PWRs, formalised in the recommendations issued by t
WENRA association, and from the safety requiremerfgessed
following the Fukushima accident.

In terms of availability, the objective of th& generation system
is to have an availability factor typically abové?% for a
production power plant, which implies to allocatés Sfor
schedule shutdowns and to set, as a design olgectidesign
reliability such that unscheduled
prolongations of scheduled shutdowns will also aotdor a
maximum of 5% of the time. Because of its prototypéure, the
target availability factor of Astrid will be 80%ftar deduction of
experimental programmes.

In an approach for a sustainable use of nucleaggnthe aim of
Astrid is to be isogenerating without radial breeolankets. This
provides this project with certain flexibility (loveonversion,
isogeneration, or breeding) for better adaptatimrihe various
needs of future fast neutron power plants.

shutdowns and any

In the end, when this type of power plant becomesnment in
the fleet of electricity production plants, theyllidave to be able
to carry out network follow-up. This requiremennist taken into
account in the conceptual design phase of Astiigingits power
and the fact that it is a technological demonstratowever, this
requirement for power plants will be taken into @aat in the
extrapolability tests which will be performed withe Astrid
design option selections, so that this type oft@aacan meet the
needs of distribution system operators during slustrial
deployment phase.

Future power plants will have to be designed feewvice life of

60 years. The objective is the same for Astrid, énev, with the
currently available data, it may not be possiblgtarantee this
design as from the start of the reactor. Therefibiis,planned to
guarantee a service life of 40 years, with a pdigilof service

life extension based on future R&D, the experierauaed with

Phenix materials and the data which will be coéidctiuring the
operation of Astrid.

Finally, the economic aspect must not be forgotfestrid shall
allow an assessment of the future investment aedatipg costs
in order to ensure certain planned competitiveniss the
investors of series power plants. All this in a eyah vision of a
fleet comprised of 8 and 4" generation reactors, with an
objective of general economic optimisation of threduction of
electricity and an objective of complete closedleyfor nuclear
fuels, in comparison to the forecast concerningdbst of other
energy sources (water reactor + cost of uraniunost of used
fuel management, fossil energy + £@rocessing, renewable
energies, etc.).

The purpose of this paragraph is to present th&t Bafety
orientations which will be used to define the desigption
studies and the associated safety analyses astlimeonceptual
design phase of Astrid.

The main safety objectives are defined accordinthéovarious
categories of incident and accident situations twitian occur to
the facility while complying with the fundamentatiqciple of
nuclear safety: a situation must be all the lesaigible as its
potential consequences are severe.

These objectives are detailed in the safety orilams report
(DOrS) submitted to the ASN (French Nuclear Safatghority)
in June 2012.

For the discretisation of the risk, the situatiofmerly
identified as “beyond design” must be taken intecamt for
Astrid. For this purpose, the rules for study, thdesign
orientations and the objectives associated witlsethgtuations
have been specified. In particular, three additidiedds have
been identified in addition to the operating catégo
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In the field of “situations of prevention” (SP), wte many
equipment items are assumed to have failed, prievenill

have to be improved through a favourable naturbbbieur
of the core in these situations, and the absencéfbédge®

effect will have to be ensured with respect to ‘ttiesign”
situations;

In the field of “situations of mitigation” (SM), & core

meltdown situation is assumed and taken into adcoun

Devices are designed and implemented to comply thiéh
objective of taking only population protection meaaEs
which will be limited in terms of duration and emtewithout
early or significant releases;

In the field of “practically eliminated situation§SPE), an
objective of demonstration of the highly improbabégure of
such situations has been set, based on the implatioenof
specific provisions and on substantiation througfitable
studies, or based on what is “physically impossSible

The general safety orientations selected for Astwtich
prefigure, as much as possible, the orientationtbefuture SFR
system are as follows:

Greater independence of the levels of defence jathdhan
what usually prevailed in the design of former SFRs;

Improved severe accident prevention which, beyohd t
action of the safety systems (conventional apprpach

improves the natural behaviour of the facility;sthmust be
taken into account as from the design phase, ia cBfailure
of the safety systems;

In addition to the prevention measures, integratdrnthe

complete core meltdown accidents for the design and

dimensioning of provisions aimed at mitigating grotential
consequences;

Handling of the risk of chemical toxicity in additi to the
radiological risk;

Integration of the experience feedback from theushkna
accident, including the notion of “hard core”, tagithe
specificities of SFRs into account;

Integration of malicious acts, in particular in thesign of the
safety provisions.

The application to the Astrid project of the safetientations in
the design phase is based on the following:

9 — Cliff-edge effect: sudden alteration of thedgbur of a facility, caused by a
very slight change in the scenario considered fomecident, and whose
consequences will therefore get significantly worse

the general safety principles universally appligdnciple of
barriers and associated systems, principle of defendepth.
In the application of this principle, it is necesss ensure,
by design, that the various levels will have sudfit
independence. In particular, it is necessary toe take
complete core meltdown accident into account am ftbe
design phase for the fourth level of defence inthiethis
accident must be assumed despite the high leyakstntion
obtained by design;

safety technical principles resulting from the pesg made
over time in the nuclear sector (single failurderion, rules
of cumulative events, method of the lines of deéeeic.);

integration of the experience feedback from theigtesand
operation of former SFRs, such as in-service ingmect
requirements;

specific design orientations to reinforce the rabess of the
safety demonstration.

In addition of the fundamental principles, the dasbrientations
set for the project are listed below (non-exhaeslist):

Design of the core. The objective is to minimise tfsk of
recriticality within the scope of the integratiorf core
meltdown situations (of local and general origiHpwever,
this risk is taken into account in the severe amtidstudies,
within the scope of the defence in depth. Therefaohe
objective is to reduce the released mechanicalggnéely
to stress the containment;

Design of the nuclear island. The objective is tactically
eliminate the total and prolonged loss of the “gebaat
removal” function. As this case concerns the debagnt
removal systems, the improvements considered make ri
possible to:

— introduce more “geographical diversification’face the
risks of common mode failures not covered by theetu
“equipment diversification” and “functional
diversification”;

— take into account the possible damage of dduzat
removal systems in a severe accident scenario,
guarantee cooling after a severe accident (for pi@na
core catcher cooling system).

Design of the facility / use of sodium. The cherhidak
associated with the use of sodium is examined ftam
points of view:

hazard to the nuclear island, concerning tliéokagical
risk (e.g.: hazard to barriers),

event likely to have direct consequences (eefease of
toxic aerosols into the environment caused by aused
fire).



In comparison with the previous SFRs, the main dbjes are as
follows:

— better control of the risks of sodium leakafge example,

- Reinforce the application of the design and
construction principles: use the experience feedbac
and qualify the materials which will be used, litttie
welds and stresses through design, ensure a high le
of quality of construction,

- improve the detection and inspection means,

- integrate the principle of “detection of leakagdobe
failure” into the design studies of systems and
detection means,

— combine the radiological containment measures the
barriers with other provisions concerning sodiusksi

As sodium risks may be a source of hazard for the

radiological safety provisions, chemical and raoijital
risks shall be separated as much as possible.

As from the preconceptual design stage, the safetliye reactor
in the shutdown states is given the same careeasatety of the
reactor in power state, and the safety of the wHatgdlity is
given the same care as the safety of the reactor.

Particular care is given to falling loads, in peutar during
handling operations, and more specifically in theaaabove the
slab.

Equipment items important to safety shall be intgide.
Concerning the equipment necessary to keep theoreatta
safety shutdown state, additional steps are talegemntling on
the accessibility level, the repairability level darthe time
necessary for repair (ISIR).

Similarly, the possibility to unload the core witha reasonable
time, compatible with the safety demonstration, andegraded
situations, is a selected orientation.

For the more frequent initiators, after verifyindnat the
detection/protection means are sufficient, we tryobtain by
design a natural behaviour of the facility favoueabnough to
prevent a severe accident despite the very pesgiragsumption
of failure of the normal shutdown systems.

By design, the mitigation means related to the a@ioment and
cooling of the corium shall not be significantlypacted by the
mechanical effects of a severe accident.

General case: hazards have always been dimensidoeiing
cases for SFRs, in particular earthquakes and oiiens
between sodium and water or air. Additional origotes are
selected for Astrid concerning the following:

Combination of hazard with potentially concomitanemts
(i.e. other internal or external hazards, incideatsidents).

Considerations regarding hazards of a higher ldvah the
level selected for the design.

Reinforcement of the application of the principledafence
in depth as regards internal hazards.
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Particular case of earthquake: one important aatent regarding
earthquake is to consider, for the analysis reldtedcertain
systems (post-Fukushima hard core), seismic leviglser than
those selected for the general design of the facilThese
systems include, in particular, certain parts o ghutdown
systems and cooling systems. A system for autonsatitdown
upon earthquake detection is provided for.

Particular case of aircraft crash: one of the desigentations
concerning aircraft crash, consists in designirggauipment to
prevent a severe accident having direct effectsarhiby an
aircraft crash. This initiator will not lead to cpilate core melt
down.

Particular case of malicious acts: the study oficimls acts is
taken into account as from the early stage of tségmh of Astrid,
in accordance with the law (see para. 5.3).

4.6.1. “REACTIVITY MASTERY” FUNCTION

Among other design orientations related to redgtimastering,
it is planned to implement automatic shutdown systen case of
abnormal variations of reactivity.

For the shutdown transients and shutdown statesgtivity
mastery is mainly based on compliance with a ligt o
antireactivity criteria defined for the following:

— Simple handling mistakes,

— Starting conditions,

— Possible needs in shutdown kinetics for ra@ddients,
— Automatic actions for switching to a safe shwddtate,

— Case of sodium void or draining in a configunataf fallen
rods,

— Case of compaction (or shaking with radial exjmams
movement followed by compaction) of the core, idahg
with clad failures,

— Risks of propagation of a local degradation ofdbee (local
meltdown).

In comparison with former reactors, the points telare
specifically studied for Astrid:

Possible additional provisions are considered tcuen
reactor shutdown in case of total failure of the wutomatic
shutdown systems. These provisions are considerettiei
case where the design of the core would not magessible
to neutronically smother the core through its ovifeats in
thermal reactivity feedback. These provisions dse aimed
at keeping the reactor in a safe state in the teng; as
applicable through actions by the operator;

In case of severe accident, one of the main obgxtielated
to reactivity control is to eliminate the risk afergy accident
likely to damage the containment and the decay fegadval
systems. In particular, the design orientation gsin
minimising the risks of recriticality;
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Situations of very fast reactivity insertion areagtically
eliminated. These situations can make the actiautdmatic
shutdown systems ineffective or cancel the natuealviour
of the core and of any additional devices or thieotfof
severe accident mitigation provisions. These sinatmay
be, for instance: a sufficiently big gas bubblespag into the
core, collapse of the core supporting structurst feore
compaction, etc.

4.6.2. “HEAT REMOVAL” FUNCTION

For the Astrid project, the main orientations swldcto ensure
this function are as follows:

Evacuate the residual power of the reactor, indgdin
configurations with loss of forced flows;

Guarantee that components important to safety hvelfully
available, in particular when the reactor is in powperation
state;

Prevent excess cooling in particular at the exchengf the
cooling systems during shutdown;

Remove the residual heat present on the handlinggrays

(until the used fuel external storage area);

Ensure cooling of the core and the reactor strastur

including in case of leakage of the main vessel;

Cool the core in case of suspected local blockabes fype
of function may have an effect on the selection tioé
automatic shutdown procedure;

Guarantee continuous cooling in situations follayvinsevere
accident. The objective is to ensure the correatimg of the
molten parts towards the core catcher and cool.them

In particular, the objective is to practically elivate, by design,

the situations of complete and prolonged loss efdhcay heat

removal function.

4.6.3. “RADIOLOGICAL CONFINEMENT” FUNCTION

The main orientation regarding the containment fiencis to
limit, as much as possible, any radioactive releése all the
operating conditions and for all assumed situatiovisose
consequences are taken into account. Anyway, thelsases
shall be such that:

Excepted situations of complete core meltdown (SM),
measures outside the site (containment, evacuatibn
population) will not be required;

In case of complete core meltdown accident (SM)y on
population protection measures limited in termgxient and
duration shall be permitted.

For the reactor part of Astrid, several containnaegign options
are under study. The general orientations arellas\v&

containment of radioactive products, including gasdeased
by the reactor protection valves;

special care concerning the risks of containmeptby;

protection of the containment equipment from exeérn
hazards (e.g.: aircraft crash);

integration of the radiological risks and of thelismn risks.

These orientations shall be extended and adaptetietamther
source terms of the facility, in particular regaglihandling and
storage of fuel elements.

The main orientations regarding severe accidents ba
described as follows:

Take severe accident and its consequences intoumcco
through the design and dimensioning of the fagilikyspite a
high level of prevention;

Demonstrate that no plausible accident sequenceragea
by identified initiator events will lead to a sitien of
complete core meltdown;

Within the scope of the'slevel of defence in depth, define
and study the complete core meltdown from situati@hich
are representative of the various families of &dr events,
in order to confirm the low energetic nature of g®vere
accident;

Design and size the mitigation provisions sepaydteim the
severe accident studies, in order to define sicgnifi safety
margins related to the mechanical loading aspect.
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REQUIREMENTS TO BE COMPLIED WITH
AND BASIC CHOICES FOR ASTRID

5.1.1. ASTRID’S POWER

The main objective of Astrid is to prepare the istial
deployment of B generation SFRs. Given the experience
acquired with formerly operated SFRs, Astrid mustrdifore
demonstrate and qualify, on an industrial scaleowative
options in the identified progress areas, in paldicin terms of
safety and operability.

Therefore, it will have to be possible to extrapelastrid’s
characteristics to future™generation, higher power industrial
SFRs, in particular for all subjects related to saféhe size of
future industrial power plants still remains undeti@ed, but the
project selected a value of 1,500 MW-electrical ftine
extrapolation studies.

The choice of the power is a compromise between the
representativity of Astrid for the future commetgawer plants
and its nature as a technological demonstratioctwhas to give

it a certain level of flexibility. The investmenh@ operating costs
are also to be taken into account.

As regards the core, the validation of the optioeguires a
power above 400 MWe for the technological demottra

The economic analysis brings decision-making elésen
concerning the profitability of the project: witheasonable
assumptions on the selling price of electricity dmel availability
factor of a technological demonstrator, the opegatiosts will be
covered as from a power of approximately 400 M\Wae&ing a
higher power will provide the technological demeasir with a
more robust business plan, as the operating resilltsnake it
possible to reimburse a loan or fund experimentag@ammes.

These elements lead us to select a power of 1,380thvermal
for the reactor, which means an electrical powearpgfroximately
600 MWe. A sensitivity analysis of this power vibké carried out
during the next design phases of the project. @hialysis will

include a more thorough economic analysis and It take

possible threshold effects into account as regeed®in design
choices, in particular concerning the safety derratien.

5.1.2. ASTRID’S POTENTIAL OF TRANSMUTATION
DEMONSTRATION

The act dated 28 June 2006 on the management ioacige
materials and waste requires “to provide by 2012&assessment
of the industrial prospects of those systems [sgjmer and
transmutation of long-lived radioactive elementshda to
commission a prototype facility by 31 December 202Gstrid
shall continue, on an industrial scale, the denratieh of its
capability to recycle plutonium and uranium fronedduels and
study the possibility to transmute minor actinidesorder to
reduce the quantity of nuclear waste.

This demonstration may be performed gradually witte
introduction of minor actinides in the core, onfeliént scales
ranging from the experimental capsule containing on more
pins to a complete subassembly, or even a group of
subassemblies.

The demonstration scenarios currently proposed ezonthe
2 transmutation modes, homogeneous in standard &mnel
heterogeneous in minor actinide bearing blanketsAEBI)
(see Tome 2). The most ambitious scenarios lead ato
demonstration, in the end, of balance between mtému and
consumption of minor actinides. When applied to r@enen
only, the balance between production and consumpéads to
the irradiation of a complete rim of AmBB heterogeue targets,
or to loading of a few % of americium into the Adtcore, for
the homogeneous mode.

For minor actinide transmutation fuels or targéte behaviour
in irradiation turns out to be different from thadtstandard fuels,
mainly for the following reasons:

the effect of minor actinides on the physical prtips of the
material (thermal conductivity, melting point, oxyg
potential, etc.);

the processes associated with minor actinide trataion

(in  particular significant production of helium for
americium);
the particular irradiation conditions, which is rmor

specifically true for the radial blanket areas fonBBs''°
where neutron flux gradients are high and the firmmver
density is low.

The overall qualification approach simultaneoustyers the
fissile material, the fuel element (pin with cladglj fissile
column and internal structures) and the completeassembly
(external structure, pin bundle with spacing wire).

10 — Americium bearing blankets.
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MATERIAL CYCLE FOR ASTRID
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AFC: Core manufacturing facility
ATC: Fuel processing facility

This action is comprised of several phases frondésgn to the
qualification of the product in its industrial enmiment, and
including analytical validation and qualificatiom @ prototype in
reactor in representative conditions. These variphases will
lead to irradiation experiments performed on vasiscales.

Given the level of knowledge reached (see Tom&g&yid may
have the following functions, considering americiinmpriority
then possibly neptunium (curium has excessive itspan the
design of the reactor and its involves issues whdch very
difficult to solve as regards the manufacturing arshsport of
fuels):

In homogeneous mode, Astrid may perform irradiatioh
pins for a burn-up fraction and a linear power dgns
representative of the expected standard irradiatiorditions
and with a stabilised manufacturing process. The
qualification of the process would be carried dutotigh
irradiation of one or more subassemblies containing
americium representative of the isotopy of usedsfue

In heterogeneous mode, qualification of prototyfpess, pin
bundles) in the planned irradiation conditions istril; the
qualification of the process will require the iri@ibn of one
or more subassemblies in the conditions of the miahteycle
of Astrid (see Figure 5.1).

Depending on the availability of the facilitiestbe cycle and the
deadlines necessary for the examinations of théotymes and
industrial products in the hot laboratories, theows steps of the
demonstration of transmutation in Astrid may be faened
according to the schedule illustrated in Figure 5.2

In order to determine the minor actinide transniatatapacity in
Astrid, a preliminary analysis of the thresholdeef, viewed
from the reactor, has been performed. By “thresledfect”, we

mean the limit values of minor actinide contenthie core (both
in homogeneous mode and heterogeneous mode) beytiod

the design and safety demonstration of the corddvoave to be
significantly modified. This analysis is based bae tmpact study
related to the introduction of minor actinides finmogeneous
mode, in the entire core; in heterogeneous modthdrform of

targets located in the entire rim around the caoe) the

performance and safety of the Astrid reactor antherdesign of
the storage facilities, handling systems and trarispackaging
of the fuel subassemblies.

The parametric study on the initial contents in aniactinides
(from 1% to 5% in homogeneous mode; from 10% to 20%
heterogeneous mode) allowed us to determine theis®rm
actinide limit threshold values for the two trangation modes.
Americium, which is the main contributor to the rinal
properties and the radiological toxicity of glasackages after
decay of fission products, was dealt with in ptiori

More precisely, the acceptability criteria of therametric study
concerned the following:

The effect on the safety coefficients of the core;

STEPS OF TRANSMUTATION DEMONSTRATION IN ASTRID

U and Pu recycling

ATC 4 (6tlyear
subassembl
1

*
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The power of the new subassemblies and targegsinstof
limit values, for their transport;

The necessary cooling periods so that the restueel of the
subassemblies and targets, after irradiation, cpmjth the

limits stipulated for their handling in vessel, rstge, cleaning
and transport;

The impact on radiological protection and the dfsdion
of radiological areas associated with handling apens.

Finally, the limit values for minor actinides toroply with the
criteria defined for standard fuel, therefore withaignificant
impact on the design of Astrid, are as follows:

For Am only, a content of approximately 2% in
homogeneous mode and 10% in heterogeneous mode;

Np does not involve any particular difficulties aroén
replace a part of Am;

Cm has significant impacts on the handling of new

subassemblies and it is not selected for the detmadios
scenarios in Astrid.

With these limit values, it is possible to reaclsitation of
balance between production and consumption of Areven Np
and overall weight of minor actinides in the Astriore.

5.1.3. ASTRID’S EXPERIMENTAL POTENTIAL

After the shutdown of Phenix, there is no fast mautspectrum
irradiation reactor left in Europe. Astrid will fithis gap and
provide with the possibility to carry out experin@nirradiations
in fast neutron spectrum, however without the séimaebility as

a Material Testing Reactor.

This irradiation potential must be used to qualify:
innovative options in the field of safety and ofxlity;

the increase in the performance of materials aaddference
fuel of Astrid;

the innovative materials and fuels for this system;
the calculation codes implemented for the desigdiss.

The analysis of the experimental needs known tetiayvs that it
is necessary to have specific experimental dev@esrform:

irradiations  of experimental
subassemblies  which include capsules
experimental pins, not requiring variation of theadiation
conditions or specific on-line instrumentation otiare;

irradiations requiring continuous physical measierts, in
addition to the normal instrumentation of the core.

The know-how developed with Phenix will make it pibde to
meet these requirements.

On the other hand, the question of the installatamn an
irradiation loop for Astrid has formed the subjeof an
opportunity study. The conclusion of this study tigat the
implementation of such a loop as from starting é$¢ selected,
but reservations will be made for a possible itetian later
during the service life of Astrid.

subassemblies or of
containing
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Experiment preparation and post-irradiation exating require
specific facilities, in particular hot cells. Thegsibility to carry
out non-destructive testing inside the hot cell;y the
experimental pins and subassemblies, is extremédyesting in
particular to quickly comply with the requests isduby the
French Nuclear Safety Authority, especially for fhaposes of
the core monitoring and performance enhancement flais is
the reason why Astrid will be equipped with hotlseAs regards
destructive tests, these can be carried out iniajssx facilities
such as the active fuel examination Laboratory (RE®f

CEA-Cadarache.

Astrid is not planned to be used as a test benchldimge
technological components.

5.1.4. RESISTANCE TO PROLIFERATION

As regards non-proliferation, there is no problenbe faced as
regards the use of Astrid and its associated cfatdities in
France, as France is bound by the internationademgents it
entered into in this field. Furthermore, the depteyt of the SFR
system on an international scale is considered iondpoperation
with countries that have made sufficient commitreehtowever,
a study is in progress to examine the possibilfieseinforcing
the resistance of the SFR system to proliferatienfram the
design phase.

First of all, it is to be noted that a fast reaatperating in closed
cycle only requires loading with depleted uraniubnlike
current reactors, a fast reactor therefore comletanoves the
need for fuel uranium enrichment (upstream phaséetycle),
which is a major advantage in terms of non-pradifien.

Second, SFRs fall within the scope of the issueesistance to
proliferation, for two reasons:

one the one hand, they use MOX fuels with a high Pu

content;

on the other hand, they provide with the possjbilio

irradiate radial breeder blankets which can produce

depending on the conditions, Pu with an isotopialigyu
much sought-after by those involved in proliferatio

As regards the reactor, the first barrier is thplementation of
guarantees (in the meaning of the IAEA guarante&sh matter
of fact, if an efficient surveillance process ispiemented,
handling of breeder blankets or swapping of a ssdrably from
the core with a different subassembly for prolifena purposes
will be very difficult to perform.

In the case of @ generation reactors, these guarantee steps must

be provided for as from the design phase. This lisady

common practice in the design of LWRs and the cfatdities

in France and, as regards Areva, in the differejepts of
design and construction of nuclear facilities atiinational level.
The identification of these guarantee steps wilhfdhe subject
of a complete study, in relation with the IAEA,dnder to find in
which context these steps can prove to be fulligiefit.

This will allow the IAEA to propose, as applicabldevices
which will allow the safety and non-proliferatioaquirements to
be complied with and the guarantees to be integrasefrom the
design phase of the reactor.



REQUIREMENTS TO BE COMPLIED WITH
AND BASIC CHOICES FOR ASTRID

The safety level to be reached for Astrid shallelpgivalent to
that of the power plants which will be commissioradhe same
period, that is to say in the 2020 decade. Thisosipry
corresponds to the best safety standards curdemdyn. It stems
from the repository of the current®3generation PWRs,
formalised in the recommendations of the WENRA assion,
and from the safety requirements defined followitige
Fukushima accident.

5.21 PREVENTION AND MITIGATION OF SEVERE
ACCIDENTS

The major objectives in this field are the saméhase defined in
Chapter 3 as regards the complete sector.

Reduction of the probability of severe accident, and
particular a core accident:

The most severe core damaging accident must magaaraual
rate of occurrence less than®lper reactor per year, taking
all the internal events and external hazards ictmant. An

orientation value of T®was selected as the frequency related

to internal events.

Integration of a core meltdown accident:

As regards the consequences for the environmeocase of
severe accident, the implementation of counternmreasu
outside the site must not be necessary over a famipd.
This objective is consistent with that presentedthry GIF
and by the WENRA association.

5.2.2. DECAY HEAT REMOVAL

The evacuation of the residual heat from the csrenie of the
three main safety functions to be ensured for raucteactors.
The advantage of sodium-cooled fast neutron rea®FR) over
pressurised water reactors (PWR) is that SFRs haigndicant
boiling margin in normal operation (more than 30pt@gether
with a high thermal inertia of the primary system.

Decay heat removal systems mainly use air as asmldce and
they are based on natural convection, which alltives use of
systems operating in passive mode.

In addition to the redundancy and the diversifmatiof these
systems, the requirement in this field is to ply eliminate
the loss of the decay heat removal function.

5.2.3. PRESENCE OF A MOLTEN CORE CATCHER

One of the objectives of the studies of the Astae is to
eliminate the complete core meltdown accident. Harethe
integration of a severe accident is made mandatoagcordance
with the 4" level of defence in depth in order to comply witie
recommendations issued by the WENRA associatioe. ddre
catcher is a severe accident mitigation device kwhioust
contribute to ensuring the three main safety fumsti

containment control, evacuation of the corium neaicheat and
reactivity mastery.

The installation of a molten core catcher is thenefintegrated
into the design of Astrid.

5.2.4. INSPECTABILITY OF STRUCTURES

The inspection of structures, and in particularsghstructures in
sodium, is a difficult problem on sodium-cooledatas. This is
why a significant effort is made as from the cortoap design
phase to develop in-sodium and out-of-sodium inspec
machines. At the same time, the design choicesnade taking
inspectability into account, as for example the psuting

structures and the sodium supplying structurefi@efcore or the
design of the slab. This will be described in mdegtails in

paragraph 6.5.

5.2.5. SODIUM RISKS

For the Astrid specifications, the objective is educe the
probability of sodium fire (sodium-air reaction) dan
sodium-water reaction, and simultaneously to reduhe
consequences thereof.

In addition to the safety principles mentioned iarp 4.4, as

regards the sodium-air risk (importance of the glesaind of

detection/inspection, implementation of the priteipf leakage

detection before failure, containment, limitation f o
consequences), several options must be evaluatesetected:

for the sodium-water reaction, a gas power congarsystem
to replace the water-steam system, and modulaewerse
steam generators (see para. 3),

for the sodium-air reaction:

for the primary system, selection of the ppiheiof pool
type primary system (see para. 6.2.2), with ingrofhthe
annular space between vessels,

— for the external storage, concept of a buildifgch will
provide containment in case of accident,

— above the slab: the pipes of the secondaryusothops
will be designed with a dual envelope, and leakage
detection will be performed as close as possiblee T
limitation of potential hazards on this area isoalmder
study (reliability of handling operations above #lab),
together with the need for sectorisation or thednte
fully inert this area,

— selection of electromagnetic pumps, for whidhe t
absence of rotating parts and sealing devices ¢sace
on mechanical pumps) reduces the risk of sodium
leakage.

The design options selected or under study to cpmijth all the
requirements related to safety are presented int€hép



Concerning the facility design phase, a thoroughlystwill be
carried out in order to take workers’ safety intc@unt on the
following aspects:

accessibility to workstations (during operation aaring
maintenance),

steps taken to limit workers’ exposure to hazardoaterials
other than radioactive materials (which form thbjeat of a
specific ALARA approach),

selection of materials for the protection of pessand of the
environment,

integration of the sodium risk,
management of conventional waste.

This approach will be closely related to the Inatgd Logistic
Support (ILS) and Human and Organisational Fac{6tOF)
requirements.

Given the nature of the facility, the study of malus acts is
taken into account as from the design phase. Thiyswill be
based, in principle, on the approach and the sethr#ats
specified by the National Safety Directive for thmeiclear
subsector.

Malicious acts will be integrated into the safeppeach for the
facility and each file (Safety Option Report, Pretiary Safety
Report, etc.) will include a paragraph related tdicimus acts
which will refer to a specific classified file sulited to the
safety authority.

The principle of defence in depth, which is a sfiegioint in the
protection against malicious acts, will be appliedhe protection
and control of nuclear materials. The premises ihickv
Category | nuclear materials are stored will be poed with
different concentric physical protection barridrem the outside
to the inside.

Finally, the materials stored within the facilitylbe under the
control of Euratom.

Astrid must comply with the requirements for an usttial
reactor in terms of reliability and availabilityhis requires the
following:

Increase in the duration of the cycles, which afsplies an
increase of the service life of the control rodshia reactor.

Reduction of the duration of scheduled outages. The

objective was set to 5% and significant effort iadm on the
fuel loading and unloading speeds.

Reduction of the causes for unavailability, throwdgsign
and reliability studies performed as from the bagig of the
project. Generally speaking, the target for Astid an
availability rate of 80%, not including the possibl
experimental programmes.

Reduction of the duration of unavailability periodsy
integrating into the design studies the issuestaglao
maintenance. An integrated logistic support actitn
scheduled as from the preliminary design phase.

Preservation of the investment by making the marimu
number of reactor structures repairable (or rejliaied.
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Reduction of operating costs: automation, fuel hupn-
fraction, optimisation of the number of componenibject to
regulatory inspection, etc.

Optimisation of the dosimetry, by integrating theerience
feedback from the previous reactors, in which pemgd
exposure was very low.

Waste management.
Integration of dismantling into the design.
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ASTRID DESIGN OPTIONS FOR
MAJOR FIELDS

The current choices in terms of design optionspaesented in
this chapter. The major fields considered are bsvis:

Core and fuel

Nuclear island

Power conversion system

Fuel handling

Instrumentation in the core and inspectability faiability
Instrumentation and control

6.1.1. FUEL MATERIAL

The reference fuel for the Astrid core is mixed oxid
(U, Pu)0..

In France, there is a significant experience feekibavailable,
acquired for over more than forty years based gueemental
programmes and monitoring programmes carried out in
Rapsodie, Phenix and Superphenix (see Chapter 2)seThe
experimental programmes and the accumulated experie
feedback on the oxide fuel as well as on the ctaglanaterials
and the hexagonal tubes (manufacturing and iriadis}
demonstrated that this fuel has an excellent bebavip to very
high burn-up fractions.

In terms of performance, world records were actdewePhenix,

by experimental subassemblies (BOITIX 9, which tethl
144 GWdH, i.e. 156 dpa). This performance was hredcwhile
the number of cladding failures was kept at a Jewy level.
Over approximately 150,000 fuel pins irradiatedhrenix during

its 36 years of operation, only 15 “open” claddifajlures
occurred (none in Superphenix), half of which oocedron
experimental pins irradiated beyond the “standard”
characteristics.

6.1.2. CLADDING MATERIAL

The wanted material for the core of this system s$eel which is
not susceptible to excessive swelling under irtéaha even for
significant doses above 150 dpa, and which woulowalery
high burn-up fractions to be reached for the core
(> 150 GWd/y ). This challenge is extremely difficult because
the tight network of the fuel due to the selectimha small
diameter of spacing wire requires very small swglliof the
cladding under irradiation. The material considetedachieve
this performance, for the system, is a ferritiarartensitic oxide
dispersion strengthened steel (ODS steel).

Many development studies are in progress on OD8&ssteut
given the needs for the qualification of a new diad material,

ODS steels will not be industrialised for the stafrtthe Astrid
technological demonstrator.

Consequently, for the first Astrid cores, the cladéthg material
of the fuel subassembly will be the 15-15 Ti work-trdened
austenitic steel AIM1.

This is the most advanced grade of this type oernalt The use
of this material will necessarily limit the burn-diaction of the
core. Switching to a ferritic or martensitic ODS¢y material
grade will be performed gradually.

Orientations

R&D on the AIM1 cladding must be finalised in prigri since
this material will be the fuel cladding material e first cores
of Astrid. At present, R&D on AIM1 is based on pasadiation

examinations of 15-15Ti austenitic steels and adedngrades
(Supernova and Oliphant experiments performed ienkXi.

After introduction into Astrid, a performance enbament
strategy will be performed by continuing the adtiptes of

material grades (AIM2), with qualification of OD$pe materials
as a target in fine.

As regards ODS cladding, a development programme wa
defined in 2007 and has been implemented for skyees in
the fields of manufacturing, weldability and mecicah
behaviour, among others. In 2009, ODS tubes weraufaatured

in CEA for the first time. The programme is aimediafining a
reference grade for ODS steels in 2015 approximatel

SiCSiC materials, and vanadium to a smaller exteme, also
considered as they provide additional margins irmse of
resistance to temperature. R&D work is in progresdetermine
their feasibility.

6.1.3. FUEL ELEMENT

The fuel element is composed of a steel pin whichrttains the
fuel in the form of annular pellets.

In comparison with the former Phenix, SuperphenixEF-R
designs, the diameter of the pins of the new cascispbigger
(see Figure 6.1) with outside diameter values gfaximately 9
to 10 mm (to be compared with 8.5 mm for Superptjeni

The diameter of the helical wire wound around thel fpins to
separate them and make the passage of sodium bethe@ins
easier, is reduced to 1 mm. This choice of a smiaéf diameter
associated with bigger pin diameters will incretise proportion
of fuel and reduce the quantity of sodium inside 8ystem,
which is favourable for the target safety objedive
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SFR FUEL PINS

A pin may contain a homogeneous fuel (U, Pu)O2amraxial
heterogeneous fuel composed of U@ertile columns and
(U, Pu)Q fissile columns (see Figure 6.2).

Significant experience feedback is available fa&r tlomogeneous
fuel pin with austenitic steel cladding, based @ec#ications
validated by the Phenix experience feedback, mamgliations
of subassemblies having a geometry similar to tlo&t
Superphenix and on the experience feedback of
manufacturing of Superphenix.

The axial heterogeneous fuel pin is based on axearts carried
out in Rapsodie and Phenix, up to significant scalegrms of
industrial manufacturing (approximately ten subedsees of
217 pins). The current knowledge concerning theabielir in
irradiation in normal operating conditions is calesied
satisfactory, generally speaking.

the

Orientations

Based on the lessons learned with the specific iatiad
experiments performed in Phenix (mainly the Zebqgeement),
we may say that the CFV fuel heterogeneous consegatlidated
as regards its technological feasibility and itsfqrenance.

Additional qualification is expected with the exammiion of the
CZAR and Pavix irradiations also carried out in PReni

Additionally, a prototype qualification irradiatiggrogramme, at
the scale of a pin and a pin bundle, is under stodgarry out
such an irradiation in the Russian BN-600 reactor.

6.1.4. CORE AND SUBASSEMBLIES

The CFV core (core with low void effect), as preseatl in
Chapter 3, is selected as the reference concept ftre next
part of the Astrid studies (see Figure 6.3).

This concept is based on an axial heterogeneousafue it

includes a sodium plenum at the top part of theassbmblies.
These options give to this concept the specifiduiea of a

negative reactivity coefficient in case of drainimgd they make
this concept very favourable as regards loss-af-flccidents.
The core reactivity drop remains low in compariseith the

Superphenix or EFR type cores, in particular thaokhe use of
large-diameter fuel pins.

Characteristics of the CFV core

The main characteristic values of the CFV core, ivars
600 MWe and 1,500 MWe, are indicated in Table evith a

comparison with the data of the EFR core. It ib¢éomentioned
that the values for the CFV 600 and 1,500 MWe caresvery

preliminary and not optimised at this stage ofghalies.

SFR FUEL PINS

Spacer supporting the steel column

Spacer supporting the FC

Sprin]g

Bottom plug Steel column

UO, wedge

L W

TP
'TET

Fissile column (FC) Top plug *

Spacer supporting the fissile/fertile stack

Bottom fissile column

Top fissile column

Spring

Bottom plug

Bottom fertile column

Medium fertile column Top plug

BET, TET = Bottom and top expansion tanks to recover the gas fission products generated during the irradiation.




OVERALL VIEW OF THE CFV CORE

Performance

In comparison with a conventional EFR type corecem, the
main improvements in terms of performance are bevs:

possibility to significantly increase the cycle dtion, thanks
to the low loss of reactivity of the core (thisdos reduced
by a factor of 2 in comparison with a conventioB&R type
core), also favourable in terms of safety in cas&Control
Rod withdrawal” accidents,

negative reactivity effect in case of complete soddraining
(-1%) to be compared with the +7$ of EFR.

On the other hand, the power density of the CFV i®lewer
than that of an EFR type core. The in-core plutoniaventory is
increased by approximately 30% and the overall dtemof the
fissile core is bigger.

Safety of the CFV core

The parameters related to safety show a very signif
improvement in comparison with a conventional hoem&pus
core, with mainly a very low or even negative diagneffect,
when this effect is highly positive (approximatety$) for an
EFR type core.

The first assessments of accident situations pagdron a CFV
core show that, for local accident transients sarehunexpected
control rod withdrawal, the CFV core has a favousdidhaviour

thanks to the small reactivity reserve of the cdieis potential

still remains to be optimised by integrating thegress expected
on detection systems.

For overall accident transients at the scale ottre, the natural
behaviour of the core is dramatically different.eTheference
scenario for the study of a cooling failure likely lead to

complete core meltdown is a situation of loss ofla electrical

systems of the reactor (ULOSSP: Unprotected Loss$Stafion

Supply Power), made worse by the absence of cordtbdrop.

For the reactor, this leads to a loss of the fommu/ection in the
primary system and the secondary system due ta@hatof the

pumps, without tripping of the emergency shutdowd without

starting of the ultimate safeguard systems.
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TABLE 6.1: MAIN CHARACTERISTIC VALUES OF
THE CFV CORE, VERSION 600 MWe AND 1,500
MWe (VERSION V0)

CFV CFV

(ASTRID)  (system) ‘ EFR
Thermal power
(MW) 1,500 3,600 3,600
Electrical power
W) 600 1,500 1,500
Power density
W/em? 228 230 303
Loss of reactivity per
equivalent full power day ) } R
(parts per hundred 42 3.0 74
thousand)
O\ﬁerall draining effect 05 05 +70
()
Breeding gain (without
radial breeder blankets
for the CFV, and with -0.05 +0.02 -0
radial breeder blankets
for EFR)
Pu weight 51 12 95
(metric tonnes)
Fissile radius (cm) 170 250 202

During this type of accident sequence, the negatirening
reactivity effect of the core brings antireactivitly the system
when the sodium temperature increases (unlike Wwappens in
conventional cores), which is favourable to redtie power of
the reactor. Studies are in progress to accuraiebess the
improvements introduced by this favourable behaviwu all
stages of the transient situation.

Orientations

The very favourable potential of the CFV core asardg loss of
coolant accidents still remains to be confirmed arder to
integrate the uncertainties associated with theutaions and to
define the strategy as regards a possible additisimatdown
system.

The neutron, thermal-hydraulic and mechanical stdnade it
possible, in autumn 2012, to define the orientatidar an
optimisation of the CFV core during the AVP2 phaHee target
is to obtain a very high prevention level, relyasgfar as possible
on the intrinsic characteristics of the core, sitass of coolant
scenarios which initiate accidents will lead to @bste core
meltdown. This change of reference, which is a iSgant
change with respect to what was done formerly opeghenix
and EFR, is a major progress.

11 — The number of delayed neutrons produced byaheal disintegration of
certain fission products (they are called “delayesiice they arrive with some
delay with respect to the prompt neutrons direptlyduced by fission) by neutrons
produced by fission is called “beta effective”. TWedue of this beta effective
depends on the fissile nuclei present in the cbhés value has a significant effect
in the kinetic behaviour of the reactor. Injectiofireactivity above the beta
effective will lead to very fast runaway of theeoFhis parameter is so important
that the Anglo-Saxons proposed to select it asiafamkinetic studies. It is noted as
$ (dollar).
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6.2.1. PRINCIPLE OF “CLEAN” PRIMARY SYSTEM

The purpose of this principle is to prevent operatwith burst

open fuel clads, that is to say shut down the oga@$ soon as

clad failures are detected and place the subasgembthe

periphery of the core before the evolution of tiheck causes a

release of fuel into the primary system. This pmesethe
contamination of the primary system with alpha &mnit This
principle has always been applied in French reactdue to the
choice of the oxide fuel which chemically reactshnséodium;
however this has not always been applied througtteitworld
when other choices of fuel were available (metal)fu

With the objective of reaching the ' generation criteria, it
has been decided for Astrid not to change this priciple of
integrity of the first barrier.

The interest of this principle is to:

use the advantage of SFRs, as they have a verydeimdtry
and release a smaller quantity of effluents andeyas

make maintenance, in-service inspection and repair

operations easier,
make dismantling easier.

6.2.2. POOL TYPE PRIMARY SYSTEM

The previous experience shows that the two conasplsop or
pool reactors have been widely studied, construatetioperated
throughout the world.

One may notice a significant trend: small-size t@acare mainly
loop-type whereas large-size reactors tend to lmd-type. The
only significant exception is the JSFR project apan. Each
solution has been analysed in detail in order tterd@ne its
advantages and drawbacks, and the pool conceptdh tmetter
mastered in France for power reactors. Fundamgntak pool
concept has intrinsic advantages which give it plogential to
comply with the safety criteria (high thermal inertguarantee of
the inventory in primary sodium) when the loop-typencept
reaches limitations (gas carryover, difficult naluconvection,
failure of primary system piping, etc.).

The experience feedback from the Fukushima accident

reinforces this analysis even further: for safety easons, the
pool type primary system is therefore the system keted for
Astrid.

6.2.3. PRESENCE OF AN INTERMEDIATE CIRCUIT

Several studies have been carried out to removanteenediate
circuit and reduce the cost of the power plant.

However, this option involves a significant obséadhe primary
system would then be separated from the power csiovefluid
by only one heat exchanging wall. The power corgardluid
(gas or water-steam) has a high pressure, andsénafdeakage it
may massively enter the primary system and genaregactivity
accident possibly combined with a chemical acciderihe case
of water-steam.

Furthermore, for the water-steam systems, the sodiater

reactions would occur with radioactive sodium ahis twould

lead to a radiological hazard combined with a cleaimisk, with

furthermore the risk of a significant quantity afsgentering the
core. Although the concept of double wall tube stegenerator
can limit these risks, it does not preclude themmgietely in a

robust safety demonstration.

Therefore, an intermediate system will be used in Asd.

In order to eliminate the risk of sodium-water re&at, several
fluids have been studied to replace sodium in ttierinediate
circuit.

However, none of the fluids considered has fullyiséactory
characteristics as regards the main required iexiter

compatibility with the primary sodium: this comgality is
fundamental. Any possibility of formation of solid
compounds (which is the case, for instance, witlBiPb
generates an additional difficulty in the safetynd@stration
(risks of blockage, in particular) which is hardlgmpatible
with the requirement level prescribed for tH2 generation,

not to forget the unavailability issues in case of

contamination of the primary system,

compatibility with the water-steam or the gas of fhower
conversion tertiary system,

good resistance to high temperatures,
absence of corrosion.

Therefore, sodium will remain the coolant for the
intermediate system.

6.2.4. INTERNAL ARCHITECTURE OF THE MAIN VESSEL

The studies focused on a review of the design ogtiof the
internal vessel, with the following objectives:

simplify the design to make construction easier tapdo cut
down on investments,

improve the accessibility of internal structures iftspection
and repair, and improve handling of subassembfiéslarge
components,

improve the robustness of the safety demonstration,
particular by improving natural convection, prewegtthe

risk of gas entrainment from the free surface ®dbre, and
by improving the resistance of the primary contanito a

release of mechanical energy in case of damadeeafdre,

make demonstration easier as regards the desigmrezctor
likely to operate up to 60 years.

The feasibility of four architectures (see Figuré)6has been
assessed from the technological point of view, disb in terms
of potential gains with respect to the previoutecia.

An architecture with conical inner vessel (redan) which
takes advantage of the studies carried out for iRhen
Superphenix and EFR. This architecture is the musiure
and simplifies the design with respect to what wesle on
Superphenix.



An architecture with cylindrical internal vessel
surrounded by the components called “CICI”, with the
following objectives:

— simplification of the internal vessel and, as a
consequence, improvement of the accessibility to

structures in the hot and cold collectors,

— improvement of the robustness of the
demonstration, in particular as regards the foligwi
points:

1) possible improvement of the reliability oktllecay

heat removal (DHR) function; since the DHR systems

are located in the cold pool, they are less exptsed
high temperatures, they are protected against extid
situations by the internal

safety

2)

3)
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vessel in case of release of mechanical energy, and
finally they can provide a long-term cooling furcti

and improve the reliability of the cooling functio

the core catcher (if the core catcher is locatsitie

the main vessel),

reduction of the risks of the gas entrainnfeorn the

free surface,

protection of the core supporting structuregctvtare
directly cooled when the DHR exchangers are in-
operation.

This architecture is promising in terms of safddyt it involves
technological difficulties, in particular the cormtien between
the internal vessel and the intermediate exchanger.

FIGURE 6.4 MAIN INNOVATIVE ARCHITECTURES STUDIED

Architecture with internal vessel with conical inner
vessel (redan)

Architecture with stratified barrier
(redan)

Architecture with cylindrical internal vessel
surrounded by the components (CICI)

Architecture with cylindrical internal vessel
containing the components (CICE)
(Areva NP)
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An architecture with cylindrical internal vessel cantaining
the components called “CICE”, with the following
objectives:

— improved accessibility to internals above thpporting
structure, thus improving inspection and repair
operations,

— simplified inner vessel,
— possibility to install a large-capacity intelraare catcher.

This architecture implies that the components aaaly located
inside the hot pool, and it is based on the felisibof a

penetrating core supporting structure which separdhe hot
pool and the cold pool, which has very large dinms with

specific thermomechanical loads. The feasibilitytto$ structure
is the key element for this architecture.

An architecture “with stratified redan” characterised by a
thermal barrier (and not a physical barrier) oledinby
stratification of the sodium between the 2 poolisT
stratification is performed by a buffer area deledi by
2 redan type internal screens, thus allowing nhténee
circulation of the hot sodium towards the cold sodi and
therefore improving the implementation of a natural
convection operation. Given that these screensotoeed to
be sealed, arrangements can be easily implementethke
ISIR easier. This innovation is very different frahre other
architectures and it requires some specific problea be
solved in order to reach a sufficient maturity levehese
problems are related to the physical link betwédendutlets
of the intermediate exchangers and the primary punapthe
needs for regulation between the operating poifitthese
two components and to the handling of pumps. Langt
R&D will be required to solve these issues.

Finally, the basic choice for Astrid fell on an inernal vessel
with simple inner vessel (redan) with conical shape

In comparison with Superphenix, which was equippeith
2 internal vessels (one conical and one circultr)s design
allows significant simplification and weight savirfgteel) and
therefore cost saving.

Furthermore, sealing at the penetration of the rimgliate
exchangers is no longer achieved with an argon bearbut
using friction metal contacts. This system siguifity reduces
the risk of gas bubbles from entering the core.

6.2.5. CORE SUPPORTING STRUCTURES

The core supporting structure must in no case sdifgortion,
this in order to prevent core meltdown accidentse Principles
which were applied to the design of the core supppstructure
are robustness (through significant dimensioninggina and
design redundancies) but also the integration efitkpection of
these structures as from design.

Special care was also taken to simplify this strretand its
manufacturability in order to reduce its weight aodts.

The design of the core supporting structures pesvitbr in-

service inspection of this structure through su@dbatures, such
as locating the welds in areas accessible from alloe reactor,
or installing guides to make the positioning of sas and their
carrying robot easier when necessary.

6.2.6. REACTOR BLOCK CLOSING SLAB

The design of the Superphenix slab (water-cooledhamgically
welded structure) was abandoned for a slab compaxfed
2 gas-cooled forged plates (air or neutral gaslimgo The
advantages are safety with the removal of wated, possibly
lower cost through reduction of the reactor block&ght and
diameter.

6.2.7. NEUTRON MONITORING

The core neutron monitoring system is conventioaad
comprised of two systems of absorber rods:

the control rods, used to control the core, comgientr the
burn-up of the fuel and for normal reactor shutdpown

the shutdown rods which only have a safety functoml
which are used for reactor emergency shutdown.

Additionally, a third shutdown level is understutty make the
shutdown system even more reliable. This leveldsed on a
different operating principle to provide the systesth increased
diversification (Sepia system, see Chapter 3).

For the two conventional absorber rod systems,ctirgrol rod
mechanisms have an essential safety function gimee allow
the control rods to be lowered inside the coreomt| the chain
reaction.

To guarantee the reliability of this function, thesystems are
redundant and diversified and they are frequengisted, in
particular at each criticality of the reactor.

The objective for Astrid is to review the designé these
mechanisms so as to simplify the design while qugiiag a very
high reliability and reduce the duration of perizali tests and
therefore save a few hours, or even one or two @hysach
restart. The availability of the power plant wilhetrefore be
improved.

For that purpose, a value analysis action has Iststed and
design studies are in progress among the engimgr@ms of the
partners of the project.

6.2.8. MOLTEN CORE CATCHER

The core catcher is located below the core. Itnisimportant
component to guarantee containment in case of @immlore
meltdown accident; it has sufficient dimensionsecover all the
corium. Today, three options are being studied iwithe scope
of the AVP1 phase: a core catcher located at th®inoof the
main vessel (“internal” option), a core catcheraled at the
bottom of the safety vessel, therefore below theénnwessel
(“inter-vessel” option), and a core catcher locas¢dhe bottom
of the reactor pit (“external” option), thereforelbw the main
and safety vessels (see Chapter 3).



These three options comply with common requiremegé®d

mechanical strength in normal operation and in cdsecident,
compatibility with sodium or gas in normal situatithroughout
the life of the power plant, compatibility with tlsedium and the
corium in case of severe accident, cooling and gréen of

corium recriticality.

The selection of the core catcher option has not ydieen
made at this state of the studies.

6.2.9. DECAY HEAT REMOVAL

The advantage of sodium-cooled fast neutron remctier
pressurised water reactors is that they have afisaynt boiling
margin in normal operation (more than 300°C) asgedi with a
high thermal inertia and a non-pressurised primaygtem.
However, this advantage does not remove the négéssinsure
the decay heat removal function (DHR) in all circtamces in
the long run.

The design of Astrid is aimed at practically eliatimg the
situation of complete and prolonged loss of the DidRction,
the demonstration of such elimination being basedyractice,
both on a deterministic approach and a probaluilstialysis of
the architecture.

Therefore, to achieve this objective, the decay heaemoval
systems are sufficiently redundant and diversified.

The first family of DHR systems (DHR DRC, for “DireReactor

Cooling”) features an architecture which includesNa/Na

exchanger immersed in the main vessel, a Na/altamger and a
final air cooling system (see Figure 6.5).

Two systems based on this architecture are unddy:sthe first
system works in natural convection mode, whereassttond
system works in forced convection but still hasgigant natural

DECAY HEAT REMOVAL SYSTEMS
DHR DRC (Na/Na EXCHANGER IN THE VESSEL)
AND DHR TMV (FLOW THROUGH THE VESSEL)

Internal Iﬂl
removal
system
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convention extraction capacities. Although thesstesys reuse
some options already used in Phenix and Superpheaieral
innovation possibilities are under study, such dse t
implementation of “long” exchangers running throuthie cold
pool or the installation of DHR exchangers insitie turrent
intermediate exchangers. Other innovations may ewncthe
protection of the cold source and the robustnegbeglectrical
power supplies.

The design of the second family (DHR TMV, for “Thugh the

main vessel” is aimed at removing the residual tieatugh the

vessel and providing diversification with respeztttie systems
which penetrate through the slab of the reactors Blgstem is

also intended to cool the corium located in theeaatcher after a
severe accident.

For these DHR systems, special attention is giventhe
experience feedback from the Fukushima acciden¢gerds the
autonomy of systems in case of loss of the eledtmpower
supplies, so that these systems can be controltedall
circumstances. The DHR function is also protecteghirest
external hazards such as aircraft crashes, floodarthquake.

6.2.10. INTERMEDIATE SODIUM LOOPS

Concerning the intermediate loops and the numberhexHt

exchange components (primary and secondary pumps,

intermediate exchangers), the objective is maiclynemical. A
minimum number of pumps is certainly required tdfilfthe
safety functions, but beyond this the major criteris the cost of
the components and systems, as well as their impacthe
architecture of the power plant.

SELECTION AND LOCATION
OF LARGE COMPONENTS

W 4 intermediate
exchangers

M 3 primary
pumps

B 4 secondary
loops
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For all these reasons, and after study of variousptions, the
selected solution includes 3 primary pumps, 4 intenediate
exchangers and 4 secondary systems, each with aceatary

pump.

This solution is best suited to the general layofuthe power
plant and to the separation between sodium arehsther areas.
Finally, this is also the most economical one @Gigere 6.6).

To improve natural convection in the secondary esyst
high-power electromagnetic pumps are being developet to
mention the expected advantages with this typedinology in
terms of reliability, maintainability and minimisah of auxiliary
systems. The studies carried out led to the coinriuthat it is
necessary to orient the studies towards the demwlop of
electromagnetic pumps with “passive” cooling by soslium of
the secondary loop, therefore without specific oa@plsystem,
which removes possible sources of incident. Thiguires to
develop dual stator electromagnetic pumps withiragibble to

withstand high temperatures. An R&D programme which

combines an experimental part and modelling work haen
initiated in order to better comprehend the elenagnetic
instabilities found during transient phases.

The chemical reaction between large quantitiesoafitsn and

water is a significant risk, since such a reactisnhighly

exothermic and produces soda which is corrosive tfoe

structures and hydrogen which might explode. Stgamnerators
are the components in which the risk of sodium-wegaction is
at its highest level, since these the 2 liquidsoenlg separated by
a thin metal wall and these heat exchanging commsnare

exposed to high mechanical and thermal stresses.

In the past, this phenomenon was well kept undeitrab by
means of high-performance detection and proteystems: the
small number of sodium-water reactions which ociron the
Phenix reactor were detected very early, much betfoey could
reach a hazardous level.

However, with a view to further improve safety (aaldo the
availability of the facility, since a sodium-wateaction will lead
to reactor shutdown), the objective will be eithter fully

eliminate the possibility of a sodium-water reaatiat the heat
exchangers by using an alternative fluid (replagenod water
with gas), or guarantee the absence of consequemcasifety
even if a major sodium-water reaction occurred desthe
redundancy of the detection and protection systems.

The descriptions of the power conversion systenh&tier these
are gas systems (Brayton cycle) or water systems k{Ran
cycle), currently under study, are presented in Gheh

The choice proposed for Astrid will be made in
February 2013. Given the strong attractiveness of his
concept which completely eliminates the risk of sadm-water
reaction and given the fact that there is no redhiibory point,
the current trend is to select a gas power conversi system
as the reference option.

The stakes and general principles of fuel subaslsehandling
are detailed in Chapter 3.

The number and type of subassemblies to be handieg
depending on the size and the concept of the reaitte core
reloading strategy or the safety options.

The fuel replacement operations are carried out wishutdown
reactor, with sodium temperatures which may varyvben 180
and 250°C depending on the situations. These adpesatre
preceded and followed by, respectively, FON-MANUW@tions
(transition from the reactor operating state to hhadling state)
and MANU-FON operations (transition from the handlistate
to the reactor operating state). These operatiaus h significant
impact on the reactor unavailability period.

Furthermore, a few constraints have to be takem astount for
the design of the handling means, such as theuadsigat of the
fuel subassemblies for their transfer and cleanihg,complete
unloading of the core, or also the management dfl fu
subassemblies containing minor actinides.

As a consequence, there are many options which bmn
considered to face the handling functions and caimss, and the
option selection is imposed by technical critegadmetry of the
core, type of fuel subassemblies, residual powepact of the

reactor block, etc.), economic criteria (investmantl operating
costs, reactor availability factor) and safety erid (complete
core unloading, inspection of structures, evacunatiand

reprocessing channels, etc.).

The paragraphs below illustrate the progress of tduhnical
studies.

6.4.1. IN-VESSEL HANDLING

The basic option selected for in-vessel fuel handltin for
Astrid is handling under dual rotating plug with a transfer
arm on the large rotating plug and a transfer beamon the
small rotating plug - see Figure 6.7.

The rotation of the plugs, associated with the timtaof the
fixed-shift arm, allows all the subassemblies tdhhadled.
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SOLUTIONS STUDIED FOR IN-VESSEL HANDLING

2 rotating plugs
+ fixed-shift arm + transfer beam

1 rotating plug + split above core structure
+ pantograph arm

2 rotating plugs + modular above
core structure + fixed-shift arm

]

At this stage of the studies, this is the most sbbeplution
(simple lifting machines and significant experiefieedback) and
therefore there should be no obstacles relateddionblogies or
component design.

The solutions with pantograph arm and split abave structure
or two-part above core structure avoid the needrémovery
operations and may allow a reduction of the diamefethe

rotating plugs. However, these solutions are ntecsed for the
studies of the AVP1 phase. As a matter of facgddition to the
difficulties to design and define the thermomecbahi
characteristics of these complex above core strestuthese
concepts have significant flaws in terms of safetgnitoring of

subassemblies located below the split areas, aesist to
earthquakes, management of the situations of janmaradn the
above core structure.

Several systems for in-vessel swapping betweendisted
Subassemblies and New Subassemblies (IS/NS) asx studly:

Swapping in buffer areas, in reserved places witménlateral
neutron shielding, in order to swap between a assg@mbly
and a new assembly. The buffer areas may just dygspable
to temporarily receive one assembly. This simplaqiple
requires few investments. However, the increasinghber of
assembly recovery operations and rotating plug irigrn
operations necessary for IS/INS swapping signiflgant
reduces the handling speeds and leads to a smymifitsk of
reduction of the reliability of the system (impaon
availability and safety).

Swapping using a dual-space handling containemvaitp

either a new assembly or an irradiated assemblyeo
positioned and transported in one single dual-span&iner.
The dual-space container optimises the handlingdgpand
removes the needs to connect and disconnect thtaicen

However, this solution has drawbacks such as amase in
the dimensions of the slab penetrations and thgewmunt of

the handling systems, and a higher risk of handtiistake

due to the fact that the IS/NS spaces in the coataire close
to each other.

The next studies concerning the design of the IS/NSvapping
options and the handling machines will provide furher
information as regards the handling speed criteriathe costs,
the operability and safety, and they will allow a écision to be
made as to the option selection concerning this cqonent.

6.4.2. LOADING / UNLOADING SYSTEM

The design options for the fuel subassembly loddinigading
system of the Astrid reactor are based on caskamg systems
(see Figure 6.8).

With the cask system, the cask is positioned alibeeslab to
remove or install a subassembly. Sealing is ensoyesieans of
a valve system, one valve for the cask and onetHerslab.
Therefore, there is no handling component permanérdtalled
on the slab, except the valve.

The system with dual ramp and chamber is a wel:gmcsystem
based on significant experience feedback (Phenigehenix).
The chamber which allows the sodium handling cowetato be
transferred from one ramp to the other can be egdipvith a
rocker or a turnstile.

Mixed solutions are also considered, which comlvaraps and
casks or transfer corridors.

The cask with sodium container is an innovativetespswhich
does not require load pick-up and which allows dreftexibility

for the downstream handling system, and it canaséyepooled.
However, the cask and its biological protectionlgigeand heavy
components which require the displacement of hdaags, in
particular on the reactor slab. Therefore, one ted tmajor
drawbacks of a cask system is the significant caims imposed
on civil engineering works (large dimension openimich

reduces the pressure resistance of the reactaditgliland on
operability (requalification of the containment tfe reactor
building after opening). From a technological sgwidt, the
obstacles lie in the qualification of the thermabacity of the
cask and mechanical devices (valves, grabbing,vesgoof

sodium droplets).
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SOLUTIONS STUDIED FOR LOADING / UNLOADING

Sodium container cask Ramp and chamber

)

Mixed solutions
(dual or single ramp, cask or
transfer corridor)

[
B

-:. i,
foz
ii.‘._.l

This cask system is maintained as an option fopdtential in
case of use for the future commercial reactorslpémticular
efforts will focus on its impact on the generaliliac and the
civil engineering works, as well as on the consegas in terms
of operability and availability (performance inr&s of handling
speed).

The dual ramp and chamber system is a mature soluthich
has good performance in terms of handling speedwuch does
not require load pick-up or handling of heavy comgmuts.
However, it requires ex-vessel handling systemdbeolocated
nearby, in particular for external storage, andrefoee this
becomes a major drawback for the extrapolationht future
commercial reactors with the objective of poolitg thandling
means for two twin power units located on the sait@ This
solution is kept as a possible backup solution tfer AVP2
phase.

The general principle of the mixed solutions is dshon a
concept of single or dual ramp to remove the sidrakbes from
the reactor block, then the system for transfeth® external
storage area by means of a cask or a handlingdoorriThe
mixed solution is very interesting since it takelvantage from
both concepts: the ramp allows the fuel subasserblpe
removed from the containment of the reactor bugdirithout the
need to create a particular opening in the contaimimwhile
handling in cask or corridor allows pooling the iuent within
a sector. An option of mixed solution with gas sfen corridor,
stemming from the search for innovative solutiohas been
studied in detail and has formed the subject ofiretallation
study.

The selection of the reference loading/unloading ceoapt
between the sodium container solution and the mixesblution
will be made in the first quarter of 2013, based onthe
expected additional information concerning the corginment
options for Astrid.

6.4.3. EX-VESSEL HANDLING

Different technical solutions are under study facte point
related to ex-vessel handling. The objective of tiwerk
programme in the AVP2 phase is to confirm the tezdin
feasibility of these options in order to define tlyeneral
architecture of this handling system.

As regards the cleaning processes, the studies imgress on
innovative systems will be continued during the AVR. They
are aimed at simplifying the current reference proess (water
spraying in carbon dioxide) while simultaneously improving

safety and allowing an increase in the cleaning see.

6.5.1. CONTEXT AND APPROACH

Instrumentation, in-service inspection and repgathered under
the notion of ISIR, are important elements of theriél project.
As a matter of fact, the opacity and reactivitysotlium make
these activities much more difficult than in a watactor.

In the past, the French Nuclear Safety Authoritinfenl out that
the difficulty to carry out the periodical inspemxtiof the internal
structures of the primary system was a weak pditth® sector
which had to be absolutely solved.

Significant progress had certainly been made on Rhenix

reactor by the time its safety was re-assesse@98-2000 and at
the time of the examinations which were performed the

reactor, but this issue remains a major stake. Ehighy this

field is studied as from the beginning of the cqotoal design
phase, so that the instrumentation and the inspeetnd repair
means are available on time to allow the startimd) @peration of
the Astrid reactor.



The developments currently in progress on ISIR eamé levels:

Level 0 — integration of ISIR in the design,
Level 1 — continuous monitoring, with the
operation (instrumentation),

Level 2 — periodical inspections, during schedulegctor
outage periods,

Level 3 — exceptional inspections, with reactortstawn,
Level 4 — repairs / replacements, safeguardingwéstment /
availability.

reacton i

Level 0 was added to the 4 levels usually consitiesiace taking
the ISIR objectives into account as from the degibase allows
the main part of the problem to be solved.

For the purposes of the project, the studies concemplete
measuring systems including, for the magnitudeetoneasured:

— the technology selected for the measurement,

— the sensor/probe itself,

— the position of the sensor/probe with respethiéomagnitude
to be measured (carrier, for instance),

— the means used to bring the sensor/probe aletfieed place,

— signal transfer,

— signal processing,

— data processing for the operator.

This field covers all the existing measurementsaimuclear
power plant, but it is obvious that the primaryteys, with the
presence of sodium, involves the highest consgamterms of
safety and difficulty. This field is covered by nyaengineering
studies and research programmes, but above alebgiabment
programmes with CEA R&D and with the partners (AreBF
and Comex Nucléaire).

Today, one or more solutions have been identifiechéet each
one of these requirements. This means dozens @lafaments
which cannot be summarised here. Only a few sicpuifi

examples will be described in the remaining part tbis

document.

6.5.2. IN-SERVICE MONITORING

In terms of continuous monitoring, the technologisgd in the
Phenix and Superphenix reactors gave satisfactesults.
However, for Astrid, the following appears necegsar

Meet much higher safety requirements than beforarder

to reduce the probability of a severe accident and
simultaneously take this severe accident into aticdo
reduce its consequences. In certain cases, thigesdurther
redundancy or diversification, and the detectiosibfations
not taken into account in the past. The examplethef
detection of fuel subassembly blockage phenometiabevi
described further.

The Fukushima accident demonstrated that it hasrbec
necessary to develop a post-accident instrumentatio
manage the consequences of a severe accidentimeerAt
the same time, we are studying the operating linoits
conventional instrumentation (for example, a therouple
or an optical fibre can withstand temperatures abov
1,000°C) and the resistance of this instrumentation
accidents. Furthermore, we are analysing the lasitai of
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instrumentation dedicated to severe accidents wiociid be
permanently installed or installed just after theident.

Search for modern technologies; as a matter of, fiet
instrumentation of the Phenix and Superphenix oeaavas
designed more than 30 years ago and, since themdhstry
has made considerable progress in terms of tecieslo
miniaturisation and signal and data processinig. tlherefore
necessary to integrate this progress into the desfigAstrid
in order to improve its performance, reinforcerigiability,
improve its availability, make its operation easied reduce
its costs.

Optical fibres (OF)

Fibre Bragg gratings are interesting, in particldacause they
allow several measurements to be performed witly oné fibre
(see Figure 6.9).

This property is particularly interesting to meastemperature
profiles or to check temperatures over great lemgth

SCHEMATIC DIAGRAM OF A
FIBRE BRAGG GRATING TRANSDUCER *

For a great length, only one optical fibre woulddugiivalent to
many thermocouples, whereas it is necessary talinene
thermocouple for each measurement point.

Furthermore, optical fibres can be used as leakkegectors on
pipes.

As a matter of fact, the temperature rise or therdzation of an
optical fibre is a means to detect and locate ausotbakage.

12 — The refractive index of the glass used in ¢bee of an optical fibre is
structured to a scale of 500 nm by photo-writindaiser light, through the use of an
interference pattern. The result is a diffractiorating in the core of an optical
fibre, this grating being composed of several tlamas of pitches on a few
millimetres.

A wideband light source, usually operating in tlamge 1.55 um, interrogates the
Bragg grating which reflects a unique wave lengtilled “Bragg wavelength”. The
variations of this wavelength are directly relatedthe parameters to be measured,
such as temperature and strain.

These transducers can be wavelength multiplexed theg make it possible to
create a sensor grating along one or more optitaifs.
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CEA has tested a stainless-steel-clad optical fibsadium, with
very encouraging results (response time less thad n).
However, data concerning the service life of opfiitees at high
temperatures is still insufficient and additional BR& necessary.

For use in the primary system, the performancerasigtance to
irradiation still need to be improved.

With its small overall dimensions and its shortpasse times,
this measurement technique is of great interesbrirout of
sodium, but the data on performance and serviee dif high
temperatures (and in irradiation) needs to be dmfzed.

Therefore, it seems possible to use optical filmeastrid out of
the primary system and inside the primary system,
simultaneously with thermocouple measurements.

Detection of fuel subassembly blockage phenomena

Fuel subassembly blockage phenomena are local diesma
which are likely to worsen and lead to a complete gneltdown
accident. This is why early detection is important.the past,
these phenomena were not detected before the fbaksembly
meltdown and the beginning of propagation to th¢aceht
subassemblies. Improving the robustness of the tysafe
demonstration requires a reduction of the detedtine.

Given the difficulty of this measurement, seveeahinologies are
studied at the same time (see Figure 6.10): neutletection,
neutron noise detection, temperature measuremdpisrate

measurements, acoustic detection.

One of the main difficulties is to make sure tha tincertainties
on these measurements are sufficiently low witlpees to the
expected variations and, above all, that the variatin case of
blockage can be rapidly identified with respectthe normal
variations which are due to the turbulent flow lé tsodium in
this area.

During the AVP2 phase, CEA will try to obtain sigoént results
concerning flowrate measurement at subassemblgtoutl

A system for processing all the data generatedhleyreactor
measurement and monitoring system, with on-linendig
processing, will have to allow cross comparisontto§ data.
Therefore, this is probably a combination of thesection
means, depending on their maturity level, which | wile

implemented on Astrid in order to make diagnodiisinée.

6.5.3. PERIODICAL INSPECTION

For the Phenix and Superphenix reactors, preventibrihe
degradation of the internal core supporting stnestuwas
ensured by significant design margins as well as lwery strict
manufacturing quality control. These requirememéssill valid
for Astrid but they are no longer sufficient, ama tASN (French
Nuclear Safety Authority) now also requires that #iructures
and components important to safety can be peritidica
inspected.

The presence of sodium makes such an inspectifioudtif This
is why it is taken into account as from the conoeptdesign
phase of Astrid in order to reduce its cost, andeduce the
operating constraints and the duration of the oeashutdown
periods.

Furthermore, this inspection shall make it possiblebtain data
to substantiate the 60-year service life of the groplant.

EXAMPLES OF INSTRUMENTATIONS FOR THE DETECTION OF FUEL

SUBASSEMBLY BLOCKAGE PHENOMENA

DATA
PROCESSING

Temperatures at
Total instantaneous e

AFTER TH PERFORATION
DND I

Flowrate

blockage

measurement

BEFORE TH PERFORATION
TEMPERATURE
VARIATIONS

AFTER TH PERFORATION
TEMPERATURE RISE IN
ADJACENT ASSEMBLIES

Acoustics

BEFORE TH PERFORATION

BEFORE TH PERFORATION
(CFHT in PNL)

CFHT: High temperature fission chamber
DND i: Delayed neutron detection inside the vessel

FLOWRATE VARIATION

TH: Hexagonal tube
PNL: Lateral neutron shielding

BEFORE TH PERFORATION
BOILING DETECTION
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ULTRASONIC INSPECTION OF STRUCTURES
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In addition to a design which makes access eadiee,
developments do not only concern the sensors tkad tie
carriers and the signal processing system. Alle¢hmsmponents
must be able to withstand the inspection condititesperature,
radiation, presence of sodium or sodium aerosols.

When this is possible, inspection from the outsifiehe primary
system shall be privileged, as it is easier thasoutium.

The strongback is the structure which supports dbee. It is
completely immersed in sodium and rests on the medsel. It is
both a structure very important to safety and ofh¢he most
difficult structures to inspect.

The possible inspections from the outside or tteda of the
vessel are detailed below, as illustration examples

Inspection from the outside of the vessel

This is the preferred technology for the inspectioh the
structure, since the sensor and the carrier renmaim gas
environment.

This measurement technique uses ultrasounds (USthwh
propagate within the material to the welds andhe flaws, if
any.

This method requires continuity in the transmissioh the
emission and reception signals.

Since once of the option selections concerns agirack laid on
the main vessel rather than welded to it, the impache quality
of the inspections must be assessed. Therefordrghsmission
of US through a laid joint (with hard coatings) andelded joint
will be experimentally tested in conditions whicke similar to
and representative of the constraints on the maéssel
(see Figure 6.11). The result of these studiesowiltribute to the
selection of one option or the other.

Inspection from inside the vessel

It is possible that inspection from the outside nmay provide
access to all the welds which are to be inspected.

This is why we are also developing an in-sodiunmpéusion
technology which would make it possible to reaahdtrongback
through a space cleared by removing one fuel sebasy.

As the strongback is a box and rib structure, tiesging point is
drilled to provide access for a sensor. The rileslacated below
the bottom ends of the fuel subassemblies so lieatarrier and
the sensor can have direct access.

6.6.1. Context and approach

The architecture of the Astrid instrumentation aodtrol system
is governed by high-level safety and functionalusturing
requirements, in particular:

the strategy of defence in depth (definition oféelsvand
allocation of the safety functions within thesedksy,

the requirements in terms of independence, geogaph
separation and diversity for the management ofctiramon
load failures,

the safety classification of the instrumentatiord aontrol
systems which perform these safety functions,

the control/operating principles of the Astrid remg

the strategy as regards maintenance,

the requirements related to human and organisatiactars.

For that purpose, these studies are carried outclose
cooperation with the Areva and EDF partners. Tleeefwe can
take advantage of their significant experience lieel obtained,
among others, on the EPR reactor and on the stuafighe
ATMEA reactor.



ASTRID DESIGN OPTIONS FOR
MAJOR FIELDS

6.6.2. BASIC PRINCIPLES FOR THE DESIGN OF ASTRID’S
INSTRUMENTATION AND CONTROL SYSTEM

The design principles for the instrumentation aodtiol system
must contribute to the safety and availability fed reactor. They
will provide a good readability of its architectureith the

objective of increased robustness in the safetyodeimation.

For all the operating situations of the reactomf{od in normal
and accident situations), the control of the Astrahctor is
centralised from the desks of the main control r@ovd from the
emergency shutdown panel should the main controimrdoe
unavailable. The handling operations will be colte and
monitored from a dedicated area in the main contwom, or
from an independent room with transmission of infation to
the main control room.

The design of Astrid’s safety instrumentation andtool system
is based on a deterministic approach which reliethe principle
of defence in depth. The instrumentation and cérggstem
which ensures the fourth level of defence in deptthe severe
accident management system.

The instrumentation and control systems dedicaidtie various
levels of defence in depth are governed by ruleésdgpendence
and geographical separation and, for the strores lof defence,
these systems are diversified and designed in danoe with the
single failure criteriof?.

A system which is a strong line of defence (i.ee tieactor
emergency shutdown system or the decay heat renfbv#R)
system will have the highest safety classificagod will be fully
protected against internal hazards (fire, sodiurosad), external
hazards (resistance to earthquakes, lightning) etcmalicious
acts.

6.6.3. ARCHITECTURE ELEMENTS FOR ASTRID’'S
INSTRUMENTATION AND CONTROL SYSTEM

The architecture of the instrumentation and cordystem of the
Astrid reactor is based on the principle of breatadanto levels.
These levels are detailed below:

Level 0 “Process interface”: this level includesattical
conditioning of sensor signals for the next highevel,
management of priorities for the control orders iwgrfrom
the next higher level and generation of the eleatri
commands to control the actuators.

Level 1 “Acquisition, processing and automatiortiistlevel
includes the electronic systems which perform tgusition
and processing functions necessary to obtain
measurements representative of the condition ofr¢laetor
and its associated systems. This level generages|éutrical
commands sent by the supervision system.

Level 2 “Supervision”: this level includes the cetised
systems for the control of the reactor in normatident or
accident situations.

13 — A system designed in accordance with theesiiagure criterion must have
sufficient redundancy to allow the function to leefprmed, irrespective of the first
failure mode. Isolating devices must be implemettdegliarantee that the failures
will not propagate.

the

Level 3 “Performance and optimisation”: this lesébres the
reactor control data. This data will be used foalgsis in
case of incident, for crisis management assistandein the
long run, to optimise the performance of the reacto

This architecture will also comply with the indeplence of the
following functions:

The “operational” instrumentation and control systevill
control the reactor in normal operating conditiobsually
this system has no safety class and it complieg with the
overall availability requirement.

The “safety” instrumentation and control system wérform
the reactor emergency shutdown function as wellthes
protection and safeguard actions (e.g.: decay fexabval
systems, containment control systems). These sgstam
classified at the highest level of safety requiretae

The instrumentation and control system for seveadant
management, which also performs functions relabegotst-
accident control (lessons learned from the Fukughim
accident).

6.6.4. POSSIBLE TECHNOLOGIES FOR THE
INSTRUMENTATION AND CONTROL SYSTEM

The architecture of the safety instrumentation emmtrol system
may be based on Areva’'s TELEPERM XS digital
instrumentation and control system. This electrayistem has
the highest safety level and it uses a microprardsased
technology. It is designed to perform functionsuigqg a very
fast reaction time and to comply with high relidil
requirements. It takes advantage of the experiteedback from
the safety instructions of the EPR reactors whicd ander
construction.

Depending on the safety analyses, and when a divat®n
requirement is issued, the diversified safety systeay use a
non-programmable technology (analogue electrorocsdigital
electronics based on non-reprogrammable components)

6.6.5. PERSPECTIVES

Technological diversification based on ruggedizaethlegue,
non-reprogrammable, digital or mixed electronicgshwa high
level of integration is a significant area of impement for the
architecture of the instrumentation and controltesys of the
Astrid reactor.

The objective is to have improved protection agaswnmon
mode failures, malicious acts (programmed systeros)
parameterisation or reprogramming errors, whileimising the
volume occupied by these systems (wiring, numbeabfnets).

Signal processing capabilities (grouping, threshdktection,
alarms, algorithms) installed locally as close tdet
instrumentation system as possible are under ceraidn in
order to reduce the volume of cable ways for remdéga
processing.
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ASSOCIATED FACILITIES FOR THE
CYCLE OF ASTRID

Figure 7.1 illustrates the material cycle within feeet of
isogenerating Fast Breeder Reactors (FBR). At eqiuifilaronly
50 metric tonnes of depleted uranium are necessaay year to
feed a fleet of FBRs with 60 GWe of installed power.

To process the fuels allowing plutonium multi-relayg,
two main phases are necessary:

processing (with increased capacity) of the usedXMels
from Light Water Reactors (LWR), to recover the phitim
necessary to manufacture the first cores of faseder
reactors (FBR),

processing of the used MOX fuels of these FBRs, such
processing being materialised by multiple recyclofgthe
plutonium, which is the main fissile material batbnsumed
and produced within this type of reactors.

The first phase requires R&D for adaptation andfatinoisation

of the processes, integrating in particular the agament of high
plutonium concentrations. The second phase requinese
innovative R&D, based on the processing campaigmsedaout
previously on the Phenix reactor fuels in the piarkshops of
Marcoule and the industrial workshops of La Hagared based

on the first technological developments carriedlmritveen 1970
and 1990 in Marcoule (processing) and in Cadarache
(manufacturing).

Whatever the deployment phase, a common charditetcs
these two steps is that the fuels to be processsaied
concentrate a larger quantity of fissile materidlan the used
UOX fuels. The plutonium content is higher, theregplifying

the criticality management constraints and makimg fuel less
soluble in the current state of knowledge. Anotlspecific

feature of used FBR fuels is their concentration fis§ion

products greater than that of UOX fuels (approxahat3 to

4 times higher), mainly due to higher burn-up fi@ts$, with a
wider spectrum of these elements, in particulami§gantly

increased platinoid contents (this is due to thecigity of the

fission of plutonium in comparison to that 6¥°U) whose
management is difficult during processing (reldgivieefractory

solid phases hardly miscible in conventional glassdrices). In
the current state of the knowledge, this can leaaigh fractions
of undissolved solids at the beginning of the pssog.

Considering the operating principle of the core, tlesign of
FBR fuels requires a larger number of bigger stmecglements
outside the fissile material (blankets, expansiessel, neutron
shielding, end pieces, hexagonal tubes, etc.). Assalt, these
elements constitute a weight which is two to thtieees higher
than that of the fuel pellets. In comparison, theight of the
structure elements of UOX fuels or MOX LWR fuels is
fifty percent smaller than that of the oxide pellebntained. In
the past (in particular for the used fuel of thee®R reactor),
solutions were developed to allow the used fuejdbaccess to
the head-end of a processing/recycling processidAgill take
advantage of these developments. In the long mumili be
necessary to develop optimised processes for arfadedicated

CYCLE OF NUCLEAR MATERIALS IN A FLEET OF ISO-GENERATING FBRs

FBR fuel: 450 t
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ASSOCIATED FACILITIES FOR THE
CYCLE OF ASTRID

to the manufacturing of FBR fuel, that is to say atdp of
withstanding processing rates similar to those had turrent
generation. Ways of improvement will have to bedid in
relation to the design of the subassembly, as dsgidéwe removal
of the top and bottom ends of the subassemblyopleaing of the
hexagonal tube, the removal of the spacing wird,tha shearing
mode. The search for solutions intended to limi tlolume of
high-level long-lived waste and medium-level longtl waste
will require innovative sorting, decontaminatiorgncentration
and containment concepts and it will be a motivatio develop
associated processes and technologies.

Due to the high temperatures and the significasakup of the
fuel pellets in the core within the cladding, the@RFfuel leads to
significant release of gas fission products wittlie cladding.
Most of the gas is mainly released during sheasiridch makes
it possible to imagine a potentially simplified ragement of
releases (no mixing with the NOx from dissolution),even a
significant reduction of these releases by meansesf, more

direct and more compact trapping and conditioning o

containment processes.

The selection of materials, in particular for clady brings new
issues or requires former issues to be reconsiddegnding on
the selection of the materials for this claddingisTpoint is to be
taken into account in detail for the ODS steels fihesence of Cr
or Fe must be avoided in the dissolution solutions)

To meet the objectives of the FBR cycle, fuel maciufiang
must also achieve the significant objectives below:

capability to recycle all qualities of plutoniumdamranium
which are available in the current and future fagtle.
Therefore, the manufacturing plants must integttaéeuse of
reprocessed plutonium from the UOX and MOX LWR $§yel
and of course, the fuel produced by FBRs themselves,

keep a high level of safety of nuclear facilitieend in
particular limit the doses received by the opesatora level
even lower than the level found in the currentlfées,

operate with excellent availability to ensure reliiafeeding
of reactors as needed,

achieve acceptable economic performance throughalbve
automation of the operations in glove boxes anduiin
good production efficiency.

The variation of the isotope vector of plutoniumijthwthe
possibility of high contents of isotopes 238 and Zthe latter
forms americium 241 through decay) is a significeomstraint
which must be taken into account to achieve thbgctives.

The experience acquired with the plutonium techgylo

workshop (ATPu) in Cadarache and the continuous

improvements implemented in Areva’'s MELOX factoryieh
manufactures MOX fuels constitute a good basisdsigh the
core manufacturing facility and reach these objesti

Furthermore, the R&D programme, which has been acepl
within CEA for a few years in cooperation with Areyaoposes
innovations to simplify the steps of the manufactyrprocess
and in particular those steps which use powdersrefare, the

purpose is to base the process on a single stppvader mixing
(taking advantage, as applicable, of the futurelaviity of new
precursors such as powders produced with the CFXocess),
followed by forming and by an optimised nuclear areic
densification cycle.

The specific features of the used FBR fuel descritsale lead
us to identify subjects of interest to be studiéthiw the scope of
an R&D programme, with the objective of a significgart of
optimisations and innovations applicable to currend future
processing and recycling industrial processes:

process head-end which integrates the dissolutibn o
materials, in particular the production of plutamisolution
with a high FBR specificity in this step,

separation of reusable plutonium and uranium neenith
a material flow management to be adapted,

conversion of plutonium and uranium into raw matiés)
used to manufacture a new FBR MOX fuel, with formamgl
densification of the material, all this based ongesses and
technologies which can be extrapolated to increased
plutonium flows (production rates and content) apécific
isotopies of plutonium,

management of effluents and waste whose nature
significantly different from that of LWR fuels, iparticular if
FBR fuels with high burn-up fractions and little tiog are
processed,

monitoring and instrumentation, in particular faetcontrol

of processes which integrate a more demanding mahter
follow-up due to the management of higher plutonium
concentrations and/or contents,

integration studies making it possible to correafsemble
the architecture of a facility containing all theopessing and
recycling functionalities, using technological imations (for
example in terms of automation, remote operation,
maintenance).

For each main subject of interest, technologicahges are more
particularly searched for, in order to structure giroposals for
intermediate R&D steps, some of which are carried iou

cooperation with Areva NC:

for the process head-end, a dissolver/digestemusgefor
FBR MOX fuels; this assembly will be compact (withfes
geometry) and will have a high processing capatiwyill be
dedicated to plutonium quantitative recovery,

for separation, a simplified process including oohe cycle
and no longer using redox reagents to recover thiieul
plutonium and uranium,

for the conversion of plutonium and uranium, then the
manufacturing of FBR mixed fuels, a co-conversion /
manufacturing integrated facility based on simedfiand
compact processes and technologies, allowing dperand
maintenance in glove boxes and minimising the tetarof
materials,



for effluent and waste management, creation ofesgprtative
inactive technological platforms by 2020, to prefig the
industrial facilities for conditioning of the spéciwaste of
FBR fuels, as well as solutions (to be extrapolatedn
industrial scale) for optimised management of
radionuclides (minimised impact),

for process control, development of a set of senabte to
operate in severe nuclear environment, for
measurement and for the design of advanced cosyspém
integrating process simulation and data procesdorgreal
time control of key operations.

The fuel cycle of Astrid integrates the manufactgrof the fuel
(FBR MOX) and the multi-recycling of plutonium, aslires the
gradual demonstration of the growth-transmutatiepasation of
some minor actinides. Due to the impact on theadtaristics of
Astrid (see Chapter 5.1), priority is given to aroienin recycling.

The operations related to the material cycles dfidsre aimed
at achieving various requirements:

allow the technical demonstrator to be suppliedhitel,

with initial loading at an annual rate of 10 mettannes of
U+Pu then, for renewal, at a rate of approximagelyetric

tonnes or U+Pu per year; the Core ManufacturingliBac
(AFC), which will be set into service around 202dfiks this

requirement,

manage the unloaded fuel, and in particular enstge
processing and recycling within Astrid (therebyouling
recurrent recycling of plutonium and uranium withine
reactor, and also perhaps making it possible terxgnt the
technological changes which can be considered figr t

gas

on-line
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industrial processing of future fuels); the UsedelFu
Processing Facility (ATC), which will be commissiaghe
around 2030, fulfils this requirement,

prepare transmutation experimentations, which aseas the
missions of the Astrid technological demonstrator,a scale
which still remains to be defined at this stagéhef project; a
gradual approach can be considered, starting utiireg
existing CEA facilities (Atalante and LEFCA) for the
manufacturing of these experiments; to achieve
manufacturing of complete subassemblies, extensibrise
ATC and AFC will be necessary after 2030.

7.3.1. CORE MANUFACTURING FACILITY (AFC)

Although it is composed of oxide ceramic pelletsnofactured
by powder metallurgy and sintering, as the LWR$U&OX and
MOX), the fuel for the FBR core of Astrid has a sfieaesign
in comparison to these fuels. The main differeniéesin the
plutonium content, which ranges between 15 and 80%eavy
metal, depending on the concepts, the annular geproé the
pellets, the design of the fuel pins with spacingewand the
design of the subassembly composed of the bundl@ird
positioned in a massive hexagonal tube. There aremore
industrial facilities in the world able to produties type of fuel
with the necessary capacity; therefore, this regua dedicated
facility to manufacture this fuel. The new Core M&amiuring
Facility (AFC) is therefore associated with Astri supply the
fuel for the first cores, in the form of new subEmssblies, then to
supply fuel for reloading (according to the mantfaiog
flowchart of Figure 7.2) from various uranium anblitpnium
oxide raw materials and from structure parts.

FLOWCHART FO THE FUEL ELEMENT MANUFACTURING PROCESS
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The major structuring assumptions for the curreRCAproject
are as follows:

a nominal annual capacity of 10 metric tons of lyeanetal
(20 tyv) to manufacture the core of Astrid in three yeatds
implies that this facility must be set into serviteee years
before Astrid,

at the beginning, the oxide fuel will be manufaetiifrom

PuG, and UQ powders, using the COCA process already

implemented in the plutonium technology facilitytPA) of

Cadarache for the Phenix and Superphenix fabrication

Then, the objective will be to simplify the fuel m#acturing
process by using a co-converted URufbwder, which
should reduce the radiological impact on the opesatThe
site for the construction of the AFC will be selecte 2013,
after an orientation study.

The AFC must be designed to allow for future evolutof
the process and technologies and it must allowsfuodl
different specifications to be manufactured. Onangxle is
the integration of the ODS steel cladding which nzanbe
selected for the first core.

The studies for the basic preliminary design of Al started in
2012 in cooperation with Areva NC. The purpose esthstudies
is to define the first outlines, define the preliany safety
options and prepare the first master schedulesul&imeously
with these design studies, CEA is implementing h# bther
activities necessary to manufacture cores for éstamong
which procurement of nuclear raw materials (in ipatar
plutonium) and metallurgical materials for the sagwmbly
structures.

Concerning the last point, the core of Astrid is posed of
several families of subassemblies necessary fapiesation and
for the protection of the components of the nucisind. All

these subassemblies are comprised of several spbo@mts,
mainly made of steel, which need to be procurechanufacture
the cores. Based on known design elements and anaysis of
the Phenix and Superphenix experience feedbackshbe-term
studies are aimed at providing the necessary elsnterpropose
procurement strategies, including the questionsatfeduling,
risks and cost. First, an exhaustive list of theelststructures
which are to be manufactured for the first coréstirid has been
drawn up to define actions aimed at reactivating itidustrial
sector. These actions will make it possible to sssamong
others:

the manufacturing processes which can be consider@dhe
suppliers which master these processes,

the possibility to implement R&D actions to clearl al
uncertainties related to the industrialisation diese
processes, in cooperation with the designers ofdhe.

A certain number of priority actions has alreadgrédentified
concerning, in particular, the cladding made oftenitic steel
15-15Ti-AIM1, the hexagonal tube made of steel EMb@ the
neutron-absorbing elements made gERnriched boron carbide.

The design and construction of the AFC are also goma
opportunity to:

make good use of the experience acquired on

manufacturing of FBR fuels, according to two apphesc
applied simultaneously during the design phasethenone
hand re-appropriate and improve the processes flymsed
in the AtPu and, on the other hand, innovate orsehe
processes and technologies,

learn lessons from the past, based on the operatidnthe
continuous progress areas of the MELOX plant,

use, in a second step, new raw materials, in pdatic

uranium and plutonium co-converted into mixed oxide
(U,Pu)Q, these materials being potential sources for major

simplifications of the mixing steps (removal of the
co-crushing operation) and, more generally speakiofy
operations which involve powders,

illustrate plutonium multi-recycling by reusing tp&utonium
formed during the use of this fuel in the core s tFBR,
which implies to process the Astrid fuel to recouee
reusable materials, mainly plutonium, taking adagetof the
best processes designed from the R&D performed i th
field.

7.3.2. USED FUEL PROCESSING FACILITY (ATC)

Studies have also be initiated to obtain a firsige of the facility
which will process the used fuels unloaded fromrifdstSeveral
objectives have been set for this facility which stnunake it
possible to:

extract the plutonium contained in the fuels ofrissin order
to allow its multi-recycling in the reactor,

produce the minor actinides, in particular ameriu
necessary to perform transmutation experimentbetstale
of a subassembly,

qualify, at a significant scale, innovative optiofw the
processing of plutonium-loaded fuels (MOX-LWR and
MOX-FBR).

In agreement with these objectives, two optionsparssible for
the processing of the Astrid fuels: processing icoapletely
new facility specifically designed for these fuets, processing
within an existing plant. Two different facility ofigurations
have been defined, associated with these options.

The first configuration corresponds to a self-cordd facility

which could be installed on the same site as thetog, and the
second configuration corresponds to a facility witstricted
functionalities located on the La Hague site anéttvivould use
existing facilities for a large part of the prodagsoperations. In
the latter case, the uranium and plutonium exiactiperations
in the current plant require to dilute the nucleaaterials
stemming from the Astrid fuels with depleted uranju
reprocessed uranium or used fuel with a lower plutm content
than the FBR fuel.



Innovative  processes have been
two configurations. This selection has been maaden fiR&D

orientation elements for the multi-recycling of fgoium and
from the results of the current studies concerriregseparation
and conversion of minor actinides.

As the processes are defined, the dimensions of nth&
equipment have been determined for an annual pBiDgEs
capacity of approximately 6 tonnes of initial heawngtal (iyv)
of fuels. The size of the various process cells been assessed
from the dimensions of the equipment and from aggioms on
the location of this equipment in the cells. In itidd to the
process cells, the facilities include interventioglls and also
work, circulation, ventilation and fluid distribot areas.

The layout of the process cells and associatedipesnias been
performed in order to obtain an image (with dimens) of each
facility configuration, as illustrated by the schatin diagram of
the self-contained facility (Figure 7.3).

This preliminary study was based on technical agsioms
(selection of processes and equipment, thickneslsiadbgical
protections, interfaces with the core manufacturfiaglity and
the reactor) which will have to be assessed mowrurately
during the future specification and preliminaryidassteps.

ILLUSTRATION OF THE USED FUEL
PROCESSING FACILITY (ATC) (SELF-CONTAINED
FACILITY VERSION)

selected for the
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7.3.3. FACILITY FOR THE MANUFACTURING OF
ELEMENTS CONTAINING MINOR ACTINIDES

The transmutation of minor actinides in the fougdneration
FBRs can be performed in homogeneous or heterogenemies.
The approach to qualify these new concepts of aucfeels
containing minor actinides requires 4 successiases$:

selection of the concepts,

feasibility study at the pellet scale or irradiatsdort pin
scale,

optimisation validating the behaviour of the futlte pin in
reactor,

qualification of the complete subassembly correspun to
the industrial product.

For each phase, there are different scales of whjEr be
irradiated and different quantities of material ie produced,
requiring different sizes of facilities.

Whatever the minor actinide recycling mode, therentty

available data concerning the fuels that contagséhactinides
corresponds to the feasibility phase. Therefore,jitadiations in
the Astrid reactor will allow the optimisation amghalification

phases to advance. To support the approach seléatethe

heterogeneous transmutation experiments, the atiadi
programme associated with the optimisation phaspires

approximately 20 fuel pins to be manufactured @gponding to
approximately 15 kg of fuels) at a minimum prodantrate of 1
to 2 pins per year. This programme requires a méatinide fuel
production capacity greater than that of the expenital

equipment currently available in CEA’s nuclear faieis.

To first meet this need for production of americibearing fuels
and targets for irradiations in Astrid, studies aegried out to
assess the capability of existing facilities (Atdatashielded cell
chains in Marcoule for the manufacturing of pelletad glove
box lines of the LEFCA in Cadarache for the manufaatuof

pins) to receive the necessary equipment (suclfoagnstance,
pellet press, sintering furnace or fuel pin mantufang line with

installation in cladding). Therefore, these studéesicern the
nuclearisation of remote-operated manufacturing iasgdection
equipment in shielded cells, and the improvement

contamination management in particular throughuges of minor
actinide co-converted powders.

In a more distant future, it may be decided to rottine ATC and
AFC facilities to carry out the separation of thetirsides to be
recycled and manufacture the associated fuels, aipthe
manufacturing of complete subassembilies.

of
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SIMULATION AND CALCULATION
CODES - QUALIFICATION

The qualification of the option selections for #strid project is
a process which requires to refine, as the prgjeagresses, the
knowledge acquired on dimensioning parametersdoh eeactor
component and on the phenomena which affect theatipe of
these components and their coupling, all this imeorto
guarantee the safety level of the reactor in tht en

Therefore, it is necessary to characterise, thraadtulation, the

main parameters of the reactor and associate taeslations

with a reliability index to assess the impact & ttarious sources
of uncertainty which may be caused by:

Possible modelling bias (notion of systematic utaieties),

Random uncertainties which can be modelled by meé&ias
probabilistic model (based on often statistical reatatical
processing),

Epistemic uncertainties (associated with insuffitie
knowledge) which can be either modelled in a prdisaic
way or taken into account through specific methods.

Finally, it is necessary to integrate the propagatof these
uncertainties through connections between subjects.

Modelling of uncertainties will be based on thesérig large
experimental databases of observable magnitudessegative
of the operating range of the reactor (normal ocident
operation) which will be completed during the Adtproject
phase when its specific design options are selected

The modelling tools used and the wanted level ey for
calculations are strongly dependent on the progreti®e project:

2010-2012: Preconceptual design Phase (AVP1).

The design studies during this phase will be cdroeit with
existing tools.

During this phase, the studies will be aimed atficming the
feasibility of the various systems or options cdeséd and at
performing a preliminary dimensioning of these eys.

The Preconceptual Design Phase studies do notreegery
detailed modelling, and the calculations must niak®ssible to
obtain, within reasonable deadlines, results foe timormal
operation and for some accident situations so asatoy out
sensitivity studies. The expected recovery time usually
estimated to a few hours, but of course systemutzlons or
CFD (Computational Fluid Dynamics) calculations mayoive
much longer recovery times (in particular for cédtions for
verification of simplified modelling in support tdesign, or for
example system calculations requiring a modelling tloe

secondary system, or depending on the selectiomAstfid
options involving asymmetry studies as from thecBneeptual
Design }**

This phase is characterised by many studies retatede large
number of options and designs to be assessed aictl vt not
require a high level of accuracy and definition.eTd¢alculation
results obtained during this phase do not includeettainties.
The calculation tools used may rely on a first dation
stemming from the experience feedback of the Phemg
Superphenix 1 programmes.

2012 — 2014: Conceptual Design Phase (AVP2).

In late 2012, the selection of the reference opgtidor the
technological demonstrator will be known and themhar of
options will therefore be smaller than in Phas&He objectives
of the studies associated with this Phase 2 (cdnakpesign)
are as follows:

define the dimensions of the reference components a
systems, based on more detailed modelling, andsadbe
performance according to the operating conditions,

define a first consistent overall installation fdéthe reactor
and the various associated systems, requiring aoagplidies
at reactor scale and integrating a large numbsystems,

carry out studies on accident transients to supperiSafety
Options Report (DOS).

Accident/incident transients will have been defima@viously,
depending on the safety strategy.

The calculation results obtained integrate in tpisase a
preliminary assessment of uncertainties.

If the tools are changed for the basic designtriduesition phase
for users will be performed during the AVP2 phdsam 2012 to
2014.

2014-2017: Basic Design Phase (APD).

Considering the advanced design level of the vareystems
which constitute the Astrid technological demortstraduring

this phase, the associated studies and calculattis be

extremely detailed, and they will require fine 3@amrlling. The

results of the design studies will integrate thecautainties
consolidated with the first qualification tests wlhi will be

carried out in the scope of the Astrid concept glesi
substantiation plan.

14 — The recovery time only concerns the calcutetime itself, and it does not
include the data preparation and result interprétatsteps.



. SIMULATION AND CALCULATION
' CODES - QUALIFICATION

Coupling between codes will have to allow completiewations
to be carried out with a high level of accuracyeTbols will be
validated in the fields consistent with the Astdesign options,
the operating conditions and the geometrical figidsessed.

A first validation level for the simulation tools fequired for the
end of the APD phase as a support to the Prelimisafety
Report. This first level will be based on the avaligaresults of
the qualification plan, and it will be completedrithg the next
phases of the project through addition of the cemgints of the
qualification programme in order to bring the migsielements
for the first Safety Report.

The analysis of the need for new experimental datathe
qualification of the Astrid reactor components dhd reduction
of uncertainties has already been initiated, intipdar to
identify:

The existing experimental facilities in which it libe
possible to carry out the required qualificationogmrammes;

The experimental facilities necessary but not add in
France.

In this case, two scenarios are possible:

Determine whether such a facility exists abroad &hd
cooperation is possible with the country concerrird;ost
and deadline conditions compatible with the Asfridject;

Study the opportunity to invest in a new experimént
facility.
This course of action has been initiated in thedhmajor fields
below:

Qualification of the core and associated faciliti€khis
mainly concerns:

— Neutron tests (in the BFS and Masurca critical

mock-ups);

— Severe accident tests (mainly with the Pliniletfprm

suitable for the sodium coolant, and the IGR

experimental reactor in Kazakhstan, and the armlybi

the EAGLE experimental programme carried out by

JAEA);

— Irradiation programmes to qualify, among othetsne of
the options defined for the fuel, the cladding bet
transmutation of minor actinides. In this respéet,us
mention the irradiation tests of structure material
progress in the BOR-60 Russian reactor and the projec
of fuel irradiation in the BN-600 reactor;

— Qualification tests on subassemblies, amongchvhi
specific subassemblies of the SEPIA type (SEngnfelt
Passive Insertion of Antireactivity) and rods (undihg
the mechanisms);

— Tests to more particularly qualify a model orcede
(simulation of fluid-structure interactions, forample).

Technological facilities of interest for the qual#tion of
large components of the nuclear island, the pringirguit
and the transverse functions (ISIR, handling, eté.)the
Astrid project or for out-of-reactor tests dedichte severe
accidents.

Qualification of the safety action integrating tlsevere
accident issue as from the design phase. In additiothe
studies associated with the design of the cores shfety
action requires experimental complements associatiéu
the possible routes of the corium towards a cotehea and
the control of long-term cooling of corium on there
catcher, based in particular on the Fournaise grdgeility
(Plinius platform).

We can already describe four major loop familiesamply with
the requirements of the Astrid project:

The large loops for in-sodium qualification testf o
components (handling system, subassemblies, etéoy the
advanced cleaning processes; these loops are gatimethe
Cheops platform;

The small loops for in-sodium tests, these loopsg®cated
in the Papirus platform (Fleet of Small Facilitfes Research
on the Use of Sodium in fast reactors);

The simulating fluid loops located in the Giseh tigam
(Group of Water Simulating Facilities for Hydraulic
Systems), see Figure 8.1;

The facilities dedicated to the study of severeidmrus,
located in the Plinius platform.
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FIGURE 8.1: EXAMPLE OF PHENOMENA WHICH CAN BE STUDIED WITH SIMULATING

FLUID MOCK-UPS

CONTROL RODS, Complementary
Shutdown System:

Drop kinetics, thermal and hydraulic
characteristics

ABOVE CORE STRUCTURE:
Thermocouples, thermal fluctuations,
Handling station: time, forces, reliability

COVER GAS PLENUM:
Thermal behaviour, convection, radiation,
aerosols,

HOT POOL:

Fields of temperature and speeds,
stability of core outlet jets, thermal fatigue,
stratification, vibration, gas entrainment,
nominal and transient behaviours

CORE:
Thermal behaviour, hydraulics, pressure
drops, geometry, gas behaviour,

SUBASSEMBLIES:
Thermal behaviour (TMG, TMC),
hydraulics, pressure drops, vibration, -
wear, gas behaviour, kinetics, cavitation, PUMPS:

flow restrictors, locking, static and Characteristics, vibration, cavitation,
dynamic mechanical items nominal and transient behaviours

GAS EXCHANGER:

Pressure, temperature, flowrates,
vibration, qualification of components

PIPES:

Forced convection and initiation of natural
convection, stratification, thermal fatigue,
rupture disks, valves

DECAY HEAT REMOVAL:
Sodium-air and sodium-sodium
exchangers, initiation of natural or forced
convection, flow distribution and
temperature field, vibration

STEAM GENERATOR:

Flow distribution, nominal and transient
temperature field, fluid-structure
interaction, acoustics

COLD POOL:

Pressure (diagrid) and speed fields,
nominal and transient temperature field,
gas behaviour
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INDUSTRIAL ORGANISATION AND
INTERNATIONAL COOPERATION OF THE
ASTRID PROJECT

By virtue of the act of 28 June 2006, CEA was selk@s the
contracting authority for the project and it alsgeived the funds
corresponding to the preliminary design phase (20017),
through the “Investment for the future” ProgramriRéA).

The main principles of the organisation implementee as
follows:

the Nuclear Energy Division / Innovation and Indiast
Support  Directorate, and more particularly the
“4™Generation Reactors” programme, is the contracting
authority and the strategic manager of the project,

operational management of the project is perforimgdhe
Astrid Project Team (CPA) which reports to the Reacto
Studies Department (DER) of CEA Cadarache; this uit i
led by a project manager who relies on a team winicludes
the following:

— an industrial architect, since CEA decided nduta to a
contractor and to carry out the function of leadtcactor
by itself; the industrial architect relies on a figaration
synthesis and control cell,

— aperson in charge of project management;piison is
in charge of organisation, risk control, schedulemgd
cost follow-up; this person relies on external stssice,

— persons in charge of transverse functions fer rttajor
stakes of Astrid (safety, operability, value anmlys
experimental programmes, instrumentation and ISIR),

— persons in charge of the management of theowari
engineering study batches (site interfaces, nudttand,
core, power conversion systems, nuclear auxilisaies
handling, electrical distribution and instrumeraati &
control, civil engineering).

The project is broken down into engineering deskmiches
which are entrusted to different industrial partaepreferably
within the scope of two-party cooperation agreemeotr via
commercial contracts, except for the core engingetbatch
carried out by CEA for the preliminary design phate. date,
agreements have been entered into with the foligwin

EDF/SEPTEN (since September 2010) which provides
assistance to the CEA project management team throug
direct presence within that team and by means tdam
based in Lyon (France); EDF/SEPTEN provides itdsskis

an architect and operator of PWR and FBR nuclearepow
plants. Let us also mention the support of EDF R&lBich

has been taking part in the R&D studies with CEA Aneva
since 2007 to assess options for"ageneration SFR and,
since 2010, more particularly in the R&D in supptrtthe
design of the Astrid reactor,

Areva NP (since October 2010), which is the soleoRean
manufacturer able to design sodium-cooled fast deee
reactor power plants and which provides enginegidnghe
nuclear island, the nuclear auxiliary systems amhé t
instrumentation & control system,

ALSTOM POWER SYSTEMS (since May 2011), which
designs and manufactures power conversion systems f
nuclear or non-nuclear plants and which carries it
studies of the Astrid power conversion system,

COMEX Nucléaire (since July 2011) which brings ikdlls
as a mechanical equipment designer for the studsaebus
systems, in particular robotic systems for in-smrvi
inspection of the primary system, or the diverdifiesign of
control rod mechanisms, etc.,

TOSHIBA (since April 2012) for the development and
qualification of large electromagnetic pumps fore th
secondary sodium systems,

BOUYGUES (since April 2012) whose contribution mginl
concerns the design of the civil engineering wook the
buildings of the nuclear island (including the teadbuilding,
the nuclear auxiliary buildings, the fuel handlibgildings,
etc.) and also for the turbine hall which containe turbo-
alternator set,

JACOBS Nucléaire (since June 2012) for the engingeof
the infrastructures and common means of the site,

ROLLS-ROYCE (since September 2012) for the sodium-gas
heat exchangers and the handling of fuel subasgssnbl

ASTRIUM (since October 2012) for performance relitypi
of equipment important to safety.

The project remains open to other partnerships,tivenewith
French or foreign partners.

These partnerships allow CEA to work on the Astodaeptual

design studies by associating major players whogerience

and competence in their own fields will be a guteanfor

success. The association of industrial partneref®snnovation

and guarantees that the industrial stakes (opéyabil
constructability, etc.) will be taken into accousm$ from the

design phase of Astrid.

The relationship with the industrial partners inaae of
engineering studies has been detailed in a manademe
specification (which engineering departments redpmnwith a
management plan) which stipulates, among others:

project reviews in the meaning of standard RG aédD@Gnd
which are major meeting opportunities at the endthef
AVP1 phase (SDR: System Design Review) and at tHeoén
the AVP2 phase (DDR: Detailed Design Review),

design reviews within the engineering departmerits,
particular before the SDR and the DDR,
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GENERAL ORGANISATION OF THE ASTRID PROJECT

Total staff: approximately 500 Contracting authority
Strategic steering
= CEA/DEN
(O]
Saclay =

(TN}
L
'_
w
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s

@

3 CAD, SAC, MAR

g Cadarache
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o

& , COMEX NUCLEAIRE

Paris TOSHIBA
External assistance ROLLS-ROYCE
Les Mureaux
Tokyo
l l l Marseille

- Nuclear island, auxiliary Power conversion Civil engineering Balance of plant

o systems, instrumenta- system and ventilation

g tion and control system

CAD, SAC, MAR Lyon, Paris Belfort, Paris Paris

option selection processes organised by the Aftrimject
Team (CPA) with participation of the strategy office

monthly progress meetings to take stock of the @ of
actions, the schedule analysis, the supply of delives,
physical progress,

quarterly progress meetings to deal with budgeteetsp
(annual budgets, multi-annual budgets, committedgbty

remaining budget to be committed) and the projésk r
mitigation actions,

bimonthly meetings for coordination of the Astrid
engineering teams to deal with change datasheets,
configuration management, performance reportinities,
integration of engineering models into the overddtrid
model,

concerting reviews with steering entities, heldwessn the
strategic leaders of each partner.

The general organisation of the project is illustda on
Figure 9.1.

9.1.1. MISSIONS OF THE CONTRACTING AUTHORITY

Main contracting authority

As the contracting authority, CEA performs the sgat and
operational steering of the project. CEA has als@® th
responsibility for the preparation of the safetyiops reports and
remains the contact point for the French Nucleafet@a
Authority.

Since Astrid is a CEA project, it is managed in adeoce with
CEA’'s quality assurance rules, in particular the jgmb
management methodological repository (R2MP) based on
recommendation RG AERO00040.

As the architect and lead contractor for the pij&EA has
specific missions.

Configuration management

The architect and lead contractor is the guararmbrthe
management of the configuration studied by the owsri
engineering teams. Thus, a product breakdown strittas been
finalised and shared among all the parties involviéach
assembly itself is broken down into basic subastemior
systems.

These studies of the preliminary phase made it ilplesgo
identify, within each subassembly, a certain numdfevariants
or options; most of them will be proposed for sétetduring the
AVP1 phase, then during the AVP2 phase for the naimg
ones. They are all listed in the “product” breakdevand they
form the subject of consistent layouts in compasedormance
designs. All these designs comply with the funaion
specifications.

Identification and management of interfaces

All the technical data from the functional spedtions and the
first data from the preliminary studies of the emgiring batches
is managed and shared under the responsibilithefirtdustrial
architect. A document is updated monthly and aldhanges are
reported to all entities which take part in theigesf Astrid.



Performance management

For each studied configuration, the performancethef whole
facility is reconstructed using a validated -caltola
methodology. This methodology must allow consistent
combinations of models/variants/options (calledsiges”) to be
assessed and classified with respect to a refecgsign studied
for each model (water/steam or gas power conversystems)
and proposed by the engineering teams, with vatidadf the
CPA, during the option selection intermediate rewewhe
classification is made with the essential discritiimg criteria
which are safety, cost and maturity/feasibility.

9.1.2. CEA INTERNAL ORGANISATION

The Astrid project team (CPA) is in direct relatibipswith:
= The team of the core engineering batch,
= The R&D entities on the Astrid project,

= The entities working on the cycle and the assodiddege
facilities.

The internal organisation of the CPA is based orviactor
transverse batch managers (see Figure 9.2) whadnteith all
the entities involved in the project, whether thesdities are
engineering or assistance teams. These batch nrarsmpeify to
their respective contributors the input data, thkvdrables to be
supplied and the main milestones to which theyrioutie.

Outside the CPA, for the R&D teams and the AFCOE
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(core manufacturing facility) project, functioniig based on the
issuance of requirement expression sheets for igahbatches
(core, nuclear island, handling, power conversigstesn, etc.)
and transverse batches (safety, ISIR, operabgity,) from the

CPA to the teams which take part in the core engingéatch

(LIC) or which provide assistance to the contractmghority (in

R&D, definition of qualifications and investigations

9.2. INTERNATIONAL COOPERATION

Since 2007, CEA has developed several international
partnerships in order to reinforce and multiply R&D efforts.
These partnerships are an opportunity to sharectss of
development and use of large experimental infratires. This
chapter presents a summary of these infrastructanes their
targets.

9.2.1. IN EUROPE

In Europe, the SFR system and the Astrid technoédgi
demonstrator are integrated into the roadmap of SN&E-TP
platform (Sustainable Nuclear Energy Technology tféim,
www.snetp.eu) which aims at implementing a Europesearch
area in the field of fission, and into the roadnmphe ESNII
(European Sustainable Nuclear Industrial Initigtivethe
equivalent of the SNE-TP supported by the induswiarld, as
well as into the EERA alliance (European Energy Rebea
Alliance, http://www.eeraset.gu

FIGURE 9.2: ORGANISATION OF THE ASTRID PROJECT TEAM (CPA)
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staff

Assistance to

Project contracting authority

Management | - Project Management
Industrial
architect
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contracting authority
Configuration
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instrumentation and control
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Core batch
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ISIR Instrumentation

Operability, availability

Value analysis

Experimental programmes &
transmutation

Codes, standards and

materials

Power conversion Civil
system batch engineering
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Common means and Site
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Support to technical activities

- Instrumentation and control system
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- High-current systems
- Civil Engineering
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73
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This system is identified by these platforms as tbference
system for fast spectrum reactors. These platfoprevide
support to structure and rationalise the effortsdendy the
various European contributors. These actions gigear in the
implementation of several European projects, thennmnes
being:

CP-ESFR (https://www.projectcpesfr.eu/), coordinatey
CEA, and focused on the development of technologies
the validation of calculation codes;

ADRIANA (http://adriana.ujv.cz/) which performed an
inventory of the necessary European experimental
infrastructures for the various Generation IV pesgmes,
then issued an investment roadmap;

MATTER (www.matterfp7.it) and GETMAT (http://nuklea-
rserver.ka.fzk.of/getmat/), two projects dedicateth
development and qualification of innovative materia

SARGEN 1V, whose purpose is to contribute to thires
for harmonisation of the safety evaluation methodis for
the 4" generation systems, as a continuation of the webrk
the Risk and Safety Working Group of the Generatién
International Forum and the recommendations ofl&A
and the WENRA.

These European projects also make it possible ppasu the
implementation of specific partnerships between CBAd
European R&D organisations.

9.2.2. OUTSIDE EUROPE

Outside Europe, CEA is a major contributor to the&ation 1V
International Forum (http://www.gen4.org/) which tlgars
13 countries interested in sharing the R&D efforisix systems,
among which the SFR system, in the fields of trartation,
safety and technology. This Forum has a signifiaetivity of
harmonisation of standards and safety referencerdents, via
the Risk and Safety Working Group.

CEA is also involved in a certain number of actestiof the
IAEA within the scope of the Technical Working Gpan Fast
Reactors (TWGFR), and the International Project orovative
Nuclear Reactors and Fuel Cycles (INPRO), which allow
exchanges concerning the safety and the technalogic
development of fast nuclear systems as well asirghahe
experience feedback from phases of constructioaratipn and
dismantling of SFRs.

In addition to these multilateral collaborationsEAC has
developed a set of two-party partnerships with thé R&D
organisations involved in the development of SFRteys.
Among others, we can mention the following:

With Russia, further to the signature of the CEA-Rosat
agreement in the summer of 2010. Three R&D area® wer
defined: development and qualification of core mate and
fuels (including irradiations in the BOR-60 and BN360
reactors, for instance), safety and physics of@recluding
neutron tests in the BFS mock-up to support theifipation

of the CFV core), and technology with in particuliue
assessment of the possibility to share experimdotabs.
Furthermore, common CEA-ROSATOM work is in progress
to issue a roadmap for the development of a comiaierc
sodium-cooled fast neutron reactor.

With India, common R&D is carried out with IGCAR ¢ima
Gandhi Centre for Atomic Research) and BARC (Bhabha
Atomic Research Centre) concerning safety and basic
research, in compliance with international treatiAsfew
examples of R&D are the improvement of the undeditey

of the mechanisms of corium propagation within &RSthe
impact of sodium aerosols within the facility amd the
environment as well as the development of the pafet
instrumentation, based on tests performed jointly.

An agreement was entered into in 2010 with JAEA0#5d
and the US DOE (United States), in order to recdothe
cooperation to support the developments of theidstnd
JSFR prototypes. Common actions are in progressciassd
with the validation of calculation codes in theld® of
thermal hydraulics and severe accidents and with th
development of instrumentation and robotic systems.
Common actions are also in progress to improve #fietys
standards to support harmonisation efforts and they
associated with the schedules of the two prototypes
Furthermore, this agreement allows the use of pestn
experimental resources as, for example, wastagés tes
performed in 2011 in sodium-water reaction situaion the
JAEA’'s SWATIR facility, and the participation of CEHA

the EAGLE 1 & 2 programmes conducted by JAEA on the
IGR reactor of NNC (Kazakhstan) to support the
qualification of mitigation devices.

In China, the CEFR experimental reactor was criticathe

first time in 2010. A common laboratory was creadtgdCEA

and CAEA to provide support for the starting phasd¢he
CEFR experimental reactor and prepare experimental
programmes.
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SCHEDULE AND COSTS

In late 2012, the Astrid project is still in a pminary phase,
since the conceptual design will be completed amliate 2014.
The studies performed by the various engineeriagitedo not
have the same maturity level, due to the fact they started at
different times during the preconceptual designsph@AVP1):
beginning of the core engineering studies as froensetting up
of the project team at the beginning of the yeat@Othen
beginning of the nuclear island engineering stuiieSeptember
2010, then beginning of the studies of the powemvecsion
system in June 2011, and beginning of the studiescivil
engineering, common means and infrastructures ity 2812.
Furthermore, to provide room for innovation, soneehnical
solutions have not been decided yet (for examplecton of the
technology for the power conversion system). Finate work
to consolidate the engineering studies of the bpsiiminary
design level is scheduled to be carried out madnlyng Phase 2,
called AVP2 (conceptual design) (2013-2014).

In these conditions, the schedule of the projectie subsequent
phases still remains to be consolidated. Concerhi@gosts, it is
first necessary to share the same methodology whiitkallow a
complete assessment at the end of the AVP2 phase.

10.1. SCHEDULE

Preparation and follow-up are performed at 3 levels
The master schedule, rank 0 schedule: this is #ferance
schedule. This reference scheduling is “wide meShaad

indicates the overall lead time for the projecte timain
deliverables to be produced, the main steps anddbenections,
the estimated durations and the milestones. Thiediding
integrates margins which are consolidated by aarsMdysis.

The rank 1 schedule: it has a narrower mesh for stheted
phases. This half-detailed schedule provides Viibfor the
logical progress of each batch and it highlights kiy events; it
is issued by the engineering teams and consolidatedhe
operational steering team.

The rank 2 schedule: this schedule is detailed dovthe rank of
detail tasks. It integrates the elements relatedttalies, work
preparation, work performance, worksite cleaning apd
submittal of the final files and experience feedbadhis
schedule is internal to the engineering teams.

Several different schedules are issued and followgul

simultaneously:

= sequences of studies and construction of the pplaet,

= schedule for the writing and analysis of the safepyions
reports and the associated authorisations,

= regulatory process: debate and public inquiry, ding
permit, etc.,

= process for the qualification of the core and major
components,

FIGURE 10.1: OVERALL SCHEDULE OF THE ASTRID PROJECT
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L] SCHEDULE AND COSTS

studies for and construction of the core manufaogur
facility.

Figure 10.1 illustrates the main steps of the divechedule.

To assess the costs within this phase locatedumstream in the
project, and in order to limit uncertainties, it mecessary to
deploy several methodologies simultaneously and n the
consolidate the results obtained. The 3 assessmmetitods
which were selected are as follows:

An assessment performed within CEA using the SEMER
software developed for the Superphenix2 and EFRused
cooled fast reactors, or using the experience feedb
database which contains the costs of the work aotstr
recently entered into for various CEA facilities (RONDE,
MAGENTA, AGATE) and for the RJH reactor, making it
possible to define macro-ratios between the prooesshe
one hand and the infrastructures and common mearkeo
other hand.

An assessment carried out by the engineering temmasysed
and consolidated by the contracting authority of th

project. For the nuclear island, this assessmamese and
updates the cost bases which had been developeddhe
EFR studies.

A assessment of the files by a third-party company,

independent from the engineering companies condethes
assessment is based on project costing technigsess in
upstream phase.

The purpose is to cross-check these different @mes in order
to limit as much as possible the uncertainties eoring the
estimation of the end of the AVP2 phase, and atsmlitain
databases which will make it possible to start levanalysis
action on Astrid as from these design phases iardaoptimise
the costs of the technological demonstrator.

This is why several actions have been initiatecufianeously to
contribute to the consolidation of the estimations:

value analysis on approximately fifteen subjectasutered
as relevant,

comparative study with the techniques used in tlie
industry, as this industry is also facing this peob of
estimating the cost of major projects before makthg
decision to invest.
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CONCLUSION

The international framework for cooperation in tfield of
4" generation nuclear systems is the GIF (Generafign
International Forum), whose purpose is to coordindbe
necessary R&D work for the development of nucleastays
(reactors and fuel cycle) complying with the nuclemergy
sustainability criteria.

Among the six concepts selected by the Forum, doeitbased on
fast neutrons and able to achieve the objectivesosthe fourth
generation of nuclear reactors. These objectives ar

capability of plutonium multi-recycling and makirige best
use of the uranium resource. This requires reactpesating
in fast neutron spectrum, coupled to a closeddyele;

if this option is selected, capability to perfornhet
transmutation of some minor actinides. This alspires fast
neutron reactors;

safety level equivalent to that of th& generation reactors

commissioned at the same period. For the Astrid

technological demonstrator, this means a safetsl lavvleast
equivalent to that of the '3 generation reactors, with
integration of the lessons learned from the Fukuahi
accident;

achieving correct competitiveness in relation te #ervice
provided,;

providing guarantees of resistance to nuclearferalion.

It is to be noted that the concepts selected byGikehave very
varying technological maturity levels. For CEA, ifrew of the
objectives set by the act of 2006, the effort netedse focused
first on the sodium-cooled fast neutron reactor RBF
technologies and, to a smaller extent, in particala regards
innovation, on the materials, the fuel and the gasling
technologies (GFR) for a more long-term vision.

The fast breeder reactor (FBR) system has extresighificant
advantages in terms of sustainable energy:

plutonium recycling capacity, without limitation ithe
number of recyclings (multi-recycling), and optiedsuse of
the uranium resource. Unlike the vast majority e&ators
currently operated or under construction throughthg
world, which consume approximately 1% of the ndtura
uranium extracted from mines, FBRs are able to aoesu
more than 80% of the resource. With the stock qfieted
uranium currently available on the French terrifarywould

be possible to feed a fleet of FBRs for several shads of
years;

FBRs are an intensive energy source, whose prooessrobt
release greenhouse gases;

FBRs are able to burn minor actinides, while prodgci
electricity, thereby significantly reducing the qtity,
toxicity and life of ultimate radioactive waste.

In comparison with the well-known operating prirleipof a
pressurised water reactor, let us mention the idgtlg specific
points of SFRs:

the primary system is integral with the main vesséiich
contains the core but also the intermediate exdrarand the
primary pumps; this provides remarkable containnudrthe
primary sodium which is at atmospheric pressure;

an intermediate sodium system is added as a baetareen
the primary sodium and the power conversion system;

the primary system is not pressurised and hastathigrmal
inertia which increases the “reaction time” in ca$doss of
coolant;

the coolant has a very high boiling margin withpexs to its
normal operating temperature (typically 300°C);

the pool type architecture of the SFR significanthproves
natural circulation;

as a result, it is possible to design diversifiedfive or
passive decay heat removal systems which have desady
tested, to remove the residual power in all cirdamses;

the collective dose which workers are exposed teig low
in normal operation, in comparison to other typeseactors.

SFRs have formed the subject of many projects wadielw
which made it possible to total more than 400 magtars of
operation.

The safety demonstration concerns the following etyaf
functions: reactor reactivity control, reactor dog| reactor
containment.

For many years, the objective of the R&D performeithiw CEA
in partnership with EDF and Areva was to reinfotice lines of
defence and the robustness of the demonstratioralfathese
safety functions, in particular as regards theofsihg points of
SFRs, namely (non-exhaustive list):

design of the core;
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decay heat removal systems;
sodium-water reactions.

Therefore, CEA, EDF and Areva are working on thagtesf a
CFV core (core with low void effect); the specifeature of this
core is that it has a very low or even negativectreity
coefficient in case of sodium draining, unlike theeviously
designed reactors (a positive coefficient meanstttereactivity
of the reactor increases in case of disappearantiee sodium,
due to boiling for example). It is important to edhat this very
promising work is not complete yet and that studiescurrently
in progress to confirm the potential of the desigrsuch a core
as regards the safety objectives. If such confionas obtained,
this core will be an essential progress in thelfadl safety.

As regards decay heat removal, it is necessaryerand the
importance of the notion of thermal inertia (ilee pproduct of the
bulk thermal conductivity of the primary fluid aride metallic
structures multiplied by their heat capacity). Thigher the
thermal inertia, the higher the resistance of thactor to a
temperature rise in case of loss of the decay heatoval
systems, and therefore the higher the resistanfteetaneltdown.
The thermal inertia of an SFR is approximately awibat of a
standard pressurised water reactor (PWR). If we altegrate
the notion of boiling margin of the primary fluidyhich is
respectively approximately 30°C for a PWR and 3065Can
SFR, the maximum deadline before the primary flsidrts to
boil is almost 20 times higher for an SFR than dostandard
PWR.

Thermal inertia alone is not enough in the safegnanstration,
and it is important to thoroughly consider the ctetg incident
sequence, for example a complete loss of electnimaler

supplies, and assess which back-up means willtstilhvailable
in such cases. Therefore, the previously designedbailt SFRs
were equipped with a combination of passive andvect
redundant and diversified Decay Heat Removal (DHR}esns

to evacuate the residual power as from the momémnwthe
control rods fall, and this even in case of conmleiss of the
electrical power supplies and of the cold waterrseuAs a
matter of fact, some of these systems operatepeitisive natural
circulation (thermosiphon) and use the atmosphsr¢ha cold
source. Their efficiency was verified through teststhe Phenix
and Superphenix reactors.

Finally, for the sodium-water reaction, the objeetis to design
reactors which either completely eliminate the pmbty of
occurrence of such a reaction, through the usendl@rnative
fluid (a system that uses nitrogen instead of wagebeing
studied on Astrid as one of the possible optioospuarantee the
absence of consequences on safety should suclttéoneaccur
despite the lines of defence implemented (concépnhadular
steam generators).

Based on the experience acquired with SFRs whichatguin

the past (in particular Phenix and Superphenixwbich are
currently in service (BN-600 in Russia), CEA and itwtpers
have set ambitious objectives for the Astrid reastothat it can
be, by design, a"generation reactor. The achievement of these
objectives will be verified throughout the desigrdaonstruction
process.

Safety

The proposed objective for Astrid is to achieveafety level
equivalent to that of a'8generation PWR, together with the
requirement of obtaining significant progress om tpecific
points of the SFR system (improved core behavimspection,
reaction with sodium, resistance to internal anetreal hazards
etc.). These safety objectives are formalised & WENRA®
document “Safety Objectives for New Nuclear Powéani”
(2010). The associated safety demonstration shalle hthe
quality corresponding to the state of the art regfliby the
French Nuclear Safety Authority. As from the desigatrid will
integrate the requirements which stem from the eepee
feedback from the Fukushima accident, knowing tB&Rs
intrinsically have a good resistance to this typeaenario, due
to the high thermal inertia of the primary system.

Operability

It is required that Astrid can demonstrate, aftdew years of
operation, an availability factor comparable tot thiithe current
fleet of reactors in service (i.e. approximately ¥80of

availability), after deduction of the penalties uleed by certain
experimental irradiations. This is made possibleth®y progress
achieved in in-service inspection techniques and thg

development of an innovative fuel handling system.

Minor actinide transmutation

Phenix made it possible to test the feasibilityndhor actinide

transmutation of an experimental scale. Astrid béldesigned to
continue the study of the feasibility of the tramgation of

radioactive waste produced from used fuels, aghédriscale than
what has been done before.

Investment cost

As a technical demonstrator df deneration fast breeder reactors
allowing complete implementation of the closed eyfdr nuclear
fuels, Astrid must test the relevance of major watmns in
several fields. A specific effort will be made tontain the
investment costs as much as possible, as thesearesexpected
to be several billions of euros at this stage ef phoject for all
the necessary facilities, and the contribution rafuistrialists to
the project is a very useful guarantee in thisdfidt is also
planned to apply modern value analysis tools todbsign of
Astrid, as these tools, with sufficient anticipatio allow
substantial saving on this type of project.

15 — Western European Nuclear Regulators Assodiatio



The very innovative nature of the design of Astimd¢comparison
to SFRs which have operated previously or whichcareently in
service, requires a significant R&D effort to dentoate its
feasibility and optimise the components and theatm.

Safety: design and more robust demonstration
prevention and mitigation of the risks of core meitn
accident:

a) design of a very innovative core with very low @ven
negative void effect;

b) possible installation of additional safety degdn the core:
SEntinel for Passive Insertion of Antireactivity HBIA)

equivalent to a'3 shutdown level, making it possible to reach

a safe state of the reactor during a loss-of-flegident or a
loss-of-coolant accident without drop of the norstalitdown
rods, systems of reinforced plates to eliminateriieof core
compaction;

¢) robust design of the vessel bottom structureditoinate the
risk of failure of the core supporting structuregdantegration
of a core catcher;

d) core instrumentation with  enhanced
(thermocouples to monitor the temperature of thel fu
subassemblies, fission chambers for neutron detecind
fission product detection, ultrasonic testing temhgies for
displacement measurement, acoustic detection dfngpi
flow measurements, etc.);

practical elimination (in the meaning of IAEA) ohd

complete and prolonged loss of the decay heat ramov

systems: redundant architecture of the diversifaative and
passive decay heat removal systems with absermenohon
mode failures for the systems (cold source: water diso
atmosphere);

elimination of large sodium fires: protection ofeprises,
inerting of premises;

elimination of violent sodium-water reactions waignificant
release of energy: two main approaches are undely:st
1/ water-steam system: to reduce the quantity attieg
sodium, design of modular steam generators withrongx
hydrogen detection; 2/replacement of the waterste
system with a nitrogen system, to completely elaténthe
risk of sodium-water reaction;

earthquake resistance: reactor building designéu seismic
pads;

state of the art as regards protection againstredtbazards
(aircraft shell, flood protection, etc.) and intapn of the
experience feedback from Fukushima.

Operability and economic aspects: availability up ¢ the
standards of the industry

The design of Astrid will integrate provisions to:

reduce the duration of the outage periods for falading:
improvement of the handling system design;

increase the burn-up fraction and the cycle dunatio

improve the manufacturing quality of pipes and ebss
containing sodium;

improve instrumentation performance for sodium &epk
detection and location.

ISIR (In-Service Inspection and Repairability) iskea into
account as from the design:

simplification of the architecture of the primagstem;

performance
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objective for inspection of all structures whosédufe is
detrimental to safety (accessibility of structurgspection
from the inside, carrying robots);

removability of components for repair or replacetmen

accessibility and available space around componants
structures.

Finally, Astrid will be designed for a guaranteemvice life of

40 years, with the objective of extension to 60ryehased on
future R&D and based on the data which will be atéid during

its operation. The service life requirement frgeneration SFRs
(EDF specifications) is at least equal to 60 yeassfor the EPR.
For Phenix and Superphenix, the total servicegiéaned during
the design phase was 20 and 30 years, respectiMaly.service

life will rely on selections of suitable materialsonfirmed by

relevant modelling (ageing), and based on the sefeof some

maintenance options.

The Astrid technological demonstrator is the kegpstto

demonstrate the technical feasibility of & generation reactor.
Astrid will guarantee safety and security level¢eatst equivalent
to those of the '3 generation of reactors, by integrating the
experience feedback from the Fukushima acciderftoas the
design, and it will demonstrate significant progrés terms of
operation on an industrial scale.

Therefore, the main objective of Astrid is to deminate the
integration of technological progress by qualifyimmovative
options in the identified fields of progress (inrpaular safety
and operability) and to serve as a test bench Her use of
advanced inspection and repair techniques. Astilidaigo have
capacities of radioactive waste transmutation irdeor to
demonstrate the feasibility of such transmutatinracsignificant
scale.

The Astrid programme is composed of the followinigages:
construction of the Astrid reactor itself, constioe of sodium
loops for technological validation, validation afilfscale reactor
components on these loops, construction of a careufacturing
facility (AFC) and of a fuel processing facility (A]). According
to the schedule set out by the act of 2006, thetoeashall be
operational by 2020.

Therefore, over the period 2010-2012, CEA has ieitiahe first
phase of a basic preliminary design intended tesssand define
the innovative technical options and the safetgrdstions.

The second phase of the basic preliminary desigscli®duled
from 2013 to 2014. The basic design is currentlijesitled
between 2015 and 2017; after this period, the pbasee work
and construction studies will start.

The Astrid design studies until the basic desigaseh(APD)
inclusive are funded by the “Investment for the ufef

programme. This programme (“future nuclear” acticao
covers the design studies for the Astrid core maatufing
facility and the renovation or construction of teological

facilities for qualification of full-scale componen Until late
2017, a current amount of 625 M€ (initially 650 Mfijt 25 M€
were used to fund a call for tenders issued byteach National
Research Agency for safety studies following the ushikma
accident) is allocated to the Astrid programme urtkde scope of
the “Investment for the future” programme. This amb is

completed by investments made by industrial pastngs to
approximately 20% and by the credits mobilised byAC®©

finance its personnel for the activities of contirag authority
and R&D work (credits taken from the subsidy recdifrem the
French government).



CONCLUSION

Since 2010, CEA has been working in cooperation with
industrialists which take part in the Astrid desindies through
cooperation agreements which provide for contrdutrom the
partners’ equity. As a result, while CEA remaingssible for
the overall architecture of the reactor, its cond #s fuel, the
batches below are provided by various industrslist

Areva: nuclear island, instrumentation and congpdtem,
nuclear auxiliary systems;

EDF/SEPTEN: project management assistance, exgerien
feedback from operation, safety studies;

EDF R&D: contribution to the study of the core, Ergce
inspection and repair, materials (service life);

ALSTOM: water-steam and gas (nitrogen) power cosieer
systems;

COMEX Nucléaire: innovations on robotic systems,diiag
systems and rod mechanisms;

BOUYGUES: civil engineering;

JACOBS: balance of plant;

TOSHIBA: electromagnetic pumps;

ROLLS-ROYCE: sodium-gas exchanger, fuel handling;
ASTRIUM: dependability.

The current result of these industrial collaboragiois very
positive. More than 500 persons (CEA and indussts)i are
currently working on the Astrid project.

More generally, international collaborations arepliemented
with major players of the sodium-cooled fast reacigstem
(Russia, Japan, China, India, USA).
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APPENDIX: SPECIFIC FEATURES IN THE
DESIGN OF SODIUM-COOLED FAST

REACTORS

The schematic diagram of an SFR is presented infithee
below.

The core (tems 1 and 2), where the chain reactind the
production of energy occur, is immersed in a magssel
(Item 6) filled with sodium. The sodium temperatatethe inlet
of the core is approximately 400°C. This tempemttgaches
550°C on an average at core outlet. The hot prireadjum then
flows into an intermediate exchanger (Item 10) Wwhiansfers
the heat of the primary sodium to the sodium ofeaosd
independent system called “secondary system” (lt&n

After cooling, the primary sodium is returned te ttore inlet by
a supply pump (the primary pump) (Item 4) which ako
immersed in the main vessel.

Then, the secondary sodium also transmits heathodasystem,
here supplied with water. The energy transfer acawithin a

steam generator (Item 13) which produces steamxoéllent

quality at a temperature above 500°C, thereby algwan

overall efficiency of the power plant above 40%eTteam from
the steam generators is sent to a turbo-altersatafitems 20, 21
and 22) which produces electricity.

The presence of the secondary system allows usrtaio the
primary sodium within the vessel and ensure extettmermal

exchanges between a sodium which is not in cométtt the
core and, in this case, water (as we pointed ofdréea gas
power conversion system is currently under studyemace the
water steam system).

The main vessel is topped by a slab (Item 9) usesl@ver. The
slab includes a rotating plug above the core mwaihsertion and
removal of the subassemblies, and to allow the tpatien of the
core control rod mechanisms (Item 3) and the coeasuring
devices.

The sodium is inerted by an argon cover-gas plefitam 9A).

A second vessel called “safety vessel” (Item 7sisd to mitigate
the risk of leakage or failure of the main vessetdrovering the
sodium and avoiding the core from no longer bemmersed.

The diagram presented here is of the “pool” typesesthe whole
primary system and its components (pump, exchahgers
immersed in the main vessel. This type of desigthé most

widely used either in France or in Russia or In@ialy Japan is
developing another type of concept, the “loop” aptcin which

the core is isolated in the main vessel and coedetly means of
loops, to other vessels where the large comporemetdocated.
The illustration of the two types of design is mme®d on

Figure A.2.

FIGURE Al SCHEMATIC DIAGRAM OF A SODIUM-COOLED FAST REACTOR

@

8 Containment

9 Cover

9a Protective gas atmosphere
(argon)

10 Intermediate heat exchanger
(10f4)

1 Fissile fuel element

2 Fertile fuel element

3 Control rod

4 Sodium circulation pump

6 Reactor vessel (stainless steel)
7 Safety vessel

12 Secondary sodium
circulation pump

13 Steam

18 Cooling water (river)
19 Cold water pump

generator (1 of 4) 20 High pressure turbine

14 Steam 21 Low pressure turbine
15 Pre-heater 22 Generator

16 Water supply pump 23 Reactor building

17 Condenser
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APPENDIX: SPECIFIC FEATURES IN
THE DESIGN OF SODIUM-COOLED
FAST REACTORS

ILLUSTRATION OF POOL AND LOOP CONCEPTS

Steam generator

Exchanger

Alternator

Pool concept |
Condenser

Loop concept

Intermediate exchanger

Alternator

Condenser

The core

Obviously, the core has a key function. The fueliclwvh
constitutes the core is usually a mixture of miredle (U,Pu)Q@

in the form of pellets with a diameter of a few lmiktres, placed

in sealed clads made of stainless steel. The pimeed in this
way are grouped in a bundle or several hundregsnst A steel
helical wire is wound around each pin to ensurefiGgent
spacing between pins and make sodium circulatiom an
temperature homogenisation easier.

The bundle is then placed in stainless steel casindgiexagonal
tubes so as to form subassemblies. The subassenanéethen
inserted, from their bottom ends, into the recejvétructure (the
diagrid) to make up the reactor core.

Reactivity control is performed by two independeydtems of
boron carbide rods to absorb neutrons. The firstesy is
dedicated to control and to the monitoring of thieletion of the
reactivity during the cycle. The second system hasafety
function and it drops by gravity to smother theleacreaction in
case of emergency shutdown.

The operation of the core is monitored by fissidmrabers
located within the core in order to measure thdwtians of the
neutron population and, therefore, the reactivitthe core.

Temperature monitoring is performed by thermocosipbeated
just above the sodium outlet of each subassembhesd
measurements are essential to monitor the tempesatand
powers released by each subassembly.

The leak tightness of the fuel pins is monitoredabsneasuring
system which detects clad failures through gas yaisaland
which detects delayed neutrons. Detection is cotegldy a
local analysis in order to locate the fuel subasdeimvolved.

As usual, the fuel subassemblies are surroundeillsady
fertile subassemblies containing depleted uranitiis, uranium
being a waste product from uranium enrichment plaithe
transformation of uranium 238 into plutonium 239 kes it
possible to produce more plutonium than the quactinsumed
in the core; this is the principle of breeding.

The cores of current design are not aimed at bmgebut at
stabilising the plutonium inventory, without usingertile
subassemblies.
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FIGURE A3 ILLUSTRATION OF THE COMPONENTS OF THE CORE, THE FUEL PIN AND THE
ASSEMBLY
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Fuel pin

Subassembly Core
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