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PREFACE

The Generation-1V International Forum (GIF) is @perative international framework dedicated
to carry out the research and development needeestablish the feasibility and performance
capabilities of the next generation nuclear ensgggems. The GIF’s four goals remains since ity ear
beginning: Sustainability, Economics, Safety & Rbility, and Proliferation Resistance and Physical
Protection (PR&PP). We recently add the searchriva asset: Flexibility.

GIF is gathering now 14 members’ countries andhibst active R&D organizations working on
Gen-1V systems are involved. GIF is organized addinnee crosscutting methodology working groups
(WG on economics, PR&PP, Risk & Safety), and sidlreactor System Arrangements. The six reactor
systems are Sodium-cooled Fast Reactor (SFR), tealdd Fast Reactor (LFR), Very High
Temperature Reactor (VHTR), Gas-Cooled Fast Red@BR); Supercritical Water-Cooled Reactor
(SCWR) and Molten Salt Reactor (MSR).

In its role, the GIF community is always seekingfdeter international exchange and to find
synergies between facility owners, and experimeptagrams to be performed. There was a clear
statement that the R&D facilities in support of @grsystems are very specific mainly due to Gen-IV
systems particular coolants: Liquid Metals, Gasligh®, Molten Salts, SuperCritical water, and
Supercritical CQ@for some Energy Conversion Systems. These cootaataot (often) used in other
industries. Consequently, the overall facility flgathered by all the Gen-IV research organizatisns
—in such a way — a living treasure and we havsetaware of it. We also have to make it grow and to
share among those who need to use it.

This was the very essence of the role given toTtagk Force called RDTF (R&D Infrastructure
Task Force) in order to get a clear view of ounfaiapabilities, to identify assets needs and gams,
to identify the financial and legal mechanisms ®fprm a better shared-use of this treasure.
Consequently, the following document is dealindhveill these objectives and is providing an accurate
picture of the today situation and forecast ford¢bming years.

Moreover, with the growing interest of the Priv&ector in all SMR’ systems, this document is
also a good opportunity for them to realize theehpgtentiality of the GIF facility fleet, and how get
closer access to its use. For the GIF communi$yiis role to ease and simplify the way to intenoect
worldwide R&D organizations, private sectors witkRteams, different national projects, in order to
reach higher complementarity, efficiency, synergied a higher use of these facility fleets. Atehd,
the gain will fall back on all systems developmerdgress and knowledge.

I want to thank all contributors of this Task Fanoeoducing this document that was accompanied
by a related GIF Workshop in Feb. 2020 in Paris (@ the GIF Website). These two materials must
be considered as a real springboard for a futuremement of R&D facility use in the future.
Contributors deserve to be congratulated for tloe wpportunities opened. A very special thank is
addressed tRoger Garbilwho led this Task Force and kept its target oa-tinring all this period.

Gilles Rodriguez
Technical Director of the
Generation-IV International Forum
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I. INTRODUCTION

|. INTRODUCTION

The Generation-IV International Forum (GIF) is a-amerative international endeavor
coordinating the research and development (R&DYleéd¢o establish the feasibility and performance
of the next generation (Gen-1V) nuclear energyeayst This document summarizes the results of the
GIF R&D Infrastructure Task Force (GIF RDTF).

The GIF-RDTF was established early 2018, for agoeaf up to two years, as approved by the
44" GIF Policy Group in Cape Town (South Africa), intGber 2017. A brief introduction of the Terms
of Reference (ToR) and objectives is provided.

The initial step was to ‘Identify essential R&D experimental faiols needed for development,
demonstration and qualification of Gen-IV compoeatd systems, including activities to meet safety
and security objectives. Major (or critical) exmeental infrastructure (or facilities) needs to supp
Generation-1V systems (SFR, LFR, GFR, VHTR, SCWHR MSR) R&D objectives for the next
decade (i.e. viability, performance, or demongrat- depending on the respective system
Technological Readiness Level - TRL) are presenbaed upon national R&D programs and
considering industrial needs.

Identification of existing experimental facilitie® response to the aforementioned needs
highlighted some gaps. Planned experimental infretre constructions and availability of
experimental infrastructures outside the GIF cdastare briefly discussed.

Forward looking and planned activities of GIF RDifiFview of meeting itsecond objective
are discussed, the latest being to ‘Promote tlieatton of the experimental facilities for collatative
R&D activities among the GIF partners’. To this eikntify existing mechanisms and approaches,
including organizational points of contact, for @ibing access to relevant R&D facilities in the GIF
member countries is needed. This information shthéd be made accessible to GIF participants and
R&D organization, e.g. through the GIF website, 88 members network, including closer
OECD/NEA, GIF and IAEA international cooperatioritiatives, to stimulate joint funding from
Member States and/or enterprises, and benefits tapitalized.

First conclusions and outlook of the GIF RDTF tsue a successful implementation of the
Generation-1V Systems’ Experimental Infrastructies=ds are provided within sections XI and XII.
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Il. APPROACH

At the 43¢ GIF Policy Group (PG) meeting held on 13-14 Ap6llZ in Paris, France, the GIF
Board decided to establish a new Task Force (TIR&D Infrastructure. The PG tasked the Technical
Director (TD) to develop, in collaboration with ti& vice chair in charge of external collaboration
and with the Technical Secretariat (TS), the Teoh®keference (ToR) for the future GIF R&D
Infrastructure Task Force.

This task Force was initiated around each Gen-I'gt&8y Steering and provisional System
Steering Committee (SSC and pSSC) and Expert GieGp designated representatives. It reports to
the PG vice-chair in charge of external collaboratiMembers meet as needed, taking advantage of
audio- and tele- conferences when practical. Atidk-off meeting on 19 February 2018, it deterndine
its chair and vice chairpersons, agreed upon ayteo-work plan, deliverables and milestones, taking
advantage of relevant work of IAEA and NEA in threaof experimental infrastructures to perform
R&D studies. With the approval of the PG in Sunl&glUSA, on 17-18 May 2018, a goal was set to
complete its first objective in due time, for pretsgion at the October 2018 GIF Symposium, and its
second objective by the spring of 2019 at the EG#&@tings. It also foresees the organization of an
international workshop on the ‘Needs for dedicat&derimental facilities, and R&D infrastructure
needs from industry and private start-ups’ inties’. The TD supervises all activities of GIF RDTF
and will make use of the EG to review for qualihdacompleteness of all key outputs.

GIF RDTF takes advantage of GIF Member State’s ABEand NEA'’s relevant works, among
others: a) R&D needs Outlook(s); b) R&D infrastures, databases, reports, compendium,
International Cooperation initiatives and collalime projects (e.g. IAEA CRPs, ICERR, NEA joint
projects, NEST, NI2050, and EU/EURATOM projectd). []

The Task Force benefits from GIF Member Statetsslatelevant updates together with:

- a) IAEA database of Facilities in Support of Liquitktal-cooled Fast Neutron Systems
Facilities, and its latest compendium;

- b) The Advanced Reactor Information System (ARIS);
- ¢) The Research Reactor database (RRDB);
- d) The OECD/NEA Research and test facilities dagal{® TFDB);

- e) The OECD/NEA Task Group on Advanced Experimefaailities (TAREF) on SFR and
GFR but also the Support Facilities for Existingl #&dvanced Reactors (SFEAR);

- andf) The EU/EURATOM projects’ roadmap proposalfoilding knowledge and facilities
needed for the development of nuclear energy systaimch as ADRIANA (Advanced
Reactor Initiative And Network Arrangement). [3]

An opportunity is also taken to propose any upd#texisting IAEA and NEA databases
(including any new infrastructures or facilitiesiteched) with the close support of GIF SSC (or pSSC)
and EG groups. Upon completion of the two objestigéthe GIF-RDTF, SSCs and pSSCs will be
expected to maintain cognizance of infrastructueeds and approaches for their access as work
evolves.

GIF RDTF Final Report — January 2021 6
GENIV ¥




GIF-RDTF: Generation-1V Systems’ Experimental Isfracture Needs
Il. APPROACH

GIF RDTF identified the following technical areaskie addressed: a) Thermal-hydraulics; b)
Fuel safety; c) Reactor physics; d) Severe antilee) Structural integrity, system components an
validation; f) Coolant chemistry; g) Cross-cuttiareas (instrumentation, ISI&R, E&T,...); and h)
Any other issues.

With the benefit of TAREF and latest reports, elaltion of a PIRT-like (PIRT exercise =
Phenomena Identification and Ranking Tables) wafirtoed to be already available within GIF SSC'’s
documentation. In general, the ranking tables giedarmental facilities provide: a) A ranking of the
issues to be investigated; b) A ranking of thelifaes in connection with their capability to addis
each topic; and c) A ranking of the needed expmmial infrastructures to be upgraded and/or
constructed.

Safety (+ security) needs (challenges) requiringriesearch were based upon following criteria:
a) Status of knowledge, Low (L), Medium (M), High (H);

b) Design relevance (contribution of dedicated fdet#ito solve a design issue, L, M, H);

c) Safety relevance (contribution of dedicated fdet#itto solve a safety issue, L, M, H);

d) Operational relevance (contribution of dedicatetilitees to solve an issue L, M, H);

e) Implement a scheduling of the safety and secugsds to iterate within the projects (Short
term 0-2 years (H), medium term 2-5 years (M), l@mrgn > 5 years (L)).

Based on the information assembled on both safatyl (security) challenges and related
facilities, Task Force members assessed prospeats paiorities for safety research and
recommendations as priorities regarding facilityliz#tion through multi-lateral and/or GIF
cooperative programs.

The main CRITERIA FOR RANKING were:

a) Technical relevance (relevance of the facility dver a specific issue);

b) Unigueness (No alternative facility for the samalge.g. one of a kind for in-pile testing);
c) Availability (Availability for a given identified ppgram addressing the issue);

d) Readiness (Facility / test section for the specstie is available; staff available to run it);
e) Construction (or refurbishment) costs (N/A, L: <MI: 1-5, H: > 5 M$$ = US Dollan);

f)  Operating costs (actual or estimatféid)< 0.3 , M: 0.3—-1, H: > 1 M$ly);

g) Experimental device costs (N/A, L: <1, M: 1-3,H3 M$);

h) Flexibility (Capacity to be adapted to various artraus ensuring good return of investment);

i) Availability timeframe (Short term 0-2 years (H)edium term 2-5 years (M), long term >
5 years (L));

i)  Existence of preliminary schedule and refurbishnodnhe facility (Level of financial and
scheduling elements related to the facility for specific issue considered).

Based on the above characteristics, Generatiorydiéems (SFR, LFR, GFR, VHTR, SCWR and
MSR) major (or critical) experimental infrastruatufor facilities) needs in function of the respeeti
R&D objectives for the next decade (i.e. viabilipgrformance, or demonstration — depending on the
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respective system TRL) are presented, based ugmmabR&D programs and considering industrial
needs.
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lll. SFR R&D INFRASTRUCTURES

The Sodium-cooled Fast Reactor (SFR) uses liqudduspas the reactor coolant enabling high
power density, a fast neutron spectrum enablingildéisfuel regeneration and minor actinide
management, and enhanced inherent and passivg spéating regimes. High outlet temperatures
(500-550°C) and innovative capital cost-reducingdré&an provide an economically competitive case
for SFRs in future electricity markets. Currentplaptions under consideration include pool angloo
type primary systems and range from small mod@actors (50 to 300 MWe) to larger plants (up to
1500 MWe). Over 60 years of international SFR destration and operation programs (e.g.,
PHENIX, Joyo, EBR-II, BN80O, etc.) have establisimadch of the base SFR technology making it
one of the nearest-term deployable Generation-biesys.

Key R&D challenges for the GIF SFR System in the e¢ning 10-15 years

* Advanced non-minor actinides bearing, minor acésitbearing, and high-burnup fuels
evaluation, optimization and demonstration (cragsig challenge for all fast neutron
spectrum systems).

» Development of innovative In-Service Inspection &gpair (ISI&R) technologies.

* Advanced energy conversion systems.

» Development of Leak Before Break (LBB) assessmentgriures and instrumentation.

» Development of steam generators including investga of sodium-water reactions and
development of advanced inspection technologiea fRankine-type steam generator.

* Improved economics.

» Validation of passive decay heat removal.

Current international programs look to address neimg R&D challenges associated with SFR
cost reduction, safety enhancement, developmentitifation Devices, demonstration of 60-years
material life-time, in-service inspection, energyneersion systems, and advanced fuel development.
The GIF SFR SSC maintains a list of key R&D areasessary to drive SFRs to commercialization.
Priority SFR R&D areas on the list include: inhdreafety, severe accident mitigation, safety anslys
tools, decommissioning experience, evaluation shaded fuel options, high burn up fuels, fabricatio
of minor actinide fuels, demonstration of minorimicte recycle, monitoring instrumentation, in sesvi
inspection and repair, high temperature leak befmeak and defect inspection, fuel handling
technology and strategy, energy conversion teclgyoladvanced materials, nuclear data, advanced
modelling and simulation, modelling code benchmdfRg&Q), codes and standards, and advanced
core design.

The SFR system is the most mature of all six Glstesys since it has already overcome the
prototype phase. Consequently, the sodium infretstres of main countries has slightly moved from
test and component validation purpose to speafibriological improvements. Moreover, due to the
long term of international relationship between gwdium communities, the list of all sodium
infrastructures is well known and usually updatElde IAEA is playing a key game in maintaining
alive and refreshing every two years this facilisy.
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However, SFR SSC members currently maintain vareyserimental capabilities supporting
key SFR R&D areas to enhance safety, improve tegder increase the system performance.

France capabilitiesinclude different kind of experimental faciliti€Some of them are dedicated
to sodium experiences, some others are versatderegpond to multipurpose needs. Among the
dedicated experimental facilities handling liquatl®im, a few are located in CEA Paris-Saclay and
most of them are located in CEA Cadarache siteifayithe PAPIRUS platform. Here are mentioned
some of the most representatives:

- the CORRONa and TRIBONA facilities for short to ¢pterm materials static and dynamic
corrosion testing in sodium including tribo-corasi

- the DIADEMO-Na facility for sodium components amgtrumentation testing (e.g. sodium to
gas heat exchanger testing up to 40 kWth, innogatalves or flowmeters testing);

- the DOLMEN facility which provides 600 and 1500dtge pots of sodium at temperatures up
to 600°C for under-sodium experiments instrumeota@nd in-sodium SFR components
testing;

- the FUTUNAZ facility for qualification of sodium & detection monitoring systems and for
study of under insulating materials corrosion pimeeoa;

- the IRINA facility which provides 1085 |. of sodiump to 550°C for in-sodium small
component and instrumentation testing;

- a set of sodium multipurpose glove boxes such asLIQUIDUS one for studying the
performance of ultrasonic transducers in sodium;

- the MECANA facility for mechanical testing of compents in high purity sodium at prototypic
temperatures;

- the PEMDYN facility to study magneto-hydrodynamadsim pump performance;

- the SUPERFENNEC sodium handling training facility.

Some facilities uses water as simulant but arecaeetil to SFRs such as the BACCARA facility
that studies sodium hydrodynamic behavior aroustlfteel assemblies, or the PLATEAU facility for
qualifying hydrodynamic performance of various caments with specific SFRs geometries. Some
other facilities handle non liquid sodium but sdidte sodium to develop and qualify process used i
the field of maintenance or dismantling such asGA&NAC and SCORPION/ENCRINE facilities to
study different sodium / chemical treatment praorémoval or repair of the components or structures

Figure 1lI-1: Left: the DIADEMO Facility dedicatet the performance test of the sodium / gas Heah&ixger
in a Brayton cycle (CEA/CADARACHE — France). Righe MECANA facility
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South Korea capabilitiesinclude the STELLA-1 facility which consists ofr¢gge sodium loops
at 600°C and 2.5 MWth for large-scale prototypidism-to-sodium and sodium-to-air heat exchanger
development supporting passive SFR safety systdmsSELFA facility to test thermal-hydraulic
performance of finned-tube sodium-to-air heat ergeas at 600 °C and 700 kW; the HyTel-SF facility
for full size fuel assembly hydraulic testing usimgter as a sodium surrogate; the PRESCO faaility t
develop core hydraulic performance parameters @8R safety analysis; the CRDM-SPITF facility
for control rod drive system performance testiagd the SOFUS facility to conduct performance tests
of under-sodium ultrasonic sensors in a sodiumrenuent.
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Figure 111-2: Sodium Test Loop for Safety Simulatand Assessment-1 test facility. AHX, air heaharger;
DHX, decay heat exchanger; EMF, electromagnetiwit@ter; EMP, electromagnetic pump; PM, plugging
meter; SST, sodium storage tank (KAERI — DejonpuRl& Of Korea)

United States capabilitiesinclude the METL facility which consists of progpic sodium
environment loops for intermediate-scale SFR corapgnnstrumentation, and material testing; the
SNAKE facility for studying sodium-SCfQnteractions to support SG@nergy conversion system
development; the Advanced Test Reactor test fonthlespectrum irradiations; the TREAT reactor to
study the performance of fast reactor fuels dutiagsients; hot fuel examination facilities at ktieho
National Laboratory supporting post irradiation mxaation; the NSTF facility for testing SFR passive
safety system performance; in-sodium materialing#bops at the national laboratories; and advance
fast reactor modelling and simulation suites.
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Figure 11I-3: The ESFR Network of European sodiaility in the frame of the ESFR-Smart Project
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IIl. SFR R&D INFRASTRUCTURES

Euratom capabilities include the KASOLA facility to investigate variabflow phenomena in
liquid sodium at temperatures from 150-550°C; theIMA and NATAN facilities for lower
temperature in-sodium thermal-hydraulics, materialsd instrumentation testing; the DRESDYN
facility which consists of 12 tons of sodium forda scale experimental studies of magneto-rotdtiona
instabilities and single and two phase sodium ffowSFR safety evaluations; the SOLTEC facility
which can be used for thermal-hydraulics, cooldmngistry, materials, systems and components,
instrumentation, and design basis accident tesimiganalyses for licensing validation and verifaat
purposes; the TESLA facility for in-sodium testimigcomponents and instrumentation; and the STL300
facility for high-temperature liquid metal thermfajdraulic performance testing.

Figure 111-4: The KASOLA facility at KIT, Germany

China capabilities include sodium test loops supporting SFR safetglyais and high
temperature material and component testing; th@aCEixperimental Fast Reactor (CEFR) that will
provide SFR oxide fuel performance, inherent safedgsive decay heat removal, instrumentation, and
operational benchmark data; SFR natural circulasting facility; sodium-SCg&nteraction facility;
and SCQ thermal-hydraulic performance and sodium-SG@at exchanger performance testing
experiments.

Japan capabilitiesinclude the AtheNa facility for large scale compohand system sodium test
with 60MW heat capacity; the PLANDTL facility foodium thermal-hydraulic transient testing; the
CCTL facility for subassembly and component sodtesting; the SWAT facility for sodium water
reaction testing; test loop to explore the effeftsodium on material fatigue; the FRAT facilityrfo
sodium fire testing: the MELT facility to exploreatten fuel behavior; the SERF facility for in-serei
inspection component development; and the expetahé&st reactor Joyo for fast flux irradiation.
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Major Components in PLANDTL-2 Direct Heat Exchanger
(Dipped-type DHX)
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Figure 111-5: The PLANDTL-2 facility at O Arai, Jam

The UK can supportmodelling and simulation (using historic UK antkimational data). Fuel
cycle research can be carried out in the UK, dhgles plutonium active or separate uranium active
facility. On waste management R&D, the UK has tkpegience to manage wastes arising from the
operation and decommissioning of SFRs. A sodiump ligis being developed but is currently only at
design stage.

Russian capabilitiesinclude a number of experimental facilities thiddva research in coolant
technology and testing small equipment, as welbpesration of large equipment and conducting
irradiation tests. The State Scientific Centeritatd of Physics and Power Engineering (IPPE) in
Obninsk possesses significant R&D infrastructungabde to support the development of liquid metal
cooled fast reactors. A list of IPPE facilities foermal hydraulic research with water and liquietah
includes V-200 (water), PLUTON (Na), 6B (Na, Na-KR-1 (Na, Na-K), SPRUT (Na, Na-K, Pb,
PbBi), IRS-M (Na). Sodium technology research isgrened at PROTVA-1 (Na, Na-K), PROTVA-2
(Na), SID (Na, Na-K), VTS (Na) facilities.

Research of the sodium-water reaction in steamrgtare and testing of large size equipment is
performed at SAZ (Na) facility. The isothermal fagiSAZ is a full-scale mockup of piping systems
and equipment of the steam generator section usttw 8N-800 reactor and can be used to study
automatic protection systems for sodium-water stggmerators. The facility includes main and
auxiliary sodium loops; water-steam circuit; gaswuam circuit; distillate preparation system; fagili
control panel; measuring and computing system, Tetchnical characteristics of the facility are the
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following: sodium flow rate in the primary loop 20 m3/h; pump pressure — 0.9 MPa; maximum
sodium temperature — 510°C; sodium volume — 25etectric power — 3 MW.

The BFS-1 and BFS-2 critical facilities (BFS stafasBig Physical Facility) are designed for
full-scale modeling of fast-reactor cores, blank@tsvessel shielding, and storage, as well as for
obtaining additional neutron-physics informatiorcessary for the design of fast reactors. The core
volume can be varied from tens of liters to sixicuheters.

S

Figure 111-7: BES-1 and BFS-2 tacilities at IPPE If@insk, Russia)

The State Scientific Center RIAR (Dimitrovgrad)tie leading organization in Russia for the
irradiation tests in support of R&D for fast reastoNowadays these tests are performed at the
experimental fast neutron reactor BOR-60, and xf®eemental capabilities are well known in the
world. BOR-60 allows carrying out following studidsel cladding tests, fuel material tests (MOX,
nitride), reactor tests of absorbing materials¢t@atests of structural materials.

There is a new research reactor MBIR under cortstrum RIAR. It will substitute the BORG60,
which operation life is limited by December 2023 is a multipurpose fast neutron research reactor
that is going to be the world leader among highx fhesearch facilities. Its unique physical
characteristics are best suited for material seiem@eriments, e.g. testing innovative fuel and new
coolants, and entire infrastructure required fepile research will be available. The first experimh
in MBIR is planned in 2025. Preliminary charactécisf in-core irradiation loops are given below.
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Loop type (coolant) Sodium Lead Lead-bismuth Gas (high Molten salt (metal
alloy purity helium) fluorides)

Neutron flux in >3.10° 2-10° (2+3)-10° (0.4+1)- 168 Up t03.5. 1¢F

channel, (n) crd-st

Power, MW Upto 1.0 >0.3 Upto 0.8 Up to 0.15 Upto 0.15

Tin/Tout of working 320 Up to350 Up to350 750/

fluid, °C /550 /upto750| /upto500 />950 800

Figure 111-8: MBIR, its irradiation channels and pg&rimental loops and main characteristics at IPPE
(Dmitrovgrad, Russia)

While current global experimental infrastructurdsexto address some SFR R&D needs, the
SFR SSC has identified key experimental and amalythfrastructure gaps. For SFR advanced fuel
and material qualification, worldwide fast neutrioradiation capability is largely lacking. Current
water-cooled materials test reactors (MTRs) prodis®@age rates of approximately 10 dpa/yr. To
attain peak doses typical of advanced fast rea83to 500 dpa), a water- cooled MTRs would take
20 to 50 years. Fast neutron irradiation capasliprovide the high fast to thermal neutron flatka
that is needed to develop fast spectrum systemsoaactelerate materials irradiations needed fdr bo
thermal and fast reactors. The SFR SSC has idghtifeveral key characteristics for future fast
spectrum irradiation capabilities including: muléprradiation volumes and lengths, provisionsast t
prototypic and bounding conditions, sufficient nuwankof test zones, distinct and independent
irradiation test loops, ability to retrieve speciag power, and ability to support secondary missio
These features could significantly reduce timelifoegast reactor fuel and materials qualificataod
performance testing allowing SFRs to more quickiieethe market.

In the area of safety analysis, SFR SSC membergifiee the need for integral effects
experimental facilities supporting comprehensivlSlystem transient behaviour and safety analysis.
Decay heat removal test facilities to further oftenSFR passive safety systems was identified as a
priority need. The SFR SSC also identified thedrfee testing facilities to explore the performarde
innovative control rod safety systems. Continueddhmarks on legacy SFR transient behaviour tests
and facilities to provide test data to optimize Skd&ural circulation models were also identified as
SFR safety case development needs. SFR SSC meaiberislentified the need for particle/aerosol
tracing facilities and enhanced sodium-water irgigoa tests to support SFR mechanistic source term
activities. For severe accidents studies, it wasntiled that some facilities are needed for
sodium/corium interaction and for qualificationasfsociated mitigation technical solutions. The SFR
SSC members also identified a need for continugdiest related to the implementation of probabdisti
assessment techniques on postulated external dee@BSRs. Members also identified the need for an
in-sodium seismic performance test loop/facilityyr SFR component testing, SFR SSC members
identified the need for large scale component dlitgo testing capabilities. These capabilities doul
support fuel assembly thermal-hydraulic testingpirative fuel handling mechanisms testing, and heat
exchanger performance testing. For in-servicedaspn, SFR SSC members identified the need for
larger test sections to accommodate prototypic msddium ultrasonic sensor performance tests
associated with a dedicated carrier (robotic armef@mple). For advanced energy conversion, SFR
SSC members identified the need for increased sodi$SCQ interaction and heat exchanger testing
capabilities (mainly at large scale) to supportgbtential use of SCBrayton Cycles in SFRs.
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SFR SSC member nations look to address some o€ thdgastructure gaps through a
combination of modified and new facilities and pial facility sharing among members. The GIF
R&D Infrastructure Task Force currently aims toistsmember nations in identifying access pathways
to international capabilities; and potentially dieyeng international facility use access mechanisms
within GIF.
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V. LFR R&D INFRASTRUCTURES

The Lead Fast Reactor (LFR) features a fast-nespentrum and a closed fuel cycle for efficient
utilization of the energy value of fertile uraniamd consumption of accumulated transuranic elements
thus minimizing the volume and radiotoxicity of tpfived, high level waste. One of the most
important features of the LFR is the enhanced galffett results from favourable basic and intrinsic
characteristics of lead as primary coolant. Leadiuies high boiling point (1749°C), which provides
the ability to operate the reactor at close to apheric pressure. Lead is at the same time relative
inert in contact with air and water, featuring atégh thermal inertia and natural convection caljtstbi
for enhanced passive safety. LFRs have the poteattze deployed for large grid-connected power
stations as well as to meet the electricity neddsroote sites as small modular reactors.

Key R&D challenges for the GIF LFR System in the cming 10-15 years

* Phenomenology of the lead-water and lead- steareictions.

» Prevention and mitigation of sloshing.

* New corrosion resistant materials (including swfarodifications).

e Operation and maintenance.

* Fuel and fuel reprocessing (nitride, minor actisibearing, and high burn-up fuels).
» Advanced modelling and simulation.

» Design Code and Standards.

* Severe accidents.

* Progress towards the deployment of a Gen-IV LFREBR-OD-300).

LFR is considered a very promising Generation-latter since it is expected to naturally comply
with and fulfil the GIF goals: (i) sustainabilitthrough the use of a closed fuel cycle possiblafbast
Reactor; (ii) a robust and improved safety perforocgabenefitting from the intrinsic characterisids
the coolant; (iii) favorable economics, in partemutiue to design simplifications and high secondary
cycle thermodynamic efficiency; and (iv) bringiradso substantial advantages in terms of prolifenati
resistance and physical protection. LFRs requirtherother hand additional development in a number
of technical areas before reaching a full induktniaturity although the already available technglisy
considered sufficient to start the constructiom afemonstrator, an essential step before realizaftio
a First of a Kind (FOAK).

In terms of the availability of R&D infrastructuresd facilities, the LFR presents a rather well
developed situation. This is a result of the effoniade since the beginning of GIF activities relate
LFR systems as well as parallel activities concgyrihe use of heavy liquid metal coolants for
Accelerator Driven Systems (ADS), complemented mdgdyy a strong interest in the field of fusion
technology development. A number of facilities rastructures, equipment and experimental set-ups
are presently available and are generating datieated to the priority areas related to the tecbayl
development and qualification.

EXISTING KEY INFRASTRUCTURES

The majority of information on such facilities iffieiently collected in the IAEA liquid metal
database, the so called LMFNS Catalogue (Catalofj&acilities in Support of Liquid Metal-cooled
Fast Neutron Systemisttps://nucleus.iaea.org/sites/Imfns/Pages/ovelfiespy), which is collecting also
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the information related to facilities supporting thievelopment of SFRsThe review of the database
data reveals that, in terms of the number of fizedj the situation for LFRs is comparable to fioat
SFRs. Efforts are presently carried out by IAEAe®p this database updated and complemented in
terms of status, availability of and access to erpental data, as well as availability of the
infrastructures to host dedicated experiments. &amtatives of the GIF members may solicit owners
and operators of the facilities in order to keep#hEA LMFNS Catalogue up-to-date.

Considering the contributions provided by the imndiilal GIF members, one may observe a
prevalence of facilities dedicated to investigagiohthe interaction of materials with coolant (uting
corrosion-erosion and material mechanical propgrttaermal hydraulics, and integral system studies
A number of facilities dedicated to neutronics aoce simulations are available.

The contributions of the individual GIF members listed below (in an alphabetical order).

BELGIUM

Facilities in Belgium are mainly located at the SCEN Research Centre in Mol. Most of them
are dedicated to studies of thermal hydraulic bighwsvand corrosion in liquid lead-bismuth eutectic
(LBE). SCK+CEN also operates a unique zero powalitia(VENUS-F) that has been used for nuclear
data generation in several collaborative projeats ¢
financed by EU / EURATOM.

Most of the facilities and studies have be
dedicated to the advancement of the cool
technology for the MYRRHA project — &
multifunctional research and irradiation facility ¢
well as demonstrator of the ADS technology.
2018, the Belgium Federal Government h
decided to invest 558 M€ in the realisation
MYRRHA. This also includes the constructio
of a 100 MeV accelerator as a first step towal
the implementation of the MYRRHA project.
Figure 1V-1: The LIMETS2 facility (SCK-CEN, Belgiym

View of the LIMETS2 Facility - Belgium

CZECH REPUBLIC

Facilities related to heavy-liquid metals (HLM) labeen developed in CVR (iReZ near
Prague), historically on the basis of Russian egpee (COLONRI, presently dismantled) deploying
loops for natural circulation studies in both LBEdapure lead coolants. A humber of new facilities
have been realized as a part of the Sustainableg¥Reoject (SUSEN) which was co-funded by the
EU and which supports the development of the Géioer as well as fusion technologies.

1In the LMFNS Cataloguéhftps://nucleus.iaea.org/sites/Imfns/Pages/ovelfigaspy some facilities are classified as cross-
cutting, which means that they can be used for gédevelopment and qualification of the liquid aletooled systems.
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EURATOM, Joint Research Centre (JRC)

JRC Petten has recently commissioned an experiméatdity (LILLA) for conducting
prenormative mechanical tests of candidate straktoaterials for LFRs inside realistic environménta
conditions of molten lead in temperatures up t0°650

Efforts are presently also ongoing to create
database of experimental data to impro
understanding of the involved degradatic
mechanisms and to update Design Codes and R
for the design of mechanical components of LFF
Moreover, fundamental safety-related studies |
fuel-coolant interactions as well as fission ai

activation product retention in HLM are ongoing | =
JRC Karlsruhe. View of the LILLA facility — JRC Petten

Figure 1V-2: The LILLA facility (JRC Petten, NL)

FRANCE

Although France has historically been dedicatirgy dfforts to the development of sodium
technology, some experiments have already beeorpeetl to investigate corrosion in HLM.

GERMANY

Karlsruhe Institute of Technology (KIT) has beetivacin research on HLM technology since
the mid-1990s, in which period also the first Euided projects were launched. Most of the available
facilities are dedicated to investigations of thetenial compatibility with HLM and coolant chemigtr
Several thermal hydraulic loops have been reakzddT as well.

Important R&D efforts are also conducted by
the Helmholtz-Zentrum Dresden-Rossend(i e
(HZDR), specifically as regards thi
development and qualification o*
electromagnetic pumps as well as measur
techniques for heavy liquid metals. It is notg
that the HZDR facilities are currently nc
documented in the IAEA database

Figure IV-3: The THEADES facility (KIToermany)

ITALY

A very well-known and established location for tHeM R&D activities is the Brasimone
Research Centre of ENEA (located on the shoreeoBtlasimone Lake close to Bologna). The Centre,
originally built in the 1980s to conduct researchfoel assembly qualification for SFRs, is currgntl
hosting a large experimental base for HLM technpldgvelopment. This includes facilities with LBE,
pure lead and lithium-lead, the latter dedicatetheodevelopment of fusion applications. The ENEA
Brasimone Centre has been active in the field@HhM technology development for around 20 years,
since the late 1990s until present. One of theskirmtegral facilities is hosted in the Centre poal
of LBE with a diameter of 1 m and a height of 9 &everal other installations are dedicated to
investigations of the natural and forced circulatilow, coolant chemistry, corrosion, etc. The Cent
is strongly supporting the technological develophwdrihe European LFR demonstrator ALFRED.
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Figure IV-4: The CIRCE SGTR test section (ENEA Bragse, ltaly)

JAPAN

Several facilities are documented in the IAEA dat&h These are operated by JAEA in support
to the development of transmutation systems arade@ILBE technology. Japan has historically also
been the first signatory (together with EURATOM)tbé GIF-LFR-MoU, providing important R&D
contributions to the HLM technology. This includesestigations of the material corrosion resistance
oxygen control, and oxide layer thickness. Theetattork is conducted by the Tokyo Institute of
Technology as a part of its contribution to LFR-@S&tivities.

REPUBLIC OF KOREA

R&D activities and facilities in Korea have histmlly been centred at Seoul National University
(SNU). These activities are currently being brasatkto other potentially interested Universitiethia
Country. Numerical benchmarks like LACANES (in thame of OECD-NEA) have been proposed
and carried out by SNU. Some recent experimeatdities realized at SNU, like PILLAR, are not yet
documented in the IAEA database.

LATVIA

The activities in Latvia have historically been eirinked with the development of
electromagnetic pumps, which were realized in sdveop installations. Although only one facility i
reported in the IAEA database, it is well recogdize the HLM community that an important
contribution has been provided by Latvian reseagchmethis field.

PEOPLE’S REPUBLIC OF CHINA

In China, the R&D activities on HLM technology areing conducted mainly in the context of
the development of an ADS transmuter.
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Several facilities have been realized by Institfte
Nuclear Energy Safety Technology (INEST) of tf
Chinese Academy of Sciences in Hefei (Anh
Province). Presently the largest HLM pool-tyy
facility (CLEAR-S) has been deployed and is
operation at INEST. The interest in the HLI
technology is rising in the Country, including fror
several industrial research centers. This is exjple(
to further accelerate the development of the HL
technologies in China.

| <4 e
iew of the KYLIN-1L54.Fail

Figure 1V-5: The KYLIN-II M facility (China)

RUSSIAN FEDERATION

Russia is undoubtedly the most advanced Countthendevelopment of heavy liquid metal
technology, starting in the early 1960s with thpldgment of LBE-cooled nuclear reactors for defence
(submarine propulsion) applications.

Figure IV-6: The BSF-1 facility (IPPE Obninsk, Ria3s

Several experimental facilities are listed in th®EA database related to the most relevant
technological aspects of the HLM technology. Oftipatar interest are also the BFS facilities (cross
cutting) allowing the simulation of a full core riemnic behaviour, providing thus an insight inte th
intrinsic characteristics of the reactor core. Mixgtride fuel is used for BREST-OD-300, for which
purpose individual pins and fuel assemblies aredhgualified in-pile in BOR-60 as well as BN-600.
The realization of BREST-OD-300 demonstrator witbygdde an essential contribution to the
advancement of the technological capabilities efRiussian Federation.

SPAIN

Spain and specifically the CIEMAT Research Cenire Nladrid) has been active in the
development of the HLM technology, participatingmost of the EU co-funded projects dedicated to
HLM technology since the mid-1990s. The Centre cgéss its efforts to the evaluation of the material
interactions with HLM coolants, which includes seglof corrosion behavior and material mechanical
properties as well as oxygen and chemistry coofrtiie coolant.
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SWEDEN

KTH Royal Institute of Technology in Stockholm Hazeen one of the main partners in the HLM
development in Europe since the mid-1990s. Althoogly one facility is reported in the IAEA
database (TALL-3D), the installation has providegportant experimental data used in international
benchmarks. Activities at KTH have also resultedome important industrial spin-off projects. Other
activities at the Chalmers University of Technolegyl KTH may be considered as cross-cutting, since
they are mainly devoted to the development andacharization of nitride fuels.

U.K.

Fuel cycle research can be carried out in the WK ,single plutonium active or separate uranium
active Facility.

UNITED STATES OF AMERICA

In US, the R&D activities related to the HLM teclhmgy have historically been impacted by
difficulties encountered in the late 1950s in tbateol of corrosion in HLMs. However, in the recent
years some new experimental facilities have bealizesl. There is also a renewed interest in HLM
technologies from industry and academia. US sighedsIF LFR MoU in 2018, which is expected to
generate further interest in and provide impetuseodevelopment and deployment of this technology
in US.

Following the review of the state-of-the-art comgeg the availability of individual
infrastructures and facilities in the individualFaihembers, as also documented in the IAEA LMFNS
database, needs for additional infrastructureseapdrimental capabilities to support developmedt an
deployment of the HLM technologies are listed aisdussed below.

IDENTIFICATION OF ESSENTIAL GIF R&D INFRASTRUCTURES FOR GENERATION -IV LFR'S

The main R&D objectives for the development of tHeRs were identified in the 2014
Technology Roadmap Update for Generation-1V NuckEargy Systems and 2018 GIF R&D Outlook
report as follows:

» materials corrosion-erosion and lead chemistry;

« material irradiation in the lead coolant environmen

e core instrumentation;

» fuel handling technology and operation;

» fuel development (MOX and nitrides);

* actinide management;

» fuel reprocessing and manufacturing;

» in-service inspections and repair (ISI&R);

» seismic impact mitigation (including sloshing);

» phenomenology of lead-water/steam interactions;

» fuel-coolant interactions, incl. retention of raalitive products in lead;
» and general severe accident phenomenology and hmgdel

Although the aforementioned list of needs can besiclered as long and rather generic, most of
those needs can be satisfied by the existing expetal infrastructures and facilities, providedythe
remain in operation and are made available to th Hommunity. However, there are some specific
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needs in terms of experimental R&D infrastructuredjch are not yet covered by the existing
installations. These facilities and infrastructuessential to further development and deploymetiief
GIF LFR technologies is given below.

Large pool-type experimental installations

Most of the facilities already existing and operatil are of small scale and have loop type
configurations. At the same time, a considerablaler of facilities use Lead Bismuth Eutectic (LBE)
instead of pure lead for which the behavior (imt&pf material corrosion-erosion and other degradat
mechanisms) may be different. At the same timeraijmmal characteristics of LBE and Pb are also
different, in particular due to higher minimum ogigonal temperature associated with pure lead.

As most of the LFR designs are featuring pool-tiypegral configuration, there is a strong need
to set up a research infrastructure of relativahgé dimensions (preferably with pure lead) that ca
serve the following fundamental purposes:

» testing and qualification of full-size componentsl appropriately scaled configurations of

the primary system of the GIF LFR designs;

» investigation of oxygen behavior, distribution, apdlification of its control in a very large
pool configurations;

* investigation of sloshing phenomena on an adequegptesentative scale;

» investigation and qualification of technical sobums for fuel handling, operation and
maintenance (as well as ISI&R);

» and investigation of the phenomenology of lead/witieraction on a representative scale.

The construction of such a large facility wouldareimportant milestone, bringing a significant
added value to the development of the LFR techiyodogl providing a fundamental support towards
the deployment of a LFR demonstrator/pilot plant.

Fuel manufacturing & reprocessing

The implementation of Fast Reactors in a closebldyse is based on a concerted development
and qualification of the reactor technology as wedl of fuel manufacturing and reprocessing
technologies. While in the Russian Federation|dtier needs have been addressed in a timely manner
(with the development of nitride fuels which quigiition is currently ongoing), there seems to be a
lack of coherent and adequate efforts for suchldpagents in other Countries. To develop qualified
fuel manufacturing and reprocessing capabilitigh¢ebased on MOX or MNUP) for irradiated (minor
actinide bearing) fuels needs an adequate investmealevant experimental facilities to assesséehe
technologies, before advancing to industrial-scadellations.

Irradiation capability

There is an evident lack of available irradiatiacifities, which hinders the development and
gualification of new structural materials, fuelsdéor other innovative technological solutions dae t
the long time and associated costs needed for rparfg these irradiations in currently available
facilities.

Experimental facilities performing heavy ion irrations may become in some cases a good
substitute for neutron irradiation facilities, &gy allow attaining high dpa’s in a relatively shperiod
of time. This approach, however, necessitates durtlevelopment and qualification of an adequate
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“equivalence law” between heavy ion irradiationd arutron irradiation. In any case, the qualifioati

of new, advanced materials for FRs is stronglytichiby the general lack of fast neutron spectrum
irradiation facilities (including in the represetita coolant environments). These facilities argoal
necessary for further development of Design Codes @tandards for the design of mechanical
components of LFRs.

This bottleneck may largely be rectified once thist fdemonstrator (pilot plant) of the LFR
technology becomes available. Also for this readbme, realization of the LFR demonstrator is
considered of a paramount importance for possittleé international and industrial deployment @& th
LFR technology.

Retention of radioactive products in lead (includirg polonium)

One of the inherent advantages of lead is its dligyatb retain radioactive products. In fact, lead
provides a relatively good capacity for retentidnimportant volatile fission products as well as
activation products. A large body of literaturetbe chemical and thermo-physical properties of lead
and its compounds with cesium, strontium, iodinevel$ as polonium is available and give indications
of relatively good retention properties of theseliules in lead (e.g., volatilized fractions at 700for
187Cs, °°Sr, and®®y are 1.1x16, 5.1x10" and 3.7x10, respectively). Nevertheless, further R&D
studies are necessary to assess the correspordargion capabilities in order to evaluate related
occupational hazards and possible accidental soences. A specific case is represented by polonium,
which is mostly retained in the lead bulk in thenficof lead-polonide but may be released (extracted)
from the lead bulk by the ingress of water (stedb®dicated experimental facilities are needed to
address these R&D topics representatively.

Severe accidents

Analyses of the GIF LFR designs performed accordinthe established safety approaches in
the design extension domains have up to now natifikd accident sequences which would lead to
generalized core meltdowns. The assessments nathéict self-limitation of the core damage to a
limited number of pins and fuel assemblies. Howgwetil now, severe accident assessments have been
performed mostly only analytically, with only incphete experimental database available to support
and validate the results of the computer simulation

Consequently, a number of experimental facilitieedto be set up to allow comprehensive
investigations of the severe accident phenomenglaggupport to ultimate safety demonstration.

LFR Demonstrator

The realization of an LFR demonstrator (pilot pJaist considered to be of a paramount
importance for the development of the LFR techmplobhis will allow addressing most of the
technological development needs, in addition twigling a test platform to investigate the feasibili
and find practical technical solutions. This wils@ stimulate further research and development,
allowing bringing the LFR technology to an increh$evel of maturity and readiness needed for the
industrial deployment.
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Key R&D challenges for the GIF GFR System in the aming 10-15 years

* Finalizing the design and initiating the licensipgcess of the GFR experimental
reactor ALLEGRO.

« Qualification of the mixed oxide fuel adapted te gpecific operating conditions of
the ALLEGRO start-up core.

« Development (i.e. material characterization undmntal and accidental conditions
for fresh and irradiated fuel, qualification, arabfication capacities) of dense fuel
elements capable of withstanding very high tempeeatransients (i.e. carbide fuel
with composite SiC and fiber reinforced SiC clad).

» Validation studies (codes and data): need of sipeexXperiments addressing the
innovative ceramic materials, as well as unique GlpRcific abnormal operating
conditions like depressurization and steam ingress.

e Air and helium tests on subassembly mock-ups urefgesentative temperature and
pressure conditions are necessary to assess thetresfer and pressure drop
uncertainties for the specific GFR design.

e Large-scale air and helium tests to demonstrateptssive decay heat removal
function will be required for the ALLEGRO licensimgocess.

* GFR specific components (e.g. blowers and turbohmas, thermal barriers, etc.)
development and qualification.

The GFR is a promising and attractive Gen-IV cohcepmbining the benefits of a fast
spectrum and of a high temperature ( €5@t the core outlet). The reference design is a
pressurized (7 MPa) helium cooled reactor. The epnis clearly innovative compared to other
reactor concepts and no demonstrator has everthaenThe project of an industrial GFR has to
address key R&D challenges, especially regarding,ftiel technology, core performance and
safety, in particular the decay heat removal (DisR)ie.

The ALLEGRO experimental reactor

The viability of the GFR technology shall be dentomied by designing, constructing and
operating the 75 MWth ALLEGRO experimental rea¢icable 1). ALLEGRO, would be the first ever
Gas cooled Fast Reactor to be constructed. Thetolge of ALLEGRO are to demonstrate the viability
and to qualify specific GFR technologies such &4, fine fuel elements and specific safety systéms,
particular, the decay heat removal function, togethith demonstration that these features can be
integrated successfully into a representative ayste

Nominal thermal power 75 MW
Nominal electric power 0 MW Core outlet temperature 530 °C
Start-up core fuel Oxide Primary pressure 7 MPa
Experimental positions ir 6 Secondary coolant Water
the core
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Long term fuel Carbide Number of secondary logps 2
Primary coolant Helium DHR systems coolant Helium
Number of primary loops 2 Number of DHR systemsi(to 3

the primary vessel)

Core inlet temperature 260 °C

Table V-1: ALLEGRO main characteristics

ALLEGRO shall be used not only for technology destoation but also for the qualification of
innovative components, first of all the ceramiclf(gPuC pellets in SiC-SiCf cladding). The DHR
systems are being designed to operate at leasallyatinder passive mode (natural convection) in
depressurized conditions.

Looking ahead to the next 10-20 years, the GFResystill conclude the viability phase, enter
the performance phase and most likely initiateddmonstration phase. The following major steps in
GFR development are expected:

« The finalization of the design of a small experita¢neactor ALLEGRO.
» The decision on launching the licensing processhferexperimental reactor.

Thermal hydraulics

In support to the design and the correspondingysagsessment, experimental data from helium
facilities are needed for the validation of therhgtiraulic system codes. In addition, experimental
programs are needed for the development of the @fRed instrumentation, gas purification and
tightness, tribology, high temperature materiald goermal isolations as well as specific components

As mentioned before, the DHR is a key issue to destnate the feasibility of the GFR and its
experimental first step ALLEGRO. Two facilities vedouilt recently and will be used in support tolsuc
demonstration, the S-ALLEGRO loop (Figure 2), lechin Plzé in Czech Republic owned and
operated by the Research Certe and the STU Helium loop (Figure 3), locatedinava, Slovakia,
operated by the Slovak University of Technologgmatislava Faculty of Mechanical Engineering.

Figure V-1: S-ALLEGRO loop
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CEA performed experimental programs in He loops HEDYT.

Figure V-3: HEDYT Helium loop

Coaxial pipes where hot Helium circulates in theeinpipe and the cold in the outer is one
specific design feature of GFRs. Consequently steants were the coolant bypasses the core due the
inner pipe rupture, plays a pivotal role in theigegprocess. Further experiments are proposedein th
near future to select the worst-case bypass cawafiignm. In order to achieve this goal, first a dmal
experimental mock-up is proposed using air worlkiaigl. If the results of this mock-up reveal thesde
of further investigations, a larger experimentat facility is envisaged using helium working fluid

Fuel

The development of an acceptable fuel system teatsrthe target criteria (viz. 1000°C normal
operation clad temperature, no fission productasseat 1600°C clad temperature during a few hours,
and maintaining the core-cooling capability up @@°C clad temperature) is a key viability issue fo
the GFR system. It is necessary to develop amimitadding material that meets the core specitinat
in terms of length, diameter, surface roughnegsamt ductility, level of leak tightness (includithe
potential need of a metallic liner on the cladynpatibility with helium coolant (plus impuritiesgnd
the anticipated irradiation conditions. The needslude fabrication capacities and material
characterization under normal and accidental camditfor fresh and irradiated fuel.

The specific operating conditions of the ALLEGROidex fuel pins (viz. maximum fuel
temperature below 1000°C, linear pin power belo@W0dcm) needs to be modelled. The FUROMFBR
Code has been developed in Hungary and its vadidas a medium term task. The results of such
codes are very sensitive to fission gas releas#iqgbi@ns. In this context, a program of post-iregdain
examinations on selected pins of the in PHENIX S8odFast Reactor irradiated CPed6106 standard
fuel subassembly is suitable for obtaining expentakedata on fission gas release for operating
conditions similar to those foreseen for the ALLEGRxide core fuel pins. Alternatively, a specific
irradiation program in other potentially availalféest reactors (e.g. JOYO, BORG60, or in the future
MBIR) could be envisaged.

In addition to the qualification of the oxide fudie reference GFR dense fuel (i.e. carbide fuel
UPuC with composite SiC and fiber reinforced Si@d}l development efforts must continue. In
particular, it is necessary to develop a ceranmagd ¢that meets the specifications in terms of length
diameter, surface roughness, apparent ductilitigl lef leak tightness (including the potential ne¢d
a metallic liner on the clad), compatibility witlolputed helium, and the irradiation conditions. The
needs include fabrication capacities and materf@racterization under normal and accidental
conditions for fresh and irradiated fuel.
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The development and qualification of fuel for ALLRG reactor will require irradiation
capabilities and post-irradiation examination labories. The first core with UOX/MOX pellets with
15-15Ti stainless steel cladding will need quadifion procedures similar to that of SFRs. The
refractory core with carbide pellets and SiCf/Siadding will have to be tested in up to high doses
high temperature reactors. Today the only matéeiting research reactor with fast spectrum is the
BOR-60 in Russia. The planned MYRRHA and MBIR reestcould be used for irradiation purposes
in the future. In order to carry out fuel examionatbf irradiated ALLEGRO fuel new hot cell faciés
are proposed to be built in Hungary at the sitdhefPaks NPP.

Helium Technology

Given the high temperature environment of the ALIEEGceramic core, the design margins
considered in terms of material characteristicsyelsas in the applied thermal hydraulics corieled
must be as low as possible. Therefore, air, foliblg helium tests on subassembly mock-ups under
representative temperature and pressure condarensecessary to assess the heat transfer andrpress
drop uncertainties for the specific GFR design.

Moreover, large-scale air and helium tests to destnate the passive decay heat removal function
will be required for the licensing process of ALLRG.

UJV Rez together with its daughter company Rese&ehter Rez (CVR) will in 2020
commission an integral experimental facility aimaddemonstrating the technical and economic
feasibility of recovery of leaked helium from theagd vessel nitrogen (and helium) atmosphere.

UJV & CVR together with other academic and resegantiners will also experimentally assess
between 2019 and 2024 the compatibility of selebesat transport systems-related structural maserial
with nitrogen at elevated temperatures up to 8Gr85the coolant expected for the secondary circuit
of GFRs. In addition, experimental experiences weeached in the domain of: 1) gas coolant
purification including gaseous FP noble gases aarXeKr; and 2) helium sealing.

CVR & UJV will also analytically and experimentallgssess between 2019 and 2024 the
performance of disc check valves proposed by CEAstdating the gas flow through the DHR system
in reactor start-up conditions.

In support of technological developments and R&Dtha fields of helium purification and
tightness, tribology, high temperature materiald ahermal insulation but also components
development, France constructed an experimenttfopia the first decade of the years 2000. This
helium platform was composed of several circuitsbenches: HETIMO (dedicated to thermal
insulation), HETIQ (dedicated to tightness of Heliseals), HPC (dedicated to purification system
evaluation and chemistry control in dynamic comahs (20 g/s)), and the He Tribometer. They are
responding to the needs in these technologicaldierhey are currently under cocoon for around 10
years. However, they could eventually cover somedaeexpressed by the international community
after refurbishment and restart (if any dedicatedifng is obtained).
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Figure V-4: HETIMO. Figure. -5: HTIO Figure V-6: He Tribometer

Neutronics

In the area of neutronics, existing calculatiorig@nd nuclear data libraries have to be validated
for gas-cooled fast reactor designs. The wide rahgalidation studies on sodium-cooled fast reacto
must be complemented by specific experiments thabrporate the unigque aspects of gas-cooled
designs: slightly different spectral conditionsjonative materials and various ceramic materiafs, (U
PuC, SiC, ZrC, Zr3Si2). In addition, some uniqueamal conditions (e.g. depressurization) must be
considered. Unfortunately, the planned collectibdata from the experimental program ENIGMA that
was proposed in the past will not be possible énzéro power facility MASURCA after the decision
of its final shutdown.

Components

In terms of components development and qualificatioture GFR system R&D activities will
focus on the following areas:

« Specific blowers and turbomachines are neededpe with a wide range of pressure operation
(from 7.0 to 0.1 MPa) with rotating parts yet rattheir leak tightness.

* GFR specific solutions for the thermal barrierd tre protecting the metallic structures from the
hot helium during normal and transient conditionsismbe developed and qualified in
experimental facilities.

¢ Valves and check-valves are critical safety comptsef the GFR. Qualification tests of
candidate technologies for these components adedessd must be performed using a dedicated
Helium loop.

e The design of passive shutdown systems will requitated R&D to validate the technology
based on experimental programs to be defined.

« The development of instrumentation performing un@&R conditions is one of the main
challenges of this Gen-IV system. In particula® tnain safety issue concerns the helium
temperature measurement at the core outlet, irr twdee able to detect hot spot on fuel cladding
or fuel assembly plugging.

« Various fuel handling solutions will have to be lified under representative conditions.
» Seals will have to be developed (including staétum leak tightness qualification tests).

e Optimization of design & materials selected for iR He/water heat exchanger including
verification of its resistance to elevated tempges in passive (natural convection) conditions.
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It will very much depend on the Design Specificaiidor the DHR HX based on acceptance
criteria & safety analyses.

Optimization of design & materials for the coreater.

Optimization of design & materials for the guargsel based on feasibility studies.

Feasibility of the gas turbomachinery in the seemnctircuit feeding primary blowers with
electricity in accident conditions to maximize teriod of forced convection in primary circuit.

Optimization of design & materials selected for thain He/gas heat exchanger focused on
maximization of performance & minimization of spaeguirements.

Materials

The main challenge for the in-core structural matemnf GFR is the development of such materials,
which can withstand high temperatures and fastraedlux up to very high doses. Ceramic materials
are the reference option, but composite cermetctsiress, refractory alloys and inter-metallic
compounds can be also considered.

The reflector material should have specific neltrgoroperties to reduce neutron leakage
efficiently and to protect the surrounding vessatsinter-metallic compound of Zr and Si is the
candidate for this component.

The other components (i.e. heat exchangers, tilh@sers) of the reactor system have to be
made also of refractory materials, since they eplerate at high temperature. Another important
requirement is the leak tightness of the componeuritich should be supported by special sealing
materials.

The following experimental facilities could be mienied:

TheHTHL1 (High-Temperature Helium Loop 1) loop is built ftwe purpose of simulation of
chemical and technical conditions of coolant of &ation-IV gas-cooled nuclear reactors
(VHTR and GFR). The loop is mostly designed foigann tests of VHTR construction materials
and also for the research and development in-féldhemical technology processes for the
purification of advanced gas-cooled nuclear reactmiants. The loop was designed to allow
controlled doping of impurities into the coolantliding their subsequent removal.

TheHTHL2 (High-Temperature Helium Loop 2) loop is nearlyritieal to HTHL1 but the test
section will be inserted into the core of the LVR+Esearch reactor to be exposed to neutron
flux (thermal 5 x 18 n/n?s, fast 2.5 x 18 n/n¥s).

Laboratory test facility for membrane separation ofhelium from N>-He mixtures is aimed at
testing the recovery of helium from the GFR guagdsel atmosphere by membrane separation
using commercial membrane modules originally desigior separation of nitrogen from air.

The Karlsruhe Advanced Technologies Helium Lo®&®THELO ) is a test facility under
commissioning at Karlsruhe Institute of TechnolglyT). The loop has been designed for the
testing and qualification of high temperature materand components under severe heat loading
conditions. This loop is a closed loop operatechwitessurized Helium (10 MPa) at high
temperature (300-800 °C).

The Helium Loop KarlsruheHELOKA-HP ) is a test facility under operation at Karlsruhe
Institute of Technology (KIT). The loop has beeigiorally designed for the testing of various
components for nuclear fusion such as the Heliurol€tb Pebble Bed blanket (HCPB) and
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helium-cooled-divertor for the DEMO power reactbhis loop is a closed loop operated with
pressurized Helium (10 MPa) at high temperatur®{300°C).

e TheHELOKA-LP (Helium Loop Karlsruhe-Low Pressure) loop operatlaianges are defined
as follows: Mass flow rate between 12 g/s and 120 iglet temperatures between 10°C and
250°C and pressure levels between 0.3-0.6 MPa.

¢ The Helium LoopHEMAT (Helium loop for Materials Testing) is designedd&velop and to
test new materials for efficient high-temperatyppleations. These are of particular interest for
energy supply by renewable energy like Concentr&mdr Power (CSP), but also for fusion
power and for conventional power supply. In thisgpexperiments on erosion and corrosion of
new materials are foreseen over a wide temperednge at moderate pressure of 3 — 6 bars.
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VI. VHTR R&D INFRASTRUCTURES

The GIF VHTR system is a helium-cooled graphite arated reactor using fully ceramic coated
particle fuel. All modern designs feature passigeay heat removal, a robust coated particle fuetfo
and a large graphite thermal buffer the combinatiowhich yields an unprecedented level of inherent
safety. The unique coated particle fuel and thén hegnperatures to which primary coolant circuit
materials are exposed have meant that much ofdtesfof R&D has been on fuel and material
gualification in support of near-term demonstratidiconcepts.

Key R&D challenges for the GIF VHTR System in the oming 10-15 years

 Completion of fuel testing and qualification capiyi(including fabrication, QA,
irradiation, safety testing and PIE.

* Qualification of graphite, hardening of graphiteimgt air/water ingress, management of
graphite waste.

¢ Coupling technology and related components.

» Establishment of Design Codes and

e Standards for new materials and components.

* Advanced manufacturing methods (cross cutting ehg#).

» Costs reduction.

e Licensing and siting.

e System integration with other energy carriers ibrityenergy systems.

¢ Follow-up of HTR-PM demonstration tests, engagé, emhance information

* Exchange with several start-ups, private investoes; national programs.

 HTTR safety demonstration tests and coupling i¢@tdduction plant.

There are various un-coordinated investigationissuthking place globally with respect to the
VHTR developmental efforts. Consequently some efréquired experimental facilities for research
are planned, operational, in care and maintenamd@®madecommissioned, some of which will require
funding to continue into the future. The currerioefin the VHTR concepts in RSA is centered on the
lessons learned in the PBMR project with the goameet grid demands of the future. It is further
notable that technological advances make it feasdil some of the related VHTR systems to be 3D
printed.

Although the VHTR designs being pursued withindhabit of Implementing Agents might have
differing goals due to the desired applicationfs)would be highly encouraged to share R&D
experimental facilities for the benefit of commarats and standardization. These and other focas are
that will require experimental facilities are lidtbere.

»  Completion of fuel testing and qualification capipi(including fabrication, QA, irradiation,
safety testing and Post-Irradiation ExaminatiorEjRIto be completed in some countries. Waste
reduction and fuel recycling. @ualification of graphite, hardening of graphiteasgt air/water
ingress, e.g. by SiC infiltration, management @fpinite waste.

 Coupling technology and related components (e.glatisn valves, intermediate heat
exchangers).
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» Establishment of Design Codes & Standards for neterials and components, including C-C
and SiC-SiC composites

 Advanced manufacturing methods (cooperation with @GIF Cross-cutting Interim Task
Force).

*  Cost cutting R&D and interaction with EMWG and isthy to optimize VHTR design.
There are efforts to develop a costing model ferghoof of concept machine in South Africa,
although this is a level 5 model currently, whigelss to give an indication of what it may cost
to build the machine in the current economic clenat

Coupling of VHTRs with energy commercial productaynoffset some initial project costs, as
compared to a stand-alone energy production pldris. is so because the project capital costs
can be shared amongst the industries.

Other plant configurations and/or additional systetould complement the VHTR design to
include flexibility of operations, such as load léeling, safe shutdown and so forth.
Development, experimental validation, and uncetyatharacterization of modern core analysis
methods.

* Licensing and Siting: V&V of computer codes for idesand licensing.
This requires a licensing demonstration VHTR orgpraf concept plant. As part of its R&D
efforts towards development of a Gen-IV VHTR, Saofftica plans to build a proof of concept
plant in Pelindaba. It will be used for licensingfidbnstration purposes (i.e. to prove safety and
operational characteristics).

Under the current regulatory regime, the improvenaémuclear regulatory license application
and review processes is a requirement. This inslutde establishment of a risk informed
regulatory basis for VHTR reactors and sustainfimé cycle activities. Integration with other
energy carriers in Hybrid Energy Systems.

The principle of Verification and Validation (V&Wf Computer Software Codes (CSC) are the
cornerstone of software accreditation before it applied in the analysis of nuclear reactor
physics design. However, these might not be welkliped in the VHTR concept, since the
initiative is at its infancy in different countries

Simplistically, verification of CSC design can berjprmed by means of reviews, inspections
and audits — plant data, while validation providesonfirmation that the original requirements
have been met through a computational modelling. focess of V&V in the VHTR requires
extensive modelling of the concepts and applicaldgree of accuracy. However, a more
appropriate validation process needs availabletipedadata and/or comparison of the results
from another established CSC.

The update of VHTR codes will require a thorougprapiation of the varying concepts in the
designs, applicability and operating regimes.
* Analysis of HTR-PM startup physics and demonstratésts

 HTTR: safety demonstration tests and coupling $@idduction plant (subject to regulatory
approval for restart).
 The demonstration of the coupling of the desalomaplant onto the VHTR. The Koeberg

Power Station (South Arica) is working the locatlear regulator to explore the back fitting of a
reverse osmosis plat onto existing cooling watencstires. Although this concept has been
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demonstrated in Kazakhstan, India and Japan, #nereoncerns about the migration of radioactive
isotopes into the product water hence the progosalpreceding “Data Collection” implementation.
A similar concept could be explored with the VHTIRs heat applications including: Combined
Heat and Power, desalination and so forth. Thisyewver, would require a combined license
application with the nuclear regulators.

 Enhanced information exchange among vendors, privatestors, new national programs,
multinational organizations, and regulators.

A specific report produced by the Euratom NC2I-Bjgct has compiled the needs for Industrial
Infrastructures including computer tools required the licensing and demonstration of Nuclear
Cogeneration technology using High Temperature ¢dated Reactors [1].

The methodology used consisted in confronting #oboup with a top-down approach. In the
bottom-up phase, information was collected on @qdsbr former infrastructures. Examples for that ar
known subjects from different sources such as tegasm commercial companies, research centres,
and the OECD TAREF database. In a parallel top-dapproach, the authors have produced a priority
table of critical infrastructure items and haveefilin the missing information using a variety ofices
including scientific literature, conference procegd (in particular the HTR conference series),
networking, information from the Generation-IV Imational Forum, web-browsing, expert opinion,
personal communication and databases. The collécfednation enabled the preparation of a gap
analysis to identify those R&D and Industrial Irdiraictures which are not available and which would
need to be built [2].

The analysis identified the gaps in industrialastructure and competencies for R&D that need
to be bridged prior to licensing, construction apération of an HTR demonstrator. Emphasis is given
to existing industrial infrastructure and R&D cortgreces. Based on the valuable results of the German
HTR development program up to the late 1980s, Bigmit progress has been made by several GIF
signatories. The most outstanding examples areerateas of fuel production, its quality controtlan
qualification under irradiation, the qualificatiand coding of high temperature structural matedats
new graphite grades (incl. through irradiationitegt component development (e.g. turbomachines,
heat exchangers), helium technologies and licersilmyant modelling (e.g. reactor physics,
thermofluid dynamics, mechanics, tritium transpsotirce term calculations, system code integration)

R&D Area Gaps for Demonstrator Gaps for future VHTR development
Computer codes Validation of updated codes in suppor Validation of updated codes
licensing Modelling of source-term (dust formation and trasrsp
Modelling of source-term (dust formation and
transport)
Components Component qualification in large scale facilitigsDevelopment and qualification of IHX

High temperature ceramics (SiC-SiC, C-C)

. Large scale facilities to measure wear and frictray be
Tribology and 9

/ None required for better estimates of dust-related sotiecm
corrosion releases
Fuel Fuel is available, but needs qualification Development and qualification of high temperaturel f
Material R&D Graphite qualification Additional effort will be required for high tempeuae
Some focused R&D on oxidation under materials such as ceramics and composites, but|also
accident conditions graphite properties at high temperature
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Safety analysis and | Large scale loop for component testing Effect of very high temperatures on safety margins
demonstration Compliance of plant design with Safety
Regulation
Multi-purpose plant | Demonstration and licensing Demonstration of VHTR secondary function mary

function is electricity production) coupling witmergy
commercial products such as process heat, desatipat
hydrogen production, coal gasification, metals stdu
and coal liquefaction.

Licensing strategy for a coupled nuclear reacter si

Design and System b desi q Development of a proof of concept machine built and
Integration emonstrator design and test program integrated into heat intensive processes
Devel  of Assess existing licensing framework for Establish a licensing framework in preparation loé |t
i eve opfmen 0 ak suitability to license HTR demonstrator for commercial machine for VHTRs using proof of concept
CELSHOIIEN OF cogeneration machine

Fuel/Graphite waste | Qualify decontamination and recycling pfEvaluate direct disposal vs. reprocessing for sptith
minimization and irradiated graphite fuel cycles
recycling Compliance with new Nuclear Waste Directive

Table VI-1: Gaps for short and long-term VHTR depient

In addition, significant improvement was achievadunderstanding the market and end-user
needs so as to design a power plant accordinglyer8eindustrial designs worldwide reflect this
development.

Due to the time gap between the last running HT&® the HTR "revival" in the 1990s, some
facilities had been shut down, mothballed or refiired to support other projects and developments. A
number of them could be recovered and have alrpaalyuced significant results. This situation is
similar for graphite qualification.

New or repurposed test facilities have been coasdiin support of China’'s HTR-PM
demonstration, the US NGNP project, and the HTRyiznms in Korea and Japan, often with the support
and investment of industrial partners. Universitiesse also constructed some smaller research
facilities, particularly for materials testing aexlperimental thermal-fluid model validation.

In the U.K. academia and the supply chain can stippodelling and simulation (using some
AGR and international data); low TRL materials depenent making use of the High Temperature
Facility (HTF) is possible. Uranium fuel R&D andEPon irradiated materials can be performed in the
UK (limited to single UK facilities). On waste magenent R&D, the UK has experience of managing
wastes arising from HTGRs; however, there is needegpce with VHTRSs or the spent fuel form.

One of the components of R&D infrastructure avadah Russia for the development of high
temperature reactor systems is the ASTRA critiaallity at NRC “Kurchatov Institute” (Moscow),
where the experimental technology of modeling HT§Rcific neutronic features was successfully
implemented and extensive studies were carried out.

The ASTRA critical assemblies use medium-enricheshium dioxide fuel in the form of fuel
particles with multilayer coating (TRISO) distrileakin the graphite matrix of spherical fuel elersent
and graphite reflectors. The pebble bed with réfiesoccan be arranged in different configurationinmi
a cylinder 380 cm in the outer diameter and 46Mhgh.
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Figure VI-1: The ASTRA critical facility at NRC Kilmatov Inétitute in Moscow, Russia

The purpose of experiments is experimental justiiony of neutronic characteristics of different
HTGR core configurations, as well as acquisitiorerperimental data for validation of calculation
models and codes. List of performed experimentsidas justification of conceptual decisions for the
most advanced Russian HTGR designs (VG-400, VGRBluding full-scale modeling (VGR-50),
studies of PBMR mockup (annular core design witkingi zone from fuel and graphite elements) in
support of PBMR licensing in South Africa, implenion of the Technology Development Plan in
frame of the International GT-MHR Project (studiplacement of poison profiling elements in the
annular core).

Future program of experiments could include meamsards of HTGR core characteristics at
heating of ASTRA critical assembly (temperaturectiegty effect and its components, worth of control
rods at various temperatures of the core and tefigoetc).

What should not be underestimated is the time &od eequired for qualification. Assuming
that the currently ongoing international collabamattowards fuel and materials (metals, graphite,
composites) qualification are confirmed successhdre is still work ahead in view of licensing
related to computer codes and to large-scaledetities for the qualification of components and
subsystems. These include steam generators, lefstregers, the Reactor Cavity Cooling System,
circulators with magnetic bearings, isolation valveontrol rod mechanisms, instrumentation and
others. Specific qualification test rigs will beeded.
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Key R&D challenges for the SCWR System in the com@10-15 years

e« The development of cladding materials to withstdnd high pressure and high
temperature environment.

* The establishment of a chemistry-control strategsninimize water-radiolysis effect
and activation-product transport.

* The optimization of the fuel assembly geometry emafiguration.

» Some of these challenges can be mitigated thraawéring the operating temperature
of the coolant in SCWRs to reduce the peak claddinjfuel temperatures.

The Super-Critical Water-cooled Reactor (SCWR) Hligh-temperature, high-pressure water-
cooled reactor that operates above the thermodyneritical point of water (i.e., 374°C, 22.1 MPa).[
Its main mission is to generate electricity effitlg, economically and safely. In addition, thethigpre
outlet temperature of SCWRs (up to 625°C) fac#isato-generation, such as hydrogen production,
direct heating and steam production.

Development of SCWR concepts has been based on58vgears of design and operation
experience of light-water reactors and superctitiassil-fuel fired power plants. Existing
infrastructures of these industries are applicab&eipport of the SCWR development. However, due to
the high operating temperatures (up to 625 °Ceatte outlet) and pressures (nominal 25 MPa), new
facilities have been established for key technolagyas among signatories of the SCWR System
Arrangement [2]. Experiments performed using thiesdities have enhanced the understanding of
various technology areas and provided data forldpireg prediction methods, as well as verifying and
validating analytical toolsets.

Two types of SCWR core configuration are being peds pressure vessel and pressure tube.
These core configurations have been evolved framlitiht-water-cooled reactors and heavy-water
cooled reactors. The balance-of-plant configureiidbased on that of the fossil-fired power plaFte
SCWR System Research Plan identifies key technaoggs for designing SCWR (sgigure VII-1).
Establishment of mechanical components and sysberfigarations in the design of the core and plant
facilitates meeting GIF technology goals of enhdneeonomics and safety. Implementation of
advanced fuel and fuel cycle would enhance sudigdityaand proliferation resistance of SCWRs.
Material candidates for in-core and out-of-core ponents, except for the fuel cladding, have been
selected from materials established for light-wagerctors and supercritical fossil-fired power pdan
Identification of cladding material candidates igtical due to high pressure and high temperature
operating conditions, which are well beyond therapieg range of current fleet of reactors. Sinlar
a chemistry strategy is needed to minimize corrosiod activity transport. An accurate predictién o
cladding temperature is the key to achieving theaaned safety technology goal since the traditional
critical heat flux criteria is no longer applicalite SCWR where phase change of coolant is noeptes
at supercritical pressures.

The development of SCWR concepts in Canada, EUJapdn are complete and have been
reviewed by international peers for their viabilit@ther concepts being developed in China, Jdpah (
spectrum) and the Russian Federation (fast sperinalso close to completion. Furthermore, the
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development is being expanded to the SCW small laodeaactor for deployment in small remote
communities.

Experimental studies for the SCWR R&D were perfatnusing existing facilities supporting
light-water reactors and fossil-fired power plantowever, due to the high operating temperaturps (
to 625 °C at the core outlet) and pressures (ndrégtm&1Pa) for the SCWRs, new facilities have been
established for materials, chemistry, thermal-hytica and safety-related testing in Canada, China,
Europe, Japan and the Russian Federation. Expesrperformed using these facilities have enhanced
the understanding of various technology areas aovded data for developing prediction methods, as
well as verifying and validating analytical tookset This facilitates the completion of the Canadian
SCWR concept in Canada, the High Performance L\gater Reactor (HPLWR) in Europe and the
JSCWR in Japan [3]. The CSR-1000 SCWR concepsisciose to completion in China [4].

Figure VII-1: Technology Areas supporting SCWR tmvaent [1]

With the completion of the concept development SBAVR System Research Plan identifies the
path to focus on the prototype-of-a-kind SCWR depsient [1]. Additional infrastructures are needed
to be established for achieving that goal. Expental facilities currently available in supporttbe
SCWR development and the identified infrastrucfioredeveloping the prototype SCWR in the next
decade are described in following sections. Invvid the large number of facilities available world
wise, only selected facilities are introduced.

Materials and Chemistry R&D Infrastructures

Material candidates for in-core and out-of-core poments, except for the fuel cladding, have
been selected from materials established for hggdiier reactors and supercritical fossil-fired power
plants. Infrastructures available in support @sthreactors and plants are applicable for devedopm
and qualification of material candidates. The masue for the identification of cladding material
candidates is attributed to high-pressure and tegiperature operating conditions, which are well
beyond the operating range of current fleet of ta¥ac Specific R&D infrastructure applicable for
materials and chemistry testing at those conditayesequired.

Major concerns on cladding material are creep behavhigh temperature strength, corrosion
characteristics, and stress corrosion cracking (Si@®aviour. In addition, the adverse impact of
irradiation to these behaviours and material prigeis required to quantify at relevant conditions

Canada, China and Euratom are signatories of thierMks and Chemistry Project Arrangement
under the GIF SCWR System. Each signatory hablestad specific infrastructures to support SCWR
materials and chemistry R&D. These infrastructuaes summarized below. A number of SCW
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facilities were also established for materials ahdmistry R&D in other countries (e.g., Japan, the
Russian Federation, United States of America andhS¢orea). These facilities are not covered here.

Canada’s Infrastructure

Canada established a national program to suppoRl R& Gen-IV nuclear systems (referred to
as the Generation-IV National Program) [5]. It waparated in two phases and was managed by Natural
Resources Canada (NRCan). The first phase (PhHadecused on basic research, including
establishment of infrastructures, to support theettgpment of the SCWR concept. Figure VII-2 shows
selected facilities constructed for SCWR matereatsl chemistry R&D in Canada. Several static
autoclaves have been constructed for corrosiomgeat supercritical pressures and temperatures (th
one installed at the Carleton University is illaséd). These autoclaves are applicable for stgdyie
effectiveness of coating materials to mitigate asion issues.

The effect of coolant flow velocity on corrosionshiaeen studied in flow loops with water at
supercritical temperatures and pressures. Thesddbps have been constructed at University of New
Brunswick, NRCan Canmet-Materials Laboratories muently at the Canadian Nuclear Laboratories.

Static autoclave systems have also been used dg staterial behaviours of stress-corrosion
cracking (the one installed at the University obéita is illustrated in Figure VII-2). Test pieces
included C-rings and pressurized capsules [6].s&ffiecilities had generated key SCC data for catelid
fuel cladding materials.

A suite of high-temperature mechanical testing mopgint has been installed at NRCan
CanmetMaterials laboratories to provide creep dhdranechanical property data for candidate alloys.
The creep testing systems have the capacity toureeas-line creep rate, up to 1000 °C. Special test
setup also allowed measurements under compressaamb. The new vacuum furnace, new rolling
facility, and extrusion press have also been usedaking modified stainless-steels and ferritiol
for SCWR research.

SCC st rig at U of Albera
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Two main issues in water chemistry are corrosiaapct transport and radiolysis. Diamondanvil
cells coupled with X-ray absorption fine structwgectroscopy were constructed at the St. Francis
Xavier University to characterize solubility of rakbxides in supercritical water [7]. A state-bétart
high-pressure flow alternating current conductaapparatus was established at the University of
Guelph to determine the association constants afeirfission products at temperatures up to 350 °C
[8]. A unique bench-scale flow loop was builtla fTrent University to study the effects of pH coht
additives and the slow release of metallic ionS@W as well as corrosion of alloys in SCW [9].

The synchrotron operated by TRIUMF at Canada’sdwaii Laboratory for Particle and Nuclear
Physics has been used to understand the behawiwetter radiolysis in SCW. An advanced proton
accelerator at Queen’s University was used to duice irradiation damage (by protons) into materials
for studying materials behaviour under neutron baminent.

China’s Infrastructure

Material and chemistry R&D for SCWR are being perfed at Nuclear Power Institute of China
(NPIC), Shanghai Jiao Tong University (SJTU) arewiversity of Science and Technology in Beijing
(USTB) in China. Figurevil-3 shows infrastructures for material and chemist&DRat these
organizations.

A general corrosion test facility was developedilyi by China and Japan and has been installed
at NPIC for material testing. It consists of amoalave and a flow loop designed for high pressume
high temperature operations. A separate testitiaddr stress corrosion cracking behaviours of
materials has also been constructed at NPIC. Tlaedéies support the establishment of cladding
material candidates for the Chinese SCWR conce®R{C000).

A SCW stress corrosion cracking testing facilitg laéso been installed at SJTU in support of the
cladding-material selection [10]. Different typgfsmaterial were examined. A slow strain rateingst
facility was constructed to study the growth bebaws of cracks in materials.

Slow strain rate testing facilities at SJTU

Stress corrosion cracking
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EU'’s Infrastructure

FigureVli-4 shows infrastructures for material and chemis®pRat various countries within the
European Union. Several SCW autoclaves for carroand stress corrosion cracking tests have been
constructed for material testing at Centrum vyzkuked (CVR) in Czech Republic, Joint Research
Centre (JRC) in the Netherlands [11], Centro deedtigaciones Energéticas, Medioambientales y
Tecnoldgicas (CIEMAT) in Spain and Valtion Tekmiin Tutkimuskeskus (VTT) in Finland [12]. VTT
developed also a miniature SCW autoclave with bedlbased loading device for stress-corrosion
cracking tests [13]. JRC-Petten developed a newasarement facility using the electrochemical
impedance spectra (EIS) technique to study rad®lgssupercritical water.

An in-reactor SCW loop has recently been constduated installed into the LVR-15 reactor of
CVR in Czech Republic for material corrosion tegtiT his facilitates the study of the irradiatidfeet
on material characteristics. The test sectiomésailed at one of the sites in the reactor, bustmo
components of the facility are located out-of-cofiéhe photo in the figure illustrates the out-ofeco
components.

Thermal-Hydraulics and Safety R&D Infrastructures

Experimental data on heat transfer in supercritilcal are required for the development and
optimization of the fuel assembly concept. Perfoignheat-transfer experiments with SCW flow is
complex and expensive due primarily to the harsbrang environment. Surrogate fluids (such as
carbon dioxide and refrigerants) have been usednimdelling water in heat transfer studies. This
approach is valid for improving the understandifhpeat-transfer phenomena and examining separate
effects.

Miriiure SCW sutoclave with
befiows bazed loading device and
standard SCW sutocinve st VTT

Erchochamical impedance Specin
maatureman! Gel-up and Giress comoslon
cracking 1est device 8l JRC

In-reacior SCW loop &t CWVR
CIEMAT s SCWihow Ioop with autockhve

‘ KNS
Figure VII-4: Infrastructures for SCWR Materialsd@@hemistry R&D in EU

Infrastructures established by signatories of theeriihal-Hydraulics and Safety Project
Arrangement in the GIF SCWR System (i.e., Canadana&and EU) are described below. Other
facilities applicable for thermal-hydraulics anfetg experiments at supercritical pressures ariedola
in Japan, the Russian Federation, United Stat@ésnefrica, South Korea and India.
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Canada’s Infrastructure

Several facilities for thermal-hydraulics and sgfietlated tests at supercritical pressures have
been established in Canada to support the Phasedr&ion-1V National Program [5]. Figure VII-5
shows the facilities with water, carbon dioxider@frigerant as working fluids.

A supercritical water loop has recently been camstrd at the Carleton University. It is
applicable for thermal-hydraulics tests with tubemnuli and small bundle assemblies. A
complementary test facility was also constructed dgperiments with Refrigerant-134a as coolant
through a tube, an annular channel, and a 7-elelmentle at supercritical pressures [14]. It hasbee
used to study experimentally the effect of spaoafiguration and size on supercritical heat tranisfe
support of the development of fuel assembly confthe SCWR.

A test loop was constructed at the University da@# to investigate heat transfer in tubes and a
3-rod bundle with carbon-dioxide flow [15]. Its gign pressure is up to 11 MPa, which can
accommaodate other fluids (such as refrigerantsypércritical pressures and even water at sulzaliti
pressures. Experimental data from these tests e used in assessment of prediction methods for
heat transfer, sub-channel codes (such as ASSER@)computational fluid dynamics tools (such as
STAR CCM+).

A natural-circulation test facility with carbon dide as the working fluid was established at the
University of Manitoba [16]. It facilitates testivgth single and parallel tubes in vertical or korital
orientation. Experimental data from these testeteen applied in establishing the stability bouieda
over a range of flow conditions and assessing thaytcal model and system codes (such as
CATHENA).

Supercriteal carbon dicxide tast
facility for haat transfer st U, Otiaws

Tupercnfics carbon digvide feat
tacility for siabity st U, Mendcoa

Supecrifical waler and re

Figure VII-5: Infrastructures for SCWR Thermal-Hadtics and Safety R&D in Canada

A water test facility was constructed at Ecole Ratpinique de Montréal to study critical-flow
behaviors [17]. It consists of a nozzle sectiothvaei small opening. Water at supercritical pressis
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discharged through the nozzle to a medium preswmstefacility (which facilitates the control of
discharged pressures other than atmospheric). risxgatal results obtained with 2 sharp-edge nozzles
of different sizes of opening have been used tessshe critical-flow models implemented in thasys
codes, which are being applied in the postulategklbreak loss-of-coolant accident.

China’s Infrastructure

Figure VII-6 shows thermal-hydraulics facilitiesagable in China. Several test loops were
constructed at the Nuclear Power Institute of Cihinaupport the development of the CSR-1000. A
small-scale SCW test loop was designed for thetwdtaulics testing using tubes and annuli. Testing
with bundle subassemblies has been performed WwéHarge-scale SCW test loop, which provides
higher power and flow than the small-scale tegpldéxperimental data have been applied in devegppi
heat-transfer correlations for the CSR-1000 fuskawly and validating analytical tools (such as SC-
TRAN). In addition, a natural-circulation test loggs constructed to investigate heat transfer and
stability [18], [19]. It was designed for experimie with water flow but has also been adopted for
experiments using carbon dioxide as working medilErperimental data are available to define the
stability boundaries of supercritical flow and @ttio-fluid modelling criteria.

A SCW heat-transfer test loop has also been cartetfdor testing with tubes, annuli and 4-rod
bundles at the Shanghai Jiao Tong University [22]]. The 4-rod bundle design simulated the
proposed fuel for the GIF collaboration on fuel Igication testing at CVR. Two different types of
spacing devices (i.e., grids and wrapped wiresewvtested to examine their impact on heat transfer.
Transient experiments were also performed to glyathe impact of power, flow and pressure variagion
on heat transfer.

Prensoser
T Pump

SCW test loop at

Natwal circustion test loop et NPIC

Smal scale SCW test loop at NPIC

v

Figure VII-6: Infrastructures for SCWR Thermal-Hadiics and Safety R&D in China

The SCW heat-transfer test loop at Xi'an Jiaotongversity was constructed mainly for
supporting the SC fossil-fired power plant. It lhagn applied for heat-transfer experiments wibies
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annuli and a 4-rod bundle (which also simulatedtiebdesign for the Czech Republic fuel qualificat
testing) in support of SCWR development [22], [28ffects of flow area and spacer on heat transfer
were examined in the annuli tests. Detailed teatpee distributions along heated surfaces of thad4-
bundle were obtained to quantify variations in shilannels and gaps.

The test loop at the China Institute of Atomic Ejye(CIAE) is applicable for natural or forced
circulation experiments with water as coolantcdhsists of a pump, two heat exchangers, tesosecti
a preheater and a power supply 160 kW. Fluid teatpees at various locations are measured with
Ktype sheathed thermocouples. Turbine flowmetersrestalled to measure the flow rate. An absolute
pressure transducer is used to measure the oudiesyse and a differential pressure transducer to
measure the pressure loss over the test sectiom.maximum design pressure of the loop is 25.9 MPa,
the maximum mass flow rate is 0.39 kg/s and theimmax loop temperature is 600 °C.

EU'’s Infrastructure

Supercritical heat transfer facilities were constied at the Karlsruhe Institute of Technology
(KIT) in Germany and the Hungarian Academy of Sceen(HAS) in Hungary within the EU.
Figure VII-7 shows EU’s facilities in support of BMR development.

The model-fluid test loop at KIT was designed te uefrigerants as the working fluid.
Experiments with Refrigerant-134a in tubes werdgoered to provide data for validating heat-transfer
correlations and fluid-to-fluid modelling paramester

A test loop has been installed at HAS to study natairculation behaviors with water at
supercritical pressures [24]. It was also usedktene the flow structure of supercritical watemgs
the neutron radiography technique [25].
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Other Infrastructure

Infrastructures capable of operating at superatiiressures in support of thermal hydraulics
R&D have also been established at institutes of@tpartners. These infrastructures are docurdente
in the IAEA technical document, which summarizee ttontributions from participants of the
Cooperative Research Project on SCWR thermal-h{idsg26].

Natural Circulation Loop at Bhabha Atomic Resea@dntre

The test loop of Bhabha Atomic Research Centre (BAR referred to as the Supercritical
Pressure Natural Circulation Loop (SPNCL) [27]. séhematic diagram of the experimental loop is
illustrated inFigure VII-8. The test loop was constructed for natural cotiweexperiments using carbon
dioxide or water a coolant. It is made of staislsteel (SS-347) with an inside diameter (ID) aB83
mm and an outside diameter (OD) of 21.34 mm. Teatdér test sections and two cooler test sections
are installed in the loop for four different tesgtinrientations: Horizontal Heater Horizontal Cooler
(HHHC), Horizontal Heater Vertical Cooler (HHVC)gextical Heater Horizontal Cooler (VHHC) and
Vertical Heater Vertical Cooler (VHVC).

The annulus in the cooler has an inside diametér & mm and an outside diameter of 88.9 mm.
It is cooled with water as the secondary coolapressurizer has been installed to adjust thespres
of the loop. The loop is equipped with two ruptdigks to avoid over pressure incidents. Forty-fou
K-type thermocouples are installed along the loopreasure temperatures of the primary fluid,
secondary fluid and outer wall of the heater. Lqupssures are measured using two pressure
transducers at the pressurizer and the heatet.oéti@attmeter is used to measure the appliechgelt
for determining the heating power (at the maximdrh@5 kW). The secondary flow rate is measured
using three parallel flowmeters.

The maximum design pressure of the loop is 30 MiRamaximum mass flow rate is 0.13 kg/s
and the maximum loop temperature is 600 °C.

DS TV O A0 BT

Figure VII-8: Schematic diagram of SupercriticaleBsure Natural Circulation Loop (BARC) [27]
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Experimental Loop at National Technical UniversifyUkraine

The test loop at the National Technical UniversityJkraine (NTUU) is schematically shown in
Figure VII-9 [28]. It consists of a closed loop of stainles=seEpiping with a forced circulation of water
at the maximum design pressure of 28 MPa and teahyerof 600 °C. The loop contains a boosting
pump and two plunger pumps that can increase #mspre up to 70 MPa. Other components include
a set of pressure regulating valves, a tube-inubkeater and a 75-kW electrical preheater. Biner
type flowmeter is used to measure the mass-flogv(etthe maximum of 0.19 kg/s). The power supply
is capable to deliver a maximum of 120 kW.

Experimental Loop at University of Wisconsin-Madiso

The University of Wisconsin—Madison high-pressusathtransfer test facility consists of a
primary testing flow loop and a secondary flow laged for heat removal. A picture of both flowpso
is shown inFigure VI1I-10 (the flow path in the primary loop is illustratedth the red arrows while that
in the secondary loop with the blue arrows). Hothps interface at the main heat exchanger. Water
circulated through the test section or through aheated recirculation branch fitted with an orifice
plate. Water from both branches merges afterasiesection. A portion of the merged water is edol
inside the heat exchanger while the other recitedl@ack to the pump. The amount of water through
the heat exchanger is controlled with a bypassevalwater from the heat exchanger recombines with
the bypass flow and re-enters the pump. An accatmutank is installed to accommodate thermal
expansion of the fluid. A cylinder of argon gas@nected to the loop for establishing the system
pressure.
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Figure VII-9: Schematic diagram of the SupercritiPaessure Test Loop at NTUU [28]
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Figure VII-11: Schematic diagram of the flow loggdJniversity of Wisconsin-Madison

Future Infrastructure Needs

The GIF SCWR System Research Plan identifies skkeyacomponents in each project before
proceeding to the deployment phase. Required sinfretures are described below for selected
components only. A detailed review is ongoing dstablishing future needs to support design and
deployment of SCWRs.

System Integration and Assessment

A prototype fueled loop and a prototype-of-a-kinehnabnstration SCWR are required for the
System Integration and Assessment Project. Theldop is needed to qualify the SCWR fuel and
demonstrate the capability to design and operaifaan in-reactor supercritical-pressure fuel fagili
(which is a pre-requisite for the demonstratiompla While the supercritical water material tesip
recently constructed at CVR in Czech Republic hagiged ample experience on design, construction,
installation, licensing and operation, further céempiy is anticipated for the design and constutnf
an in-reactor fuel loop. Figure VII-112 illustratthe SCW loop and test section installed at CVR in
Czech Republic. A similar test section can begiexi for fuel test in the same loop to obtain ojrega
experience and much needed fuel information.
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Another potential site for SCWR fuel irradiatiortlie proposed facilities to be constructed at the
new research reactor of NPIC in China (see Figurd ®3). A design of the fuel assembly for testing
has to be proposed. International collaboratisageqguired for achieving the test.

Figure VII-12: In-Reactor SCW Loop and Test Seca'b@VIi in Czech Republic

Reactor physics analyses have been performed asiagtical tools developed for light-water
and heavy-water reactors. Nuclear data are alailabhigh-temperature conditions but not at ratgv
pressures. Previous analyses considered the effpotssure on reactor physics parameters is small
However, nuclear data would be required for thestroiation of the demonstration SCWR plant.

A test facility has been proposed to obtain reaptysics data in the Zero Energy Deuterium
(ZED-II) research reactor at Canadian Nuclear Latwies (see Figure VII-134). It consists of a
channel housing the fuel assembly, which will bseited into the reactor. Two phases at high
temperatures are being considered: low-pressute desl high-pressure tests. A feasibility study fo
the design and installation is being carried out.

Figure VII-13: Proposed fuel irradiation facilitiest NPIC in China
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Figure VII-14: ZED-II React-c;r 'fVSLr.Vthsics Experintgin Canada

A separate test facility is needed to understaadtiucture of the water at supercritical pressures
It has been designed to observe the change in $tnictture using the neutron scattering technique.
Construction will be initiated once a collaboratisrestablished with the neutron beam facility.

A demonstration SCWR plant is required before dapknt. NPIC has proposed to design and
construct a prototype SCWR, which simulates th&RE1000 design. The power rating would be 150
MWe matching the requirement for the super-critiggdssure turbine. This small size prototype is
representative to Euratom’s High Performance Liylater Reactor, Japan’s SCWR and a fuel channel
of Canada’s pressure-tube type SCWR. Theref@a®pag collaborative effort can be establishedsn i
design and construction.

Materials and Chemistry

Future development on materials and chemistry nesni@icusing on the cladding, which would
operate at high pressure and high temperature timmsli A significant number of corrosion and stres
corrosion-cracking testing have been performediading material candidates in out-reactor faesit
An irradiation facility is required to examine thffect on material properties and characteristics.

Autoclaves currently used in corrosion and stregsasion-cracking tests are limited to
supercritical water temperatures at about 650 Ggiwis lower than anticipated cladding temperatures
of 700-800 C during normal operations and 1200 @ndupostulated accidents. High-temperature
autoclaves are required to extend testing to ratss@nditions of interest.

Mechanical properties for cladding materials aneegally available at temperatures up to about
800°C. High-temperature test facilities are reegiito obtain mechanical properties at relevant
conditions of interest.

Thermal-Hydraulics and Safety

The SCWR System Research Plan identifies the “tatdgacility Tests” as the major component
for licensing of the demonstration SCWR plant apgdldyment. Performing these tests would require
an integral test facility to demonstrate the effegtess of the safety system design. While several
SCWR core concepts have been proposed, their ssfetgms have been evolved mainly from the
advanced boiling water reactor (in particular thermal-spectrum SCWRs) and their operating
conditions are similar. This could lead to joiestyn and construction of the facility.

Design and construction of a full-scale integrailfty are time consuming and costly. A scaled
system could be applicable to examine the phenoietaninimize the time and cost. Scaling analyses
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have been performed for major components in thetpafystem to confirm feasibility. An integral
analysis is being carried out to quantify the appede scaling factor using a safety analytical.too

Thermal-hydraulics experiments were performed usimgple channels (such as tubes and annuli)
and bundle subassemblies with three, four or ses@n Licensing of the demonstration unit and-full
scale SCWR plant would require thermal-hydraul@sador full-scale fuel assemblies. Power supplies
and pumps installed at test facilities describe&éation Il are insufficient for performing fulkale
bundle tests. Significant expansion of currentlitees is required for licensing purposes.

In conclusion, a large number of experimental fiied are available to support the development
of SCWRs. Fundamental R&D studies have been peddiimprovide experimental data for improving
the understanding of the technologies, developimgliption methods and validating models/codes.
Irradiation facilities are available, but desigrdanstallation of in-reactor supercritical wateops are
challenging. Large-scale facilities capable of agiag at relevant pressures and temperatures are
required. Completing the installation of these asfructures would expedite the demonstration and
deployment of SCWR plants.

Nomenclature

BME Budapest University of Technology and Econamic
CIEMAT Centro de Investigaciones Energéticas, Meatigiantales y Tecnoldgicas
CVR Centrum vyzkumikez
EIS Electrochemical Impedance Spectra
EU European Union
Gen-lIV Generation-IV
GIF Generation-IV International Forum
HAS Hungarian Academy of Sciences
HPLWR High Performance Light Water Reactor
JRC Joint Research Centre
JSCWR Japan SCWR
KIT Karlsruhe Institute of Technology
NPIC Nuclear Power Institute of Chir
NRCan Natural Resources Cana
R&D Research and Development
SC Super-Critical
SCC Stress Corrosion Cracking
SCW Super-Critical Water
SCWR Super-Critical Water-cooled Reactor
SJTU Shanghai Jiao Tong University
USTB University of Science and Technology in Bugji
VTT Valtion Teknillinen Tutkimuskeskus (Technical $&rch Centre of Finland)
XJTU Xi'an Jiaotong University
ZED Zero Energy Deuterium
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Key R&D challenges for the MSR System in the comin0-15 years

« Development of salt and material combinations (@tt@rization and qualification).

» Development of integrated (physics and fuel chagjisieactor performance modelling anc
safety assessment capabilities.

» Demonstration of the MSR safety characteristidatadratory level and beyond.

e Establishment of a MSR infrastructure and econohat includes affordable and practical
systems for the production, processing, transporiatand storage of radioactive salt
constituents.

« Development of the MSR licensing and safeguardadiaork development.

* Progress towards MSR demonstration (IMSR TE, MCERdpower, MOSART, TMSR-
LF1).

1=

From the 1940s up to now, many liquid fueled MSRoapts have been proposed all over the world
using different salt compositions (chlorides oofides...) basing on governmental or private support.
Proposed neutron spectra range from very thermaktyg fast and include time varying spectra.
Almost every known form of fissile / fertile matarior fuel cycle is under consideration as a fuel
source. Most of the designs remain at the corateply or lab scale development phase. Even for the
concepts driven by private companies, proprietastrictions on design information limits the
accuracy of any evaluation using only public data.

Figure VIII-1: Liquid Fuel MSR system with ProcegsiJnit

The 8 MWt Molten-Salt Reactor Experiment (MSREY} tesictor at US ORNL went critical in
1965 and operated with great success in a therewditan spectrum for 4.5 years until its shutdown in
Dec. 1969. The fuel salt for the MSRE was LiF-B&F-UF4 (65-29-5-1 mol. %), moderated by
reactor dense graphite, its secondary coolant vediem2LiF-Bek salt mixture. The MSRE operated
with three different fissile fuel$23U, 2°U, and?**Pu. All metallic parts of the system in contacthwit
the salt were made from the nickel-based Hastél@jtoy.

Main mission of the MSR pSSC is to support develepinof new concepts that have the potential
to provide significant safety and economic improeeis over existing reactors [1]. Within the MSR
pSSC, R&D is performed under an MOU signed by EumatFrance, Russia, Switzerland, the United
States and Australia, with Canada, China, Soutle&and Japan as observers.
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List of the selected liquid fuel systems, understderation of the MSR pSSC, is given below:
Name | Developer | Power, MWt | Fuel / Carrier / Moderator
Thermal Spectrum Liquid Fuel MSRs

Thorium Molten Salt Reactor SINAP, China 395 ThF-?%*UF, / 'LiF-BeF. /Graphite
Liquid Fuel (TMSR-LF)

Integral Molten Salt Reactor Terrestrial Energy, 400 UF4/ Fluorides / Graphite
(IMSR) Canada and USA
ThorCon Reactor ThorCon 5572 UF4/ NaF-Bek / Graphite
International,
Singapore
Liquid-Fluoride Thorium ReactarFlibe Energy, USA | 600 ThF-?%UF, / 'LiF-BeF. / Graphite
(LFTR)
Advanced Molten-salt Ajou University, 250 2XUF4-ThR/ 'LiF-BeR,

Break-even Inherently-safe DualRepublic of Korea
mission Experimental and Tepst
Reactor (AMBIDEXTER)

Process Heat Reactor Thorenco, USA 50 UF, / NaF-Bek, / Be rods
Stable Salt Thermal Reactor Moltex Energy, UK | 300-2500 UF4 /Fluorides / Graphite
(SSR-U)

Fast/Epithermal Spectrum Liquid Fuel MSRs

Molten Salt Fast Reactor (MSFR)SAMOFAR, France —| 3000 ThF-UF4/ "LiF-
EU - Switzerland
Molten Salt Actinide Recycler Kurchatov Institute, | 2400 TRUFRsor ThR-UF,/ "LiF-BeR
and Transformer (MOSART) Russia
U-Pu Fast Molten Salt VNIINM, Russia 3200 UFs-PuRs / "LiF-NaF-KF
Reactor (U-Pu FMSR)
Stable Salt Fast Reactor (SSR-\Woltex Energy, UK | 750-2500 PuFs / Fluorides
TerraPower MSFR (MCFR) TerraPower (USA) 30 U- Pu / Chlorides
Molten Chloride Salt Fast ReactoElysium Industries 100-5000 U-Pu / Chlorides
(MCFR) (USA and Canada)

Table VIII-1: The selected liguid fuel systems

Canada, China, Japan, and South Korea are focudbe development of the small and medium
power liquid fuel units with thermal spectrum grapimoderated cores. In China, the Thorium Molten
Salt Reactor (TMSR) Program was initiated by than€be Academy of Sciences (CAS) in 2011, which
involves a closed U-Th fuel cycle for MSR.

Fast MSRs have large negative reactivity coeffisiga unique safety characteristic not found in
solid-fuel fast reactors. Compared with solid-fadlireactors, these systems have lower fissile
inventories, no radiation damage constraints oairgtble fuel burnup, no used nuclear fuel, no
requirement to fabricate and handle solid fuel, atmogeneous isotopic composition of fuel in the
reactor. Developments in Russia on the 1.0 GWe endalt actinide recycler and transmuter
(MOSART) [2] and in France, Euratom and Switzerlamdthe 1.4 GWe non-moderated thorium

GIF RDTF Final Report — January 2021 53
GEN IV e

xpertise | Col Excell
LI T TRt



GIF-RDTF: Generation-1V Systems’ Experimental Isfracture Needs
VIII. MSR R&D INFRASTRUCTURES

molten-salt reactor (MSFR) [3] address the conoéjirge power units with a fast neutron spectrum
in the core. In both designs fuel salt based oorities heats up in the core above “@Before being
cooled down in the heat exchangers. Third concaptdeen under development by TerraPower Inc:
the “molten chloride fast spectrum reactor” (MCFRJepresents the first US Government funding for
a liquid-fueled MSR in 40 years. The MCFR is inteddo have a very hard neutron spectrum to avoid
requiring fissile material input after its initi@bre load or separation of fissile materials frdm t
remainder of the fuel salt.

Fast MSRs have large negative reactivity coeffisiga unique safety characteristic not found in
solid-fuel fast reactors. Compared with solid-fadlireactors, these systems have lower fissile
inventories, no radiation damage constraints oairgtble fuel burnup, no used nuclear fuel, no
requirement to fabricate and handle solid fuel, atmogeneous isotopic composition of fuel in the
reactor.

Although the different MSRs concepts interestsfacesed on different baseline concepts, large
commonalities in basic R&D areas exist and the fGmework is useful to optimize the R&D efforts
and infrastructures. The main MSR R&D challengeglastified in the 2014 Roadmap Update were:

» Compatibility of salts with structural materials fluel and coolant circuits, as well as for fuel
processing components. This challenge is addrabhsedgh academic lab-scale studies aiming to
improve the basic knowledge on available high riekeys and other advanced materials, as well
as through integrated corrosion studies in loogteononstrator facilities aiming at testing the same
materials under realistic conditions and for loxgasure times. tnstrumentation and control of
liquid salts. This challenge requires the developnoé insitu measurement methods and tools to
monitor the redox potential that impacts the caoosf the structure materials in both the fuel and
coolant salts.

* Comprehensive understanding of the key physical ememical properties of the salts
impacting the behavior of the fuel and coolantssatid, notably, the coupling mechanisms between
neutronics, thermal hydraulic and chemistry. Timdarstanding is of paramount importance for the
development and qualification of appropriate siriafatools to study normal and accidental MSR
behavior.

»  Development and demonstration of on-site fuel gsirgy concepts.

» Availability of inactive-salt testing loops. Sudicflities are needed to support salt preparation
and handling studies, chemical control, accidel#ak and freezing management, validation of
thermal hydraulics models, process instrumentatomponents testing (including heat exchanger,
pump, valves etc.), gaseous and volatile fissiadpect and particle behavior and separation. Both
forced and natural convection loops have to beidensd to better understand heat and mass transfer
and material long time exposure to fuel and codialts.

»  Design, construction and operation of a mock-upatestrator without induced fission capable
of full-scale prototypic reactor components testing

» Availability of a demonstrator with induced fissifor in-pile and on-line chemical potential
control, monitoring of the evolution of the salingeosition, measurement of corrosion in a neutron
field, fission product removal through helium bubplin a fuel salt environment, as well as testing
of maintenance techniques.

When reviewing the major achievements in respoms$iedse challenges, it must be noted that in
spite of an increase in private initiatives, MSREered from a lack of public funding that curtailthe
volume of R&D work within the GIF framework and sled down its pace. Therefore, the
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aforementioned challenges could be tackled onlihpdrogress achieved on the last three challenges
described above is summarized in the following.

In CNRS, France the SWATH-W and SWATH-S facilitigere designed and commissioned to
investigate salt heat transfer and phase changepiena. Helium bubbling and liquid — gas separation
tests have been performed in the FFFER facilitye d@ata will be used to improve numerical models
used for molten salt design and safety studies [4].

An electrically heated and thermally insulated,céat convection FLIBE loop was built and
commissioned in the Research CeRteg [5]. The loop is intended for MSR and FHR mailegsearch
and components testing.

The liquid salt test loop (LSTL) was created at@RNL [6]. It is a versatile facility in support
of the development and demonstration support dewedmt and demonstration FHR components.
Recently, three US Vendors Have Announced Plan€donmercial US MSR Deployment by 2030s:

E—— EE————————————

*Separate effects tests *Pre-conceptual design — onceptual design — mid-
(now) March 2018 2016

eIntegrated effects test *Conceptual — December Veneor phase 1 design
(2019) 2020 review (Canada) — October
*Test reactor — 30-150 *Preliminary — Before 2017

MW!1 — Class 104 License 2025 *Vendor phase 2 desig
(2023-2028) *Detailed — Before 2030 review (Canadad20
*Commercial prototype *US demonstration by (B1grtQ2018)

reactor — 600-2500 MWt — 2030 *Commercializatiofobe
Class 103 License (early *Rapid deployment ramp 0302
2030s) up in 2030s

Table VIII-2: Table of MSR SMR schedule

Finally, existing test loops and loops being carnggd within the framework of the TMSR
program in SINAP, China are establishing an impurexperimental complex in support of future
R&D on MSR. The test reactor facility 2MWt TMSR-LKLiF-BeF2-ThF4-UF4 fuel salt, thermal
neutron spectrum) was designed (and is currentiiuoonstruction in Wuweu site, China, Fig VIII-
1) within the framework of the TMSR program [7].&Feactor is scheduled to reach criticality in 2021
using existing TMSR funds.

GIF RDTF Final Report — January 2021 55

GEN IV International
Forum
Expertise | Collaboration | Excellence
B LI T TR



GIF-RDTF: Generation-1V Systems’ Experimental Isfracture Needs
VIII. MSR R&D INFRASTRUCTURES

=y

i B - —

— -l L
. :

Figure VIII-2: Test TMSR-LF1 reactor under constian in Weweu, China

As applied to MSFR the irradiation experiments SBINT-01 (SALt Irradiation ExperimeNT)
of small 78LiF-22ThEk salt samples in graphite crucibles was plannedsabeing currently conducted
at HFR Petten. SALIENT-03 experiment with Li,Th,uU/P salt and Hastelloy N and GH3535 alloy
specimens is scheduled for Q4 2019. In parallebrecept design was developed for a 125 kW (fissile)
molten salt loop driven by neutrons from the HFRtéteas a demonstrator for in-pile performance of
an integrated system.

The MSR development needs for the 2018 + 10 yemisgcan be expressed in terms of the
following grand challenges:

* lIdentifying, characterizing, and qualifying sucdesssalt and materials combinations for
MSRs.

» Developing integrated reactor performance modeling safety assessment capabilities that
capture the appropriate physics and fuel chemigeged to evaluate the plant performance over all
appropriate timescales and to license MSR designs.

+ Demonstrating the safety characteristics of the NSRboratory and test reactor levels.

» Establishing a salt reactor infrastructure and eoonthat includes affordable and practical
systems for the production, processing, transportaind storage of radioactive salt constituents
for use throughout the lifetime of MSR fleets.

» Licensing and safeguards framework development umleg research, development and
demonstration.
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In support to the development of Generation-IV ey, the Task Force benefits from GIF
Member State’s latest relevant updates concern&ig fechnical areas and facilities available.

IRRADIATION FACILITIES [Ref. 1 to 15]

MATERIALS TESTING REACTORS (MTR) R&D have proved tee an essential tool for
fundamental research, providing representative iiond in nuclear power reactors, such as strong
radiation, high temperature and pressure, andaesis of fuels and structural materials. Many pdwer
MTRs are still in use today, even though they sththeir operation in the late 1950s and 1960s.
Reactors built in the 1970s include some specidlizactors such as: CABRI (FR), NSRR (JP), IGR
(KZ), TREAT (US), and BIGR (RU) for power pulse o#iaity insertion accident (RIA) mode of
testing.

Considerable experience with materials and fualsnig has been gained since the first MTRs,
and a wealth of knowledge on materials and fuelaber has been documented through ever more
sophisticated experiments. Research has helpeasteea many questions, but new ones continue to
emerge. Growing safety criteria and new regulasafety requirements place greater demands on
materials and fuels, which in turn places evolvitggnands on safety regulation. Innovative Nuclear
Generation-1V systems bring new requirements amdlitions not yet experienced on an industrial

scale.
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Figure. I1X-1: Requirements on materials in futungchar Energy Systems, Note: F/M = ferritic/martiéins
GFR = Gas Fast Reactor; ITER = International Themmolear Experimental Reactor; LFR = Lead Fast
Reactor; MSR = Molten Salt Reactor; ODS = Oxidegderision Strengthened; SCWR = SuperCritical Water

Reactor; SFR — Sodium Fast Reactor; VHTR — Verlh Hamperature Reactor.

R&D is generally focused on advanced materialsarebe which includes the testing of advanced
fuels and structural materials (e.g. structuralemals for liquid metal reactors or molten salbdsel),
studying minor actinides and long-lived fission gwots burnout as well as exploring the extension of
fuel resources, fuel cycle options and technolodiessting and planned MTRs have, or will have,
capacities to perform a broad spectrum of R&D aiatagkveloping innovative reactors like those being
developed through the GIF and in Member State natiprograms.
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RESEARCH REACTORS SUPPORTING INNOVATIVE NUCLEAR ERBY SYSTEMS
can be categorized according their power levelglfhliower £20 MW), Medium power (5—20 MW),
Low power (<5 MW)), mode of operation (steady statel pulsed reactors) and neutron spectrum
(thermal and fast).

Most research reactors are designed for operatisteady state. Some of them have capabilities
to implement relatively fast power transients, égample as required for ramp testing of fuels, tand
subject fuels to simulated accident conditions,efcample loss of coolant accident (LOCA) or power
pulse reactivity insertion accident (RIA) mode @fting.

Fewer than 10 MTRs are pulsed systems. Pulsedrsdtive unique capabilities to support fuels
testing by addressing very fast transient accideanharios, in particular RIA. Pulsed reactors can b
utilized for testing the behavior of reactor fueldesign extension conditions (DECS) in order tiinge
the safety limits for the design basis accidenks@lresearch reactors ensure a controllable, fimede
energy release to simulate accidents on fuels faunsl demonstrate safety parameters of new nuclear
fuels designed for existing commercial reactors fandnnovative Nuclear Energy Systems. Testing
the nuclear fuel in DEC conditions is not yet auiegment, but the nuclear community anticipates a
trend towards adopting such a standard. Desigs basi DEC testing will continue to be coupled with
engineering judgement, utilization of computer damtion codes and demonstrated operational
experience. The testing programs, including irrdalieand post-irradiation activities, will produdata
which should enable justified judgements on thetgads well as economic efficiency of future Nuclea
Energy Systems.

The majority of existing MTRs can serve current enials testing needs of thermal spectrum
reactors as well as Generation-llI/111+ reactorbjch are based on present LWR technology.

Although some current and planned research reasfitiishigh power density cores are able to
provide locally a high fast neutron flux, their matl neutron spectrum differs from those foreseen i
the context of Generation-1V development, with ¢éixeeption of the supercritical water-cooled reactor
and the high temperature reactor. Flux tailoring &mapping can be applied to come closer to the
spectrum of metal cooled and molten salt reacimedyand Jules Horowitz Reactor (JHR) is designed
with an under moderated core in order to suppbigh level of fast flux and less thermal spectrum i
the core itself.

Eventually, research reactors specifically designezkrve the needs of next generation reactors
will have to be considered, and prototype reaateed to be designed to include ancillary systems fo
materials and fuels testing. In the meantime, Ej¥ITRs are a necessary and acceptable compromise.
They can be made suitable for many types of ingagtn with the installation of appropriate
experimental devices and systems.

Today, there are very few options for fast spectreactor research: BOR-60 and CEFR are
currently operating; JOYO is planned to restartn8enajor Generation-1V reactor designs plan to use
non-water coolants (e.g. liquid metal and gas).s€haesigns create technical demands concerning
materials and fuels qualification leading to soreeywchallenging R&D. In particular, the damage to
material is quite high compared to thermal reactams consequently it requires research reactars wi
fast spectrum and high displacement per atom (@dpe3 (15-50 dpa/year). Worldwide, there is limited
experimental capacity with the ability to delivhetrequired spectrum and corresponding dpa levels.
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The accumulated material damage, measured in slspportional to the product of fast flux
and irradiation time. BOR-60 currently provides thighest dpa (up to 25 dpal/year) and has many
available cells with a very high flux and fast gpe. Therefore, it is possible to provide massive
testing of core materials and fuels in this readB#FR has recently started its operation, and JOYO
will provide similar capabilities when restarted.

Thermal spectrum reactors can also provide high(dp#&o 10-25 dpal/year): SM-3 (RU), HFIR
(US), HFR (NL) and JHR (FR) in the future. Howewbe available volume and cells with highest flux
in these reactors are limited, and these are typiaacompanied by high gamma heating rates, which
can pose challenges to sample temperatures. ThedtdRas a design that permits an under moderated
spectrum with some in-core location of hard neuspectrum. In such a location, it will be possilole
investigate Generation-1V type fuel and materiaéhdvior in some dedicated loops (targeting a
maximum of 16 dpa/year in some core positions} fiossible to achieve 14 dpal/year in HFIR and 25
dpalyear in SM-3 for the capsule type irradiatigpegiments.

The Jules Horowitz Material Testing Reactor (JHR)rently under construction on the CEA
Cadarache site, will be operated as an interndtis®a’s facility for materials and fuel irradiati® for
the nuclear industry or research institutes. $i$® dedicated to the medical radio-isotopes prtoaiuc
The construction is made within the framework of waternational consortium: CEA, EdF,
FRAMATOME, Technicatome (France); European Commissiith JRC as Observers; CIEMAT
(Spain); SCKCEN (Belgium); VTT (Finland); UJV (CZeRepublic); Studsvik (Sweden); NNL (UK);
DAE (India); IAEC (Israel). The design of this fhiyi allows a large flexibility in order to complyith
a large range of experimental needs, regardintypesof samples (fuels or materials), neutron #ox
spectrum, type of coolants and thermal hydraul@wdions (LWR, Gen-IV,...), in accordance with
the scientific objectives of the programs for tlextn60 years. The facility is a 100 MWth pool type
reactor with a compact core (60cm fissile lengih,ci diameter) cooled by a slightly pressurized
primary circuit. The nuclear facility comprises eactor building with all systems dedicated to the
reactor and experimental devices; and an auxibailging dedicated to tasks in support for reaatut
experimental devices operation (hot cells, stopagms, laboratories). The design of the core presid
irradiation cavities:

- 7 of small diameter; 3 of large diameter locatethancore with a of a high fast neutron flux (5?1
n.cm?.s! above 1MeV corresponding to 16 dpa/year),

- about 20, most of them of 1200mm diameter locatatérBeryllium reflector zone surrounding the
core, with a high thermal neutron flux (up to 3,6'4 n.cm?.s?), corresponding to about 0,1dpaly,

- Four to six water channels through the reflectanigmed with displacement devices to control
accurately the distance to the core and therefarétadiation flux (for an accurate stable povier,
power ramps, or for power cycling...).

1.0E-09 10E07  10E-05  10E-03  1.0E-01 10601\

E[MeV]

Figure IX-2: Neutron spectra in the JHR core.
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For the future two main research reactor are updgect or realization: MBIR (Russia) and.
VTR (USA). These two reactors are providing the teignificant trust in irradiation means for the
specific future needs a Gen-1V reactor systems.

Drive unit

Vessel Control rods

Parameter / Loop name  LCh-Na Lch-Pb LCh-Pb-Bi  LCh-Gas (He) LCh-Salt Rotary plug valve

Lead- . . W Thermoelectric transducer
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alloy P Liquid quantity indicator
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Figure IX-3: MBIR Independent loop channel parametnd cut-view

High neutron flux >4 x 10% nfcm?-s

High fluence 230 dpa/yr

High test volume in the core 27 L
(multiple locations)

Representative testing height 0.6<L<1m

Flexible test environment Rabbit & Loops

(Na, Pb, LBE, He,

Salt)
Advance instrumentation &  In-situ, real time
Sensors data
Experiment life cycle Proximity to other .

infrastructure '

Bechtel

Driver fuel life cycle Existing facilities as
management much as possible Courtesy of GE-HITACHI

Figure IX-4: Preliminary requirements/assumptions VTR (from [15])

LOW POWER RESEARCH REACTORS (<5 MW) can providetaier support for high flux
irradiation facilities in a number of related applions. This feature can alleviate the generaiectr
underutilization of such low power facilities. Soroemplementary roles include the following: a)
Instrument testing and calibration; b) Neutromdiiation testing by providing some basic damage
information in well-defined neutron spectrum cormis, such as almost pure fission spectrum, on
materials of interest for fission and on innovativelear fusion technologies; c) Nuclear datafoss-
section measurements, integral experiments, bemkimgaand code validation analyses; d)
Nondestructive analysis, neutron radiography ahérateutron beam techniques such as small angle
neutron scattering and neutron diffraction are péwéools for the non-destructive testing of métbs.

In particular, degradation phenomena in fissile afndctural materials following high level neutron
fluence irradiation in high power research faahtican also be investigated in low power research
reactors (as well as in high power research resictsing this technique, and theoretical modelsean
improved on the basis of the experimental results.
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UNIQUE EXPERIMENTAL CAPABILITIES DUE TO CORE DESIGNxist as virtually all
reactors have unique capabilities with regard te cesigns. Throughout the reactor lifetime, many o
these facilities have changed or modified their figomations in order to develop new testing
capabilities. These reactors typically use plapetiuel. However, there are several variationshen t
plate fuel composition, and some also use rod feglsAdvanced Test Reactor ATR (US), Belgium
Reactor 2 BR2 (BE).

BALANCING EXPERIMENTAL VOLUME AND NEUTRON FLUX aregenerally speaking
challenging as research reactors are compact nelkivmpared to power producing reactors. This
compactness can make experiment design very chaigrparticularly for MTR type fuels and nonpin
style targets, where full scale geometries maydiessary to test adequately fuel swelling and fuel—
clad interactions. For sealed capsule experimemtsaterials, specimens can be easily packed into
small capsules and placed at the optimal locatianast reactors. Particularly with the advent afyve
small tensile specimen sizes, this has becomeativedly routine task. For experiments requiringilo
loops, irradiation rigs or larger sample sizes fhime distribution becomes more important to thsige
of the experiment and may be a limiting factordertain test samples.

QUALIFYING UNIQUE COOLANTS FOR INNOVATIVE GENERATION-IV REACTORS
requires MTRSs’ research to optimize the reactorenms, with special attention to prospective caotda
(e.g. heavy liquid metals, molten salts or suptcati water) and their interaction with in-core and
primary circuit materials. Several current MTRseoffoops to create the thermos hydraulic conditions
of various types of nuclear power reactor. Theegatans to install such loops at other researatioes
for example JHR (FR) and CARR (CN). However, lirditdata on the coolants of next generation
reactors are available. Plans exist for superafitater loops whose design can rely on proven
technologies known from LWRs and supercritical wdtessil plants. Their application will be to
identify and test materials that are resistantaiwasion and stress corrosion cracking in supecatit
water conditions.

Currently, there are not any research reactorpénation that include in-core loops for molten
salts or liquid metals. The operation of such lospkface the same problems that the researcimdse
to solve. For example, the MIR.M1 lead—bismuthlfgcivas in operation in the past, but currently it
is in standby. A solution that is easier to impleméut which does not allow control of the chenyist
is the use of capsules with only internal circwiatof the coolant. A number of MTRs have experience
with such irradiation devices and loop experimeaithiough not necessarily with molten salts or tseta
in them: JMTR (water, JP), JOYO (sodium, JP), HANARvater, KR), HFR (water, NL), TRIGA Il
Pitesti (gas, RO), BOR-60 (lead, lead—bismuth, sodiutd),ARRBT-6 (water, supercritical water, RU)
and ATR (gas, US).

IN-CORE INSTRUMENTATION is essential for performanstudies of materials and fuels,
since it provides direct insight into phenomendh&y develop and cross-correlations between them.
The basic instrumentation for fuel behavior studdesompasses fuel thermocouples, rod pressure
transducers for fission gas release assessment,sfaek elongation detectors for measuring
densification and swelling, and clad elongatioredirs for axial pellet—clad mechanical interacdion
Typical materials performance studies require thiltyato measure crack initiation, crack growthdan
time to failure.

The conditions in the core of a research reactnat conducive to instrument performance and
the ability to survive for a long period of timestrument performance issues will be accentuated in
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MTRs simulating next generation reactor conditiaiih even higher gamma fluxes (up to 15 W/g),
higher neutron fluxes (>5 x ¥n-cm? s?), higher temperatures (>600°C) and higher press@25
MPa), which can all contribute to instrument faduiOnly robust instruments will endure in-core
conditions for longer times, and this requiresdbeelopment of more reliable instrumentation. Samil
considerations apply to instrumentation in the anbl

Instrument performance is an important topic faufe experiments in MTR, as end users (e.qg.
fuel physicists and material scientists) requirerawore on-line information for simulation of phgsi
phenomena based on related computer codes.

This leads to some important R&D collaboration kestw research institutions, and on projects,
in different countries, for example the Halden ReaProject (to be decommissioned, NO); the Belgian
Nuclear Research Centre (SCKeCEN, BE); the IdahtioNal Laboratory (INL, US); the French
Alternative Energies and Atomic Energy CommissiGEA, FR); and the Research Institute of Atomic
Reactors (RIAR, RU). Eventually, it will also le#mlthe arrival of new instrumentation for the next
generation of experiments in MTRs, for example:sses; thermocouple devices; enhanced linear
voltage differential transformers; neutron fissdrambers; radiation and temperature resistance vide
scopes; and ultrasonic transducers.

OUT-CORE INSTRUMENTATION: In this field several tegiques could be common to the
different reactor systems. For example acoustigriigcies could respond to the needs encountered in
the case of opaque heat extracting fluid or inctee of high pressure fluid where the use of tramesy
windows could be required. Then, many facilities cpport the validation of the technology in
representative conditions. Among the instrumentatibe use of optical fibres is of common interest
for different kinds of systems. However, the bebawiof these optical fibres at high temperature and
possible under irradiation has to tested. To aehibis goal, oven and irradiation infrastructure ar
required. But another key point concerns the cdipabito produce specific optical fibres (such as
Bragg ones) in a semi-industrial manner after sjgedbping or specific manufacturing procedures
previous to the determination of their behaviouirradiation conditions for example. In the fielfl o
repair techniques, the validation and qualificatibtthe sensors carriers or the robotic arms mmajbr
interest. For that, as most of the systems opextaltegh temperature, the use of large oven could be
required.

CHARGED PARTICLE IRRADIATION FACILITIES can be eléons, protons or ions of

different weight. Although the penetration of pregaand light ions can be significant, all theseipiass

are obviously efficiently stopped by electrons amaks inside the materials, thereby affecting only
limited volumes, insufficient to produce standapkamens for e.g. mechanical property testing.
Moreover, there are spectral differences with resfzeneutrons in terms of damage that is produced
and the progressive slowing down results in dan@geuction gradients, while chemical species
initially absent in the material and/or atoms irc&ss are injected in the target material, including
sometimes unwanted impurities that are difficultootrol, e.g. carbon. Despite these shortcominds a
limitations, which certainly prevent their use fall qualification purposes, charged particle inegtbn

is useful to get insight into the behavior of mitisrunder irradiation. A significant number of ifdies
permitting charged particle irradiation, which danexploited for modelling and screening purposes.

JANNuS dedicated to the experimental simulation &mttlamental knowledge of neutron
damages in nuclear materials. Served by an expedescientific staff, the JANNuS-Saclay facility
consists of three electrostatic ion acceleratogsp@ctively named Epimethee, Japet and Pandore)
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connected to a triple beam end-station for singlea)- and triple beam irradiations/implantatiohso
other end-stations are linked to Epimethee and étaenfdr single beam ion irradiation/implantations
and/or lon Beam Analysis. These particle beams niakessible to irradiate small samples in a
perfectly controlled manner, and thus to obserw guentify the evolution of their microstructure
(segregation, precipitation, dissolution, changeahi@ dislocation network, formation of dislocation
loops, cavities, bubbles, etc). Such a scientifitfprm plays an essential role for multi-scale eitdg

of radiation effects in materials.

piméthée

Figure 1X-5: JANNUS facility artistic birdview

HANDLING OF IRRADIATED MATERIALS

PRE- AND POST-IRRADIATION HOT CELL FACILITIES areritical partners to current
research reactors. ldeally, a research reactoskdald provide laboratories to prepare and perform
experimental research, workshops for designing amahufacturing experimental devices, for
installations and for re-fabrication of experimérgamples from irradiated materials and fuels. Hot
cells and glove boxes for non-destructive and deswe Post Irradiation Experiments (PIES) of
irradiated materials and fuels should also be plexyi

Limited availability of hot cell facilities, espedly those licensed for fuel handling, limits
enormously the number of tests, measurements adieations that can be performed on irradiated
fuels and materials. As a result, post-irradiat@aminations of samples may take several years to b
completed. This problem is ever exacerbated bygisosts, difficulties to transport irradiated s,
and use of advanced microstructural examinationteetwiques that did not exist when most hot cell
facilities were built. Already insufficient todayd, as they age further, their replacement will be
imperative.

Hot cell facilities include mainly PSI-hot cellsw#zerland), FHL (NDC) and NFD hot cells
(Japan), IMEF (Korea), Chalk River Lab (CanadapRI(KI) (Russia), Argonne National Laboratory
(USA), Oak Ridge National laboratory (USA), HotlsglCzech. Rep.), Idaho National Lab. (USA),
CEA LEFCA and ATALANTE facilities for minor actinelbearing fuels fabrication and fuel recycling
(France), and EC-JRC ITU (Germany).

As an illustration, in the U.K., there are hot sedhd flexible PIE capabilities which can handle
a wide range of materials and fuel types at NNLer€hs also extensive investment in new materials
facilities (DCF, MRF, ROYCE and NNUF) which will pvide a wide range of relevant microstructural
capabilities. For instance there will be a rig idggh temperature mechanical testing of active sasmpl
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with uXCT/Diffraction available at the Diamond Symotron (which will be relevant to graphite testing
for VHTR and GFR), ROYCE is building alpha actiaeilities at Manchester University which will

be relevant for the fuel cycle of several Gen-I\éigas and there are plans to build a thermal hyidrau
research and testing facility in North Wales.

NUCLEAR DATA MEASUREMENTS [Ref. 16 to 18]

Advances in the development of nuclear science tastinology require highly accurate,
powerful simulations and precise analysis of theeeixnental results. Safety confidence in thesdtsesu
is still determined by the accuracy of the atonmid auclear input data. For studying material resppn
neutron beams produced from accelerators and ofsesactors in broad energy spectra are reliable
and indispensable tools to obtain high accuracgexgntal results for neutron induced reactiong Th
nuclear data community gathers infrastructuresrasdurces to prepare the methodologies, detectors,
facilities, interpretation and tools to produce aise nuclear data (mainly different cross secticios)
comply with the needs for the safety standards reiamg for present and future nuclear reactors and
other radioactive installations. OECD/NEA Nucleacigdce Committee's Working Party on
International Nuclear Data Evaluation CooperatddPEC) promotes the exchange of information on
nuclear data measurements, model calculations&¥ah work and validation. OECD/NEA's nuclear
data evaluation co-operation activities involvefthilowing evaluation projects: ENDF (United States
JENDL (Japan), ROSFOND/BROND (Russia), JEFF (Jeu#luated Fission and Fusion, other Data
Bank member countries) and CENDL (China) in clos@peration with the Nuclear Data Section of
the International Atomic Energy Agency (IAEA).

ADVANCED MODELLING, SIMULATION TOOLS AND DIGITALISA  TION [Ref. 19 to 20]

Considering modelling and simulations, the gen@exid can be summarized as multi-scale,
multi-physics, multi-phase and quantification ofcartainties. Driven by progress in computational
power and increasing understanding of separateegses, state-of-the-art computer codes and
computational simulation platforms are essentialstdor the competitiveness of the nuclear industry
and improved cooperation between partners, asfaristher industrial sectors such as aerospace or
automotive. Advanced modelling, simulation toolsl aigitalization three main goals are : a) to adapt
and to accelerate the coupling between existincutation codes by improving interoperability; b) t
unify and make consistent numerical applicationdifiking the world of advanced expertise studies
and industrial modelling; c) to benefit from bréakughs in advanced visualization technologies
(including virtual reality and augmented realitygnd d) to provide highly attractive e-infrastruet:
and e-learning platforms e.g. supporting GIF Memlfgtiates, OECD/NEA and IAEA initiatives, and
establishment of a virtual research reactor lalboyat
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Figure IX-6: Modelling and experimental charactetion techniques at various time and length scales

involved in the ICME approach, to elucidate the hastisms of nuclear material behavior and their doup
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Figure 1X-7: The two parallel paths followed in theesent EERA-JPNM Strategic Research Agenda,lefte (
line) with short-term and the other one (right ljiveith long-term perspective

Even if the need for computing facilities is noesific to the investigation of nuclear fuels,
materials, and thermal-hydraulics, it is worth s$reg that the Integrated Computational Materials
Engineering (ICME) approach as well as the simotetiusing design and fuel performance codes, are
computationally intensive and call for access talekolass high-performance computing (HPC)
systems for science and engineering. Industry andllSand Medium Enterprises are increasingly
relying on the power of supercomputers to come up imnovative solutions, to limit the need of
experimental validation, to reduce cost and deeréa®e to market for products and services. This is
foremost condition for advanced modelling to brthg appropriate support to the development and
gualification of the materials and fuels needed3@eneration-1V systems.
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Thanks to computing exceptional performances,dkelland number of experimental facilities
has been drastically reduced compared to the msad&velopment in the 80’s. But it is a dream to
believe that thank to computing the need for expenital facility will come to nil. Indeed, the usk o
computing codes and modelling requires at the same Codes validation and verification and
Uncertainties quantification. In addition, SafetytAorities are asking for more detailed and aceurat
data which require fine meshing. And it is stilcessary to demonstrate how far you can rely on your
codes and modelling systems. So the scientific comityiis going towards less experimental tests, but
for more Code benchmark and code validation anificegion. Therefore, thategral replacement of
experimental data by code simulation remains apiatdG. Gaillard-Groleas is providing a clear
explanation of this position: the Verification/Vddition and Uncertainty Quantification (VVUQ)
approach is carried out in three steps (see figal@aw).

Approach required to meet the regulatory requirements

Concept studies @
QUALIFICATION

of the tool version for a specific use
VALIDATION @
(Numerical, experimental,
Separate effects/integrated...)
Uncertainties Quantification

©

VERIFICATION
Tool development

VVUQ approach: steps 1 and 2

(Verification/Validation and Uncertainty Quantification)

Figure 1X-8: The VV&UQ approach defined in threepst (French approach)

The Step 1 is Subsequent to the Code Developméind. erification step ensures that the
resolution of the equations is correct, that thieutation tool works as expected (correct digital
implementation, correct numerical solution).

Step 2 is the Validation and uncertainties quasgtion. The validation is to ensure that the
mathematical model developed for the calculatioptofsical phenomena has the ability to represent
them properly in an identified domain. The validatiphase involves comparing the results of the
simulation tool to experimental data coming fromckoips and/or reactor operation feedback, as well
as to already qualified calculations (benchmarkimge validation must prove the relevance of téste
and physical phenomena analyzed and there is aafi¢ld identification of the influential parameter
on the major physical phenomena. At this stageésthmilation tool is « ready to be used » with respec
to its manual guide, validation domain, computingimnment...The tool is available for teams driving
the selection process of the design options andafety studies of the concerned reactor study.

Step 3 is the Qualification step. Its goal is tewrr the validity, the relevance of the obtained
results. And also to demonstrate the quality ofl #re confidence in provided results. This steptmus
principally ensure the adequacy of the validity éémof the tool with the study using it. The toalish
be used in the domain where it is supposed tolimbasad the proof of this verification must be piaed.

The role of application and validation domains gsial is to decide whether a code may be used: to
compute quality-controlled industrial applicationswith caution considering specific physics, olyo

GIF RDTF Final Report — January 2021 66
GEN IV £




GIF-RDTF: Generation-1V Systems’ Experimental Isfracture Needs
IX. CROSS-CUTTING R&D INFRASTRUCTURES

after working further on validation. This step ikey point in accepting studies dedicated to tlietga
demonstration.

A European reference simulation platform NURESIMu¢har Reactor SIMulation) was
developed for more than a decade with a significeupport from different Euratom projects
(NURESIM, NURISP, NURESAFE, HPMC, McSAFE, ...). Thdatform includes advanced core
physics, two-phase thermal-hydraulics, fuel modglliverification and benchmarking, Monte Carlo
codes, multi-scale and multi-physics features togretvith sensitivity and uncertainty tools. These
physics are validated and fully integrated into pletform using the open-source software SALOME,
in order to provide a standardized state-of-thecade system to support safety analysis of cuaedt
evolving LWRs, simulation of normal operation anesin basis accident. As the basic physics in
thermal-hydraulics, fundamental conservation eguaatiof mass, momentum, and energy, and the
numerical methods and models to solve these guessti®valid for both water and liquid metals, & lo
of experience can be shared between the light wademal-hydraulics community and the liquid metal
thermal-hydraulics community. Multi-scale code depenent, maximum use will be made of synergy
between the LWR developments in a project on ‘tlimydraulics Simulations and Experiments for
the Safety Assessment of MEtal cooled reactors -SABE'. NURESIM includes a comprehensive
capability for uncertainty quantification, sensityvanalysis and model calibration provided by the
URANIE open-source software. [21 and 22]

The NURESIM Platform

CORE SYSTEM
SIMULATORS IMULATORS
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Figure IX-9: Overview of NURESIM platform and cod€smmon generic tools, Reactor system simulators,
Core simulators, Neutronics, Thermal-hydraulicseFihermo-mechanics)

Idaho National Laboratory’'s MOOSE (Multiphysics @t Oriented Simulation Environment)
now makes modelling and simulation more accessitdebroad array of scientists, in support of naicle
applications for DOE programmes e.g. Nuclear Ené&dyanced Modeling and Simulation (NEAMS).
MOOSE enables simulation tools to be developedfia@ion of the time previously required. It has
revolutionized predictive modelling, especiallythe field of nuclear engineering, allowing nuclear
fuels and materials scientists to develop numeapdications that predict the behaviour of fueld an
materials under operating and accident conditidd@OSE-based software applications are in
development for nuclear energy (radiation transpesgctor physics, nuclear plant safety and systems
analysis, and multi-scale nuclear fuels performanoaterials (fundamental materials development,
effects of corrosion, damage and aging evolutiad,igadiated material analysis), structural dyreni
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multi-phase flow, waste analysis, and geophysiessifsic, geothermal, geochemistry, and isotope
transport). These MOOSE-based applications arstaggsin designing and optimizing experiments
both nationally e.g. with Advanced Test Reactor R)TTransient Reactor Test Facility (TREAT), and
High-Flux Isotope Reactor (HFIR) at ORNL and intggranally. [23]

At the end of 2019 the International Atomic EnedAgency (IAEA) launched a new initiative
and an international platform aimed at promoting tlevelopment and application of open-source
multi-physics simulation in support of research aedelopment (R&D) and education and training
(E&T) in nuclear science and technology (NS&T) [24s well known, advanced modelling and
simulation is increasingly becoming a key tool i8&T, including nuclear power. However, the access
to the most advanced simulation codes to condudd R&support of innovative nuclear systems is
sometimes limited by intellectual property righPgpen-source software and open-access data failitat
collaborative R&D while lowering the barriers assted to code distribution, modification, and
sharing. The long-term goal of the IAEA initiative the development of a consistent platform for
nuclear reactor analysis available to the IAEA Mem®tates. Currently, the just created internationa
expert group composed of scientists from Francem@ey, Italy, Switzerland, UK, USA as well as
IAEA and OECD/NEA is concentrating its effort on:

- Creation of a list of available codes, includingommation on their application field,
development status, contact institution, licenisé of available of input decks, etc.;

- Creation of a list of open-access data and datzsitepies;

- Creation of a list of gaps in the available codes @data;

- Organization of topical meetings, including workphpspecial sessions at conferences,
roundtable discussions, as well as consultancyteafthical meeting at the IAEA,; -
Organization of summer schools on modelling andikition and on open-source tools.

HARMONISATION OF LICENSING RULES, CERTIFICATION, AN D STANDARDS [Ref.
25-26]

Pre-normative research for new design and operabndgitions, establishment of shared codes
and standards with a strategy providing methodgressively enlarges consensus among stakeholders.
This also includes a digital approach to nucleptingzation of supply chain, mutual recognition by
regulatory activities, streamlining of design apaicand harmonized classification schemes.

Harmonization of procedures and methodologies arthdr needed to test and characterize
materials, especially innovative materials in sfie@nvironments, including protocols to perform
microstructural examination with advanced technégaed to analyze the results. In several cases,
completely new tests need to be designed and stiireéd. Design codes such as the French Design
and Construction Rules for Mechanical Componentsigh-temperature structures, experimental
reactors and fusion reactors RCC-MRx (FR) and AtaerSociety of Mechanical Engineers Boiler and
Pressure Vessel Code ASME BVP (US) Section Il slthe same goals, so also in this area there is
mutual interest to share, compare and harmonizkeadetogies for design rules and design curves.

Increased cooperation between GIF Member Statbsic@nd private activities and investments
involving industry, research centers, academiatanhlnical safety organizations should be strongly
promoted within international frameworks. It is @stal to have early close links to industrial
applications, even when Technology Readiness L{@WRIl) 2 to 5 for fuels and materials are achieved,
pre-normative R&D and robust qualifications enahlen any industrial use.
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EDUCATION AND TRAINING, KNOWLEDGE MANAGEMENT, MOBIL  ITY AND
ACCESS TO RESEARCH INFRASTRUCTURES [Ref. 27 to 30]

Generation-1V innovative nuclear reactors are \agdtyactive to young students, scientists and
engineers engaging in a nuclear career thanke teethted scientific challenges characterized biadri
operating temperatures, studies on high temperamaterials, corrosion effects, heavy liquid metal
thermodynamics, innovative heat exchangers, fagtor fluxes for breeding and enhanced burning of
long-lived wastes. Development, fabrication andirigsof entirely new nuclear fuels, advanced fuel
cycles, fuel recycling concepts including partitimmn and transmutation are required, all promoting
excellent topical opportunities for internshipsspboctorate or PhD studies within R&D laborataries
Beyond the obvious educational merit for young Begis investing on average into additional two to
three years’ fast reactor studies, scientists argineers would also have a broader expertise when
working on enhanced LWR technology and cross-ayttafety, core physics, engineering and
materials areas. Also, a successful Generatione§igth team would highly benefit from ‘systemic’
and ‘interdisciplinary’ specialists in the variossientific disciplines involved such as neutronics,
thermal-hydraulics, materials science, coolant nietidgies together with ‘assembling’ engineers
capable to perform optimized integrations of aflital results into ‘realistic’ reactor componentsia
‘most efficient’ civil engineering and balance dapts. A suitable and inherently attractive Eduarati
and Training (E&T) program is therefore requireddduce the significant and long-lasting risk of a
shortage of nuclear skills and ensure the mainmnahthe acquired knowledge and expertise.

Today’s Research Infrastructures include major ndifie equipment, scientific collections,
structured information, ICT-based infrastructuthey are single sited or distributed throughoutsalv
countries. GIF Member States are faced with a wptrum of issues, from infrastructures which are
globally unique to many regionally distributed. Mastakeholders are involved, from ministries to
researchers and industry, with an underlying anowmrg use of e-infrastructures. They are
opportunities but also difficulties of interactibetween basic research and industry, public anveteri
funding is always lacking (or at the minimum coroptie to put in practice), and single countriesato n
usually have the critical mass or the dimensiomrtplement large scale research or experimental
infrastructures. Many research reactors face issné<hallenges such as:

- ageing management (50% of the facilities are ala@n 40 years),

- ageing of personnel, and lacking of turnover. Imeé is still difficulty to attract young
generation people in these jobs, because longidnrat skills acquisition can discourage them.
In addition it is still difficult for operators tmove from non-nuclear industry to nuclear industry
because of the same limiting factors. Sometimesitiigueness of a specific facility is making
much more difficult the operator turnover and cascourage young operators: a too much
specific facility can be considered as a dead-#&odtgn for personal carrier,

- underutilization (50% of the facilities are operhfer less than four full power equivalent weeks
per year), a lack of clear purpose and mission (dtah changing when the nuclear community
is seeking for long term vision), limited budgeasid the need to address reactor safety and
security. Underutilization does not however affeaist MTRs, which usually have a higher
utilization factor of up to approximately 70% (2f&0l power days per year).

GIF Member States, OECD/NEA or IAEA, all have agestanding experience in co-founding
collaborative research programs with the particgpatof public/private consortia, following
competitive call for proposals or on an ad-hoc ©a€iIF MS provide support to researchers and
integration of activities in a closely coordinatednner: a) Networking activities, to foster a erdtof
cooperation between research infrastructures, toigstommunities, industries and other stakehader
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as appropriate, and to help develop a more effigiad attractive framework; b) Transnational asces
or virtual access activities, to support scientdfianmunities in their access to identified key aesk
infrastructures; and c) Joint research activitiesmprove, in quality and/or quantity, the intetpd
services provided at international level by thedeastructures.

The total number of research reactors will contitmelecrease. New powerful (and therefore
expensive) research reactors will need to be cereitlin a cooperative and consolidated manner, and
should be proposed as shared user facilities armiegested international partners. The future of
existing and planned MTRs will strongly depend aoteiinational cooperation and willingness of
Member States to open these facilities to inteomafi use. This objective is realized through the
cooperation between universities, research orgamiz regulatory bodies, industry and any other
organizations involved in the application of nucleaience, and supporting international mobility of
young scientists or researchers, mutual recognifi@mompetences, giving overall a new impetus, high
incentives and perspectives for E&T within Europml dnternationally. In this context, the IAEA
International Center of Excellence of Research ReadICERR) or USA Nuclear Science User
Facility (NSUF) schemes are promising possibilitesaddress the challenges of present and future
MTRs.

As an illustration, France is providing an impottanclear teaching platform organized around
engineering schools, universities, research laboes, technical schools but also nuclear companies
dedicated entities for professional training. Witlthis context, the Institut National des Scienees
Technologies Nucléaires (INSTN), with its own Nwi&ngineering Master level (or specialization)
degree and a catalogue of more than 200 vocatitaiaing courses, is one of the major nuclear E&T
operators in Europe.

In Belgium, SCKeCEN Academy for Nuclear Science dmthnology was established at the
beginning of 2012 benefitting from sixty years e$earch into peaceful applications of nuclear seien
and technology, material and fuel research perfdrioday at the BR2 reactor. With such an extensive
experience and involvement in the development ofirmovative Multipurpose hYbrid Research
Reactor for High-tech Applications (MYRRHA), majouclear installations and specialist laboratories
are available today on site, SCKeCEN is well plateedake on the role of an international education
and training platform on Heavy Liquid Metal (Pb-Bi) addition, IAEA and SCKeCEN Academy have
agreed in 2015, CEA-INSTN and SCKeCEN have alsneailgin September 2016 cooperation
framework agreements on E&T.

EU/Euratom Education and Training initiatives arereasingly being organized with the support
of the European Commission to the European Nudtelaication Network (ENEN): Workshop with
dedicated Young Generation Event, Summer School...

ADVANCED SMALL MODULAR REACTORS (SMRs) OPPORTUNITIE S [Ref. 31]

The past decade has seen the global emergencelednteactor technologies that are designed
as smaller and more flexible plants than the ldr@®0-megawatt (or over) versions that currently
dominate the baseload power landscape. These Stodlilar Reactors (SMRs) will employ passive
safety features, have fewer parts and compongngsate with smaller nuclear cores (and thus smaller
source terms), and leverage their modular desidpe tconstructed faster and at less capital cdsieto
customer. SMRs are defined as power reactors 8pa@dMMWe, whose components and systems can be
fabricated in a factory, and transported as moduekeir designated sites for installation as daina
arises. The most promising SMR designs adopt imbesafety features and are deployable either as a
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single or multi-module plant. The key driving foscef SMR development are fulfilling the need for
flexible power generation for a wider range of gsand applications; for instance replacing ageing
fossil power plants, providing the opportunity @frpal or dedicated use in non-electrical applmadi
such as providing heat for industrial processedrdnen production or sea-water desalination. Peoces
heat or cogeneration results in significantly imya@ thermal efficiencies leading to a better andiaar
return on investment. SMR could enable supply efgynto remote areas or developing countries with
small electricity grids, and hybrid nuclear/reneleabenergy systems. Some SMR designs may also
serve niche markets, for example to burn (or trartepmuclear wastes.
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Fig IX-10: Summary SMR designs based on power réiddeA 2018 SMR booklet)

Several GIF Member State Countries e.g. Russia,,(f3#na, France, UK have governmental
strategies supporting the development of SMRs (amegral PWRs but also HTRs, LFRs, GFRs,
MSRs) with projects usually led by both public qgmivate research centers, and industries, sometimes
as a mix.

SMR R&D program objectives mainly are to: a) Fir&al SMR designs (mainly PWRs
technology) for commercial construction and opergtib) Improve SMR economic competitiveness;
c) Support the development of a prototype SMR rarckteam supply system; d) Support the
deployment of the first commercial SMR series; S)pport the development of advanced
manufacturing methodologies; f) Establish centémrsxcellence for advanced nuclear manufacturing;
f) Prove out the supply chain; g) Align codes atahdards and requirements, with SMR requirements;
h) Gather regulators and licensing technical supjpordesign certification, applications for an lgar
site permit, and construction and operating license
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SMR support provided by the Regulators and Licansiiechnical Support programs has
generated significant partnerships momentum andrdypities in the industry. As an illustration,
DOE’s Gateway for Accelerated Innovation in Nucl€@AIN) initiative was established to provide
potential industry partners with opportunities tz@ss the technical, regulatory, and financial etpp
necessary to move innovative nuclear energy teolied toward commercialization. Opportunities
include access to the unique capabilities of theEO@boratory system to accomplish innovative
research and development projects that can maogeetly and quickly bring these concepts to market
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Gas-cooled fast reactors
Molten Salt reactors
Supercritical vater-cooled reactors
Sodium-ccoled fast reactors

Liquid metal cooled reactors

Water cooled reactors
P20 30 400 s oo w0 sool o000 MR
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Figure 1X-11: Summary of SMR designs for non-eleepplications (IAEA 2018 SMR booklet)
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X. MECHANISMS AND APPROACHES FOR
COLLABORATIVE R&D ACTIVITIES

The GIF specific initiatives

Forward looking and planned activities of GIF RDifview of meeting its second objective will
be discussed, the latest being to ‘Promote thizaiiibn of the experimental facilities for collalbdre
R&D activities among the GIF partners’ or beyondll@boration and synergies between GIF Member
States and together with other international ozgtions is needed to promote R&D on Gen-1V systems
efficiently and effectively. It will also help tochieve GIF's four goals namely Sustainability,
Economics, Safety & Reliability, and ProliferatiBesistance and Physical Protection.

GIF organization is already an efficient mean tdhe experts meet together. Indeed through the
Project Management Board regular meetings, techeigzerts, specialists and operators are gathered,
organisation facilities and infrastructures arevamoand first contacts are established. Thus witién
14 GIF Countries, the communication is eased argddtgood starting point to investigate how to go
further by involving all GIF members, or by switobi to a bilateral program. GIF is meaning
Generation-1V International Forum, and in that seitsis really providing a forum to the country’
experts to identify the key potentiality to collabtive R&D activities. This Bottom-up approach has
been often used within the GIF member countries. (&ind has already been) usually materialized by
a joint proposition to an international projecticat by the realization of a bilateral technicgteement
and joint experiments. Some real case of these améxihs are presented in Appendix 1 and 2.

Education
&
Training

Research

infrastructure

Research
&

Development

Figure X-1: Research infrastructures positionedhivitthe ‘Knowledge Triangle’ adapted from [1]

The ICERR initiative [fttps://www.iaea.org/about/partnerships/internatiarentres-based-
onresearch-reactors-iceyrdriven by IAEA is a concrete illustration of tesearch infrastructures
positioned within the Knowledge Triangle. Indedd tAEA designated International Centre based on
Research Reactors (ICERRs) scheme is intendedpgdAEA Member States gain timely access to
relevant nuclear infrastructure based on reseaattors (RRs) to achieve their capacity buildindg an
R&D objectives. ICERRs are organizations which m#iedr RRs, ancillary facilities, and resources
available to organizations and institutions of IABAember States through bilateral arrangements,
facilitated by the IAEA. The ICERR scheme enhanitesutilization of existing RR and associated
facilities, effectively contributing to the developnt and deployment of innovative nuclear
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technologies: the Belgian Nuclear Research CeS@K¢CEN), the French Alternative Energies and
Atomic Energy Commission (CEA) — Research CentfeSazlay and Cadarache, the Korea Atomic
Energy Research Institute (KAERI), the Russian Regelnstitute of Atomic Reactors State Scientific
Centre (RIAR), the United State Department of EperyS DOE Idaho National Laboratory (INL),
and the United State Department of Energy - US 2K Ridge National Laboratory (ORNL).

For sure in the future, the numbers of collaboratican be enhanced and an optimal use of GIF
Member States' infrastructures should be vigoropsigued. It is essential to minimise large investm
and/or upgrade capital costs, to further improweaoperation between research facilities, to itacd
trans-national access wherever possible, and totaiaiskills in all fields of nuclear sciences. this
end, GIF future actions are to identify the mainsemg legal and financial mechanisms, and
organizational approaches, to foster any furthdalsorative access to relevant GIF Member States’
R&D facilities identified by this task force.

Its future action will be too to enlarge the acdaBty of the GIF experimental fleet to other
research institution and private companies by psiogp

- a better knowledge to the GIF facility fleet anttlaéir potentialities,
- an easy access of key contact person to engagjestiiechnical discussions (feasibility phase),

- a clear explanation on the various technical andnicial mechanisms to perform the use of a
facility from a foreign country and/or another rasdh organization. In addition the GIF
organization shall explain the pros and cons ofgs#neral mechanisms proposed (everything
based on real case feedback).

In addition, GIF Senior Industry Advisory PanelAB) guidance and engagement could further
benefit from R&D cooperation and future deploymehtechnologies. The SIAP can play a role in
linking the private sectors needs and requiremaiitsthe GIF Experimental facility fleet.

It should benefit from closer OECD Nuclear EnergyeAcy (NEA), GIF and the International
Atomic Energy Agency (IAEA) international coopemtiinitiatives. Further coordination support to
partnerships between public/private industrieseassh and academic organizations; taking care of
potential challenging intellectual property righgémulating joint funding from Member States amd/o
enterprises, can only enhance scientific internaticooperation.

GIF will also contribute to promote this activity Ispecific internal initiative (Workshop,
Specific Role of a dedicated Vice Chair, specifle ®/ebpage...) which are detailed@napter Xl
— Key recommendations.

olf:STa |'ll‘"ﬂ‘ @@%E‘)

COLLABORATION PERFORMANCE PLAN  TEAMWORK  SYNERGY SUCCESS  WIN-WIN
Figure X-2: View of the key factor for partnership
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Private Sector Engagement

Inform  —— Involve Empower

Low level of Mid level of High level of
private sector private sector private sector
engagement engagement engagement

Figure X-3: Conditions for private sector engagemen

The GIF interaction with other Scientific Nuclear Organization

GIF has significant collaborations with the IAEAnAual meetings are organised between GIF
and IAEA International Project on Innovative Nucl&eactors and Fuel Cycles (INPRO), interactions
with the Departments of Nuclear Energy, Nucleare§afind Security, as well as Safeguards and
Technical Working Groups within the Department aficar Energy. Evaluation methodologies,
specific topical areas - LMFR (SFR and LFR), VHTRSR, SCWR, non-electrical applications,
education and training, R&D infrastructures, madelland simulation - are significant possible areas
for a broadened and strengthened cooperation bet@de and the IAEA members or countries. Till
now, the main focus has been on information exabamgthodology development, development of
safety design criteria, and establishing guideliegs guidance for PR&PP, SFR SDC/SDG, licensing
framework for advanced reactors, and implementatfoSDC/SDG by designers of innovative SFR
concepts. These are good achievements but we clamtger.

GIF RDTF should benefit from IAEA’s key initiativan International CEntres based on Research
Reactors (ICERR) which is intended to help Membates gain timely access to relevant infrastructure
based on Research Reactors facilities, to achiewenticlear R&D and capacity building objectives
relevant to their identified national prioritieCERRS are organizations which make their Research
Reactors, ancillary facilities, and resources add to organizations and institutions of IAEA Mesnb
States through bilateral arrangements, facilitatethe IAEA. Excellence is gathered today aroured th
French Alternative Energies and Atomic Energy Cossioin (CEA, Research Centers of Saclay and
Cadarache), the Russian Research Institute of Atdeiactors State Scientific Centre (RIAR), the
Belgian Nuclear Research Centre (SCK<CEN), UnitedeSDepartment of Energy (US DOE) Idaho
National Laboratory (INL) and Oak Ridge Nationabloaatory (ORNL).

The Task Force will benefit from (and will providay) relevant updates of IAEA databases such
as: a) Facilities in Support of Liquid Metal-cool&@st Neutron Systems Facilities and its latest
compendium (LMFNS); b) The Advanced Reactor Infdiora System (ARIS); ¢) The Research
Reactor database (RRDB); and IAEA Cyber Learniragf®m for Network Education and Training
(CLP4NET), an online platform that allows userdinol educational resources easily.
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OECD Nuclear Energy Agency (NEA) addresses sciergtiid safety issues for both current and
advanced concepts of nuclear energy systems apd teemaintain the necessary R&D infrastructure
through international co-operation. A winning stit for both GIF and NEA organizations is a more
systematic involvement of GIF SSCs and PMBs reptesiges in relevant NEA activities and future
programmes together with NEA'’s participation at (16 meetings to present a broader view of its
activities relevant and complementary to GIF adion

OECD/NEA Research and test facilities database [PB)F OECD/NEA Task Group on
Advanced Experimental Facilities (TAREF) on SFR d@BR but also the Support Facilities for
Existing and Advanced Reactors (SFEAR) will benttiit assessment of this task force.

OECD/NEA Nuclear Innovation 2050 Roadmap Initiat(ll2050) has been launched in July
2015. Its objectives are fully complementary to dines of GIF RDTF and synergies should emerge in
due time: a) to map existing nuclear fission R&Dgrammes and infrastructures; b) to define R&D
priorities enabling innovation and to foster thader term role of nuclear fission in a sustainae
carbon energy future; and c) to evaluate the pialiefiar international cooperation (EU, JP, KR, CA,
RU, US, further NEA participant countries) whichutth enable the implementation of some of these
priorities, in particular when gaps have been idient

Similarly, one has to assess how the GIF RDTF coeldefit from the Department of Energy
Office of Nuclear Energy (DOE-NE) latest initiativi has established the Gateway for Accelerated
Innovation in Nuclear (GAIN) to provide to the ratal (US) nuclear community with access to the
technical, regulatory, and financial support neasst move innovative nuclear energy technologies
toward commercialization while ensuring the contithisafe, reliable, and economic operation of the
existing nuclear fleet.

OECD/NEA Nuclear Education Skills and TechnologfREST) Framework launched in May
2017 should help address important gaps in nusleds capacity building, knowledge transfer and
technical innovation in an international contexktisla multinational approach inherently attractige
young people and of large interest for GIF RDTF.

GIF Member States, OECD/NEA or IAEA, all have adestanding experience in co-founding
collaborative research programmes with the padi@ym of public/private consortia, following
competitive call for proposals or on an ad-hoc$asIF Members States provide to support reseacher
by integrating activities combined in a closely mioated manner: a) Networking activities, to foste
culture of co-operation between research infraitres, scientific communities, industries and other
stakeholders as appropriate, and to help develapoee efficient and attractive framework; b)
Transnational access or virtual access activiteesupport scientific communities in their access t
identified key research infrastructures; and chtloésearch activities, to improve, in quality amd/
quantity, the integrated services provided inteomat level by these infrastructures.

Because of its position within all Member Statedévant bodies, and close relationship with key
influential nuclear institutions, GIF should playpao-active role in ensuring any optimization of
available experimental platforms, and sustainabéean a longer-term. It will be done effectively by

e promoting regular meetings to update relevant ogtads, compendium or databases of
installations (at least once every two years);

« recalling this subject is essential when prepafitigre international symposia and seminars;

* being the driving and a force for proposals wittiia frame of international initiatives, which
could promote the experimental infrastructuregrable the creation of new shared tools.
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In today’s highly competitive market, organizatiaggn competitive advantage by collaborating
on innovations. Howeveim general, before a successful partnership cat) stganizations will have
to negotiate ownership and access to the inteliégiroperty produced as a result of the joint effor
While some collaborative projects are not creabgolirsue commercial gains, outputs of collaboration
may have commercial application. Experience shizvasthe framework for the collaboration should
be determined through an agreement that descliegsroject and the future ownership, management
and exploitation of the Intellectual Property. Higactiveness of a collaborative project is inseshif
such framework can be negotiated timely. It is ingat that the partners agree on the allocation of
ownership, transfer, and access to Intellectugb&hty before the project starts. This is done tiuce
uncertainties and to protect the rights of thergag. Partners should agree not only on the owafers
the future intellectual property but also on theysvéor subsequent commercial exploitation of the
results of the collaboration. A timely negotiated auccessfully finalized framework for IP ownepshi
and management plays a key role in protecting parimvestments and ensuring the successful
exploitation of the results of the collaboratioh€llP rights must not be the main bottleneck ofigftil
and timely cooperation. Therefore, anticipationhef key solution.

® Technology holder is
technology developer

® Several technology holders
and technology developers

® New technology belongs
equally to technology
developers

® Technologies are assembled
into TECHNOLOGY
PORTFOLIO

JOINT
TECHNOLOGY
DEVELOPMENT

TECHNOLOGY
TRANSFER

® Technology portfolio
protected and sold as license
to foreign entities

® Revenue from technology
utilization is split between
technology holders

® Technology developer
invests capital and
technology holder provides
P

® Technology developer
receives capital from investor

CAPITAL for
DISCOUNTED
LICENSE

IP for SHARES
® Technology developer

becomes technology holder
Technology holder receives
shares traded in for
technology portfolio (IP)

® Investor receives discounted

license for a new technology

Figure X-4: Collaborative projects, Intellectual werty Rights and Knowledge Assets managemenngptio

With the benefit from almost 20 years of successtigdrnational cooperation, GIF should bring furthe
opportunities to collaborative research, innovatsrd demonstration projects. The Generation-IV
International Forum (GIF) framework on ‘Internatidndevelopment of advanced nuclear energy
systems’ is the Framework Agreement for Internaid@ollaboration on Research and Development
of Generation-IV Nuclear Energy Systems. MembeteStarganizations and implementing agents of
the GIF framework agreement have signed systenmggraents supporting collaborative projects,
where Intellectual Property Rights and Knowledgeséis management options are managed
adequately. Participation of public/private conisoetg. SMR vendors, should be seen as an opptyrtuni
towards higher scientific, innovation and econoimipact.

GIF RDTF Final Report — January 2021 78
GEN IV Fie

xpertise | Colla Excellence
C LI T TRt



GIF-RDTF: Generation-1V Systems’ Experimental Isfracture Needs
X. MECHANISMS AND APPROACHES FOR COLLABORATIVE R&D ACTIVITIES

The GIF RDTF initiative to promote new mutualized facilities and Education & Training tools.

As the refurbishment and/or construction of thetngsneration of large-scale facilities is
increasingly complex and costly, innovative ‘fina@nd legal frameworks and/or mechanisms’ are
needed and the GIF RDTF will further assess the prasnising ones. Recommendations by Member
State’s ministry representatives, research progmmwners and programme managers, research and
technical organisations, industrial representatiaed relevant international for a included support
through: a) loans for research infrastructure$;tals exemptions e.g. thanks to a dedicated Joint
Undertaking legal entity; c) incentives (or grantddicated to the construction of research
infrastructures; d) attracting private investoesiergy providers or research organisations; e)
capitalising any access to national public researgfanisations; f) sharing investments from the
hosting country to support infrastructures as d bany new facility.

Another successful contribution should be from Hw#tom Education and Training (E&T)
initiatives which are increasingly being organizéth the support of the EU/Euratom to the European
Nuclear Education Network (ENEN), and within thanfre of projects co-funded through the Euratom
Framework Programmes. ENEN was established in 28@8French non-profit association to preserve
and further develop expertise in the nuclear fighdteugh Higher Education and Training. ENEN has
currently over 60 members, mainly in Europe bubdlem Japan, Russia, South Africa, Canada,
Ukraine including strengthen cooperation with IAEAis objective is realized through the cooperation
between universities, research organizations, atgyl bodies, industry and any other organizations
involved in the application of nuclear science, angporting international mobility of young sciestsi
or researchers, mutual recognition of competergieigg overall a new impetus, high incentives and
perspectives for E&T within Europe and Internatibnadn this area, GIF also has to promote any
optimal use of Member States’ existing infrastroesu— or, if necessary, think about jointly builglin
new ones — and, partially or completely:

* Dedicate these to education and training activites larger audience,

» Ensure any knowledge management, transfer of gperxhting practices, and to make operating
knowledge available on specific heat coolant fludifferent from water and often operating at
high, even very high temperatures, and

» Focus on dissemination of a safety and securityuiin relation to the specific use of these
coolants e.g. with the support of publishing bookgjidelines, good practices and
recommendations for the safe use and operatioxpafrgnental facilities operating non-aqueous
coolants.
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Human capital development

Approach to analysing progress towards scientific impact

:‘ef::fs‘:::;mu::: ofMs — SCIENTIFIC IMPACT
Strengthening R&I capacities,
— z
Advancement of knowledge, reputation and excellence World class excellence in
publications and databases | science
Scientific quality, reputation
and scientific breakthrough  —]
Better cross-border and
Achieving and reinforcing the cross-.sect_or
Reinforcement of R&I Ms R h cooperation f:oordln?tlon and
e aratities o witening integration of R&I efforts
countries
Collaboration between
research organisations, Emergence of new fields
{ Org 3 : z
Bilsiness acarlamia and of science in MS
higher education |, Integrating R&! efforts
Cross-border scientific
‘cooperation
Interdisciplinary networks

Figure X-5: Progress towards Scientific Impacts

Reinforcement of R&D capabilities

Approach to analysing progress towards innovation and economic impact

ot PR Advancement of
1 > knowledge, IPR and
knowledge transfer
Knowledge flows (incl. patents) and
collaborations INNOVATION/ECONOMIC IMPACT
Better innovation capability
—_— of MS firms
m-“;"-r_:_‘ﬂig demand for future MS technological leadership
Wl"‘“’m — and reinforced
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Stmduduaﬁon, lmnmbﬂ'lw start-ups and scale-ups)
andnorms '
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Proof of concept, demonstration the economy (incl. SMEs)
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disruptive technologies produices sefilcesand
process
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Figure X-6: Progress towards Innovation and Econoimpact
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Xl. KEY RECOMMENDATIONS

As previously expressed within this report, onehef objectives of the GIF RDTF Task Force
was to use this opportunity to support any updaexisting open databases rather than to dupleate
exhaustive catalogue of experimental facilitieslatde for the six systems and cross-cutting atiési
These actions are - and remain — the responsihifitpuclear organizations such as IAEA and
OECD/NEA. It was not considered useful (or necegsatrthis stage of analysis, to duplicate such an
approach within GIF. The Task Force initiative wagre orientated towards a thorough assessment of
GIF Member States experimental infrastructurede std play and current snapshot, to provide an
update of existing databases e.g. IAEA LMFNS, GFRHTR, and to identify the most effective
actions that GIF could/should undertake:

* To have a better overview of its Member Statesé@sand more specifically to identify any
gaps in the current available experimental fae#itiThis also allows to have a better vision afrfit
prospects in the framework of GIF (or trends ové&05/ears),

 To favor a coherent and efficient management okgrgental infrastructures needed to the
different GIF systems, with a vision to broademsrzational level exchanges,

 To promote and intensify initiatives for cooperati@and exchange, and / or joint development
of experimental programs on dedicated facilitieagdemavailable or shared,

» To clarify, simplify and promote any framework oeatanisms, legal or funding instruments
allowing the use and exploitation of experimentafrastructures by third countries, other
organizations, or by the private sector.

Figure XlI-1: The key puzzle piece for success

To complete the joint work produced by this Taskdepa dedicated Workshop organized over
two days, on February 19-20 2020, facilitated tdarstand and collect the needs of SMR Vendors and
the Private Sector (see on the GIF Website). Assaltr, members of the RDTF have issued a list of
recommendations, to define lines of action and ldgweents, subject to the assessment of GIF Expert
Group members and for final approval of the GIFd@oGroup members. Taking into account all - or
part - of these recommendations at the level of MiEhagement Board should make it possible to
consider experimental infrastructures as key taantae the necessary support for the development of
Gen-lV systems. The aim is to ensure that the abiity and optimized use of the international
experimental infrastructures permit the proper tgpmeent of all GIF Member States’ R&D actions
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needed for the progress of the six Gen-IV systerdsceoss-cutting fields. These infrastructures khou
also have the objective to best meet any requiresy@mnanating from the private sector.

Outcome of the GIF R&D Infrastructure Task Force:

The Task Force considers that, in future, GIF sthopkrate according to the following two main
lines of actions:

1. GIF considered as an ACTOR AND HOST

This action is to be considered at a high stratlegiel within GIF since it is placed as one of the
three main missions addressed to GIF Vice-Chairs:

» GIF shall provide a dedicated webpage on R&D Inftecsure which will be an open door
where all members and non-members could get emtstatt the connexion with the R&D
Infrastructure net.

» GIF shall provide key contact person list to knowatly who to join and to contact.

» GIF will investigate how to provide a way to geteass to facilities with an easier and smarter
access to databases rather than a simple compendium

* GIF shall publicize and disseminate the informajooduced on this subject by the Member
States organizations, bodies in charge e.g. OECB/&til IAEA, and international specialists.

* GIF shall keep alive the network with SMR Vendonrsl grivate actors, mainly through its
specific GIF database and through various commtioit#ools it is starting to implement

* GIF shall evaluate the progress and achievementhadn field dedicated by organizing
dedicated workshops. The first one (February 2028) been considered to be a success. It
should be renewed, together with SMR Vendors,asaby the GIF Chair (H. Kamide) during
the GIF workshop conclusions (see Annex n°3).

2. GIF considered as an INFLUENTIAL NON-PROFIT ORGANISATION
It is a GIF role to:

» Systematically remind authorities in charge of yiag out this essential — but sometimes
tedious - work of regularly updating databaseswaiilable infrastructures. They are greatly
thank to organize this work and GIF will activelyntribute to any initiative.

» Alert or notify these organizations regarding anings for improvement or update (and in case
propose solutions and quick remediation actions).

e Assure the voice of GIF — comprising 14 Membereédaountries - is heard so that this theme
on R&D infrastructures is considered in the prepamnaof future large organizations of
symposia, or specialists meeting, or call for pegi®.

Future of the GIF R&D infrastructure Task Force:

The Missions assigned to this Task Force have beeressfully fulfilled. It is not considered releva

to pursue the actions of this Task Force, as suith the same missions stipulated in the RDTF Terms
of Reference. In accordance with the key recomnt@nta given above, and with regards to the
position of the GIF Policy Group upon them, it Wik necessary to determine how will be articulated
and should evolve these initiatives.

GIF RDTF Final Report — January 2021 82
GENIV ¥




GIF-RDTF: Generation-1V Systems’ Experimental Isfracture Needs

Taking into account analyses and recommendatiodg tmRDTF members, as well as private sector’'s
feedback from the first Workshop in February 202@&pould be preferable to see a new dedicated Task
Forces emerging from the conclusions of this RDgjort.
Moreover, following all the recommendations set abbve, it is necessary to highlight two topics
largely put forward during the RDTF workshop. Tteeg the sharing of:
* The Verification/Validation and Uncertainty Quant#tion (VV&UQ) approaches and best
practices between the different Member States,
* The reflection on how to improve exchanges withutars, at an early stage, to simplify and
enable faster licensing processes for any innogaystems e.g. SMRs.

These two items could be the starting point of @W Task Forces that would be considered in
such a way as a logic continuation of this RDTFKTasrce.

* = o 8
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Xll. CONCLUSIONS

XlI. CONCLUSIONS

Today’s Research Infrastructures include major ndifie equipment, scientific collections,
structured information, ICT-based infrastructurébey are single sited or distributed throughout
several countries. GIF Member States are faced avithide spectrum of issues, from infrastructures,
which are globally, unique to many regionally dmited. Many stakeholders are involved, from
ministries to researchers and industry, with anedgthg and growing use of e-infrastructures. There
are opportunities but also difficulties:

- of interaction between basic research and industry,
- public and private funding is always lacking,

- and single countries very frequently do not hawe ¢htical mass or the dimension to
implement large research infrastructures.

Moreover these large infrastructures remains vestlg to operate and their low load factor
remains a significant concern. Therefore, theeerisal need to cooperate on a wide International.le
Substantial RD&D systems' conceptual/detailed aeaiyd analysis are needed. Refurbishment and/or
construction or even under cocooning of researthstructures and facilities are increasingly cawpl
and costly. Therefore there is a real need to aat@en a wide International level.

An opportunity exists, by identifying the latest R&eeds and mapping of infrastructures, to
plan for the shared use of existing ones, and detake the development of new ones. Most important
are within the areas of fuel cycle, fuels and malkerirradiation, reactor safety, dedicated loops,
mockups and test facilities, advanced simulatioml amlidation tools, transnational access to
infrastructures, and education, training and kndgtéemanagement of scientists and engineers.

All contributions are the result of a common effoft all partners involved and it is very
appreciated by the entire scientific community. GIEmber States can strongly support a coordinated
revitalization of nuclear Research, Development &nidnstration & Innovative infrastructures
worldwide to a level that would once again movesa igeneration forward quickly.

In this report, the GIF R&D Infrastructure Task E@has proposed several key recommendations
and orientations to ease and foster the highestétrfpom collaborating opportunities within the GIF
framework. These actions proposal are now beinghaed at the GIF Governance level for future
implementation in key areas identified within theuwous wheel of International cooperation.
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XIll. APPENDIX

APPENDIX n°1: An example of the collaborative framevork starting from the Generation-1V
International Forum: the Japanese/French collaboraitve R&D on SFR

Collaborations between public/private industried a#search organizations of two countries with a
common objective of development of Generation-I8tegns allow sharing the cost of the developmeat, th
national facilities to support the development, amgl R&D results. An example is the Japanese-French
collaboration on the ASTRID program and Sodium FResactor. A General Arrangement between CEA,
and Japanese Ministries MEXT and METI, was signdday 2014 until the end of 2019. An Implementing
Arrangement was signed in August 2014, between GEEVA NP (now Framatome), JAEA, MHI and
MFBR (Fig. 1). This collaboration, described inB&k Sheets, covers ASTRID joint design (activedyec
Heat Removal System, Curie Point Electro Magnetfeersified control rods, Seismic isolation system
Above Core Structure, Polar Table, Core Catchett, @nss evaluations), and R&D supporting work for
different topics (28 R&D Task Sheets): Severe AentdFuel and Core materials, Reactor materialaciRe
technology, and Thermohydraulics [1].

Figure 1: Signature of the France-Japan ngérala@uulement dn the ASTRID programme and Sodium Fast

Reactors in 2014 with Japanese Prime Minister & &id French President F. Hollande

The cooperation is balanced between the two castnd there are no money exchanges as a general
rule. In specific subjects that implies new expetations, a financial contract could defined. R&D
supporting program are jointly defined, and experits with associated analyses are carried-outilities
of both countries [2]. For expensive tests sucmgsle experiments, the first step was to joirgtydy the
feasibility of the tests. Main achievement requgreéxperimental facilities for Severe Accident waes study
of steel jet interaction with Sodium in the MELTcility located in Japan (Fig.2). Behaviour of mékr
mixtures at high temperature have been jointlyistlith facilities of both countries.

Also information on experimental programs carried-o the In-Pile facility IGR operated by NNC-
RK in Kazakhstan was shared [3]. For Fuel studessibilities of fuel elements irradiation in JOY@s
studied; for Reactor Material developments, thectebe Beam welding technique of dissimilar matarial
was improved with microstructure characterizatiand mechanical property measurements in Japan and
France. ODS cladding irradiation properties wese abmpared. Regarding instrumentation developments
tests at high temperature in JOYO of Neutron Fluanibring sensor have been prepared. For Reactor
component R&D, ASTRID prototypic component testimg\THENA facility was jointly discussed. At last
experimental programmes on Reactor Thermohydra(diesay heat removal from fuel assemblies) studies
in PLANDTL 1&2 facilities were discussed. This léd a Collaborative Work Program carried out in
PLANDTL-2 facility (Fig. 3, [4&5]) with CEA co-funding.
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Figue2: Left: MELT facility, steel jet injection Bodium, fragment tracking by X-ray imaging; Right:
PLANDTL-2 facility and steel

The tight collaboration between Japan and Frantedes 2014 and 2019, sharing experimental
facilities and results, was very fruitful. Theredat was decided to continue this type of bilatemaperation
and a new General Arrangement for Fast Reactor|Dewvent Program collaboration between CEA, MEXT
and METI was signed on June 26, 2019, and an Imgiiing Arrangement between CEA, Framatome,
JAEA, MHI and MFBR was signed on December 3, 2(BIOTask Sheets). R&D activities in Japanese and
French facilities started in 2014 will continue ilttie end of 2024. It must be pointed out thata/Task
Sheet has been set-up in the new Implementing geraent to exchange information on experimental
platforms (Sodium test loop, irradiation faciliieand mechanical test facilities) for possible fatu
collaboration programs in these facilities.

[1] F. Varaine, G. Rodriguez, J.M. Hamy, S. Kubo, fBuka, et al.. The significant collaboration of dapand France on the
design of ASTRID sodium fast reactor since 2014 &fmposium Paris (France) 16-17 October 2018, Zxt8, Paris,
France. (cea-0232897¥

[2] Devictor, Nicolas & Chikazawa, Yoshitaka & Saez, MaguRodriguez, Gilles & Hayafune, Hiroki. (2013)&R in Support
of ASTRID and JSFR: Cross-Analysis and IdentificatibPossible Areas of Cooperation. Nuclear Techyyld82. 170-186.
10.13182/NT13-A16429.

[3] F. Serre, F. Payot, C. Suteau, L.Trotignon, E. ,Bakov, A. Vurim, A. Pakhnits, V. Vityuk, S. KuloKatoh, Y. Tobita, K.
Kamiyama, K. Matsuba, J. Toyooka, (2016). R&D andeEirpental Programs to support the ASTRID Core Assessin
Severe Accidents Conditions, Proceedings of 20&8rational congress on advances in nuclear powentsldCAPP2016),
USA

[4] A. Ono, M. Tanaka, Y. Miyake, E. Hamase, T. Ez{2@19). Preliminary Analysis of Sodium Experimerglparatus
PLANDTL-2 to Develop Evaluation Method for Thermatkaulics in Reactor Vessel of Sodium-cooled Fastcior under
Decay Heat Removal System Operation Conditions, éedings of the 27th 27th International ConferenceNutlear
Engineering (ICONE27), Japan

[5] T.Ezure, T. Onojima, M. Tanaka, J. Kobayashi, &ilkara, Y. Kameyama, (2019). Study on mulitidin@me core cooling
behavior of sodium-cooled fast reactors under DRAQ& ating conditions, Proceedings of 18th Inteimaal Topical Meeting
on Nuclear Reactor Thermal Hydraulics (NURETH-183AU
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APPENDIX n°2: An example of a R&D Joint Collaboration R&D on SFR (Contractual approach)

Gen-IV R&D Joint collaboration

Context Joint collaboration between France (CEA) and J4pARA) to use the Japanese facility
(SWAT-1R) to realize Sodium Water Tests on Ferrit@terials
Period - Very first contact : June 2009

- Completion of the work : tests = March 2612
- Final report Dec. 2012
- Common publication March 2013.

Facility name : SWAT-1R ( O’Arai — Japan)
bk

Ri p
M~ reiease Tank
S (AT)

FIG 2. STTATIR rest facilin

Concerned field(s) : | Sodium Water Reaction Testing
Contact person : See JAEA (during the tests, th#& dontact person was H. Hayafune)

1. Is this facility in operation [J Yes No

If no, What is the state of the facility? SWAT-1&ility is dismantled an kept due
to building seismic resistance. SWAT-3R (largeriligg can make some equivalent
experiments.

2. s this facility open to GIF collaborative work?
Yes [ No But assembly and adjustment will be needed.
3. Does any collaborative mechanisms already exist®X Yes [1 No
If Yes, which one?X Bilateral (CEA/JAEA after first connection throu@iF SFR CD&BOP
Project Management Board))
U GIF 1 AIEA
[J OECD/NEA [] Other

4. What are the potential collaborative mechanisms?
Joint collaborative work financed by France. Frepaht is providing the specifications and JAEA liegd

as the facility expert and operating the experingesith the presence of the French part) and progdhe
results and interpretation.

2 The tests were first scheduled in April 2011 but thuthe Fukushima event, we faced almost onedeay.
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5. Is any support helpful in this approach (from GIF, IAEA, OECD ...)? Moreover, what could
be the support?
No support are required. Once this bilateral wak been done, we can gain of this experimentabtagd
to simplify the process for the next time

6. Is there any material support that could highlightthis joint work?
A joint publication produced during the IAEA FR204feting conference.

Cooperation on impingement wastage experiment of Mod. 9Cr-1Mo
steel using SWAT-1R sodium-water reaction test facility

F. Beauchamp®', M. Nishimura™, R. Umeda®, A. Allow’

*CEA (French Alternative Energies and Atomic Energy commission).
Nuclear Energy Directorate,
Cadarache center. France

" JAEA (Japan Atomic Energy Agency).
Oara1 R&D center,
Narira, Oarai, Ibaraki,
Japan

Abstract. The loss of tightness from a Steam Generator Unit (SGU) tube results in high-pressure steam or water
leak info sodium causing a Sodinm-Water Reaction (SWR). highty exothermic. with corrosive products leading
to a local erosion-corrosion called “wastage™ of neighbouring tubes. Under the collaboration between CEA and
JAEA wastage experiments were carried out on Mod. 9Cr-1Mo steel (T91) tubes. TO1 is one of the material
candidates of SGU tubes for future sodium-cooled fast reactors (SFRs). Wastage characterization of T91 15
needed to evaluate the consequences for safety and the availability of the SGU. Six T91 target tubes were
incorporated in the SWR test facility (SWAT-1R) of JAEA and subjected to reaction jets. All tubes were
successfully penetrated by the reaction jets. and the wastage rates were determined The main results are
discussed 1n this paper. These test results contnibute fo the improvement of wastage rates prediction and to the
safety demonstration of fisture SFRs.

7. Feedback coming from this experience
New input data on ferritic material wastage whichswecessary to assess the safety demonstration of
Steam Generator tube resistance in case of soeiakn |

,_
)
=]

e
53

—CEA Wastage Model S00°C

+ Availableliterature data SD0°C

Wastage rate (um/s)
o

® SWAT-1R-tests 500°C

0.06 06 3
Water Steam rate (g/s)

FIG 13, Distribution of wastage rate from SWAT-IR Experiments 4-3-6with available literatire data
and modelling results and as a fitnction of the water/steam leak rate
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APPENDIX n°3: Concluding Remarks of the GIF Worksha by H. KAMIDE

Thank you very much for very active discussionthese three days. | am very impressed by the digmus
here, new information and new idea. It was greattuhave group discussions in the small group nhet
say some concluding remarks based on my underatarithis is not conclusions, but my impressions.

Advanced Manufacturing and Material

Some key technologies were introduced, 1) 3D printif components which have complicated geometry,
2) powder metal and HIP technique, again for comptemponent without welding, 3) coating technology
to avoid corrosion issue, and so on.

In the summary of the group discussions, sevegaifgiant points are depicted. Among these, my view
as follows:

1) SMR has some advantage for small components aydieapply the new technologies.
But point is economy and also early deploymenthef plants to apply such new technologies. The
new technologies have also potential to enablenentonitoring during component manufacturing
process. It has potential to change the produgifogess of regulation and costs. Classification of
Nuclear and Non-nuclear grade components mighthbaged by such techniques and it brings huge
cost reduction.

If so, regulation rules to apply such new techn@sdo nuclear grade components and manufacturing
are required. The code and standards were discysstatday. But before the standards, requirement
from regulator is needed to establish the standafrdSME, for example. GIF has some channels to
discuss with regulatory people, like today or tiflolAEA, and OECD/NEA. If it is needed, GIF will

be able to contribute.

2) One more issue is a kind of platform to gather rimfation or experiences of new
technologies on the advanced manufacturing andriaiati is tightly connected with IP issues. But
more general information of experiences of applicest of success and failure for new technologies,
schematic ideas of technology, and plans of requirFastructures, such general information might
be useful for community of the advanced manufaetu@nd material. If we can have common
component tests for reduction of the cost or feragktablishment of the code and standards from the
ideas of platform, it will be great.

3) Simulation and qualification are also key issuedhef collaborations not only for new

technologies but also for new regulation rules,clwhivill need help of simulations to cover the
freedom of complex geometry of order-made componemtufacturing, not one by one but covering
in general.

R&D collaboration and opportunity using infrastruct ures

We had discussions today with LWR base SMR venalodsregulatory people. Some parts will be common
to Gen-lV reactors developments, like advanced reetwring, modularisation, and digital architectire
There are significant needs of infrastructurestiier component tests, demo of passive safety systedn,
software infrastructure, S.J. Kim san pointed utny view, Regulation rules for risk informed apach
and smaller EPZ will be also common to Gen-IV reetDevelopment of PRA methodologies to define
the risk curve of probability and consequence efrdactors will be next priorities for the softlabloration.
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We had more discussions on MSR, LMFR, HTGR and Blamtiric applications. We found several points
of collaborations using infrastructures. The conmgrdrexperiments are one of key issues. Platforthef
information and experiences, like Czech Republicd&R, might be useful also in this area.

One more point is irradiation reactors and faeiiti International collaboration scheme is needeal i
HALDEN. Hydrogen production and heat utilisatiorsHarge potential as a cross cutting issue to galar
the advanced reactors of future to go to the Lovwb@aSociety.

Needs from SMR vendors, just the session before

The GAIN contributes R&D needed for reactor deplewptrvia large knowledge in national labs. from 1960
Access to the data has legal difficulty of negatmatwith university or national labs. Simple progas
needed. However, international collaboration hasengomplexity of the data access. It is one ofpthiats
and related to Hittner san's suggestions.

Priority for early deployment is the general staddan QA, ISI, so on. International code and sath@re
helpful for the cost reduction. To standardize giesnot for site to site, will contribute the cestluction.
On the regulator point of view: Code and standaals speed-up the regulation process by reliable pat
through ASME for example. But the process can beerefficient. Irradiation data can be used for save
purposes of rector developments and also regufatioder a well-organized collaboration. This igphdl
suggestion for us.

As final remarks, let me point out the following thngs:
- Define the future of the AMME TF with a new TORMUe proposed for the next EG/PG meeting

- Define the future of the RDTF => in short termsit® produce the final report it is ongoing, then t
think about the future of this TF. Just an ideaaimiew TF of methodology on Computing Code
Verification Validation and related Qualificatiomdluding collaborations of experiments using the
infrastructure.

- Tryto extract from the workshop conclusion for tiext SIAP Charge (maybe something like "How
to pursue and increase the exchanges with SMR veradter this workshop") but we need discussion
with Eric chair of SIAP.

- Finally, if major of our participants think thatishvorkshop has a success, we can imagine how to
vitalize this movement of collaboration, and thiadkof Workshop will be a candidate as a regular
meeting one time for two to three years.

| appreciate all participants to this workshop greht support by Sama and Sylvia of OECD/NEA.

KAMIDE Hideki
GIF Chair
21/02/2020
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APPENDIX n.4: Members’ list of the RDTF task force

Roger Garbil®, Alfredo Vasile®, Sang Ji Kinf®, Alexander Stanculesét), Gilles RodrigueZ?, Said
Abousahl®, Alessandro Alembert?, lurii Ashurko®, Michel Berthelemy?, Sama Bilbao y Leof,

Stéphane Boury, Andrea Bucaloss$P, Olivier Gastaldi?, Frédéric Serr€&), Marc Deffrenne§’, Lyndon
Edwards®, Mmeli Fipazd®, Petr Fomichenk8?, Michael Futteref), Jean-Paul Glat?, Gisela Grosk,

Robert Hill Y, Bonnie Hondg®, Kamide Hideki®V, Victor Ignatiev®?, Tatiana Ivanov&’, Kawasaki
Nobuchika®V, Vladimir Kriventsev®®, Laurence Leung?, Manuel Martin Ramo¥), Stefano Monti*®),

Frederik Reitsm&?, Francois Storré?, Tomas Sowinski¥, Henri Paillerd”, Pascal Terrassdfi, Kamil

Tucek®, Antonio Vayasolef”), Lori Walters*?, Zukile Zibi*®, Lei Shi*®, Donghua Lu*”, Chengkui Liao
(18 Domenico Paladin®®, Jonathan Hyd&?, Nishimura Masahir&", and Daniel Brad{f?

(1) European Commission, Euratom, Belgi(noger.garbil@ec.europa.ejean-paul.glatz@ec.europa.eu,
michael.fuetterer@ec.europa.eu, kamil.tucek@ecpgausn, manuel.martin-ramos@ec.europa.eu,
andrea.bucalossi@ec.europa.eu, said.abousahl@espars)

(2) Commissariat a I'énergie atomique et aux énergiesnaltives, Franc@lfredo.vasile@cea.folivier.gastaldi@cea.fr
frederic.serre@cea.ffrancois.storrer@cea.fmilles.rodriguez@cea.fr, pascal.terrasson@-ceatgphane.bourg@cea) fr

(3) Korea Atomic Energy Institute, Republic of Korikim3@kaeri.re.Rr

(4) Idaho National Laboratory, United States of Ame(@i@xander.stanculescu@inl.g@®onnie.Hong@inl.gov

(5) Ansaldo Nucleare S.p.A, Italalessandro.alemberti@ann.ansaldp.it

(6) Institute for Physics & Power Engineering, Russiaddfationashurko@ippe.rj

(7) OECD Nuclear Energy Agency, Frangeichel.berthelemy@oecd-nea.phgnri.paillere@oecd-nea.org
marc.deffrennes@oecd-nea.pgisela.grosh@oecd-nea.org, antonio.vayasoler@oealeang, sama.bilbaoyleon@oecd-
nea.org

(8) Australian Nuclear Science and Technology Orgaisisafustralia(lyndon.edwards@ansto.gov)au

(9) Eskom, South Afric§FipazaM@eskom.co.ya

(10) National Research Centre Kurchatov Institute, Russeteratior(ignatev_VV@nrcki.rufomichenko _pa@nrcki.ju

(11) Argonne National Laboratory United States of Ame(mobhill@anl.goy

(12) Canadian National Laboratories, Canddarence.leung@cnl.ca, lori.walters@cnl)ca

(13) International Atomic Energy Agency, Aust(i@tefano.monti@iaea.org, V.Kriventsev@iaea.org, FsRei@iaea.orjy

(14) Department of Energy, United States of Amefibmmas.sowinski@nuclear.energy.yjov

(15) Department of Energy, South Afri¢dukile.Zibi@energy.gov.}ya

(16) Tsinghua University, Chinghlinet@tsinghua.edu.gn

(17) China Nuclear Power Research Institute, Clfimdonghua@cgnpc.com.pn

(18) State Power Investment CO Ltd, Chitiaochengkui@snptc.com

(19) Paul Scherrer Institute, Switzerlat@bmenico.paladino@psi.th

(20) National Nuclear Laboratory, United Kingdojprfathan.m.hyde@uknnl.com

(21) Japan Atomic Energy Agency, Japaishimura.masahiro@jaea.gg.kawasaki.nobuchika@jaea.qgq.jp
kamide.hideki@jaea.go)p
(22) Natural Resources Canada NRCAN-RNCARifiel.brady@canada)ca
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APPENDIX n.5: List of abbreviations and acronymsGeneration IV International Forum

CD&BOP
CD&S
CMVB
EG
EMWG
ETTF
FA
FCM
FFC
FQT
GACID
GIF
GFR
HP
HTR
ISAM
LFR
M&C
MAT
MOU
MSR
MWG
PA
PG
PMB
PP
PR
PR&PP
PRPPWG
PSSC
RSWG
SA
SCWR
sbC
SFR
SIA
SIAP
so
SRP
SsC
™
TF
TH&S
TS
VHTR
WG

Component Design and Balance-of-Plant (SFR signgjdct)
Conceptual Design and Safety (GFR signed gtpoje
Computational Methods Validation and Benchmaglk(VHTR project)
Experts Group

Economic Modeling Working Group

Education and Training Task Force
Framework Agreement of GENIV Systems

Fuel and Core Materials (GFR project)

Fuel and Fuel Cycle (VHTR signed project)

Fuel Qualification Test (SCWR project)
Global Actinide Cycle International Demonsima (SFR signed project)
Generation IV International Forum

Gas-cooled fast reactor

Hydrogen Production (VHTR signed project)
High-temperature gas-cooled reactor
Integrated safety assessment methodology
Lead-cooled fast reactor
Materials and Chemistry (SCWR project)
Materials (VHTR project)

Memorandum of Understanding

Molten salt reactor

Methodology Working Group

Project Arrangement

Policy Group

Project Management Board

Physical protection or project plan

Proliferation resistance

Proliferation resistance and physical ptaie
Proliferation Resistance and Physical Riote@/orking Group
Provisional System Steering Committee

Risk and Safety Working Group

System arrangement

Supercritical-water-cooled reactor

Safety design criteria

Sodium-cooled fast reactor
System Integration and Assessment (SFReptpj
Senior Industry Advisory Panel

Safety and Operation (SFR signed project)
System research plan

System Steering Committee
Technical Director

Task force
Thermal-hydraulics and Safety (SCWR signezjqmt)
Technical Secretariat
Very-high-temperature reactor
Working group

Technical terms

ADS
AGR
ALFRED
ASTRID

Accelerator-driven system

Advanced gas-cooled reactor (United States)

Advanced lead fast reactor European dematast

Advanced sodium technological reactor fatustrial demonstration
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ATHLET Analysis of Thermal-hydraulics of Leaksdamransients

ATR Advanced Test Reactor (at INL - USA)

AVR Arbeitsgemeinschaft VersuchsReaktor

BWR Boiling Water Reactor

CANDLE Constant Axial shape of Neutron flux, nuclidiensities and power shape During Life of
Energy producing reactor (Code)

CATHARE Code for Analysis of Thermal-hydraulics duriaig Accident of Reactor and Safety Evaluation

CEFR China experimental fast reactor

CFD Computational fluid dynamics

CGR Crack growth rate

CLEAR China Lead-based Reactor

COoL Combined construction and operating license

CRP Co-ordinated research project

DHR Decay heat removal

DNB Departure from nucleate boiling

DHT Deteriorated heat transfer

DU Depleted uranium

ELFR European lead fast reactor

ESFR Example sodium fast reactor

EVOL Evaluation and viability of liquid fuel faseactor system (Euratom FP7 Project)

FSA Fuel subassembly

FHR Fluoride salt-cooled high-temperature reacto

FOAK First-of-a-kind

GHG Greenhouse gas

GTHTR Gas turbine high-temperature reactor cogeioera

GSAR Group on the Safety of Advanced Reactors

GT-MHR  Gas turbine-Modular Helium Reactor

GV Guard vessel

HANARO  High-flux advanced neutron application reacto

HF Hydrogen fluoride

HLM Heavy liquid metal

HPLWR High-performance light water reactor

HTGR High-temperature gas-cooled reactor

HTR-PM High-temperature gas-cooled reactor payegrerating module

HTR-10 High-temperature gas-cooled test reactttr &10 MWth capacity

HTSE High-temperature steam electrolysis

HTTR High-temperature test reactor

IHX Intermediate heat exchanger

IRRS Integrated Regulatory Review Service

JSFR Japanese sodium-cooled fast reactor

LBL Leach-burn-leach

LOCA Loss-of-coolant accident

LWR Light water reactor

MA Minor actinides

MC Monte Carlo

MELCOR  Methods for estimation of leakages and comerges of release (NRC code by SNL)

MOSART  Molten salt actinide recycler and transnnitte

MOU Memorandum of Understanding

MOX Mixed Oxide Fuel

MSFR Molten Salt Fast Reactor

MYRRHA  Multi-purpose Hybrid Research Reactor for Higieh Applications

NGNP New generation nuclear pla

NHDD Nuclear hydrogen development and demonstr:

NPP Nuclear power plar

NSTF Natural Convection Shutdown Heat Removal Test Fgu
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ODS
PASCAR
PBMR
PDC
PGSFR

Oxide dispersion-strengthened

Proliferation-resistant, Accident-tolerg®e)f-supported, Capsular and Assured Reactor
Pebble-bed modular reactor

Plant dynamics code

Prototype Generation IV Sodium-Cooled Faattee

PHX PRACSPool Reactor Auxiliary Cooling System heat exchanger

PIE
PWR
PYCASSO
R&D
RV
SCC
SDG
SEM
SCW
SG

S
SMART
SMR
SSTAR
STELLA
TEM
THTR
TMSR
TORIA
TRISO
TRU
Uuco
ULOF
XRD
ZrC

Post-irradiation examinations

Pressurised water reactor

Pyrocarbon irradiation for creep and shdekswelling on objects
Research and Development

Reactor Vessel

Stress corrosion cracking

Safety design guideline

Scanning electron microscopy

Supercritical water

Steam generator

Sulphur lodine

System-integrated Modular Advanced Reactor
Small modular reactor

Small, sealed, transportable, autonomactae
Sodium integral effect test loop for sgfetmulation and assessment
Transmission electron microscopy

Thorium high-temperature reactor

Thorium molten salt reactor

Thorium-optimised Radioisotope Incineratidrena
Tri-structural isotopic (nuclear fuel)

Transuranic

Uranium oxycarbide

Unprotected loss of flow

X-ray diffraction

Zirconium carbide

Organisations, programmes and projects

ANL
ANS
ANSTO
ANRE
ARC DOE
ASME
ASN
CAEA
CEA
CIAE
CNL
CNRS
CNSC
DEN
DOE
EC
ENEA
ENSI
EU
FP7
IAEA

Argonne National Laboratory

American Nuclear Society

Australian Nuclear Science and TechnologyaBization

Agency for Natural Resources and Energy (Japan)

Office of Advanced Reactor Concepts (United States)

American Society of Mechanical Engineers

Autorité de Sureté Nucléaire (French nucsedety authority)

China Atomic Energy Authority (China)

Commissariat a I'énergie atomique et auxgmsralternatives (France)
China Institute of Atomic Energy

Canadian Nuclear Laboratories

Centre national de la recherche scientifi§uance)

Canadian Nuclear Safety Commission

Direction de I'énergie nucléaire (Commisataéi I'énergie atomique, CEA)
Department of Energy (United States)

European Commission

Italian National Agency for New Technologjig&nergy and Sustainable Economic Development
Swiss Federal Nuclear Safety Inspectorate

European Union

7th Framework Programme

International Atomic Energy Agency
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ICN Institute of Nuclear Research (Romania)

IFNEC International Framework for Nuclear Enefiyyoperation
INET Institute of Nuclear and New Energy Teclogyl

INL Idaho National Laboratory (United States)

INPRO International Project on Innovative NuclBaactors and Fuel Cycles (IAEA)
IPPE Institute for Physics & Power EngineeriRyi¢sia)

IRSN Institut de Radioprotection et de Sureté Kaick

ITU Institute for Transuranium Elements

LEADER Lead-cooled European Advanced Demonstra®eactor
JAEA Japan Atomic Energy Agency

JRC Joint Research Centre (Euratom)

KAERI Korea Atomic Energy Research Institute

KEPCO Korea Electric Power Corporation

KIT Karlsruhe Institute of Technology (Germany)

MDEP Multinational Design Evaluation Programme

MOST Ministry of Science and Technology (China)

MTA Hungarian Academy of Sciences Centre forrgpd&esearch
NEA Nuclear Energy Agenc

NIKIET NA Dollezhal Research and Development Institute of Pd&mgineering
NPIC Nuclear Power Institute of Chir

NRA Nuclear Regulation Authorit

NRC Nuclear Regulatory Commission (United Sta

NRCKI National Research Centre Kurchatov Institute (Ru:
NRCan Department of Natural Resources (Canada)

NRG Dutch Nuclear Safety Research Institute

NUBIKI Hungarian Nuclear Safety Research Institute
NUTRECK Nuclear Transmutation Energy Research Ci

OECD Organization for Economic Co-operation and Dgwelent
ORNL Oak Ridge National Laboratory (United States)

PBMR Pty Pebble Bed Modular Reactor (Pty) Limited (8Africa)
PSI Paul Scherrer Institute (Switzerland)

RIAR Research Institute of Atomic Reactors

SUSEN The Sustainable Energy Project (Czech Republi

VTT Valtion Teknillinen Tutkimuskeskus (TechaldResearch Centre of Finland)
VUJE Slovakian engineering company
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