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ATOMS FOR PEACE
THE NEXT GENERATION

Dr. John E. Kelly

U.S. Department of Energy, Office of Nuclear Energy
September 29, 2016

Argonne® ML v, () Berkeley SUMMARY

B First wave of reactors were driven by post-war
economic growth in the industrialized world, concerns
about energy supply/security, and strong government
support.

B Today nuclear power is in its second wave and the
worldwide interest is as strong as it was in 1953

B Reactors designs have evolved becoming safer, more
reliable, and more economic

B Generation |V is progressing well and deployment is
seen in the not too distant future
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ATOMS FOR PEACE GENJY gsstone!

~ President Dwight D. Eisenhower, December 8, 1953,
to the 470" Plenary Meeting of the United Nations
General Assembly

GENERATION IV REACTORS  GEN/JYlutem

Forun

Generation Il / ll+ Generation IV F

Generation |l

Generation |

Safe
Secure
Sustainable
Competitive
Versatile
208 e BN
Big Rock Point, GE BWR Diablo Canyon, Westinghouse PWR Kashiwazaki, GE ABWR Ofkiluoto 3 AREVA PR Artiving ~ 2030
Early Large-scale Evolutionary Innovative
prototypes power stations designs designs
- Calder Hall (GCR) - Bruce (PHWR/CANDU) - ABWR (GE-Hitachi; Toshiba | - EPR (AREVA NP PWR) + GFR gas-cooled fast
. ?Pounlngo’ilgu - Calvert Cliffs (PWR) :gﬂoan - ESBWR (GE-Hitachi BWR) i l'eag'm ks
HWR/CANDU) « Flamanville 1-2 (PWR) . « Small Modular Reactors . ead-cooled fas
- Dresden-1 (BWR) . Fukushima Il 1-4 (BWR) (AECLCANDUlPHWR) - B&W mPower PWR reactor
- Fermi-1 (SFR) . Grand Gulf (BWR) - AP1000 (Westinghouse- _ CNEA CAREM PWR « MSR mol.ten salt reactor
S Toshiba PWR) « SFR sodium-cooled fast
- Kola 1-2 (PWRAVER) + Kalinin (PWR/VVER) . APR-1400 (KHNP PWR) - India DAE AHWR tsond)
" ;::”hl“"":‘" JV:ITGR’ + Kursk1-4 (LWGR/RBMK) + APWR (Mitsubishi PWR) - KAERI SMART PWR « SCWR supercritical water-
- Shippingport (PWR) « Palo Verde (PWR) . Atmea-1 (Areva NP - NuScale PWR cooled reactor
-Mitsubishi PWR) - OKBM KLT-405 PWR « VHTR very high
- CANDU 6 (AECL PHWR) - VVER-1200 (Gidropress PWR) temperature reactor
T —

\

1950 1970 1990 2010 2030 2050 2070 2090 22

https://www.gen-4.org/gif/jcms/c_59461/generation-iv-systems
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Number of Nuclear Reactors Listed as "Under Construction"
by year, 1954 - 1 July 2014
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DRIVERS FORTHE FIRST ~ GEX[Jj nismstiond
WAVE OF REACTORS

M Encouraging drivers
* Re-emerging Economies Required
Increased Energy in Post World War Il
Period
* The Oil Crises of the 1970s
* Strong Government Backing

B Neutral drivers
* Acid Rain
* Air Pollution
* 1971- Inadvertent Climate Modification.
Report of the Study of Man's Impact on
Climate

M Discouraging drivers

» High Interest Rates
» Fear of Radiation

* Fear of Nuclear Weapons

* Three Mile Island Accident

» Chernobyl Accident

* Waste Management Impasse

CURRENT DRIVERS FOR GENJY cieimstiond
NUCLEAR POWER |

W Energy security
— Nuclear shelters countries from imports of costly fossil fuels
— Replacing retired nuclear or coal generation plants

B Economic incentives
— Nations rich in fossil fuel would prefer to export those
resources and use nuclear for domestic electricity production

M Environmental protection
— Replacing coal with nuclear can alleviate air pollution
problems

M Climate change concerns
— Nuclear is the “emission-free” base load generation
technology
— Dry condenser cooling possible with small modular reactors
when water usage is restricted
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GENERATION 1V GEP(\ Infernational
REACTOR CONCEPTS

[Forum

International

Forum~
ol | B ‘o | mm =
Generation IV ST B=
Systems | Canada China__| France | Japan Korea Russia i US.A EU
Sodium-cooled
Fast Reactor . . . . . . .
(SFR)
. Very-highG
t
cooled Reactor ® (o o o e o o
(VHTR)
oled Fa
eactor . . .
(GFR)
ercritic
[
i | @ | @ ® o
(SCWR)
led F:
enctor ® | o ®
(LFR)
Iten Salt
e:::to? . . . .
(MSR)

@ rarticipating member, signatory of a System Arrangement as of July 2016

2016 HRE . RITMMIEILLTDH A +Z2TELZSLN,
https://www.gen-4.org/gif/jcms/c_9342/framework-agreement
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BEBRARIRILX—ZIRATLION?

Fission, fusion, fossil fuel burning? GE@WHMH@J

Forum~

The potential of nuclear energy is fantasticl

Helium
L 3.5 Mew

D+T —— He +n +17.6 MeV n+ U 5 25n + produits de fission
+ 200 Me'

Combustion of 1 ton of fossil oil: /0.5 MWd' (42 GJ)
Total fission of 1 g of 23%U: 1 Mwd (83 GJ)

Total fusion of 1 g of fuel (D,T): 4 MWd (330 G6J)

2,000,000 & O TrILX—FIAMNAREEN DS, BR., Bl HREVT1E
AP LR T HEREICIRILEFIADELZL,

Why is a new generation of nuclear reactors needed? GE@l”H'“M"T@"
. J Forum®
Open cycle in LWRs

Utilization of uranium ore for 1 GWe x year -
e 1t-> Wth + FP
20 tons
200tons | | E us% |=>|R|=> [o2tPu
Unat | m—)
18.8 ton Ure
180 tons \ Urep
Udep
AN

In PWRs, about 5% of the initial uranium set in reactor (enriched U)
is consumed for electricity production (fuel technological limits)

This represents only 0.5-0.6% of the initial natural uranium

(FNRs) need only 1 ton U238 (Udep & Urep) that is converted
into plutonium and burned in situ (regeneration - breeding of fissile fuel)

8KFETIE200 tons U MIGWDEHEFEIZHE,

EEFTIEL ton U238 T&Ly,

ZTD=H. HKERADENIFELELTIE. ERFABFLYBHFEINT- (EBR-
1, 1951 USA Idaho: o5& B EAE . AHF#NaK) ,

SRR K B R IK IR IZ KA FEH1955F IZBORAX-IINZ K YZESLE,
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What is the condition for self-sustained reaction@E@ ernational

A necessary condition for criticality is that the reproduction Forum®
factor nis significantly larger than 1

Reproduction factor n for uranium fuel (fissile fraction e):

Fissile fractione 0.71% 3% 10 % 15 % 100 %
(U nat)
k e . AROMW " LR For fast neutrons 0.35 0.85 1.07 ) 1.88
=
AR, For « thermal > 133 | 184 D200 | 202 | 207
. neutrons .

The chain reaction is not possible with natural uranium and fast neutrons.
Therefore 2 solutions:
+ to slow down neutrons (criticality possible whatever the fissile content, Unat
possible for strict neutron economy)
=» Thermal Neutrons Reactors, TNR (PWR, BWR, CANDU,...)
+ to use fast neutrons and subsequently increase the fissile fraction in the fuel
=» Fast Neutrons Reactors, FNR 16

MBEEGHRHDOHERIE., B EFRUSEPEFERAN RRIGEHERT
BBOICHBEEGDFIDDEHICE>TRESND,

ternational
-orum®

Why Fast Neutron Reactors?
The waste management issue GE@“

* Plutonium is the major contributor to the Iog
term radiotoxicity of spent fuel Plutonium recycling

* After plutonium, MA (Am, Cm, Np) have the major
impact to the long term radiotoxicity = MA transmutation

10000 -

-~ 7 ‘ g = .

] @ MA + .

\ Plutonium FP Plutonium
100 5 Tecycling

E Spent Fuel

No reprocesisng
10 4 l
{Uranium Ore (mmk \ . Minor actinides (MA)

13

FP‘ ] m"’f A \ ‘ = Fission Products (FP)
0,1 t + 1

10 1000 10000 100000 1000000
Time (years)

Radiotoxicity after 1000 years

Relative radio toxicity

The ratio fission/capture is favourable to MA fission with fast neutrons 27

1000 EZ DS MEMEDELRSEIRAIT HET. EOVEZEXRAHD
[EFREBEINIEIODNENSARENRZ TS,



General characteristics of nuclear reactors in op

eration

International
Forum®

Reactor type Fuel type Moderator Coolant Core power Pressure Temperature Efficiency
: o ion | Excellence
density (bar) (°c) (%)
(MwW/m3)
UNGG
C co, 1 41 400 30
Magnox Unat
PHWR D,0 D,0 12 130 300 30
LWGR C H,0 2 70 284 31
U1-2%
AGR C co, 2 40 645 40
BWR 50 72 288 37
U 3-5% H,0 H,0 ]
PWR 100 155 330 35
FBR (FNR) Pu 20-30% Na 500 1 550 40 m ﬂ_&h‘b‘l};m”“
—mmm VHTR mm
Neutron spectrum (T/F) T/F?
Moderator H,0 raphite (or
hit 2 = H,0
. . . e (or D,0) none) Z
Coolant Pb | |
Na (or Pb-Bi) He He H,0 molten salt H50
Fuel type MOX nitride bid carbide UOX, liquid fuel Uuox,
(pins) (pins) carbice (particles) MOX (U, Pu, Th) MOX
Core outlet t° (°C) 550 500 850 >900 550 700 330
Primary pressure (MPa) 0.1 0.3-0.4 7 5-8 25 0.1-0.2 155
Core power density (MW/m?3) 240 140 100 4-6 100 20-300 100

BRI DIFILERETZITL.
%Ik&)—CL\<o

The values given in the table are fairly indicative!

3 SR N AL IS 5 WAW Pt VAl

FAHKREFFEOREZEENT ZET RFAIRILT—DFI AL FEE

AR CTRIEEE Do

GIF and a new generation of nuclear systems

hiernational
Forum-

GENY!

Nuclear is a CO,-free option for sustainable energy
New requirements for sustainable nuclear enerqy

Search innovative solutions for:
Waste minimisation
Natural resources conservation
Proliferation resistance

Perform continuous progress on:.
Competitiveness
Safety and reliability

Develop the potential for new applications:

hydrogen, syn-fuels, desalinated water, process
heat

= Systems marketable from 2040 onwards

X
Russia . ‘F\ China
l*\ rance Umted
Canada Kingdom b
Members Euratom
USA of the Generation
IV International Switzerland
Brazil Forum TN
g .
b vas. Japan
Argentina a >,
South Africa South Kor 5%
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Small Modular Reactors (What is it?) F

A nuclear option to meet the need for flexible power generation
for a wide range of users and applications
Economic

- Lower Upfront capital cost Better Affordabil |ty

« Economy of serial production

Modularization ) )
- Multi-module Shorter construction time
*« Modular Construction

I Flexible Application
» Remote regions
« Small grids

Wider range of Users

Smaller footprint

« Reduced Emergency Slte ﬂelelIlty

planning zone

Replacement for aging

- fossil-fired plants Reduced CO, production
-
et Lo N Integration with Renewables
11
A mile @

Forum=

SMR Designs around the World GE@l'“@““aﬁo“a'

TLTHEY . ARIST—ER—XR|[Z[E
SMRODAVETEAEENTLNS,

Micro reactors

Test reactors (to be included
with the types above as
applicable)

= Fa X ey S
. “J = A ava TR .
& £ Y 3 \V/VA . p (: p~ “ ) ) P
[ Land Based Water Cooled Reactors | [ Micro Reactors [ Fast Reactors |
5 = B 5k Op e =
CAREM SMART RUTA-70 DHR400 IHTR MMR-5 < 4S W-LFR SSTAR LFR
ACP100 | UNITHERM | NuScale RITM-200 IMSBR MMR-10 BREST-OD-300 SEALER URANUS
CAP200 VK-300 mPOWER | NUWARD eVinci AURORA SVBR-100 LFR-AS-200 ARC100
IRIS KARAT-45 W-SMR BWRX-300 U-Battery ~ MoveluX EM2 LFR-TL-X
DMS KARAT-100 | SMR-160 | HAPPY200 & Sl X BTV
IMR ELENA UK-SMR | CANDU SMR oL \ o
High Temperature Gas-cooled Reactors ] IMarine Based Water Cooled Reactors Molten Salt Reactor
HTR-PM | MHR-100 | XE-100 HTTR-30 ACPRS0S VBER-300 IMSR SSR-WB CA WB
DPP-200 | PBMR-400 | A-HTR 100 | HTR-10 KEEA05 ABVGE CMSR SSR-TS KP-FHR
GT-MHR | HTMR-100 | MMR RDE : RITM-200M SHELF THORCON | LFTR REACTOR MCSFR
MHR-T | SC-HTGR | GTHTR300 | StarCore | FUJl ITMSF MK1 PB-FHR
Ny .. |AEA SMR Booklet GE@ International
= Sz — The booklet contains information provided by vendors and :orum'
- —- designers on their SMRs
2018 Edition = SMRs are categorized in
types based on coolant
v Sl Moo escor type/neutron spectrum: IAEA ARIS Datab ?Se
! - LandBased WCRs Includes SMR Designs
- Marine Based WCRs
'd" > \Y . - HTGRs
IAEA 'i _C ' &SM Rj‘}a D‘J F% % -  Fast Reactors
- MSRs

= Design description and main features of ~70 SMR
designs being updated (56 in 2018)

= Include information on fuel cycle, decommissioning
and final disposal (for the first time)
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Status of Deployment Timeline as of  GF Ini
Spring 2020 @“‘

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
a1az|a3]as|a1|az|a3|as|a1]az|a3|a4a1|az|a3|a4|a1|az] a3 a4 |a1]a2 |03 |04 a1 ja2]as|as a1 |a2|a3|a4 |a1]az|a3as|a1 a2 |a3|a4|a1 | az|a3|a4[a1 |02 |03 |04a1]a2 |03 a4 ja1]az]a3as

Eommissioning |

Construction from 2012
& Installation of systems

Commercial Operation, end of December 2019 —

Demonstration Operation—

Construction from 2014, .
installation & commissioning Protototype Operation—
Licensing Construction, installation & commissioning I Prototype Operation—
ACP100
Design Certification Construction, installation & mmmiss?nningl Commercial Operation—
NuScale
| [ Designa L i
! esign Approva Construction Commercial Operation—
/]
SMART

Floating NPP, HTGR, integral-PWRs, and multi-module plants

Land-based SMRs (Examples) ENTEVE ntemn
Marine-based SMRs (Examples)  GEX[JY interma

Forum=
| [ kr40s | RiM20M | ACPR-505 | sHEF

-m--mz--

t

&

Design Status: Design Status: Design Status: Design
Advanced stage of Detailed design; received Conceptual design; Stands
construction in Atucha site, license for construction in Consortium launched in receive
Argentina July 2019 September 2019 Projec
compl
. - - - Design Status: Design Status: 6 prototype reactors Design Status: Completion of Design Status
* CNEA, Argentina * CNNC, China * EDFled consortium, France  + Joir Full Commercial Operation since May were manufactured and installed on conceptual/ program design, Detailed design underway
* Integral-PWR * Integral-PWR * Integral PWR Rep 000 in the Akademik | amanncom icehroakore (2 anas are in the process  preparation of project design.
. .
| iqui d M et 2 I F & St' N eu tro i [ s retrion + cor chin -+ NIKIET, Rusian Federation
’ y + Integral-PWR * Integral-PWR
l: U AWe per module * 200 MWt /50 MWe per module * 284 MWt /6.6 MWe per module
OQIUIN G318 * Core Outlet Temp: 321.8°C * Core Outlet Temp: 310°C
r m X m % * Enrichment: <5% * Enrichment: 19.7%
Up to 120 months * Refuel interval: 30 months * Refuel interval: 6 years (8 for SHELF-
refuslling * Whala hoan refualline M

itonsite refuelling

I HTGR-type SMRs (Examples) GEX{ W lntern:

Forun

BT TG Microreactors (Examples) GE@ Infenn

Forun

-
Design Status: 1
Detailed design |
* Toshiba, Japan i Design Status: esign Desian Status
* Liquid metal cooled fast . Concephual desgn e lgn, undder vendor design Conceptual Design
reactor (pool type) feview with the Canaian CNSC
* 30 MWt/ 10 MWe | Design Status: Design Status: Design Status: . "
* Forced Girculation | Finalizing construction in Conceptual Design Pre-Licensing; 3 MICK ki e s oy Qe eyl
* Core Outlet Temp: 510°C Shidao Bay for operation by Basic Design Comg | mhwe © TITM 335 M e ikl
* Enrichment: <20% St s
* Refuel interval: N/A | * Refusl intacvat N/A
« INET Tsinghua University, +  Framatome Inc ,United + JAEA, Japan
China States, France * Prismatic HTGR
* Modular pebble-Bed HTGR * Prismatic-bloc HTGR * 600 MWL/ 100" v eresn O — S —
250 MWt /210 MWe x 2 * 625 MWt/ 272 MWe per * Core Outlet Temp: 850- J 400 MW(/ 165 MWe per *  Forced Circulation

kAKX TTEL, Iﬁﬁkﬁlﬁ AR, BRESHAKX, TLTEFEEMNSTI0Y)
FHR—ET. 1008V VTR EINTLNVS,
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SMRDEXET EDFEIE, EDA—ILIBE., YAERELOBESE(REKIE) . ¥

B X )T1 OMRTTIE. VBRI (EP2) THY . TNODHFHDIBITHVE

ih'tl,%\)é o Tz, FL—TYRT7ITR—F (FRANTTO—F) DERAHSBES
T3,

SMR Site Specific Considerations GE@MMMM

Forum*

= SMRs promise much smaller sites
« EPZ can possible be reduced
* Located close to population centers / end users
» Located next to heat users / industries
= The first SMRs currently built / to be deployed has selected
existing NPP / nuclear sites (HTR-PM, CAREM, NuScale
plan)
= Important factor is physical security (smaller site and close \i
proximity of other buildings / industries will present new ‘ M
challenges)

The HTR-PM - (Two-reactor unit) =
210MWe
The Vogtle 3 and 4 Nuclear power

5 plant USA - 2 units = 2220 MWe

Progress made in applying a nte

raded approach )

* Nuclear Regulatory Erery & Emionmen | New Nocsr | SRR s o Corporte ram sl 4
Commission staff US regulators discuss smaller SMR emergency zones
agreed with the o i
Tennessee Valley ;‘:;’f’:‘::‘:j,“’:f;r Tt s i, v o vkt dion £ e |
Authority that mE T et e st e e e
scalable emergency ;°:’";°".d ) m' e R

than the man datory!g ml EPZ requi edf the USA's current light-water reactor fleet.

planning zones
(EPZs) for small
modular reactors
are feasible
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SMREBTADME X BRI THD-H. a—Szh—avia IV
ONATYIFBZITEENREFEFH-TINS,

Role of SMRs in Climate Change

SMR Renewables Hybrid Energy System to Reduce GHG Emission

Internatic
Forum=

GE

Modules: % P
* Electricity production /%
* Process heat — 3
*+  Petro-chemical industry ot e v
* Desalination plant =
* Oil and gas reforming {Ite -
Hydrogen production T \
*  Ammonia production
* District heating / cooling
*  Waste reforming

Storage L)
Modules

SMR Modules
* Energy storage o . .
* Load follow capabilities T
* Switch between applications - ==

Hz Storage

Energy Storage

Example of load
follow with
renewables

TECDOC:

Options to Enhance Energy Supply Security using
Hybrid Energy Systems based on SMR;

being finalised in 2020

GE

EA

Internation
Forum*

Capital costs for SMRs

Potential decrease in case of large scale and

Capital component of levelized cost of power . .
P p P serial production

Require large initial order
(e.g. 50 — 80 modules)

. . . Desi i
Comparison of material quantities esigh saving

Standardization of new structure, system,
components and materials

o Reduced construction time for proven
design

o Lesser work force required with modular
construction (case by case)

Impact of local labour and productivity

FOAK deployment of multi-module plant
with modular construction technology versus
stick-build

Based on LWRs technology - easier licensing, but
still could take long in established nuclear
regulators

Cost of licensing

First of a kind; Time required for modifying
the existing regulatory and legal frameworks

Learning curve: the higher the number of SMR
built on the same site is, the better the cost
effectiveness of construction activities on site

Ensuring all necessary equipment is included in the cost
estimate, e.g. there is no ‘missing equipment’

Cost impact by delayed component delivery
or defect during shipping

Assurance of reliable estimates of technology holder Similar among vendors

equipment prices

Manufacturing of FOAK components

o FHEEERNS BRSNDET. ED
AL EFE LSRN THAD,

CHINA JAPAN Repube of RUSSIA

Large Reactors connected to Grid since 1990

—_—

o ey costs? We will only know after we
8w :-_,(NOAK) build and operate SMRs }
_GE_J 80 CAREMIZS rm:;%:him ?:;f;
£ .
b S ECEFIE R SE RIS ET
g . | e ORHATON, S<ORFIEITETS
8 T BRI ThhTO S,

0 L. EDa—ILEDBIRIZONTIL,



Key Barriers/Challenges to Deployment

Advantages, Issues & Challenges GE@

Technology aspects

Non-Techno aspects

K Easier financing scheme

SRRECPRHEE
ZLDFHLOTRE
ZD-ORFEMZELTEHEEHSINTLNS,

* may be an opportunity to cooperate

= Economic competitiveness

GEN(IV £iips

Expertise | Collaboration | Excellence

ARAEEIHDIELDOD, A) b EIERSINTEY.,

GEXJY

= |imited near-term commercial availability

= Technology developers ability to secure investors for design development
and deployment: first domestically, then international markets

* Need economy of numbers (vs economy of scale) ...

= Regulatory, licensing and safety issues.

* FOAK, passive features, integrated designs, different technologies

= Technology Maturity

+ Water cooled SMRs (iPWR and BWRs) based on mature technology
« HTGR mature technology (with steam generator and Tout < 850 °C)
* MSR has limited operation experience —some challenges to be solved

NEED GOVERNMENT COMMITMENT TO REALIZE
DEMONSTRATIONS PROJECTS!

\

Shorter construction period (modularization)
Potential for enhanced safety and reliability

Design simplicity

Suitability for non-electric application (desalination,
etc.).

Replacement for aging fossil plants, reducing GHG
emissions

Fitness for smaller electricity grids

Options to match demand growth by incremental
capacity increase

Site flexibility

Reduced emergency planning zone

Lower upfront capital cost (better affordability)

J

Internatic
~orum®

72

Internationa
Forum™

echnology issues

* Licensing of FOAK designs, particularly non-LlWR

technologies

Prove of operability and maintainability

Staffing for multi-module plant;

Supply Chain for multi-modules

Optimum plant/module size

Advanced R&D needs

Non-technology issues

* Time from design-to-deployment

* Highly competitive budget source for design
development

* Economic competitiveness: affordability & generation

cost

* Availability of off-the-shelf design for newcomers
* QOperating scheme in an integration with renewables}

~

69
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INURFIRS AT LISESE DI D I RETE

______________________________________________________________________________________________________________

EQRNCEAERITHLONB/NEES 1 —LIFIE, RO REUFR SR
 EFEOEERBENHHET. ENFENKRENMEMNSEVNEBEZBUVT
 WVET L, RENIVEANBADENEFEZEZ>TNSEHESN LS, Agenda |
. for Sustainable Development(d, ERFEITRILF—ZFERL. 2030FFTICEH
 ANMEEEDHASRMEV) -V IRILF—EFATESLIICHAHIEE B
 LTOWET  FEOBRTIE. EHOMEEREMEL ., TRILF—HRME
 OAO, MEEHRSFATRGESICEOMBICHELGBNETEFEMMN |
LTWFET, SEDOVIEF—TEH. SROIRIILF—FEICKHIT E2HMIZAH., |
 BRER.VAREICBITAZESFE. miaRifiF2IHB/NALES, |

______________________________________________________________________________________________________________

A I

Dr. Amy Schweikert(, 205 R §k LUK O i T == 6
BHEBRTT , T RAVAHEHBERRFDOIO—TH
V. RFARFEITOISLOERELEETEHYET . 17

RIZMYBATHET . RIEZEICEESRICEAT 5400
SOEEMNHEIYRIETIVFICEALTERAEZERLTULVE
T, SHIT BRFBIRILF—HEMHR—FIH)FELTDER
FAIRIILF—DEREZED., T HHEIRILF—1RESZ
(T TLVEN IO TR )L X —RERIZEET 51 SR04 E
RRIZDODWTERHELTLNET,



https://gif.jaea.go.jp/webinar/index.html#webinar046
https://gif.jaea.go.jp/webinar/index.html#INTRODUCTION
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Where Things Stand GEI\VI/[" Infera

MILLION PEOPLE WITHOUT ACCESS TO ELECTRICITY, 2014 n

11 million = 270 mil

20 High Impact

Countries

+ 2/3 of all persons
with no access
globally

Myanma
Uganda

w1 .. Clean Technology Options GEI‘([ Sl

Forum-

PV with above

_ and below-
4mmmm ground storage

4\ uclear -

Conventional and
SMRs

More efficient coal-fired power
Carbon capture and storage

Transport biofuels

eNot on track Accelerated improvement needed = On track

Forum®

The World at nght GE@lntemational

Satellite Imagery =
Resolution: ~1 km?
Used for:

Human Development Index
Income inequality

Infrastructure development

Lots more




Visible Light and Population GE@mtema
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B[RS (BR) ZRELGVA (EXFEE) (FHEE TS S,

Forun

Visible Nighttime Light
_0.5*2geographic area
B No Visible Light
W <10
M 10-25
W 25-50
50- 100
> 100

~50 km?
resolution

Persons per square KM
0.5°2 geographic area

H <
50
100
250
500

M >500

~50 km?
resolution

Internation
Forum®

Est. Electricity
Poverty:
ot +8 1.75 billion people

Number of persons per
30 arc second region

0 1 10 100 > 500

Schweikert, A., Osborne, A. Stoll. B., Duncan, I., Deinert, M. “A Global Assessment of Resources Available to Address Electricity Poverty using Photovoltaics and Energy Storage” 2018. /n Review



Meeting Electricity Demand

R el e
.:“ E ’z'.“:. | E:.I‘IIIIIII
." [ ] § 2 - a
4K *a = ARG ‘s '(l; W
v . p o
Annual Demand (MWe) TR, A

(@ 3MWhe per capita

-

System size required to meet population electricity needs
(MWe, Peak Watts, 0.85 capacity factor)
Per 0.5 geographic area

. N/A

<5

Forum=

GE@ lntel'natioEN IV ::ngtraérr:?sgional

<20 <100

. > 200

<50 { <200

Schweikert, A., Osborne, A. Stoll, B., Duncan, 1., Deinert, M. “A Global Assessment of Resources Available to Address Electricity Poverty using Photovoltaics and Energy Storage™ 2018. In Review

LCOE, Current
Technology [$/kWhe]

Direct CO, Cost

LCQE, CO, Tax

[$/kWhe] [$/kWhe] GEN
NaturalGas$00453500096$005494 N
i Nuclear PWR $0.0547 $0.00 $0.0547
'.Ec;;.l--.--.-.---.--....-.--..-..-..--.S.o..-dé-s-sn.......-.-----.S-.O.lb-znié--..--.-.-.-.--.-éno-.-o-s-.gz-.......'

Solar $0.1071 $0.00 $0.1071

= Nuclear SMR [NuScale]

v

$0.0421

$0.00

Electricity by location

Mitchell County. GA, USA

Current electricity sources

Residential 11.63 ¢/kWh

Commercial 9.31 ¢/kWh

Industrial 5.68 ¢/kWh

Statewide percentage of electricity production (%, 2018)

Nuclear [ ]
oot [
oo []
Hydrosletic [l
e
Petroleum |
Other Biomass |

Other

0 2 50 75

$0.0421

Vancouver

Seattle

Ny
Lsan Francisco (7 1,7
R

el

; v
87 L0s Angeles
WL0000TAZ 4

STEP 1: ANALYZE DATA SETS — STEP 2: FEASIBILITY OF SITING — STEP 3: INFORMED

AND MARKET DEMAND INVESTMENT
Demand per Capita Integrated Resilience for Design and
Demand “::bum "1 ,?2, Identified ‘ideal’ zones
Estimation B a3 _)- w i mﬂﬁ".&“ﬁﬂﬂm
- Locations
_—e ;
\/ #5; International Site Screening
B Available + g o
Land
/ | — Nuclear Siting
. Ideal for siting

D Acceptable for siting
. Population centers
=== Active fault zone
D Water

. Not suitable land

“Ideal” and “Acceptable” Criteria: Distance from HV
Transmission and water source, outside dense
population centers, no seismic fault line, no protected

environmental regions

~50 km?
resolution

rtise | Collaboration | Excellence

BEBETIELYL
AR YELY

t Estimated costs of

- CuBA

Diesel Generator Cost

electricity by diesel {
Euro/kWh

-

- 0

NAMINMICAN

CNLDEMIZEKY ., FARI)—
U PTG EEITOICENTE

[Fort

GE@ Inte
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HBINR . A /AR—3 0 MED =8O QE AT ay

 EB/NELF (Micro-reactors) &1L E BB THEGMN AIRELENHAED |
 F=ODNRIFT, RICESEAFLELTERERE NS REESSEN G |
WA DB ARBICERISELTWVES, BARNGB/NERIEELTIH2~ |
| 20 MWeiRIE D ET BB R FIF T, LTI TE%R. MEMHFE. AL TH TR |
 LOERELTHY., B, 8K, ZRTOBMZENTTEET, MIERICIKEE |
T BAIRLE—DOHE. EE—FTOEEN i BEHREDNAZER |
IMRICL=B CHIEIARIBE LR D K IERETSN TLVET o NEI(Nuclear Energy |
| Institute) (& B/NEIEE S Z & T$0.09/kWh~$0.33/kWh TOE NS HVH] |
 REEFHILTULVET . AYIES—TIE, B/INEIEDHRET. RFTRE. RY |
DOEDBARFAFKICDOLTITHB/ALTLET,

__________________________________________________________________________________________________________

E Ry A

Dasari V. Rao (&, [RFH/HEM T FEEHELT,
[RFRNERNDLEE - RIEREDDEF C25FNDE
B ZE O TVET , AN FLUSMCE., R A
FEHE. PEHEF-BRHERIE. EFAIATLD
YADFHMBE 24 B A B COEMMEEHSED
BCWFET IRE. OAVSEAEILAERMOERLE
RRFHITOVSLEREEZFHFHTHN. DOENAM DO
U7DR—-J0T5 LOERBMT1LDA—TH?
Jess GehintE L DFATEERI . NASAD % 7 H 5
BE7AVIDMDEEMRRELFEHTIET,



https://gif.jaea.go.jp/webinar/index.html#webinar039
https://gif.jaea.go.jp/webinar/index.html#INTRODUCTION

Microreactor R&D at a Glance GE@““@[’“&“O”
+* National Drivers | l:Ol‘U.lTl“
= Innovative, Affordable and Rapid Parther R'Advocate

= DoD and Civilian Microgrids Lead & Deliver National

Sres 3 Drivers
“* Nuclear Facilities and Technologies Tech Transfer ’

=  Fuels (HALEU)
= High Temperature Moderators
= Nuclear Data

+» Prototypes
= Advanced Manufacturing
= Sensors and Structures
= Sub-scale simulation test objects

mmMRTG/ASRG Topic of our discussions today SFR (Pb-Bi) LWR, MSR, HTGR  LWR Focus YMP Focus
Heat Source MicroReactors (End-to-End) SMRs and Gen-IV ART Gen-3+ SFWD/EM
101 100 [107 fro° [104 [105 (B

NASAD X 23y aVRAICRARINEREERIGLITR TR VEEE R B (2kwi)h b,
I4H0Y) 758 —(2-20MWe). SMR. Gen llI+/IV(ExK1500MWe) %18 Ui @ BB hV
B

L. BERELTORZHHE DT, X BEFHIBER/ABHM DI EE/T—AK—2,
BAREBLRIERERWVESAPISLOERATH) ., COEREI/DOU7HA—@RT
. TIHFEESN ., BE R EEN DB Ol ZH 53/ D0U7HA—EVOkHoNn

3 VAT LEHENG EHD,
Reimagine Nuclear Generation... GE@ Intemational
\ Forum®

DOE Microreactor
Program is undertaking
some of the most

=h &, important and
challenging research

e >

Transportable Self-regulating

Factory fabricated

Factory fabricated Transportable Self-regulating

The majority of components of a Smaller unit designs can enable Simple and responsive design a nd d evelop ment
microreactor are anticipated be microreactors to be very concepts can enable remote and

fully assembled in a factory and transportable. This can make it semi-autonomous microreactor effo rts to accelerate
shipped out to its location. This easier for vendors to ship the operations that may significantly :

can eliminate difficulties entire reactor by truck, shipping reduce the number of specialized microreactor
associated with large-scale vessel, airplane, or railcar. operators required on-site. In :
construction, reduce capital costs, addition, microreactors plan to use de ployme nts by mid-
and help get the reactor up and utilize passive safety systems that 2020
running quickly. can prevent the potential for S

overheating or reactor meltdown.
26
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+ BHEE. AEOB S M. FaE S
+ RERUVEFERFERHFEAROYI/OT )N /FELEDEGHE

EFRFEZASE. XF—TH/80—I1F.

+FEEBEF A, EHEETRI/ETE ?S'iTTI FRAREMSTERA
—RBORFZELTIEEEFTITO

+HENT-H OFEEZEITHIETLY, @ht EERHEREONNTIX
BREERAMEEE ., JUIRREEAKECER T H2ETHY.

HBPREBALTWAIEN D, TIUMERIIZHRTH AN BRI XIET D
RHIENZECEDIIBIATDRHLERATRETH S,

Forum™

Key Technology Enablers . )
Factory Built = Easy to operate = Easy to license GE@ International

Designs may vary, but challenges are similar.....
So, R&D focus is concept and technology neutral

g ”{\ — Fission Power
/‘\\ PCS Di -
3 Y A H
3 ‘A 5
H A o A £
0.0 AT 6
£ WYAY IRVAY E
: v ”V ;
LA
|66 V\MV e FUSL
g YV | <
: Tl | =l
0 7! 6.

time (hr)

Demonstrating safety, stability
and ease of operability

Understanding manufacturability and
licenseability

Typical Microreactor Design GENDY

= Reactor designs include following options:
+ HALEU Metallic, Ceramic or TRISO Fuels

+ Fast, intermediate or thermal neutron spectrum enabled by a
mixture of high temperature hydrides, beryllium and graphite

« Alarge reflector that also performs as a thermal sink and
houses control drums

* Heat pipe-, gas-, molten salt- cooled
» Brayton power conversion (with or without intermediate HX)
= Structural material options include
* Metals
* High temperature creep-resistant steel
* Molybdenum
« Ceramics
+ Graphite

Internatione
Forum~
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DOE Microreactor Program
R&D Focus

ose ol
N WS 4

e . -

System Integration &

Technology Maturation Demonstration Support [ Nuclear Applications
Analyses

+ Heat Pipes Capabilities Demonstrations

* High Temperature + Single Primary Heat + Hydrogen co- generation
Moderators Extraction & Removal « District heating

» Heat Exchanpers Emulator (SPHERE) « Desalination

* Instrumentation & Sensors * Microreactor AGile Non- « Autonomous Operation

nuclear Experimental Test- i thoart
bed (MAGNET) Remote Monitoring

+ Market Research
* MR Regulatory

Requirements
* Integrated M&S
+ Technoeconomic Analyses

el 075 LOBAEREBHTLES
E‘W'f*ﬁilz‘[ﬂﬁ@#&)g)?iﬂ*}§’—qb. Westinghouse eVinci™<4 20U 7H45—
T 4 JOYSLOBIRETH. HififgEs
)—H—&FEHTNET, TEHNELE

+ IRAR WAL E A
+ (AR REM 2iEFDEEET
+ BHARESEE O3 Lo#E4t
+ BHE/BHAIB zLET,
DIBAZELTLET,

SPHERE: Single Primary Heat
Extraction & Removal Emulator

37 heat pipe, 54 heater test article will IR termations! MAGNET: Microreactor Agile
oroduce thermal output (up to ~75 kwt) CENRJW S nens .
‘ Non-nuclear Experimental Test-bed

= One meter long section of core block exists in the
bottom half of the article and one meter of heat
exchanger in the top.

= Heat pipes span both sections to provide heat
removal.

= Both additively manufactured (AM) and
machined 37 heat pipe test article pieces have
been fabricated. 4

Heat Pipes

International
Forum=

Microreactor AGile Non-nuclear
vt EXpeErimental Test-bed (MAGNET) GE@

= 250 kW electrically heated Microreactor Test Bed in
the System Integration Laboratory at the Energy
Core Bl System Laboratory (ESL)

— Initial test article will be a 75 kW heat pipe reactor
demonstration unit with 37 advanced technology
high-temperature (~650°C) sodium-charged heat
pipes

= Multi-lab effort

~INL: Test platform and microreactor advanced heat
exchanger

—LANL: 75kW heat pipe reactor test article

—ORNL: Instrumentation and sensor

) o | —
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RFHERIZHIZSH A LFIS
(B/MREORFME)

=/ HY

' LoveringlB L ILiE ., 7110 MWel FOE/NERIFDMTEEE mAIICEMREL TLY |
 FT, BIRFEBERLETIICEESThIELUO D BERFEZL-EBICIE |
 ESThIEEDDEVST-ENICHTIEEFERFLTVET, B ERED |
 2a=TADRA7ATYIRELTOMAERET NIEL. COYAXDRB/PMEFIL |
' 100%BAERREIRILF—ZBELEGELYLRETEEELSEBINE, T4—
 EIILBREA L) YR LEY $ 1L EDIBEICIFARMIICST—ELRELTHE |
 FTHLSHITEMEOERIXME $15,000/kWELTFTHS LM HMUEL |
1= LAOLEB/DMEF DY FEREBERM (LCOE) IFBERIARNMIEGSNGT =0, i |
N EORMACORE TS TEAIESNDIZIE. SEISEENEYRLIT |
 ODNIRXENTRETEZEH RN NOTVET, i
 FD=-HSEIK, B/RIEDONREDEF : economies of scale X TIHHEED |
| #%3% : economies of volume IORL—FATICDWVWTEZET B/ EIFEAKEF |
BRI RXNYICEB T 5O BEGEED T LS E. Hi@ﬁ?i
NI EEE. BLUOIRILE—RMDNGA—2ZF>TEELET . Ff-. I |
g ?;j#ﬁfﬁiéﬁ%@?%‘%@-‘r‘—%\%\ RRGYAXDBIPNEIFOFEERE |
 FRILET '

mEAEmI:

Jessica LoveringlB (X, [RFABERICERYMET FL UK.
Good Energy Collective®D X [E]FZIIEFTY , ‘f&t[i:ﬁ_Ls
A—RF—AOVKETIZENHEBEDOELTEZNE
LIz, REZ DB LHNIE. ﬁ%ﬂ"l@*ﬁﬁ%ﬁ@&%ﬂ‘]@f
SHREICEDIOIGEELTSZHM., F-HB/NERFIFE
OS2 =TALRILTEDLIICRATESIMNTEBLEES
MDTLT=,

IRTE L. Energy for Growth HubD 7 xzA—&L T, /S LEL
DT I7)AIZE T EHEENGRFADEAFELEZHELTLNET , FRITLLIFAL.
TLAORIN—MER(TRILT—EIREBICEATAIANRDEZFELEZHEERM
BHREEE) OTRILF—-TAT S L-TALIEI—TLIz, TLAIRIL—BREFR
Tl RURZEEERBFRBOBREKRD—IRELT., EFAHABEMODEFIZHETH
(FTARMETIF EAZRET SIHETERLTLEL -,
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Community A Load Profile for Min/Max Days

- —

10 11
Hour

14 15

=—December ==]une

16 17 18 19 20 21 22 23

Average Peak Load Day-to-Day Timestamp
Load (MW) (MwW) Loadiine Eesk Variance VELEL
Comm. A Elec. 2.41 3.66 0.66 Feb. 3.96% 2.70%
Comm. B Elec. 1.18 1.77 0.67 Feb. 4.47% 3.65%
Elec. 1.49 2.35 0.64 May 13.16% 8.58%
Fairbanks
Hospital
Therm 1.47 4.47 0.33 Dec. 16.79% 9.19%
Elec. 208 329 0.63 Jul. 7.47% 3.86%
uw
Madison
Therm 107 229 0.47 Jan. 16.13% 6.72%

Including Nuclear

Excluding Nuclear

Lowest Cost

3MW Nuclear +
3.3MWh Battery

LCOE = $S0.16/kWh

4. 1MW Diesel +
6MW Wind

LCOE = $0.29/kWh

Lowest Cost, Zero-Carbon

3MW Nuclear +
3.3MWh Battery

LCOE = $0.16/kWh

54MW PV + 21MW Wind + 325

MWh Battery

LCOE = $1.0/kWh

ASAa=TADR/FIOI7MINEEELI-HES . SMWDREFHHE
T+3.3IMWD/NYT)—IE 4. IMWDT4—EILFEE+6MWOD JE
NEE., T=IF54MWDPV (KIGHEFHE) +2IMWDE N FEE +
325MWD /Ny T ) —&YEHZMENDIIIaL—LaiERIZEST-,
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Nuclear LCOE vs. Lifetime & Capital Cost
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RFAIZIEZ2RAMETOH
AT REMED DD, D
SMRYYA /0T 52—
DARFZDWTIEaY>

o ZANFELN TG

$0.60 Diesel LCOE range LYo
$1L-21L REXDR7r—1) T B%
$0.40 oo ZEWAT HE, ¥AMUH
. S VT UE—(XE Y
$10,000/kW ITEDH, GLVEEEEXE
$0.00 i LWENHD,
5 10 15 20 25

>
g

Overnight cost ($/kWe)

30,000-

20,000-

FOAK cost ($/kW)

10,000-

Operating Reactor Lifetime (Years)

11

st

ABCDEFGHIJKLMNOP
Scenario 1
1 x 1,000MWe LWR

Scenario 2
1 X 45MWe SMR

n=04
n=05
n=0.6
n=0.7

0 100 200 300

SMR capacity (MW)

ABCDEFGHIJKLMNOP

[ Froese et al. (2020): $130,000/kW. 3MW

Moore (2016): $35,000/kW. 10MW

[«] Oklo: $6,700/kW. 1.5 MW
[«] NuScale: $4,400/kW. 12x 60MW

SMR MWQ)"l

COStSMR = COStNPP X (m

OCC= S5500/kW .
Capactiy= 1100MW &LN5
R—RTSUMERW:=X
r—)oERR,

AT HE—
(<10MWe)
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Figure 1. LRs for 41 Energy Technologies
The logarithmic fit shows a negative
paramete (=—068R 0.22) translates into a 1.5% dec
increase in unit size.
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Conventional learning

p R2=(.33%**
(o]
10°10710°10° 107 10" 10°

Unit size (MW)

FEERL &KMHATI)—LYL A XK EFT HERLEL,

FEERABTNL BEEOHSEEL=

10000

1000

100

10

Deployment Needed to Reach Target (units)

VMRS D (BRI T I R o

FOAK Cost
$15,000/kW

$10,000/kW

$5,000/kW

15 20
Learning Rate (%)

490 FOE8—(L, ARMEFNEBHEIENTENR, ZREeFRELDA

JubZEdlzbl, RFAFREARICEOTRNANGHMEZLE D,

FILRH LR ATESREELH S,

ENHD,

AI27VIRBREEADE. vA4oQYFH2—DaA T BFMICT1—
=L, REZHBRLTTIYRBHELTEAS L ARMNEKIBICHEIF T 210
206 L EDEFTET, IS5UMBEShNIE, COKSTaARMHUIETATRE,
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FAHKRFALRTLOLZE

 EBAHRREFEEMO—F Ty T TRESN TV EEICE. SVREMEEE |
 EABHYFET SEIEZDEIRERICHAITI-6TEEDE AR FIFICEET D
 GIFJRIREMET—F25 5 )L—T (RSWG) DiEEN. O, FA4HRREFIF |
VAT LNERERE, REFICHTIRENREHEDORMEH ., KT M-
 OICHFESh R MEMEF L. S5I121F, REHRHTMEL. F4HRFEFIF |
AT LDT IV EICEARITED TS E TSV DM EZEICDLNTE |

EEET:
Dr. Luca Ammirabile (&, BRI ZEZE B % (EC) ICFREL . £ EIFAZE
T A—(RYT  ASUR)IZEVWTRF RS - Bt
RIZYEDRFHEHRET)T (NURAM) F—L DT )L—
T)—H—%EDB BDITIN—TIE. . SEFT7IOTURDF
fh-fEf ey —RA—LHEICEELE-ZEMRBICERTS
Tl BITIPEEFNEFIFOZR M MEELST 5, IRE
(X, WPIDEARENEEAT . RERMI—FDERAELEHF. L£EH
RFIFOZEFFMERRELI-ARETHEERLTLNS,
2014F LIBE ., FAHRBEFFATLICETIEREI+—5 LDV RIZEH
T—F% 00 WN—TDOHREEREZHENH D, F£f-. OECD/NEAL KR T S F M #T
EEEXE= (WGAMA) EEEFDEEMHIZRET H1EEERS (WGSAR) D ER M
ZEERKRELHEOH D, 2007F DEVNFE E=FTEHIIE. Tractebel Engineering (3]
Tractebel Engie, NJLF—) DK 7 - BEEEHEBFIIZEIFEL . NILF—DEF
HEEMOZEMITMEZIETA-ODEHRMNLAERHDORRLEEDTO
DIIMIREE LTz, 2003FITARYTIL-ALyP-AVR U THELEF%E. 1999
FIZTAR)TDEYRETRFAIFZDELTEEIME,
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NDROBREED—XTTI—7:
GIFYRIREET—X T IL—TRWG)DEELBMIE. R,
YR BHIZDONWTD, FEHERC AT LB T—ELE7Z77O0—FDH#
I THD,
D BEBIDT=HRSWGIE, FTE I & T2 5l /5% (1SAM) D B
FEEUHEZITOTLD,

Neutron Pressure | Temperatur .
System Spectrum Coolant (MPa) e (°C) Fuel Cycle | Size (MW)
P
GFR Fast Helium ~9 850 Closed 1200
LFR Fast Lead 0.1+ (atm, 480-800 Closed 45-1500
Fast Fluorid
MSR astor uolrl eor 0.1+ (atm, 700-800 Closed 1000-1500
Thermal §fhloride salts
SFR Fast Sodium 0.1+ (atm, 550 Closed 50-1500
Thermal : N Once-through || 10-over
SCWR or fast Water = S10-625 11 1 Closed 1000
I
. Once-
VHTR Thermal Helium ~5.5 900-1000 250-300
i i 1 through

T EEEBEORERCGREME) -
GIFDZE-EEMEBEEZX. ZEHEOM ST LT HoNnd,
- ERIZBITATEM-EEEIZENS
> FIEFHEE Level 1-2 (B EEér, EFAEIRE
o PIMESDRTEEE EBED T2 /SN
> EREFHE Level 2-3 BEEE L ERET]
o« FATVHAPRIEGNEDLEMEZHRTES
> FEFHEE Level 4 [BEESEEIEFIERET]

Level 1 Level 2 Level 3 Level 4 Level 5
Operational states Accident conditions EP&R
Residual risk and
Anticipated ; . . : esicua _rls an
Normal Operation Overational Design Basis Design Extension practically
P P Accidents Conditions eliminated
Occurrences .
accidents

T _ T .
. . . Out of the design
Plant states considered 1n design T
" A = (addressed in level-5
(safety analyses) of DiD)
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HELELFMA LR (1SAM):

ISAM (LA T D RBEFED 41V —ILTHERBRINS,
. TEMHMRE4FMELE 21— (QSR)

o WREE/ERLFTTF (PIRT)

- BHEIBEHERR(OPT)

o RTEIREY/RREHAVETE(E(DPA)

o TEIRFRILEETM (PSA)

Primarily
Qualitative

y B Primarily
For - of Safety and Criteria / Quantitative

Qualitative Safety Requirements/Characteristic Review (QSR) J

'

PIRT
* ldentify important phenomena

* Characterize state of knowledge

oPT
* List

that assure il f

DiD
= DiD level — safety function —»
challenge/mechanism — provisions

L
( Probabilistic Safety Assessment (PSA)

* Prowvides integrated understanding of risk and safety issues
* Allows of risk impli ‘of design vaniations
* In principle, allows companson to technology neutral risk metrics
b

D: ic and P! Analysis (DPA)
* Demonstrate conformance with design intent and assumptions
| = C in event resulting from initiating events

* Establish margins to limits, success critenia for SSCs in PRA, and consequences

EHMNTLEMELE 12— (QSR):
QSRIZL., SRETICATE DT EHMN A RAEN TS LR T 51=8

D. AR DEEMNLEFERELTHERSINBIFIVI) R THS,

B R FE/IBAL{T T3 (PIRT):
PIRTIX, P RATLEAVKR—RUMDIETEE . TEERVI)RI~DIE%

MBS EETETHEXBMICERSNS,

Forum®™

. R | KL | Kl
System Component PhenomenalCharacteristics/State variables
ale|lalB|Als
ERSS SASS SASS actuation temperature H{H[1T2] 334
’ Codant transport delay time from coré outlet to around SASS HIH|3|2]| 5|3
Upper coreregion !
around SASS Time constant of temperature responsedslay from coolantaraund |, 1l 4 | 5| 5 | 3
ASS to SASS device -
Core outlet temperature of the coclant that flowsto around SASS H|H|3|3|3]|3
Doppler reactiviy MiMi 4 |4]4]4 Knowledge Base Gap Determination
Fuel temperature reactivity LiM| 4 /3]4]3]
Fuel cladding temperature reactivity MM 4 4| 4|4 AdeQUﬂCy of KnOW|Edge Rank of Phenomenon
Reactor Ceolant temperature reactivity HIH| 4 4] 4|4 H M L 1
| Ceolant flow rate halving time HIH[ 4 [4]4[4] 4) Fully known: small
Fanclcy o Power cistribution M{m[aalala] ) 4 v ¢ :
Flow rate distribution ameng core assembiies M{M| 4 4|44 uncernanty
Coolant temperature at the coreinlet and cutlet LiL| 4 4|44 (3) Krr]‘ow:" moderate
Fuel pin gap heat transfar coafiicient MIM| 4 |3[4]3 uncenainty
Fuel pellet thermal conductivity {144l al4a] (2) Partially known; large
Thermal material property of fuel cladding and coolant {14444 uncertainty
RPCS | Temperature I8C Coolant temperature to be used reactor power cantral MiL|4|4|a]a (1) Very limited
purs | Pump Pump rotating inertia MiM| 4 4|4 ]4]| Knowledge; uncertainty
& Pressurelossin the reacter and PHTS MiM| 4 |4]| 4|4 i

International
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HHFREEE (oPT):
OPTIL, IR FIFICIRBZEEADRIREIE D HAHFEH D, Pr L F= (I HIHEE
MOD=ODERBZHET =DITERSN IR THS.

Level of
Defence

Objactivas and To be achisvad and
Barriers to be protected
Safety Safety To be maintained
Function Function

| Challenge | Challenge | | Challenge | | Challenge | To cope with
Mechanism | [§Mechanism | Mechanism To ke prevented
» | or controlled

Provision

Pravision Provision |

= tal To be implemented to
lemental prevent and/or control
structure Provision | Provision Provision | mechanisms

Provision Pravision

RE RN /B R RAVEE(E (DPA):

DPAIL. BRENDRRBEIZX T AU AT LDIGEZELMEL . M =/RsTRAFEDIE
ftE9 5. HRMLGL LT ETHS, EDLEHBTI—FIZE DN TEN
SNT-DPADFER L. PSAND AT D—EEL TR S,
EERE2FM(PSA) :

PSAITFELDDAEMELEICIEIET H=-OIZERSIN., FIHEESHRETD
RN RIRERETERBICESETRHRYRLERINS,

DPA of Sequence No.1
(identified by PSA)

¥ 8 EEE § 8
£
H

® | Mavimum temp. —551° (< &50'e) | s
o i

e sy A
® The DPA results arerlnput (returned) to “PSA” 1 \

Loss of Passive Passive
circulation  |Reactor [cooling by |cooling by |Sed e
capability in [SCRAM |using using - Accident sequence integrity
FRACS-B PRACS-A *|DRACS * | Mo.
1C07-B RS ANC DNC.
YRS*ANC*/DNC
! N Successful DBA scenario) LOK{I)
RS*ANC*DNC
Success | : :[‘Passwe cooling by using PRACS-A alone) Damagcdu}
rl'FE S*ANC*/DNC Dama ed(g}
= fiPassive cooling by using DRACS alone) 8
RE*ANC*DNC Damage
This sequence is developed in (Loss of all heat sink)
Failure | idetailin.othereventtrees. .| 5|
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FhUS LAHBRIEORSBE 517U (SDOL
REREH A5 12 (SDGs)

#B=/ B

 SDC&IF, BBAEKF MV LAHE RN EE ST NEREEHERHB LR |
57347")7’6‘3’ FAHKFN) D LGEESRFTIX, TR LZESE#(ZHA g
WO ERIFOBFEEENN-BEELZEFEHINVIIZHNEERATLEEY |
AN, REENREE—RFNEEFOEFHNOFALELINLRBLTRE |
DR LEEBIRELTEY. SDCAZIZINSDERIBEYRAENTLNET,

. ShIZ, SDCEREDREHERA T DEDFEISELTRERAMTI(Y
. (SDG) ZHEELTLEY , SDGTIE KhHBEDFM) Y LGHAESEFDRER L |
BB EEZ T, SDCEFRE T A-ODZEHIFEIE TR, BAEBRIENG |
E. VETTIOVTULNDIRRBNERRBEDHRFFHRETNONE TR
SRR $IEL‘L,'C¢ ~LTLET, i
L AVIEF TR, FAHKEFFOSVFAEBREERT DOICEESN |
§T*tcéan'f??*fT'JTttcéux.ﬁrﬁ4I~74/0)1‘EE%€' FrYH LSS ERE
i DEELEDORHEERZTHENALTLET

REERM:

Mr. Shigenobu Kubo &, 1989F &Y F k™ LGEHI S ELF
(SFR)DBAFIZHEE, SFROV AT L, ZE2HRARUVBEET 4
HMERAFREEMET 5, 201 1FDHEFEINOGIFRERETE
#(SDCO)RRYIT+—RIZSBML, BRELTSFROREHRETE |
EORARKICHE, RE. BRAEFIAERAREEOSRIF-
R R FERETERRE ., S RIBIEF Y1 VILE
FA{L BRBR S B B 25 (19994 ~ 20064 ) R U E iR IEFE R H 1 &
JLE T B FE (20065 ~ 201145 )IZHEZE . F1=. BILASTRIDE[E ‘
METIE., BEFE2RD)—F— SETFTITIUORNIRG)—4 — &L'C*?JEIL,
fro MOENRMAMLE(L, EAGLET A I M AT TR EL DIGRE VKRS EER
ME%Z FWL=SFRVE 77U T NEER) THD,

1989 F A HERXEREZRIEZMEREFHIZERELRIEET
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GFREMEBERLUVEEREL7IO—F:
GIFEEMHBE
SR-IERICHITHREM-EEEICEND
SR-2:4RIMES D RTREME EFRIEA + 72 2/ Sy
SR-3:ATH AR BREFFIEDHLEMETHRTES

GIFfFEREYTO—F
« REME
« REM7 TO—FEYRVBRERTIO—FOHEEE
o BATFTRVERECHARAENT-R 2
c BR/ZBLREMEDFROER

TR LAHERFORERE:
IAEAIE. EERBEEZF DERTERELERRMICERL TS, —AT
[ERDIERICHI-HIZREIL, BFOBEKFEZEELI=LDELEOTIVD,

D=6 TENENDAHANH RV AHNROFHEEZZEL-. F4tHAFR
TERZEEFEDOFRENDLETH S,

Advantages
. Enables low-pressure plant Transfers heat faster
Uses neutrons efficiently LWR ————
=~ ) ) g Sodium g 4 __FBR

o \“‘ = moderates Hieh At h
Wate e AN @ ==
made ates = H,0 N\ - (Na) =
nnnnnnn & N 4

Heat transfer test Thermographic measurement
Neutrons produced in fission can be an on i nary Left: Water Sodium transfers heat faster
£i I db di £ P Right: Sodium than water.
efficiently used because sodium No need to pressurize it because .
moderates neutrons less than water does. .o boiling point of sodium is very Heat generated in a reactor core can be
efficiently removed.

Sodium is suitable for fast high (Lajb°“t 880° %) ik o g
spectrum reactor. se of sodium coolant enables us to adopt the compact,

high performance cooling system.

| Disadvantages (overcome by design)

Reacts with water and air Must be preheated to use
'Design measures
‘ /’must be taken to ‘
prevent chemical
reactlon because itis =ax
React:on w:th air  Reaction with water hlghly reactive. Soft solid state at

room temperature
Prevention and detection of leak is important.

Sodium
requires
preheat and
Liquid-state sodium heat retention.

can be used.
(melting point 98 °C)
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F4HKF R LSHEEFR (+SDC/SDGD BHF:

RO HEERARY T —X(SDC-TRIECNETIC, BREREEZFO>RS
RETRESDOR VR EREAHARSA U (SDG)DHFEEFIT o= CNHDX
EZ(L. ZFEOFRHI#ET . IAEA. OECD/NEADWGSARZEE D SV ER#REE - K5
LEa—%%2(TTL\5,

Safety Fundamental safety principles and
Goals common safety gozls for all Gen-1V
' systems
Safety A set of criteria reflecting GIF safety
—_— Design approach to achieve harmonized
e Criteria safety requirements of SFR system
. A set of guidelines on how to
Safety DESlgIl implement the design criteria and
Guidelines address SFR-specific safety topics
Country-speciﬂc Domestic regulations for design of
codes and reactor core, cooling system, and
other structures, systems, and

< 7 ANSERaardsE coroonents

» SDC (Phase I report, updated in 2018)
» SDG on Safety Approach and Design Conditions
» SDG on Key Structures, Systems and Components

féﬁﬁi‘l‘iﬁ R s
ERFTEREDBIX. FRID LS |
EJEJ;F'/ZT.L\O)%L//ZTA/:I/‘I'\
FPUNDREFETICHTISRELLEFR
BHZETHS '
CHOEREL GIFDIZERETTO—FA
DEEH . ARIMN DR ERIZERFELSN

-tll\éo
TERFARECIIBEE—REFHARE
Fih b DEENEL KBRS TS,

(Rev. 1)

The Safety Design Criterin Task Force (SDC-TF)

OF ihe Generation IV International Forum

TERRETEE(RET)E. GIFV T ITR—=DIZENVTAREIN TS,
(https://www.gen-4.org/gif/jcms/c_93020/safety-design-criteria)
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RET7IO—FICEHTHIRERETHAFSA: DID

TEeT7IJO—FICEAT AL EHRATAFS1Y
[T, REFHRELXVNERIT HHIZDONT 5
WREAARSAUFIRIET HIEEERLTLNS, 7

;0)73 ARZAUIEEICTERETHEIAIREE (DEC) Level 3: DBA

BEt77n—FIETEHIREDERLOH
ﬁjly,.‘\,.\\"é%'ffl,\%) GREFGELANIL4A, S Level 4' DEC {

[Z%F0E)

CHOREXR

International
Forum™

Level 1: Normal Operation

Level 2: AOO

Prevention of Core
Damage

Mitigation of Core
Damage

‘ Level 5: Offsite Emergency Response

SHARSAUIFIGIFIT T H AR TRREN TS,

(https://www.gen-4.org/gif/jcms/c_93020/safety-design-criteria)

BE/ATL[AVR—RUMNIBET 2R ERE TR 1Y:

BiE/ORTL/AVR—

FUNZBEAT AR EERET AT AL, SFRERE

[CEVWTEELGREMEZHR T H-OIC. REFFAEEDERANLGER
FHEICET AFMEH A SA U ZRETEICRYETHILEZEHMELTINVS,
;0)73497’(/(32 yéan‘l_R—%&UﬁéTjn 9:( Eﬁ?éﬁé:ﬂn

HARSA~ADES

[CRET DHEREEAAF U R%E, —REEEAHASFRY

AT LADBERERELELITRLTLNS, TOXRIEL., SFRICEH DL EHERE
EKRKAARSAVIZEITH14NDFB AZHNZELI-LDTHS,

: SDG on Safety
Systems Safety features Focal points SDC Approach
irE T S 1. Fuel design to wlthstan_d hlgh tem.p.erature, high inner v
of core fuels pressure, and high radiation conditions
2. Core design to keep the core coolability v v
Reactor Core systems 3. Active reactor shutdown v v
y 4. Reactor shutdown using inherent reactivity feedback and
. . - . v v
Reactivity control passive reactivity reduction
5. Prevention of significant energy release during a core
: . v v
damage accident, In-Vessel Retention
Integrity maintenance of 6. Component design to withstand high temperature and v
components low pressure conditions
. 7. Cover gas and its boundary v
Primary coolant system
8. Measures to keep the reactor level v v
Coolant systems - - - -
Measures against chemical |9. Measures against sodium leakage v
reactions of sodium 10. Measures against sodium-water reaction v
Decay heat removal 11. Application of natural circulation of sodium v v
Y 12. Reliability maintenance (diversity and redundancy) v v
. s EHE el 13. Formation of containment boundary and loads on it v
Containment systems load factors
Containment boundary 14. Containment function of secondary coolant system v
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ZEMERERREREAT L

_____________________________________________________________________________________________________________

 EAMKRREFFORTLOETELREBET, REROFLMEEOATREMLLS
ARSREEENTEHRTSSLTHY . ENICI > THHNE T ERAE |
ROV EMEHIRTHETT . COEBRERD-HOD1D2OT7TO—FEL |
 CT.EARREUEL DTSV DN BFONET . COLIGREHITRVIRER |
DN ALLT, FIRBAEREICZBMICHETEET ChETH FMEEER |
 EOLEWMEL TICRHBEZH#FLUNSBAM RO RICKYERIEREZ |
 BIMICBRET ALIRET SN R FIFFrETRHR (RCCS) &, F4tER T~ |
) LAHFERUH RAIFICRET DA GSN TEELI, AYzES— |
 TRES . REMBRFFRE OISR SN TEFRCCSIZOVTDERRAE |
ATVEY MO TTILIT L XELARFACHEETHO, ZEXAAE, HXU |
 KAENBDORCCSHBICEREDT —FERMEIT S-ODKREMEHBOME |

[

EAE Ry A

 ERBRALET,

SF )L D7—v—EBLERE. PILTXEILIHRERDR
FARZIEZHMAOLFEFHBEHETHY . BKFETOH
SLDIF—or—EFHOHTHEY., RFIFOREH. Xit. T2
M IZREHET A AT ERAFE D F TI0ELU LDREEREFE T
WET, FrUT7DHERIZIE. BKFEWWR) DLETTILT
UMERTEERICEAZFBELTLV A, 0% BEE—RF
HEEFFOEHRZICIRESN=HMTERAREIZ LT 571
HIZ. ZORFOMEIZMYMBATHNET,

BETIE. FRN)Y LG FEFOCEEHRFZEOENHARFIROMZDE
IRETEMICET 20T, %5t EBROERICHNEFLNTEY., 2008 ED
MNERRLTWVET, 77—V —tE T IdFE-. XKETRI/ILX—E(DOE)DEXIK
FHE AT REE(LWRS) T O S LR DR FIFER & HM/ SR A (RST) DT T
7)) —F—%7#EHFELI=,

1988FIZA /A RFETREFHITEDIBELTEFZRIE,
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B EEF—EROEZWIL., FIEAZREIHNITHENTHVATLLEEEL
HMNST=T=OIC ST ILARELELz. FENAH AT LOHZE(L., £ER
BEREFFEATLICESDTEELRT—YTY,

Passive Safety Needs for GenlV GEX Y nemational
J" Forum~
= GenlV initiative defines 8 technological goals, of which 3 are safety related:
+ “S&R 1 — System operations will excel in safety and reliability”
+ “S&R 2 - Very low likelihood and degree of reactor core damage”

+ “S&R 3 — Eliminate the need for offsite emergency response”

= The reactor cavity cooling system (RCCS) has emerged as a leading concept for meeting
these goals

« Possibility to provide inherently safe and fully passive means of decay heat removal
« Offers a high level of performance with relative simplicity in design
+ Has been under consideration since 1950’s

= Though the RCCS is our focus, our ultimate objective is to support the continued
development of safe and reliable nuclear power

« Multi-institutional effort has brought together federal, industry, national laboratories, and universities

A

EHR BRERFZHNICBRETSHIVATLELT. RFIRFYETA—0
MO AT L (RCCS) ITERZHTTLWS, ZREKDBRBERZFIALI-Y
DITNWHEIRTLTIN., BRIZH-STIERLALGRAY—IILTOERNS
EETHIDHLENHYET,

RCCS Overview

» Unique to recent generation of HTGR
+ Natural circulation in laminar and turbulent flow
» Radiative (primary) and convective heat transfer

Forum*

GE@ International

= Air and water under consideration

» Considered for both active cooling duration normal
operation, and with other designs operating solely as
a passive safety system during an accident transient

= Several designs, each unique in geometry, but
sharing a common concept, are under design

r\
2
|
|
1111
| ' MR ¥ Lol
[

yer

! [
I \
Reactor RCCS Coolant  Cooling Mode Country Power
HTR-10 Water Natural China 10 MW, RPV ‘»
VGM Water Natural Russia 20 MW, “ i
HTTR Water Forced Japan 30 MW, > ‘ 3
PBMR Water Natural South Africa 400 MW,
SC-HTGR Water Natural USA 625 MW, [~ 7
HTR-PM Water / Air Natural China 250 MW, E
GA-MHTGR Air Natural USA 450 MW,

GT-MHR Air Natural Russia 600 MW,
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BAX MEAREEERMES: COKOHEERL, 1980FE RN SANLTITH
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NSTF at Argonne (present) GEN Y iniermaiional

Forum~
= The Natural Convection Shutdown Heat Removal Test
Facility (NSTF) was initiated in FY2010 in support of — ‘l ===

DOE programs NGNP, SMR, and now ART
» Program operates according to Nuclear Quality
Assurance (NQA)-1 standards
= The top-level objectives of the NSTF program are:
1. examine passive safety for future nuclear reactors

2. provide a user facility to explore alternative concepts
3. generate benchmark data for code V&V

= Concurrent collaborations for a broader scope
» Experimental facilities at multiple scales (Y%, %, etc.) for
both air and water designs
» Complimenting CFD modeling and 1D systems level
analysis
» Collaborating towards the development of a central data
bank for the RCCS concept

B ® o

:i A2

mE ERIE, O FRED-ODERELT —2EiRHL. S/t
RATOEREYR—bFBHIEITHRMLTILET,

Quality Assurance GE@ Intemational
» Experimental data generated by the NSTF program

is suitable for licensing initiatives by US vendors
* The program meets requirements of ASME NQA-1 2008

w/ 2009 addendum
* Regular audits maintain compliance to NQA-1
+ Small team of dedicated individuals with strong .
management support s :
Date Audit Type
Spring 2014 MA Internal External
Winter 2014 [7] MA ] Internal [ External
Summer 2015 MA Internal External
Fall 2015 A O Internal External
Winter 2016 MA Internal Extenal | | "™ b b
Summer 2016 MA Internal External
Fall 2016 MA [ lInternal [ External
Fall 2017 CIMA [v] Internal [ Exiernal
Spring 2018 O MA ] Internal External
Summer 2018 MA (] Internal [J External
Winter 2019 CIMA  [v] Internal [ External
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KERFER: MHTGROEH ) AR ELE-EBRERO—HERLET,

ZOMIH RREM TEARZEHTIKEL R A LGEHTOIERES
BzrEkL. ZORROBINRSNTNET,

Forum®

GA-MHTGR Accident Scenario GE@hnumwml

DBRANDKADEM : T4AHBOKRTIZEVL., TOVSLITEED :t%ﬁﬁ‘rﬁ
% Framatome 625MWt SC-HTGRD#EZ ERETICHE D IKANSTFD KA
EK'~$§ Libf:o

Water Accomplishments GE@ international
S
» May 2018 — Completed installation of test facility
* Primary components: test section, water storage tank, and network piping
» All sensors, hardware, control valves, etc.

» July 2018 — Shakedown and instrument verification
+ Signed verification sheets

» November 2018 — Single-phase demonstration test
* Install and verify network piping sensors
« Initial fill of test loop and system leak-test

= January 2019 — First accepted matrix test at single-phase conditions
» Baseline ‘normal operation’; steady-state with 30°C inlet temperature

» August 2019 — Completion of single-phase parametric series
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FL—TyR77O0—FDESE

ASME NAQ-1-2015, DOE O 414.1D, IAEA WS-G.5.2 % E LD D XE
TIL—TYRT77TA—FDEENRINTNVET, ChoDERICTHAELT
WAD(E, MBESOT7 ITO—FEFEHANZH5ET DB, ERPERD A
BRURHYE. RFAREITE-TOEEN., RBMOBEECERLELTEET
BEWSZETT , INBIFTRTIYRS I DHENBEDTT , FL—TYRT
TO—F(E VRIEBONBTHAIDED/INSVREEDLDTT,

EZ DB

* NQA-1:2015*: The process employed, once the applicability of the reﬂuirement to the scope of
the organization’s activity has been determined, to ensure that the levels of analyses,
gc?lcumentation, and actions used to comply with requirements are commensurate with the

ollowing:

a) the relative importance to nuclear safety

b) the magnitude of any hazard involved

c) the life-cycle stage of a facility or item

d) the mission of a facility

e) the particular characteristics of a facility or item

f) the relative importance to radiological and nonradiological hazards
g) any other relevant factors

*Most recent edition identified in NRC RG 1.28 Rev 5.

YROAIA— LR 7 TO—F
FL—FTYRF7IO—FE2EHTE5=HICIE VRIOBEEZEDESIZFIFH
LT770—F%E Ml 5N DLW T, RFAAZ 2 =T/ DRI THEDERR
ERDBENBETT, [J7——HfRII. VRITEOBE DT L—
TYR7TO—FHRBETEAZHEFTH-OOHBRELDIEDTT R
TERMER EREMNER. TOMOERICXHTIEEREZRAMNIZITST
T NRIENEDINTG U RGEEDZENTEET,

Risk Informed Approach

Schematic representation of the Risk domain (the
so-called Farmer Curve and the needed evolution)

2% [T«

g8 Ss ISO - Risk curv

g3 N sk curve

3g N

82 N X

- & N Ve Domain of

o= « "

>3 \ ~« Intolerable Risk

£ 8,

g ,'é' Domain of \\ Risk curve corrected

w“ o : to better consider

g 'E‘ Tolerable Risk \ the possible societal impact

s E \- of the severe accidents

ES o ey

38 £

o= Residual Risk Domain 7 > ~ -
Consequences

The principles of the Farmer curve Components of the Risk Informed Approach

GEN Iv International

Forum "
Expartise | Collabort Esdailance Nuclear-21, Perspectives Report on “A New Paradigm for International Standardisation: Harmonisation for the Design and the
I e e S 053 Assessment of Future Nuclear Installations,” March 2021 13
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(1) RADOHFLLGLHEFRDHEBIEZERD
BEDHLPCEHRZTERITA-HDEEIDLANILIE, TN ERINS
FARICE > TELGYFET  HIZAIX. REENREE(CHEREZREH TS LI
HBREBEICTAVOA—F3—%ZFEHT 5158 (L. M&TE (Measuring and Test
Equipment) EL TR IE-EEBITANENHYET . TV ZTHKXKENETA
TT7EB/AHIFERTHIIAO0LA—F—ThHNIX. TORLEFLHZLIVMEL
nNFEA,

(2) REINBREBDOBEBEILEEZRD
HEITREFIZROONBEBRIOLAIIE, FANTOLRADEDEREIZH
BOMN. F=EDESLARLTONIESTELRYFET . BL. ROIEIZED
BIZEDNDEEZTFIVITEREFTOATHNIE. FNIEBHESN-FEST
EHYEEA. LT COANFEREREBEETHINEIIHYFEFA.
LCNDADREBELZRETHNIE. FOANETFOFHZTODIC+REERE
Bor-BEETHITNIEGYFEE A,

lllllllllllllllllllllllll

* There are two ways to grade our approach:
— Change the level of rigor for regulated activities

g B

— Change the level of rigor for regulated personnel

1

24
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GEN IV International Forum

Examples:

+ Eliminating an inspection and replacing it with a peer check.
— Eliminated the need for fully qualified QCls
— Decreased wait time
— Decreased COPP

» Certifying receiving personnel as receipt inspectors.
— Decreased the level of rigor for certification
— Decreased wait time

+ Eliminating QA signature from particular design documents
— Moved to final design package for those documents

GEN(IV e
Expertise | Collaboration | Exce

EBRICIEmEmEE . S ORI

31
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Spent SFR Fuel

PWR l SFR Fuel |
Spent Fuel Electro- Electro- Electro- Fabrication SFR
reduction refining winning s
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£ SF g * |
(U,Pu,MA)O, Oxygen Uraniu m U,Pu,MA SFR Burning of
eeeee I Recovery Co-Recovery Metal Fuel Pu, MA
U Recycle = Save disposal space by a factor of 100

<+ MA: Np, Am, Cm

= Shorten the management period to a few
hundred years

= Increase U utilization by a factor of 100
= Ensure intrinsic proliferation resistance
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Korea USA Japan France Russia China India
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(P&T)
Target Yr 2020 ~
2020 2040s 2040s 2020s 2020s 2020s
for INS 2040
Wet Wet
Recycle Wet Wet Wet Wet
Pyro (j:d::';::;? (NEXT) (COEX (ﬁd:z:::: (PUREX) (PUREX)
Method 9 Pyro JGANEX) 9 Pyro Pyro
Pyro Pyro
. SFR
SFR (Oxide)
Reactor SFR SFR SFR GFR SFR SFR (Mixed
(Metal, . i (Oxide, (Mixed carbide,
(Fuel) (Metal) Oxide) (Oxide) {Cz.'rl.a'de' Nitride) oxide) Oxide,
Nitride) Metal)

FEDH

« FALERBM T AV DOFRIETFEHIE. SLNVREEDOEE, RIER
R, KAWL D= DETEEE . RILAERIEDIREICH S,

- ﬁ%ﬁ,éiit RXMHTAILTOER BIORERERMTIERAREEE
_ts (e]

+ EROERAFABHEEAHNRESNDGFETHS,



GEN/IV e
3. ﬁﬁﬂﬁgﬁ&lﬁ%ﬂ#’ra)b Expertise | Collaboration | Excellence

REY A 2ILOERICH (T
Einn gt IcB 4 2485

 EFATRILE—IE, BMICIEEENES ROHFHEN DL ADE
WMEREME LD A—RO—FRBLHLIEND, MBGRELEENTS |
 RLIENBEIRILT—FEO—DELTHBAEMREIRILX—LEICHTS |
 MTLET ., LHL, ABOBEROCAETICEROAIL O DBRBEIE
EDREBEEE/T BE. TR EL B LTSI EL T ABCARIR |
 EISDBENBO TV EICRAEET . &M, BFNICRBILETS |
 CEUSMZH BRIRRUHRICH T IEREGE ., S<OEENEE(IZGOT
 ETHY. ZNIZEY, ChFETORBUGRT7 IO—F D, KULLE |
AT TO—FADEEAROONTNET , ZOFHEBETINT)
MO SYEERBH SRS HENDORELEETILENHYET
 AYIEF—TIE BHICOYRFATIRLF—EHFESE 51015 |
 ATEEMEISEE T AN, BFABREH AL OBAEADRIBHBHIZL |
 INCEBRTHAINESBALET,

A A I

Christophe POINSSOTIE., CEA(ISV ARBIRILX—T
BRUOBRFHEFER)IZSFELU EITOHI-YUETEL ., RS A
JILDOMERRARIEHL>TEEL -, TRIEIX. Si3E- K
YA TOERAZEERFT (DMRC) ZEZELN, 7OF =K1Y
AL 7atXDEFEEAtalanter Ry SR DIEBEEEZEREL
TWET,, £, TIF/AFLZEIZBE T HCEAD ERET
KTHY. INSINDRILZDHIZBTEHYET,



https://gif.jaea.go.jp/webinar/index.html#webinar016
https://gif.jaea.go.jp/webinar/index.html#webinar016
https://gif.jaea.go.jp/webinar/index.html#SUSTAINABILITY

GEN

International
Forum®

IV

Expertise | Collaboration | Excellence

REEF. #H=EF. BFEFICEBL. RFAIRILE—D
KYLLFRAIREE7 T O—FAOEREHRBALTLVET . L

T.SROBETLIILDOEERMEZRLTNET,

The sole technical approach is not sufficient =
need for a more global and systemic approach

GEXJY

International
Forum~

« Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs. (...) »

(Bruntland's commission, 1987)

Recent concern

>

Baseline for technology

* Predictable, stable

Climate change i . and limited ener:
Overall Footprint : = development 9y
=» Can nuclear cost
ener be ) * Economic stability
o D R e ggl g ® Hf::w ;o l;r_1|1_tpr’c7>ve through energetic
enVironmentaI Sus alna e an arroraanlill y. Independence
footprint? how? |
* GHG-free energy Equiy, reduping - {'sks, *Highest level of safety
. democratic choice o
* Preservation of natural resource and reliability
* Reduce and manage ultimate waste *Consensual choice of the
society

* Low environmental footprint ® How to improve

acceptability?

Main trends will be depicted in the following

*Promote the international
stability

The rationale of future NFC in view of sustainability ~GF

2100

2050
Dates are purely indicative

P S INCREASING SUSTAINABILITY
. Gennmem

Pu-monorecycling
Pu-mono-recycling

- Twice-Through Cycle
- LWR reactors

1980

Gen.IV Pu-mt

GenlV ...+ MA

Pu multi-recycling

Internationa
Forum-

- Multi-Through Cycle
- Fast-Neutron Reactors (FR)
- Pu multi-recycling

- Pu-recycling in MOX fuel

- Pu multi-recycling
- MA burning

Pu+MA multi-recycling

- Fast Neutrons Reactors (FR)

q

Breakthrough = reactors Breakthrough = cycles

Main incentives
resource saving - Major resource saving
- Energetic independence

- Efficient waste
conditioning - Economic stability

Main incentives

- 1%'step towards U Main incentives

Public acceptance

Decrease of waste burden,
- Optimisation of the repository
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The Energy Transition (3/3) GE@ intemational
-orum=
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330 /"::oal R .-
O Increase the / 28,9% N ® Mitigate the
. ° \ .
energy production =z e iomass: ', climate change
£ 230 I' . ° 1
X | 10,2% !
% 180 N /
\ gas; ,I
e 4P 2LA% i, 31, 1%, A
80 1 ——E=m—mm T ~——— T el
~=7PV; 0,08% - uclear: o‘~\
pe nuclear; 4,8% \
30
s"‘-'n‘\ﬂl:Ld.,O 0,4% °@ hydro; 2,4% __°_—"/ z
-20 e e ===
0 20 40 60 80 100
Capacity factor (%)
O 7 Energy efficient
Energy 9y y

A - @ ) fossil energies & renewable
transition .
PARIS 2015 energies + nuclear energy 6

BREEAF 1=5)—2NnHRHREREF, 2-BERAFERRTF)
22aL—2avY—IIL(CCTRIFVRADNELCASEEA) Z AL T, RIETvh
TIUNET 25479 AV EHIIA AT RE, TRILF—RTEICTho DT
7L, B161R (C0,eq, SOXWONOXEE) AN KT DR EIRRTED,

Results for the current fuel cycle GENXI Y interr

Forun
Environmental indicators normalised to the value calculated by NELCAS for the nuclear energy

Improve the environmental footp

1,E+04

m Coal mOil/Gas PV mHydro mWind
1,E+03

O Life Cycle Assessment Worse
- From cradle to grave footprint | "
- Adedicated tool "Nuclear Energy Life Cycle ~ thanNE | & Il l I "L
Assessment Simulation” (NELCAS) has ~—xevoo-SERRNEEE e L
® Reduce been developed (Poinssot et al., 2014) LE01 II
environmental 1602 —qst—|—gre—|—gr—|—gst—|—gmo—|—oma |5 S —
footprint 1E03
«® ot | ot e (_3\\":&@“@@“ «F N “e.»‘:“‘“\@a@d“o&u‘“ ‘Oo:\dg\’ o
W e

Nuclear energy is within the top-3 for most of the indicators

- Design - Construction

- Feed-back » - Deconstruction

- Extrapolation - Transport [ Relevant

- Annual TSN - Energy and NELCAS » environmental

reports » materials streams ’ indicators
- Feedback - Release / Withdr. (Poinssot et 2014)
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EEEEFELT 1= REM O FRIRTRELEFTE, 2= EATRE
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Improve waste management GE@ nternational

nuclear
accidents;
40%
[

® Improve waste management

facility
vulnerability;
20%

»Waste is severely questioned by public opinion
I Nuclear waste seen as Achille's heel of nuclear energy, mainly due
to very long lifetime
I Main concern = waste lifetime. Any reduction could help to
improve acceptability. Could we reduce waste lifetime back within

nuclear
waste; 20%

EU survey on nuclear
perception (2008)

100% Human History?
11% 11%
90%
80% D
Past +————+—+—+—+—+— :
60% 00 1068 10° 100 -‘
so% Earth  Dinosaurs Cro-Magnon WWII
. formation IstHuman  Carlus Magnus
30% 62% belngs
20% R Billions... Millions... Thousands... Years
- Future —H——4—H—+H—+—+—+—1+
N 9 6 3 0
without with solution 10 10 10 10
solution 40K 235 1291 1350g 798e2%Py 140 2#1Am 1¥7Cs
in favor mopposed mdon't know 26

Chap.lll: economic drivers GEXJY tiermtons!

Economic optimization is already at the root of R&D for industry

L ® Ensure affordable costs

© Stable & predictable cost

> Recycling decreases the dependence to » Back-end of the fuel cycle has a
U market (price, availability, volatility ...) limited influence on the KWh cost
I Possibility of using U, and Uy, available
stockpile with FNR operations;

21%

m Significant extension of U reserve

P 200 Twijce-through cycle
> | | o Multi-recycling cycle
g 160 I'4 ] _~Uore; 7,20%
o - With Investment;
= 120 T recyc mg 61% /,enr;t:g;;:nt;
= oo I 1tfyr of 28U is ’
g W sufficient to produce
- 401 » 1 GWe »

/ repository; | “~_fabrication;

0,14% conversion; 1,98% 30

0,54%

UNGG PWR EPR FNR
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 REZTODEBGUNRM EMERFRHLEDRHFOEMAEICS OV THIE
 NALET , SBITProryw’ TRV TRAE SN TLSFHLWERMT TSy T4 —
LDV TERMLET

______________________________________________________________________________________________________________

EE I
Alexander OrloviE=® [&IProryvlZ7 ALY FR&ADELIE

BEOTFENAY —THD,2012F M8 |
FRUD LANEER. FEE(U-Pu-BLRES "
BREL) | ERAFRHEBNIEBERMAREAAN—THY., = o~y
NoBEMEHEELTIProryv1 7Oz HORE \(/
LTHIDND, >4
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RFNBAQOEEBNGTFTREEDOEE:

HADEFARBEEAS TR FIENE, 2TOUFIFIEHE

LS RFAEADEBNLGRERZRLTNS, R FAEADEZFIL

EMHGERERNRICEDIHREEDRETHD. RARY/XIEHWNA—TY

BIABT A0 )L IE R RRTARHLE R ICIX D TH A REARGFIAIZIK.

%g%%ﬁﬁ?)ﬁﬂﬁﬁ'l‘i RIEFEREORI, RUOKRFIEEI AT DO EMN SR
S

Scale of NE Development in Total .
Electric Power Generation in the World GEMI“ ptemational Barriers for NE DeVElOpment GEN] I"m ernational

2rum-

(INEI-2016 forecast), TW*h + The maximum share of nuclea

plants in global ele I.r tyg erat I
18% was reached in the early
today it has dropped to WUM F ec:Hs 2
2020 2025 2030 2035 2040 show further decrease of th
= The mai fo Ihedevel pmet of |I|| |”H
Waorld 2478 3117 3423 3886 4184 4433 4154 4718 el ris I
competi hich re:

USA 822 886 921 899 869 870 858 896

= Atter mpt s to solve the safety problem by
EU 903 872 779 836 793 762 688 803 creating a ddl nal a I prDl ection I
rease in the = . I = I

153 389 585 805 934 1147 1080 1207

etitivene: nuclear power in o0 i
mmmﬂmﬂ“ COMPRON {5 OGN ey soutees Sammm—

” 120 159 135 229

BEFHEMT TS5 Y74 —.L (New Technology Platform: NTP):
ERIFIA—XREREH A OILIE, RS TEREMDR/ME. ERFRE
(SNF) RUETEZ W=D LIEFOE TR R A H D, O 7 EAFIENTPD B F
BB (Stratefy-2000) ZHEEEL . 2020 F X THO YA IL A=V IZEDEINEHED
TW%,
NPTIZIX. 42D EERE. D EfiT L. ) IRERTE. 3) iFk al s R4,
BRULGREEDBRNKROLND,

Advantages of Closed Nuclear Fuel T iernations] . T liernations
Cycle (CNFC) vs. Open Nuclear GEN Y et NTP Requirements GENJY iestions
Fuel Cycle (ONFC):
= Technical safety of Nuclear Energy - elimination of accidents that require
* In minimization of fuel Yearly consumption of U per 1 GW-year (&) 170 tons Tton evacustion of the population
and RAW flows * Environmental safety of the nuclear fuel cycle - solving the problems of
= In lowering stored U consumption for 60 years per 1 GW(e) 10 000 tons 60 tons LLHLW (long-living high active waste) handling and SNF accumulation

SNF quantities

= Sustaina 5 v for a qy -
« In lowering stored Pu  Max power of NE with 600-700 thousand ~ 60-TOGW  600=700 GW ;“:m'f”“t" & fuel supply .ff’.' NL'? e“rIE”e;gy‘ ENFhC can Sfcﬁme“‘e "
quantities tons of natural U for60 years  for 1000 years asis for long-term provision of nuclear fuel (for thousands of years) wi

fuel raw materials

ELECR R == Hnerl e Rlic= RED’S";?SE" » Competitiveness of Nuclear Energy

RAW as fissile particles per 1GW-year 1ton Tton
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1) BifR2RU 2)RIF

B Re%ZRT5-0BEIE. BFAREFRRVCMDEFHERICH
FTANRDBHENDLELLIEHRDOHER TCHS ., FPOFKERIGE
SEERHEED. RAHF. RUBARARBRRED-ODEABTHIEE
RICEEBMRUVBBREBEERZHR T SE-OOAKELYEFEDS,

BEZED-HOBEIF. REGELANIILBGEREYDOLEDHEZ
B.RUSNFEFBEDORIEETHD, SNFOUNIB T4 F—TFTHIOFFREBRRUIK
HEREVOLSIT. BEICEXRGZEORSERENYONL L D
ZIE.SNFEDHIB. RUBSFHMEREZEYDORBDOI-ODAKRKEEES
na,

“Proryv” Project: Elimination of Accidents with ATDR (i ations Environmental Safety of NTP RN [ i
Loss of Heat Removal and Fast Neutron GEN!" erational RAW Burial y GE[:\]’IH intemnational
Acceleration - ]

. The reprocessing of spent nuclear fuel for the recycling of unburned uranium and
Integral layout of the reactor unit - allows localizing coolant leaks in the bulk of the reactor P 9 P yeing °

plutonium opens the possibility for solving the problem of waste of NE, provided that

body and ensuring conditions for efficient natural circulation optimal approaches to handling various components of LLHLW are selected
- Equilibrium dense
2 b fuel- It's shown that
L e o g equilibrium condition of a
=20 . S core in terms of reactivity
= = is reached fairly quickly
#| (5-8 years)

eactivity margin in
BREST with Mixed
- U-Pu nitride (MNIT)

#0 fuel. Special measures
allow stabilizing
reactivity for the whole
life cycle of Reactor Unit.

|
/
[T ———

3)fri Al REZR AR tdE . R US 4) BRE
EHMzEIRPMNGHBHOERBE, FmrARE R HEDBET
HoH.BEEIUTOERF.SNFELERUEFAYEZRAW-HAM
MIZAMALE. FLOBRASREREOREELBEERUT/O0—XF
B AIIL~DBTIE. COBEZERLBLIFETHS,

GEEE.BRFAREFMODIATLOBRVFDOEIDOBRIL. KU
HMEBEMBRUA VS AMEB S AL AT LICEDBMZEIRLD
EBICE >R ARETH D,

Raw Material Stability of NTP- ARVE Iniermations Competitiveness Requirements AW Iniernational
Transfer to Closed NFC GEN‘W Forum of “Proryv” Project GEN,W Foum

All types of FR in CNFC allow changing the raw material base of Nuclear Energy The dec
from limited U-235 (0.7% of natural U) to practically unlimited U-238 (99.3%). FR e P
per 1 GW consumes 0.7 t of U per year, compared to 160 t of natural uranium for Frnmens == -l
WWER. Such raw material base opens prospects for large-scale use of NE for Unit power, MW(e)
solving problems of sustainable development. St :
Normal mode ratio p/ AW 03 /
‘ Energy potential of various types of raw material resources in Russia ‘ T rira D a0 ) s
U, Capital costs, th. BuR kW 813 ] = =
8% coal = P e
i Capital costs, billion RuR (wissour I |_|
ATy
Mamufsct. of fuel, nFuR kzem [ 1319 st we s wwimtor R
i
‘Treatment of SNF/RAW,
PR kgtm
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Proryv Aok
BORXRTRLIZES>TEBEINTULNAProryy AV IME, SNODEEE

EJZE— BRELTWS, BTREDEOHIZIOOAENRTEINTEY., £t
MR F R B BN WP BREST-00D-300 M HFEIN TS, BHFED &, Z<DY I+
DIT7THBWEEBELELYRHEORRBIFENAITHLOA TLS,
F-.BEZ20OH. ZERIEFBLE, D505 ybDAVERE
BRUORAFT—TIOF_FOREBRLRTFTISIN TS,

SEERHRUBUNIEZXLDBREST-0D-300, BN-1200. R UV EEIZLBEE
70 O ERELLRBRU IR —]EGEEICHAIDOCTIZEITS
FRERHUABED>FTFIVABRFOERI. 3 EFEFI/ O —XFBRHEH A
GIADEERUREIE, 21HEEREFTIC1206WEHIE T HFERLT=,

. . —
Possible Development Dynamics  GEX] JY lsiermational Further R&D Tasks of “Proryv” GEN niernational
: : ¥ Forum® : Iu ernational
of NE Structure in Russia - Project Forum-
A) Shaping of
Total Capacity ) perr?wargent 9 R&D of PDEC objects (until commissioning): R&D of IEC objects :
. rass —— =DCS, IM, MM, EM = Design project — justification of competifiveness of
- = o msn h A component NE * BREST: MCP tests, SG, coolant control tech, BFS,  CNFC with FR
e g . B)Full transfer to NTP mockup core items tests, RU equipment, materials = MNIT— experimental verification of 12% burnout and
i P : by 2100 with FR testing. is reprocessing
- domination = CNFC. = BN-1200 - finalizing R&D program
- = Development of FU equipment (ovens, presses, = BR-1200 — fulfillment of R&D program
Export of NPPs is distant manipulators). CNFC objects— fuifilment of R&D program
o foreseen at up to = RU processes R&D: reprocessing of SNF and RAW eneral systematic R&D:
treatment _
“ 100% level fro_m « MNIT fuel: . Norms and regulations
= internal capacity for = Development of fuel testing progran: justification of * Optimization of 2-component NE with CNFC and
. ~ WWER and 50-100% 6% bumout R 1o implement radioact et
* R . of o implement radicactive-equivalen
for FR, fuel, CNFC R&D on ODEC treatment of FM in CNFC
= Equilibrium Core F’hYS'C?‘ = Development of software codes for Reactor Unit,
= Operating reactor unit with lead coolant CNFC, Safety

= Optimizing pilot-industrial CNFC tech

-E-
Al .

PRORYVZOU YR E, NPTIZKRO SN D EEBLRBERETICOLVTHO EEE
’é%f—bbfb\é HRDEFHHEEFRDOMEHEL2018—2035F D . =RIF

HKERVDEEXEIRILF—DESEEDEIHIZEST
ﬁﬂﬁ_fﬁb—f&—)%)o

CONCLUSION GE[\]I International

Forum=

PRORYV Project provides the State Corporation "Rosatom" wn:h leadership in:
Construction of FR with inherent safety (deterministic exclusion of accidents requiring
evacuation of the population)

= Creation of dense MNIT fuel, optimal for Fast Reactors

= Final solution of the problem of SNF accumulation and radiation equivalent treatment of
radioactive waste

= Creation of the world's first pilot energy complex with FR and CNFC technologies
(PDEC)

The crisis of world nuclear power can be overcome by the creation between 2018-

2035 of the first industrial IEC (Industrial Energy Complex) based on Fast Reactors:
‘With BN-1200 reactor, if competitiveness with WWER will be confirmed by design
project

= With BR-1200, which is competitive with CCGT and RES

= Reduction of natural uranium consumption by 6 times and the growth rate of SNF
stocks with the introduction of FR

= Phased introduction of SNF reprocessing technologies when economic feasibility is
achieved (price of uranium raw materials and SNF storage)
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Th-UB/IETh-UBI S B7 VF=Kig
B|UR /2, RT.Ls : MOSART
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| GIFCIREIL TLV\D IV B ISR S EME ANE T TSR BMEFRETH DT |
 RBNALFET . SEORRT. FRFRENSERLE-ELSMBBOBISUT
 RD=T7VIEYWEFRMLI-Th-UBY/IETh-UBLDMOSART (MOlten Salt Actinide |
. Recycler & Transforming) VAT LIZCETAEDTT , AT /ERITDIILF ¥
 FORFTIE BEFLDRVSEREBEVIVTRIERBZEZRANEHLOEG |
 ETASHAELTLET . Z2TIEMOSARTY AT LD BREH A )LD FERTEIZ DL |
T AR CTHLMN LG ERMIHIHNRUERT —4Z2BEATTHBNALET, |
AR D F LB - EZRFE R UM AR FEIC OV TORERFE R, i
. MOSARTD B RZ 1= SEZMANFTT , Ffz. MOSARTEEZ D EGREA T3 |
R e, BIEEEIRER. /J\%E*ﬁ@?é%ﬁ&lﬁﬂiﬂjjJ;&.:EMOSARTODF'aﬁ i
 FEEICDOLVTHERBALET, ’

n%/"%!fnﬂ

Victor Ignatiev (V427 b -4 FT7417) EHE(X. O

ST DERYTIZHANRCIZILF ¥ IFRFERAT I, FBRIE LR A

EERE DT (20124 ~) F& AR (2009F ~) EL TESFEL TLY --

TT.1976FITVEQRFALRTL-ERVIPEILHE & S

FRZEZEZEL., 1986FICVEERITDIILF R IRF HHAE J §

FJ?’CTﬁ:l:ﬁ"éHE Libf_o Tﬁi"?ﬂy T§Ii~ lﬁ'l"ﬂf’s'}:}:‘@ﬁﬁ r“":‘

RIHE. 2014F N0 FRERERRT A —FLMSR pSSCODFE 4 e )
BIEEREZH6 5, 1985F (. BrIEFOEBEMERICET S

JILFNLIEZREL. 20165FICIE., BRMEIFD THHZEIC

B9 5V IIFrhIEEXZELT-,

FIARIERZEFOIZ, LTOMREFEZTITOTLNS,

(1)Th-UBKFLH- 1 2 )L ETRUBRBELR

(2)EREHEERE IR L=/ \TA—FTOE RSN - ARMIBIRIEICE T 5E &M
D& T 18 D 18 2 il ]
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MSRBRUEIR) TIX. BABRE O KHYITHRABRELNALNGNE T, BEKIF
FERFRENSDTRU(BOTY) 7V ¥ TR ESMOSART(Molten Salt

Actinide Recycler & Transformer)l&., Bk < 1&E—

EEL g HEMTEFT,

Used fuel Waste condi
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2. MOSART:
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tioning
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Dry storage

~ (%, BRB. 185E) T

stration plant
ing VVER-1000 SNF)

SECIE. BV TED=ZIVIL YA S REETEE T 5%

System burner / breeder
Fluid streams p | 2
Power capacity, MWt | 2400 2400
Fuel salt inlet/outlet | 600 /720 600 /720
temperature, °C
Fuel salt 72LiF 75LiF
composition, 27BeF, 16.5BeF,
mole % 1TRUF, 6ThF,
2.5TRUF,
Blanket salt 75LiF
composition, no 5BeF,
mole % 20ThF,




3. MOSARTD A AL UJL -

GEN IV £ipse

Expertise | Collaboration | Excellence

2FIL%DThF,EL2FIL%DTRUFZFFIHAZERTEL TE L MOSARTHRIDNE., L
TT7— Zﬁ%ﬂ47llx12¢1§(£*§ﬂjﬁ3ooﬁﬁiﬁ*ﬁ‘:"l)'CsTRUF3Eé<i#'7JI]
SEFICThEILB O RTFLELTEERT AT ENTES,

FHARRETIX, BRAHEFDEYE XN Z6EIL%TH S,

TRU Melar Conceny slen

O - -
o ® o W

. o
o

Concentmon, mok %
[ =]
kS

02 " MOSART wih LiNaBe F solven
- MOSART with LiBe F solveat
00 v v -
0 10 2 20 40

4. MOSART T iB;EER :
FELHIHRAEESZHR GREIELFEHULOF,

Tone iywar

Molar Fraction

003 ™HE,
004
0w
002

'l”'.M\\ TRUF,

001 [T ek, 10 e P

—

o

© 5 10 15 20 25 3 Time, yrs

RPRELEERRTZN

ULOH. @5 EE . BT @EH HFEHUTOPTE) IZTH LN TH, EXEEE

FFERELGNEEZZOND,

—SaR_out
—Sain

Tergeraum )

gd £ 8 8
J
vy
J

f
/
{
|

o

&
eIt
] 2 il

53844838

AR

Wewewew -'h““

8

Tempe e (C)

Over-CovltnU:::::::

Tenpanatwre )
# 8 4 B 8

00
:
] i
4 -y "".i--i
i i
E i
wodee
H — S3R_out
H
. e P
H - Graph_av
(s + ;
° o =0 200 b 0
Time [zec]
1900 5
1000




GEN IV e

Expertise | Collaboration | Excellence

5. MSROFHH (AL A - #EEH)

AL ETTEBIEZIT o2 DHIIL—TTOERRERN S, UF, KK HD
LMEPUF, R EEH T 5L/ BeTVILIEDEEL (X, EMEZRTIEAHETH
B, Ti. AL VEEDAEDOBHEFENZRLEN TV,

Combined environments Corrosion effects

Corrosion
Redox, Heat up,
Velocity ...

6. AR R U EIM DER -
ZDHZE. RLFEDEBNTLi—BeTVLIEN BREDMM/ MEMEL

Ay

BeF,

Fuel AnF4 ﬂ LiF ,LnF3
salt vV

=—- >
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D=2 IRNX—DEZEEARERTH-0I<:
HETRILF—RTLISEFHRFAEME
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HLWRE REE BNHAAENRNEEE A, FAYREIHEHREY |
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Y FENOATEEARGESEHONIE BLENVEEICLELGR S |
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mEEET:
Dr. Shannon Bragg-Sitton 7 & 7/RE ML B ZE A (INL) D% F ¢
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TWB, Vv /U BBIRIILF—ER. BAVART L, T—73
DATLALFETOVRR S EEERLTEDER N FEETINL
SRS — A= TFIDHEBTALIF3—TEH 5, 1=,
INL, EISLBAERBET RIILEXF—HZERT (NRE) . EISL TR ILF—
B AT ZE A (NET) A5 09 ADOEIS T~ JLX—3#ZE O
)T LDINL)—52 —TEH B,
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Technical & Economic Assessments (TEA)

Resource
Potential

Technology
Potential

o Market size

o Resource availability

o Resource attributes

o Infrastructure
requirements

o Performance

and control

o Thermodynamics

o Systems integratio

Economic
Potential

o Pro forma
o ROI/IRR
o Cash Flow,

I H_ETHD,

International

IV Forum®

llaboration | Excellence

Market
Potential

o Competition
o Policy, Regs

0 1o 20 2 L0 W0 @O

https://ies.inl.gov

What is the resource potential in a selected region?

Wecipes

‘Wind Power Class
(Exclusions Applied)
(Power Class/Potential)
M Cass 3
of [ Cass ¢ « ¥ &
o/ Closs 5 - ol or
S O Reactor Siting s el
M Cass 7 Options \\\ ¢ Lo \
} - ';q?": .“Y :
i o v + Technical Feasibility:
- N \‘ :?,;.‘" Tightly coupled systems
Sl Rasctor e involve dynamic
S50 uwe Ny

exchange of energy
streams, process
conditions data, and
diagnostics/ prognostics
control commands.

« Economic Feasibility
Requires Efficient
Capital Utilization:

The impact of improved
capital utilization,
increased reliability, and
enhanced maintainability
on overall plant revenue
must be characterized
and understood.

1 Capaci
Industrial Process éapaclty (M

Solar Energy

Clean heat dynamically
maneuvered for industrial use
and power generation

Min LCOE for all ES, SES Min LCoE LCOE
X 0
©
E -
|3
@

o s
3

o “
£

.e us
o )

=

) 0
©

(0]

00 10 D0 20 B0 1 o Eme

€5 Cagaci
We) Energy Storage éyapacity (MWh)

Variable renewables

penetration can be
e~ €ffectively managed

Es
s %

gy

F

Thermal Energy Power Generation

Generation

EOT [ e

nnnnnnnn

Natural
Resources
(Ga. Oil, Goal, Biomas Ore|

A Grid
i

Reduced energy
storage required

Consumer .
products /) Intermediate H, and

other chemicals/

| ---f

pmduc\l\s p‘roduced

X3 ntearated Enarcy Systams

tos /fies inl.aov



GEN/IV ks
Expertise | Collaboration | Excellence
RTUIvILERBYHST- DBRENL T TO0—F (BEEHICa—FEEL1T5)
JOERETILA—F(TAERTE+HEFMH)
BEET ILO—F (TS MBI + SIE14E)
VAT LRBEILERE (VAT LBEARET + 2 AT LY+ EFEE)

+AI(EHTYEETILICHTS2RKAETILELTHER)

Energy System Modeling, Analysis, and Evaluation
for Energy System Optimization

Graded approach to identify design, and
evaluate hybrid system architectures

Aspen Plus® and HYSYS® Modelica®, RAVEN
Process Models Aspen Dynamics® (INL System Optimization)

“Temperature Wind Speed

—————————————————— Electricity Demand Solar liradiation
5 Energy Storage Element (ESE) | Ef — 1 —
ETE,1 1 1 ren
W f\ ﬂ‘ ﬁ ‘ﬂ‘ /- -
{ R 1 3 /

| Il
| \ | | | \ | / Physical model

1 ! \
\/ '\j i
Electricaty Economic

1o grid Metrics

New

configuration

1 Ten ren
! ' ' L4
1
Char d chary
1 cofile *\a: -
1 Optimize System
! Configuration
11 B mas —mx\‘p}: —E ;dr p
1

or
Sensitivity Analysis

Process modeling addresses
technical and economic

System modeling

Dynamic modeling addresses addresses whole-system

technical and control

value proposition S coordination
feasibility
o]
Consideration of Resource—Technology—Economic—Market Potential IES
7z \. ntegratec Integratec Energy Syszams argy Sysiams

IES: Artificial Intelligence (Al, Supervised Learning) Generation and
Validation

» Addresses computational cost of
probabilistic analysis : Simulation executed using Al

* Al is used to develop surrogate f ST — A
models for complex, computationally 2 N | |
expensive, physical models ¢ d

« Concepts such as the hybrid model  _
in RAVEN are currently being % @j‘"f‘“’—L ! i b
extended to time dependent Al 2 = '
(supervised learning) g Simulation executed using the original model

+ Al validation is being tuned for these = =% 50 100 150 200
. . Number of Hybrid Model Executions
applications

* Needed 1000 simulations to generate a good statistic
» Al learned to replace the original simulation (\,-
o 1IES

» Only about 200 simulations were executed using the real model
(/ \. M eqrated Erergy Systems

https://ies.inl.gov
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H1FER DU E DEHRZBERN DR T LARECIRET

(ERILF—HIG: FF A KR AREZ—ED  N\YTU— BAA)
+BEITSUNEBRRALIES —XATORERER A RICEHKRRERBEILRE:

KEDMEXRTOIA(TUEZ7/IEHEE. SHELE., AHEMR)
+EKIFTORE - SEERDARICKDKREE ?iﬁﬂﬁﬁaq‘.

(BaFMH. LA, SR

Example Optimized Hybrid System Performance Results

INL-Developed Toolset

« System design optimization using time
histories for one year I Nuclear Powerto Grid Il Natural Gas Power Gen = =
i i 600 | BN Nuclear PowertoH2 [ Battery Charging/Discharging

* Results shown for a selected time history, one NI Net Demand total demand minus wind)

week period (hourly resolution) N ; : .

500}

+ Optimized component capacities

* Nuclear Reactor 300 MW, o
« Hydrogen Plant Capacity 120 MW, ‘
(shown as negative — electricity input; E l
70% turndown limit; H, market price - $1.75/kg-H,) I

[=3

o
=]

+ Gas turbine 200 MW,
 Electric battery 100 MWh
+ Wind penetration 400 MW, 100

(100% of mean demand, installed
capacity, 27% capacity factor)

2

=]
=]

Capacity Dispatched (MW)

o

+ Penalty function applied for over or under
production of electricity.

0 20 40 60 100 120 140 160
Tlme (h)

- = ——

Rtﬁm &hd é

INL issued public-facing reports on in FY 19 that provide the foundation for demonstration of using LWRs to

produce non-electric products:
Example: Analysis results for H2 production, compression and

« Evaluation of Hydrogen Production Feasibility for a delivery prices to meet ammonia plant demand.
Light Water Reactor in the Midwest
Repurposing existing Exelon plant for H2 production via s R . o | i
high temperature electrolysis; use of produced ceamnarrs | ! (908 Mwe) ! 92.4% OCF
. 2 . . . $2.50 (AEO 2018) 1 - '
hyd_r_ogen for mu_ItlpIe off-take mdustngs (ammonia and I I o1 o |
fertilizer production, steel manufacturing, and fuel cells) ., | — : - o !
- - ° - 1
(INL/EXT-19-55395) cv> IES e I .

$1.50
f/ e Imtegrated Energy Systems

$1.00

« Evaluation of Non-electric Market Options for a
Light-water Reactor in the Midwest s050
LWR market opportunities for LWRs with a focus on H2
production using low-temperature and high-temperature

SMR SMR SMR LTE LTE LTE HTSE HTSE HTSE

534tpd  534tpd  534tpd  376tpd  376tpd  376tpd  534tpd  534tpd 534 tpd
eleCtrOIySIS Inltlal IOOk at pOIymerS Chemlcals and High Baseline Low $86/kWe $86/kWe $86/kWe $50/kWe $50/kWe  $50/kWe
_ NG Price NG Price NG Price  $30/MWh $30/MWh $30/MWh $30/MWh $30/MWh $30/Mwh
Synfuels (INL/EXT 19 55090) f/ 1 LIGHT WATER Base Carbon Capacity Base Carbon Capacity
LWRS ?5@?;?&‘;\5.“” Credit Payment Credit Payment

‘\—/ - | M Electricity M Steam Natural Gas Capital and Operating Costs M Compression and Delivery |

https://ies.inl.gov 50
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EEYUIE TS5 FHanford /A D E

RETRILE—% (DOE) TIFIE. #99,00057 O DS EEEE M £ Hanford |
. &Savannah Rivert/ MZ$H 5#9230D T2 7 (ZBFEEL TLVET , Hanford DY |
ST EMO MR L. #2,0005 7 A2 HSEA (EE) . $91,0005 O AFRE |
HEDRTYT GEBEY) . BY LYV IILM — X EFEIEN B ER S BT AEDERT |
T OISR EYDAHSREL X, EEDLEZDEETSONTHD |
' Hanford Waste Treatment and Immobilization Plant (WTP) [CTRJESN D FET
T, SEIOVIEF—TRHZED—EDNED R (PR, YL, BTRE, '
b, BEE)ICBEALTTRBNALET , CSTIIASREEIZDULNT, 1) IRULDMIKUDVE |
 BEYDOEREDBRVENICEIA SRR EBEEADEE, ) EELTOER |
 RUB R OMRELENE (B, EDOKIITENLFEEITEHM) . 3) ITEEES |
R WITHSRIEETILRBTIILIYXLDER, 4) FRTRELH SRR |
I EEEREZENEE DR, S) HTRABHDKRELGES RV —ED RN EEERIC
T HEDEE, RV 6)BEDHN., ITERFHTTHBALET, |

mEER:
TEYF ES—EL [FUL LY RETEIIVIIEDEM
ZEFLI-. ES—EBTX25EU LIZH=>T. ASRAEH
MTDRAREITOIEELIZ. BHIIAIN=_TMNDOT A5 I2H5
E PR R D REEYNEIERET M DINTA—FIZ
HOBEEMNERERONIEREHF LEEEFEHMMEREDT
HORETOERADRAFEEITOTLNS,
1% [ I FE Pacific Northwest National Laboratory (PNNL) [Z#50Y
THEMEEPFATRA—orv— K EOEBIZFLNTEHY. PNNL
TIXERD4,500HF )L EDRADFEN ., EREMUIELIR
BEEICERINTWNS, ES—EXIXIL LYV REYMERZT 2R DS ER
BEEERETHY. FEFHIIRTELH D, FIEIRKEESITVIRZERZETHY.
85LL L DA ER B S ATEERICE300LL LICAHER MM EZEEMELTLVS, FT=.
HII3FDFEFE1EDERFHFZRSFL TS,
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BEEMINIE TS FHanford 1 FO B E

%itﬁﬂ’]
DOED MR (Z(X#£99,000 57 O D ST RIAEEYMNETE S
nTus,
« HULEEMIBEICES>STORELZIRITH S,
o FIHLEREIRAEZRAFREL. ASE . ERILTH-OHICIFE
BAEEICARAENDLETH S,
o [EUNL. FILEEL ., EEL. DT HDOMNEEITHS,

NIDA—FBEgEnN7a—o—k
« DOEMEEX D P THMTMICHREERTIEENITTHON TS EES
DTHA ([EYR, FTLE, E1k)

Tank Side
Cesium Removal (TSCR)

(supernatant)

Waste storage
and retrieval
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BEEY NI TS MHanford Y1 FOEE (=)

A=yhDEEDHE
- EREYNIESLESLDFZHEZIEMIBTLS=ODE-5T7Y
A—FA1=vrDEEHE TH S,

DFLAW INTEGRATED FLOWSHEET

Recycle
(80;, Tc, Halides)

‘ 1
A
East Area Double-Sheil Tank Side WTP Low-Activity Waste Effluent Management LERF/Effluent Treatment
r Tank Farms I Cesium Removal I Vitrification .. Facility it Facility
. ' . 3 =" Ry
¥ L i < ke 3 s

T |

| . ; I
Supernatant Law - Liguid Waste &
| N ..ro.” - = g ;; ), 57 ; I
: o 4 A g : — o= I
| |
I West Area Double-Shell I
1 Tank Farrl:s. : 1
1 Wiaste Welting {0kl Waste I
V@l Operational )

| Loading Bate sl = Throughput I
| I
e ESEESESEEEs Operationatl RENRlity — = = = = = == =— = - 2

RISK REDUCTION
» Operational
 Composition
 Programmatic

AT AL 3
o RIVTABASADDBRENFIRSNDENERES

o fRRE LLTIINSVROENT-T
JO—Fhh5,
- BIALIE
) Fgﬁiy&ﬁg(Al) limited
- E&EiZH (Cr) 108503 9%
« BLRNILEEYMDI-HA 20%

Distribution of HLW Glass by Limiting
Factors

Projected Glass Mass

(HTWOS baseline constraints)
P205-Ca0 High-Na20

1% 31,503 MT

Salt formation or High-Al203

crystals 26%
in melter

2w E DHIR
BHRSNF=HSR
« [EIMIERST DB AEIR E D&M
* Al,O;: 16 wt% -> 25 wt%
* Cr,0;5:0.5wt% -> 1.5 wt%

Nepheline or

Crystals in melter ~ Crystals in melter

Spinel
limited
14%

High-Fe203
10%

Kim DS, et al. 2011. Formulation and Characterization of Waste
Glasses with Varying Processing Temperature. PNNL-20774,

Pacific Northwest National Laboratory, Richland, WA.
10
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BEEYNIE TS5 Manford 1 FOBE (i =)

#7 ZE1E
« HZRAEFEIE. WEBEEFOMREICEET SHKD
NIV REEDRED DD, ZDTIH, MR EYMHEZE

EH T A ZEIEE T AN BE

Table 2. Summary of LAW Glass and Melt Constraints Used in ILAW Algorit]lm'"]
Constraint Description Consiraint Source

Product consistency test (PCT) normalized| | . 2 . ] DOE 2000
releases of Na, B, and Si <2 (gfo) (for Na, B, and 5i) (Spee.2.22.17.2)
Vapor hydration test (VHT) 200°C DOE 2000

<50 (g/m*/d)

alteration rate (Spec.222173)

24590-LAW-3PS-AED0

Viscosity at 1100°C <150 (B T00001. Rev. 4
Viscosity at 1150°C =20(P) gﬁoﬁfﬁ:{'ﬁ?“‘
Viscosity at 1150°C <80 (P) 3;5093{%;‘3'5._{?1&
Electrical conductivity at 1100°C = 0.1 (Slem) ;E;%%_ﬂz_ips_ﬁm_
Elactrical conductivity at 1200°C < 0.7 (S/em) 24590-LAW-3PS-AE00

TD00O1, Rev 4

DOE 2000
(Spec.2.2232)

=14, 3, and 10 (wi%s) for
Waste loading (wt% waste NayO in glass) |envelopes A, B, and C LAW,

respectively
Jaccifieats < Class C linuts as definedin ~ |DOE 2000
Waste classification 10CFR61.55 (Spec. 2.2.2.5)
. DOCE 2000
50 o . . - V3
Sr activity per unit volume of glass 220 (Crm’) (Spec.2.22.9)
BTeg ivity " Uit Vi 5 N
Cs activity per unit volume of glass <3 (Cifm DOE 2000

(Spec.2.2.2.8)

DOE 2000 [Section C.7
(d).(1) (a1)]

DGE 2000
(Spec.2.2.29)

(waste form compliance)
Cs activity per uaif volume of glass
(system maintanance)

<03 (Ci/m")

(Canister surface dose 1ate < 500 mrenvh

From 24590-LAW-RPT-RT-04-0003, Rev 1

7T XL

e UTILEALRAEDLEN

. RSN BEEMOERIL/NNY
FZEIZET B,

- MR N BEEYDOHEHIAE
ICEBT HEETICEWTERR
DEEHEZFERT HITIE. H T
AFAEEEOEENNE,

o WMIBRXAH T a1—ILIFIEBICXA b,

« FFEICRBI RV, H7XAE
ZHIZHBPLINICAZET 20HELDH

%o

nt in Waste

Na20 Mass Perce:

LAW CRV Batch

Mass Percent of Everythnig Else
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4-1. BEIFDEEEH - B EHEERED(—VE)TARET 1

FhUD LB HIEELE (SFR)

———————————————————————————————————————————————————————————————————————————————————————————————————————————————

 EEFEL TS, TEAAYYNEBNLET , TR LAEIEELF (SFR)
AT AERMAERME CEROBREIRYIRY . S1% 5 4 SFREH
. OBHRERICETAERIBAIS OV THEALET,

______________________________________________________________________________________________________________

EE R
Dr. Robert Hill (X, DOED ZWHAFEFEI L ERFIFHEMTOTS
LOHEREREMTALIF—%HEDHD, COTOTILIE,
BifTE#H ., TEMEHFRA]. LM, TRILEF—Z BT,
Bt - HIEAE EE TS, D Hillld, FAERFEFFELRTLAIC
BT HEEIA—TLIZETS, TR LGEESRF AT
QEE“%E%&UDZ?A?'&E%?"D9I7|~0)5|<|§|)“// \—TH
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IRILF—ARGNLOBRE S A DIL~DEE:
SRPIE— IR, DSUERRICKBERACT-RB AL (T AU ) EE
RHERZERILTLNVD,
o SLDFEBLIADE A HIFIESN S
e #8773t (Pu, Np, and Am)DABEIZHFELLVREF/NTURX

1.00
0.90
0.80 A
0.70 A

el BPWR

0.50 - = -
0.40 - | |mSFR

0.30 - _ i
0.20 - L

0.10 A =
0.00 - i—r———r—.— T T T T T

\a) > A e %) Q A 1% N Oy o
0(1,"5 \)q:b eQrfJ 2 \9‘;‘3 d \g"b ) &b‘ q’bt q’bt ™ D q’bt

Fission/Absorption
|

DSV iER:
Do VERIEERFEITDRLRENFED—DOTH S,
THBPEITORZRIN—DO AT LTI, EEBAFETELDLIEISULE
ZIh . RGOSR AR I1%ICHE=GZLD, — AT EFZH AT S
ZEIZEYDITUD)HATILETZIR. 0% UL EDDSUFFARNEAFT
=5,

Once-through systems

PWR-50GWd/t PWR-100GWd/t Fast Burner
Burnup, % 5 10 10.5 223
Enrichment, % 4.2 8.5 14.0 125
Utilization, % 0.6 0.6 0.4 0.8

Recycling Systems

LWR-Fast Burner Fast
LWR-UOX Fast Burner Converter
Power sharing, % 90 10 57 43 100
Burnup, % 5 10 5 9
Enrichment, % 4.2 - 4.2 12.5

Utilization, % 0.7 1.4 ~99




BEFAIMELTDF )V L
FTRUD LFEN RS RO R
BFHEZRL. LTORRAHD,

k)

« WEORTULRII(ERATRE
- SHIBE. RERECERREMS
HAEMDELvNEI a7 NEIR A RE
- BARRLEEVNLGZEBMNEZEMN

BEMNEIISNTLS
o ASTMIR#ETRIUESNT=F )DL

HME FRT RE

R T ARE:
BESOFELIRIZEERSIN-FETATO (FELD)FRH
RAEAMELTHY, LEHEITH=S
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Thermophysical Properties:

Excellent Heat Transfer v
Low Vapor Pressure v
High Boiling Point v+
Low Melting Point v
Material Properties:
Thermal Stability v+
Radiation Stability v
Material Compatibility v+
Neutronic Properties:
Low Neutron Absorption v
Minimal Activation v
Negligible Moderation v
Supports Passive Safety v+
Cost:
Initial Inventory v
Make-Up Inventory v+
Low Pumping Power v
Hazards:

Sodium reacts with air and water

AEREEN DD,

WFIEFr)D LE—

Reactor Country MWth Operation Coolant
EBR 1 USA 1.4 1951-63 NaK
BR-2 Russia 2 1956-1957 Mercury
BR-10 Russia 8 1959-71, 1973-2002 Sodium
DFR UK 60 1959-77 NaK
EBR I USA 62.5 1963-94 Sodium
Fermi 1 USA 200 1963-72 Sodium
Rapsodie France 40 1966-82 Sodium
BOR-60 Russia 50 1968- Sodium
SEFOR USA 20 1969-1972 Sodium
0K-550/BM-40A Russia 155 (7 subs) 1969- Lead Bismuth
BN 350* Kazakhstan 750 1972-99 Sodium
Phenix France 563 1973-2009 Sodium
PFR UK 650 1974-94 Sodium
KNK 2 Germany 58 1977-91 Sodium
Joyo Japan 140 1978- Sodium
FFTF USA 400 1980-93 Sodium
BN 600 Russia’ 1470 1980- Sodium
Superphenix France 3000 1985-98 Sodium
FBTR India 40 1985- Sodium
Monju Japan 714 1994-96, 2010- Sodium
CEFR China 65 2010- Sodium
PFBR India 1250 2016? Sodium
BN-800 Russia 2000 2014- Sodium
ASTRID France 1500 2025? Sodium
PGSFR Korea 400 2028 Sodium
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SFRUYRTLIZH T HE4HRAHMERAREISAL—a0:

GIFIX. FAHREF N ATLNERTARES DD HIZXZTEHTLNS, =
NEERTH-HOEMEHRZEHIERL. ChETICEROLRAERFET
A IO ERIN TS,

Safety and Reliability-1 excel in safety and reliability.

Safety and Reliability-2 have a very low likelihood and degree of reactor core damage.

Safety and Reliability-3 eliminate the need for offsite emergency response.

Economics-1 will have a clear life-cycle cost advantage over other energy sources.

Economics-2 will have a level of financial risk comparable to other energy projects.

Sustainability-1 will provide sustainable energy generation that meets clean air objectives and promotes long-term

availability of systems and effective fuel utilization for worldwide energy production.

Sustainability-2 will minimize and manage their nuclear waste and notably reduce the long-term stewardship burden,
thereby improving protection for the public health and the environment.

Proliferation Resistance increase the assurance that they are a very unattractive and the least desirable route for diversion or
and Physical Protection-1  theft of weapons-usable materials, and provide increased physical protection against acts of terrorism.

SFRORA T LR EE:
SFRVARTLMEEEEIL. 2013F 78 (CHETSN =,
(FRFTDRET3MRIE£2019F 108 F1T
FREEIER VRFERK
5 DDSFRAFFTE IO Ok
4FEDSFRER ST =

Loop Pool Small

Modular
KALIMER AFR-100

="
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4. FAERFEFIEORATLER R VB E B
4-1. B FEFDERET - BERBEERE I —PE)TARETA

BRI B SR ) LS E & EIE DR IT : ESFR

ERM BV A SR ™ LA ENEER (ESFR: 3,600 MWth A EUR) DA & ERET D) |
 EREENLE-OL . BN T BP9 orison-2020 (ESFRSMARTFAD LI R) (2
 BITOREMR LZBMELIZRADDINRERITLET . 3DDREHAE (R
R, FIRERE. MM E O MEEE) ZRET HHDREXRKRICD
 WTHALET . SOl ESFRIIRRFAED =62 3—Av/ A\ TEEHDRET O
TS LS. TACI DRI —ADFEEEBNALET

______________________________________________________________________________________________________________

mEERN:
Konstantin Mikityuk (A2 ARV F S X702 0) 1B LI,
1992F([CERYVD IEYEBFMERCTE IS ZEEFEL TLLK.
SRPEFARINEE OBRALGZEFFOZEHIZEET S
MEIZEHL->TEEL, BREDED I, FR)DLSEERE
FDREEAT. FFITFR) D LEED R F 2K AFRIA
ETY, \KIX.PSIDT IL—T)—F — O—FUXITHKE
(EPFL) DAAE & . Fa—UvyEIF KEFE (ETHZ) DFEERZFEH
TULVET, F7=. Horison2020 ESFR-SMARTZ AL kD a—
TAT—A—3LFEHTHET,

Work Package and Task Leaders

1Y ESFR-SMART: consortium

K. Mikityuk (PSI) L. Andnolo (EDF)
ESFR-SMART J. Krepel (PSI) A. Ponomarev {PSI)
SFR fuel measurements N. Chauvin (CEA) S. Perez Martin (KIT)
F. Payot (PSI) E. Dufour (CEA)
N, IIAJV\‘,I‘-J.[&AI’“. ARDECO
e EELJRC ENEMN C Laige (CEA) L E Hemanz Pugbla (CIEMAT)
Sodium facilities & instrumentation E. Girardi (EDF) C. Demaziere (CHALMERS)
Past SFR safety E. Fndman (HZDR) S. Poumerouly (EDF)
relatedtests H=ZDR G Gerbeth (HZDR) C Collignon (ENEA)
I RS “ $$II # weLmmowr:z L. Buligins (IPUL) W. Pfrang (KIT)
it N. Girault (IRSN) M. Gradeck (LEMTA)
, E_Bubelis (KIT) X Gaus-Liu (KIT)
Ciemat [ P SECCCO (BT f@%ﬁ% A . Rineiski (KIT) L. Ayrault (CEA)
(35 =y ~ —EeDF (=] L :
T cHaLMERS S. Ehster Vignoud (Framatome) S. Eskert (HZDR)
Experience . ' . J Guidez (CEA) E. Sanseigne (CEA)
Iin SR | HZLGI |framatome Glmva PN EERSITT OF E. Schwageraus (UCAM) W. Jager (KIT)
i i CORSUL TR = + +
SN0 B Lindley (WOOD) D. Staicu (JRC)
wood. SFR safety-related education | | | »q0ieabile (JRO) C. Demaziere (CHALMERS)
New SFR safety- C.Lombardo (ENEA) N. Garcia Herranz (UPM)
i i related tests .
Experience from EU projects E;Ee;;:::;;: A_Seubert (GRS) H. Tsige-Tamirat (JRC)
related to SFR safety C. Collignon (Framatome) M. Bazin-Retours (LGI)

M. Flad (KIT)

14
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1. BRI R Lo HIEER: /R

ESFR-SMARTZ A TN, BRIN DAl e R F HEZE A= 7 T147 (ESNII)
DO—FIYTIZEDE ASTRIDT AT S LEDBRZFLZIR DT . FUEH SR,
ICERAY A ADESFROZTEMESHIZR ESEAIEFBRIELTINVS,

4000
] —o-UK SPX2 EFR FP7 CP ESFR H2020 ESFR-SMART
—o—France SPXA

3000 +
1 —o—Gemany /

2500 |- ammFrench project /

2000 E_ e=mf| projects

1 / ASTRID
1500 / o
1000

| =0

500 -
o] DF%odie AK-H

T T T T 1
1950 1960 1970 1980 1990 2000 2010 2020 2030
Time of start-up, year

Thermal power, MW

2. EMIH-HJfbA REE R R FIPERET
#HAH - EBRHEAH 36001500 MW

- —RRT—ILDFI)HLEE~2500t

- —RZFRYH LGRE 3959C -5452C

- BMZEeR . — RV T3E . KRR FHAERGE

N
>
! [ﬂ
!

2000 ... 2008 2012 ... 2017 2021

CP ESFR ESFR-SMART
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3. ESFR-SMART: 7AC T/ DB E
X E
- ESFR-SMART: ERIN D F R LG HIEEFE DR £ xf el - ey —IL

HiE:

- BRMSFRAVET D=8 D E LR 23 5K DFE R EFHE

- SFROZEMICEHTAFHLLVAEY—IL (GHEa—F. EBRT—2. 1% D
BAFE

F & EuratomDIH L5001 —O~a Y — 7 LMB DO £50051—
=

HARS :01.09.2017 ~ 31.08.2021

P

\

ESFR-SMART

sodium fast reactor safety
4. ESFR-SMART: Y — 7 L

SFR fuel measurements

NATIONAL NUC L&mz" - JRC ARDECO
G “4". EUROPEAN COMMISSION M
Sodium facilities & instrumentation
Past SFR safety ] m
related tests P s SR
Bl | var [
I R S “ Eatrshe ipsoen S Tecatig ‘ ZENTRUM DRESDEN
ROSSENDORF
|

C;emot ' PAUL SCHERRER INSTITUT ;7’1’&%;2;‘;::(}

Centro de Investigaciones & % ¥4

BRS] | | cmocmm| GIeDF —,

Experience 7 LG -
in SFR [ . UNIVERSITY OF
lesasing Z. framatome| | qglbEmea CAMBRIDGE
d SFR safety-related education
WOOO,
New SFR safety-
Experi i related tests
Experience from EU projects s:se:pee’::‘tai;z

related to SFR safety
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5. HILULVESFROD £ {4 (&
3DNREMEEDREIZH T THRESN=-H-LHETENEDOME:
- RSESIE, BRERUREEEDFCASD

HTLULNESFRIZ . FRIEERED=-ODENFL=Z— 6 DDRI[FELEZR. 60D
ZRIL—T MR 3DDIRUT 6 DDER BB E A T=—RF )DL T—
ILCHERSNTLNVS,

N N od

6. ESFR-SMART: \BENDTAREETHOTAF

- BEOHEBRTEONLAY—T—4IE, avEF1—40—KFOREEICFIBE
ncTuLvs,

- BESEEEEBO-OOFHLLEREESRL. AT TH D,

ormal operatio 0d polling accide anageme A qatio ﬁi@%iﬁ%ﬁ
Superphenix CABRI SCARABEE FAUST " -

MOX fuel

measurements
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$n n AN S P (LFR)

N AIEEF (LFR) DR IL. SBIFREF ARV AEF| DHBEETD |
BRI RS DOERFLIFKED RSN ELEMIBONTHY, Chiok |
BRI AT HHERATNAILETY  thDBRF LR, LFIROETRD |
ERRUEGAREMERENICHE LT 2RE YA 2L ETREICT 2BIRBED1 |
 DTY . REM., DU IVIEEEE BILBUER M, BFMEICS N TRELATREM |
| ZFOLFR, AV IEF—TE, BFFYER L. AREOER, BERFAHD |
| LFREXfifT, IS ERET D ELRFHZERBNTLFET

mEEmI
Craig Smith (VLA - AZR) BRIL. KEHVIAHIL=F ME
UhL—IZHHBEREROMAEHIRT. RFAIRILTF—
BT, ISR . [FRE 2D N F CRILVEEREZF DR F
HEMETT, B TIE. O—L X -UNEFEILHER
(LINL) CEORIRILFT— S RTLRETOTSLOEEE
ZIEHFELT=, 2004FE X, A)TAHIL=FMEFL—DB
B RERBE (NPS) CLINLERHIRZHFOHELT -, LINLZREEE.
NPSD Y IEZ IR HIRIZFAE

Why LFR Technology? GE@MC['H&H@H@.I

Forum*
= As with other Fast Reactors, LFRs offer:

— Significant advantage in sustainability/uranium utilization — better use of natural resources
— Potential for dramatic reduction of high level waste if full recycle (closed fuel cycle) is used

= Relative to other fast reactors, LFRs have a unique combination of favorable
features:
— Very high boiling point (1737°C)
— Benign chemistry (no rapid chemical reaction with water/air)
— Low vapor pressure
— Excellent neutronic properties for fast spectrum operation

= These features are inherent in the properties of the lead coolant and can be
exploited through proper plant design.


https://gif.jaea.go.jp/webinar/index.html#webinar010
https://gif.jaea.go.jp/webinar/index.html#SYSTEMDESIGN
https://gif.jaea.go.jp/webinar/index.html#FASTREACTORDESIGN
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BRFMEZOERN  BE(SFR) AR KM ILEE (LWR) AR ML D LB
$¢7J<¢F0>J:o7‘ﬁ?tﬂlﬂ1$%¢?cti (FEAEDRDBLE~0.1eVDIEL | E—4

TIETHET D,

LFRWSFRO LS mEF TIE, HEFIRILF—DREGENE RSN, 57

HiFEICIEEIZRILE—
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MEIBTRET S,
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2. RAERSHFDLFNS L UEREIE

WINDIRRAFNIHTE . KOEREDIEZRIGHENIFEAELZL=6 LFR

\E’
Fos

DREH-REM-BERICKEGEEEEZAFTT .

Chemical

Reactivity
(w/Air and Water)

Melting Point

Coolant .
(°C)

Boiling Point (°C)

Lead-Bismuth (Pb-Bi, LBE) 125 Practically Inert

Lead (Pb) 327 Practically Inert

98

Sodium (Na)

Highly reactive
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3. BB R F R A DB/ RT I vILIRILT—
- AANEERIFEAINMOBEIRILT—OELFERITEN EIF. AENHD
EEOEHEICE DWW TEEEARELTWAIEZRLTILNS,

Coolant Water Sodium Lead, LBE
Parameters P=15Mya
T=300°C T=500°C T=500°C

Maximal potential energy, GJ/m?,
including: ~21.9 ~10 ~1.09

Thermal

including
potential energy ~0.15 None None

Potential chemical energy With zirconium With water 5.1 0

of interaction ~11.4 With air 9.3 -

Potential chemical energy of

interaction of released ~9.6 ~4.3 None

hydrogen with air

4. BOHARIFE) 77U ALFRRAV T RO R/ ASA—2DEH

LFROSRPTIL. ELFR(KXEY), BREST-OD-300 (3% b)), SSTAR (AT H#iE &Y /NBICHE
R _BIELRFBEARI—E YA IINEZRIFAIIVIER)GBED)T7LY
AVRATLDERIN TS,

Parameter ELFR BREST-OD-300 | SSTAR

Core power (MW,,) 1500 700 45
Electrical power (MW,) 600 300 20
Primary system type Pool Pool/loop Pool
Core inlet T (°C) 400 420 420
Core outlet T (°C) 480 535 567
Secondary cycle Superheated steam | Superheated steam S-CO,
Net efficiency (%) 42 43.5 44
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5. AR IR EEICEBNTLSATREMEZE TS
COFIDFERZEFTEOHDHE, InAHIZEF(T, CORSARTHRALTLDE
H (SR, KPERESHMALFHEETEGRNIE, TR LGREELE) H
b, REEICEBNTLSAIEEMELAH D,

LFRs Have the Potential to Excel in Safety GE niemational
_ 3 _ Forum*
= The very high boiling point of lead (~1737°C):
— Allows reactor operation at near atmospheric pressure
- Eliminates the risk of core voiding due to coolant boiling
* No rapid chemical reactions between lead and either water or air
- No energetic releases or hydrogen production from chemical reactions
- Use of water as ultimate heat removal fluid is conceivable, should other heat removal systems fail
= The thermal capacity of lead combined with the large mass of coolant
— Significant thermal inertia in the event of hypothetical accident initiators.
— Long grace time (the need for operator’s intervention is eliminated or significantly delayed)
» Lead shields gamma radiation and retains iodine and cesium up to 600°C
— Reduced source term in case of fuel rod failure — enhanced Defense-in-Depth.
* The low neutron moderation of lead allows greater fuel spacing without

excessively penalizing neutronic performance:
- Reduced risk of flow blockage
- Reduced core pressure drop and simple coolant flow path allow decay heat to be removed

through natural circulation
13

6. REMNHIN. E—ICBEBEELAHY. ChHARELTIHINA TS, EETINE
NHDMDEEELTIE, SRDORE R ORE mMN327°CEF L ENEITOND,
S—ONEBEL. AFKDBEELEENE L V=0 . MEMEOHEE L DOEEN D

Ep"r— L7=k& Z

However, There are Challenges to Address

) . International
= Corrosion potential GE@ Forun&{“ E

— Operate at temperatures low enough to avoid corrosion (current materials can be used)

— Use advanced materials for higher temperature operation, to enhance economics
+ Silicon or Aluminum enhanced materials (i.e., Alumina Forming Austenitic (AFA) steels and Silicon enhanced steels)
» Surface coating with corrosion-protective materials for higher temperature operation (cladding + steam generator)
* Functionally graded composite materials

— In any case, methods must be implemented to monitor/control oxygen content to maintain
protective oxide coatings and avoid the formation of PbO

= High melting point (327°C)
— Proper engineering to avoid lead freezing
= Seismic/structural considerations due to heavy coolant

— Compact size mitigates this challenge
— Seismic isolation

These challenges are generally
technical in nature and can be

= Opaque, high-temperature coolant overcome through proper
— Similar in service inspection issues and solutions as for SFR engineering and R&D work
— Accessibility/replaceability of components
— Newer acoustic methods
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p

FR N SR 0 e H B E IR
ALFRED7D°)17|~

AR TEF—TI. BRI S E SR A FF CTHAHALFREDEIIF DR LD, &
,é??l:l F. . REHHERBNTAEHEIC. TOCIFORFOKIRIZDONT
 ERENLET . REDHRRUVSREBRIREEMOBANSSEDOHTER
I DOWVWTHERBNTLET,

REAERM:

Alessandro Alemberti (7Ly Y kO 7LUAXN)LT4) BXI(X.
TFoY IR -Za—ILT7—L((32)7) DIEFHEEERF
IFR—Tv—ThY . CORBCRIMADMERHFRFEIZIBLHL
TWET, BIF. BN ERADECRRUVEIRIL—LT—
27055 LD H D TELSY RULEADERT AT T Uk, #8
AEAEEFREREDOEOHOTOCIINERAEL. EE TR
UERE AT A (LBE) A EIM BT (CESELI-EUD EETOO Y
MZHSMLTLVET . 2012F M5 (X, EURATOMERERLTE
Iﬁﬁ:lﬁlﬁ’x??}- SLGRHIERFEEVATLEEEZR
FERZHOHTHET,

ALFRED Status

GEN Y isipstone
= Design review on-going

= Main options confirmed

= Diversification of decay removal systems

= Working on aspects not directly addressed in LEADER project

= Construction of facilities and experiments

= Technology developments (chemistry and materials)

= Operation strategy

= Experimental facilities support on going


https://gif.jaea.go.jp/webinar/index.html#webinar023
https://gif.jaea.go.jp/webinar/index.html#webinar023
https://gif.jaea.go.jp/webinar/index.html#SYSTEMDESIGN
https://gif.jaea.go.jp/webinar/index.html#FASTREACTORDESIGN
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1. R IZH T EE R BB
EUEE T, o AIESRFORAFEINERICITHONTEY ., IR ST (ELFR, ELSY,
LEADER, ALFRED)AY{THh N TLVA,

IP-EUROTRANS project 6" FWP (2005-2010) CDT project 7" FWP (2009-2012)

PDS-XADS project 5t FWP (2002-2004)
=g,

80 MW LBE-cooled XADS 80 MW Gas-cooled XADS 50 MW LBE-cooled XADS
(MYRRHA) 60 MW XT-ADS/MYRRHA

400 MW EFIT
100 MW FASTEF/MYRRHA

LEADER project 7t FWP (2010-2013)
ELSY project 6" FWP (2006-2010)

1500 MW ELSY 1500 MW ELFR

300 MW ALFRED

2. Bkdﬂw*lk& B B RFAIRILT—EM TSV T4+ —LA
LFRELTIE. TSIt T 2012, RETHRARLHREFIDH LK
BFRERHBTEET,

- BRIOFEMICLFREMIIZ2EA—RLU LEZRE

4 ESNII |n|t|at|ves

i
SusTAINA N R En
T ECHN vy PLa »

U,.“'mmd e C 2 I /
NUGEN]I ¥ ature Innovative materials and fuels HT:&;.‘S?NA /
e Ginereon T3 asoua SN /

MYRRHA
Irradiation Fagility

Simulation, Modelling, Experiments
Education and Training
R&D infrastructures

Safety

) ALFRED
LFR Demo~

Sustainability

< gﬂESNll
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3. ALFREDZ3Z 2% : FALCONO>Y)—< 7 L\ (FALCON - Fostering Alfred

CONstruction)

- FALCONAYVY—L 7 LBFEIF2013F(TERIL I, LFREfiTE TEMCREAS
H5IEHFERELTLNS,

- FALCON[ZE &, I—0Ov/\DIKRIZH ST HLEIELT=,

- EHBEMIILTOEY:

- JL—Y=F7TOEETOCTHIMELTOHDALFREDDFERE =5 E Y B A
- ALFREDEIHAIREMRBEDHFRKRE
- MEFARZIERZDERDEHG

ey ENEN
ANSALDO & ii ’
isaido Eriargie Group I c PlTE$TI

4. ALFREDEREtH MRS 1>
ALFREDDEREHIE . THEAZSEHET A1=-OIZ. AlRERYFI AT ge i fiiaR—R

[CTBMELHD,
Relatively low
power (300 MWth)
/—‘ Compact design

Removable

components
Proven technologies

Simple flow path
Efficient natural

circulation

Inner vessel

Molten lead as coolant

Excellent intrinsic prop.
Manageable neg.

prop.

Pool type Primary System
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5. ALFREDT EV AR —4— B O REZZERTH-HDHi%
ALFREDDEERIFEXFERMGZ 7 T O—FIZHE DL\ TLVS:
- 1R KR TOIEY /&8
- BE.BHEOEEOHSIMEIL. ERRELLTEHE
- PR SIRETOTILE hiEER
- Jx—X1IDMIZEEICRESIN-O—T40TH#

Phase 2

6. ALFRED : SMRIZHF{EL=LFRTE
SMREIER L= DA A SR FDOHIXLLTDERSY
- FRINDFALCONT Y — T LDALFREDAV T RZE D {SMR

ELFR
ALFRED (FOAK)
Advanced Lead-cooled Fast Commercial
Reactor European Pro-LFR Deployment
Demonstrator (Prototype) Gen-IV

* Leverage on LFR features

Intrinsic and passive safety
(Demonstrator) .
= Higher level of safety

(Prototype) = Exclusion of domino effects

= Optimum for multi-unit sites

Anticipated SMFR

SMER commercial deployment

(FOAK)

TIME WINDOW TARGET - 2035 -2040
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LFREfff [CE D <hNEFFEXEN B X T L : MYRRHA

| SCKeCEN[&. #LULVZ BB RIFT MYRRAHA | D TR ERFZZTOTLET . & |
 IEF—TEREFINRE TR T I HRYNOBE HEFIFTHDOMYRRHA |
ISDWTRBALET . COMFIMERINBOOFHFESZ TROVEEER |
 SEBFTH EERISEFHRIE LD AURAHERMEEATELT . |
| ZDT=HMYRRHAIEREEFIFEFE LN TLVET . MYRRHAIZEFHLZRF O |
T CEELLOI R FIESRSLEFENL, EERISOEFTELELET, |

______________________________________________________________________________________________________________

mEAmI:

Dr. Hamid Ait Abderrahim (/\SF-7A vk 7ILSELEL) f‘ﬂ
[F RNILF—DRFHAFT 22— SCKeCEN DEIFTE. a)
Catholique de Louvain KEZD R FIFYEZE-[RFHIZED

204% . Ecole Polytechnique de Louvain D& ZFFIEL TL VA,
19885F &Y, MYRRHATAD T IMDTALIE—%HEDH D F |
. BN FZEEDEENGRFAVRTLOGLANILRS
MREEYOSBEEHRICEEST 2% LLETa oD/ \—k
F—OOA—T AR —3—FFEH T S, 20075F9 8 H 152011
R PIET NeRDBBEIBI T D REHO. 2015Eb\b(iSNETP0):EE?§E
SERZHFOHTNS, T JHRTODIIVMDEEZERICIIN LT —RREL
TSmLTLNS,
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IEZR K ERFKF (Accelerator Driven System: ADS)&[&:

MERBFREEFRIFIE T IVERIDERELTLET , FEFEEET D4
B FRELT, FHRIDCHRELI-EEREEZI—T vhELI-HBREZMNRSZ
B, BHEETWVEST, 3—IFDEEREICIINR. ERTR AT AT,
AR ENBLLGNET,

What is an ADS ? GE@{ntemaﬂonal

Forum=

Concept of an accelerator-driven system

An Accelerator-Driven-System is:
= a subcritical neutron multiplication assembly (nuclear reactor, keff<1),
= driven by an external neutron source,
= obtained through the spallation mechanism with high energy (~ 1GeV) protons,

= impinging on massive (high Z) target nuclei (Pb, Pb-Bi, W, Ta, U).

BZEHEhR:

SERPEFERAVBREREFITOE. BLANILBSHEREYDEEEN KR
DSUREIIERTIADIZHELGRBATS—ILIE, HEFHLANIL ($9308
FE)D, AEDFHFLARNIL(BEE)ETIRBTSHSENTEET,

MYRRHA crucial in this European

strategy for P&T"ghrough AD"S

N— transmutation spent fuel no reprocessing
of spent fuel reprocessing

International
Forum-~

SNF 1000

+10,000 year

Natural Uranium 1

Duration Reduction Volume Reduction
1.000x 100x
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MYRRHAZ A ok &lT:

MYRRHAIZ INIE R ERFN R EERIFEVNI B A TT AV BEEE—FIERER
E—FEBERE—FRAHYET . REEFRE—F TIXHZKR600MeVD [5FE — L
FIRFIDDEIMERATRAZ—F YMIITEAL CETHEFRELTULET B
RE—FTIEMREREIEDLTITELRPEFOH THEREZERLET,

Key technical objective of_the MYRRHA- GE@ International
project: an Accelerator Driven System Forum-

MYRRHA — An Accelerator Driven System

Demonstrate the ADS concept at pre-industrial scale
Can operate in critical and sub-critical modes

Demonstrate transmutation

Fast neutron source = multipurpose and flexible main reaction  spallation
irradiation facility output 210" n/s

j recer = HHRREE-— - -
e T L e i N e oy e \
34 e RREE- - - -

material LBE (coolant)

particles protons
power 65 to 100 MWy,

beam energy 600 MeV o 095

beam current 2.4 to 4 mA
spectrum  fast

coolant LBE

MYRRHAD (Rl ERRFHZDULNT:

MYRRHAD R E /R E RAR DMOXBRFIE &K, FlEHELE TSN T
BY FDFRIZIE, EARNSFELFLICHTTE—LFa—THEAS
NTHEY., ZOEIHICITHEFREGTIZBERI—T IR HYET,

MYRRHA Core and fuel GE@““@W“W“

=orun:
® 151 positions Forum

® 37 multifunctional plugs Beam tube

Spallation target

@ s ras

() 7 (central) IS

. 6 CR (buoyancy)

O 3 sR(gravity)

{_) 24 “inner” Dummy (LBE)

. 42 “outer” Dummy (YZrO)
151 S/As

O Additional positions available
for inserts from the top (21/37)

Both critical and subcritical configuration:
+ Critical: 100 MWth
* Subcritical 65-75 MWth

= MOX driver fuel (~30%) :‘S’imb“es : ps
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MYRRHAZ Oz VDR RATYT:

MYRRHAZ OOz VD7 —X1ZH T HINERZZ D EEEIX100MeVTT,
71— R2TCIXEREZ600MeVE TR EESHE ., 72— X3 TIHXFDIZEHKTHF
ETY,

International
Forum-~

MYRRHA’s phased implementation strategy GE@

Benefits of phased
approach

Reducing
technical risk

>
[}
=
o
S
-
[
-
@
w
©
=
o

*  Spreading
investment cost

»  First R&D facility
available in Mol
end of 2024

LT L 0510 e M BT 0 e S — A =

%Tt.Ai D - 44 (T oo e

R

LT

Phase 2 - 600 MeV
Phase 3 - Reactor

MYRRHAZ O =/ h) I FE:

J21—R1UIEFTHMER R UVOI—T VDR EF2022FFXTICKET I HF
ETY, ZTLT2024F FTIZ, MEZFE600MeVIZiHIET HT7—X2 R UR
FIREHRET DI —R3IZERTINEINRELET .

Phased implementation plan MYRRHA
Project (2018-2030) 4
"""""""""""""""""""""""""""

International
Forum-

High level global planning of MYR HA Project (2018-2030)

4
mmmﬂmmmﬁ' s | _

Pre-Licensing Phase (Full MYRRHA view)

-
Phase 1. MI'ERVA: 100 eV Accslerator+ 1501 s;mmm
Prototypir n.T ndering, and Constru

(

| IC | AFCN lices
mIIMYRRHA

| Phase 1: “18-'24 LI‘ | Phase 2&3: ‘25-30 |
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1 2 B I 8= F (GFR)

———————————————————————————————————————————————————————————————————————————————————————————————————————————————

| HRAAREERLF (GFR) [, GIFASZEIRLI-6 D DR B ELRFIFHEMDIL |
D1 DTY . RVTEF—TIE, GFROELF ROR A, 5t T2t BET S |
IR OVTRENLET . '

______________________________________________________________________________________________________________

mEAERI:

Dr. Alfredo Vasile (ZJLZLwk /A\Y—)L & 1)

19814275V RAREF AT (CEA) IZCAFFL. IAEAF Sy
DalZHBHF ) LHEIE EREERFRAPSODIED B 3% B
IS, BKIF. RUSRFICET I FLYEZER

ST OREEEEEE, BKFREAT —T DA K
IN—¢LTGen IVA—KRTYyTOEEITOCLRIZERL. = B

=. INPROIZEITH. BEFE/O—XF BB A IILIZ
BT HAHRBIMED-ODEERMEFESICILERTKEL ’
TESNRRREE B RIELIES r O Tn v R —S v—. IAEAIC &(Téma_'JiF
B1ERT=DILERTK. GIF-GFRIEEZ B X. GIF-GFRII G- & HEE
£, GIF-SFREE B OV FEEZRESDILERREFHEDOD TS, Fi-.
GFREERIF IO T MALLEGROD CEAR TR EFEH TS,



https://gif.jaea.go.jp/webinar/index.html#webinar006
https://gif.jaea.go.jp/webinar/index.html#SYSTEMDESIGN
https://gif.jaea.go.jp/webinar/index.html#FASTREACTORDESIGN

GENIV £ipse

Expertise | Collaboration | Excellence

1. HRAAHEZES (GFR) DF A
V0—XRERFHAVILBNRBRTENIL, BAKZE LYREILER
FRENTE,. BLANILBSEREEVOECHHNEEZERT H
ENFIREL S D HNAGAERIF L. [T AHMELTERAY 51
. RAEERAENHMICEET HEENREMICECTNENSIF AA
HBo

Why have gas cooled fast e s
reactors ? (1/2) GE@" Forum-

= Fast reactors with closed fuel cycle are needed for the
sustainability of nuclear power:
* More efficient use of fuel
* Reduced volumes and radiotoxicity of high level waste
= Gas cooled fast reactors have some favorable features
* Gas (Helium) is chemically inert,
* Very stable nucleus,
* Void coefficient is small (but still positive),
+ Single phase coolant eliminates boiling
* Optically transparent.

* Allows high temperatures for increased thermal efficiency and industrial
applications

2. GFRODEREA:

HRAENM I — AR ZEEE A /NS, AT M B L F W2 EAS
BEMOBENERHCEFELTLESIEVLSHEELA DS, -, BFEE
ELE CHIMPaRREEDE N AT LNDEEL D, FNIZINA . LD
FRIREVRENE LGS ELVST=REEH D,

Why have gas cooled fast il
reactors ? (2/2) GENY izgpaon
"But ...

» Gaseous coolants have small thermal inertia ® fast heat-up of the core
following loss of forced cooling;

* Need of pressurization
* Low thermal inertia of the core structures and high power density

= Motivation is two-fold: enhanced safety and improved
performance
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3. Gen IV GFR AT L
Gen IV GFRU AT LIE., 950 -TILb=) LAY E253Iv IR
WEMERWNS, FILHEOEEIX850°CIZEL., TRILX—FIBRER
NEl.F-. HZEBEUNDBUTORIAMNREEL S, FHH AL
100MWth/cm3&7Y) B L Z 10/ E —RMEEREN RIFLYE LAY,
TR LAEERFELEERT HEELY,

~ 850 °C

Reactor Parameters Reference Value
a5 Cooled Fast Reacor P )»f,,-_;- Reactor power 600 MWth
— ' Net plant efficiency 48%
7 : (direct cycle helium)
- Coolant inlet/outlet 490°C/850°C
temperature and pressure at 90 bar
Average power density 100 MWth/m3
Reference fuel compound UPuC/SiC (70/30%)
1 with about
ﬁ = 20% Pu content
= Volume fraction, Fuel/Gas/SiC 50/40/10%
Conversion ratio Self-sufficient
) Burnup, Damage 5% FIMA: 60 dpa

4. ALLEGROFAY T Vb :
ALLEGROIIV4G4Aa Y —S T LD BHLA THEMNEDH SN TLNSH R
AHEEEERIFETHD, ALLEGROIZEDDHRERERES AT L, =D
D—RANZHBESEARBRO-HOAINEZBRBERATLS,
ALLEGROD B HIIFGFROD F EH i & ZEFE T 5 &ITH D,

Objectives of ALLEGRO GENTU itemational

-orum- -
ALLEGRO

= Demonstration of key GFR technologies:

+ Core behavior and control.

» Development of ceramic fuels

* Helium circuits and components

» Decay heat removal
= Fast neutron irradiation capacity

= Potential for coupling with high temperature components or
direct use of heat

= Development of safety standards for GFRs




International
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5. RAMICEI T SRE LR FASK:

EADREF. BER- 5
DRETHD, SICHBEMZERLV=X

= H AEE ST A DDA B ORI iEE M

LR RTRE DR RRFENED

bTLV%,

Challenges:
Core and Fuel

GE@ International

[Forum

= The greatest challenge facing the GFR is the development of robust high
temperature, high power density refractory fuels and core structural
materials,

» Must be capable of withstanding the in-core thermal, mechanical and radiation
environment.

» Safety (and economic) considerations demand a low core pressure drop, which
favors high coolant volume fractions.

» Minimizing the plutonium inventory leads to a demand for high fissile material volume
fractions.

= Candidates for the fissile compound include carbides, nitrides, as well as
oxides.

= Preferred cladding materials are SiC-SiCf

SiC/sicCf
Cladding

Carbide fuel
(U,Pu)C Liner in

W-Re

Pellet/Cladding gap

6. HEM AU LM ORE ., RIRBREV AT LICET SRS

BEMOAN)D LAHAEICET SRR EZERTOIDLENDH D,
BIZ L, BFEMBERBWIFORRIRABRENEHICHDIEVIZREDN
H5D. COFRBITX LT, FIEFIZsRFR TR B AR RICEIL L&
IC%/Jluft%jéT‘ftéﬂ'é CEMTELRIBEAREATLIERETINT
g,

Challenges: Materials,
Components, He Thechnology

International
GE[\\l/lvl OILUIH -

= High temperature corrosion resistant materials (cooling circuit, heat exchanger, insulation,
sealing)

= Relatively high pressure in primary circuit & related highly efficient circulators
= Rapid heat-up of the core following loss-of-forced cooling due to:

« Lack of thermal inertia (gaseous coolants & the core structure)
+ High power density (100 MW/m3)

= Relatively high temperature non-uniformities along fuel rods

DHR circulator
(or natural circulation)

i DHR heat
xchanger main heat

reactor exchanger

L)
= -

= Difficult decay heat removal in accident conditions (LOCA) DR
= High coolant velocity in the core (vibrations) ek

= He leakage from the system, He recycling & He chemistry control
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4-1. = RIFDER Bt - BERARER L DO —DEUTARE T4

HARASHERSAEBRIFETAO Ik ALLEGRO

p

______________________________________________________________________________________________________________

| V4G4 Consortium (FxaXEFE. N\VA)—  R—3 8 RANEXT ITFVR) |
- DAEA TRAFESNT-ALLEGROSR IR D SR &H . L. BAFK B2, SREHARR |
R.RETITO—TF . RERHEBALET . Tz, VOXBABEHLLV RS2 ED |
; Eﬁ(:%ﬁbf:ﬁ%ﬁwﬂﬁiﬁbs SRIEBRI NEFHAMARREICOVLTHAETL

______________________________________________________________________________________________________________

EEMEN:
Dr. Ladislav Bélovsky (3 T4AX57 ETA7AX—{d*%)
TS N\ERIZHEE T BUIV Rei, a.s.(Nuclear Research
Institute Rez plc)[Z =7 IV 7 ELTENFE, 2011FEMDG,
FAHREFIFORFELZPDICHAEZTIHZEITOTLNS, UIV
Re?, a.s. Tld. EIff1% 71“V4G4 Centre of Excellence” M #:4H
HTAYY LAHEERFALLEGROD R FEIZS ML . R
FIRDERETELREE . A LM MARAEICERTS
THE=HEICEDHLOTIVS, 1988FE N 52011 FEEF TOHOHAM
(X, FraHEFMESLEICEWNT, EICBKFEERE OEE)
HFERETRECARLGEREHETET )V 560DV E1—20—FDERH
EZDIAICET HAMERE1To=,
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1. R DH A HEEETEIF ALLEGRO
HREYDH A A S EEILIR ALLEGROIE . BRI ER DT L&
F.REHEOEM T RUARGHERIFORBREREEZEMNE
LTLVB,

Why to have a first ever GFR il
demonstrator ALLEGRO GE@ Forum-

= To establish confidence in the GFR technology with the following objectives:

A) To demonstrate the viability in pilot scale & qualify specific GFR technologies such as:
= Core behavior & control including fuel
= Safety systems (decay heat removal, ...)
= Gas reactor technologies (He purification, refueling machine ...)
= Integration of the individual features into a representative system

B) To contribute (by Fast flux irradiation) to the development of future fuels
(innovative or heavily loaded in Minor Actinides)

C) To provide test capacity for high-temp components or heat processes

D) To dispose of a first validated Safety reference Framework

= Power conversion system is currently not required in ALLEGRO.

2. ALLEGRODSERY RS BT R E -
ALLEGRO(ZL . BRI D =B . B2 RFKET. ANV D LH AR THHE
A9 2 kSO RMATEETIRYRS,

ALLEGRO faces the main tech. —
challenges of CEA GFR2400 GE@ Forum®

= High-temperature resistant (refractory) fuel (tolerant to overheating)
= (U,Pu)C in SiCf-SiC tubes

= Safety systems - Reliable shutdown and decay heat removal (DHR)
= With use of natural circulation

= Fuel handling machine
= Under He flow to cool the fuel

* He/gas main heat exchanger
= Large (?) dimensions
= Materials & components & helium-related technology

= Heat shielding, He sealing, He purification, He recovery, ...

= + one challenge related to ALLEGRO only:

= Driver core based on the existing SFR technology
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3. ALLEGROD E Rl 2 5% 5T
ALLEGRO@$E‘W&$E&#@H1§Q&LTIEIZs—’.JODIﬂEfR)lx —7.

EENREZRANVEEDDRMIERRERE. AT avDHRAE
R/ EN LT LoD,

ALLEGRO CEA 2009 (75 MWh):
Design of |. circuit GE@

International
Forum~

DHR HX DHR blower
DHR loop
RPV
Main IHX Optional IHX
2 x 40 MW
(2x ) 10 MW

Main blower

4. PR ETDALLEGRODFI R ER A

BRHRETOALLEGROIZIE. LD DHy—RERINT ., ZEIMIC
FILDINEHEINS . REBLXEZTRMNELLGEWNELST=FIEAH D,
— A RAEELTIEFLEFFLEEILEFOEENEHLTAEN
Elfonsd,

ALLEGRO CEA 2010:

Innovative option 3 GE@

= ADVANTAGES (MOX ALLEGRO 530 °C):

1) Increase of inertia: Core cooling (few hours) without any active system except the SCRAM actuation and
the depressurisation of the secondary circuit (could be passive, and even without depressurization the
“grace delay” would be significantly longer than few minutes).

[hternational
Forum-~

2) No more LOFA transients: This initiating event is no more possible because the primary blowers are
driven by the secondary circuits turbomachinery.

3) Limitation of water ingress risk: Because of gas in the Il. circuit

= DISADVANTIGES:
1) Operation: Complex management of the single shaft for start-up and shutdown
2) Technology: Very complicated to make it feasible (rotating seal in GV)
3) Once the TM stops in passive operation it cannot restart
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5. ALLEGRO V4G4 Centre of Excellence DI
V4G4 Centre of ExcellencelZRO/NF7  Fxa /N\>AH)— F~—
SUR, 75V RIZLD ALLEGROERERBE DR AHI THS., T
ZNOEFEY L TON-FARMN VIFIR LTS,
ALLEGRO V4G4: Background GEI’{I ol

Forum-
» 2002-2010: CEA - Development of GFR2400 & ALLEGRO 50-75 MWt

« 2010-2025: CZ-HU-SK- PL- Preparatory phase of ALLEGRO:
» 05/2010: MoU: Prepare documents (pre-conceptual design) for decision makers (ALLEGRO Yes/No)

= 08/2013: ,V4G4 Centre of Excellence" - Association (legal entity) founded in SK

© \_IUJE'Tmava (SK): Responsible for Design & Safety (with UJV) | RaehT ‘
= UJV Rez (C2): Helium technology, R&D and Experimental support |
= MTAEK Budapest (HU): Fuel & Core TR ‘
= NCBJ Swierk (PL): Materials (?) L ]

= Associated members:  CEA (FR) 2017, CV Rez (CZ) 2018

= ALLEGRO Preparatory phase by V4G4 CoE:
« Pre-conceptual Design: Revision of ALLEGRO CEA 2009 — New ALLEGRO V4G4 concept (2020-25)

« Safety: Core coolability (passive mode)
« R&D and Exp. support:  Under formulation (helium technologies underway)

6. ALLEGRO DAL LART T a—)L
ALLEGRO?OEI’)I?HEtu-FO)’)"’fAZ’TDJ—JLLI YO THESD
b5,

- 2020 : EEIBLESERETDREIL
- 2025 :#EEERETODAEAL
- 2026 -: R B QXM EE LA S RET

ALLEGRO Time Schedule: GEI{[ International

Overview Forum-
CEA MoU MTAEK-VUJE-UJV V4G4 Cetre of Excellence
ly >e
K 2009 | 20101 2011 | 20122013 | 2014 | 2015|2016 | 2017 | 2018 | 2019 | 2020 2025 | 2026 \
ALLEGRO Design ALLEGRO V4G4 Project - Preparatory phase
e, Post- conceptual
Consolidation Phase Pre-conceptual phase Conceptual phase phaup
Y Y 4 N
| | ! 1
05/2010: MoU 08/2013: V4G4 07/2015: Decision to
UIV-VUIE-MTAEK Estoblishment Launch. of PP * AR
e
...... UOX core
* Documentss

Design Specifs & Objectives n
Design & Sofety Roodmap Passive safety
NDA & PR

.
I

ALLEGRO R&D Roadmap , . .. -
2019: S-ALLEGRO ;

He loop
J
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HBEBH A (VHTR)

______________________________________________________________________________________________________________

 BERETE (VHTR) (X, BB WK EL TRIRMISEHSh -6 DD E4tH |
 REFFRATLDIEDTIDTY , GIFDVHTRY AT LBRED AV /N—EDS |
 BIMETRRARFDEELR (FFHERITERNHY . 20085 (Z(EZ ZITHEH N |
 DOYELT= RVIEF T COBAFARMSEDLSIHtt, BFHE. KL |
M BB . TRLF—RIRICHF 5T AN ERBNLET, =

______________________________________________________________________________________________________________

EE R
Hh—IL- o0 KIE, KEITRILFX—4 (DOE) 224 FEEENFEL .
BRRGBREZEHES>TEFELE  BERE. RFAIRILE—F
DEHERFIFRETOTS LI ARA—Dy—EL T, DOEDEIL
MEMEREDEFHEER/N—LF—LEHT SHEREH
T.HFE . EIETODIIMNDRAEFHE L L TIVET , 20045
MilE, BB R (HTGR) DR EEZFB W ELT-DOEA
ZOTFFITHAIRMBREFATSURINGNP) TOT IR
ZE(CR > TEELT,
2006 FE M 52009FFTIE. BEFAKFZFA=ZTFIDTATSLISR—Dv—%
. BRARFOHAEREEZFAL-E:E/KS EEMT OBFIZE(+1-DOED
WMYEAZRAELELT=, GIFTIE. 2008 FEMNSVHTIRV AT LEEZESNDERE
5. BEFIRZEESDERZHFOTWVET . VoI KIE. XKBEANIYI XK
FPTCIFEEDEBLITEZNEBL. KEBELTEFERETEZELTIVET , DOEIC
AETHHNE. KEBEOEREZE ODEFAIEZITEELTIOEM. EFHAK
LR FAEBTRERFIFREDESBICHMULITLVELT:,
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EREARIFX. 6 DDFLIERPED—DOTHY . BIENTEHENEL. E
HUNEZHRGEZEFIRALAIEETHSZ L. BILBIERMEAH LI L. &
REE DB A VI THLHII LML, RFEMNGERH-HAIUILELTORE

AEEEC Y (I

* Inherent safety characteristics
- Ceramic fuel particles — won't melt
- Graphite core - stable moderator and thermal buffer
- Helium coolant —inert gas does not interact with fuel, graphite or structural

metals

Diverse industrial applications in addition to electricity

- High efficiency power conversion capability: modern Rankine cycle
(Eff ~40%) to advanced closed cycle Brayton (efficiency up to ~47%)

- High temperature process steam and process heat capability offer
cogeneration opportunities now; very high temperatures in future
Proliferation resistant, high burnup fuel cycle with growth potential for advanced
fuels and cycles (e.g. Plutonium, Thorium), including deep burn cycles with LWR

spent fuel

2. BBH R4 (HTGR) E8EKYR (LWR) D EL B :
BKFEZCTFNMDOADEOHIZ. BRARFENEDEISICTIWREXRELEL D

M fHEICHET B,

ltem

Moderator

Coolant

Avg coolant exit temp.
Structural material

Fuel clad

Fuel

Fuel damage temperature
Power density, W/cm?
Linear heat rate, kW/ft
Neutron migration length

HIGR
Graphite
Helium
700-950°C
Graphite
SiC & PyC
uo,, uco
1600-1800C (design dependent)
4106.5
1.6

57 cm

LWR
Water
Water
310°C
Steel ;
Zircaloy |
uo,

1 2 6 OOC (dueto Zircaloy clad properties)

58 -105
19
é6cm
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TRISO R F 1A :

ERHAFOEREZTHATRISOBMBR FIREIT. TUXLBEFEAR
FERTIAYRBEEBARFOBMATHERIN TS, TUXLEEEHR
Tl TRISOBEBIRFI R FEREEICHRTELTERBMBERICIHBAL R
TILR YRR B H XFETIE., TRISOTHE B I FHBREIBRICE 2L TEA
5,

Prismatic Fuel Pebble Bed Fuel

X evrowtic carbon Fuel Sphere

=" Sllicon Carbide

. Porous Carbon Buffer

= Uranium Oxycarbide (UCO)

TRISO coated fuel particles (left} are formed into fuel rods

Lmm Graphite layer
(center) and inserted into graphite fuel elements (right).

Sy
Coated patides Imbadded
in Graphite Matrix
Dia, 60mm Pyciyte Cabos 401000mm
i #cor Cl L A8 0t0mm

Fuel Sphere inner Pyniylc Caon4o1 01

X __Pous Carkon Bullerss 06
o

- Cia.0,5rm
Coated Particle umrium Dioxide
PARTICLES COMPACTS FUEL ELEMENTS Fuel Kernel

mRARFICEITHRBOEE:
.—mij AFDFEILTIE, RN TRICTI EELGREIZR-T ., TDH1D
BREELT. TVXLFDLTIEERRHERT OVINKBBEREFL. RT
)M‘yP'J;E'Gli%ﬁ’ﬁ&%ﬂﬂ%ﬁﬁ%*ﬂrﬁkﬂ%ﬁL~ B RHARBEICIEIR
ISERIEHO-HDEEEREEIAHY. 7°'J7{‘A%£"%*4§§%Lli}imf£%ﬂ
HF Y RILDHS,
Nevuiron moderator (carbon & graphite)

— Thermalize fast neutrons to sufficiently low
energies that they can efficiently fission
U-235

Neutron reflector - returns neutrons to
the active core

Graphite (nuclear grade) has a low
neutron capture cross section

High temperature tolerant material
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BELERARFDRE/INSGFALIT:
EEHRIFIFERKIFERLEDIRENSAALIITNEE>TEY .. ChlTE

FIROREHIZHTEIEZADENTHY ., B BT RFEDOIRFEEHKF)

FHEDEISEZLEZNEBELLZITNIEI LGS,

The fuel, helium coolant, and graphite moderator are chemically compatible under all conditions

The fuel has very large temperature margins in normal operation and during accident conditions
Safety is not dependent on the presence of the helium coolant

Response times of the reactor are very long (days as opposed to seconds or minutes)

Loss of forced cooling tests have demonstrated the potential for walk-away safety
There is no inherent mechanism for runaway reactivity excursions or power excursions

The HTGR has multiple, nested, and independent radionuclide barriers

An LWR-type containment is neither advantageous nor necessarily conservative.

BEVWIRILYF— EREGOEEICHIET SBRHANR:
=R AFE . SENSEET TORLVAZMHIET HIENTE ., KRE
ERERRGTARTORAIENMREREIATNS,

]

{ Sym‘hehc Fuels Hydrogen

= ili Coal Gasification

Coal Liquefaction

Desalination Tar Sands Metals

Electricity Fertilizer

Near Term
Process Heat

District Heating
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BADOHBHRIEEICKTS
HTTRaan%_IGJ%";EE

——————————————————————————————————————————————————————————————————————————————————————————————————————————

 BREIFRBHRE HTTR) DEH DR W LR MRERROBERE
 RAWEHEARSERNBARAORTFNARHZERICKBIN, CORR.
HTTROBRR@ ([T T, [RF H1#HE(X20208F6H3H. %ﬁ%ﬁﬁ%ﬂﬁﬁl o< |
 RFARFEEEDHFAEB- HTTRIE, ELVEADREMHEAL TS |
2 ENMDHBZEITOCLGBREBTEOIRAATH S HTTROBIEE |
IS, R ISEBA T ESN TS, OECD/NEA LOFCT O IMEHITS |
 REMRIRER., BAAS X T LOEMEILRER . HTTRZEFAL-E R |
- AMERENFESN TS, ‘

__________________________________________________________________________________________________________

REEAERM:

EEEBELE. BRAEFIAREREEOSET
AR RIFEPHTTRE MR DR EZIFH TS, 1999¢
HRAKECELTEZREGE, REL. FONDERE - EERIC
B E T A MAREELELTONS, COHFERIEIZE
LNT . HTTRETER (. iEER DM E M4 ST M & s ET R E AR
Z5EWMEELHL-,
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1. HTTRICXT 9 5 FTAR S E 4
HTTRICX I 2T RRIE R EZ | IATDOEAFE LB L TERAL:,

GEN IV International Forum . (<®>
New regulatory requirements for HTTR

< New regulatory standards >

Newly established
Prevent from large amounts of (measures against

radioactive release (BDBA) severe accident)

+"| Consideration of internal flooding
’ (newly introduced)

< =
Old regulatory standards 4 Consideration of natural phenomena

Consideration of natural phenomena (volcano, tornadoes, forest fires) L s::;;ogcs?:birshed
Fire protection Fire protection
Reliability of power supply Reliability of power supply
Functions of other SSCs Functions of other SSCs )
Seismic and tsunami resistance Seismic and tsunami resistance } Reinforced
\ﬁ:\ﬁ No operation experience _\=/L/
~ —

Aiming early restart by construction of|new safety theor
which used HTTR's inherent safety design and results of
safety demonstration test

GEN(IV g

Expertise | Collaboration | Excellence https://elaws.e-gov.go.jp/document?lawid=425M60080000021
TEE I e ¢ eSS https://www.nsr.go.jp/data/000172364.pdf

21

2. HTTROBEEICW T T
HTTRO BB IR T-EFR 0 [CBAT SF & BIELT-,

GEN IV International Forum <®))
Towards the restart of HTTR

Following the nuclear accident at the Fukushima Daiichi nuclear power station on March 11, 2011,
revised regulatory requirements were issued by the Nuclear Regulation Authority (NRA) in July 2013.

v' JAEA had submitted the application including evaluation results satisfying the New Regulatory Requirements to
the Nuclear Regulation Authority (NRA) on Nov. 26th, 2014.

¥v" Through many discussions with the NRA, on June 3rd. 2020, JAEA obtained the permission_by the NRA for
changes to Reactor Installation of the HTTR.

It is targeted to restart HTTR in July 2021.

mmmmmmm

Permission of changes to I Y 3, June
reactor installation

Operational Safety
Programs

Approval of the Design
and Construction Method

Inspection Pre-service inspection |
Restart Restart W

GEN(IV s

Expertise | Collaboration | Excellence HTTR Lic_ens_mg Experience and Corﬂmerclal. quu\ar HTGR S.afe.ly Design Requirements including Coupling of Process
TEEEEI s v o EDSEE Heat Applications”, “Towards innovative R&D in civil nuclear fission” SNETP FORUM 2021, 2-4 February 2021 23
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EDA5—RmBARFLEEKFORZREEHDLLEN RSN,

@»

GEN IV International Forum
Safety requirements
Safety requirements Modular HTGRs LWRs
Design extension condition ) - . DEC without significant fuel degradation
(DEC) DEC without significant fuel degradation DEC with core melting
Atleast two diverse gnd |ndepenqent At least two diverse and independent
Reactor shutdown means (Inherent design features is
systems
regarded as one of means)
) . ) In shutdown states: Residual heat removal
Passive cooling from the outside surface of )
Heat removal from core reactor vessel (Forced cooling)
. . In accident condition : Emergency core
(Passive cooling) : :
cooling (Forced cooling)
. . In operational states and in accident In operational states (normal operation and
Confinement of | Fuelintegrity | -5 AOO)
radioactive C - - -
materials ontainment Conf@ement (i.e., vented low-pressure Containment Vessel
system containment)
i, . . . Mitigation of air and water ingress into core
Additional specific considerations 9 . d -
during accidents
GEN IV ::ntoremationa\
Expertise | Collaborat OC: :J?cellemﬂ “HTTR Licensing Experience and Commercial Modular HTGR Safety Design Requirements including Coupling of Process
perts N . - Heat Applications”, “Towards innovative R&D in civil nuclear fission” SNETP FORUM 2021, 2-4 February 2021 25

TCTEmi-Immil » ~miEDSE"

4. REEEESM

EADREHEREMRAARDERICEDE, BBEDQRFARERLE

ERHHTTRIMB D73 $8ENRAICIRELT =,

GEN IV International Forum

Safety importance classification

‘ HTTR safety characteristic ‘

With lower power density than LWRs (~2.5MW/m? vs >50MW/m?3) and large heat capacity of graphite
core, the HTTR can maintain in a stable state when the cooling function is lost completely, and further
even the shutdown function and cooling function are lost simultaneously.

<< >

Safety importance

Safety importance classification

* N

Reviewed with reference to “The guide™ ".

Classification of importance in seismic design

Reviewed with reference to “The rule of seismic importance classification of research reactor”.

PS1,2: Prevention System
MS1,2: Mitigation System

Seismic importance : (S, B, C)

<

Unique classification of the HTTR different from the NPP was proposed to the NRA by explaining
the inherent safety design and results of safety demonstration test.

GENIV e

Expertise | Collaboration | Excellence

* https://elaws.e-gov.go.jp/document?lawid=425M60080000021

TEHE R C DR https:/fwww.nsr.go.jp/data/000172364.pdf

@

27
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5. NRAIZ & AHTTRZ 2 FEMEIER (1/2)
HE, ERRUERZFOREMEICEIT ANRAICK SR 2 MiERERAL -,

GEN IV International Forum ((@)
HTTR safety review results by Nuclear Regulation Authority (1/2)

Major discussion item Regulatory review condition Regulatory review results couﬁtidr:'lsz;ilres
S:Jigg ;e(')‘“;’gr"c Raised from 350 gal to 973 gal
Some of structures, systems and ]
R luati components (SSCs) were downgraded taken ~ No large-scale reinforcement )
Earthquake e-evaluation .\ " count the results of safety due to the degradation of the Not required
il e demonstration tests SSCs.
design ’

» Core heat removal: S class to B class
» Reactor internal structure: S class to B
class.

classification

Tsunami does not reach the site
because siting location is 36.5 Not required
m high from the sea level.

® All SSCs needed to be

Assumption of tsunami height for evaluation :

Tsunami evaluation
17.8 m from sea level

Evaluation of integrity of SSCs ~ ® Design basis tornado wind speed: 100 m/s protected are installed S S

against natural phenomena ® Thickness of descent pyroclastic material inside the reactor building re u!ared

such as tornado, volcano, etc. by volcano: 50 cm ® Fire proof belt necessary q '

around reactor building.
GEN Iv International
Forum “HTTR Licensing Experience and Commercial Modular HTGR Safety Design Requirements including Coupling of Process

Expertise | Collaboration | Excellence Heat Applications”, “Towards innovative R&D in civil nuclear fission” SNETP FORUM 2021, 2-4 February 2021
= TIE T B L L 29

6. NRAIC & BHTTREZ LIS R (2/2)

K. BEDIEFEME R UBDBAIZE T ANRAICK A LE 2 EFERFEREALT-,
HTTRIZEE D ZEMFRA TL\ST-6 . KIBLEMNERELICERFETESR
ATH5,

GEN IV International Forum (<®>)
HTTR safety review results by Nuclear Regulation Authority (2/2)

Major discussion item Regulatory review condition Regulatory review results it
countermeasures
® Amount of burnable materials in

Fire Burnable materials in and around the reactor the reactor building is limited. Cable protection against

building was additionally evaluated. ® Cables necessary to be protected fire was required.

against fire
Reliability of power Emergency power supply failure was Decay heat is removable from the
supply evaluated. core without electricity.
Only portable power

Postulated BDBAs generator for monitoring
Beyond design basis > DBA + failure of reactor scram during accident is
accident (BDBA) » DBA + failure of heat removal from the ® No core melt occurs in all BDBAs. required.

core
» DBA + failure of containment vessel
(DBA : Design Basis Accident)
HTTR will restart without significant additional reinforcements due to
its inherent safety features.
GEN Iv International
Forum “HTTR Licensing Experience and Commercial Modular HTGR Safety Design Requirements including Coupling of Process
Expertise | Collaboration | Excellence Heat Applications”, “Towards innovative R&D in civil nuclear fission” SNETP FORUM 2021, 2-4 February 2021
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HTR-PMDEREHEHR. T2 D HHEL.
Oz HMER

B RREFEARTILRYRED 2—)L (HTR-PM) (&, BAE G, BEFIA. K
 RRELGE. RFAIRLF—FIRADEELITHIEEZEMELTOEY  2&
| DHTR-PMEZARI—EVICHEISE HTET, 210 MWeDRFAEETSUME |
 BRLTEY. AT VO TEERNTOERIETEHATREIBEAY |
 CLWVET, RUTEF—TIE, HTR-PMOD R EH R SRETRE, FHEHEH. &2 |
A0, FELTERAIEER. HTR-PMOEH IOV TERBNLET

______________________________________________________________________________________________________________

AR ATl

Yujie DongtE X Id. FE-FERXRZDRFHIZDHIEXK,
1997 ENLBERXREFRFN-FIRILFTF—HEBTIHAER
(INET) CHENZEFIFDORERICHKSE, R FIFRKAFHE
HAE. R FFRFYEZEMAE. BKAZAMAE. D ATLY
Sal—a B REE T, 2006 LY EEH R PR ETERFT
Y, HBE.INETORIFTRFEIEEREMEELLT. &EH
AETAD IO EFHELBLTVET, T BRBEEM KT
OO D—DOTHAIAEEITRAFRFHEREMRITOSIIL
DEIFEMEBRICEGINTOWET . GIFTIE, DRATLEESR
BEDAVIN—ELT . VHTIRVRATLTLIUDAVRDETHEIC
BB & LEL=,
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HTR-PMOD BT EHAE:
SR RIFEIEREFRFTHAHTR-PMD M ELZIL. L FIZRT4E NS
B

Keep inherent safety
Achieve economic competitiveness
Realize standardized design

Use proven technology as much as possible
= HTR-10 proven technology

= Global experience

= Steam turbine

= Global purchase of some key components

HTR-PM: High Temperature Reactor- Pebble-bed-Module

HTR-PM®D £ E B m 3 X Tt X

HTR-PMIE. [RFIFEE. HIHER. @EE. FRAFRHEITEBEEE. XK
A—EVEEMOHEREINSG, RFFEEICII2DDED2—ILHBHY. 18D
R'l.’)" t\\/% *&z' *&%Jl.é;haé

Reactor
building

Control
building
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ERETEE

ERIDOEIIHTR-PMDIES 2a—ILERLTHEY., [RFIF1E., RRFEFRIE.
AN)OLERZFBIELNH D, R FIFER[BESRIIH AN/ AR TERKES
ns,

AHIDORIE. HTR-PMD EELZ/INSA—EETRT,

Reactivity con@l Fuel element Plant electrical power, MWe 211
2 charge inlet
Core thermal power, MW 250
Number of NSSS Modules 2
Core diameter, m 3
Graphite
reflector Reactor Core height, m 11
Core
Helium | Primary helium pressure, MPa 7
Sreigtor Core outlet temperature, °C 750
Core inlet temperature, °C 250
Fuel enrichment, % 8.5
Fuel element Steam | Steam pressure, MPa 13.24
discharge outlet generator
Steam temperature, °C 567

BERORR:
(FEAE DRI FERYMAIN, HTR-PMDERIINEER ZEA TULNS,
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B EEDRIR
HTR-PM AR ALE T15 (X, IBZRICFFEIL TLNVS,

= Commercial fuel plant, 300,000/a, Baotou, CNNC fuel plant
= 2013/03/ started construction

= 2016/03/ finished plant installation and commission

= 2016/08/ started production

= 2017/12/ 300,000 fuel pebbles produced

HTR-PM600:

HTR-PMD R D ATV T THA6E 21— )L D EE B 6600MWe F E F (HTR-
PM600) (. BRAXAREMODRE . RK[REENDI—VRL—aviilE,
PWRDFHEEL TREAREETH S,

6 reactor modules connected to one steam turbine, 650 MWe
= the same safety features,

= the same major components,

= the same parameters,

= comparing with HTR-PM demonstration plant;

= the same site footprint and the same reactor plant volume
comparing with the same size PWRs.

= Plant Owner: China HUANENG Cor. , China Nuclear Engineering
Cor.(CNEC) , China General Nuclear Power Cor.(CGNPC)
= Feasibility study of sites:

= Sanmen,Zhejiang; Ruijin, Jiangxi; Xiapu, Fujian; Wan’an Fujian; Bai’an,
Guangdong
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B EimA RYF (VHTR) KFERETOS Ik

 GIFDBERH AP (VHTR) KREETOC VLD B BEENEHREHH |

 LEWEFFEOREFRALEREEN OEFNAKRAETOERDRAFKTY .|
 ATOERZERMFE. Rt FAMKEFNIRATLEBAEGHESET B |
R AiﬁALﬁﬁk'é‘é_t;ﬁ\féiﬁ'oL%T‘F#J%qﬂwiza_ji,ﬂi AR (S
1) iE. BURKERKERE (HTSE) 3%, fR-1ER Y 1)L (Cu- CI)h\ES(TbhiTos &
X E, BE. BANEHREGRERIEFAH THY . HTSESEIXEU, T5U R, K |
 ESERICEBYICEAREED TONET , £, 2021F(2(F AFIHERERE |
IR TIEHYF I A Cu-CEEZRIT DTEZEDHTNET . KAVIEF—TIEZ |
§ fnmﬁbd)#ﬂ%%’é%’n’ﬁﬁ“éa&%l; Mo IR ARG LR EL TE D LS ICHBRAT |
 BREMNBNTLET, |

l:l%b~%%ﬂ)|

HL-HyETHETIR/E. A2)AMFa—o2)N\—ZH5B
DT EBRFHHAEFR(CNL) DIERITEEFHAD I R—Dv—T
HY. FMIFOLEEEED-ODREEEEZEHLTLE
T REN—ZUVALKRFTIEEIZOFRMALELTEZIE
L.AECL(EHCNL) A#tHIX. EEDFEASHHET ) T4y
AR OA— R —av[TEFELTWEL=, BIEXA 2 A M
ND7O7xzyiaFIL- T _FTHY. BETOAD VL IXR
DAN-TATzvaFIL(PMP) THEHYET , EKENIF
L, il Eaﬁep?s'zﬂh B EMEMN. R FARUVIERFN
T, SR - PEMEFETOELANOD KRR E, ZR
BREMVIRILT—FTBOSEFCIFEULOEMMEETE
B5FE 9, IWAECNLTIE, KREEDREF T, NA1TUvRER-1E
ZHAIIDOREICAZANTVET , CORFEIL. 202145
DEBRERECOEHREZEIICEDVNTWVET , YVET
EHElX, ESEDZLDLE T, EXFR. IEHRE., R
BIRFEE)—FLTEFELI=, F/=. GEN IV VHTR7J<§%§<J_7EI
CIJLNEBEESDHTIRRTHY. REFXZFEREZHED
TWET, F£f=. hFF KFR-RFH Tt 15 (CHFCA) DEEE
BOTWET , IAEADHEIT=EC. KRB EIZET HERA S
DEETERAMICHRREZITO>TLET,
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KRDBHEEFEDFEEFA:

KFEBHZFILHET DHRRALGHHDRMELTERASNTND=H
HADANOEMITHEN, REISHEYZEDFENTE TS, %‘Tﬁ:%ilﬁ
KKEDRLIZEHWN, KEDFEIFXHLBMI HEFREND, FRMIZIEL,

REEEHBROOPFHSNDIEENRAREH/NRICHIZS=0IZH, ED
ETZKFHRMICERLTIKBELH D,

Global annual demand for hydrogen since 1975
80
70
60
50
40
30
: I.|.
10 .
, W B L I_ L L Transportatlon:.
1975 1980 1985 1990 1995 2000 200 2015  2018e Heavy vehicles
M Refining Ammonia Other pure M Methanol  m Dl Other mixed Trains
Ships
Aviation

GEN IV [RFHEMIZLEHKFE:

CZITRT4ADDKFEETOLX(E, CC10ETHRLEASATWSTOE
ATHY.PMBIMEE (AFH.EU. ITVR BAR EEH., kB, dFE(FT
P—nN=)E EICThoDTAEXISEELTLS,

.‘ /\W

Heat up to
850°C

Sl N =
I Foru

ELECTRICITY

Electrolysis
2CuCljuy} # 2HCHuy)
Heat up to o

"
S 20uCijog) +Hyg

Thermolysis B Separation

Cu,0Cl,10 N — Cullylog) + HClag)
$30°¢ A

20uCkn + ¥Oyial Cutlin + HChy

o HEAT
Bunsen Reaction

120°C

Hydrolysis
2CuCl i + H,01
o

Sulphur-lodine Process

90 %0 H,0 + 10 /o H, 10 ¥/o H,0 + 90 %o H,

i = ||
I H.0 wewchms ]
\ /’36\ 47

H.80,==1% 0, + H,0 + SO, SO, +2 H.O==H,S0, + H,

1,80,

High Temperature Steam Electrolysis Hybrid-Sulfur Process
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KEHEPMBO HELHM

BEG)—IAVFNTAIILOREE. BARDIAEA, FEDINET, BE®D
KAERIIZE->THEDHLN . BB —IAORTOLRDEEETF1ToTLVS. L
M. MEBEEDRBEMERT H=DIZIF. EEXERTOERINLETHD,

Development of the Sulfur-lodine Cycle:

= Process evaluation including flowsheet optimization, selection of
construction materials with suitable corrosion and mechanical
properties and selection of catalysts for SO, and HI decomposition.

= Bench-scale experiments to optimize process conditions.

= Pilot-scale plant construction and performance testing to confirm
scaling parameters and materials performance.

= L ong-term testing for validating catalyst performance and suitability of
construction materials.

KEHErMBD HELHM2:

=B/KEKEHEDORIL. BED INET. EE D KAERI, 752 A CEA,
KE®D INL, EU IZE>TEHONTET=-, BRKERIEE ML, L=
REIZHD, PILHRDLILIZHLTIX, SRLBENTESHAVLETH S,

Development of High Temperature Steam Electrolysis:

= Process evaluation including flow sheet optimization and development of
methods for separation of hydrogen from the residual steam.

= Development of advanced materials for electrodes, electrolytes and
interconnections, particularly for achievement of low cell and stack resistance
and for decreased degradation rates.

= Development of advanced cell and stack designs.

= Experimental testing of promising cell configurations and materials at scales
ranging from watts to multi-kW, and in pressurized stack experiments.

= Pilot-scale plant (200 kW) construction and demonstration.

= Theoretical and experimental feasibility studies of high-temperature co-
electrolysis of steam and CO, while integrating different primary energy
sources
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KEHEPMBD HIELBMS:

HFS DCNLTIE. t—18=% (Cu-C) UM ILDREEN{THNTLVS, Cu-Cl

AL DOREIL. EBRERETOEIEIZEDLNTLNS, Fi-. kFEH&E
PMBAUIN—IE  INAT)RBEBETOLRLGZEDMDREH A7) D FE{fl A
REMFTMEIToTLD,

Development of Copper-Chlorine (Cu-Cl) Cycle and Assessment of other
alternative cycles and economic evaluation

Cu-CI Cycle evaluation including determination of process options, flow-sheet optimization
and selection of materials.

Cu-CI Cycle component and bench-scale experiments to define and evaluate key
parameters such as thermodynamic properties, rate constants, and equipment selection.

Integrated testing of lab-scale system for 100 L/h hydrogen production.

Development of HyS process: SO, Depolarization Electrolyser (SDE) development, and
laboratory-scale tests and optimization.

Technical evaluation of potential alternative cycles with reference to S/I and HTSE regarding
methodology, feasibility and process efficiency and economics.

Basic R&D as proof of principle for process development.
Economic evaluation for all hydrogen production processes coupled to nuclear reactors.

KESEPVMBO BELBMAS:

IKRHEIEPMBA/N\—IF KRR ERHZERFRDOFBEHMICDOLNTHR

SLTET-,

Hydrogen Production and Nuclear Reactor Coupling

System evaluation and optimization of coupling circuits.

Develop standards on the separation of nuclear reactor and hydrogen production process.
Develop methodology and requirements for all safety aspects.

Develop methodology for system integration.
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BEE S E KB HEE (SCWR)

BBERREEAHF (SCWR) (. KO BN ZHEER &8 (374° ¢, 22.1 MPa) BIE |
 CIEH I OEERREDKGHFTYT . COBZE, HELDEKFDREEE |
B RRERE . BIRAKEEALIIEBERHE TSV Do DREBREHERD |
 HDTY, RFIFICEBERKEFESTLENE. RFATIUIDOEESEDOM L |
| RUEARIRS, BEEORAMDEIE., TLTREMICEEAIRAILF—DaRS |
HIRIZ DT BHIETT , KUTEF—TIE, EETHEHRDSCWRO B D

e BEMGHR MRCSTIRBIOLTRALES.
RE A Il

Laurence Leung (A—L 2 R-LZA V) (X, 1987FENLERKAD
NETHFFRFARER (LURNEIAF T DEFAIRIL
X—DFI—V)/IN—HEF) TEILTEELT=, 1994F(ZH
FEDAAIVRETHELTEXIME, HE. RRDIERARL—
AV R—Vv—EL T, W T F DB KAENF (SCWR)
OV tETrORFEEZIB UL TLVET , AECL(CNL) K04} ER 45 B
[CEWTERIKNESCWRICEAT DERZITIELEDIC. ZHD &
SERBREFLET, KL, GIFSCWRVATLDAFTFHRKE §
D—ATHY . PRATLEERZREREBKA-TE£TODY
MEEFEZDHRREBEREFHOTLET,
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1. 75 H'SCWRH ?

B EREOHAERFHAREMEILBRABREERIC E]':)H'%)f'ﬁﬁ?i'ﬂﬁo)ﬁﬁ’g
B ZLDENESHD. BFAREFMEEBERFIEAREBIOmMALTE

B REOHE - ERZEREZETAEE

Nuclear -

2. SCWRD X1 454 -
B FODHEODBERELEEETCEHNERELER
- BEIFRELEL. A—RETIYSLORBANEFTES
o A—EXEKBHODERDHEIE
o FE(IXLTB=-O DR DB
B JSUMDEREBRCLATORDERIE
. E?&ﬂ«(’]}b@ﬁé)ﬂl:;w BTG RA LS. RREEK. B
NOBRBMEBRLTENTEIZLDS
HEERE ERAQRXNDEIE
_ #w%iﬂi
BFE-ITEERARIML
Se RIS A0 )L SR ER ST D R EAE
ER/RIRILFT—aXFDHIE
OA—V xRl —ia s
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3. SCWR7 F)4r— 3>

m FICHER

B HRERYHELTa—SaRL—arn e
o KFRHEE
o hiE (RRIEFEHHKTOER)
. fRiE
« JOBREL

Electric Power

Hydrogen and

process heat DEHTb

water

4. GIFB fifT B &
EHEBRSCWROBEE L. GIFD X ELGF M B BRFMELFHRAIBEMED R L.
M ERILFIER DR L) EE=T,
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5. SCWRDEREHRRR L=
B ERAZEBLEBERKBFENDELNVEIZEAEEHEDEIL
B SCWR FIDRDIREHRDERIL. HEEDKAFEITELLELD,
o ABFELDIMENTEY]
s BEBIUEAEEDENIINT BELEE
B S/RICHIZS=ODEN L KDILZHEE DIEE
- BERE
- WHBBEN
o BEBEBEERUVI—EVEADHEYDOHTE
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6. A5RL— 3y
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2Vt YiE A A & iRk (FHR)

VLIS AR B SRR (FHR) (£, BRE53v /B S RRIEA MM ERALD |
LT, 600°C~700 COREERLFTT . AVIESF— —CIAFHRO E FEXRt D% |

i%‘ ZERIT R ORI TR ERRARICEA T 2D FHZEMEMTL

mEAmI:

Per F. Peterson K [, California KZEBerkeley#s . [RFHIF
FdWilliam and Jean McCallum Floyd €D ERZFE HL .

FRFHEEMHOCEREYESEICETIAIRE2E XY

TADHARICNA T, EEBRAHRIRILF—IRTLICET
HHMEICHEBLTLVET, 2002&[:?1@#%’7“»—?0)%‘/
N—ELTEAHRIFO—R Ty T DERIZS L . RILEUE
- Y EEWCHRIZERZHEOHFLI-, 1990 F K DA
P TlE. GE ESBWR*PWestinghouse AP-1000D ZFLZ L R
TLOBARICEMLEL . BEOMREI IL—TTIE. EIZ,

EEREIZE, AL ZE. FEPORBRIEHFRAET—ELT
WEY,
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1. FHRIZ B HRG D BFORER R TEER
FHREREH L Z (X BKIFDZEZR S, TRV LAGHIEEF., 8RR, &l
IR TAEERBEDIILGESHLE T FORER, B2 ERALTLS,

International
Forum=

FHRs leverage experience and
technology from multiple sources GE@
= Passive Advanced Light Water Reactors

+ Established licensing methodology for passive safety
+ Integral Effects Test (IET) experiments, CSAU/PIRT

= Sodium Fast Reactors
+ Design and structural materials for low pressure, high temperature
* Inert cover gas systems; thermal insulation and control, DRACS/RVACS

= High Temperature Gas Reactors
+ TRISO fuel / functional containment
+ Graphite and ceramic-fiber composite structural materials

= Molten Salt Reactors
+ Fluoride salt chemistry control and thermophysical properties

= Natural Gas Combined Cycle Plants (some types of FHRSs)

+ Current dominant technology for new U.S. power conversion; adaptable to FHRs

2. :hi’cwﬁf%ﬁﬁ%l:;émkd)ﬁﬁiﬂd)%ﬁ
FHRO SR ETORLERMT DB IEAERZ AL T, FHRO M EBE D FHE O/
BORFXaAVMENTHhATES -,

R&D has developed an improved e
foundation for understanding FHRs GEP([ Forume

: o [
2008 900 MWt 2010 125 Mwre o ‘

2012 3600 2014 236 MWt 8
MWt ORNL Mk1 PB-FHR
> I

Experiments and
Simulation

Multiple FHR Conceptual
Design Studies

Expert Workshops and
White Papers
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3. Mk1 PB-FHROD = E 5T
fRiIly: RTILARYRERFHZ KB RIKIFOHEE ., 2 : 236MW,
B H: 100MWe(BFE ), 242MWe(H AN BN E—HE

R )

Nominal Mk1 PB-FHR Design
Parameters

GENIY

Forum~

= Annular pebble bed core with center reflector

« Core inlet/outlet temperatures 600° C/700° C

« Control elements in channels in center reflector

+ Shutdown elements cruciform blades insert into pebble bed
= Reactor vessel 3.5-m OD, 12.0-m high

+ Vessel power density 3 x higher than S-PRISM & PBMR

= Power level: 236 MWth, 100 MWe (base load), 242 MWe (peak w/
gas co-fire)

= Power conversion: GE 7FB gas turbine w/ 3-pressure HRSG
= Air heaters: Two 3.5-m OD, 10.0-m high CTAHs, direct heating

= Tritium control and recovery
+ Recovery: Absorption in fuel and blanket pebbles
+ Control: Kanthal coating on air side of CTAHs

PB-FHR cross section

4. Mk1 PB-FHRD A H &t X

International

WFIDTRAELLRIE, BRUMEAHIM EZE R DR TR IRZE 1T DI ER(CTAHS)

FNLTCIRILF—ZTEBRIORTLREVATL)ICBAHFRET S,

Mk1 PB-FHR flow schematic

f Air  Direct reactor aux.
= inlet cooling system loops
(DRACS loops)

Filtered
/ De-fueling Hot well/ Alr
machines main salt  Gas
Control pumps co-fiing LJurbines Seneratqp
rods
Unloading
vent Compressor
Thermosyphon-
cooled heat
exchangers (TCHX) |
DRACS heat
exchangers (DHX) ™~}
LEGFEi.r:lwgry coolant Shutdown cooling
Graphite blowers
~ Fuel pebbles
wE E'r?nq';?; e ow Coiled tube air
— Water flow heaters (CTAHS)
—* Air flow

—= Natural gas flow

GE lmulm. dional
Forum~
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5. Mkl NACCOD ¥4 SR ER B

IRIINF—EMORT LI, BEREEEBRAEELIZTLA F/ﬂ'%ﬁ)b?ﬁA%
TS AT L (NACC: nuclear air-baryton combined-cycle ) & FH

Mk1 NACC phy3|cal arrangement GEJ International

Forum-

Main exhaust stack
Air intake filter

Simple cycle

vent stack
Generator
GEF7B

compressor Heat recovery

HP/LP turbines steam
HP air ducts generator
HP CTAH Combustor
Hotwell Hot air bypass
Reactor

vessel | LP air ducts
DRACSSS LP CTAH

Main salt drain tanks

6. Mk1 PB-FHR 121 =Y SiBR SN S REETSMEEE
122=vhDEEHT. RA—XO—REIJRELTI200MWeDRERENZEHFL., =5
[CE—9O—FRBRELTHRAANGDEFBIMT S EIZLL2900MWe
DFEEMNEREIZLED,

International
Forum-

Notional 12-unit Mk1 PB-FHR
GEXIY

nuclear station
1200 MWe base load; 2900 MWe peak

1) MK1 reactor unit (typ. 12)
2) Steam turbine bldg (typ. 3)
3) Switchyard

4) Natural gas master isolation
5) Module assembly area

6) Concrete batch plant

gwers (typ. 3)

....
&

8) Dry cask storage
9) Rad. waste bldg

15) Main admin bldg T
10) Control room bldg 16) Warehouse
11) Fuel handling bldg 17) Training

12) Backup generation bldg 18) Outage support bldg
13) Hot/cold machine shops  19) Vehicle inspection station
14) Protected area entrance  20) Visitor parking For more info: http:// fhr.nuc berkeley.edu
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BX 0 &Y 7 AL & KF (MSFR)

o}

RIARARF L BEARRFIC AN BERUVREE THEEITENTHET . K
. VIEF—TIE, BREF (MSR) DEERE ., REEMN o DFEZENFETOH
 RHARTFBEHE TRELET . GFTITONEREREOBA NS, TFUR
| CNRSTIRAFEYIRE TN TR AR SN TV S ERMEL T D E
 BICE DSV EEEREFANIMNLZRV - ARIEEEF (MSFR) ICERZE
| = MSFROFFE. BIESZaL—2 30 EFRIRREEMHBICHITHRE. BE
RN RO —kvy T RREREOERICOVTHEMLET,

mEAmI:
Elsa Merle ##%1%. {AEGrenoble} fiT#F 28 Ff () PHELMA T
A= )VIZTCIRFIFMEBLERFAIZDELTI—ADEE
Z{HLL. GrenobleRAIF  FHABAXAM TEAE A /A —
ELTHREBELTULVET , 2000 &Y LB DO EILHZMEL
32— (CNRS) TOFE AR F DB SR EHRET BT 55T E
[ZEMLEL =, 2Tl BRUSIF OB Z(ZHRHLLOHD
T OB S DRIEIZERL . 2008FE M6 (L ARIE SR IF
(MSFR) Dt &R ET P RBIEEFITVVEL = RN TR Ik
Horizon 2020 TMSAMOFARD T —9 /3w r—U 1 “BEINER
ET7TO—FELRTLHME " #HLELTHEY. GIFDARIE
$ASSCIZIE. CNRSHKFTEL TS ML TLVET,
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1. MSFR :[RFIRERETER AR MEME RN O&RE{E
HATHRBSEE N BAHEG . & IEODEE,.“#B\ A—yhET BRI D BRIER
#astt'.jji’ﬁ“‘r“ EARE AR EEEE L=,

International
Forum*
Reactor Design and Fissile Inventory Optimization = Specific Power Optimization

2 parameters: s The produced power

* The fuel salt volume and the core geometry

MSFR: Design and Fissile Inventory Optimization GEK’\

Liquid fuel and no solid matter inside the core = possibility to
reach specific power much higher than in a solid fuel

3 limiting factors:

* The capacities of the heat exchangers in terms of heat Extractlon and the associated
pressure drops (pumps) — large fuel salt volume and small specific power

# The neutronic irradiation damages to the structural materials [in Ni-Cr-W alloy) which
modify their physicochemical properties. Three effects: dlsplacements per atorn, pmductlon
of Helium gas, transmutation of Tungsten in Osmium — large fuel salt volume anc l

specific power

* The neutronic characterlstll:s of the reactor in terms of burning efficiencies — small fuel
salt volume and large specific power and of deployment capacities, i.e. breedlng ratlo I{— B3y
production) versus f|55||e mventury —» optimum near 15-20 m® and 300-400 W/crm?

= Reference MSFR configuration with 18 m3 and 330 W/cm? correspnndlng to

an initial fissile inventory of 3.5 tons per GWe 12

2. B sES DEVOLI A Tk
EVOLZ OB xR TlE. 2011 FEHN52013F DE . LEREDOWMIERTFTZAOH# Fl
MEOHRRERN—XI[Z, EETAMSFRT S ME S EHRETLT=,

MSFR and the European project EVOL

European Project “EVOL” Evaluation and Viability Of Liquid fuel fast reactor - GE@ ln'lk' l nk"'uon“"l

FP7 (2011-2013): Euratom/Rosatom cooperation Forum-

Objective : to propose a design of MSFR given the best system
configuration issued from physical, chemical and material studies

ok WP2: Design and Safety
> > CJ()L WP3: Fuel Salt Chemistry and Reprocessing

WP4: Structural Materials

Examples of outputs of the project:

- Optimized toroidal shape of the core

- Proposal for an optimized initial fuel salt composition

- Neutronic benchmark (comparison tools/ nuclear databases)

- First developments of a safety assessment method for MSR

- Recommendations for the choice of the core structural materials

12 European Partners: France (CNRS: Coordinator, Grenoble INP , INOPRO,
Aubert&Duval), Netherlands (Technical Univ Delft), Germany (ITU, KIT-G, HZDR),
Italy (Politecnico di Torino), UK (Oxford), Hungary (Tech Univ Budapest)

+ 2 observers since 2012: Politecnico di Milano and Paul Scherrer Institute

+ Coupled to the MARS (Minor Actinides Recycling in Molten
Salt) project of ROSATOM (2011-2013)
Partners: RIAR (Dimitrovgrad), KI (Moscow), VNIITF (Snezinsk), IHTE
(Ekateriburg), VNIKHT (Moscow) et MUCATEX (Moscow)
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3. MSFROD E A 4
EH 5. 3GWt. AR TR RE: 725°C. 1 RZR/2RB/ITRILF—LEHFR
R LY A EEEERE, KLV AT LEBREMIES 2T LE Bl

Description of the Molten Salt Fast Reactor (MSFR) system PO DI
GEp International
General characteristics: Three circuits: ¢ Forum*
*  Liquid circulating fuel Fuel salt circuit .
Fuel = coolant Intermediate circuit
Power: 3 GW,, Thermal conversion circuit

Thermal yield: 45%

Mean fuel temperature: 725°C
Fast neutron spectrum
Thorium fuel cycle

+ Draining / storage tanks
+ Processing units

Fertile blanket -

Liquid fuel —

M. Allibert, M. Aufiero, M. Brovchenko, S. Delpech, V. Ghetta, D. Heuer, A. Laureau, E. Merle-Lucotte, “Chapter 7 - Molten
Salt Fast Reactors”, Handbook of Generation IV Nuclear Reactors, Woodhead Publishing Series in Energy (2015) 22

4. SAMFAR (Safety Assessment of a Molten salt FAst Reactor)Z7A< 9k
FRONMNESICEDARTODI NI, BRESRFOL LT MO EHEEDE

2B r&ET, 2015FE M 52019F DREICE SN T=,

Concept of Molten Salt Fast Reactor (MSFR .
P ( ) GE@ lntemational

ZAr IR
SAMOPFAR Project — Horizon2020 Forum
Safety Assessment of a MOlten salt FAst Reactor
4 years (2015-2019), 3,5 M€

Partners: TU-Delft (leader), CNRS, JRC-ITU, CIRTEN (POLIMI, POLITO), IRSN, AREVA, CEA, EDF, KIT +
PSI + CINVESTAV

o

SAMOFAR will deliver the experimental proof of the following key safety features:

The freeze plug and draining of the fuel salt y
MNew materials and new coatings to matenals
Measurement of safety related data of the fuel salt SAMOFAR

The dynamics of natural circulation of (internally heated) fuel salts
The reductive extraction processes to extract lanthanides and actinides from the fuel salt

5 technical work-packages:
WP1 Integral safety approach and system integration
WP2 Physical and chemical properties required for safety analysis

WP3 Proof of concept of key safety features

WP4 Numerical assessment of accidents and transients

WPS5 Safety evaluation of the chemical processes and plant
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5. Transient Fission Matrix (TFM) FEIZKBA TS MEE (33%/minDH HZE
) o FE{E 51

BRHERITH L TITFHEFEIRECIEEBRRAEDRAEZEDA TIRIDRAES
T 5, ToUMEERETTEEZEC CARMERMED RS,

Concept of MSFR: the TFM approach — Application to

transient calculations (load following of 33% in 60s) P Emi' llliCl'll”ﬁQn'“l
-~ S ]S a

13100 3 — 985 I_ <
2 g =AM
105 / 2-3GW P . Qrum
. =210 / Feedback effect o995 = - N\
€ = X 980\
o -115 I0) -
a \\\ — 3/ Pow e
= el / s e SR | e = * < 1/ cooling
1 -125 ———— z > 975
< 130 a 2.25 // E \\
135 / 972.5 o ; 1
-140 2/7 970
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[K]
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'

890

@ A. Laureau

2—-3 GW 2-3 GW

Axel LAUREAU, "Développement de modéles neutronlques pour le c ermohydraulique du MSFR et le calcul de
parameétres cinétiques effectifs”, PhD Thesis, Grenobfé ATpes Unlversutv France (2015)

6. MSFRISEFA AT RELG R M2 (M EMEICH T IEEDFZ5)
BEMEIAM N RFIFRSR(HAHLE, frBa1=—vh). RFIFZEZ
ZEREBELEBRAGGEZAVT, EEPERFHEDEMKLZR>TLD,

Forum*

Safety Evaluation of the MSFR: barrier definition
GE@ ntermational

LOLF accident (Loss of Liquid Fuel) < no tools
available for quantitative analysis but qualitatively:

PhD theses of Delphine Gérardin
and Anna-Chiara Uggenti

* Fuel circuit: complex structure, multiple
connections

* Potential leakage: collectors connected to
e e draining tank
I”l I"ll ; - - - Proposition of an ‘Integrated MSFR design’

'\e\'S _-u Confinement barriers:

: fuel envelop, composed of two
areas: critical and sub-critical areas

Second barrier: reactor vessel, also
including the reprocessing and storage units

Third barrier: reactor wall, corresponding to
the reactor building

44
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12 B BHEAR A% O EF R - B ARE
24—V E)TARET4

FradHEICH TS BRIEFR TR FED
EBRIOYSL

AV IEF—TE, FafMEOBERIESF (MSR) EMICONWTREMLES,
 FOTIE, 1999F KU RKARIEZ MM ELIZRF AL RTLORELTH |
 NTEELIAY, 2005ENDIF LREEL M)V L-ISUBBS AV ILEHTD |
 HRICIZ . DRATLELTRALEMHBE LV R—R U OB EEFELIT |
 ONTOET , 4h4F (2017 - 2020) A E TH AR OMSREMFARTOD LY |
 RTIE IVIEES AR F AR T LOFEYE, ZEZITFE. MERREHRD
LT BAARMRETOCVET . AMRRICKY. TvLIEE ST ARUEF D |
 WEAFICEmMT AENHEFT,

EAt R

Jan Uhlit (&, FzaXTIE DRezMAT 2 2—(2
A BEDOEERAEEELELTEHFHLTLNET, §HIC
ELHFTRHEBICOHI=YIVIEMEREICL 2B UNELE
D I7vIEYERIEFICEDL S B EICHKEL., IEE
[EMSRDAFE AU ILZFHBHBLTWET . BB A1DIL,
SaltFERVBEMIERMICEALT, EITFOEEE S
BDOXEEZIT-ERD T aFILTal D) —
H—FBYLEL, Tf-. MSREATICEAL THERIZ LD
BEEZSHI=F23 )L 7a T RSPHINXTIXIEE B
DEFEFELLTHOHEL . EHOEIMNTODIMZE
L. £ICERILFED BB RIEREMEHE A LEL
f=o Uhlit (. OECD/NEAD BRE A D)L D F IR
BEERTAT XTI IIN—TTFaDRREHED.
FAHREF A RTLEEIA—F L TIE, EURATOM
DHETXELTMSRD FIRHIHEERERITA/N—ELT
L. B EF HFESE DHigh Scientific Council D— &
THHYFET,
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1. FTOTOMSRE MR O ETELTZHM
FOTORFEFTEIZIX. MSRELEFRMTEL TOIRMEE, BEMF ., AFH
A7ILDEEENEEN, RIAABRZBL-HAENERSIN TS,

Main aims of the Czech Program on MSR GE@ Intermnaiional
Technology Development .. Forum~

= To appropriately contribute to the knowledge of MSR reactor physics, core design and safety,
structural material development and to the technology of Th — U fuel cycle.

= To focus on R&D of technologies applicable within the MSR on-line reprocessing of liquid fuel.

= To verify experimentally selected important areas of MSR technology and to solve existing
bottlenecks.

= Three main domestic projects solved or launched during the first decade of the century
contributed to the development of MSR technology:

— “Transmuter LA-10"
— “System SPHINX with liquid fluoride fuel”
— “Fluoride reprocessing of spent fuel from GEN-IV reactors”

= Moreover Czech scientists and researchers also actively participated in several MSR projects
of EC-EURATOM, IAEA and contributed to the work of Gen-1V as representatives of
EURATOM.

2. B EMH DR
H-G=—yTILEEELLTMONICREELHFEIN ., BERE. BRYFH.
SafEEE. BHMEOR =B HEFEET G,

Main experimental activities GFEl I International
; \ Forum-~
Structural material development -

= Development of structural material for MSR technology, which started in SKODA JS - Nuclear Machinery
and continued in COMTES FHT company, was crowned in 2011 by experimental production of tubes and
sheets from new nickel-alloy called MONICR (Ni-Mo-Cr type super-alloy)

Present development of MONICR alloys is ynder way in COMTES FHT in the collaboration with other
companies including the Research Centre Rez.

The composition of original MONICR alloy is:

[ wo | o | Fe l w | A | T | C | CoNpz|

bulk 1832% 6.85% 227% <01% <01% <01% <01% <01 %

COMTES FHT company reached
the experimental pilot production
of MONICR alloy (ingots, sheets,
wires, tubes).
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3. REDOMSREIRHEICH T2 L ERBRTIE
BEDOMEMRETEZILERL-RABAEEZE ZEICARZESIN, FTOOHME
BEPEMA—AEDIY =T LICKYIEIER, MAEY A D)L #MEBIF.
BERBRERRED,

Experimental activities within the present GE@ International

MSR program Forum-~

The present program is a follow up and the broadening of existing Czech activities in
MSR. The new MSR project was approved by Ministry of Industry and Trade and is
granted by the Technological Agency of the Czech Repubilic.

The project has also the technological character and is also solved by a consortium
of Czech research institutions and industrial companies.

Organizations and companies involved in the consortium solving the project are:

= Research Centre Rez (leading company) — MSR physics, neutronics, fuel cycle, material testing
= UJV Rez - pyrochemical partitioning (electrochemistry of molten salts)

= COMTES FHT - further development of nickel alloys

= SKODA JS — development of selected equipment for MSR technology (impellers)

= MICo - development of selected equipment for MSR technology (flanges-gaskets systems)

4. ZBLARNIILDBBIEICHT HRFIFTO BT HER
BRMEEAS AT L ZREBRFICERT L CHBAREBREERE, PHEFARIMNL
(FEHEEE — B, BERIZLeDEHRITIKEIT HEDBREET-.

Inserted zone for Li-7 FLIBE neutronics GE) International
¥ [Forum”

measurement at room temperature

Filling / emptying mouths
Slot for fuel pin
Slot for neutron spectrum measurement
(recoiled proton method)

Measurements with FLIBE showed perfect agreement
in neutron spectrum, the results of k 4 are influenced
by content of 6Li residuum in supplied salt.
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5. EISFLIBE (~750°C)BE A ERETE
HERIFLR-0Z AL V=, BRIREE (500 ~750°C) TOARIE D BE SRR EZ
#fEh,

“Hot inserted FLIBE zone for LR-0” GE@ International

Forum-
I l l rrrrr Proposed level Reactor Driven
LR-OFA of FLIBE salt core-12FA LROFA

NVER:1000 Real level of VVER-1000
1 e FLIBE salt i /
! /N \
; maxtlemperature y ' FLIBE temperature

57°C -~ 4%

4 \L, outer polyhedron
thermal insulation i \ aluminum vessel
FLIBE module - — aluminum cylindrical 17

insertion

6. MSRIAFI U1V LT ICBE T 5 PF 2B SR
BREhDESRILFENEE), ERDMEICKDU, Th, U3 /AR TTH2D 5B
[ZDVWTHHAREZHEDH TLNVD,

=W

Actual work and future plans in electrochemistry GEP@ !ll_ltel'national

= Focus on quantitative separation of uranium/gadolinium
from molten fluorides

= Tune-up of the parameters of current-modulated electrolysis

= Updating the rules for Ni/Ni2+ reference electrode usage
(principles, material testing)

= Molten salts electrochemistry set-up placed in the hot cells

= Protactinium electrochemistry in molten fluorides
(collaboration with JRC Karlsruhe

LiF-CaF - UF GdF; system foedy
Ni working electrode

24
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42 B 1RTE RS H W% o S0 (D AR AT - R AR ER S
24— EVTARETA

BRBIFOREFM —KEOQRMINS—

______________________________________________________________________________________________________________

 BFFREUTHED B MG, T2 OEERA VRO ERCRECHLTEK |
TRYRVERIFSBVCEERIT HETY , HAE. RFFOREMETfIE. |
 BHETORANRBRODEHDIRICHSENEDRALADIKLREEHEFFTSHMIC |
ERDEMMTEEL Iz, LA L1960FRITKEEIKIF (LWR) DERAENET L.
 ARECERDOARMENBEY . ETORBTICE T IMHAEMEDEHCASD |
=R e n, BISFHER REMIRL T, SHOREAEMIERUEZEEM
 ZRL-REM ORI ROONDLSITHYEL -, KEDERIEL (MSR) T |
(&, T ALRREEORECERERG X (ERERROFEFENAVSATL
T REMBIFHATIEL. LWR TRITANOGN TV ORIERDREEENMSR
SR LTCERTESZEITRIL TOEY A, — 7, HERBRFTETIL, FHAE |
 DEETRETED, EBREDISBLONERBHS-HIZMSROFHD |
 ROETRITETIVET BIENEE LAY ET  MSRIE. BISMICHELVZE)
MR EEAEDLO>TVET . MSRIZ., BEEL., BMEHRABOERIRIL
 XF—ADEN AORBET(—F/\vI RUHRMOEZER IR RIS A
DS EICRY, EEHMITHER T D2ERDELEDAIREETIEREITIENELSHE
HEEOTVET, COELMETT A (resiliency) [CEDE, FHEBFDEBMBI[D |
 REWERIT DHLWAESRERFSNATEY, +HLHERRIIERISE |
K TLREMZFTETESRIIE>TETVET . COTIO—F X HERY |
RVFHBEET LV EERT 5-DITRELLLFHET -2 FELHRICREIN
 CTLVEL, AEDBIOREFICES>TRBFIZHERLGTIO—FTY , SEIDIT |
 EF—TIE MSROREMRIEICETHN03DDFERDREK IR VKR
 EHRRILET

______________________________________________________________________________________________________________

REA I

FEy FRraLELis, #—2V v PEMLHER
(ORNL) DEZLBFHMRA X v 7 TH Y HhDELLH
BE 9, REIL. KEZREKL TGIFD BRI D
TERATLEZEESDEZEREZFO TS,

KERFAFEDREREARIEIR DGt e HE
(ANS20.2) #4277 —F 7 IL—TDEES
BHEL, I 0ICKFZITRE L7-DOEDARIEF 7 O
Y7 MR LEMNEBESLITo-TWET,
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1. HEEERVRINER R (ST 9 2 ST Y E D (REFEE H D 16 ST
KEDARIEEIRIFMSRE CIRA S N8 27 L DB % FE N

Functional Containment Provides Performance- W Iniernational
Based Evaluation of Radionuclide Retention GEJ,"[:O[U“; .

= Multiple barriers - some of which e
are not normally stressed -
— Barrier performance
requirements depend on their CONTROLLED VENTILATION ZONE
safety function R
T MAINTENANCE CONTAINMENT CELL.
I‘,I * ! SHOP
= Segmented containment [ R T

— Limits accident scope

1 6 WA
STORAGE

“ANIE
——RADIATOR
PIT

u |nd ependent barriers . D‘;CUNT&MIN&TION AREA- 5
— Failure of single barrier does not TR warn |\ ThEAMAL sHELD
substantially stress other
barriers

. . Multi-Layer, Segmented Containment
— Minimizes potential for at Molten Salt Reactor Experiment (MSRE)

cascading or escalating failures

2. MSROth DIFER! & 13 R4 5 T 2fF T EDERRE
WAHEMEL Y AT LAICTELTWE Z &, BEERHIFDPLEVLI EIC
W€ T, RELOFHZEEL 7,

MSRs Present Different Safety Analysis ntemational
Challenges Than Other Reactor Classes GE@ Eoraona

* Radionuclides distributed across plant
— Solid fuel concentrates radionuclides in core and used fuel pool
— Gaseous fission products inherently separate from fuel salt
— Integrated fuel salt processing possible

— Salt wetted components have limited lifetimes resulting in unconventional high-
activity waste stream

= Less (and dated) operating experience

— Only one prior reactor operating for significant period
— MSRE ~7.34 MWth operated from 1965-69

— No large-scale reactor or component demonstrations
— No fast spectrum systems demonstrated
— Minimal prior accident performance demonstrations

14
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3.RAMESI (MCA) (T & 2 MSRE®D I EE(
KEDOMSRED Z2F M Tld., Y= FiEMESHETMCAICE S
EMEZEDIRNES T n7=,

Functional Containment Provides Performance-
Based Evaluation of Radionuclide Retention

GEW International
Forum~

= Multiple barriers - some of which e
are not normally stressed

|
— Barrier performance
requ”’ements depend on ‘theu’ CONTROLLED VENTILATION ZONE
safety function U
1 MAINTENANCE CONTAINMENT CEL|
. I‘,l i i SHOP
= Segmented containment r——u—L—
— Limits accident scope =

35 5 s o
- i85 i
STORAGE =
.'\. Nyl

DECDNT#MINAT#ON AREA 3
FUEL STORAGE AND
TRANSFER AREA

e
——RADIATOR
PIT

* |ndependent barriers

— Failure of single barrier does not
substantially stress other
barriers

— Minimizes potential for
cascading or escalating failures

L

THERMAL SHIELD

DRAIN TANK
CONTAINMENT PIT:

WATER
ANNULUS

Multi-Layer, Segmented Containment
at Molten Salt Reactor Experiment (MSRE)

12

4. MSRIZ, ETOREEHZRMTESERT v ILZ2ELTWS
MSROZEMERICHEITI-BE R, Rl 2B 71,

MSRs Retain the Potential of Containing All
Credible Accidents At Any Scale

= Avoiding potentially cascading accidents (especially accident sequences that
pressurize containment) key consideration

- MSRE type suppression pool — capture tank system would be quite large for
commercial-scale plants

Forum*

GE@ International

= System immaturity necessitates additional conservatism (design requirements) to
ensure containment survival

— High degree of passive safety minimizes additional cost

- Reliable quantitative performance data and models would decrease required
conservatism

= Additional requirements intended to prevent single event from damaging all
containment layers — e.g. core catcher or guard vessel employed to maintain
decay heat removal capability following vessel rupture

20
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5. MSREENETILOEHEER DS, BREREOBEESFEOEIULHIEE
L%%U&U$m%@¢%%%rwm¢5t 12, TARUIE AR DL FRY,
v ICIERE T D ELDH B,

Functional Containment Provides Performance- P(\ nternational
Based Evaluation of Radionuclide Retention GEﬂFuﬁufﬁ s

= Multiple barriers - some of which e
are not normally stressed L
— Barrier performance
requ”’ements depend on the”’ CONTROLLED VENTILATION ZONE
safety function U
I',I ‘ ‘; MnlhéLEclglNCE CONTAINMENT CEL
= Segmented containment B T

— Limits accident scope

STORAGE

=i
——RADIATOR
PIT

= Independent barriers  Moecomsmmanon anes

. . . FUEL STORAGE AND
— Failure of single barrier does not
substantially stress other

barriers : :
L . Multi-Layer, Segmented Containment
- IVI|n|m|z_es potential f_or . at Molten Salt Reactor Experiment (MSRE)
cascading or escalating failures

5

THERMAL SHIELD

DRAIN TANK
CONTAINMENT PIT-

WATER
ANNULUS

12

6. MSROZL2FFAICEA L TZ HFEI> L DRFEIFEDHONO>DH S
MSRICX I B LTI DEE DIRIRE W DA DIRE R &= EIE L 7=,

MSRs Present Different Safety Analysis | ol
Challenges Than Other Reactor Classes GE@ ntemationa

= Radionuclides distributed across plant
— Solid fuel concentrates radionuclides in core and used fuel pool
— Gaseous fission products inherently separate from fuel salt
— Integrated fuel salt processing possible

— Salt wetted components have limited lifetimes resulting in unconventional high-
activity waste stream

= Less (and dated) operating experience

— Only one prior reactor operating for significant period
— MSRE ~7.34 MWth operated from 1965-69

— No large-scale reactor or component demonstrations
— No fast spectrum systems demonstrated
— Minimal prior accident performance demonstrations

14
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TRV LAHIEEFICE TS RAT
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BRARGEFEOBRH (RAEERO-HOEE. BitY. XU
=Rl ., TCITHEFRD=O DEZFEEHERE) DR
EREETUTIRELTE, BT vy O SNSRI
DEBR-NIZENTZLDRFEMBLD B AERZ)—FL. &
HTIZATRIZCE (T AR BRETEEFHFL TS, A XET(E
K EDOED SR T v R—VIZBIT2EBREERE R
UiER, F/-. KEDOEDEFhELHEET) VT 2ol —
AVEEIZE TARILFRT—ILRILF I ABREIN
24— AO—FIZETS5ER)—F—D— ANThHb,



https://gif.jaea.go.jp/webinar/index.html#webinar012
https://gif.jaea.go.jp/webinar/index.html#FUELTYPES

GEN IV sers

Expertise | Collaboration | Excellence

ER: BEBRADEFA—23Y

TIWR=ZDLERAFT—TOF =L, BEERRICE TS, FEHEFHK
HEITBEEOMSBEEEDNDETERTHD, I =—O LBFERPIAT—
TOF=R(MA) DREBRGEDFEZRAWNNIL., TEBEORITERAE
EIIHREBICIETT S,
REFEFOEIRILT—HEFNZNENS, BFRFIXYSFT—F
DFZREBMOFERELTHELEEZ LN TS,

ZD=OH. TIVNZOLERAFT—TIOF=REEAEBREIZXL . EY)
HERFREZEIHIERBEBNE SLEAHEFRAEL. 8EFEA
WT.REBRITEIEANDHIFENTET-TLD,

Impact of Removing & Transmuting Actinides
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B AIIADEEE. BETIV/\VMREETOER RFIFRDOZE
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AL HHEE (GTHEEE  REAAMR) I, 1960FERICIFFAFRINT
HY. EBRIIDERBAEE 39,000, K EZFRANWTEESIN-(GE
fBFiEICKYEAIIT),

IAFT—T7OF_FEECERBRHEOEEIZ, RELEXZZICAL . SET
Mg, 2DNFDV)—=2JEa—T AT EDREBERRL. TAIDD
L(AM)BEDIRAFT—TIOF_REBNERTHENTES,
FLWEHEETO R (TEHE) ZIREEATSLCKY., BREaEhn <A
F—T7OF=ZF(Am) DEEXZIFEAEEOICTRIENTESLIEND
Mhot=,

HBEDOAMDERMDREBIZDOVVTH. B LY/ XDBEEHRATLT
(XERRAFEZB/THY. BE. AmZRAVV-EIIRABREZE R THD,

74#—779‘-4%3&::%5%*4@1 \TA—TUR

KEDBEE IR (ATR) [ZH LT, EHOMERLD U-Pu-Am-Zr BREEE DA
FhiThnt-,
EBR-Il. FFTF, R UPhenix CHRE SN =T —2ED BRI ELFTEINT

BY. RAT—TIF Lz CERBMEIVIAILAIRRLGRBELERST
LD,

AFC-1

AFC-2

AFC-3/4

IRT

Test Strategy

Scoping —
Many compositions

Scoping —

Focused compositions

Focused compositions

Focused compositions

Nominal conditions

Nominal conditions

Nominal+ conditions

Nominal+ conditions

Capsule Type | Drop-in Drop-in Drop-in Drop-in
Fuel Tvpes Metallic Metallic Advanced Metallic Metallic
yP Nitndes Oxides Concepts
: ) FP control, annular fuel
Baseline Baseline o Recycle feed
FCCI barners, ultra-high
Key Features | | MA +MA +RE bumu ’ ¢ Remote fabrication
p

. FY 2003 - FY 2008 — FY 2011 —

Time Frame FY 2008 FY 2012 FY 2017 + FY 2018 — 2020

|:| Past test series

[JTestseries in

rogress

[Jruture test series
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Eﬁ%&ﬁﬁﬁﬁﬁﬂﬂal-ﬁﬁ?%ﬁ*@ﬁﬂﬁ
SERMGERBRHEE S DR

o TURARBRHSEEEBRYDOREILETENMEDI=HD HRMNY

s WEEDIA—TATETAFT—C

o WMLHEUEIZKREBERI7TEZEPZEZREOHE

o BEMBIE (30—40%) DIEFEMH HMRE/NT+—< 2 ADEEE

Fabrication by casting [
and machining for
testing purposes,

investigating extrusion

55% SD

Annular Fuel

e

éle'ctron Image 1
Back scattered electron image of

U-15Zr-3.86Pd-4.3Ln
(Ln = 53Nd-25Ce-16Pr-6La, in wt%)
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EaH R ATRISOR F R EL

TRISO (TRi-structural ISOtropic) I FRAFHE ., FFERRIIC T HETHDEEER K
VBRSO FTIAKRETICETD, ROREFMOBELEVMELTIZFNERE
IR DOLIFRETSINTHEY ., EVAS—EEEH AP (HTGR) THEAIN |
£, KUTEF—TIE. KEDOED 5 S RIF (AGR) TRISORF B FTM -5 |
 FETOTSLIZDONT, BB O REEF A, TRSOBEBIETORER. |
. AGR TRISORRSTZRER . BRI RHBREUREMMAGERGER . MAERDETIV |
ALGEDFEHTBITLET S '

REA AT
Madeline Feltust§ (&, 2003 MBDOERFAIRILF— £
B DS RFTRISOMFHER T -FART OIS LEE
WTULVEY . DOED e EZ A BF B (R&D) . BEKIFE |
B ERHOMERRE. RFFFAEITODz/OENX |8
BETV. BAERTIGRDSLERKEF. ARGHIF. TR |
DLAEFCHEATRELEZETERMHENHY .. BETIE
FEHEOEVWREFFRRAZEERIRT H-0(2, KEMGRARER
DO DREFFAMBR UM BB HEREOREZITTTEAL
TWEYT, F/-. OECD NEAEMIRZER|MEE . IAEARTHT
XE R EEOREEEICLE->TOVET, BAAK
FOMBETOV IO RS —EEROTO I &
INEEOHREARFTHOEEZIES, 19994 IZDOEA A
HIE RUDVILNZT NI RETRFAIZDOBMEIRETH
HTLELT=(1991F ~ 19994 ) , 1977FICaRVE 7 KE
TRFHAIZDEFIT S ZE#F, Burns and Roe. Public
Service Electric and Gas (N.J.). New York Power Authority CT/&
FHEMBELTIIN AL LTEES, DRV E 7 KETH
REfEIT. RFHAIZDOELE (RFIFEMEZR. 19804F) .
WM IFOELES (BIUKNE, 19894F) . SR THEIKTFHE
EF-PEF- KD ERBTICET X TIRFAL
FOELTE (1990F) ZEGLELT =,
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TRISORIF#A$} :
TRI-Structural 1SOtropic (TRISO) FiF (&, 2Ry ORXME (T DHIAFE
ns,

TRISO particles are embedded VL'\‘J/' Forum=

in graphitic matrix material __— Pyrolytic Carbon
__— Silicon Carbide

_~ Uranium Dioxide or Oxycarbide Kernel

= e

Particles Compacts Fuel Element

TRISO-coated fuel particles (left) are formed into fuel compacts
(center) and inserted into graphite fuel elements (right) for the
prismatic reactor

= Cylindrical compacts put
hexagonal graphite blocks
for prismatic reactor

= UCO fuel kernel for block
or prismatic reactor with
12-19% U-235 enrichment

= Spheres for pebble bed
reactor, flow through core

Kernel
L Butfer Layer

5 mm Graphite Layer

_ Coated Particles Embedded
in Graphite Matrix

= UO, fuel kernel for pebble
bed reactor with ~ 8 %
enrichment (German)

[ | Y et PyC-Layer Fuel Sphere Half
Prismatic and pebble bed TRISO particle use Fused 2one o o Outer B S Section
similar coating layer thicknesses, but the kernel TR0 coused Sl partioies: ars ot
enrichment and particle packing fractions are into fuel spheres for pebble bed reactor
different

TRISORIFRAF DIEE
TRISORLFIREHE . M h—RIL Ny IT7—  REI/N1Oh—R> . RmiES
1% Al 1Bh— R LERENS,
* Fuel Kernel

* High density
*  Low enrichment (8-20%)

+ UO, or UCO
Buffer
Low densig (~50% theoretical
density [TD]) isotropic pyrocarbc

Inner Pyrocarbon (IPyC)
*+ High density (~85% TD)
isotropic pyrocarbon
Silicon Carbide (SiC)
* High density (~99% TD)
Fine grain
Outer Pyrocarbon (OPyC
+ High density (~85% TD)
isotropic pyrocarbon

TRISO coated particle fuel
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TRISORI FOaA—T 1T IR D RERMERF:
TRSOMA$L & . B EIEEREF (1000°C~1400C) R U AIMBIEERE D H
SR EFEHE (~1600°C) CTERROEEBYEREFETHEIICEKZETINTINS,

Tristructural isotropic (TRISO) Fuel

Fuel Kemel (UCO, UO)) + TRISO fuel is at the heart of the safety case for
Porous Carbon Buffer modular high temperature gas-cooled reactors

Inner Pyrolytic Carbon (IPyC) N . .

Q‘h:nz"; e : + Key component of the “functional containment

Outer Pyrolytic Carbon(OPYC) licensing §trategy . N .
Radionuclides are retained within multiple
barriers, with emphasis on retention at
their source in the fuel

e High-quality, Robust performance during
TRISO particle Iow-dgfect fuel irradiation and during high-
fabrication temperature reactor transients

25 mm
AGR fuel
TRISO fuel is engineered to retain fission products during
normal operating (1000-1400 C) and Design Basis accident
conditions including a Depressurized Cooldown Event (~1600 C)

TRISORIF. T AR HIF DR, RERYEALCAHBZFEL THERE:
TRISOB B R F R DD HERYMREEFMEE(L . HTGR/VHTR/NGNPD &
EHEHERTI-ODDEELEERTHD,

AGR Program Goal: Qualify TRISO UCO
fuel in a performance envelope that

is larger, more aggressive than
previous German, Japanese fuel
qualification experience

TRISO Coated Particle

, TRISO Fuel Service Conditions

Packing Fraction
B
|

Mechanistic
Accident
Source Term

i (% FIMA) 2 ok
nlﬂ”] FIMA Fas! Fluence (x10~ n/'ur)
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SeHEH RFTRISORF MBEFMTOTS L
KEIZHITDEEH RFTRISORF METMIT OIS LD BHEEN L. 5F
R NEEXETSA-OORBREFMDI=-ODT—2FIEHL . TRISOB

Fuel Fabrication

Irradiations -

Insertion into INLATR

Post-irradiation

b SENRY | [ - Examination e
2ty e > and ngety Deconsolidated
AGR-1 Disassembly ORNL Fumace  INL Fumace Testlng AGR-A pasiicies performance
modeling
AGRTRISOZRAY S LEHAT:

TRISOERFHE . b DR FIFRET THERAIRETH D,

Molten Salt-cooled (e.g., FLiBe, FLiNaK,) reactor concepts use graphite
matrix TRISO fuel directly, e.g. Kairos Power based on University
of California — Berkeley pebble bed design

Fast Gas Reactors, using SiC or other non-graphitic matrix compacts
- French helium fast gas design ZrO, coating
- UC fuel kernels in metallic cladding
- GA's EM?alternate design

Encapsulated fuel for LWR Accident Tolerant Fuel
- TRISO in SiC matrix with SiC tubes or Zircalloy cladding (ORNL)

Fast sodium/metal cooled reactors
- Dispersion fuels, TRISO-like fuel in metallic matrix, metallic clad
- TRISO in SiC Mixed Oxide fuel pellets (FFTF or MOX cores)

Extreme high temperature reactors using refractory metals, UC or UN fuels
- Space reactors, or niobium (Nb), tantalum (Ta), molybdenum (Ma),
rhenium (Re), vanadium (V) and tungsten (W) alloys.
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RFFERFELTORI L

______________________________________________________________________________________________________________

 CNETERFFOBBELTOIN I LOFERIEEZ SN TEE LI, ML |
 DEBELTOEDTHEN, ZLTHAD IR ILF—HBEOBREND1DELD |
BICRYBALTNIEESEVD S ORBERNLET, T AFTIEIFED |
 BFFOBEEL TR Y LANBEWEBE SN TSRS, MY LICET S
 BERICHFHAEIAGEEALET

______________________________________________________________________________________________________________

REEEIT:

Dr. Franco Michel-Sendis (752323 1)lt
VT4 R1ET) (K. 20108 A HOECD/NEAD T —
AN BRUEBEZEHFAOT T T —429—
EARVEGRAZREEZEDFAEEZELSLTLE
9, Ff-. 2011FEMNH2016FEF Tl FrOH4L
BEMEFR Y AT LIEE R B SDONEAB T ETE
B%EHSH NEARSEIRAHET A IILIZET
BR)DLDEAN IDREBZEHYLEL-,
STt TAREBLX., /N KRE(UPMC)
THBEZEOEITELELTEE. N)XEFELIL
;;#&FJE%&E%IE%@Tﬁi%’éﬂy?%b’cm
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1. UDThD ? EFBRICILBIRER X Z < B .

-BARICHFET ST IVFFRIEIL
£ H 35858 (U235,U238,Th232),
-ThERIIZEEIZH D,

hiFEEHTLHE.

-U238IE % HIEME DPu239(Z

-Th232 (I N HMEME D U233IC

-DFY Th232[F BN -FHWE

-U233IE (B R EFIRET T)
BN-ZoREEEFITLIME

2. PR

Th-U233[Z k51858 : Bhh i F ARSI )LFEIE TR EE
U/Pur M)l BB EFARINLEB TEEZLOV RS FREF

BT |

I 4 !'| i
Y
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3. N7 (Tho,) Z#AH :
. $"7K¢F’<°PHWR(7JDEE7MF)'C )7 EBE (Tho)ZERRAT 5T LI,
BOSUIE(Pu+MA) DEE -THROBMELTIEHTHETH D,
o SHRIVBLDI)TERKEEEL, BERABETOICLIZKY, EFEE
Exﬁ#b$ﬁﬂu B DBRHOR M PREUEHEDS DBENHD, &
= ERIEOBANL, [E5D2FEETHREFELINETIVNELDHS,

ThorEnergy@ IFE, /)L™Jx—, (Th, Ce)O,
OECD/N\ILT VIR T DR STEER

4. ChETOThEREIBSE:
1960~ 7012, ThEAEZ AL DREFIFENRH D,

m-mmum—

1962 IndianPoint1 PW Th/HEU-235 Mixed Oxide

1964-1969 USA MSRE MSR 2-3 U-233 FLiBe Molten salt

1967-1974 USA Peach Bottom HTR 40 Th/HEU carbide Microspheres

1976-1989 USA Fort St Vrain HTR 330 Th/HEU carbide Microspheres

1977-1982 USA Shippingport PWR 70 Th/U-233 ox Seed/Blanket

1983-1989 Germany THTR HTR 300 Th/HEU-235 Pebble — 90% U-235
Reactor Mult-Reheat Hellum )

Brayton Cycle

. | Shippingport’s LWBR core
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5. TR 1)L :
ThEHETHAIIURIZENTH, U238B LUNPU239NH AU ILEFETLR . E

HARIZTh T OERAABITTHEETE RTINS,

AR DIEFBEDRFAFEICE TS BETERDOF#E .
3E%fE B DThIARIESR TIE. BiLY %o

O || The goal of three stage Indian nuclear power programme is EE'S

-~
w1 | resource sustainability- Accordingly power generation in 3

REAC] stage is predominantly dependent on thorium based fuel

"'\ 300 GWe-Year

Year : :
Nat.u — ' {Elecmcny < Th |

Dop u ; s >155000
r— {Eleclnaty e
< Pu Fueled | G\
Fast Breeders | -——Yi“——-

P“, r’ Il U | b pested : Electricity

IRoactors LB H/ Transpt
Pu r I u™ | | fuel

Power generation primarily by PHWR | Expanding power programme Thorium utilisation for
Bullding ﬂ“‘bm'ﬂ'wz Building U*® inventory | Sustainable power programme

& Stage 1 > “Stage 2. ( Stage 3

Source : Vijayan et al. ,
I Post 2020 I I Post 2070 I Intemational Thorium Energy Conference 2013

6. Thi&RE:
FFEIZIE, ‘fﬂ’.ft%/ﬁﬁo)ﬂa“f:%&b't\J?%jjfﬁ:%@z\g 2 RAE
Lz LRIZ2ENEFNEEZZONTLNS,
LT T —ADERIE
- F A ERD ERYE
- SX 8L A DIRYE

140000
mUSA = China

120000
c
o
100000
C
o 8
& S 80000
w 2
£ o
T = 60000
&=
Q
5 40000
o

20000 | | |

Il||| 11 |||..
1992 1996 2004 2008

Year
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Pb-208 7MYV —T %2 H T Hh:
EEPHEFIRFOREER LO-HDFHE RHE

 KYIEF Tl HNREOREENZ S ETHRFOREMER LSS |
BTSN TRALET . RFEAECHHFRIRAIER IS4 \Pb-20880) |
i FREETHELOERYBCEHERAT LT, PSRRI DT
 BREEDSIFDICRSETOEMA RS-0, HAREDRE—FHHD
ABNBDTYT, CNITKY, BIEFHEFOFHEREMFTELT LTS
 BEEFENTOET,

______________________________________________________________________________________________________________

EAE R

Dr. Evgeny Kulikov (L 74°'=—=%1)a 718 %) [$20105FIZE
A DENIEFHARRKEMEPhTELSEZRMSEL., IR
HIIZMEBEIFMEFMOERIRZHEOTOET, EfMS
BPIX PRI BE . ZABST AL BRI, B EDRE M
DELGEENHYFET , MO ERRIFZO TEFEEAD
XEEZITTOEY, R FIFOERMAITMIC DOV TEZE
TUO . RBRIFYEZOMARZT o TOET  HRE. FHUHE

ﬁ‘:Ei%;t—i/_\%&’é‘émﬁ'ﬁ@x’w;r—xouwi‘—ﬁ%&)
TLy o
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HHERGE BT HENSTAT7:
CDTATTIF. BEHREZTECTEHLEICLLIREMDA ETHS, EHEHKR
WEBEST B=BICHELGEME, PiEFHFanZalaeTRY &<, e iEREZ
EF"ISE?% FDEFIREIYELKRECTHIETT , 2FY . B ERFEFHARFHA
RRCETHER ., BESh, AELGCRHEENTHFDLICRE-oTAIETY,

Reflector - ~N Reactor Thermal Fast
Penetrate deeply
into reflector” A ~ ms ~ s
Neutron age 1 (Eg,—E,,)
Melayed” \__2s large as possible ) B 0.65% 0.36%
gast\ “High probability ) 9
" peuti to return to the core” (]
! ‘\“Del yed” Diffusion length L Safety lmpr(}vement
T by slowing down
Mean migration ! y g
of neutrons | 7 — chain reaction
at slowing down 67
at diffusion J6L Y

= How we can slow down chain reaction
— fast neutrons from the core should penetrate deeply into reflector
—they should have high probability to return to the core as a result of
diffusion (in some way “delayed” neutrons) 5

3 R D R
COTATTDHREFREMADREMITKROLONZLDIF, PiEFFazERS

JRAODKRELRAFE., hal B RV HMEFHFER<T 5=OD/INS
RINTEIE THD. CNoDEHZE-TRMELTIE, 12080 FETH D,

(1 B (E) AfEZl dE TA1
cutron age T ~ —_—— T
§ ¥2 E

Eq S
/61 — mean migration of neutrons at slowing down

oo s 1
o Diffusion length L ~ L Txth l]

’zztlh . zgh

\/EL— mean migration of neutrons at diffusion

1
9 Lifetime of thermal neutrons T, Nﬁ [TthT xth l]
b |
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RERELTORE:

$R208D I MEFHFa LR ITIERICR L, BhEFHFEMDORSIIRZE
D=BOIZERBIZEETH D, tR208RETAEDE D MFHFRIL, D EDFF &K
UEELY,

208Pp 8431 0.993 9597 |
Pb, 213 33 0.304 0.9
Na 227 43 0.297 0.3
Bi 223 96 0.160 4.7
C 49 138 0.998 13
BIEM ELTOFRFE:

IRIILF—RELEE, ﬁi%%f:t)0)$ﬁl*}b¥—¢é§&§%ﬂﬁbf:£d)’&
IRIILX—IKEET . EFEIZOMMKIFET S, $8208IF TR ILF— H/ygtﬁ‘
E<. RRREABIELY, LHL. $1 zoso)ﬂ)&lllléﬁﬁﬁi#%ldl\él,\f—&)
208D IR EL (X, BKP/N\Y ) LB EY O ENIYEENTHVET,

0.95 1.39

Dzo 0.57 0.18 4590
BeO 0.17 0.12 247
C 0.16 0.063 242
Pb,... 0.01 0.004 0.61
203ppy 0.01 0.004 477

208Pp is an effective moderator
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FEF ISV LETILOBEE (p0 > B):

FEFISYVAETIIIZENE. REENEEREFISEBZ 58I,
ENFBERFRIKELEL D, - FYTS—EIMMERTHBERBIETELHY.
FIOSv aDEGEREE IR EFOFERICLHT S,

this is the state of prompt super-criticality

heat does not have time to reach the coolant
only Doppler effect has enough time to act
duration of neutron flash At ~ /A neutron lifetime
energy Yield of neutron flash Q ~ W, - At # f (/)

A W

FEF ISV AICEITARFIFHAERHRE:

R FDFiRIL, RARERGFAEDFZE X107, $52088 = 51K
DIHFEFHIZUHTH D, RFIFH A TIEH., RABBERGFHRIZEERTE—S
HAIETFEEL FAEVT [ ETFEEWD BEHLSAEMADBIREIZIEZ+ 5
HEFRA ®H D, £-. BMFEEE X, RABERSFEKIZERTE—VREMNMEL,
BAZTHTFEEL,

:m: 10,000 /A\ +2.0 B i 2,000 +2.0 B
=
= 1,000 ® [
v [ <
£ )
S 100 / \ 2 " | g5mpr 4m 208Ph |
2 0.5m Pb,,, 4m 28Ph s s i 1500°C
~ o ) A=0.5ps A=1ms
" A=0.5ps A=1ms =9
o 10 i i ~|| B
z , ‘ \g 1,200 -
2 8WAL 6WAL T
1 =
§ Being removed power level = T, eration = 877 °C
Z (L Removed:  0.04% 26% - —
= IE-5 1E-4  0.001  0.01 0.1 1 0.001 0.01 0.1 1 10

Time after reactivity insertion (s) Time after reactivity insertion (s)
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R kR FAMOoXBA £

______________________________________________________________________________________________________________

 BHEOBREFMOXAMEBIZEEI MBI EIC, ChFETSFRZEEL TE:
EBMI‘I KE, BX, RURTEEEFOOST, (VF, FENLDT4—F/\vY
 MF/ELDTY , FAEK I X T L(SFR. GFR. LFR. FSMRF) (X, &%, &
 PRERIE UL BRI EEYR/MEDBEHICHIST SV AT LELTEESH |
 TOEY mERFEFERNVV AT AT, FRFRHANRYHESNETIL |
=D LEDSUEBFAL. BEMEHOL TERERKRICERT HENT |
| L F (U PU)OQEIRFIFR RGBT A INLICENT, ChoDRBICHER |
 HEREDERICREEVREER THACEMNEHINTVET , ChoDVRT |
 LTRVDMOXBRH L. PUREZHEI NIE. TILE=0 LDZEIFAIIL, |
HEECERBDOFE. MR ILIBEFISELRH TY , SEIL IBLEVE |
 FHERL (PUBHE :20~45%) . BFEFHEROMOXRH DR R URFRET
 O—FOIREEICEAT ARFOKRRZEABNLES

R REHREETIIVEICE SRS P OMBRFIER VRMZEGOH RN oH -
(U,Pu)02ICEE T HRN R . FT=. MOXIAF D IAREXETA—F DRREED FIAIZ DL
T BRITRARELANILEHTE S LSO & TORRET. RRHER, KEBITHL T 57

- HDMOXEAR DI R D LR DB L ICFHFMESRBALET

. EIFSHERE (GIF. OECD/NEA. IAEA, EURATOM) [k A28 - H fiTRIRAREIZ 3t 3

DY R—MIDVTEIMY LIFFET,

______________________________________________________________________________________________________________

mEAmI:

FR)—Sa3— 57 AR T IECEAD T S5 DIRESNED R TR
HBTERIFREOERMIEZEMRELTHFEL TS, B,
IAFT—T7OF LR EBRETEICREREL>THY . B %RET
DixEiL. BHERER. MEMSEEHICTEML TS, B,
ﬁ%t%/mt%“’*ﬂé‘ﬁb\ébx AHEEFIZDOWVT. EVR
XIFERBEBRHERDI=HDEIIVIRESRHEEERMHEERBEEI KD
ERICEFHFNGREORE IO IIN) =5 —Tho1=-. BEDHE L DI Y
XL, ERFHRHEDOEREBR I THS,
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MOXSARHE, FRRAE L BURERNMEV  BRETOLEENAKELY, #
HI9)—THAREN (BREBEE EDEMEIBEERA/NELY) ( RTYD T AN

SWV(RHMERDFHEF DR Z) LoD H D,

Properties (U0.8Pu0.2)02 (U0.8 Pu0.2)C  (U0.8Pu0.2)N U-19Pu-10Zr
Theoretical density. g-cc 11.04 13.58 14.32 15.73
Melting point, K 3083 2750 3070 1400

Thermal conductivity.

(W-m™K™") at 2.6-2.4 18.8-21.2 15.8-20.1 40-40
1000-2000 K

Crystal structure Fluoride Nacl Nacl Alfa
Breeding ratio 1.1-1.15 1.2-1.25 1.2-1.25 1.35-1.4
Swelling Moderate High Moderate High
Handling Easy Pyrophoric Inert Inert
Compatibility: clad Average Carburisation Good Eutectics
Compatibility: coolant Average Good Good Good
Dissolution and Good Demonstrated Risk of C14 Amenable for

reprocessing PYIO reprocessing

Fabrication/irradiation Limited Limited

experience

Large and good Very little

GIF — “Advanced Sodium Fast Reactor (SFR) Fuel Comparison », March 2009.

(U, Pu)O DYtE

A IZDUWVTIL. PuEIEE60% LL L TICHAE D BIE EN T —E,

° ,;:-?H &'ilﬂﬂ.];s O/M~ PuEE’“SJ;\

BE. BEICKIEENK,

o ERMICBEWNT., BREMMEICDODWTHLLVAEZ TS50 D H

(PUUMA) MEFESNTL S,

50

(U,;u )0, (15-30 %Pu) Philipponneau
45] iradiated NESTOR 3 Phénix
24% Pu, burn-up 13 at. %
annealed at 1500K
= Center
n  Middle

= Cladding

unirradiated

4.0+

3.5 1

3.04

2.5 1

2.04

Thermal Conductivity, W m' K

1.51 JRCG-Karlsruhe measures
ESNII+ project

1.0

Temperature, K

(¥2317) x1uayd ui pajeipei [n} YOLSIN

500 600 700 800 900 1000 1100 1200 1300 1400 1500k
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FHEFRAMoxARl (FiZ)

MOXDEE): it ELHKZE L
PRt & SRR TR E DEMIZE->TEIEL TL,

OM = 1.96 Ltk
001at/%

initial porosity 5 %

pore size 20-50 ym
Thermal expansion
Gap reduction
cracking

Oxygen migration by vapour diffusion
in cracks and thermodiffusion

Lenticullar pores
migration

Actinide radial migration

Pore migration

Central hole formation

Cracks healing

O1at/%

Gap closure

CEA-LECA

05at/%

MOXDZEE): BT LEFER

«  BRHEOLERREEZBBST R IZHEMT B (U, Pu,)O,, DIERERTY
DX IICELURTET D, RAOHRICKYERIET B,

- BEMHOYMBILEMGEHEILEILT S, (EiaFr. BRIEMHTH Y.
EREITEY)

« JOG (BR1LY /B ERES) DR :: Cs,Mo00,+ ZTDMILEM

« FCC(MRFBEEBEBILFHEEER) ILDOLER: T, |, Cs [IHEE
(Fe, Ni, Cr)& R its: Cs,CrO4, FeTe, o, NiTe, .

UL S N i S LN N W B L

Forum™

Clad and fuel evolution

CLAD SWELLING r=15r0r3
L FUEL-CLAD CHEMICAL INTERACTION (FCCI or corrosion) Cs, Te, I
FISSION PRODUCTS JOINT (JOG) Pd, Me, Te, Cs, I, O + Rb, €d, Sn, ..
FUEL GASEOUS SWELLING & GAS RELEASE Xe, Kr
FUEL SOLID SWELLING Sr, Zr, La, Ce, Nd
’ FUEL PROPERTIES EVOLUTION all FP + fuel damage
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HEIFAMoxAE (Bt )

MHERRETOUR
AHMBERDFRETISE VT, K, AR, IHROBENTHNI TS,

_Spatial distribution of sodium density effect (pemicm3)
310

= 260/ =

3

O
e
]
=]

260
2507

230
220
2101
200
130}
150
1707
1601
150

=]

]

Axial position from the bottom of the core

1200 140 180 180 200 220 240
Radius (cm)

WMHEERD R BRI

MHMEZROREFRLEDI VL RIE, BRMIEREZHER T SEEDIC, MK
STA—FDRAEZEATO=OIZ, BifFSN DERR, BiE., FHEFOFHEN/—
FTHAHBREERT H_LTHD,

9 Routine operations with licensed fuel established

8 Reactor full-core conversion to new licensed fuel completed

7 Commercial scale demonstration of licensed fuel assembly
\&# 6 Fuel safety basis established

Q.d’b 5 Proof of Principle demonstirated at prototypical fuel pin scale

\05\ 4 Fuel design parameters and features defined
é\&

S 3 Proof of Concept demonstrated at reduced fuel pin scale
A

2 Technical options evaluated and parametric ranges are defined for design

1 Initial concept verified against first principles and evaluation criteria defined
Criteria -

TRL 9 for Phenix type pins (Phenix, SNR300, Joyo) & same
geometry with central hole (EBR2, PFR, BN800), SPX type
TRL 6-7 for others concepts
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Phenix. Superphenixh b &= ER

 ITVATIE, KI80% DEHEKEDREFAREFTENMDATEY, B |
EBRETSETHION JEDT LY LAEBBIECHIILTOET, L |
MoT, TR LREANE SR F (SFR) [(FT7TURICESTIERBIZERTHY.
. Rapsodie. Phenix, Superphenix CRRZEHTEHL Iz, FENF/ONIZAE |
I ML BRI BURED. BERR. TRUDLGOKRIG ., FRUDLRAL,
e, FOMSFRICE BT 2RMMB AN TNITHON 2BDEE

(“Phenix: the feedback experience” / EDP sciences 2012, and “Superphenix: |
| Technical and Scientific achievements” / Springer 2016) EL TEEH LN TLVET, |
 AVIEFT =TI SOLIGH M OBIIERPIRIRDSFRIZH T HIREET |
LVET, |

BRERN W

Joél Guidez EElZ. 1973 (/N th KFEHZEZ L= . F~ ¥ R
O LAHAERFONBFTxYIT7ERI—ISEFELZ T & | :
(X, WE SV A T8EM . A—/IN\—Tx=ZVIRADF )9 L
A DEEET. TERE. TAMIEELELE, KIEF-.
1974FE DT =Y RAF M) LAEE R IFEENRF NS, #]
B REDAO—LEL, FDE. TJTIZYIRIZAHL. 5 [
FHl. REFMOBAEETAMBEYLEL =, 1987F ., hF
9 allRY . K AREMRER, TJT=ZY IR R—/\—'%
JIZyHR, I—Oy/N\EREF(EFR) TODI VLD F=H12%< | Y
DRBAUTHNELT=. BIE. FIL—IZHBOSRISFZELF L
EXSUFIZHIMMNEELDREFIF., HRREMINEIZEE
Lf=%.2002F (272 =v I RIZRY., RIFHETEEERFE T2008FEE TR F
FEEELELT-, 2011F L%, RIZCEAOERMGEMREALSN ., 2D
RKEEWNTWET 2229 ORDT4—F N\ I#EER | (EDPH AT R%t) &
[Superphenix. Superphenix. 3 fiTHY - BRI R | (22T H—4%1),
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1. BERIEEFED BRY:

- SV OE A%

- TIb=HLEE

- REPEEMDEHE

- BREBOAEEME

- EiESh =BT

MOX-FR . used MOX-FR
450t > FRS 4501
FUEL
I_’ FABRICATION | Recvcuine
y y . . |
E—— I fl‘ Plutonium (#20%) I :
uranium I Uranium (#80%)
200 / @) e e e e e e o = = = - -

ACTINIDE MULTI-RECYCLE IN A FR FLEET
( principle values, self-balanced fleet, 400 TWh/y)

2. ﬂﬁd)d-b')'u\*iziﬁyﬁbd)ﬁﬁ
IR EBLERFIRIE, 1951FEDF R L (NaK) Ff=o1=,
- HEPT20DSFRMEZINEILNTLNS,
- FA)H/AST[IZUR/BER/AVE/RE/AF)R/IFALY
- RFDIFIX, 2016FI25 1) yRiEHSNT=BN 800(A 7/ 800 MWe) TH S,
- PFBR (A F /500 Mwe )I$2018FIZEIKFTETH S,

-I=s pmms) Ime=E =
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3. D=V ADIT4—K 1\ {KER:

1968 4E [ZCEA/EDF/GAAAD R E F— LI K-> TEESIN . 1973F ICITEBEHRIR
REL7RY) 19745 AV 520098 F TEDFE D I B 3E #L (CEA80%. EDF20%) M 1T
Hnt-,

3FEDFMPIC, FEMK(250MWe)EL TODREIEEBRATRIFEL TDERE
ZRI=L1z. COKIITLT, S RBIRERS AT LDERETEEERD XL, 1B5E
BEN MEBOTREY, BEET 53T R TORM O EFORE, ERIN =B
DR E . BREEFR AT LD=HDZLOBBENERFINT-,

[RFIFDEERPIC, BWRLEEERBRIGEONT-,

[RFIRIE. 1977FEMN51984FEDF M) LFTIEFIRE THD7EMTEER SN
1=

1986 F 12 A ICERH AIZEZELT=,

BEHRLTBUAE R ZEYELLL., I0ERICEFFENMEILTHET., Ho b
?ﬁfﬁﬁ:‘ﬂ%’éﬂc%ﬁﬁﬁﬁd}:

EMNTET-,

-

-
e e LM
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5. T—< 4T

- CORBRBEFEDOISE2ZMODAEANEINTINS,

- IhSDORIE., BRIIWAREBREFDIZERSNTONADTIEAL, T7—7
AZHTINTLNS,

- ERBET L. BEF O R— RN EOK S, R ERY R, AT
FURTHD,

Joel Guidez - Gérard Préle

Superphem
Technical /

p
.t

Le retour:

andScientif
Adﬁlevements

Joél GUIDEZ

6. gﬁéntﬁsﬁwb\<ob\0)ﬁl
7= IRAFTHOBRNIERFRER (HFRIZFEZRTOEERZER)

- R—/N\—DJxZYHRIFEFR(MNRMLGEZXTSE)

- R=N—TJxHIRFILDHREF (CNETEE NP THRLENER—
/\°—7:|:?“J77\'J05'D/éiE’G%T’{’Cd)ﬂlﬂﬁ%ﬁﬁ%l:to’cﬁﬁl:ﬂikiéT'é
Wor—X
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AstridZ A< 2D EE

______________________________________________________________________________________________________________

 IIVADBREFARFEASICENT, BEFN I LAHEEEFERERLIZD |
N FEREIO—XNRHES AV EERLE=ON, EORWUERYIESF— |
 TIRABNALET, FBEAERFOBRNS, TTVRDF MY LA SR
T AT S LTHAASTRIDTODIIMNEREZHTT,ASTRIDTAD TV TH
 RMAIRR . BWER. TADIIRRRISOV TN LET . ASTRIDIE R
 B7AVIINTHY. TOCI I ENRMIZED D =OICAN =T ORILY—
L(BIEL AL —2ay  N—FXIVYTIVTA RILVFRT—ILETIVI .7
i )l/;;w)bx%v‘-“uy’j\ TAZIGRZATHAIILIRZDAVR) ITDOVDTHENT |
LES, '

______________________________________________________________________________________________________________

EE Ry A

Gilles Rodriguez KIZCEANF YL 1 (DT RRFHEESR
[DE SV at3—) D LBRBEFMEMTE TY , 20165
[XASTRIDZ AV U F—LDRELFHED . FEUH RS EF
MEITOTSLICEELTHNVET, m
1990FIZTSVAD) IV KETILEIEZDEMEEIFL . -
1991FIZ TSV ADIY—)L—XITRIKRETEE-TOERT
FOEBELTEFRHFELEL-, EFLF (L. SR FHI. &E&K
£E70vXR, ORI E,

2007 M 52013F FE T, CEADSFRT O T HMF— L TFH MY L fiiEarR—
*obkOTOCIHMN)—F—FFEOHEL=,

2013£E(Z1&. CEADF RO LAEREIFTOD T IMIS N, 20134FI1Z(X. CEADF
) LERF: ASTRID (EEE AR FIFEILRALEF D LEHMIE) TR )
MZSL. ASTRDD R EFEEFZHHELT -,
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1. 77/1@1%?73&%

IOV ADIRIINE—ZEEFHEHIISES EICEHFINS, REETHTOL
BAETERZIE T, 2018ERICEFMA RTINS, TRILX—IZET S 6
AT ZETAOICRITIN-BAXETIE., PUEEZRIREIZL. R F 1
;Ejt)b#goﬁ#ff\ﬂ B EFER T B0 . yO0—XFREH A9 )L B IR E 7
E’E\ -CL\ o

TS5V ANDA—RTY T, BRI EOBLEGER) ESEFF AICED
WTULS, TRUD LAHERF(ROLEALI-EM) A B ILEIN S, thD Bl
[Z2DWWTIX, ERIARICKVIEBHUGRAEZITOTLS,

Gen. &Il Pu- monorecycll

Pu mono-recycling Gen IV Pu + Minor Actinides multi-recycling

- LWR reactors

- Pu-recycling in MOX fuel » Pu multi-recycling

| Breakthroughs on cycle - Multi-Through Cycle
and fast reactors are needed - Fast-Reactors (FR)
& Main incentives for Gen IV development
& » Major resource saving <,
é N L % %
e »  Pu stockpile minimization (R
\)é d — Energetic independence and economic stability %/ 0/0\’
g‘&e\ — Decrease of waste burden and optimization of the disposal ¢ &
»  Public acceptance

ASTRIDIZH TR THY . BRI D —FETILELY,
ASTRIDD AT, S ERBR (ME., HK, FE. MITEEH) (THLTIEERE
[ZRENEDHDHERETERIREIZT B,

Based on the feedback experiences of past Sodium-

cooled Fast Reactors operated in the world, examples
of innpvations

Mitigation Larger in-service Core with an Gas power
devices (core inspection capabilities improved intrinsic conversion system
catcher...) behavior
| s D @ @)
Industrial partners VG
ENIM M YELAN e M'BR
Leaders in nuclear ong'[

and high-tech  «e  SEN oum o= MITSUBISHI
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3. ASTRIDFASIMIEITHTORILDER

- EIIRBRERETEA-OOERELTEDETILIEE
- KBREESTOCIIND TR AN

- IN—F¥IL)TIT4DFAIZEKDA) YR

Design and operation
of innovative systems

Assessment of
performances

Management of a large &
complex project (13 ind.
partners, up to over 500

4 20155 O) 45 =4E
2015£E=|=lil~//-lz/x77/r)b7b\ﬂzr“ [ZiEfFSNT=

- BRI Y LRI EERFEIO—XRRE S A9 ILDFRIZE HEBR

® 2015F12AICIRHEEN =S HET 7 — X (2010F ~2015F) & F LD
IR T7AIL

- SERETH L RITINI-HMTGERR (EMUATLEZEL)ZETR
O—TRAT—hr AR

- BETHRIDAVISAN IV FYE SO EARKRETDIEEFTE
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5. ASTRlD@I?&HﬁEﬁR
1500 thMW - ~600 eMW

- T—ILBYR

- BT LRERAFE

S CFV*:?({&TFU#A#{\’(F\U_X) *“Coeur a Faible Vidange” (low sodium void core)
- UO2-PuO2E& LMk 43t

- YETPTIIUTURDERINER

- TRIE-ZHRIELIBARBREAT L

- FTRID LB TORMOERK +RAERETE S /DRSNS AT DEA EHE

6. P ATZEE
ENHRFOEESIULRELGHLOVE MO EIZ M= -6 . aXEIE
D= DEFEZFITO=OHICIE, — A TEXRRERTF—L. WA TIXIAZERRARE
F—LEDEELGBEGRIBETHS,

= SFR is a mature technology because many SFR reactors built from the 50’s to the
70’s were then operated. But the gap to achieve a GenlV concept is significant
because GenlV is requesting improvements mainly in safety, operational and
economics aspects; and it is impacting the related design.

=Even if mature, the SFR technology is not obvious and in that field knowledge
preservation and transmission to the coming young generation is also a key
challenge if you want to keep this key technology available for decades. Thus the
use of sodium as coolant — as for the other liquid metal or Helium coolants -
needs courses, practice and skills.

= Innovation is the way to design new reactors. It needs to get a close relationships
between industry and design teams in one hand and R&D teams on the other
hand. The role of the ASTRID Team project is to make them run together.

= SFR reactor design cannot be achieved without international collaboration, mainly

to mutualize technological platforms and infrastructures. It is a win-win cost
savings approach
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A7 DFR) o LmHEEELF (BN 600/BN 800)

———————————————————————————————————————————————————————————————————————————————————————————————————————————————

O T IHFRDOFR) D LAHE S EF (SFR) DRIFZE)—FLTWET . BY7 |
. R E TR SN T-BR-5/BR-10, BOR-60, BN-350, BN-600, BN-800DEExAFE |
 [FET160FFEEBATEY . T A DSFREGLEERD1/3EHHET . H/AET |
| [LFHERXFBOR-60& FE 3 4R BN-600, BN-800AVEELEH T, 541X A4FBN-1200
. DERETAEATH T, S B RERF (MBIR) DER P T, SFROBAMTAAFAE |
| RURIRATREME(XBN-600D38E Ch =5 BEL M ICKY RIS TNET,
| BN-800D X7 B I/ A—XRRFH AV ILDETETHY . BN-1200(ELWRED |
 REFBFE. SFRORBMREREBAFRERMEICIIBVREMRETRI L |
' TY o A TEF—TIE, BN-600K% U'BN-800D ¥ iBER/ T A—5 (PABEEE .

g _I;l_—lf777’5‘—%)~ FRIDLRAWGE DEBRNSB-MRLGELEBNLE

REEmI:

llya Pakhomov KIZAL 7EHE FELL2—DLATY
AX—BE N TEMRERT(PPE) DHIRER TH D, 2006
FXY HHE.ZEFAEE. RUMBEERE
LTEHFHFTNI)DLERIFOREFIB YL TET-, 20144,
IPPEDBN-800D I EHMITIET—F T T IL—T DAY
IN—,To=  BE. TR LG ERIFDREERIFEE
MEEZEDERTHD. PN EEEEFR.
FTrRIDLRKEDEERBE. RUFRIDL/KES
EERICBTAAHRBEROLZEICHNDIHAEFIE-TILS,
. FMIODLERFORKDIAEBEBDEEIZCLED
TV,
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A 72T BSFROELVEEREBN-600D EARI T
SFREAFKIZIVERUVOLZIZEWTOEL LG THRY . 50 TONA
TR, EBRIFRUVEEE NIV BE SN TLVS, 1BEDSFREBN-600
DEERHEWNE, —RAMRDT—ILEERETHS,
BN-60011980FE M5 IEER IZFREIL TLVAS,

Main Characteristics of the GEX qu ermational Main Characteristics of The GENi\v“““‘L“'J'“'
BN- 600 Power Unit (1/2) Forum* BN-600 Power Unit (2/2) O Forum®
i TS Centrifugal, one stage
600 Raotating speed, rpm 250-970
3 (primary and secondary circuits - sodium, 3 circuit - steam-water) Once-through, section & modular, 8 sactions (3x8=24 modules)
30 (extended to 40) Inlet/outlet sodium temperature, °C 518/328
Inlet/outlet water/steam temperature, °C 241/507
Pool-type Life steam pressure, MPa
% bottom Centrifugal, one stage
Cold sockam Rotating speed, rpm 250-750
Standa rd
2% P Mw 210
25000 WS,
Uranium dioxide paliets Primary and sacondary circuits Normal oparation system. Bypass with AHX on loop Ng5 of secondary circuit
111 Third circuit Steam generator-deaerator, emergency feedwater pumps
2058 2 rotating plugs, vertical refueling mechanism
1030 Elevators with guide ramp
Shell-and-tube design, secondary sodium flowing on the tube side In-vessel storage, sodium and water pools

Steam-gas-water

BN-600D %R0y B U PR B 2.

BN-600D BABE R E% 5T X IDBUEIZ K YR R IZHRERESN TE =,

|EERASEER E R L. K11, 1% DK EEDSREHEE LR .
RURKFaABAN DR (R R AR 4% ) ZalgeE LT =,

2017 FTOFHIREETR(LX74.25% THY . 1982-2004F D . REEIXF
ESNT-EBED-OERRITET LI, RD3%Z 1+ H MR =
XIFABSRIIKDEDTH D, BHEDZLIIENHRE AT LRD

3RZDBFMTHEMIZHE LN TE o1=, SFROEELHIF X AT AT L
FRIN-EEMEOEREDBRSCEERMZIIALT-,

Load Factor of Beloyarsk NPP Inie " Beloyarsk NPP 34 Power Unit =
3rd Power Unit with BN-600 Reactor GENI" e with BN-600 Reactor (1/4) GEFSW

International
Forum=

 megc B EfRzxg F¥zgs83

$33883888 83888 8B EEEEEs
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FRUD LRHE:

NERUVERIBERAEBADFR) D LRBIL, EELPHI O RRS
o7, 27EIDF ) D LREBIAREIN ., ZDHB 140 I F R L KD
Holz. ERSN-REZEERIIPFERTLOIRMEZSTH.
CD24EREEF MY LR IEEETUOVELY,

ARAFREREISUVVEREF M ZRL . EEHIRED17RIDKRERE. —D
27 FEBRNEAD T HELZGEEL TS,

Beloyarsk NPP 31 Power Unit

GEN' International Characteristics of Intercircuit Leaks GEN' Intemational
1 Farn - . .
with BN-600 Reactor (3/4) _*W Forum in BN-600 Power Unit SG Modules Forum~
The main characteristes of farge sodlum <3l 2t B1v6%0  Neoflak
Emlﬂ_ﬁ " Camir ey Py
occurred at the early stage of "
the BN-600 reactor operation
130180 Sodium reception system  loni were mostly small leaks Module
oest e sest oy * In 21 leaks the amount of Date of leak 240680 04.07.80 24.08.80 08.09.80 201080 09.0681 19.01.82 2207.83 061184 101184 24.02.85 240191
Ronimation telosine. sodium leaked didn’t 01- 0.0062-
p— S r— ke exceed 10 L {from 0.1 to Leak rate, g/s 0026 (U 00915 0203 oO¥ 140 250 5 03 0.02 014 a6
311280 56 drainage ine Elactric heating Manufacture defects 600 kg 101). e
| e Sectric heating, w0k * In6 other leaks the amount of escaped into @ we 7 o018 om 4 203 27 18 075 013 83
purification systam N pipaine sodium leaked was 30, 50, 2 circuit, kg
Orainaga lina of ' ’ 300, 600, 650 and 1000 L. £V — Evaporator, SH - Superheater, RH — Reheater

06.05.54 Personnel “"“‘"fl::::.":‘:': ore 850 ke bothan =) ‘
= . “dm\r' — PTIT T = o *® Evaluating all the deviations from normal operating mode that took place during the BN-600

e experience in sodium leaks outside and inter-circuit leaks in 56 was gained at the operation, including those connected with sodium leaks, it should be emphasized that none of them
early stage of the BN-600 operation (when the personnel mastered the SFR technology, % S 3 SRR v
tested and optimized the design solutions, adjusted operation modes, detected defects resulted in any radiation impact on the population and environment. By the off-site impact criteria,

in manufacture of equipment.) all of them are below the International Nuclear Event Scale, and, therefore, are insignificant.

BN-600D X E/i{ER:

BN-600MEELRH, 1474{EKWhEL ED B HELBIZINA . Z<D BEZHIERS
Nf=. ZVEELGFEROVEDIL, 7R D L KB HEES DIEER H R
RUFMDERET/INTA—F—DERAIREXRX EZEN LU L THH1-FETH S, BN-

600D Fan [F2010F [C10FEMER SN, 20205 FTHERT 51=HD
FFABRETHONTINS,

Key Results of BN-600 AWVl niemational  Key Results of BN-600 T T ——
Power Unit Operation (1/2) GEIEIJ F]LEI'LLEI\}FH ! Power Unit Operation (2/2) GE':rl Lrermation

Forum
. Durmg the operation of the BN-600 power unit, the fo||Dng gca\s were = During the entire period of its operation (as of the end of 2017, 265 707 hours in critical state),
achieved: BN-600 produced more than 147.4 billion kWh of electrical energy, making a notable contribution

into the Urals power supply as one of the most cost-effective and eco-friendly power units:
* Amount of gaseous radioactive products emission to the atmosphere, as a rule, does not

Long-term endurance tests of large-size equipment operating in sodium.

* Mastering the sodium technology on an industrial scale. exceed 1% of the acceptable level.
+ Development and optimization of operating modes * Amount of solid and liquid radioactive waste is also minimal, not exceeding 50 m* per year.
. X ‘ . . . * Personnel radiation exposure is lower than the average level existing in the nuclear industry.
: Maste.rmg the technology of replacement and repa\r-cf snd\un:1 equipment including = One of the most important results obtained during the BN-600 operation is the fact that the
the D.”malr\’ c(;mponents (pumps, steam generators, intermediate heat exchangers, design parameters for sodium large-scale equipment operation period and life time have been
rotating plugs).

achieved and even exceeded.

Reaching the acceptable level of fuel burnup. = During the period of industrial operation the BN-600 reactor demonstrated high safety and

reliability characteristics and thus solved its task which was to industrially justify the reliability and
safety of the SFR technology and, specifically, the technology of sedium coclant.
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— X B AL DEEET

HB. MOXE T %45'77/1%*40)/\47'JuF"JEF:L\/XT_/_\b\J%L\B«‘rL'CL\éO
BN-800(XBN-6005% 5t & R IZERETSNE=-DNEEVATLES
WO FILLWVEDFEEFELTLNVS, BN—sooli2017¢5E$'6(:14543H%FaEI

BErL . 94{BkWhEELT-,

Principal Stages of BN-800 GEN]\ S
Construction and Commissioning (1/3) Forum*

= The BN-800 reactor design is to a significant extent a logical development of the BN-600
reactor and contains its main design, scientific and engineering solutions. Nevertheless,
the BN-800 design has a number of conceptually new things that differ it from the BN-600
reactor.
*® The principal differences are the following:
* A passive emergency shut-down system with hydraulically suspended rods;
* A special sodium cavity over the core to reduce sodium void reactivity effect;
* A core catcher in the low part of the reactor vessel to collect and retain core debris under the
conditions of heavy accidents;
* A decay heat removal system dissipating heat outside through air heat exchangers connected to the
secondary circuit at the SG by-pass;
* One turbine generator for all the three heat-removal loops;
* In SG sections a reheater module is eliminated (now it is steam reheating), so each SG section
comprises an evaporator module and a primary superheater module.

Principal Stages of BN-800
Construction and Commissioning(

The view of the reactor pit under construction  Mounting of the react

The view of power unit No. 4 with BN-800 during the daytime and at night

AL 7ICHITASFREAFEDBE R UEEE:

3/3) GE[\\]JT International

Forum=
Power unit No. 4 with BN-800 reactor, 2014

Power unit N ith BN-800 reactor, 2008.
- —

essel bottoms

SFRE(T DR E VR LD FED BRIIZHEL., 7O0—XFBRESAIILD
. SFREIMTDEZEIL . RUKRBISFREMTOEIINETEEHINS,

CONCLUSION GE[\VJ/I v International

Forum

® The overview of the experience in operation of power units with
BN-600 and BN-800 reactors and, particularly, the results of
successful and stable operation of the third power unit at the
Beloyask NPP, presented in these slides, makes it possible to draw a
conclusion about the industrial development of SFR technology and,
in particular, sodium technology.

® The experience gained in the course of BN-600 operation formed
the basis for designing high-power sodium fast reactor BN-1200.
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FAHRFEFHERTLOIARNE

 GIFEFMET—F T T —THRARL-F4HREFF R TLORERF AT

 RILF = RTFLAARNTEHARSAUICDWTEHRBALET  tHDREFHE |
BT SVDIARMHEETILEDELE, GIF EMWGEIAEA INPRODARVFI—Y |
 EBITOVTHREALET '

FEE Il

Geoffrey RothwelltE 1 (£2013F M S F 1 DB F#E
(OECD. {LE/\)) [FEFHHEEI (NEA) DEF IO/ RTHY.,
BEEETILTI X0 IL—T(EMWG) DEEREED
TLVS, 2003F ([, FHHRO—FTYvTEESDFFMH
BT IV —TDERELT. EMWGODERIEEIE (TOR) Z1E
BLi=. £f-. FOHEREFHATLOIARMNEHEHAFS
A2 (GIF, 2017) DE(ZFHEBRIIZEELT-,

1986-2013F (R AV T —F RETHBZHNOES. [RFHDOBFMHIELTH
TENT=2004FE DL AT KRFHRETRF HDOFFRIDBET(ESIRLYD
$t.2016) D=, TAZR A=V N TP /—ADT AR RUTIL
OV XE MR EREL =,

DR yFEONE G IN—OL—hHILTAHIL =T RKREIZTHE LT ERE.
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GIF-EMWGD IR B R D IRIR Y-

BEUHETILI—X255IL—TF (EMWG) IE. GIFINZIET AH 1T (GIF R
TL)EERTHIERHRKFEO—RIVTEESTERT D
BT F AT IL—T (EMG) IZ&Y., GIF R T LFERDI=HDRFEH IS
AT )T EBREICT BRI EINT=. 22D IT/4T) 7 :

EC-1 EREXRKREIRN, RV EC-2 EFEHIRF(FELE AT RILF—T
AR LUEC) ANBIRE N, 2017F . EMWGIZKYTOARMEHEA ARSI IR UD
MYUXSF VR — )L (G4-ECONS) A fAFE SN T=,

EVALUATION METHODOLOGY niernational CERmE0T
GROUP, EMG (2001-2003) GEW" Forum

The EMG was tasked with developing a multi-criteria evaluation to be applied by
the technical working groups to some 80 variants of nuclear energy systems for
the selection of the most promising technologies.

The EMG developed four sets of criteria:
(1) safety
(2) economic
(3) sustainability
(4) non-proliferation and physical protection
The economic goals were
(1) To have a clear life-cycle cost advantage over other energy sources, and
(2) To have a level of financial risk comparable with other energy projects hitps:/furww. gen-4

( ;Em‘, nternational
Forum”
COST ESTIMATING GUIDELINES FOR
GENERATION IV NUCLEAR ENERGY SYSTEMS

Revision .2

The EMG defined the Terms of
Reference for the GIF Methodology
Working Groups, one of which was the
Economic Modeling Working Group
(EMWG), which prepared the Cost
Estimating Guidelines for Generation
IV Nuclear Energy Systems (2007).

September 26, 2007

Preparedby

“The Economic Modeling Working Gro
Ofthe Caneration IV Internations] Foruan

The “Cost Estimating Guidelines”
defined a Code of Accounts (COA)
with which the TCIC and LUEC are
defined.

GENI’" mm\\ afional

‘Printed by the OECD Nuclear Energy Agency
forthe Generation IV International Forum

12013-09/emwq_quidelines.pdf

B EF Ba—F R ULUEC:

GIFEIE R} BHa—F (COA) ALUECEE D 1= IR SN 1=, COAlL
BERZREARNTCC) ZHEAH LT A= DR LTYTFETHSD,
LUECIZ 4L TCIC, ‘BEL - 1E4E (0&M) . RUBRKI XM THERENh S,

LEVELISED UNIT ENERGY COST The GIF Code of Accounts (COA):

GE@ nternational

GEPgru international

(LUEC) in dollars, euros, etc. per megawatt-hour = orum ccount Number Socount [le Forum-
4 ) - 10 Capitalized Pre-Construction Costs
! P 1 Sucnnes and provements ey Aecount Tie
KC Capital Cost is equal to the payments each year to the banks and investors, like a annual Step 1 22 Reactor Equipment 70 Annualized O&M Costs.
+ mortgage payment, to pay down the Total Capital Investment Cost <——————————— Calculate 23 Turbine Generator Equipment 71 O&M Staff

O&M
Step 2 y
* - Caloulate 27 Special Materials 75 Spare Parts
Ca g Direct Cost 76 Utilities, Supplies, and Consumables
FUEL s the annual fuel payment, a function of the amount and price of fuel 0&M and Capialized Indirect Services Costs 77 Capital ;,hn':'LPg;mgs
FUEL 35 Design Services Offsite 78 Taxes and Insurance
the sum of which is divided by the annual energy output 36 PM/CM Services Offsite 78 Ce on lized O&M Costs
37 Design Services Onsite 50 Annualized Fuel Cost
E in megawatt-hours (MWh) equal to the product of Step 3. 38 PM/CM Services Onsite

KC from TCIC
is the annual Operations and Maintenance (O&M) expense and Capital Additions, CAPEX

MWV, the size of the generator in megawatts, «——— Divide by E

d caleul: 10 Capitalized Owner's Costs )
and calcula
TT, the total number of hours in a year, and nd calculate +50 Capitalized Supplementary Costs 86 Fuel reprocessing Charges
LUEC <55 Initial Faal Comm Lond 87 Special Nuclear Materials
CF, the Capacity Factor = Overnight C. fon Cost 29 Ci Costs

Source: Rothwell, Economics of Nuclear Power (2016, p. 154). London: Routledge.

https ://www.routledge com/Economics-of-Nuclear-Power/Rothwell/p/book/97811388584 11

24 Electrical Equipment
25 Heat Rejection System
26 Miscellaneous Equipment

|= Base Construction Cost

72 Management Staff
73 Salary-Related Costs
74 Operations Chenmicals and Lubricants

81 Refueling Operations
84 Nuclear Fuel

Capitalized Financial Costs
+ 63 Interest During Construction

+19+29+39+49+59+69- C

[=Total Capital Investment Cost

Annualized Financial Costs.

92 Fee

93 Cost of Capital

99 Ce

on i ial Costs
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TCIC:

TCIC T EEE ., RREERE. MEE. MEEIXL HFEIXK,
BRUEZBFF(DC) . FHEEMI R (Contingency) [CTHER SN S, B7EaX
k. FlF B U ContingencyZBR<TCICIZ A —/N\—F A FaR R EFREN S, LIKD
MNDEE . MERBRE TR AR L THRDONDA, COAXMIFMEAXRE
ELTREVNO. ZOT—RATIEFERIRNLTEZ LS, HIZIX. A—D
) EILHZRT (ORNL) [T&DT

HEESNT=ARIEE (MSR) DA —/S\—F A X RE3350K JL/kWe (20114
KEIL) THoT=, IDCITEEZHAM [TIKEFET B, @ Y] 7E Contingency D HETE AVt
B L1 B, ContingencyE (X TOD T IFDERREIZL>THALE S, HIZ XK.
2011FORNLIZKYHETE SN T1-9% =iV T2 BN -E#HBIE R IF (ATHR) &
AT LDTCICIE, PWR12D4012F )L /kWe& EEL T3149K )L /kWe TdH 1=,

LEVELS\HOF PROJECT DEFINITION: GEm\vmwmﬂmnal TOTAL CAPITAL INVESTMENT COST GEI‘([ UMHLUOHJ

Forum” Forum=
Advanced High Temperature Reactor Systems and Economic Analysis calculates the TCIC
for a “Better Experience” BE (“Nth-of-a-Kind”) version of the PWR-12 and compares it with
19.75% and 9% enriched uranium for the AHTR. However, these estimates do not include
contingency, which would “increase the cost estimate by at least 25%” (p. 88)

Capital cost, in millions of 2011 dollars. PWR12 AHTR  AHTR
i 3% 19.75%  9.00%

Capitalized ion cost: 11-19) 6 6 6
Capitalized direct costs (accounts 21-29) $2.171  $2391  $2391
Capitalized support services (accounts 31-39) $1.323 $1.323  $1323
Standard 80% Capitalized operations costs (accounts 41-49) $300 $300 $300
) o y Overnight cost without initial fuel load $3,800 $4,019  $4,019
Mode  Median _ Mean  Deviation Confidence
Preliminary Estimate 1000 1033 1049  18.30% (-18% 10 +31% nivarfuet load o
reliminary Estimate - h - - ° - 6 10 + ° Total overnight cost with initial fuel load $3,035 $4.438 $4,130
i i K i [ 10%  |-14% to +20%
Detailed Estimate 1.000 1.017 1.025 13.10%  |-14%to +20% Interest during construction (calculated) $655  §739 688
Finalised Estimate 1.000 1.005 1.008 7.00% -8% to +10% Total Capitalized Investment Cost (TCIC) $4590 $5177 $4.818
Source: Rothwell, Economics of Nuclear Power (2016, p. 114). London: Routledge Reactor net electrical capacity (MW) 1144 1530 1530
https://www_routledge.com/Ecanomics-of-Nuclear-Power/Rothwellip/book/9781138858411 17 Specific TCIC (SkWe) $4012 $3.384  $3149 18

O&M and AFla X
ANEERUBEEDLSLTIRMIOIMIRNLTH#EESINS,

PR & BEIF (D&D) ARAMIBEEE~NDFELLTHESINDS,
REAZANMEITAVRI R RPN YI IV RARNEEATLNS, 9%iRHED S

2z FAW-AHTRV AT LD BE X MK, PWR12MD5.60F JL/MWhELEL T,

10.74K )L/ MWh&EHEES LT =,

ANNUAL O&M COSTS IN G4ECONS - GENJj iematone ANNUAL FUEL COSTS GENJY tiepstons

Forum- - [Forum*
System 80+ (PWR that became the APR1400) FC =NU: Pypg + SWU - Psyy + Prag
70 OPERATIONS COST CATEGORY
71+72 On-site Staffing Cost (71: non-mgt 72: mgt) 31.50 SMyr NU is the ratio of natural uranium input to enriched uranium output,
73 Pensions and Benefits 6.29 SMiyT Pues is the price of natural uranium input plus its conversion to UF6,
74+76 Consumables 18.84 SMiyr SWU'\ is the number of Separative Work Units (SWU) required in enrichment,
;: E:;‘;'ﬂ’l?:;}zg:::‘[’s‘?ux:;:::'('I‘z::;zzz')‘"”es 1::: :mg Pswy \ is the price of enriching uranium hexafluoride, UF6,
78 Insurance premiums & taxes & fees 11.12 $haiyr Prus is the price of fabricating UO2 fuel from enriched UF6, and
79 Contingency on O&M 0.00 $Miyr
70 Total O&M 78.47 SMiyr Annual D&D costs are calculated F ={[FC/(24-B -eff)]] + WASTE} - E
as contributions to a sinking
‘Annualized D&D cost per MWh 0.27 $MWh fund, earning the same rate of FC is the cost of nuclear fuel in US dollars per kilogram of uranium (US$/kgU),
Total O&M + D&D 8.61 SMWh return as the weighted average 24 is the number of thermal MWh in a thermal megawatt-day,
cost of capital, r: B is the burnup rate measured in thermal megawatt-days per kgU,
%’w off is the thermal efficiency of converting MW-thermal into MW-electric,
inking fund interest % _ s N - . ’
Sinking fund factor 0.83% i A=D&D-{r/[(1+r)N-1]}, WASTE is the interim storage cost per MWh
40 yrs
Annualized D&D 2.48 $MiyT where D&D is a fraction of Direct Source: Rothwell, Economics of Nuclear Power (2016, p. 156). London: Routledge:
Cost (Account 20), e.g., 33% https //www routledge com/Economics-of-Nuclear-Power/Rothwell/p/book/97811388584 11

19 20
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ORNLE UINEA® O A FEE(:

ORNLIZ System80+@MDLUECZ30.56KJL/MWh. 9%EfHam 5> % AL \f=AHTR
AT L% 48.18F JL/MWhEEEEL TLVA,

NEA [TEHIMICEEDFELIRMNDHEZTIHREL THY . EBEDAR1400,
R U h[E D AP1000/CRP1000IZDULNT I, tEERBIZR LNA—/ v —
FTARARMRRIBEELNTLNVS,

LEVELISED COSTS IN ORNL (2011) GEI{I niermational  LEVELISED COSTS IN NEA/IEA (2015)@5,«(' wernaiional
TABLE 54: LUEC IN $/MWH (p. 85): S TABLE 3.4: LCOE IN $/MWH (p. 41): M Forum

Projecter o [om [ s [ammeits | roa| cum oo

night | g5 o waste | coas "
Crom ey ay il COSUS 0f Comtry | Tea o [ w4 [ aon | [ [ == W | % | e | 10%

80+ BE 19.75% (2 Generating Mwe | shwe usDATWE usDamm | VS| U/ USDAMWE
X 20T 2010%  201s 201 Electricit Begum | GemIX | XXX | 5081 | 269 | 0008 | 929 | 046 | 048 | 042 | 1046 | 1355 | 5145 | 6613 | 847 | 11641
: S y e e e e
0, $8.61 $1260  $931  $9.31 France | PWREPR | 1600 | 506 | 2691 | 5952 | 9253 | 040 | 006 | 001 | 933 | 1333 | 4998 | 6453 | 24 | 1521
F $428  $560 S$17.54  $10.74 Hungary | KES-2006 | 1180 | 6215 | 3230 | 69.68 | 10489 | 159 | 025 | 006 | 960 | 1040 | 5350 | 008 | s9ss | 12435
Ds n $0.27 $0.32 $0.23 $0.23 Japan ALWR 1152 | 3883 | 20.62 | 4592 | 7090 | 042 | 007 002 | 1415 | 2743 | 6263 | 7380 | 8157 | 11250
L electricity $30.56 $48.18 $51.55 $43.05 Korm |APRI4O0 | 1343 | 2021 | 1041 2220 | .15 | 000 | 000 | 000 | 858 | 945 | 2863 | 3405 | 4042 | 5137
i Skvalda | VVERM0 | 535 | 4906 | 2665 | 595 | %005 | 465 | 150 | 053 | 12.43 | 1047 | 5350 | 6668 | gass | 11648
Total capital investment cost, $/kW(e) $2,092 $4,012 $3384 $3,149 e 29PWRs | 3300 | 8070 | 3150 | 6542 | 10048 | 054 | 000 | o0z | 1131 | 2083 | eazs | soss | 1007s | 1mszz
us ABWE. 1400 | 4100 | 3075 | 546 | 1936 | 126 | 052 | 026 | 130 [ moo [543 | wm | man [ 1mas
) 20 | 2615 | 1380 | 3092 | @175 | 023 004 | 01 | 933 | 732 | som | 457 | e | eado
COSTSINNEA/IEA(2015) CPR100 | 1080 | 1907 | 960 | 2137 | %90 | 016 | 043 | 001 | 933 | 60 | 2559 | 3005 | o123 | 483 |

http://www.oecd-nea.org/ndd/egc/2015/ 25

G4-ECONS EIAEABHFE DNESTOR VY FI—2:
NESTIXIAEAIZ kYA D DEXFE TRIFE I, SBARRIZH LN THEBEL (break-
even) VO—XRBREH A VIV EER DL FIRZ D LSRRI N T =,
IR (KITICK D= EEELWR) EEEF (AR 7 ;L DBN-800) & AL V=G4-
ECONSENESTOAL FI—I AN EES L.
PDLOEWNIHEINKELT BN ELFERINT-=,

=orum™
Fig. 1: Levelized Unit Fuel Costs orum 1

There were three key differences in the fuel cycle assumptions between NEST and G4ECONS: how

B NEST 1<l B NEST w251 the initial core is financed, how UNF is disposed of, and the cost of recycled material (Pu) for the
HNEST s mosEcoNsvE0 initial core. The G4ECONS LUEC results were adjusted to better align with NEST assumptions.
= For the HPLWR, the difference between NEST and G4-ECONS LUEC results were negligible
I I (<0.5%), except for NEST v3s2 which underestimates the cost of the initial core resulting in a
o
il difference of 6%.
Uranium Ore Conversion Enrichment Fabrication  Temporary UNF StorageFirst Cors Frontend

= For the Break-Even Fast Reactor, the differences hetween NEST and G4-ECONS LUEC results
were within 1% and less than the differences between the NEST systems.

= For the Burner Fast Reactor, the NEST and G4-ECONS LUEC results were found to be within

& 0.5%.

50

Fy RLUAC X ) . i . .

0 sLUFC Future versions of GAECONS will consider revising their fuel cycle assumptions to improve
" =LUOM harmonization across the tools.

10

0

NESTvls1

NESTv261 NEST w32 GAECONS 30 31

.
:
:
:
5.
a 3
:
:
:
.

Fig. 2: Levelized Unit Energy Costs
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SR AN RS RIF (LFR) . AR AN B EEF (GFR) | B =R/ F4F (VHTR) . R |
| FRIEEKAENF (SCWR) . BLU AR (MSR) BHYFET ChBOBTIFR ;
 DFEIE. BRFEMRICBELOMEGZE S A5 MSHIRECEEHRETFR(SFR,
| LFR, GFR, SCWR, MSR) &ELNoT= (R IRER IR | S5 ITIARMIE (MSR) FE 1= 1X#rnH]

§H(LFR)##ﬁ@*i*il:i#‘s“éﬁ%ﬁ’l‘i/\'J#A;%HF“E%WEE :(GFR. VHTR |
 F)ITETARRRETY . AVIE S —TRHE4HRREFFORATLBRZIZE |
 FACNLDRFHITDOVWTRNZTIEEDIC BREMLGRFFHICE TR |
 ANDBRFDEZEITOVTHRBNALET '

mEEmIT:
Stuart Maloy [&. AR 7 SEXE ILIAZATIZ28FMENFHEL T
Y. MST-8 (ISR - BIRBIRIRIE T D) OF— L) —
F—%i0H5. £, RF I M AREARED L ERFH T
R—2 D FEF DM BT —F —, KU DOE-NEDNEET
PILDMETOT S LOBEM) —F —%#HH5, T—X TR
B =T KRETHHEZDZETE(89F) ., L5 (91
F).BES(4F)EMEL. AEFOEMAEMELLTE
RSN TS, ~
ROEPTRIF (L. E%W%ﬁmf’cwqﬂIi%/[fa%ﬁﬂﬁﬁﬂai“@otoaﬂﬁum
BRIETICE TS, ERSIUVEIZYIMBOFMHETMEAERICISAIN TLNS,
(X, MREBOEERFFANV-EIRIILT—FF/ P EFEFEZOHRR
9Cr-1Moffll, HT-9, 316L, 304L, />4 )L 718, Al6061-T6 & TN AI5052 (D #4 1 AY 45
M (IEH R U RFE)DEHENEENS, AEROM B O4F M.
B, WE. BEZHGEDRMEED T H=HDEEBREFIHEMEDFEH. R
FLARILTORMEDEFEFEMDI-ODEH EEEE FIEMBEDFER. d-/x
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Reactor Type Fuel Materials Fuel Pellet to Coolant Structural Lifetime Structural
Temperature Cladbond | Type Materials for | Dose (dpa) | Temperatu
Core res
Internals
Gen IV/ Lead Fast U/PuN; TRUN 500-600C Lead PborLBE | FemticMant | 150-200 400-600C
Reactor LFR (enriched to N*°) ensitic Steel
alloys
Gen IV/ Sodium Metal(U-TRU- 600-800C Sodium Sodium FemiticMart | 150-200 400-550C
Fast Reactor SFR 10%Zs Alloy), (metal fuel) ensitic Steel
MOX(TRU 800-2000C alloys
bearing) (Oxide fuel)
Gen IV/ Gas cooled | UPuCSiC 2000 + Helum Helium Nickel 80 500-1200C
Fast Reactor GFR (50/50%) with Supenalloys
20% Pu content ; /C eramic
Solid Solution fuel Composites
with SiC/SiC
cladding
Fusion Energy NA NA NA Pb-Li F/M steels; 150 300-1000C
Vanadium
alloys;
Ceramics
LWR -PWR,BWR | UO2 800-1600C Helum Water 316L.femtic | Cladding | 200-300C
pressure ~10 dpa
vessel, Internals
Zircalloy up to 80
cladding dpa
Very High TRISO 800-2000C Intimate Helium Ni-based ~10 dpa 700-1000C
Temperature confact alloys,
Reactor (VHTR, ceramics and
NGNP) graphite
Supercritical Water | UO2 800-2000C Helium Water F/M steels, 10-30 300-600C
Reactor (SCWR) austenitic thermal
steels 100-150
Fast
Motten Salt Reactor | Na, Zr, U, Pu 700-800C NA N/A Ni-based 100-150 600-800C
(MSR) fluonides alloys, dpa
graphite

Reactor type Primary Materials Performance Issues

Light Water Ferritic pressure vessel steels, Fe- | IGSCC, IASCC, Fuel clad

Reactors based austenitic stainless steels, mechanical interaction, hydriding,

(PWR/BWR) zirconium alloys Radiation embrittlement (DBTT),
hydrogen embrittliement

Very High Ni-based superalloys, Graphite, Helium embrittlement, creep

Temperature ferritic/martensitic steels, W/Mo strength, swelling, RIS,

Reactor (VHTR) Alloys, SiC/SIC composites transmutation, toughness, oxidation

Sodium Fast Fe-based austenitic S5, Radiation Embrittlement (DBTT),

Reactor (SFR) Ferritic/martensitic steels, toughness, helium embrittlement,
swelling, RIS, corrosion, FCCI

Lead Fast Fe-based austenitic SS, Radiation Embrittlement (DBTT),

Reactor (LFR) Ferritic/martensitic steels, toughness, helium embrittlement,

swelling, RIS, corrosion, FCCI, liquid
metal embrittlement

Supercritical

Ferritic pressure vessel steels, Fe-

IGSCC, IASCC, Fuel clad

Water Reactor based austenitic stainless steels, mechanical interaction, hydnding,
(SCWR) zirconium alloys, Radiation/helium embrittliement
ferritic/martensitic steels (DBTT), swelling, RIS, corrosion,
toughness
Gas Fast Ceramics (carbides, nitrides), Helium embrittlement, creep
Reactor ceramic composites, nickel strength, swelling, RIS,
superalloys transmutation, toughness, oxidation
Molten Salt Ni-based alloys, graphite, coatings | Corrosion, Helium embrittlement,
Reactor creep strength, swelling, RIS,

transmutation, toughness, oxidation
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 FAHRFTFIESRT LAV T7FID—RELT, S<OHEMBHRUH |
HOBARENTUVET, REAL DBRAEBSITETFEOMERETOISLE |
 RBIELOTTY BKFELUNOAHTE, REMOBANGSNHE
 DMETEEEESEHYEL A BRELIHHEINORYRAH, 74— |
 BUTARET 1 BROLGRIBEICDELT—2OREE. ELERTAMIC |
 FBICEDFEEREELET . O, BE - PSR ELIRMEEIR |
| I AL, BE - RBIEICET DEEE N BE T, CZTIL, lall of the above] |
 BEREEATOET , A YzEF—Tl. BB 1A SRR - A IISHEDS |
 F=HICRERSN TUOSBRBBEEMR VS HOHBEICOVTIBALET ]

A I

Dr. Daniel LaBrierld&, ZA 2 RN KFEDEF N ITFEDAHEZ
BTY 203FICTAFRMIRETRFARE-TZDE
TE5ZREL-EFMHEHOFEFTMDEMRTT . R
T—YIE. BEGREICIOINSEF A HEDOIRIEFEET
x>, BRIKIFOXELRTLIZE I TR2EEMBEDEER-ZE
DHRFHLHREDRFIFLELTOTYIMTY (SFR,MSR,HTR) .
MRT—<I. KA RO RE - M HBER R IRIERE.
MEEREIZI T HEK NEFEDZERST. FREARED
YA IIEAMTTGE TY , &RIETIE., — iR 2 f7E191 (Generic Safety Issue
191) IZH 1T B FHIEER . TREATIF D BAEE) IZ [ (T F=-# H B ERBE H DR ET .
SEHERF DR AT LDERETICHRYBATONET , —2—AFOKRETHR
AR ALTUMIAKRZTHRBIRZFOT-E. 2019F3A(CISUIZRY., 7
AFHRITA— I RIZHAIAFEEIRILF—HE 22— (CAES) [CHAEEELT
HmELTWET,
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[ All of the above | B B& 0) B4
SEERE R FIF DR - BEIC I'"J('J"CIQ’.S*—I MHBDEEZFZA-OICIE, KER

ARNERT B, BIZIE, FRHBZORTE S AREEHORY A A S ETS
T—RDIRERUEREFHELRE DERIZ20EMBELEDLN TS, EEF DR

BEEAZRLS=HIC, R MHOREMoREICESEREREILLT LSS
ENEETHD,

Qualification GEN International

Forum
’. Feedstock
Fuel design J preparation &

- characierization = Consider one aspect of
e i i D | reactor development:
Performance ‘ Fuel, rodlet, pin ma tel’ i a I S
assessment fabrication
o Multi-Physics * Fuel and Core
Post-imadiation Modeling & Simulation Froshinie] » Structural
examination characterization‘ . an ary an d secon C| ary
‘\c,g‘ ATR testy _‘_T' COOIIng
‘ ‘ * Heat removal and
Transient Out-of-pile excha nge
testing testing
Dreparing for Irradiation = p- lfir run e Safety SyStemS
TREAT restars testing conples or FCCI

Credit: M. Meyer, S. Hayes (INL)

i LR experiments

[All of the above |ERB& & [ ?

PREEL - MR D RE - RREITHELZIXNDEIF AT T, R -3l A EZEE
BIZIBRTDEFHLEZAZEKRL TS, BEAHIELT, —BEXHES
DHEEBFERA-RFARFICHERATESZRMEEDOEAN. REFLANILDOM
%ﬁ% EDETIVIEEDZAL—23 DA ZEEL- MmO FERILETS

All of the above Strategy GE@ ntetnational

Forum*
= Design P i "
» Specific figures of merit " Abiniio . """"" | Hydrogen outgassing !
= Development P CED Tt =, |
. i .O LTS .,Q .J. b Metal/Alloy — a
+ new methods for sussing out novel g .,: & i “'o.“‘. o | I ‘
materials | _Puchydide _ AloyHyards \

= Performance ' : Discovery of new moderators
* More flexible testing methods 5 = |
* More testing facilities

= Post-performance assessment
» More flexible analysis methods
* More facilities

e;epﬁ;‘tiawepun 4
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PRE -BtIcmF-RB=—X~D %

:ETUJO&/\:LI/ DAVIIEBIZHERATHAN., TR ICHRIEESNT-EER
T gliulbi *E*g"“:' T_UE'CZ?'J%) L/75 L/\ mL.fE iﬁ.*ﬁ“ﬁ‘ Z‘EET 9[3:
RFFATLDBAICIHELTRIRICHT=5LEEIT. REMRABRICHELGR
MOARCVATLARGELDELLGSTD, CODT:KL BRFEHARFDEH
[ZZ, M AVBHBERUMERATLAEEOHODSBHMBER., KEPE
EROMRETHEARRGHHAREEDRKE -FRANEETHD,

Testing, testing, testing... GE@ International

Forum=

= Operations
* Physical, mechanical
= [rradiation
* Flux density, neutron spectrum

= Safety
* DBA or BDBA conditions

Credit: INL, ORNL

MHT—FOIKLERE - RIBIE~DBERAEDER

D IESN=ZHD /MG TILIZH L TR IEITHIC R ER/BETEREZITL. IR
ELI-T—32ZBHEEILILF. RBRIRNDEBICERLGAEND—DTHS,
Fl= TUOLGRERTOBRN L, MHORE - HBIEDL=OICEEG/NILY
R (ROART =)L DA FEFE) 2B T 2R OREELITHLN TS,

Importance of Scale GE\P{W LEmeony
1 H H el Grain boundaries ‘

= Micromechanical testing Radiation defects s 2 1
capabilities have L £2 pisocations \
Improved drastlca”y =; 'i‘).:k..’ Irradiated material Y
over the past decade 5\l |

= The ability to represent  * 7 s o
bulk property il B -

o wot

information from :
microscale sample

- '
. 3 sk Test geometry size
analysis is a key __I'
development!

Credit: Hosemann, 2018
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PREL - MR DRE - RBIE DO ITRHELGT —2ZHRMIIRF T 50121,
BIZIE, FHEDHBRIEZTRY RSGTHARLZRY ZLDFEHmAFoNSHL
HAZBET DLEE . RRBIREZTODENDH D,

Fuel assembly Fuel rod Re-instrumented Re-irradiation in

imadiatedin  a segment fuel rod segment with LWR-Loop
commercial LWR Fuel themrmocouple and
i Pressure transducer
=
. | - D
D || =D ] ==)
-

NILT UARTEER D “Multiple test campaigns” | HEPIE
(RS FMRHEERA-BRL.MYLLTET MHEYUITIILEEEDOGR
g S EMTIEE) [CEZ. AEICHHEHD A

| o | EY—ILTRERHE)
Simulation Geometry Front view Cut A-A

= & Gripper end

Specimen ———»

Oy hEEALESE

(Dﬂ-:‘y I\b‘\git*sl'-&pjo)llgaé Substrate 1 % e i ‘ﬁ
. . 5 o : ) Symmet 3
AEEBENORDATEE~ ! o) olo,..,

BES Y. DT —2EINE ‘

A8 ERAAUE—LEEALERERBORE
RTINS NSRE S T ILEGIYH TS
EAVETEE)
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' 17814, James Watt A BIEREEB ZITOEEAR IO UEHEBAL. COERITY |
U RUBERAS—HHTDOHEIL HY1884FE D Charles ParsonDERSA—E % !
 FEo-FHBHORBICEAYEL-, TANSI30EULE, HERBDIFEAED |
 NAREFELTOEFARERTANSBESADIRILF—FHMICER |
 A—EVUHAHAVNLNTEEL = BFICEFARER T, F1HA~SHADE
 FROASEBEORRIZ. BRRI—EVESUFUBNESAIILERNTNE |
T RFIFENORETIEBROBRIRILF—EFATH-OIREFZEALTL |
 BIUXUHAIIDD AYYL(RITEER)ITLA U RIFBEEFRCO2HAE— |
 EL Y AIINEIZBITTRIET, KUYV TIE TSR R T LHANEEL |
IR X —SREBONDAREMAHYET, £ VRATLRATEIZANG |
DN BFISSFRTIEF MY L - KRIGERBICHIZONSFEDF REHYE |
T RVIE S —TEHBNFOEREIRIILF—RBROMRERKICOVNT, |
; 7%62‘5%4111&%%@0)I*}bﬂ@—ﬁ?ﬁwx-FAl:ia‘a“é?s‘zf'ﬁ71-7°~>a>§§% ;
' BAL o '

EE Ry

)Fy—F-ATAXE—B LI, FHERAKNFELE
EEDELTEZE OB IFRE TS, XREELZEF S
MEFMDEERFIFERBEFAVILDFEREMETH
U, NNLIZA# T SHIEHAREEREERXFR O M A TE
WTULVELT=, BE325 ., BKIF. SRARF
(HTGR) . BAERBIF. T AERFOHAZEIZHRFEL TLY
F9,
BA77UADPBMRTIZWFILRETETSURERD LI aL—23> BT IUHD
EREFHRFEBTEESEINRFDSAERAY—ILORFEICEHL-OTLNET,
F-.GIFGFRRVATLEEZEEZNDRTEZERTHY . IWEILXGIF SFRURT LIE
EERBEDEuratomAN\—TEHYET , ARAEEZRIF (GFR) [TBET S 2D
DM T A4+ (GCFR-STREP & GoFastR) Z X EL . 2009 £H 5 2013 FEDFHE.
Euratom CP-ESFR FAC T OMHNDEFH T —X TIF¥ETSURMNSURDY
270090 —F—E#HEHELT =,
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BRFREZTDENEBRRATLOBDER : [ RFIFIX. ENEBRI AT L(ETS:
[FEERS) D ERISEE T HEIIZ, HEHATRETHAEREDRDFTNE LS
LEFNIEHEWNTER A, BHEEIE. RFIFAONDAENM DR ELI-TRNE
HBLEFNELST  MHBREFEFEREFZETIHDELAHYET R
E’*’E?‘ IERBRETIURDESITREDRNIIKTFLAEN, BEICIKET S8

Why are Gen |V reactors different from

International
other nuclear reactors ? GE@ Forum®

» At least 3 concepts are intended to operate at high-temperature — so we
need heat engines that can exploit high temperature heat sources efficiently.
» Aconventional Rankine (steam) cycle will not make best use of heat of such high quality.

* The architecture of some high-temperature systems is based on using the
fluid returning from the power conversion system to cool the reactor
pressure vessel (RPV).

» This places an upper limit on the amount of waste heat recovery (recuperation) we can
employ.

» Two of the concepts are gas cooled. All gas-cooled reactors use a low
density coolant that consumes a lot of power to circulate.

* The coolant circulation power can consume a significant fraction of the power output,

It is important to minimise the core pressure drop and to minimise the primary flow rate
(Pc a Q3).

LA IFRAORBES : 672D Gen IVIR FIRF I R TICHRELZEVER L HY
FEA BADNERAEITHLTENLE T OEMAIGE/NNT —Z[OoNS5HE
ZZRERBICTESLTHREE T VAT LAERDHRERKIET 52
EABHYFEY

Forum™

Gen IV Nuclear Power Stations GE@[me[-naﬁonal

Mechanical power Electricity

Waste heat rejected to the environment
by cooling water — to a river/sea or to
atmosphere
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bEY 7 X(HmE):

IUFIYAII: XU ADILIE120F L LRI LRHLONTEY, HE
DEREMOFEBFEZELTHHASNATOET . EXRICEN, BOfMINE

HF;&?/ VLOMELITERBIEELTRET D1-H. BMENERINT
LY .

The steam Rankine cycle

GE@ International

Forum™
1
— »kg—- ({ /] w1‘ . )
@ | £ ,' Critical point
il !
Boiler [ HP. LP. A) 6 4 4
| 1  Turbine| _TTurbineT _) enerator
[ ,_”\_( \ Vapour
| &_ | (1-my) kg
Q = 1
- my ~ my - my) kg I
Condenser (1-my-mp) kg
=l _@,,
-
5, /
10 \ °
9/ (1= my —my—my) kg N
\ _J Feed pumps 8 Liquid + vapour ¥
L Wea Wes We2 Way

~ s (Entropy)

* Rankine cycle with reheat and feed heating (typical of an AGR)

TLAR Y1V - BEREDEE . S—EVRMEREBIZISAT S
EMNTEEYT  RWARZ—EVHAIILDI=HIZIE, 43D FHREZLE
2DBESICHATTESLEITRECT IR ENHYFET,

Gas Brayton (regenerative) cycle

GEP(\ International
Heat source

9in

Forum~

4327'C
Recuperator 7ssmpa

(Entropy)

* Closed cycle gas turbine with recuperator to re-use the waste heat from the
turbine exhaust
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PEY 7R (FRE):
AVINAVRH AL AV NA RS A )L, 2L DIER K ACCGTRERMT
FERSNTLWSEENHYET , HRI— I:/‘VDF?)J:%—*ODﬁZ*TﬁZl/ﬂF:L/\

L—3—[E&liThd. —A. BZII—EVIIRMETHY. BREURBEETRRERLE
#EVRIDIENZFTTHD,

Combined Cycle for high temperature

: : International
reactors (GFR in this example)

Forum™

850°C 820°C

He-N2
65 bar

362°C

¥ Electrical grid

4. Indirect combined cycle Tin =400°C: n ~ [44.4 - 44.71%

HBERCO2: BEARARAERAWNV-ARAEI—E Y AIILTT . COHALIIL
RATE B I ERE ICECEBINTULET A, TZMICIXTERAES
HETINELAHYFET . RADOREAIL. EEICEECEELAEMFNIE
BN ETY,

Supercritical CO: - an option for A
SFR and a fall-back option for GFR GE@ Forum:

» For GFR a supercritical
CO2 recompression cycle
can deliver similar
performance for to a
helium Brayton cycle
operating at 850°C for a
core outlet temperature of
680°C:

n=46%
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181 5 3 IF D {F A BT BN 5 1

. 4% 3500 Vil

)

EASR LM LB ANB 0 BAE B AN SR (LMR) (ZIE |
 ENEHTOSERIFORHAALETT ., RIS RFFESNEICHITEE

 RWAARKESCRRPEEEIREL. ABRTEEAROREL T, ftAh |
 DEEREMERETIVENHYET . AYIEF—TIE AUVEIFRICET |
 BRRBBERISTIAL. ChODBREOBEL, ThELIaL— T 3005 |
R ERNALET, =

______________________________________________________________________________________________________________

mEAmI:
Dr. Antoine Gerschenfeldl&. 75> XM /\') B &I
T012FIZEETBEZMEFER. 2013F LI, D5 RAREFH-
REBEIRILF—T ITTHNID LGS RIFORRES LUV
AKNEELILIVTORDEFELTILVET , , EHFRIDD AL
RELTIE, HTFrRILBGRIADI—F (TrioMC) DBIFES &
VCHETILEFHETLEHYT) UL, B—DRFIFR
B2al—avEaERRTHHhyT )5 Y—)IL (MATHYS) D
BREMNZE(FONET . £1=. DOE. JAEA, IPPEED ZERI XK
EURATOMT AV T IMGE 2L DIHATRT S LIZHIE
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BARERIFORFBDRR (BIE):

MHMELTORFERT. PHEFRENIEAELGN ., EERETHE
EREZE{MND. SHICEREERICENDILTEDHRR G RNHYE
T, ED—AT. CNoDFRIF, FEREFHCKELEEESZALEMLTER
FRROBENGREELGTYFET

ZRBIERE / D EB:

BARERBFOBESAE (S/A) L. BRBEORR—Y DAY (£ (LT Uy
F)RE, EREICERTEBEFRH >TOWET ., RVBEDOHSEBEELT., BER
(<620°C) LB HHF (<1200°C) DENZENICDODWT. HEBEREXZFETH L
NEITONET . T-. BEEGERLEMBIN TN TERD TR ENZ &)
FINETAELEELRBATHY . EREFICIIRBHYTIV T DEEEZED
- EEENAVETY,
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RRBRE / TV BBELUVVRTLEK:
RYRT—ILOA— IR T—)LISE T D LR ENRBEL T, BE BN R
SN, ZOERELTIE, StvbrOESICHESBEELE BEMBIL. B
B DRYNA—ILR I3 IR ENBITONETT . HHETIE. BEEEZRHD
MREEICIA . RO TRV THGE DERFFOEFAMBEELYFT T, T,
AT LEKRICRDBRERMEICIE. IRRADH REECRIFRBRED X
FLFHELE D BYET .

UPPER GRID PLATE STAINLESS STEEL -GRID

LOWER GRID PLATE

=
REACTOR VESSEL o7
LEVELING PLATE

BOTTOM PLATE FOR
LOW PRESSURE PLENUM

RRBRROETIVY:
RRBERIIFREZDOBRNERTHY ., A7—ILOBBERLEFI L
- T E—REBEHGETIVVIER#ETHY . A7—ILDAYRF TN
WELELBYET , COEH AV IR T — )LIZIE =R R G a— R
DY, FHESNDABBICIECTERSNET,

Se =
i 1) 2

——
h = PIPE NOZZLE (2
SAFETY ROD
OMECTOR — LOW PRESSURE COOLANT
SUBASSEMBLIES QRIENTATION

BARS SAFETY ROD DRIVE BEAM

LOW PRESSURE
PLENUM INNER WALL

PLATE INTERCONNECTING

TUBES

HIGH PRESSURE COOLANT
BAFFLE PLATE

HIG!
INLET PIPE NOZZLE (2)

AT

7 LOW PRESSURE
272/ ) COOLANT INLET

CONTROL RO ADAPTER

SAFETY ROD ADAPTER

H PRESSURE COOLANT

Scale ' System (STH) Subchannel (SC) CFD
V4 =
oo . ®
= o
}a@;‘.‘g T Y Y .:qgg‘
Simulation channel (1D) subchannel microscopic (DNS)
scale volume (0D, 3D) (between pins) fine (LES, RANS)
Physical every phenomenon fine geometry nothing (DNS)
models (heat transfer, pressure drop) (wires, grids...) | turbulence (LES/RANS)
S I CATHARE TrioMC TrioCFD
At CEA rio rio
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BAXREE~NDET) VS HEA:
BAMREBIXRFIFRAEEBIZE-NBIBEETHY ., VATLI—FIZE
DWVEETIVUONRBRERBIREEZATFT . LOLEAL, 2KICHELXEZ
AHEL5BRMMERARBSIREZEZLESFMT 2N ELSRIENELEFT . CDO R
HEZELT.CRDIZEYREEREZETILIET BEL0S7TO0—FEEZONE
TH., RPGHEIRMREEL, ZYULGT7IO—FEEIEAF A VAT
La—RECFD (FEIFHTFroRrIILa—R)BOAvT) o N7Tao—F&

LTHZETY,

i ‘ A 1
4
s R . S = |
0 0s | s 2 25 3
t(hr)

BAMRMEICS TIVEETILOR LHHE:
SEICALVLNEZTRTOMEETILIE. ZEERERICE DO TELN
LD TIA, BARICYHYEFNODR Y EEERTEIEAEETY,
BREE., EERIRETHLIENS, ERDIREETTHL BEER
MNoAELDEEMRIZTODVTORYMERLITOIVELHYET, L1
MoT, ZLUMERIBENICERINSZEELGYET, BAX REIRE
[ZDOWTIE. EEIRABRBLUVEBRDIRFIFERAVTORRGRT—
IWEBRELEHREFNRZENIZWO O DFILBHYET,

IET : Integral Effect Tests
SIT : System and Industrial Tests
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XFRTIX, XIZHENHM DIEFEZERRLET . SFRIT TR Ln SRR,
LFRIZEA A ERFTY . AEM (L. [RFFORZERLEYE I

EMTEDENRDONFT , Tz, TRILF—EBRICHELEE
BABDIELRHONE T, SHICKRELBE ERFHEHERT DL
HLRDONTNET,

Circuit of XFR Forum-

= The coolant(s) must accomplish the following key tasks
— Extract heat from the core: high specific heat and thermal conductivity ensure good
extraction
— Transfer heat to an energy conversion system (steam generator or exchanger + turbine)
or to a system which directly uses the heat: heavy oil extraction (oil shales),
thermochemical production of hydrogen, desalination of sea water
— Assure safety by providing the system with a degree of thermal inertia
= |In a Fast Neutron Reactor, the coolant must NOT
— Significantly slow neutrons
— Activate under flux, producing compounds which create unacceptable dosimetry
Change the behavior of structural materials
Induce unacceptable safety conditions
Induce insurmountable operating problems
Lead to wastes which can’t be processed during operation or dismanting

Coolant Functions for the Primary GE@““@“‘&“O“&‘

3

AHEIM DAY, SFR. LFROEBELICEHE A RIZTENHYFE
T EZEB.IMCEEDIRT.FEVRAR—RATOEEYDORLELEDE
RELYET,

Why is it necessary to control quality i
and to purify the coolant? GE@ e matond

= Primary coolant of XFR:
- [O] is a key parameter of corrosion
—For SFR-> contamination->dosimetry - necessity to decontaminate (handling, repair, ISl,..): [O]<3ppm
—For HLM-FR (or ADS)=>» necessity to master dosimetry and to eliminate corrosion particles (filtering)
— [O] well mastered can help to maintain oxide layer stable (protection against hard corrosion in heavy liquid metals HLM). It also allows enhancement of tribology.

— [O] can induce precipitation of coolant oxide : jssue for HLM: PbO particles due to very low dissolution rate; in case of very large O ingress, it can modify the composition
of binary alloys ie Pb-Bi... (it is not a problem for Na),

= For Intermediate circuits of SFR (Na) :
— [H] has to be maintained as low as achievable in order to detect as soon as possible a water ingress in Na (Na-H,O reaction generates H,): [H] <0.1 ppm
- In steady-state operation, aqueous corrosion in SGU produces Fe;O, and H: H diffuses towards intermediate Na.

- Moreover, Na purification allows to minimize tritium release. (Nota: Tritium release is a common issue for all nuclear systems, including HLM cooled FRs

= For all the circuits :

—  Control plugging hazards in narrow gaps, tubing, openings, seizing of the rotating parts, reduction of heat transfer coefficient in IHX (Intermediate Heat
Exchanger)...

=> to limit the plugging hazard, necessity to maintain [O] < [O]* and [H] < [H]* at the coldest point of the circuits, for all operating conditions ; value recommended in
SFRs: Tsat < Tcp - 30°C 9
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O & H Solubilities in Liquid Na GE@[ntemaﬁonal

Forum™

[ Primary loop : [0*]<3ppm ] [ Secondary loop : [H]<0.1ppm ]
Wittingham solubility law l
3023
log, [ H(ppm)] = 6467 — m
Noden solubility law
24445 —_
log,,[O(ppm)] = 6.250 - =
21, O(ppm)] (X)) £
1 (Solubilities almost nil :_E
around £
B the melting Sodium &
Na can be purified by Ty0y=97.8° =
cooling, leading to . S
crystallization of O and H Temperature [°C]

as Na20 and NaH SCELLPPAIL LIS LPS S

in a "cold trap"
i = O control: no necessity to keep a minimum value to protect structures (coating)

No risk of Na,0 precipitation in Na bulk)
=> Ternary oxydes (Na,M, 0, limited amount, thermodynamic stability depends on T, [O])

14

O—I)LRFSY T TOMIEREEZHRBALET, FRIDLAITSENTHE
T. r:l—)l/H*?‘JjJ( Na,0%°NaHE ULV FEmEL THRELMILT 528
MWTEFET . iﬂéﬂtﬂ'l*'ﬁ?lxliﬁl)\ﬂﬂ BINTEEINET,

Cold Trap Principle GE@lluumuoml

Forum~

concentration

sursolubility curve

Crystallization kinetics, given for one impurity O or H,]:
solubility curve in [nga,OIs] or [ngaHls]

o i r \(T ”—1\0\ e\P(‘—) J'\( )[_(7()

ld»mmuhon of Ll 10 P Na
concentration
during purification In this equaﬂon;

o Index X refers to Nucleation (N) or growth (G)

Index j refers to the location on wire mesh packing (p) or cold walls (w).

kO is the rate constant (kg/(s.ppmnx.m?)),

E is the activation energy (J/mol),

R is the Boltzmann constant (J/(mol.K)).

Als the crystallization surface of reference (m?)

(wire or walls for nucleation, nuclei and crystals for growth).

nX is the order of the crystallization process.

C*(kg/m?) is the saturation concentration (from solubility law.)

pNais the sodium density in (kg/m°)

(C-C*) is the supersaturation at temperature T(K).

} =Koy Ay (0[Ac]™

temperature(°()

Phenomena Nucleation (N) Growth (G)
Impurity Na,0 NaH Na,0 NaH
C. Latgé ' E (kg/mol) -60 -450 -45 -43.6
« Sodium quality control; French developments from Rapsodie to EFR" n 5 10 1 2 15

Conférence FR09 Kyoto Décembre 2009
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LFRDIZE . R TUovIL BEIZEAL TAEM D ESNSEE AN E U] I 24
?#igrmm\a BEOEBEYOITENRELEL. RFIFEEEEIETLE
LY o

[O] « working » area for LFR GENX{ Y intemational

3 “orum-

1,E+03 - :
PbO precipitation
1,E+02 —~—— —
PbO (Gromov)

1,E401 \ ——

1,E+00

1601 7{(_- ————————

1,E-02

1,E-03

[O] (ppm)

1,E-04 ==
-"'- /

1,E-05 e L | " 5 ‘
! Material oxidation
1,E-06 = .

1,607 /

1.E-08 T T T T
300 350 400 450 500 550 600

Température (°C)

bulk material

=LY T RTANE—DFMIREFEIF. TRV LDGEEEITE
BoEH BEICRHSNTVEY U TFICREDHEREDHZZEITFYT
M INODARARERIL ShRMGTHIEREDRETTRILTEHOENTERE
ER

Diagram [O]-T (Courtesy SCK PhD K Gladinez

SCK-Mol Univ Gent (19-09-2019) GE@ Intemaional

Forum*

Main results:
- Metastable field: possibility to nucleate, then to favour crystal Growth (Fig 1)

- Nucleation in LBE bulk (particles) or on metallic cooled surfaces (Fig 2), then growth (Fig1).
- Very limited dissolution rate of PbO particles (compared to Na due to its reducing properties):
necessity to perform CFD calculations to follow particles then to find the best location for a

« cold trap ».
- Possibility to foresee the use of a cold trap which includes cooling to increase supersaturation
and promote homogeneous nucleation then filtering area (packing).
- Possibility to favour heterogeneous nucleation on cold walls (Fig 3):
= to be investigated deeply.
=>For Na: cold trap includes cooling to increase the supersaturation then packing
implemented to provide heteregeneous sites for nucleation then to act as « seeded »
surfaces for growth.

|

£l

dissolved oxygen concentration —»

temperature —»

These data will allow SCK to design efficient purifications devices.

Ref: Gladinez, K., Rosseel, K, Lim, J., Marino, A, Heynderickx, G., & Aerts, A. (2017). Nucleation and growth of lead oxide particles in liquid lead-bismuth eutectic. Physical Chemistry Chemical Physics, 19(40), 27593-27602.
Ref: Gladinez, K., Rosseel, K, Lim, J., Marino, A., Heynderickx, G., & Aerts, A. (2017). Determination of PbO fouling (to be in Nuclear Engil ing and Design ) 36
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AREBEIRIEDT-8H DL EH FBEFHRHMF
BHEDORE

______________________________________________________________________________________________________________

MNP ERMEIL HBRAREBICE ST MYBLREFED—DOTY,

 RFFREBIBTORBRROERIISLDFE, 3aL—2avIckEHAH
AEHDIVEREMECREREZAV-ERISE-STOET BEFHRHH
. FiBERE (PEPT) [, BUHEL—YZRAVVBIAT. EROEBR I IV I+ —
 LTHAPETRO OV B BRI E ) ERBHRDFETHSH ., FiBEH |
RIS T HREARISEAAETY . ChET_ORRFERL—HD |
| FFHERZ AIREICT SFTEPEPTOBBET7 VTV LORERVERICESR |
 EBULTHY. ChICEYT—2EOHEN LAY, HLLEHAIAEA ATEEIC
IEYELTz, SEIIKPEPTOEFEMGE ., W CELE | BB, RTIAYREIC |
 BIFLEBITOFERICOVWTIRNLET . COLIERBEMNDT/-T 2L, |
 RBRROEREERVRERREFFEREICAVONIHEREBNFET |
VDREEIER T ASENTEET |

______________________________________________________________________________________________________________

EE Ry

Dr. Cody Wiggins|ZIRTE. Virginia Commonwealth University

(veu) DKl - RFAIER CRARFIAEEEL LT
FELTWET, 20FICT Y —KE/ v 7 ALK
(UTK) TRFNDIFOF+SZ#EE L. 2019F (CUTKT
MBZOBL+SEZIELE L, T4 F U AETOHE
F—<lZ. BRMAELICAMEOmSE %80 ERGR
FhETY,

fFEFRERN FBIVE (PEPT) (X, BETHERNMITTHEZZ B WAERL S X T
LNDOAENEZRBILTDREET, INET. BEREICHAICKELTEE
L7z, IREIZ. PEPTORRICERZEBEZ AN L, TEIRILFTF—2F~D
JGRAE B E LT2BVKAZ O EEIT>TWET, 714 F > XfEHF,
2019F11BICHEE N7 X U ARFAHFESD [Pitch your PhD] o> 7
A rTEBLTBY., ZOMRITEEAZED TWET,
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RERREDRRIE A~ DHREE
ANERMREDOAI MDA EE SNEIZERICDOVWTHEN SN,

Challenge: Flows in Opaque Systems GE@ Internaional

[Forum

* Flows in opaque systems are ubiquitous in reactor
designs

GIF Technology Roadmap, 2002.

BEFRHAFEHE (PEPT) DHIE

%8 FIE R FEINE(PEPT OB E IC D W TR R I N, F7-.
NFAUEBFBBERICHAVLDVONBERFEICOVTHRAIN, EHAFDE
B~ DBEAM L RFICOWVWTIHER S T,

Forum-~

How PEPT Works GE@ International

Trajectories

P

10008 | Tyo  Enmaan (k&) Enmay (K&V) Rinsan (MM) Ry (mim) M oy o g
TF | 1088 min %2 5% 0% 26 ) vt \ ! ?

'c | 20.3min. 390 970 11 45 Ny n ww. XY '3"".»« Y .«,v'

2Na | 26yr 20 674 053 23 b“. * i \i Mf {}

#cy | 127h. 78 653 0% 29 P4 _A ¥ RV

®Ga | 68 min. 844 1899 36 103 e Chang, YF and Hoffman, AC, 2015, Exp. Fl, 56:4.
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ZhiFE EaT\ PEPT (M-PEPT):
PEPTI|C U%#%L%%ﬁiztéﬁmtbf HEEOH A
LK FANBEBERELIOBEICOVLWTRR SN,

M-PEPT: Feature Point Bt
Identification (FPI)! GEXJY iermation

= Link particles from individual frames into
trajectories?

8 »,:-/‘"{-
P
£y
N 20
ol
oo "

2 (mm)

¥ (mm) =10 ~100 . x{rmm) 1. Wiggins, C., et al, 2017, Nucl instr. Meth. Ph
2. Wiggins, C, et al, 2016, Nud. Inst Meth. Ph;

53
R

PEPT SER DIBLE.:
EROPEPTREREEICDWT, ML —YHRIF. PEPTHOBRHEES
SO — T OEENBN S NI,

PEPT Experiments: _—
Detectors GE@ {”&ﬁ.'ﬁ;“ nal

= PET scanners consist of a
fixed array of segmented
detectors

Radiation Entrance Face

= Allows easy calibration,
repeatability of experiments

~
Mintzer, R A and Siegel, SB.,
2007, proc. of IEEE NSS 2007. v \ \ / / /

Lightguide

PEPT Dewarping’ Lightguide Exit Face
70 4 Real Measured Corrected
0 - Y
50 - oa
Y - A
..... Ea - os
~
20 - oa
10 - oa "
o . Alternatives: panel detectors?, modular array®
-10
0 10 20 ) 40 1. Wiggins, C., et al., 2019, Chem. Engr. Sci, 204, 246
r (mm) 2. Perez-| Mohed no, R., etal., 2015, Chem Engr J, 259, 724

3. Parker, 2017, Rev. Sci. Instr., 88, 051803.



GEN/IV g

Expertise | Collaboration | Excellence

PEPTIC K D EERERDNAF A |
PEPTZEA L THEONEERERONATA4 & LT, Bz
N7, Ny Z)70—, BERR. AT7—ILRBLUOREBAD
MNGETAER A S A RSN,

Experiment Highlights: (T8 International
Heat Exchanger GEIi[ Forum*

= Flow imaged in shell-side of tube-in-
shell HX

« Stainless steel, Y:-in. thick
» Mean velocity 0.5 m/s
» Resolves flow around tubes, baffles

y (mm)
\

1. Buttrey, M., et al., ANS Winter 2015.

PEPTEHEI DS DELEE:
PEPTELRNCBE D D EAMFAFE D SRICOWT, RFA BB D
BIF. FHABSIORFE L L OPEPTOR BILKICAIT-EBEOE SH
b, BEABRNSNT-,

PEPT Future: GEP(\ [nternational
Forum-~
Deployment
= PEPT is useful for flow measurements
in opaque, complex geometries o

« Applications in science, engineering,
medicine, etc.

= Requirements to establish PEPT facility:

PET Scanner / Detectors Radioisotopes / Tracers

Available at many medical
centers and research institutions
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HLWT SR R T LEEET (PSD) SRR DB It

BERFHICE. IRMIMERSHOBILEVSXELRESHYET, |
 CMLEMAEMTRICE. ChETERERZRHTIO—FHABETT, |
ZOfd . RFNEEXGRE. RHEBBOFEELZDTIVMNRTL |
| B%&T (Plant Systems Design (PSD) ) D FRAZILICERYBA TLVET , CDFR1E
I EDREFERICESRORTEET, BHBCLEEH, (K
 EEUBRHORMAERRTEEOTT . ChETOTTO—FEITE,

. PSDIZ (a) SREHI G TO /NS —FRIT IR LRI TOEROME
e, (DBEFEOYRTLEHTOER, BB, BEHY—LOBEHER
(QOURVERICE SHERRWBHFALERUTREROBHTRD |
HAEEELTVET SEOWebinarTlE, B3t 7Ot R ERLFHZPSD |
 FEERVRAILT 7 TO—FERNL. SELBEYRIT SR MEIRE |
 REMAEANDEREB-TOIZ. BFNTIULDRFAEEDESIZS |
BT OTUKRENESELLET .

A I

Nawal PrinjaZliZ (. ZR RV EER TAEITHEYIEFH
BEEDEENZ 1T > T=ET=, i [dJacobs (Clean Energy)ft Mk
MTALO3—THY. REDIKRFETELEREBDOHEIZH S,
NERIZEREREFHHE (WNA) ICBEWT, BEFHREDH
MIZEAT HEFZITOTLNS,
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RFNGHFOEERE—RELIAM

BE . RMTEEDRBRICHE>TIROMHEASED D, [RFAFEEIZESL
TREZEMEM EOERNBFES_ETIRMIBRIER (CHoT=, TEIEE
AALDHIZIZ, EHADRFAICEFLIERLGTRETHD,

Need to Increase Safety and Decrease Cost
Extreme events beyond design GE@ {QE?J‘H?}[OHE_I
basis have to be considered Qru

UK Nuclear Sector Deal calls for
30% reduction in the cost of new
build projects by 2030

Generation |

R Generation |l
Early [ :
Genera

Prototype Commercial

- Near-Term
ced LWR's Deployment
B Generation IV

=Evolutionary

= Shippingport | =Improved safety = Highly Economical
=Better economics

= Dresden, Fermi = Enhanced Safety

= Magnox CANDU = ABWR / EPR * Minimal Waste
" WER/RBMK " System 80+ = Proliferation Resistant
= AGR = AP600/ AP1000

Gen Il Gen I+

1950 1960 1970 1980 1990 2000 2010 2020 2030

TS5 R T LERETH(PSD)IRE D B 1:

1. EEHLEELAILIZEDI BRENMDIYNEMAS R T LKET

KU =R T

3. g%ﬁ’é;‘k&ﬁ%&%t@t&ba;L)Emmﬁ%w‘%mauu—ﬁ

4, SHEM/BEBEEEERWNAILIZLS YURVIERE FERALIEZ 1
R FELMEEXEDRERVBRETFEOME

5. TSURNDETATH AL (BRE. Bk, EE., BRE. FBIF)ICHITHER
BEATLDHRFEH/IN—T B

6. ;prl-i;fgpM—xrﬂim\yx—FA&—XGﬁ%Tx%’Eﬁmﬁﬁfé

IN—

N
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KXEBABFES PSDEER:
KEHHSES (ASME) (X, RE. BihbE . EEYNIBHEREIHELT
BRI T IV N R T LR RS OERETIEEREHIL -,

Plant Systems
Design (PSD)
Standards

Committee
Member

SWG RI Regulatory
Interface

Member

SC PRE SC SEDI SC PDM SCCA

. Systems Eng Design Probabilistic Design
PHA/PRA Evolution Development Integration Methods

Conformity Assessment

Vice Chair

) 2188 E FAERER—X(RIPB) 7 FO—F:

RIPB77O—F &, B2 L1 -E3EEATMIBRZEEL. HEEISATIT
EHETEEODAHETHD. =8, EELLA
WARUFDRESEELTETSED. HA L, KEBFOZELFITS. £LL<
[FChoEHAShERAENANLRS,

O ccurrence >10_2“ _|Performance] Options to bring an undesirable event that puts
frequency — —— a plant into an uncontrolled state back into a
(event/year)  >104 Reliability controlled or safe state (shaded zone).

>10¢-107 v A safety related SSC (more generally, a ‘layer of

provisions’) can be introduced, against an

Clonsequences| S .
- - - - - - » (initiating) event with unacceptable
Design basis Design basis Design basis Beyond design t
PLANT STATES . o
AOO DBA DBA / DEC basis el REniasy e
DiD Level 3.b . .
No or only minor either reduce the severity of consequence
DID Level 2 DiD Level 3.2 Z,ff‘ls't,e | or reduce the frequency of occurrence
fosi No or only minor radiologica No cliff-edge or both
DiD LEVEL No'o -site off-site impact effect & pratically .
radiological radiological DiD Level 4 eliminated
impact impact Limited protective
measures in area
and time
SEVERITYLEVEL
Low & Medium Medium High
IAEA SSG 30

19
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TSN AT LR A~DRIPBEF:

AT DHRE NS NTF—FOEENfTHON/ N T —FE#G (EELEhA A
VErDRERE) MERENS. TNIYBRDIIET. 750 TR (FH+=
WHEEE)MDMEBEINS, VAL, o ZEEDOMHMEFHFMICHEAS
HhEBETESIND,

PLANT SYSTEMS DESIGN INFLUENCE DIAGRAM r2 GEN LLILCTEUQLE
Forum
Pre- g =
Conceptual |
DeSign J_EJ‘ 0.001
Funmional Enrmam
Baseline
nE“':?zFAK?AD:ON SYSteml H d Acceleration (g)
& ANALYsis | Structure azar
(SC HAPRA) Baseline
ElsgNEERNG
(sc SeD)) QUA:ETKATNE R BT |
ASSESSMENT 2 P
(SC HAPRA) DESIGN Baseline N

Construction, : |
Commissioning 5.1
& Start-Up

Fragility 20

SEART7TIO—F:

705:/ I‘:/Zﬁ'-l-\gxg'l":'igﬁ&ﬂ-}-’jn—?—/ﬁﬁﬁL\Bnéo KEEHHF
TR EPR)AETIL LK —FTlE. SEAB 7 FO—FICESERE. /\
FROEE, BB . R EEE QRS I E D FEE YR L
i 3 TEARREN TN,

- . W |
4 Hazards Identification: What can g0 wrong?
T -7 =
r | HAZOP s
i Y
r A Y
ra - -, " ‘ll\
. I s ~
Design f ;o WAl Y A
Iteration f A |
. ! I | Qual | | ST/BR | | . Consequence Analysis:
E. 2 1+ -~ T 1 = What are the
PC
! EI l \ L7 I I consequences?
\ \ ! 1
{1 \ , f I
\\ A “ - Qual | . > !f
\ =~ - - __¥ 7 Key:
s\ ’ PC: Pra-conceptual design
A s C: Conceptual design
~ # e .
Program on Technology Innovation: Early ~ o ETA/ETA _” :er'l'r:‘:: :;ET;? design
Integration of Safety Assessment into S-o—__=-" o
Advanced Reactor Design—Project ;HEE HTi:.tr'ds ';d;:::“h'l‘r" study
Capstone Report 3002015752 Final Report, ual- Luslitstive tvaluation
v ST/BR: Source Term Estimate and
QOctower 2019, EPRI . Bounding Release
Frequency Analysis: ETA/FTA: Quantitative Event Tree
How likely is it? Analysis and Fault Tree Analysis
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EEIFDORM. BB MH OB RELERT D011, HEFEEERT |
BOAELY BEBRRERVESREFSEOBRMHBELERATICHE |
 ERIFTEREFERTILENHYET . Ff-, RERFEFFOHEE OB
 EIE COLSLERORLECNAT, BERENOBEALDS, RERVER |
 ETORMERLROONTNET , SHEIE, EENBERHTARERFEFI
 DIMTHAYVIEZBHEEBROBANSEIETS ., EANICE, DK |
 GRBEE(CEASNTOSRFEMNS, FA4HREFFS X7 L (SFR, GFR, |
| LFR. FSMRZF) [CHBRNERDONOZKMEFRHICOVNTR THIZWERNET  5F
AR T AR KICE R RN EDERNT IO—F . BEORFIFH |
g l/:\qu;‘g?jn—%@%ﬂL EAMELEIC L DEREROHRTDHERE
L JrL 5 !

mEAmI:
Dr. Isabella J. van Rooyen (I ZE+ S ERIFELT S
RUBREFELTEZMHBLTEY., XEIRIILX—E EF
NIRILF—EEEM(NEET)ICHITHEER ERM TR
SLDERBEMTALIFI—FEDHD, F-HEIEITAE R
EZAZERT(INL) DELERIFER2YTTHY ., TEHREE
(PN ELT, EXROHIR/NN—r— AEFEEDIHE
EE HAEMEEOHAEEE. ELFFF AL (NSUF) . EFAIEKRET
O 5L (NEUP)HEDFEMEERICKD. ZHREEFAFEAD-HOHET
Oz HOreETELTE . INLOMETOD T IMTIL., TRISOR L B R EHLF .
MERRHEEETOLR, GBIV /NI, SICODSERIERF/EE
MEEE . RO REERYEEAN=ZX L, FHNELEOEE M. LEMEE
HiEGEIZRYEA TS,
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SAERETF L (AMM)(ZEET A KEORYLEA:
BRFAREBITSMEROREDEZEE. RN, EEERLEZBHEL
T.HERNEFEEAD=-HDZHREMYEANERSN TS,
REXREIRILEF—EREFHE(DOE-NE)TIX, B a—)LELE 1 ETERATD
TRIEDI=HDEFE DA THERLERTEADT=ODFEMNITOTEHY.
HEZESNROPKREILERZIILOETEIAT—IFRILGT —LDEER
H->TlL\5,

Factory and Field Fabrication Techniques

High Speed & High Prodectivity Welding Dissimnilar Msterials jolning
Welding technologles for large weldments and fabrication Robotics and advanced automastion

Modular Manufacturing

Fabricated forgings
Factory fabeication of piping systerm

Advances in Manufacturing Processes

Additive Manufacturing of metals Metamorphic Manufacturing
Surface engineering Advanced sensocs

Improved Concrete ction, Acce e, and Construction Methods

Advances and Innovation in high stremgth concrete and rebar Improved methods to facilitate the
NDE and field inspection for first thme quality assurance snd repalr  curing of concrete

&sm&ngém«mu!mwimgghm&ais:.&&sﬁﬁa&msmﬁmipmm&s919919
<ansing

Advanced Manudacturing Methods Qualification spprosches Big data
Verification and validation technologies Digital Thread and Digital Twin
Advanced Manufacturing Codes and Standards

d Int od Fuel om s
Advanced thermal processing approaches Integrated manufacturing methods

NEAMS
/ NE -5 & Other DOE NE Programs NNSA & NASA DoD Programs

Advanced Reactors, Nuclear Battery & Space Reactors
Existing Fleet SMRs, & ARPs Mlcro Reactors o

ART

ASI 9 . _45__;% g
— A . \

GAIN s él' ‘ﬁ
§"""""'c}6s§l&&&‘iﬁg"AM’M"’r‘é's;éé}ér{%AELESré‘;s”;i}‘;‘sﬁé&éii"'r}{a’j"déNﬁéiéér"/""x

programs across DOE, DoD, NASA, and Industry Stakeholders

Defense

[— [— [—
IES
Factory and Modular Advances in Advances in New Adv. Man. Tech, Advanced
NE-4 Field Manufacturing Manufacturing Concrete for Qualificationand ~ 'ntegrated
= Fabrication Processes Certification to Fuel System
-VTR Techniques Accelerate Licensing ~ Concepts

-TREAT
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FERSRMEMMEZIRICHI=5ZEM 0., BRDRMMBEDERLIYL
CLA, FiTOHBFEGZROMNCTHENDBELLTD,

TIORILYA
BAIZAITEWLDODODEENHBIMN., T2 IA 7 TO0—F 3R
DEAICHELGEEEVIRNDEERICERLY S,

Manufacturing Process Digital-Twin Conceptual Architecture

Major challenge in undertaking a digital twin

Example: —
e ® Determining optimal level of detail in creating
CREATE  COMMUNICATE | [ AGGREGATE | AnAzE a digital twin model
ion DIGITAL TWIN

Only a portion of the product life cycle:
anufacturing process
* Properties

¢ Performance

5 8

pad

( reensss?.lrrse, proces: 2 ing :r:‘!“ ':wﬂ:r: In::s?lon ln::ll“}‘e‘:‘ce fotitcations SU p p |y C h a | n
i) =2 iieEtat = management
0 l% ﬁ Coﬁ\m \nmlons sy5tem / risk
securi software lake engines
A = g & Operation
= use
s:rvlsu L:g::y m:’s Dashboards /

Source: Deloitte University Press. Deloitte University Press | dupress.deloitte.com

fta ZE £ L D1 8):
FATHAVIWARMMDEEEZZDHE. AV V)BT EAREE~DE

ERERMBALERATHS COHMERLOGHERHE OFRS. £
SLERMEAZILELSS,
State of practice | ‘

Infill concrete <

Headed steel studs

Steel faceplate

Tie rods

Epackachi ef al. (2015)

Steel-plate Composite (SC) ' Precast Concrete

hittp:iwww.windfarmbop,com

Wikipedia
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AT HIgE:

A=)y EIIMERTIE. 7 TO—FERADOMEIZME T - FEE
REIF (TCR) TRV S LEFEELTEY . COHRTHMEE (AM) EA T ENEE
D;ERAZEBITFTWNS,

The Transformational Challenge Reactor Program is applying additive
manufacturing (AM) and artificial intelligence (Al) to deliver a new approach

Using Al to navigate Leveraging AM Exploiting AM Using Al to assess
an unconstrained to arrive at high- to incorporate critical component
designspace and performance integrated and quality throughin
realize superior materialsin complex distributed sensing situ manufacturing
performance geometries in critical locations signatures

Integrated Sensing and
Control

Digital Platform

Al-informed Design Advanced Materials

AN ERINTRERIRDT=HIZ:
FERERTDEACHT->TIEIZLDEELNHD, CORRDI=DOIZ
. TS BRET CTRHWA-HDRERMTEMBHZDWNTIAUEHE
£, X BT EELERNEHTDORELITOICENEEFNS,

High Impact Materials & Manufacturing Technology Challenges
. Desngn approaches for manufacturing

More qualified materials are needed by reactor developers to allow for design flexibility and to meet performance targets.
Optimized process modelingand Al

Interface design

Residual stresses relationships to design features

Topology optimization

. Develop and qualify high strength, corrosion and radiation resistant materials for molten salt reactors
* Accelerate qualification (new paradigm?)

Verification of quality & validation of modeling tools: specific manufacturing process modeling

“New” material discovery (or is it adoption of lessons learned from other disciplines)

High-throughput testing and characterization

Verification of quality & validation of modeling tools: specific manufacturing process modeling

Acceptance protocols for high temperature reactor components fabricated by advanced manufacturing methods
Integrated shared databases

. Com pact Heat Exchangers
« Large component fabrication and welding, Size limitations (Scalability — size, volume)

* Sensors:

Radiation tolerant sensors

Wireless sensors

Embedded

Miniaturization

Multi-properties

Real time

Integrated manufacturing processes

Thermal barrier coatings: Interface designs to prevent scaling, functional materials, isolation
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SFROEAFBRERUVESHE,
FAHRDR AT LADYLIE

 FAMHRFEFIFORELEEEITH LT HATKREBELEREICKELEETT,
 EDT=H . TSV ATIE2010F A LSFRORFIFREE. — KRR DR R VR,
;?&&@%E&@IE%%&O)@EI EI oM RFFKEEDTNET, HATD
 RBEEHL. OB SR BB, SREZRBLET . TOROERRE

. BB T, HMMIEREREIL. $9200°C (v OB DFR)DLISRER |
 HICETORMEMAORERBOLKREZHELET . RTFFERAOREN. |
g nrl-i‘\yH:HS(UHh“%hf:lﬁyx?l—b“%d-hu#Atlﬂﬂﬁﬁb?-‘rt\i?“(d-b i
glerAi%iﬁ%m,a):ba%) BERMNOAT1—HEAVEERERE. FE |
 BRAAIE . ERIEDEREIX. KPEBRRU TRV LPHRICEYRERL. 2D |
R, IR THRESINIZY I DT 7 CVAZESTz2Sal— AL LR i
 RELBLET 1SRRI AT S LTIE, MBS OVTEL—FERAVHIEL X |
T LDOFRRETVEL KEIF—TIHISIRRTAT S LDRKIMHGHEL, £ |
 ZGen-IVTITON-ERFHAZTBNALET . LEAASFREUSN D F4HEHFK R
T LICEERGERTT,

mEAmI:

Dr. Frangois Baquél& (. CEA Cadarache IRESNED [R F S H i
’%BF%’& SIRFOREICET AT IHFR/N—FZEHEHTL
LIAIX. CEADASTRIDZ A YD In Service Inspection and
Repair[ZB: &9 DR&DFEI D T R — v—Z 75 TLV= (2010
F~2019%), COfE. BE R Y—0OBHEE Y —.

BEET SIREHEDRFECERMEFMIZEH SCEADMBE TNV -, 75
DADRKEPENLMERAE L A—T. BEREICEAITSIELHENEZEELT
W5, F=. BBV AT LB LUVIERE S AIZET 5Gen-IV/SFR-CD&BOP (A
TI'f—*gF-ﬁ""US’f‘/BJ:U/ \SUR AT TSN T IL—TIZHLEBHIZS M
LTLVS,



https://gif.jaea.go.jp/webinar/index.html#webinar054
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1. TR LSEHERFO-HDBRER MO

BIRFTR) D LIIAFERAT, FLUFITHICELB A TIEHYFERF A LHL., E
BREHALEZRAVNIE, BEFTR) O LPTREEITOCENTES,

IS5 XTI NDEDT=ODD3DDREDTAYTSLEZEHLTULNET . 1) BFIF
RDBFEEDA—T MM T 5EMRIBRERITE. 2) IL—R/N\—YDPEOISYY
DERIE. RHEROEA ., IFRIFEXEEDCMERD. 3) BEBOEKERE,

GEN IV International Forum

Developments of Examination and Inspection Techniques for SFRs

Inspection mainly with ultrasonic means:
Liguid sodium is opaque, not easy to drain.

Ultrasonic metrology chosen as key technology to render
feedback for in sodium inspection: Propagation,
Damping, Reflection and Diffraction of Ultrasonic Waves

Acoustic techniques:
- Low attenuation by the sodium medium
- High velocity of US wave (= 2400 m.s™' at 200°C)

French R&D Program for ASTRID Non Destructive Examination:
Telemetry of specific targets in the reactor block

Imaging of local and general areas, of lost parts, of opened
cracks, identification of fuel elements, positionning for robotics

International . . ..
GENIV &5 Volumetric control of immersed structure welded joints
Exp

xpertise | Collaboration | Excellence
RIS O

10

2. BERICKSEADRE
EERRURENLDREREFRAN-BERIZKDEE

GEN IV International Forum

Developments of Examination and Inspection Techniques for SFRs
Principle for ultrasonic measurement

‘ Reflected wave
Onde réflechie

Emitter/

Receiver ] Target
Emetteur/ Objet
récepteur

nde émi Distance =
i ve i

Distance r
Wave speed in the media (m/s)

Object

Transmitted signal  Speaker X
. ‘ T Time of flight (s)
M <) TOF /62
L N Babcho | (outward & return)

v
GENI International I - ! - A
Forum Received signal Microphone
Expertise | Collabor

a ation | Excellence
CEEmCI T ¢ e EED SR

12
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3. FRUD LARIZHITHBERICESAIRIE/EIRIE
mE200°CDF R LIRE T TOBERICKSAIBIEDHBREREZRT
(RREETRIDIEREA 20cm L T D7 —X)

Under Sodium Near Distance Imaging

Qualification in 200°C sodium with VENUS facility at 200°C:
> With 3D robot

> With TUSHTCEA sensor (flat and focused front face)

N Iv International
Forum
rtise | Collaboration | Excellence

4. EWIFEBRED=HDF )Y LhE#ILRER GRESIZEES)
A. 7A—RT49IT4—ILEDEEKRTE
B. 34 L) IN—RRIZK DB RIBHIE DY IAH
C.hRAaSAHIL-TRIILF—IZEDIEEIE

GEN IV International Forum

Under Sodium Imaging for Non Destructive Examination
Heterogeneous medium: differential method

U" (Aix Marseille
A 3 step-process: \ .
1. Extracting acoustic field Topological energy mapping 2014 - 2016
due to the perturbation. - o

This step consists in making
the difference between a
reference medium and the
inspected one.

2. Focusing on defect location
using time-reversal
techniques.

3. Imaging while computing
the time-gated topological

Coordonates y (mm): depth

energy.
-0 0 [ on an 4n & an ™ 80 90
Coordonates x (mm): length
GEN/IV g5t d() , At
S e ET(O) = [,o a0 NG OIRIvy (e, T = OIPde

d(x)_At 2
c 2
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5. kD LIRBRAOARY T
BREDEODY—ILELTHLEELLGSORYMNEMOBMES LU EKRHFIEL
CEHHBHEZETA0RYEDEVITYTEDOBEEREFETT,

GEN IV International Forum

In-sodium Robotics
@ ‘—'\_ ﬁrﬁ] :
U Generic studies on robotics (in sodium or not); (« | | z

O Associated means for testing (air/water/sodium); 2 e Lb

O Case 1: main vessel inspection with robot in the gap
between main and safety vessels (out of sodium);

O Case 2: sensor for steam generator tubes; :,ir-#
U Case 3: in sodium pushed chain type robot; Lt
U Case 4: in sodium pole and cable type robot;
O Case 5: on-wheels robot for large in-gaz equipments; LS
QO Case 6: robot for repair tools; S

g
4

o -

PR
¢

‘ odium
~ T loperation

ol ook~ 4

GEN IV &5t Prototypic brushless motor Specific tight robot mockup

e working at 200°C with 2 degrees of freedom

6. EMERE
BEENUR

(FF R LmE]

39

T1—Y DR, FREREZXMORKRE. ORYMITOER
ENRFCOEEERFEO-HDHRATRIRE - RFRITEL

TEEHRRIEBERELGDHIDTH D,

Conclusions and Perspectives

The R&D program launched by France for Inspection & Repair of Sodium Fast Reactors
is on the way for technical demonstration capabilities in this harsh environment.
It has been strongly linked to ASTRID prototype design, from 2010 to 2019.

GEN1V &

Expertise | Collaboration | Excellence
CEEEc Il e v mmEDoEE

Development of ultrasonic transducers for telemetry, imaging,
Non Destructive Examination: piezoelectric and electromagnetic
concepts for operation at about 200°C in liquid sodium

Development and qualification of Non Destructive Examination
techniques: extensive simulation with CIVA software platform
and experimental testing (under water and under sodium)

Development of robotics for large reactor vessel: generic
studies for associated materials and specific concepts
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8. Webinars by winners of the Contest for young
generation (EPiC)

Bt EESE A -y IR

______________________________________________________________________________________________________________

AYIEF—TIE. METEERYOBL/RE DO DREEAVL- Ty |
 DADBGEIZDOWVTIRARNEY , Ff-. BEYEBEDERSELNITHEIZLDE |
BITOVTHEBRLES . ISVADKEENEET . BREYOBEL/RELOER |
ARG BEVMEENEBHAL TN VI ADYELFMBEER, TLTRET
4RI A TR AH LN v RBASEICE (HT= 4o TILINEHE IS DN TR |
PLES, Fo. BETDONTOSR—FSUR AV REY VBT RS9 LA
U LDEAVN TR YO RICESE S TEERMEOTRKICOVTEENL |
FI.REX.EL2ROREL -BILICAH=EELEEAVNTT , F, thDt |
 AVRRTRN) YO RDAREEIC DN THERLET . '

______________________________________________________________________________________________________________

B E Al
Matthieu De Campos Kld. V-V RZDIELERIEE 26 HD=F
AT, UCCSHR = (At - BAILZEIZy ) ORKIEES Bz
BLHUTVNET, FEIEIAEF— LCIMEND (“Chimie, Matériaux
Et procédés pour un Nucléaire Durable”, 31105 “FFfR Rl 6ER
BEEDTZHDILE. #F. AR DAVIN-TT , KR
F—LlE. V=L RFEETS ) 1D HE B RFLZE ThHhBLaboratoire
de Recherche Commun Cycle du Combustible et Chimie de
I'Uranium (LR4CU) (BAFIEDSVDILR(CEET S R E)(C
FTELTLET,

LRACUIE. AR A DIV RIE O MEEDR HERFATOt ADHKELICE =
EHTTCVNET, OB M. FFRDEZFIAICH (T THEAMTSERCE (TRL:
Technology Readiness Level)Z[R] L SB3ETYT , B LERIEEDOAZE T, ERRESHHE
ERMPECLAVNEINVIAEHDIZHDREETSHET, BRSHEEEMF
DI INEMEZSHE_EZBIELTNET, Oranoh b EEIZ I Z (T TLBHE DO
FTEBE. TRITFEERIEFEZHAENELFZREHG 7 IO-FICEDNVTNE
9,20175F., I PO RZFCIRINA—ERBEOTZHOMFUEZDIE LT S ZRFLE
Lz,



https://gif.jaea.go.jp/webinar/index.html#webinar029
https://gif.jaea.go.jp/webinar/index.html#EPiC2018
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1. 75VACHE IS IEREYM DS 4!

TRSTEBE RIS REL NIVEF A ICE DN Te2DHTTYU—(C
SFESIND,

SRR CIIZDIERDEEMNEET D,

RAREDOLFIEED. BREAEEOEGEEITHS,

O REGENKRVVERERL, ZOFEDNLANESFIED,
B EAV PRI NIYIADRENEZTHS.

Category Very shortlived waste Short-lived waste Long-ived waste

Very low-level

Surface disposal (Industr storage and disposal)
waste (VLLW) P! = o s
Low-level waste @ Near-surface disposa
(LLW) under development
Management throug! e
) radioactive decay _
Intermediate-level Surface disposa
waste (ILW) Aube and Manche disposal facilities
Deep geological repository

at the F;",!'“" phase
High-level waste Not applicable
(HLW) Mgt L

ANDRA. National Inventory of Radioactive Materials and Waste. 2018.

2. S tEREEYOLETOLA:

M EREMORBULEIOCAICEBLTVZDE. TEFE I THD.
-BAHRERYMOH AR

- REMOELICLD R EL

IAVEDL)

Vitrification of

i s Stabilization by solidification of nuclear waste Packing
fission elements
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3. FrDFELE:

LOERBSEME - REYEESE (PNGMDR) L&, BB DDA EREZE
VIR 2 EEAENEH N TS,

}iiﬂ!ﬂﬂﬁ (1‘"1’315 LARIVERMLS) ZHITE (B L RIVEEYLS) AT R

4. Z5E1L-EM1E:

OPCHAEEDMIL Y FEAY M EA—-RELERBEPbD R E 1L/EL

> VI L-TABEKFN (C-S-H) TILGRILE Y FEAY FRICTE
)L MERINTEIVE

MKPC(UVEERT 2D LEAY M) EA—AELETOLA

> B VERIETIEFRICREIE U, K-A MV FEAY TR
EELT S,

MKP(ZPbDZ FEL/EE TOTEADT=HD GRIL bS5 RFEAY FEEEELT) LNZh R

CTIEERICRTE U\ VA —THB,

Portland Cement Formation of MKP cement:
« KHPO4 +MgO + 5 Hy0 - MgKPO4 - 6H,0 »

SiO;

SILICA ruUmME

/ /CLASS F

CLASS C
FLY ASH

BLAST ,_
FURNACE SLAG ‘

/ f PORTLAND CEMENT

/ HIGH ALUMINA '\

, CEMENT \
/ o L) g \
CaO Al;O3



5. MKPEOPCODED:
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BB MDADRRICIE LT DR ETHS,

- &I VT AL BRER E

-BEWISELLEAY bRI YD ADF A

- DT A

- REDRE L (MEM ., U-FUIRBE)

- MEBIEFREROERE

Main difference

between OPC and MKP cements

'

Hydration reaction

[ MKP historY |
" 1945.1947 1970

Shotcrete Fast repair
(MgO + phosphorized liquid))

Repair material "SET45" sets in 45 minutes

for steelworks  (Mix of powders called "premix" + Water)

6. A EEFEMOMENRKS :

RAMTRGRBERERLBH D, A
H=IV7y7T&rlgElCT D
SR AIREMEEREET D,

Flexural tests

16*4%4 cm’ 4*4*4 om’®

Ii Volume reduction by a factor of 29

Large scale

Acid / Base reaction

Increased research

material for highways |
1960 1974

j —

I
)

Environmental Impact

g

08

o~
g
1

0,6

g
L

0,4

g
L

0,2

=

g

=3
1

Energy supplied per tonne of raw material (MJ/T)
I
o
[—]

MKP Cement Portland Cement

Waste = \7 Good
integration ‘ﬁ Yy A workability
Mechanical == ] Good leaching
performance A behavior

\T0|1 CO, emitted per ton of raw material (T/T)

S~

\
/

f y I:’)
« »
5.2°1,3°1.3 cm'

Small scale
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8. Webinars by winners of the Contest for young
generation (EPiC)

SFRDVEFP 7O TUMRICEITE TRV L—BS
HERYDOIEELE

20 1b % B UFCALPHAD (CALculation of PHAse Diagram) ;&ICkY R 57z —X|(C
 BHEFAELDLSISRIETESNITEEL, SFRIZBFZLEFFILFb
A EBANLET , CALPHADE (L L IREB A E T, SRTLDRE. EAH.
 BHEROBERELT RAFMWETILEA R, KA. EADIETGbbsEHT |
RIILT—ZLEITRARTEDAETYT . TRV LEREED. Joint Oxide GainT |
i??éhf:*%:‘%iﬁﬂté%@?&%ﬁ?E‘]'I‘iﬁ@%%ﬁﬁ‘]%ﬁﬂﬂl:’DL\’C%’n’ﬁL

B A TaI:
Guilhem KauricES, CEAY LA DIE L REE2E B DF4 T,
[#H2ET JLIEBFZE AT (LM2T) 10D Service de la corrosion
et du comportement des matériaux dans leur environnement |
(SCME) IZATBLTWWE T, B RE T, BEESEHREFD T
)0 LAHERFOREMEFHEDI=HIZ, MOXRH Z AR
AR, TR LROIEEHEEERZRAETASLZHBY
ELTWET L ERRICIEZLDIENETENTNNS=H. . §
DHAED=-HDET ILEFIZILCALPHADED 7 FO—F M
RIETY,
CEALENEN+T AT S LD ZEZ T, REREETILIEZHAE L E-FEM
B77O—F CTHRFEIZITOTLVSD, 20174, Chimie Paristech ENSCP
(diplome d'ingenieur option chimie des materiaux) Z#2:3L. INSTNTIZ[RF AL
A TAVBBEY AL DELTEEFIGEL,



https://gif.jaea.go.jp/webinar/index.html#webinar030
https://gif.jaea.go.jp/webinar/index.html#EPiC2018
https://gif.jaea.go.jp/webinar/index.html#EPiC2018
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ERBRIEMABIMBNLYMLTHEBEERNICHY . BEEIXRFEERES
M) LTHESNTNET,

AR TIESFROAM THLHREEEILMARIZFZ—T IREE N TIVD,

Sodium-cooled Fast Reactors GE@““@“WO”&‘

' Forum™

= Mixed Oxide Fuel (U,_,,Pu,)O,
*x>0.2

= Pellet restructuring under irradiation

_- T=2000°C

--=-T=620-650°C

Transversal macrograph of a fuel pin after irradiation in a SFR (2)

Sketch of a Sodium-cooled Fast Reactor (1)
(1) A Technology Roadmap for Generation IV Nuclear Energy Systems, Issued by the U.S. DOE Nuclear Energy Research Advisory Committee and the Generation IV International Forum, (2002)
(2) J. GUIDEZ, B. BONIN, Réacteurs nucléaires a caloporteur sodium, CEA Saclay; Groupe Moniteur, 2014

B T TERSNOIRELILFEBZMNS_ L. FHDOFTMICEET 510

=

EETY ., F SFRIEIFMIVLOEENFETHLILEZERT HIVEN
HYFET,

Fission Products Compounds W
Formed During Irradiation GE@ orume

Forum*

Main thermodynamic stable phases

Main thermodynamic stable
in the "Joint Oxyde-Gaine" layer

phases in the "grey phase"

Cs,;MoO, Te metal (Ba,Sr)(Zr,MO,U,PU)O3
Cs,Te ] BaMoO, oo
Cs,TeO; Cs Te (dissolved
Mo Ba — ingrey
phase)
l BaMoO,
Mo metal 1
MoO, o -
MoO,

EDX imaée of the grey phase (A,B),
e a Mo-Ru-Pd alloy (C) and the fuel (D)
v J Cs JOG Fe JOG

M. Tourasse et al., INM 188 (1992) 49-57

Simfuel Approaches to Understanding Spent Fuel Behaviour, |.Farnan.
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SETTIOLUTUNEEELIGE . FPORESBRILMARET NI I LE
DORICITHEERNFELET . AR TIEX. COMEMERICERLE
RAFHAEETOTVET,

Severe Accident: Definition GE@ International

Forum™

= The reactor fuel is significantly damaged with more or less
extensive melting of the reactor core

Phenomena inside the blocked SA

o
g Upper 1 ; . . . . )
Lti— plug ~ * Fuel ejection into sodium or formation of a
- Boiling | |1EEtEE local boiling pool depending on the scenario
olten
5 v pool : - ”
2 ; Stee! ool L y o |Interact|on Na/Fission products compoundsl
2 ;
] /] ~ .
i Pool™ S ; 4 .
1 | Bag] ... i g * Interaction Na/Mixed Oxide fuel
debris
blocka . .
7 2| * Volatile fission products release
o | INRKRE
5
U Sodium boiling Clad melting Fuel melting Steel boiling
25s 5-6s 8-11s 14-16s
Dry-out 4s

J. Papin, Behavior of Fast Reactor Fuel During Transient and Accident Conditions, in: Compr. Nucl. Mater., Elsevier, 2012: pp. 609-634

COMREERIFEECERRIRTOOVILICE S TELGY  ARShEIRE
AL EMLEGS>TLD, YETT IO TUDFHEIZIE . 1R VE B & E
PERDISERATESRNEETILABLETY,

Need for Thermodynamic GE@ Infernational
Modelling G
= Complex system and large range of temperatures and
compositions

* (Cs-Sr-Ba-I-Te-Mo)-(U,Pu)-O + interaction with Na
* Thermodynamic model of the interaction between fuel,
fission products and liquid sodium at the different stages of
a severe accident scenario

Describe the effect of temperature and oxygen
potential on the interaction between sodium and
the different fission product compounds
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CalphadETIILEHAWT., EDILEYNBANZFHICRETHAINEHMDEN
TEFET, COETIVIZIELLK DD DERERMLGERANFT—EIHNVETT, F

BIEEXT—ADILFTIZHEND, §ERBEELTIKERDONET , COMEIL,
TAFIDT —3R—X 7OV ELTZEROERMETITHONTLVET,

Calphad Modelling Scheme GE@IHtemaﬁonal

Forum~
Experimental data Modeling
o Structure Models
(crystallography, oxidation states, G =£(T, P, x; x;...), with adjustable
% ! defects...) parameters

|

Phase Diagram Optimization
Adjusting the parameters

(phase boundaries, transition
temperatures...)

3;

- Need for experimental thermodynamic measurements

NoNTOCIINDOEEDERAFIEL T, Cs-Mo-0V R T LIZHITHHEE
DREINTVET , TN ZNDIEEEROBEBE LV EEDREAM TR ER
ItEYMERIETAHIENTEET , CNIFLETT7IOUTUMDEEMIZIESE
[CHERGZY—ILERYET,

Cs-Mo-O System Modelling GE@Intemaﬁonal

Forum*

1300
1200
1100 J Lig.
1000 %,
2
900 4
X o
= 800+ g
700 =l
+H L © o~
600 % 5§ oRR
500 % 3 e EEE
% 5 b 0P P
400
300

T T T
0.5 0.6 0.7 0.8 0.9 1.0
MoO,
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i

SFRIZE[TE TR L—HREAZHMBOELR

 COYIEF—TIE, TR LAEEESF(SFR)V AT LDIEEEFHBAL. SFROD |
AR TU—ERIF ) ) LA AR R ER (ECSG)ISHIT DB FUAERE |
N B FRIDL-HRARRMBOENBER(ZERIIL—T TIF180bar, 7D
| LL—T TIESban)lZ&kY, IR TR LRICERNRET LN H D, & |
AR TIE, DY RUVEERARDVMNIE T DT ELYBRR (IR |
AR OEBE IR DT, EREMESERET )L (Baer-NunziatoE T JL)DR
 RERUZTOHEHERX—LICERZLTTLNS, LIS, ZDETILIE. HE |
 EANBERSAY Y A RETREERL., HFIETEEREIZT 5 Y—ILCANOPZE A
LNTULVET,

EARN:

Dr. Fang Chen Fang ChenfE (&L, 75V ADI VXTIl
TAAKRENSTFR)D LAENEEIF(SFRBERN D KA T
R)DOLICEHL-EERERFOZRER VD EIEMHZE 1LV

BARIILDETEFIELEL -, BXEIX. CEAHZE SV
T. #3\ - TOEAEMERFA(STCP), FTRUD LD Ei-TOt
A YRR EAT(LTPS) THEZITLVELT=, 20165FIZIE. T |
FILF—Z BRI ZOMAZERL. I5VADIVRA T 28
4 LK B AR OESD LB AL E LT,



https://gif.jaea.go.jp/webinar/index.html#webinar031
https://gif.jaea.go.jp/webinar/index.html#EPiC2018
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1. {LSFRIASTRID | [A] [+ SGHE (Na&H R D #1238 ) DERET -

2RZBEIRZBDENZE : HRIL—T1X180bar,

Na (FFJ L) JL—T[&5bar
EWFVA(EDEZ)  Na~DAR TN, BELTWHNAHRDD Yk
TR BEIZLDHRRBNEL

SODIUM
F ) S5

Inlet HEADER

EEEEEN|

Na

SODIUM
channels

SECTION - vzl B W W |
" CHANNELBUNDLE _—

P

by EEEEEE

EFEEEENR

B Gas
S J Outlet

2. AHFROB K :

RBIREDH ROV LDIEEE . T RARNREDEAKEL TKRH D= DEHUE
BRIy —ILERH®T 5,
IMFT. CEA. ANL, IUSTI. KTHE E Z< DA TN H AL TS,

P

Barrel shock

Mach disk

Xu L

' : . Subsonic zone |
[cea J[ A | | «m Bubble layer
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3. AR TOER :

:gt-?)lzf'aﬁ% FREEERER. ET UL, RO DITEIELE . XEHLGYERRD
e Al

Identify the
predominant
physical
phenomena

Analysis of
results

&
Corrections

Model "'”‘:'L"{’ v div(ig(agpaby + 25Fy)) = P, Py — Ay, - uz)
development Hop) o

006

008 | f H
Validation
tests

csse (mfs

Modelling

004

Qo2

4. B{E*Y—)L -CANOP (CANOP D 2 DDJE) :

-TRELAX)L
TILIZEDGEGE Ay 1 DEREE
BTG E

Recursive subdivision and space-filling curves (SFC)

1:1 relation between leaves and elements — efficient encoding
Map a 1D curve into 2D or 3D space — total ordering
Recursive self-similar structure — scale fre

Tree leaf traversal — cache-efficient

-BIERAFX—LZREITHODERELANIL
ARIFIRE
RAENZ (FEYEZ. SMRMELE) ISE T HPDFREE

-9y %

An AMR example controlled by the gradient of density.



5. ETILOKREE:
X TR BB DAREL .
“IHREEEHE X E DRSS
FRTEILR AR .
FRMEIRAL: RO X0
EBHEXE 2DDRAHEDESE
ERBIRICHIHRAD YLD ET ILIE
MERBREEBRGRDLLER

SGHEF ¥ RILNDERBIEDH AP vk
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07 0.1
065 - 0l {
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oa | [ 1 Z el | &S@é [ | 0.04
035 | c
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D . | 1 0.0,
02 06 0. A {\'\l"’ 0r 04 06 08 I ?
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c \,QQ Fluid 2 ]
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6. IR BEROART YL

i EERED ELER (Colleoc1990)
B :SGHEMNaZH LD oNT=H AT Yb

Experiment Numerical results

t=130ms

t =260 ms

0.25 05 0.7%

- yomm  Volume fraction of gas
1

Velocity (m/'s)

Further experimental
validation on IKHAR
2 facility in CEA
Cadarache
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Nuclear Energy Agency NATIONAL LABORATORY

' Canadian Nuclear

'\\ 4 Laboratories
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BROOKHFIAEN

NATIONAL LABORATORY

NATIONAL LABORATORY
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