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The IAEA In Numbers

Founded in 1957: 62 Years of international service
170 Member States (as of April 2018)
~2500 Professional and support staff
Reqgular Budget (2017) ~ €363M
Extra-budgetary (voluntary) ~€98M
Technical Cooperation Fund contributions ~€85M in 2017

12 international laboratories (Vienna, Seibersdorf and Monaco) and
research centres

Assessed

1+ million documents, technical reports, standards, conference
proceedings, journals and books in the IAEA Library
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https://www.iaea.org/about/governance/list-of-member-states
https://www-legacy.iaea.org/About/Policy/GC/GC62/GC62Documents/English/gc62-5_en.pdf

JAEA: Atoms for Peace and Development

Nuclear Technology & Applications Nuclear Safety & Security Safeguards & Verification
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Nuclear Energy Nuclear Safety & Security Safeguards

Nuclear Sciences & Applications

Technical Cooperation
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JAEA Fast Reactor Technology Development Team

s ‘Atoms for Peace and Development”
Nuclear Energy

Fostering Sustainable Nuclear Energy for the Future

Nuclear Power Technolc)gy
Development Section NPTDS

\ Fast Reactor Technology

Development Team
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Nuclear Power Technology Development

NPTDS:
Tasks & Activities

Desalination Hydrogen
(DEEP) uction (HEEP)
THERPRO
Technolog
Near-term training
sepigmenNPTDS
MeitBer Coordinated
states Technical "Sjgarch
stﬂ}port woxing pl'OjectS
groups
ARIS Nonsglectric
applicatiiong
Severe accident a(l'lvaizr::;;
management
(SAMG-D)

Industrial applications and
cogeneratio,
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Innovation & Technology
REACTOR DESIGNS AND CONCEPTS Development

A Supplement to th
Informati

Advances in Small Modular Reactor
** Technology Developments NUCLEAR

i l . Jm,‘ A Supplement to: TECHNOLOGY

IAEA Advanced Reactors Information System (ARIS)
REVIEW
12017

IAEA Nuclear Energy Series
MNo. NP-T-1.15
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IAEA TECDOC SERIES

Benchmark Analysis of EBR-II
Shutdown Heat Removal Tests
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Fast Reactor Technology Development Team:
Advanced Technology for
Innovative Nuclear Energy Systems
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IAEA Technical Working Group on Fast Reactors (TWG-FR)

“The Driving Force...”

#

Members of the IAEA Technical Working Group on Fast Reactors
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—xyd Velverrazesn Soa - YHIA ]

Belarus
| i e China
PN i, Germany
, ( Ll Italy
/\qf Kazakhstan
L ”““xmvfm Netherlands
"g:{fo;cofom&a:‘*'f.“ Slovakia
T(— B Switzerland
N European Commission

__Encourage participation of young professionals in IAEA activities

Provide advice and guidance

Forum for information exchange and knowledge sharing
Link between IAEA activities and national communities
Provide advice in planning and implementing of CRPs
Develop and review selected documents

Contribute to status report, technical meetings, topical
conferences

Full Members
Brazil
France

India

Japan

Korea, republic of
Russian Federation
Sweden

Ukraine

USA

OECD/NEA

Identify important topics for SAGNE

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia

518t TWG-FR Meeting, Hefei, 21-25 May 2018
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Fast Reactors: Key Activities

*Coordinated Research Projects (CRPSs)
c * EBR-II (Shutdown Heat Removal Tests)
MOdelllng and « NAPRO (Sodium properties)

. E * PSFR Source Term
Simulations - CEFR Start-Up Tests: NEW

* FFTF ULOF Test: NEW

* Fast reactor knowledge preservation portal (FRKP)

Knowledge

Preservation * Liquid metal cooled fast neutron system database
(LMFNS)

Ed ucation and » SFR Simulator for Educational Purposes
n * ICTP-IAEA Workshops on the Physics and
Training

Technology of Innovative Nuclear Energy Systems i !

* Joint IAEA-GIF Workshops on LMFR Safety
* Passive Shutdown Systems for Fast Neutron

Systems — NES Publicatio
Information Exchange \> -

- LMFNS Catalogue >\ International Cooperation

‘ IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia




Fast Reactors: Coordinated Research Projects

[ CRPs on Fast Reactors Technology ]

CRP recently
completed

BN-600 MOX Core Benchmark MONJU — Turbine Trip Test

Analytical and Experimental Neutronics Benchmark of
Benchmark Analysis of ADS

Start-Up Tests
PHENIX — EOL Tests

MONJU — Na Natural Convection

|

EBR-Il Shutdown Heat Removal |AEA TECDOC SERIES ‘
Tests (published in 2017) A

IAEA-TECDOC-1819

Benchmark Analysis of EBR-II

Shutdown Heat Removal Tests
IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia




|IAEA Benchmarks / CRPs on FRs

« Completed: IAEA TECDOC SERIES

— EBR-Il Shutdown Heat Removal Tests
Completed and Published
Benchmark Analysis of EBR-II

° OngOing: Shutdown Heat Removal Tests
— NAPRO - Na Properties and Safe Operations of Exp. Facilities
— PSFR Source Term — Radioactive Release Under Severe Accident Conditions

« New Benchmarks (started in 2018):
Good Opportunity for Verification & Validation of Safety Analysis Codes
— Neutronics Benchmark of CEFR Start-Up Tests
(26 participant organizations from 17 countries)
* Maost recent data on Sodium-cooled Fast Reactor
* Neutronics Codes Benchmarking
» Kick-off RCM: 11-14 June 2018
— Benchmark Analysis of FFTF Loss-of-Flow Without Scram Test
(25 participant organizations from 13 countries)
» Coupled neutronics, thermal hydraulics, material behavior and system codes
» Essential Benchmark for Safety Analysis (validation of models and assessment of simulation codes)
» Kick-off RCM: 22-25 October 2018

& 1AEA Viadimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia



CRP on Benchmark Analysis of EBR-If
Shutdown Heat Removal Test (2012-2016)

Primary Sodium Pumps

il
Low-Pressure T Na Level
Inlet Piping - e

i
I I Auxiliary EM Z-pipe
| mp
"
1[4 Z-Pipe
o - = wx |
/) { MU A B
IHX ,éme
all IHX Outlet b
HPP
eactor
essel 050
L
)’y‘ :\‘ SHRT-17 — Exp Control Rods (8)
High-Pressure 800 rj — ANL Safety Rods (2)
Inlet Piping e - CIAE (Ave) | SST Dummy (6)
. . . ENEA (Ave) i
Coupled Neutronics and Thermalhydraulic Transient _esq i k| Cepermens (8
IAEA TECDOC SERIES Simulations % IBRAE vy | Pmented )
— o .
SHRT-17 (Protected): Loss of normal and emergency 5 IGCAR (Ave)
JAEA-TECDOC-1819 pump|ng g 800 _ Jlizz (Ave)
« SHRT-45 (Unprotected): Loss of normal flow, scram g - KAERI (Ave)
Benchmark Analysis of EBR-II disabled, station blackout O 750 - EQ‘;&A(V:) )
. . . P SSRGS S S SR SR SN I ve
Shutdown Heat Removal Tests . 20 Organizations from 12 Countries jointly produced - NINE (Ave)
simulations predicting most plant parameters with 700 |--- NRG (Ave)
acceptable accuracy WE e DT s | POLITO (Ave)
0 . . L I R XJTU (Ave)
* Neutronics benchmark was an added dimension to the CRP __
([ 100 200 300 400 500 600 700 800 900
‘ IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia
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CRP on Radioactive Release from Prototype SFR under Severe

Accident Conditions (2016 - 2020)

CDA development and propagation in pool type SFR

Initiation
(neutronics),
and Transition

(fuel relocation)

Phases
Core Melt/Bubble is
formed

J

ll. Quasi-static Phase
Release of sodium to the

|. Expansion Phase

Core bubble expands in sub-cooled sodium

Incipient melting Extended relocation Rapid fuel vapor
and early relocation and core compaction bubble expansion

Reference design for the safety analysis:
500 MWe pool type PFBR

Very complicated multi-physics phenomenon
Can be a Standard Benchmark for Verification of

Safety Analysis Codes and Models

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia

Reactor Containment Building
(RCB)

[1l. Containment Sourc

Term

- Evaluation of multi-component
aerosol evolution is required

- Two typical sodium fire accidents:
* sodium pool fire accident

* sodium spray fire accident



NAPRO CRP: Sodium properties and safe operation of

experimental facilities in support of SFRs (2013-2018) «“Sodium properties and safe operation of

experimental facilities in support of the
development and deployment of SFR”

Argentina (CNEA) China (CIAE)
W France (CEA) India (IGCAR)
Germany (KIT, HZDR) Japan (JAEA)
Korea, Republic of Netherlands (NRG)
(KAERI)
Russian Federation USA (ANL)
(IPPE)
' Comparison of the data sets
o S
» WP1: Collection and assessment of sodium properties: harmonization of international data ~  ~—  “Jwe. e e Toar
and Correlations g 1000 Comparison of the data sets
» WP2: Design rules and best practice for Na exp. facilities JRNEEES: - ) o
» WP3: Guidelines for the safe operation of Na exp. facilities ES=s: -
> 4" RCM in Vienna, 12 -14 June 2017 A SR
> Two TECDOCSs and one NES to be published %’iﬁ = T
= 3500 f——— ———Sobolev (2)
» TECDOC: Sodium Coolant Handbook: Physical and Chemical Properties (2018) £ so00 4 TR0 o
» TECDOC: Sodium Coolant Handbook: Thermal-Hydraulic Correlations (2018) S o || ClMe o mo sw oo 00 0w 0 0
> NES “‘::_: 1500 4{ === Smithells
j 1000 1| =*Kubaschewki

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia 00 600 %00 I emwre[K) P 00 20 19



New CRP: Neutronics Benchmark of CEFR
Start-Up Tests (2018-2022) 53 tRas Rk EA%E

M#SEE CHINA INSTITUTE OF ATOMIC ENERGY

* China Experimental Fast Reactor

— Sodium-cooled fast reactor with nominal
power of 65MW(th), 20MW(e)

— Reached the first criticality in 2010

— Generated electricity at 40% full power
and was connected firstly to the grid in
July 2011

— Generated electricity at 100% power Iin
December 2015 and operated for more
than 40 effective full power days

CIAE at 1st RCM, June 2018, Vienna

& 7 1AEA Viadimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia 20




New CRP: Benchmark Analysis of (2018-2022) |
FFTF Loss of Flow Without Scram Test

 FFTF Reactor:

— 400 MW(th) sodium cooled fast test reactor
— Mixed UO2-PuO2 (MOX) fuel

— Loop type plant, axial and radial reflectors
— Prototypic size

« ~1m?3 core volume
* ~91 cm high, ~120 cm diameter

— Series of Passive Safety Tests Cloted Lok Meiuesni
o i ead Companmen Oump Heat
Demonstrated pa§5|ve safety oif SFRs ot g Facy 998mLasgn T Head Compan ;,w.mvum Exchanger (DHX)
« Demonstrated efficacy of negative e :

reactivity insertion safety devises (GEMS)

PNNL/ANL at Consultants’ Meeting
November 2017, Vienna

i IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia



New IAEA CRPs: Participants

CEFR Start-Up:

\) 4
Belgium SCK-CEN : -y
China CIAE, INEST, SNERDI, XJTU ; .
France CEA Country _|Organization(s
Germany KIT, HZDR, GRS China CIAE, NCEPU, INEST, XJTU
Hungary BME, EK France CEA
India IGCAR Germany KIT, HZDR
ltaly NINE/UNIPI India IGCAR, ISSSA
Japan JAEA ltaly NINE, Sapienza
Rep. of Korea KAERI, UNIST Japan JAEA
Mexico ININ Rep. of Korea KAERI
Romania RATEN Netherlands NRG
Russia IPPE, IBRAE, SSL, Kurchatov Inst. RusSia IPPE. IBRAE
Slovakia VUJE Spain CIEMAT
Switzerland PSI Sweden KTH
Ukraine KIPT . Switzerland PSI
UK Cambridge USA ANL, PNNL, TerraPower, NRC, TAMU
USA ANL, NRC

17 Countries

28 Organizations

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia

13 Countries 25 Organizations
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Proposal of New CRP on Benchmarking Assessment of
LOF Transient Test Conducted in Clear-S HML Pool Facility

* Proposed by FDS/INEST, China at 515t TWG-FR Meeting in May 2018

Table I. IMain parameters for CLEAR-S facility.

{(FPS)

s [\ain vessel

m/h

Fuel assembly simulatorStructure

Number

Design pressure,

MPa

Diameter, mm
Height, mm
Structural material

Hot Pool
ltems CLEAR-S
Heat
Operating coolantCoolant LBE Exchanger
parameters Heating power, MW 2.5 Main Pump
Temperature, °C 250-550
Inventory, tons 200 Main Vessel A
Total mass flow rate, 30-100 . Core

Simulator

. . Cold Pool
61 pins, wire

wrapped
7
2

Lower Grid

2001 =
6501 %S $a5 AN ig . General layout of the primary coolant system.

AlSI 31

Y. Wu, CLEAR-S: an integrated non-nuclear test facility for China lead-
based research reactor, Int. J. Energy Res. 2016, 40(14), pp.1951-1956

CRP Starting Date: To be discussed and approved by TWG-FR

‘ IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia

Figure 4. Cross section of fuel assembly simulator. 2 3



New Studies on Lead/LBE: Technical Meeting on

Structural Materials for Heavy Liquid Metal Cooled Fast Reactors
* Proposed by Romania and Italy at 515t TWG-FR Meeting in May 2018

« TM Topics:

« HLM Compatibility with Structural Materials:
phenomena, modelling and operational
experience;

« Corrosion Mitigation Measures: coating and
surface engineering, environmental conditioning,
etc.;

* Development of Structural Materials Resistant to
HLM Corrosion;

« HLM Structural Materials and Coatings under
Irradiation: testing and characterization, impact of
neutron-induced radiation damage, etc.; and

« Qualification Programmes of Structural Materials
for HLM Fast Reactors.

e IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia

Announcement and Call for
Papers

Abstract submission Deadline

TWG-FR selects 15-20
abstracts at its 52nd Meeting

Full paper submission deadline;
Starting peer-review

Technical Meeting in Vienna

Final Papers Deadline;
Draft TM Report

Publication of the IAEA
TECDOC (or NES)

October 2018

1 April 2019
May 2019

September
2019

15 -17
October 2019

December
2019

2021

24



New Studies on Fast Reactors: Technical Meeting on
Benefits and Challenges of Fast Reactors of SMR Type
* Proposed by Italy and supported by TWG-FR at 515t Meeting in May 2018

Relatively low
power (300 MWth)

Compact design ACtl 0 n Date
Removable components

. Proven technologies
\

e o ot Announcement and Call for October 2018
Efficient natural P ape rs
circulation
iner vessel Abstract submission Deadline 1 April 2019
oo e TWG-FR selects 15-20 abstracts ~ May 2019
Manageable negative properties . .
BREST-OD-BOO SEALER ALFRED Pool-type Primary System at Its 52nd Meetlng
NIKIET/Proryv LeadCold EU / ENEA/Ansaldo Nucleare  Full paper submission deadline;  August 2019

Ll =
(] \
[S =]

Starting peer-review

........

Technical Meeting in Italy 24 - 27
September
2019
Final Papers Deadline; December
- Draft TM Report 2019
LFR Concept 3 ..
e LFR-AS-200 LFR-10 CLEAR-M10 Publication of the IAEA TECDOC 2021
Hydromine FDS/INEST (or NES)

.’ IAEA Viadimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia 25



JAEA LMFNS Database

Experimental Facilities in Support of
Liquid Metal cooled Fast Neutron Systems

https://nucleus.iaea.org/sites/Imfns

Includes data on 150 experimental facilities
under design, construction or operation

Freely Accessible at iaea.org:
Search for “IAEA LMFNS”

. 1AEA Viadimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia



LMFNS Experimental Facilities Datalbase

Experimental Facilities in support of Development and Deployment of Liquid Metal cooled

Fast Neutron Systems

Includes an overview as well
as detailed information on
150 experimental facilities
under design, construction or
operation

19 institutions from 14 IAEA
Member States contributed

from Russian Federation:
11 for SFRs
10 for LFRs

Freely Available at iaea.org:
Search for “IAEA LMFNS”

IAEAog NUCLEUS

{,ﬁ'} IAEA | Catalogue of Facilities in Support of L@.

Home LMFNS Faciliies Database Overview of SFR Overview of LFR LMFNS Compendium

Catalogue of Facilities in Support of Liquid Metal-cooled Fast Neutron
Systems (LMFNS Catalogue)

MYRRHABELLE facility -Belgium

This LMFNS catalogue is a living database, which is, in its current form, presents an electronic version of section 4 of the IAEA
Nuclear Energy Series publication (in progress) "Experimental Facilities in Support of Liquid Metal Cooled Fast Neutron
Systems. A Compendium”.

LMFNS Compendium. Summary of the IAEA publication

To overview the potential capabilities of 150 experimental facilities in 14 IAEA Member States to support the development and
deployment of the innovative Liquid Metal cooled Fast Neutron Systems (LMFNS) and navigate yourself through the LMFNS

Facilities Database" click on the below buttons:
Overview of SFR Overview of LFR

For detailed information on these facilities 1) click on the below button "LMFNS Facilities Database" (also on top of this
page), 2) select the Coolant technology - SFR, LFR or both in the search box, 3) use other search and filtering tools as
appropriate, 4) click on the Facility Profile you are interested in.

"LMFNS Facilities Database

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia

AFmmomoA

A comprehensive Catalogue providing detailed
information on experimental facilities currently
designed, under construction or operating

Facilities Designed to support the development
and deployment of innovative liquid metal-cooled
(sodium, lead and lead-bismuth) fast neutron
systems (LMFNS), both critical and subcritical

Identifies existing or future operational
experimental facilities able to support innovative
LMFENS

Expected to facilitate cooperation using existing
and planned experimental facilities for LMFNS,
and enhance their utilization by providing end-
users with detailed information

Encourages international collaborations



IJAEA NES Publication: Experimental Facilities in Support
of Liquid Metal Cooled Fast Neutron Systems

 |nputs received from 14
countries and EU

« 151 facilities reviewed and
accepted:

— Na-based facilities: 79
(11 from Russia)

— Pb-based facilities: 72
(10 from Russia)

« NES document — 50 pages
overview and ~1000 pages on
CD
published last week
online since 2016

~ J |AEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia 28



FR17 in Yekaterinburg, June 2017

600+ Participants
29 Countries
6 Intl. Organizations

o Ieatioa nference on N 488 Contributions
FAST REACTORS AND RELATED FUEL CYCLES: A Opening

Next Generation Nuclear Systems for Sustainable Development

BN-600

FR17 11 Keynotes
52;:'23;{:2330:21@% Federation 11 Pane|S FR21:
12 YGE June 2021 in Vienna
243 Orals

206 Posters

Organized by the Hostad by the
Gavernment of the Russian Federation

o 0
(&) A .- 5
w 6() Ye ars ‘ Corporation "Rosatom”
VA EA  Awoms or Peace and Developmens ROSATOM

BN-1200  5qg

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia



FR17 Abstracts: Distribution by Countries

180 L
Country Abstracts
Russia 30.1%
160 France 14.3%
U.S.A. 11.0%
India 9.8%
140 China 6.7%
Korea 6.3%
120 Japan 5.3%
Italy 3.1%
Germany 1.6%
100 Sweden 1.6%
Argentina 1.4%
80 Belgi_um 0.8% 77
Brazil 0.8%
Slovakia 0.8%
60 Others 4.1% 56
GIF 0.6% 20
EC 0.4%
40 IAEA 1.6% 32
28
20 17
10 10 8
7112441 1 2 2 4 2 2 1 1 1 1 41 3 o 2
0
O X © D 0D WO > @ RS S P O O o QO 0 0 0 LS N QO W
\Q@(\.\\Q ‘?“0‘%(\\&’060%@?}&;?}&0&Q?&qlofb&bb 0\&29{?\30\\ ¢ (</®Q<<<§o @Qs io(‘&c\ \?{(y & *@* 5’0& ‘l‘ée’@éivo*ooo e’>\(b(\b<2°\{b°¢‘°%®%\0\\$\0\\®® @ogbo}@befq,é\’bo 0\!70‘%?
v & 3 & °© &
N7 o"’®0 S )

‘ IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia
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FR17 Panel: Small and Medium Sized Fast Reactors

Panel 11

Venue: Plenary Hall

10:20-12:00

Small and Medium
Sized Fast Reactors

Moderator: S. Monti Wednesday 28 June 2017
Time Id Presenter Country Title
10:20 S. Monti IAEA Introduction to the Panel
10:25 CN245-566 Y. Kim Korea, Rep.  Feasibility and Challenges for Self- peRBR (SFR)
PPT-566 of sustainable Long-Life SMR without
Refuelling
10:35 CN245-592 G. Toshinsky Russia SVBR-100: Option for developing SVBR-100 (LBE FR)
PPT-592 countries
10:45 CN245-593 G. Grasso Italy A safe and competitive lead-cooled A| FRED (LFR)
PPT-593 small modular fast reactor concept
for a short-term deployment
10:55  CN245-594 J. Krepel Switzerland  Eligibility of Small Molten Salt Fast Fast MSR
PPT-594 Reactor (S-MSFR)
11:05 CN245-595 S. Qvist Sweden Small and fast reactors for arctic SEALER (LFR)
PPT-595 regions
11:15 General Discussion

Break 12:00 — 13:30

- IAEA, Viadimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia
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LFR Session and Panel Discussion
at 2017 Winter ANS Meeting

~ 15 Presentations on LFRs at the ANS Winter 2017

Special Session: Solutions for Near-Term Deployment of Lead-Cooled Fast Reactor
Technology

Panel Discussion

— Panelists:

* Luciano Cinotti (Hydromine Nuclear Energy)

Paolo Ferroni (Westinghouse)
Michel Frignani (Ansaldo Nucleare)
« Mariano Tarantino (ENEA)
« Janne Wallenius (KTH)
(NIKIET)

— Topics

» National strategies on LFR development: Comparison of approaches and synergies
LFR deployment: maturity and design options for near-term deployment

Plant Size: Viability of SMR LFRs
Cooperation between industry and research centres at national and international levels

Licensing framework: Experiences of early dialogues with regulators
ADS Option: Still on the table?

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia
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Joint ICTP-IAEA Workshops on
Innovative Nuclear Energy Systems

e us salam ”h
(CTP rl]thgjrnﬁalhonal Centre -
for Theoretical Physics U e |n 2016 and

In August 2018
Trieste, Italy

Joint ICTP-IAEA Workshop on .. .
Phy sucé andSesmplogy of Innovafive Nucleal i) Systefis™
for Sustainab )eyelopment

The Abdus Salam piiting

{CTP) International Centre 29 August - 2 September 2016
for Theoretical Physics &) Miframare, Trieste

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia \33



Fast Reactors Technology:
Major Outputs

TECDOC on
EBR- Il

Benchmark
Published 2017

Handbook on

Sodium
Properties

TECDOC-1

K In Pub¥fshing  Published 2018
IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia Online since 2016 Draft




Main IAEA Activities on Fast Reactor Technology
in 2017-2018 and future plans

FR17 Conference in Yekaterinburg (2017)
CRPs/Benchmarks/Studies

NAPRO CRP (2013 - 2018)
3 Ongoing CRPs:
 PSFR Source Term (2016 - 2020)
« CEFR Start-Up Tests (2018 - 2022)
 FFTF ULOF Test (2018 - 2022)
2 CRPs proposed:
« Modelling of Total Instantaneous Blockage of SFR F/A
« Benchmarking LOF transient test in CLEAR-S HML Pool
Facility
Study on Passive Shutdown Systems for Fast Reactors
(completed in 2017)

Technical Meeting (TM) on Structural Materials for HLM
Reactors (2019)

TM on Benefits and Challenges of SMR FRs Type (2019)

TM Economical (or Industrial) Optimization of Liquid Metal
cooled Fast Reactor Designs (2020)

TM Proliferation Resistant Features of Fast Reactors and
Related Fuel Cycles (2020)

IAEA, Vladimir Kriventsev, HLMC-2018, 8-10 October 2018, Obninsk, Russia

Technical Working Group on Fast Reactors
— 50" TWG-FR Meeting in Vienna, May 2017

— 51t TWG-FR Meeting in Hefei, China,
21-25 May 2018

— 52" TWG-FR Meeting in Romania,
20-24 May 2019
GIF-IAEA Workshops on Safety of
SFR/LMFR

— 7th GIF-IAEA Workshop on LMFR Safety:
27-29 March 2018

Review of GIF Report on Safety Design Guidelines on Safety
Approach & Design Conditions for GEN-IV SFRs

— 8th GIF-IAEA Workshop on LMFR Safety:
20-21 March 2019

LMFENS Experimental Faclilities Database

Training Courses and Workshops

— Joint ICTP-IAEA Workshops on the Physics and
Technology of Innovative Nuclear Energy Systems
(2016, 2018 in Trieste, Italy)
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Introduction (1)

® Water cooled reactors of the PWR (VVER) type, which are the basis
of nuclear power (NP) and which way of evolutionary development

IS long, are safe in operating and meet the current safety
requirements. While operating in an open nuclear fuel cycle (NFC),
their competitiveness in electricity costs will be retained for long

as compared with that of coal generating.

® That is conditioned by low existing costs of natural uranium and
absence of their tendency to grow in the nearest and extended-range
future, as well as low contribution of the cost of fresh fuel and
storage of spent nuclear fuel (SNF) in the cost of produced electricity.
Along with that, the upper point of evolutionary development of the
existing VVER (PWR) technology has been obtained, and it is
possible that in the future that technology cannot provide their
competitiveness at the world market.
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Introduction (2)

® The further progress in nuclear power technologies (NPT)
can be only obtained under considerable increase

of the temperature level in the primary circuit coolant and
generated steam parameters, and, therefore, heightening

of the thermodynamic cycle efficiency.

® As applied to VVER (PWR) type reactors, that can be
achieved by use of the water coolant with supercritical
parameters (supercritical-water-cooled reactor (SCWR)).
However, at that point the conflict between increasing safety
requirements and economics requirements is not
eliminated.
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Introduction (3)

® The highlighted conflict that is peculiar to reactor facilities (RF),
which use coolants with large amounts of accumulated potential
energy (compression energy, chemical energy), is shown

In the following: rise in safety requirements due to noticeable
increase of NPP power-units is inevitably resulting in growth

of the number of safety systems and their power capacity, increase
of the number of defence barriers.

® Thus, the capital and operating costs are growing and the NPP
competitiveness is lowering. For comparison, under operating
parameters in water coolant and heavy liquid metal coolants (HLMC)
the values of accumulated potential energy (compression and
chemical energy) are 20 and 0 GJ/m? correspondingly.
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1 Safety and Economics (1)

® The problem of NPP safety assurance that sharpened after
happening of the Chernobyl disaster has become strongly acute
after the accident occurred at NPP Fukushima 1. As a result,

In certain countries it caused abatement of the confidence

of the population and politicians, who are voicing the population
opinion, to the NP safety. Thus, it caused slowing down

of the paces of NP development.

® At the same time, further increase of safety requirements

(the value of possibility of the severe accident requiring population
evacuation is one of the vital quantity criteria for NPPs

with traditional type reactors) can result in loss of competitiveness
of the NP based on water cooled reactors.
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1 Safety and Economics (2)

® To reduce the specific capital costs and cost of produced
electricity, it is required to increase a unit capacity of reactors,
which, in its turn, is leading to the growing total cost of NPP
construction and rise in construction terms. Thus, the financial

risks are growing.

® An example is experience in construction of power-units
EPR-1650 in Finland (Olkiluoto Nuclear Power Plant) and France
(Flamanville Nuclear Power Plant) with power of 1650 MWe.
Their construction terms have increased almost twice,

and the cost has raised by a factor of two or three. Thus,

the profitableness of the Project is sharply reduced that,
depending on the tariff, can cause unprofitability of the Project.
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1 Safety and Economics (3)

® Along with that, in future the NP role will be very important
as it makes possible generating of electricity and thermal power
without limitations in fuel resources, exhausts of harmful
substances into the environment and consumption of oxygen,
which are resulting in global changes of the earth climate.

® Development of the renewable energy sources (RES)
demonstrating the noticeable progress in technical and
economical parameters can only replace a comparatively low part
of fuel and energy resources. Moreover, it is only possible

to develop the RES under providing of the governmental support
covering their still low efficiency.
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1 Safety and Economics (4)

® The Global Agreement on Climate, that was accepted

by 196 parties on 12.12.2015 and sighed on 22.04.2016

at UN Climate Change Conference held in Paris and purposed

to replace the Kyoto Protocol, will come into force in 2021

and does not specify the concrete ways of lowering of carbon
exhausts into the atmosphere. It does not provide establishment
of the mandatory tax on carbon exhaust as well.

® Moreover, the nuclear option is not provided in the Agreement,
and that is conditioned mainly by radiophobia of the population,
whose opinion is accounted by politicians. Along with that,

upon large-scale development of the NP, it is assuring

the opportunity of considerable lowering of carbon exhausts

Into the atmosphere.
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2 Ways of Lowering of Population’s Radiophobia (1)

® The progressive part of nuclear community is beginning

to understand little by little that in the foreseeable future

by use of HLMCs it will be possible to eliminate in principle

the severe accidents requiring population evacuation.

It is confirmed by a growing number of research and development
works on HLMC cooled reactors carried out abroad. At the First
International Conference HLMC-98 the Russian experts presented
a great number of reports on HLMC technology including those
on operating experience in reactors with lead-bismuth coolant
(LBC) at nuclear submarines (NS). Twelve (12) foreign participants
took part in work of Conference HLMC-98. In 2013 forty seven (47)
foreign participants took part in work of the Fourth Conference
HLMC-2013.
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2 Ways of Lowering of Population’s Radiophobia (2)

® In 2018 the USA acceded to works on HLMC cooled reactors within

the Generation IV International Forum (GIF) Framework Agreement

for International Collaboration on Research and Development of
Generation IV Nuclear Energy Systems. The Belgian Nuclear Research
Centre (SCK<CEN) organized work of Heavy Metal Summer School

on June 12-16, 2017. The Global Symposium on Lead and Lead Alloy
Cooled Nuclear Energy Science and Technology (GLANST-2017) was held
in Seoul (Republic of Korea) in September 2017. The International
Symposium on Lead-Cooled Fast Reactor Technology Development

was held in Shenzhen (China) on March 14-16, 2018. On March 9h, 2018
the initiative of building China Industry Innovation Alliance of Lead-based
Reactor (CIIALER) was lunched in the Industrial Strategy Symposium

of Lead-Based Reactor held in Hefei, Anhui Province, China. The CIIALER
includes the representatives from over 100 enterprises. As for publications
on the HLMC subjects in peer-reviewed journals, in 2018 their number can

be compared with those on sodium coolant.
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2 Ways of Lowering of Population’s Radiophobia (3)

® The conclusion made up in the report of Massachusetts
Institute of Technology (MIT) predicated a noticeable role of HLMC

In the future NP:
“If the corrosion resistant characteristics

of these alloys are confirmed for realistic reactor conditions
and assuming that there are no other unexpected challenges,
LFRs (Lead-Cooled Fast Reactor) could become

an attractive alternative to SFRs (Sodium-Cooled Fast Reactor)”.
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2 Ways of Lowering of Population’s Radiophobia (4)

® Use of HLMC in FRs provides the reactor with crucial properties

of inherent self-protection regarding to the severest accidents requiring
population evacuation. That is conditioned by HLMC nature properties,
namely: high boiling point and chemical inertness in events

of contacting with water and air. In the HLMC cooled reactors there is
no potential energy accumulated in coolant (coolant compression
energy, chemical interaction energy), which upon the certain initial
events can cause destruction

of defence barriers and catastrophic exhaust of radioactivity.

® Use of HLMC is forming the backgrounds for simplification

of the RF design due to elimination of the certain safety systems,
which are necessary in the RFs with other coolants. Thus, it is possible
to construct the NPPs on the basis of FRs with HLMC, which are not
only safer, but more efficient, as compared with NPPs

based on traditional type reactors.
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2 Ways of Lowering of Population’s Radiophobia (5)

® Though now thereis no currency equivalent for the safety level,
its enhancement is providing the competitive advantages under the
similar technical and economical parameters of different type NPP
projects and is lowering the financial risks for the NPP owner in the
process of operation.

® Moreover, deterministic elimination of the necessity of population
evacuation in events of severe accidents is assuring the higher level
of population confidence that can be crucial upon selection of the NPP
project for construction (e.g. absence of pressure in the reactor, lack
of hydrogen release means that explosion cannot occur and so on).

It is more clearly understood by the people, who consider the events
on the basis of their own experience, but not on the results

of probabilistic safety analyses.
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2 Ways of Lowering of Population’s Radiophobia (6)

® [or the population the possibility of catastrophic consequences

of the nuclear accident is much more important than the low probability
of its realization. Nevertheless, in accordance with the reliably received
statistical data, the man-caused risks caused by operation of industrial
enterprises and their fuel-energy infrastructure are many orders greater
than the corresponding risks from the NP.

® From the standpoint of the nuclear community and educated part

of the population, that perception of the NP is not reasonable. However,
that factor should be taken into consideration as an objective one and
the high safety level of the NPP should be validated for the population,
whose opinion is crucial and final, by “transparent” arguments without
use of probabilistic analysis methods, if possible.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (1)

® Today it is generally recognized that the factor of FRs will be
determining in the future large-scale NP. It is conditioned by the fact
that only in fast neutron reactors we can obtain the breeding ratio (BR)
that is equal or exceeds one. That makes possible involving of 238U
(widespread heavy uranium isotope) instead of 23°U (rare light uranium
Isotope) in electric power generating at the NPP.

® Due to the highlighted fact, the source of raw fuel for the NP can be
extended approximately by a factor of one hundred thus providing

the people by energy for many thousands years without carbon
exhausts into the atmosphere and destruction of oxygen. To realize
that opportunity, the FRs must operate in the closed NFC with recycling
of built up plutonium.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (2)

® Along with that, despite such unchallengeable advantage

over the operating water cooled thermal reactors (TR), the FRs are not
developed widely. Moreover, in reality the time for their economically
expedient implementation in the NP is being constantly postponed.

® [or instance, in the USA, where the park of TRs is the largest
(about 100 GWe), it is not planned to implement FRs in the current
century due to considerable increase of the natural uranium cost
that can result in loss in competitiveness of the NPPs based on TRs

with heat power plants (HPP) using fossil fuel.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (3)

® The main reason is that FRs are much more expensive than TRs.
That is conditioned by the fact that everywhere the sodium was
selected as coolant as possessing the best heat-transfer properties,

which allowed providing of intensive heat removal in the core and high
rate of excess plutonium buildup.

® The highlighted requirement to FRs was a determining factor

In the last seventies because of the existing external conditions,

when the resources of cheap nature uranium were explored in small
scales and the pace of electric power development and especially NP
development was high.

The required doubling time of plutonium (and consequently the time
of doubling of the number of NPP power units) was ten years and less.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (4)

® The lower economical parameters of FRs are resulting

from additional expenditures for safety caused by nature properties
of sodium, namely: extremely high chemical activity when contacting
with water and air that is possible in accidental situations. Those
expenditures include an intermediate sodium circuit between

the radioactive sodium primary circuit and steam-water circuit,

the necessity of casing of sodium pipelines, more complicated
technology of SNF handling, and special measures on fire-prevention
safety.

® |n the result, the future large-scale NP is necessarily planned

as a dual-component one, namely: in the closed NFC the more
expensive sodium fast reactors (BN) “are feeding” the cheaper TRs
by their excess plutonium.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (5)

® At present in most countries, which are developing the NP, there are
no external factors highlighted above. For that reason, now the BN
reactors are not without alternative ones. The exception is those
countries, where aggressive development of the NP is planned and
resources of cheap nature uranium are not large (e.g. India, China).

® That fact should be taken into account upon coming to a decision
on the issue concerning construction of reactor BN-1200 in Russia
that will make possible retaining of competence and skilled potential
in sodium technology. Moreover, that makes possible keeping

of “running order” for the functioning NPT based on FRs operating

in the closed NFC, which can be demanded in events of unforeseeable
failures in the process of implementation of FRs with HLMCs.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (6)

® Use of HLMCs as FR coolants, which heat-transfer properties

are much worse as compared with those of sodium, does not allow
obtaining of short doubling time of plutonium. However, due to

the HLMC natural properties such as chemical inertness and very high
boiling point, the application of HLMCs is forming the backgrounds
for construction of FRs with a very high level of inherent self-
protection, which deterministically eliminates the severe accidents
requiring the population evacuation.

® At that point, the FRs are not burdened with additional expenditures
for safety required for both water cooled TRs and BN reactors.

Due to that fact, after the presented technology has been
demonstrated, it is possible to consider as an option the one-
component structure of the future large-scale NP based on FRs

with HLMCs.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (7)

® Along with that the cost of produced electric energy, which is within
the design basis and determining the level of NPT competitiveness,

IS depending not only on the values of specific capital costs of NPP
construction, but those of the corresponding fuel cycle.

® Under existing low costs of natural uranium and absence of their
tendency to grow in the nearest future, as well as low contribution

of the costs of uranium fuel manufacturing and SNF storage

in the electricity cost that is within the design basis, closing of the NFC
will result in heightening of that parameter and lowering of the NFT
competitiveness.

® F[or that reason, at the initial stage of implementation of HLMC cooled
FRs in the NP (under their technological readiness and lower values

of specific capital costs as compared with those of TRs. However,

for the present it is only an assumption confirmed on paper), it is possible

that operation of the FRs, which use uranium fuel and operate in an open

NFC with postponed reprocessing of SNF, can be economically efficient.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (8)

® That is expedient for the reasons of nonproliferation especially when
construction of such reactors is realized in the non-nuclear countries,
bearing in mind that uranium enrichment does not exceed 20 %. At that
point, it is possible to utilize step-by-step the SNF of TRs as makeup
fuel in the closed NFC of FRs when closing of the NFC is becoming
economically justified.

® [n conditions of limited opportunities of usage of natural uranium
and deficiency in existing resources of extracted plutonium

for launching of FRs with HLMC, the necessary pace of growing power
capacities of FRs with HLMCs can be provided by including

of the corresponding number of fast plutonium breeder-reactors

with sodium coolant in the NP structure.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (9)

® |n this case at the stage of the growing implemented power capacities
the NP structure will become tri-component, namely:
1) the cheaper FRs with HLMC operating in the closed NFC in a mode
of fuel self-providing;
2) the TRs operating in the open NFC, which use partially the uranium
fuel and partially the plutonium one, and the SNF is sent to
the closed NFC of FRs;
3) the breeder-reactors with sodium coolant, which operate
In the closed NFC and supply the TRs by excess plutonium.
® The optimum relationship between the reactor types will be determined
by their technical-economical parameters and economical parameters
of the corresponding fuel cycles.
® When a stable level of summarized power capacity of NPPs is obtained,
a mode of fuel self-providing with breeding ratio (BR) that equals to 1 will
be quite sufficient. And that is provided by HLMCs cooled FRs operating
in the closed NFC with gradual changeover to a one-component structure
of the NP. 24/37



3 The Role of FRs with HLMC
In the Future Large-scale NP (10)

® Thereis aone more feature of the HLMCs cooled FRs, namely:

the harder neutron spectrum caused by weak moderation of neutrons
on lead and bismuth nuclei as compared with FRs cooled by other
coolants. That is resulting in heightening of the efficiency

of transmutation of minor actinides (MA), which possess the threshold
dependence of microscopic fission section on power both in critical
and sub-critical FRs (ADS).

® As aresult, while FRs are operating in the closed NFC, in a certain
time the concentration of MA nuclei (neptunium, americium, curium)
upon their recycling is reaching saturation as the velocity of their loss
caused by fission is becoming equal to the velocity of their formation.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (11)

® At that point, the specific radioactivity of MA (counting on one GW-y
of produced power) will decrease with increasing of cumulative energy-
generating. So, it makes easier finding the solution to the problem

of MA handling at the back-end stage of the NFC as long-lived isotopes
of MA define the radiotoxicity of wastes, which must be sent to the final
burial.

® The harder neutron spectrum is also leading to diminishing

of the positive constituent of voiding reactivity effect by making it
negative for small power capacity FRs with high neutron leakage.
And that is important for safety.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (12)

® |n Russialead-bismuth coolant (LBC) with Bi and Pb eutectic content
that has been mastered in conditions of operating nuclear submarines
(NS) reactors is considered as HLMC. LBC is used in designing of
reactor SVBR-100 oriented to construction of small and medium power
modular nuclear power plants (NPP).

In addition, lead coolant (LC) that has not been mastered yet,

but that is used in designed reactor BREST-OD-300 is considered

as a stage in construction of commercial power unit BR-1200
with lead coolant.
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3 The Role of FRs with HLMC
In the Future Large-scale NP (13)

® The melting temperature of LBC is much lower (124 °C) as compared
with that of lead (327 °C) that is convenient in operation. For that
reason, it was selected as primary circuit coolant in reactor SVBR-100
despite of its higher polonium radioactivity (by four orders greater).

® The measures for providing of radiation safety, which were
developed upon mastering of that technology regarding to NSs,

were efficient. That is proved by the fact that in an event of accidental
coolant leaks, the radiation dose of the military and civilian personnel,
who took part in eliminating of consequences, did not exceed

the permitted sanitary level. Of course, polonium is a source

of potential radiation hazard, and that should be accounted

In the process of development and operation of NPP projects
based on LBC cooled RFs.
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4 Small and Medium Power
Modular Reactors with HLMC (1)

® [n recent years many countries are showing a growing interest

In development of small and medium power (SMR) modular NPPs,
which also include the NPPs based on RF SVBR-100. Less capital
expenditures and shorter terms of construction are required for NPPs
based on RF SVBR-100. Thus, the investment risks are lowering

and attraction of private investments is becoming more possible.

® Actually, there are no any nuclear power sources in that power niche,
though heat power plants (HPP) and heat electric plants (HEP) of such
power capacity are producing the major part of electricity and virtually
the whole quantity of thermal energy. However, at this point they

are the main pollutants of the environment.
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4 Small and Medium Power
Modular Reactors with HLMC (2)

® Among over twenty SMR projects developed in different countries,
the evolutionary projects based on traditional water technologies are
the major ones. On consideration of the near future commercialization,
the most real option is a project of floating NPP based on RF KLT-40C

and further development of that project on the basis of advanced
RF RITM-200.

® Within the SMR projects developed abroad there are some projects
with HLMC. These are the following projects with LBC: CLEAR (Chinese
People’s Republic), PEACER and URANUS (Korea), HYPERION (USA),
ENHS (USA), MYRRHA with accelerator (EU); with lead coolant:

SSTAR (USA), ALFRED (Ansaldo, Italy), SEALER (Sweden). Recently

Westinghouse Electric Company LLC has acceded to development
works on HLMC cooled reactors.
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4 Small and Medium Power
Modular Reactors with HLMC (3)

® The high safety level resulting from natural properties of HLMC

(such as extremely high boiling point eliminating the necessity

to provide excess pressure, chemical inertness in events of contacting
with water and air) is eliminating the opportunity of explosions and fires
In the reactor, which are followed by high radioactivity exhausts.

® Thus, it is assuring tolerance to the equipment failures, personnel’s
errors and malevolent actions that is especially viable when the NPPs
are located in countries with a high level of terroristic threats.

® High safety of SMRs with HLMC makes possible their location

In the centers of power consumption or close to the regions with
realization of raw and mineral mining. Thus, there is no necessity

In construction of expensive extended electric transmission lines.
Moreover, the losses caused by transmitting of electricity to the long
distances and transport expenditures for long-distance transportations
of raw materials are reduced as well. 31/37



4 Small and Medium Power
Modular Reactors with HLMC (4)

® However, small and medium power NPPs, which should replace
the HPPs, must meet the higher safety requirements, as, bearing

iIn mind their function of heat supply, they must be located in close
proximity to the cities.

® Besides meeting of the high safety requirements and level

of technological readiness, the major restriction on the way of wide
implementation of those NPPs in power engineering is difficulty

in obtaining of the required value of LCOE (Levelized Cost of Energy)
to the total amount of produced energy.

® The indicated index is introduced in International Project INPRO

for the purpose to compare the competitiveness of nuclear and
alternative energy sources.
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4 Small and Medium Power
Modular Reactors with HLMC (5)

® The highlighted difficulty is caused by a common law of increasing
of the value of specific capital expenditures in construction of NPPs
with lowering of power capacity of the plant, in contrast to HPPs

on fossil fuel, for which the value of LCOE is mainly determined by fuel
costs.

® At the same time, upon discounting, the capital expenditures made
prior to starting of NPP implementation in commercial operation are
growing, especially when the terms of construction are increasing and
the current annual incomes from sales of power are decreasing.

® Due to a high level of inherent self-protection and with account

of serial production, just the SMRs with HLMC, which are not burdened
with large expenditures on safety providing, possess the advantages
of modularity, are entirely factory manufactured and transported

to the NPP site in readiness, have great opportunities to obtain

the required values of LCOE, as compared with other types of RFs.
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Conclusion (1)

1. The highlighted difficulty is caused by a common law of increasing
of the value of specific capital expenditures in construction of NPPs
with lowering of power capacity of the plant, in contrast to HPPs
on fossil fuel, for which the value of LCOE is mainly determined
by fuel costs.

2. Slowdown of the paces of NP development and extension
of economically available resources of natural uranium enable
to consider the FRs with HLMC, which operate in the closed NFC
In a mode of self-providing, as an option for the future NP. Those
FRs cannot provide the short plutonium doubling time that is
possible to obtain in the mastered fast sodium reactors. However,
due to the natural properties of HLMC, in those FRs it is possible
simultaneously to enhance safety and improve technical-economical
parameters.
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4.

Conclusion (2)

In the RFs with HLMC the amount of accumulated potential energy
IS minimal that makes possible realization of inherent self-protection
and passive safety properties to a maximal extent and elimination

of the reasons of severe accidents requiring the population
evacuation. Those RFs are not intensifiers of external impacts and,
therefore, the scale of destructions will be only determined

by the energy of outside impacts.

Those type RFs will possess the robustness properties, which will
provide their high sustainability not only in events of single failures
of the equipment and personnel errors, but in events of deliberate
Ill-intentioned actions. Such properties of RFs with HLMC will make
it possible to overcome the population radiophobia that has grown
after the accident occurred at NPP Fukushima 1. And that is very
iImportant for establishing of large-scale NP and sustainable

development. S



Conclusion (3)

9. The RFs with HLMC, which require a stage for their mastering
when real experience in conditions of the operating NPP
will be gained, can be used as follows:

1) for construction of power units of large unit power,
which cover a base part of load,;

2) for construction of SMRs operating in local or regional power
systems and generating thermal power along with electricity.
Such NPPs will make possible replacement of coal HPPs,
which are the major pollutants of the environment.
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PROJECT STATUS
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GOALS AND MILESTONES

* Development of small modular multifunctional nuclear reactor module (SVBR-

Goals 100, 100 MWe — per unit) technology (including FOAK NPP construction with
SVBR-100 reactor unit at the Dimitrovgrad site), and
+ Commercialization of the technology for domestic and foreign markets
|
* Ready for location and operation nuclear reactor module, mostly produced and
assembled on the factory with possibility to be transported by the railways,
Deliverables vehicles or sea.
« Customized NPP project design with capacity corresponding to the local needs
(100-500 MW or more), multipurpose applications (electricity, heat, steam,
desalinated water), flexible operating modes (load following and weak net
systems) that could be placed near industrial and residential areas.
|
completion of R&D, design and construction documentation, obtaining licenses for
Major location and construction of the first of a kind unit (‘pilot’ unit)
milestones SVBR-100 deployment, Dimitrovgrad (Ulyanovsk region, Russia)
fist references of industrial operation
serial supplies reactor/NPP worldwide
|
)qKMB Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018)

SMALL MODULAR REACTOR
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|+

October 9-11, 2018 Obninsk, Russia



NPP PROJECT WITH SVBR-100 PILOT UNIT CONSTRUCTION

Prototype nuclear plant is to be constructed in Dimitrovgrad, Ulyanovsk region
near the Russian State Atomic Reactor Research Institute

&
I

5 A 2
EVENTS BEHIND: = 1 unit

» co-generation mode

» Positive resolution of public hearing - Installed electric capacity: 100 MW(e)

= Authorized site (signed rental agreement) = Heat capacity: 100 Gcal/h
» Efficiency factor: ~36%
= Obtained license a license of RTN for pilot = Working time: 50 years
NPP placement = ICUF*: ~90%
HKMB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018)
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SVBR-100 REACTOR CHARACTERISTICS

|
Parameter Value EL_J

Reactor thermal power, MWt 280 —= J/’L—LLL_ —
Pressure of generated steam (saturated), MPa 7 ! = § J : | : i :
Steam flow rate, t/hour 580 [ "i;' e
Primary circuit coolant: R Pb.+ A B R
55,5% Bi ] B 485l i
Ig:r;ﬁﬁlreett'[/lgrfﬂzi’porémary circuit coolant at e [ T | i :
Fuel: type UO2 | 11 e l
average enrichment on U-235,% 16,7 : i
maximal enrichment on U-235,% 19,5 i :
Core lifetime, eff. hours 50 000 : :
Time between refueling, year (one-stage refueling) 7 :
Dimensions of reactor vessel (diameter/height), m 4,40/ 12,4 \ ._ : 1hs
NS 5

)ql‘<|\/|9 SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018)
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REACTOR DESIGN STATUS (1/3)

Basic design documentation for the core elements, main circulation pump, primary
coolant system and reloading equipment were issued.

Modified uranium oxide:

* Increased density

« enhanced thermal conductivity

These material properties were justified by
BOR-60 and 1VVV-2 reactor experiments as
well as by comprehensive tests conducted
by Kurchatov center

* Ribbed fuel element
cladding

* Modified uranium oxide

* Impermeable fuel
element design

Pilot batch of full scale
cladding (fuel element,
external reactor neutron
sources) was
manufactured by 2013

Fuel pellets were manufactured by
fabrication plant

Full scale fuel elements were Model neutron sources Absorber rod models for
manufactured by fabrication plant (successfully tested in BOR-60) testing in BOR-60

)qKMB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018)
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REACTOR DESIGN STATUS (2/3)

Basic design documentation includes all key design decisions for SVBR-100 reactor

Reactor Reflector

Reactor vessel with in
vessel structures is &
intended for equipment \
placement and forms a
coolant circulation

* Reduce of neutron
leakage

» Core boundary

» Thirty elements of ‘é’ﬂ

» Average fuel burnup
~65 MWt days/ U kg
l » Core lifetime, not less
than 50000 eff. hours.

-

circuit five types
B g
N i
e i,
Steam generator
module
MCPU Refueling equipment
| ) |
Fuel Assembly o
Fuel UO, + Bayonet tubes + Core assembly
61 fuel bundles type heat « The discharge installation into
Fuel rods number exchanger part is installed reactor
~200 « Pressure - 7 MPa in the reactor « Control rods
Height ~2,4 m - Temperature of vessel _ installation
Dimension for The electric + Dismantling of

steam-water
mixture ~290 °Cc

motor is located
on the reactor
cover

control rods drives
* Unloading of SF
bundles from the

reactor
e The reactor block

load/removal

"wrench" ~200 m

HKMB’ SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018)
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REACTOR DESIGN STATUS (3/3)

Basic design of the
primary circulation pump
with electric drive and
control system was
developed

* The model flow section of the
primary pump was tested on
water

* The necessary flow
characteristics are obtained

The test facilities for the elements of the primary pump
and full-scale pump testing

* The first stage of
large hydraulic test
facility was put into
operation

* The first stage of
the model bearing
block testing was
performed

HKMB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018)
ENGINEERING NUCLEARSYSTEMS October 9-11, 2018 Obninsk, Russia
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PROJECT REVIEW

Project documentation were reviewed by national regulators +  Regulatory framework is
(Rostechnadzor, SEC NRS, Rosprirodnadzor) for the following sufficient for EOAK NPP
points: . licensing (with some regulations
« Sufficiency of the regulatory framework for FOAK NPP to be reviewed)

licensing
« Sufficiency of R&D program and safety concept . Some additions for R&D

* Licensing program and safety concept

were suggested

P
’ /wm“zg: e * Some recommendations for
T FOAK NPP optimization and
s provision of NOAK NPP
competitiveness were
v formulated

.+ The absence of technical

Industrial expertize followed by considerations of SC obstacles for further ,
development of the Project was

Rosatom’s Scientific and Technical Councils on the topics:

* Optimization possibilities for FOAK NPP stated
» Sufficiency of R&D program and safety concept
* Possibilities to get competitiveness

14 8

« License for the FOAK NPP
placement was granted

HKMB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018) 10
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WORLD POWER SYSTEM DEVELOPMENT TRENDS. CONSEQUENCES

FOR NUCLEAR POWER

)qKMB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018) 11
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ELECTRICITY PRODUCTION

World Electricity Consumption
Consumption of NPP Electricity

70000 .
- —EIA —EIA
£ 6000
= Shell S Shell
i 50000 . 5000 ——Exxon
o Exxon 5
2 — 2 ao0 IAEALow
E - o
5 20000 E 2 000 IAEA-High
c o o} _‘—-—-./
3 e —— S 2000
1000
10000 2010 2020 2030 2040 2050
2010 2020 2030 2040 2050 Veare
Years
Electricity consumption increases Indefinite Nuclear Power development
Share of NPP generation NPP Installed Capacity
0,13 1,0
——EIA-Nuclear —EIA
— =
20,12 BP-Nuclear = Shell
= ——Shell-Nuclear = IAEA-Low
f— (1]
© o011 807 IAEA-High
v -
© L
& 0,10 i
E ‘“—-.______/
0,09 03
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
Years Years

Nuclear Power does not generate proper share of electricity

_ _ _ Nevertheless, future Nuclear Power will be Large scale one
(as it could be able according to energy stored in U and Th)

HKMB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018) 13
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CHANGE IN ELECTRICITY GENERATION MIX

100,0 . .
e Solar and Wind PP Share
1976 ®
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o, )
oy 50 B Wind mPV
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Significant Cost Reduction of RES Large RES generated Electricity Share

Share of NRES generation Share of Hydro generation
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RES Share should be about 50% to meet Paris Climate Hydro Share will not rise significantly
Agreements
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RES FEATURES THAT AFFECT POWER GENERATION MIX

Hourly RES Electricity Generation

ICUF 14
0,6
, = 12
< oa 58
< T o6 /
.:* g 4
> 0.2 8
0 Solar PV—Hydro — Onshore wind 0 ]
1 6 11 16 21
2010 2011 2012 2013 2014 2015 2016 2017 Hour
Vears m GEOTHERMAL BIOMASS BIOGAS
ESMALL HYDRO WIND TOTAL SOLAR PV
Rather Low installed Capacity Utilization Factor for RES = SOLAR THERMAL _
Variability and uncertainty for RES
40 Hourly RES Electricity Generation -
Australia
45%
3 30
- 40%
S
= 20 35%
o 30%
o 10 25%
G
20%
0
15%
1 6 11 16 21
Hour o
RENEWABLES m NUCLEAR mTHERMAL IMPORTS mHYDRO o
0% -
2012 2016 2020 2025 2030 2035 2040
Flexibility of Power System is provided by imports and o
Thermal PP Decentralization of Power System
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NEXT GENERATION REQUIREMENTS AND SVBR NPP

Share of NPP generation

——EIA-Nuclear
——BP-Nuclear
——Shell-Nuclear

Share, rel.units
‘_O
=
=

0,09
2010 2020 2030 2040 2050
Years
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MEETING GEN-1V REQUIREMENTS

Generation IV goals SVBR-100 solution
Sy

... sustainable energy generation ... and effective fuel utilization... Fast spectrum reactor, U-Pu n U-Th closed fuel cycle, high
fuel bur-up, different fuel types (oxide, nitride, carbide)

... minimize and manage their nuclear waste ...

... excel in safety and reliability ... Absence of severe consequences under realizable accidents
- Inherent safety features
... very low likelihood and degree of reactor core damage ... Passive safety systems
... nuclear energy systems will eliminate the need for Design based accidents do not lead to core damage
offsite emergency response Emergency response area is bounded by NPP site
Economis | ]
... a clear life-cycle cost advantage over other energy sources Life cycle cost (LCOE) is comparable to large-scale NPP (60-

70 $/MWh, discount rate 7%)

... alevel of financial risk comparable to other energy projects Operation experience of prototypes and FOAK development
... avery unattractive ... for diversion or theft of weapons-usable 235-U enrichment is less than 20%
materials, and provide ... protection against acts of terrorism Sensitive neutronics of small reactor core

Long core life time
Impossibility to get prompt criticality
Impossibility to withdraw all available reactivity

)qKI\/IB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018) 17
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MEETING GEN-IV REQUIREMENTS. FUEL CYCLE

OPEN OR CLOSED NFC ABILITY TO USE A NUMBER OF NF TYPES
- Fowions (U-Pu)O
Fahrication ahrication, -Pu 2
Enriehl( \er E“’i""'{ 1 \N" UN (U'Th)oz
U Mining }OIVF U Mining %— SNF
: uo, (U-Pu)N
Interim
Interim Storage
Storage SNF
Reprocessing U C (U -Th ) N
e (U-Pu-MA)O,
eologic Geologic
Repository Repository
SUSTAINABLE ENERGY PRODUCTION U CONSUMPTION
. W
% 350 ~ B&| closed F, fuel - MOX
é 300
% 250-
'§ ] 1 WWER-1000
% 1]
Lifetime number 1-2 3-4 13-14 15-16 § 100: 10 SVBR-100
6 18 . 14 07 Lo — 7\
0,84 0,85 0,97 0,99 ° 0 10 20 30 40 50 60 70 " -- 90 100
Time, year
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MEETING GEN-IV REQUIREMENTS. SAFETY

T™I Chernobyl Fukushima SVBR SVBR design features

Coolant
evaporation

t, = 1670°C

Inability to remove
Fuel afterheat

Heat removal by natural
circulation of LBC with heat
transfer to tank water + 72

Growth of hours of non-interference

temperature in the
reactor core

Fuel rods zirconium
casing interaction

No zirconium (steel

i casin
with water 9)
Hydrogen . .
extrz\ctio%\ 8 No zirconium (steel
: casing)
explosion
HKMB SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018) 19
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MEETING GEN-1V REQUIREMENTS. COMPETITIVENESS

Competitive positions

(discount rate 7%) Parameter NOAK
240 1RU 2RU 4RU
220 LN 4> 45 45.48* 5157+
200 time, month
LCOE, $/ MWh 85 68 61
180
_ 160 * Construction and commissioning of
g 140 the second (and each subsequent)
o reactor into operation on a separate
g 1?° schedule (at least 9 months).
- 100
E
80 I
60 I
40
20
NPP NPP NPP NPP Gas Coal Solar Wind
1SVBR 2 SVBR 4 SVBR
Power Plant
Figure shows LCOE ranges from the ree‘ort K Ior Minimal LCOE values of SVBR NPP on this figure
+ the large capacity NPP (denoted as “NPP”), present LCOE values for SVBR NOAK NPP operated in
« natural gas-fired power plants (denoted as “Gas”), combined heat and power mode
» coal-fired power plants (denoted as “Coal’), Maximal LCOE values present LCOE values for SVBR
* solar power plants (denoted as “Solar”) NOAK NPP operated in power mode

* on-shore wind power plants (denoted as “Wind”)
) LCOE data and model assumptions were accepted from «Projected Costs of Generating Electricity», IEA, NEA, OECD, ISBN 978-92-64-24443-6, 2015
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POWER SYSTEM INTEGRATION. POSSIBILITIES FOR SVBR NPP

Share of NRES generation

40 Hourly RES Electricity Generation

0,60 = 20
——BP-Renewables ©
2 ——Shell-Solar+Wind S
€ 0,40 —— Exxon-Solar+Wind © 20
T ——EIA-Solar+Wind € 10
o ——BNEF-Solar+Wind o
S 0,20
&= 0
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0,00 Hour
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Years
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POSSIBILITIES TO PROVIDE POWER SYSTEM FLEXIBILITY

= Grid infrastructure development = High cost -

Q

- _ ©

= Limited use (pumped hydro), High cost (~ 300 E

$/kWh) Li-ion Battery Costs 8,

Q

o 1000 ¢ 4 .. 5

= Energy storage utilization < ., S

X Ceo, ® IS

> 100 1o Market (BNEF) e e @

8 ® Forecast (BNEF) (@)

£

10 2

2010 2015 2020 2025 2030 g

Years 8

" 2

* Demand side integration = Limited use

= Dispatchable generation = Hydro (lead to decline installed capacity utilization factor)

» Fossil fuel PP (decline decarbonization efficiency)

NPP with abilities: = Upto 2% NHOM/min
— Load follow operational mode = Weak grids
— To operate in decentralized power system = Heat, des.water, steam e
— Multipurpose application » Energy cluster
HKMB’ SMALL MODULAR REACTOR Heavy Metal Liquid Coolants in Nuclear Technology (HLMC-2018) 22
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MULTIPURPOSE APPLICATION

FLEXIBLE CAPACITY FOR LOCAL AND
REMOTE AREAS: GRADUAL BUILD-UP

Construction of
small and medium
dual application
complexes (power
and heat) in local
and remote areas
with poor energy
infrastructure

Preliminary design of dual application complex was developed by
Atomenergoproekt, OKB “GIDROPRESS” and IPPE

DESALINATION

Coastal desalination nuclear

power complex comprising two

types of onshore desalination
. plants (multi-layered distillation
and reverse 0SmMosis).

Distillated water:
200 000 - 350 000 m3/day

Shore-based nuclear desalination power complex based on a transportable
reactor unit with a SVBR-75/100 reactor, Atomic Energy. 2005. T. 99. Ne 6

HYBRID (CLUSTER FORMAT)

SELF-SUFFICIENT ENERGY SYSTEMS WITH NUCLEAR
OPTION AS BASE LOAD GENERATOR

Load follow mode
Decentralized power
system

Multipurpose application

Heat (or cold as sub product)

SV,BR'loo NPPWW

Still water

Hydrogen (as sub product)

FLOATING POWER UNIT WITH SVBR-100

0 88 e

F
R S N
Backip: 4 _SVBR-I.D(
& Hardware -

: lousi L2 System 32
[ Hoom:; IT_ " - -d—l P“ B N ;
i DFR | N T

7 Nl 4 i LRAW System

== T S

=

g

The unit is delivered to and leaves the site for refueling in a nuclear-
safe condition with "frozen" LBE-coolant in the reactor vessel

Preliminary design of 50 MW Floating power unit “CRUIZ-50" was developed

by Malashit, OKB “GIDROPRESS” and IPPE
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400
Sealed enclosure reactor box system Open FC, fuel - UO,
(localization valves, filters, concrete N
shaft with an upper ceiling)

350 Closed FC. fuel - MOX

ium, tonfyear

Flexibility of the Fuel
Cycle

1 WWER-1000

(LBC) of primary circuit )
e SVBR NPP could be
oo 4D considered as a viable option
for energy supplying to
regional consumers to meet
sustainable development goals

60 70 80 [0 100

FLEXIBLE CAPACITY FOR LOCAI
REMOTE AREAS: GRADUAL BUII

Constr
small an
dual ap
complex
and heq
and rem
with po
infras

Proleninacy desgn of dual appiication complex was developed
Atomanargoproekt OKB ‘GIDROPRESS  and IPPE

HYBRID (CLUSTER FORMAT,

e Multipurpose
| Applications

Deployment
Flexibilities

g .
8 |
1 30
g The unk Is delvered 0 and leaves the she for refusiing in & nuciear- CAC1PY CAC2PY CACAPY A3C la3 Yrone  Convue  Betep
safe condion with “frozen” LBE-coolant in the reacior vessel
ANeKTpOCTaHUMA
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GE International
| Forum

Generation-lV Lead Fast Reactor
Activities

Alessandro Alemberti
EURATOM / Ansaldo Nucleare

on behalf of
GIF - LFR
provisional System Steering Committee

FIFTH CONFERENCE ON HEAVY LIQUID METAL COOLANTS IN NUCLEAR TECHNOLOGIES (HLMC-2018)



GE@ International

[Forum

Outline

e The Lead cooled Fast Reactors in GIF
« Activities of the LFR provisional SSC (pSSC)

e Status of LFR R&D activities in MoU Countries

Slide 2



GEN/[ [nternational

Forum

The Lead-cooled Fast Reactor in GIF

GIF LFR provisional System Steering Committee

MoU Signatories Observers
EURATOM People's Republic of China
Japan United States of America

Republic of Korea f’(.‘};

Russian Federation -

There has recently been a change in the membership of the GIF LFR pSSC.

Slide 3



GEN/[ [nternational

Forum

The Lead-cooled Fast Reactor in GIF

GIF LFR provisional System Steering Committee

MoU Signatories

EURATOM

Japan

Republic of Korea
Russian Federation

United States of America

U g™

\\. 2ty

—

||I

Observers

People's Republic of China

signed on 8 February 2018

Slide 4



GENIJY o
The Lead-cooled Fast Reactor in GIF

Reference systems for the GIF LFR pSSC activities

SSTAR BREST-OD-300
(USA) (Russia)

small-sized. b Medium-sized, Large-sized, integral
mall-sized, battery  (nhools-in-loop» type  type reactor for
type reactor with reactor with closing of the fuel
long core life associated closed cycle

fuel cycle facilities

Slide 5



Parameters

Core thermal power

[MW

Electrical power [MW,]

Primary system type

Core inlet T [°C]
Core outlet T [°C]

Secondary cycle

Net efficiency [%]

Turbine inlet pressure [bar]

Feed temperature [°C]

Turbine inlet T [°C]

Fuel

th

1 500
600

Pool
400

480

Superheated
steam

42
180

335

450
MOX

GE@ International

Forum

Key design parameters of the GIF LFR Reference Systems

= BRES

T-OD-300 SSTAR
700 45

300
Pool
420

535

Superheated
steam

43.5
170

340
505

nitride

20
Pool
420

567

Supercritical
CO,

44
200

402
553

nitride
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=Qrum

PSSC Main activities

LFR System Safety Assessment (SSA):
SSA was thoroughly revised taking into account comments received from RSWG

LFR Safety Design Criteria (SDC):

SDC were thoroughly revised following comments received from RSWG and US
Document was also updated following the IAEA SSR 2/1 (rev. 1) version (2016)

LFR Safety Design Guidelines (SDG):
LFR SDG will be developed after SDC finalization

Contribution to the 2018 update of the GIF R&D Outlook Report
White Paper on the LFR PRPP aspects is currently being updated
LFR pSSC active in the GIF Task Force on Research Infrastructures
Several papers at the GIF Symposium 2018 (PARIS 16-17 Oct. 2018)

LFR White Paper on safety:
Final version of the White Paper on safety available to the public on GIF web-site
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GE@T" }pternational

-oium

Status of LFR R&D activities

INn MoU Countries/Entities
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$ GEN lumkm ations

[Forum

Japanese activity centered on
Heavy liquid metal technology

» Material compatibility : .

] . . Severe corrosion-erosion
Corrosion-Erosion, Oxidation In flowing Pb-Bi Fretting
corrosion, Fretting corrosion corrosion

» Development of corrosion
resistance materials
Al-rich steel, Ceramic materials,

Excellent corrosion resistance

Ceramic coatings of Al-rich steel in flowing.Pb-Bi
» Development of oxygen control Vel
system : g

Oxygen sensor, Gas injection system,
Mass exchanger, Electrochemical
Impedance spectroscopy

20 mm 30 mm
.

High-purity Pb alloy Oxyden sensor

Slide 9
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Russian Federation GE@T

The BREST-OD-300 Lead-cooled Fast Reactor >
GIF Road Map based on BREST schedule/advancement '4’

POCATOM

Manifold systems
of emergency
cooling

*  Power: 700 MW;,, 300 MW,
 Core diameter: 2.4 m

« Core height: 1.1 m

* Core fuel: (U+Pu+MA)N

* Fuel inventory: 20.6 t

« Coolant temperature
(inlet/outlet): 420°C/535°C

 Maximum cladding ‘_
temperature: 650°C
« Efficiency: 43.5% /
Main

» Core breeding ratio (CBR): ~ 1

Circulation

Vessel PUMp

Steam
Generator

Core

Key technical attributes include multi-layer metal-concrete reactor

vessel, and collocated fuel manufacturing and reprocessing




Re UbIIC Of Korea GE[;(]ji"}mumuouu

=Qrum

Summary

New Focus + Demonstrate load-following capability for marine propulsion & hybrid power
* Materials R&D to eliminate refueling during MMR lifetime (>30 years)
Physical model |, URANUS load-follow has been modeled by MARS-LBE and TraSSAM

establishment

Experimental | « PILLAR, URANUS mock-up, is designed with hydrodynamic scaling law (1/200)
Investigation | < System integral behaviors especially in pool configuration are tested

Numerical . . i : i .
Ndmerica +  MARS-LBE is validated with natural circulation experimental results on PILLAR for
validation and . ..
: steady state and transient conditions
modeling

Analytical | ° TraSSAM, a reactor dynamics simulation model for passive SMR has been developed and
model validated against MARS-LBE
development & | ° Transient analysis results show that URANUS, the passive LBE-cooled SMR can follow
assessment 50% power increase in 4 minute with full stability

— Future work
Experimental | Comparison of very fast transient experiment and model
investigation Ramp rate vs. nuclear fuel and steam generator water-level stability: EdF PWR
power changes 80% in 30% (the worst case limit for URANUS)

Further study on Balance of plant (BOP) design and Fuller Simulation

passive SMR | « Al-containing Corrosion-resistant Alloy under Development
simulation | < Pilgering of Functionally Graded Composite in Progress
model

Slide 11



Republic of Korea GENJY e

Micro Modular Reactor state-space model : TraSSAM LWR
= MMR: divided into four lumps/calculation nodes

* Three-region moving

boundary | Reoonan _
S/G formulation Semfass s Lim AN
- Flow inside the OTSG Efeaa?n”;;]”;i”; . | \
- Subcooled feedwater la | '
—No axial heat conduction ~ | "
- Secondary pressure 1 AN !
constant - wiow /
- Two-phase region in %M_ \h ‘*LL m,\',g
thermal equilibrium L ]'. ( !
J \I‘ J
e Critical flow assumption on ] A |
steam outlet DA e e ve s e
— Steam flow rate is 1
proportional to steam ‘ Eoboobomonow o ® B2
.. Cold Ieg A T|me(h)

pressure (dowconer 1 lowerplenim
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United States of America GENJ temstons

The Small Secure Transportable Autonomous Reactor
(SSTAR)

CONTROL SSTAR is a small natural
ROD

DRVES convection fast reactor of
CONTROL 20 MW, /45 MW,,, that

ROD GUIDE

DRVEL NES can be scaled up to 180
THERMAL MWe / 400 MWth

BAFFLE

CO2 OUTLET NOZZLE
(1 OF 8)

CO, INLET NOZZLE A
(1 OF 4) ’

Pb-TO-C0O, HEAT
— EXCHANGER (1 OF 4)

SUARD The compact active core

/o vessL is removed by the

VESSEL supplier as a single
cassette and replaced by
a fresh core (increased
proliferation resistance)

FLOW SHROUD

RADIAL REFLECTOR

ACTIVE CORE AND
FISSON GAS PLENUM

% |l FLOW DISTRIBUTOR
~ HEAD

Key attributes include advanced power conversion system (S-CO,), use of

natural convection cooling and a long-life core in a small, modular system




United States of America GEN]U}

~Qorum

New Developments

The SSTAR system remains a legacy system, little additional work

being done since completion of its conceptual design

 More recent developments include the US industrial involvement

In three LFR initiatives:
— Hydromine AS-200
— Westinghouse LFR

— Columbia Basin Consulting Group (CBCG) LBE-cooled SMR
« Additionally, an ongoing US-EU INERI project is considering the
possible role of a small LFR in powering an assured microgrid

Most important, the signature of the LFR-SSC MoU by DOE took
place in February 2018

Slide 14
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United States of America GErfw
Hydromine’s AS-200 concept

=/

[E] T i The Hydromine AS-200 concept is a
) ,/4 highly compact 200 MW, LFR achieved
. :

2

12 » ~ 4 times more compact than the

primarily by elimination of components

f

|

| EW Superphénix (SPX-1) SFR
—

- | H
|
|
|
|
|
|
|

» ~ 2-3times more compact than than
the best SFR projects

» ~ 3-5times more compact than
previous LFR projects

Core power (MWth) 480
f Electrical power (MWe) 200
- Coolant Lead

Core inlet/outlet T (°C) 420/530
Primary loop pressure loss (bar) 1.3
Secondary cycle Superheated steam
Fuel U or mixed oxide

Slide 15



United States of America
Westinghouse’s Demonstration LFR (DLFR)

Aims at enhanced passive safety and system compactness

[nfernational
Forum

GEXIX

Envisages thermal energy storage system to provide load-following with minimum
variations in core thermal power

neutron flux
r-5469+‘5 206415 CORE SHIELD
£1.26380+15 i
29.81860+14 ==k

[’0.99%e+ 14

4.181e+14

Core non-
cladding
component

Cladding
Coating

Main
Vessel

Other
Internals

Pump

SG tubes .
impeller

Base

bibhs Locting 600 510 510 510 510 390
temp, °C
Fluence 100-150 dpa 5 dpa N/A N/A 0.1dpa
Possibl S SS316 or 400 Series

"Sf‘ . ‘l’ D9 ALO; li‘;‘;. as SS316 | SS347, possibly SS + SS316
materia cladding coated Ti;SiC,

Slide 16
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=orum

People’s Republic of China (observer country) GEXY!
|

INEST observer of pSSC activities

'.FDS Institute of Nuclear Energy Safety Technology,CAS
Key Laboratory of Neutronics and Radiation Safety CAS

Key Technologies

I. Coolant Technology II. Key Components

» Preparation of lead alloy » HLM pump

o Purification » Heat exchanger

« Oxygen control » Remote handling

III. Materials and Fuel IV. Operation and Control

e Structure material » Digital I&C
o Cladding o Simulator
e Fuel assembly « Digital reactor

Most of 1:1 scale testing prototype components have been fabricated

ACTIVITIES ON CLEAR-I, CLEAR-M, CLEAR-A and FISSION/FUSION SYSTEMS

Slide 17
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[Forum

Lead & LBE technology development in Europe

There are presently two main projects in EU (with many synergies):

MYRRHA (LBE) ALFRED (LFR)
Flexible Irradiation Facility Advanced Fast Reactor
(Demonstrator of ADS) European Demonstrator

Slide 18
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[Forum

MYRRHA'’s implements phased approach

0.03MeVE  1.5MeVA 5.9MeVE 17MeVE 808-F00MeVE
. . MEBTE~11m
RFQE RT-CHBectionf SC-CHBection

Benefits of phased
approach:

* Phase 1l -
construction of
100 MeV
accelerator

B  70&WRump#1

SpokedinacB52.28VIHzB8Rav. A=73mA

>
("
=
=
o
—
|
—
@
(7]
[}
<
a

* Reducing
technical risk

« Spreading
investment cost

[34 cav, 639 m] (60 cav., 100.8 m]
704.4 MHz ELLIPTICAL LINAC $=0.705

- Allowing to have E AAAAAAAAAAAAA 5
the first R&D = &
facility available | & v
. |
In MOI end Of N SElementllipticalEavityd 2
()]

2 O 24 g elliptical@avity@nvelope g
= with&oldZuning? =
[« mechanismal designdfithelest@ryomoduleorithel o

700MHzBolidBtate®RF@mplifier?
prototyping

BELGIUM Government recently funded PHASE 1 of Myrrha with 558 M€

Slide 19
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EURATOM

ALFRED SUPPORT:
The FALCON* Consortium

= FALCON Consortium Agreement was established in
2013 to bring LFR technology to industrial maturity

= FALCON recently evolved in the European context.

= Main objectives are:
 ALFRED as a Major Project in Romania
 Finalization of ALFRED feasibility study
* Initiation of construction of supporting R&D facilities

= New members sharing the objective of a rapid
deployment of an LFR demonstrator, interested in the
R&D supporting infrastructure and in the ALFRED
iIndustrial outcomes are welcome to join.

*FALCON - Fostering ALfred CONSstruction

GENI International

Forum

-
FALE)

ANSALDO

Ansal IdoEegaGop

ENEN

RATE
iGN
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EURATOM GEP\(_]]—\ lmliﬂ]u onal

GE International
y ¥ Forum®

ADVANCED LEAD FAST REACTOR EUROPEAN
DEMONSTRATOR — ALFRED PROJECT

Alessandro Alemberti

Ansaldo Nucleare - Italy
September 26, 2018

r_‘nNEA‘ ﬁ_jj—E\i - LnsAlamns

A[’gﬁﬂﬂeo \H.HL 1n‘luhnru|l:1|:-:m15 OBLTkCIC}] -w-'-w“"““”
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EURATOM

ALFRED DEMONSTRATOR
to achieve technology maturity

GE\I’(_]]—\ International

[Forum

Phase 2

Phase 1

Commissioning

The operation of ALFRED will be based on a stepwise approach:

» phase 1: operation at low power and low-temperature range
* Using presently existing proven materials working without
corrosion protection
» phase 2: operation at full power and high-temperature range
» Using coated materials fully qualified during phase 1

Slide 22
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=Qrum

ALFRED: a LFR Demo with SMR-oriented features

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

“ ! * Leverage on LFR features

‘. | monstrator) = Intrinsic and passive safety
- = Higher level of safety

= Exclusion of domino effects

Optimum for multi-unit sites

Anticipated SMFR
commercial deployment

SMFR
(FOAK)

TIME WINDOW TARGET - 2035 - 2040

Slide 23
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SSC RF - IPPE

‘4‘, Joint Stock Company “State Scientific Centre of the

Russian Federation — Institute for Physics and Power
ROSATOM Engineering named after A. I. Leypunsky”

MAINTENANCE OF TECHNOLOGY
OF HEAVY LIQUID-METAL COOLANT
IN NEW GENERATION REACTOR FACILITIES

Askhadullin R.Sh., Storozhenko A.N., Melnikov V.P.,
Legkikh A.Yu., Ulyanov V.V. (JSC “SSC RF - IPPE”, Russia)

HLMC-2018, Obninsk, 08.10.2018
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FOCYOAPCTBEHHASA KOPIMOPALIMA MO ATOMHOW SHEPTUM «POCATOM»

POCATOM

OHEPIOBJIOK C PY BPECT-O[1-300

Jlemexoe B.B., Mouceees A.B., baxaHoe A.A.,
Capkynoe M.K., CmupHoe B.C., SipmoneHko O.A.,
Jlemexoe KO.B., YepenHuH KO.C., BacroxHo B.I1.,
Acgpemoe [.A. u op.

n ap. ydactHukm INH «lpopbiB»

Hay4yHbin pykoBoauTtens - FTHL P®-®IOU

FHU P® - ®3U,
OGHMHCK, 08-10 okTAaAbps 2018



JTanbl co3gaHua Kommepyeckux PY co cBUHLOBbLIM
TensioHocuUTesnem

POCATOM

UcknroyeHue aBapmumn Ha ASC, Tpebyrowmnx Kommepueckasa PY
JIBaKyauuu, a Tem Gonee otcesieHUs
HaceneHus

BEPECT-0O-300

dopmupoBaHue 3ATL ansa nonHoro
NCNOfb30BaHNS dHEPreTU4ecKoro
noTeHumMana npupogHoro ypaHoBoro
cblpbsl - Ucnonb3osaHne Pu BBOP Ha
crapTe

NocnepoBaTtesnibHOe NpuUbNMXxeHne
K paguauuoOHHO-3KBUBarIeHTHOMY

(Mo OTHOLLEHWIO K NPUPOLHOMY O6GecneyeHne KOHKYPEHTOCNOCOOHOCTHU
CbiPbi0) 3aX0poHeHMio PAO - Ha MO CPaBHEHMIO C APYIMMM BUAAMM
aTane 3Kcrjyarauunn rnocrie ocBoeHund reHepauum - eMOHCTpaLMs noTeHumana

Tonnuea ¢ MA

TEXHOJI0INU

TexHonorn4yeckoe ykpensneHue
peXnma HepacrnpoCcTpaHeHUs -
OTCYTCTBYET OnaHKeT

gsoT 2




o

POCATOM

30aHnsa 1 coopyXeHnsa mMoaynsi
dabpukaunu n pedadbpukaunmn (MOP) - |
ovepenb

34aHUA U coopyxeHna sHeprobnoka |
(9b) c PY BPECT-O[-300 - Il ouepegb - |
3aaHusa u coopykeHus Mmoayns ! L R
nepepabotkm (MI1) - 11l ouepenb = B |
Mepeopa (MoaepHu3aums) MOP Ha 3emnetpsiceHue MP3/M13 8/7 MCK-64
pecdabpukaumio AT U3 NpoayKToB Tennosas/ an. mowHocTb 700/300 MBT

nepepabotkn OAT PY BPECT 3arpy3Ka TonnvmBea 20,8 1/ 169 TBC
MNMeperpy3kun 6%/9% t.at. 7,2/4,8 T

g2 ;



AKTMBHaA 30Ha (HeMTPOHHaA hn3nKa U TONNNBO)

POCATOM

PacyéTHaga norpeLHoCTb TexHonornyeckasa norpeLHoCTb
0,7 % OK/K (oo domsnycka) 1,2 % OK/K (0o Ha4yana n3rotoBrneHus)

BHepeakTopHble
9KCMEPUMEHTbI B
CBUHLe 6onee 16 TbIC. 4

«Manbin» 3anac peakTMBHOCTHU
0,45-0,68 Bacp (c NMKP)

B cBuHLUE noA
obnyyeHnem

B HaTpun nop
CHYTI obnyyeHnem
TOMNIMBO

O0bonoyka

Cospaétco
netTnesas
yCTaHOBKa

66 cHa 4,2% T.a.

NcnbiTaHusa Ha
peakTtope BbH-600

NcnbiTaHna Ha

peakTope BOP-60

\

gsoT 4




AkTnBHasA 30Ha (ucnbitaHua TBC)

= 16
Croboaubiii = 14
OGO MBI YPOBEHL o ®
TENIOHOCHTEA 8] . .&.._:' ®
& b B il Y £ T .
@ ' s ool o 0 "
=
o \,f;é:&sgwii
z eI
————@——
E: ® -*
pd °
Ye1poiicTeo niasnoro nosopora >~ 6
TEMAOHOCHTE T
4 Y
2
~Mexoa weeTnrpanmsii 0
0 2 4 6 8 10
® 3YCT (nyuok, ce.yp., pacuer) Yucno Peitnonbaca, Re, 10*
Maxer TBC L3 ® 3YCT (nyuok, nosopor, cepua 1);
® 3YCT (nyuok, nosoport, cepua 2);
- 16
R
o« 14
[=)
& 12
=
g 10
=
[ToBoA TenIOHOCHTE 1A g 8
8]
= 6
a4
2
0
0 2 4 6 8 10
® CIUB (nyuok, xon.s., pacuert)

CIVB (nyuok, xon.6.) Yucno Peitnonbaca, Re, 10*

m  CIWB (nyuok, rop.s., pacuet)
©  CIUB (nyuok, rop.s.)

»>W3rotoBneHbl nornHoMacliTabHble MakeTbl BCEX TUMOB TEMNMOBbIAENSOLLNX C60pOK,
nposegeHbl MeEXaHNYECKNE NCTbITaHUA, NONYyYeHbl rnapasiiMt4eckmne n BI/I6pOMeTpI/ILIeCKI/16

XapakTepnctmkn B BoAE N XMOKOM CBUHLE

»[na nocneayrowiero N3roToBJieHNA n3gennn aKTUBHOW 30HbI OCBO€EHO
NPOMbILLJTIEHHOCTbIO OONbLUMHCTBO I'IOﬂbea6pI/1KaTOB

um.H.A.fonnexans
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Kopnyc 6noka peaktopHoro

v

= .,:

=

\g)

e

i

>OKcrnepuMeHTanbHO MOMy4YeHbl CBOWCTBA BbICOKOTEMMEPATYPHbIX OETOHOB npu paboymnx

Temnepartypax v nog obrnyyeHMeM, nokasaHa XuMMUYecKast MHEPTHOCTb TEMNSIOHOCUTENS Mo
OTHOLUEHUIO K beToHaMm

>BbinywieH obobLaroLmii OTYET N0 METaNNMYECKMM KOHCTPYKLMOHHBIM MaTtepuanam, BKIHo4as
CBapHble coeauHEHNs1, MaTepuaribl NOCTaBMEHbI HA NPOM3BOACTBO

>BepundnumnpoBaHbl Koabl No4 TENS0BbIE N MPOYHOCTHbIE 3a4a4u
»Pac4eTHO 1N Ha MakeTax NoATBepXaeHa nokanuayrwas gyHkuns 6etoHa

HlprHumnnanbHo paspaboTaHa TeXHOornmst C6opkM N MoHTaXa

%’-’4( NIOT

um.H.A.fonnexans 6



MaporeHepaTop (1/2)

Q

POCATOM

1] ]

[

MopBopn
7 MuTtaTtenb-
HOW BoAbl

=

=F

TenroHo-
cutens

i
gt ot I
=

.|'
|
!

!

|
|

|

Bbixon
TennoHocutens

»O6ocHOBaHbl Tpebyemble Tennornapasnnyeckme
napamMmeTpbl Mr. OnpepgeneHa rpaHuua
yctonymson paboTel — 6onee 15 % no pacxoay
BOAbl

>BbinyLueHsbl oboobLatoLme OTYETHI co
CBOWCTBaMK MaTepuanoB

»PacyeTHO obocHoBaHa NpoYHOCTN anemeHToB I
BO BCEX 3KCMNIyaTaLMOHHbIX peXmnmax

HlocTtaBneHa Ha NPouM3BOACTBO TensI00OMeHHas
TpyOa

>OKcnepuMeHTanbHo NnokasaHo OTCYyTCTBUE
3aBMCMMOro oTkasa npu paspbise ogHon TOT

»ObocHoBaH HeuTpanbHbin BXP, nossonstowmin
YMEHbLUNTb KOM-BO OTSIOXEHUW NPU JKCnnyaTayumm
Mr. PaspaboTaHa TeXHosorusd OTMbIBKM
TennoobmeHHbIx Tpy6 M

gsoT



MaporeHepaTop (2/2)

POCATOM

HloarBepxQeHO BLIMOSIHEHUE YCNOBUMN TEPMOLMKITMYECKON MPOYHOCTU
TennoobMeHHbIX TPyO M CBApHbLIX LUBOB NPUBAPKN K TPYOHOW OCKe

HlpoBeneHbl  3KCnNepuMeHTbl, obOocHoBbIBalOWMe nNpubaBky Ha
KOPPO3M1IO B YCITOBUSAX BOAbI, NApa U CBMHLIOBOIO TEMMOHOCUTENS

>lokaszaHo He3Ha4YuTenbHOE BMMSIHUE CBUHLIA HA CKOPOCTb MON3y4YecTu
B CBUMHLIE NPW Harpyskax, xapakTepHblX Ansi naporeHepaTopa

HlpoBegeHa  cepus  ucnbiTaHun  Tpuboconpskenna  TOT-Ar.
PaspabotaHa dunanko-mexaHundeckasi mogenb. PacyéTtel no mogenu
noaresepxpatT pecypc 30 net. Cos3gaé€Ttcs CTeHg Ans HaTypHOro
N3y4eHns1 BUOPaLMOHHbLIX XapaKTepPUCTUK

Ennod

OB Y CA
0.010

0.008 0002433 0003568

0.007
o

< 0008

g 0005 0000731

H
80.004
g
*0.003
0.0m
00w
0.000

iaa [ Fe T [ e | Vi ] gD [ gD | e | w0l | () [jwes
—flxca A 00T GBSGI OO0 1985 D 19412 0.000-S00000 DODO (150677 0.004 (300953 18413
—flven A OMSTST 0BG QOD1G3 11995 0 19412 0.000-00000  DODO (140374 0.004 (269130 18413
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riHA

[ABurartenb

PaguanbHo
oceBOM
noaLWnnHUK

Briok
YNIOTHEHUN

XonoannbHUK
Bana

Ban

OTtBOA

Cekuumn

Kopnyca\ Z
£

Pabouee
Korneco

HlpoBegeHa onTuMu3auusa MPOTOYHOWN
yacTM Ha BOOSSHOM U CBUHLUOBOM
cpeoHemacwTabHbIX cTeHaax

HlonyyeHa Heobxoanmas
XapakTepucTuka Hamop-pacxon  Afs ,
O6eCI_IeLI e H Mﬂ pa 60Tb| H acoca B num |5:nl 3ulm 25:0" mlqlu SS:III «l:m 4.':!::3‘ e

ananasoHe ot 30 go 100 %. P —

- B HEE PAMEHTEN LHUE %8 PaKTEPHETHI MY KT,

>Pa3paboTaH 1 N3roTOBMEH HKHUI paauanbHblA NOALUUMHUK

HlpoBoaaTCca  pecypCHble  UCMbITaHUS  NOALUUMHMKA Ha  CBUHLE
(HabpaHHbIN pecypc 30% OT NPOEKTHOrO)

>Pa3pa60TaHa KOHCTPYKUMUA TOpUEBOro YyrjioTHEHUA MO ra3y.|4aano
N3roToBreHNe On9 CTEHO0BOW OTpa6OTKI/I

>HayaTto nsrotosneHme onbITHOrO Hacoca

»Benérca nogrotoBka K co3gaHUKO MofHoOMacwTabHoro creHga Aans
ncnolitaHnn 'LU{HA Ha cBuHUE

H1poBeneHbl NMPOYHOCTHbIE pacYEeTbl MO CBOMCTBAM KOHCTPYKLMOHHbIX
marepuanos n3 obobuiaroLmnx oT4ETOB

9



NMpouyne anemeHTbI

Q

POCATOM

» [lonoOXnTenbHO OKOHYEHbI WCMbITAHUS OMbITHOrO obpasua npuMBoAa WCMOMHUTENbLHOIO
mexaHnama CY3

> W3rotaBnuBalotcs M NPOXOAAT WUCMbITaHUS MepBUYHbIE NpeobpasoBaTeny napamMeTpoB
NepBOro KOHTypa

» PaspabotaH TexHuyeckunm npoekt ACKY PY, co3gaH cTeHd, Ha KOTOPOM MoOKasaHa
ycTon4nBocTb paboThl perynatopoB KCY3 npu pasnuyHbix NepexogHblX pexmmax

Pa3pa60TaHa N UCMbiTaHa apMaTtypa CUCTEMbI 6e3onacHoOCTH naporeHeparopa

npOBO,D,FITCFI pecypcCHble UCMNbITaHNA KOMIMOHEHTOB CNCTEMDbI
nogaepxaHmda Kadecrtsa TENJIOHOCUTESA

> 3aBepluaeTcs oTpaboTKa 31IEMEHTOB CUCTEMbI KOHTPOMS
repmMeTUYHOCTU 000oYeK TBAN

gsoT 10



TennornapaBnuyeckue pac4yeTtbl B 060CHOBaHMe
KOHCTPYKTOPCKMX peLleHMn n 6e3onacHoCcTm

Q

POCATOM

Temmeparypa, °C Moy cxopoctu, /e
420.00 447.00 473.99 500.99 527.99 554.98 0.0000 0.56683 1.1337 1.7005 2.2673 2.8341

E i |

PacnpeneneHve Temnepatypbl 1 MOAYNSA CKOPOCTU B BEPTUKANIBHOM CEYEHUKN, MPOXOASALLEM Yepes OCb
ogHoro u3 NJHA (1-aa cekyHaa nepexo4Horo npolecca notTepu CUCTEMHOIO 3HepProcHabXeHus)

»>[1poBegeHo pacyéTHoe 0OOCHOBaHME UMPKYyNauMM B NEPBOM KOHTYpPE TPEXMEPHbLIMU
Kogamm

»PacyéTbl npoBefeHbl Kak a1 HOopMasribHOWM aKcnnyatauum, Tak U ON9 HapyweHun
HOpMarnbHOW aKcnnyarauum

» TpEéXMEepPHbIe pacyeThl, Kak NpaBuIio, NoKa3sbiBaOT, YTO PACYETHI MO KaHarnbHbIM KOA4aM B
pexmMmax C HapylleHus HopMarbHOW 3KchnyatauuuM [atoT KOoHcepBaTuBHble (Bonee
BbICOKME) TemnepaTypbl

»3aBepLuaeTcs Bepudmkaumna TpEXMEPHbIX KOLOB

@""137 11



O6ocHoBaHUe pagnaumoHHou 6esonacHocTu (1/2)

O

POCATOM

4,3°108 bk 3a nepBble€ CYTKM
ONSt MHOXXECTBEHHbIX OTKa30B
C BBOAOM MOJSTHOrO 3anaca
PEAKTUBHOCTU

OT akTMBHOM
30Hbl MeHee
0,1 Mk3B/M

1, M3B 3a nepBble 10 cyT.

NPU HarNOXEHNN
pasrepmeTtusauum Nl un

CUCTEMbI JIOKanu3aLmnm Teum

Ha ypoBHe
€CTECTBEHHOIO AKTMBaUNSA BbIEMHOIO BHYTPUKOPMYCHOIO
CbliHa 060pya0BaHNSA MPaAKTUYECKN OTCYTCTBYET

(KpoMe pasmMellaeMoro B LEeHTpanbHOM

NosIoCTN).

gsoT
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O6ocHoBaHue 6e3onacHocTH (2/2)

POCATOM

Metna CAOP

Tpyba
TdAroBas

Tennoo6MeHHUK
pacxonaxuBaHus

3

MoaBogAawmn
Tpy6onpoBoa

~

OTBOAAWMNN
TpyGonpoBoa

MepudepuinHasn /
nonoctb BP

I Metna CNATN

YcTponcteo
LMPKYNALMOHHO-
6apb6oTaxHoe

Tpy6onpoBopg CIITIN

Bak-6ap6oTep

brnarogaps KOHCTPYKTUBHbIM  pelieHuam no  PY,
NPUMEHEHNIO CBWHLIOBOIO TennoHocuTens,
obecnevyeHU0  maroro  3arnaca  peakTUBHOCTH,

MacCUBHbLIM cucTemaM 6e3onacHOCTW, CyMMapHas
BEPOATHOCTb noBpexaeHust a.3. ot Bcex C Ha 6Gase
24 4 He bonee 9-10°-1/rog.

gsoT
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HOpMaTI/IBHbIe NnpaBoOBbLIE AKTbl U CTaHAOAPTU3aLUNA

POCATOM

»B OCHOBY npoeKkTa peakTOpHOWM YCTaHOBKM 3anoXeHbl TpeboBaHMA [OEeNCTBYHOLLNX
doegepanbHbIX HOpM 1 npasun B oTHoweHnn ASC: Orl1b, MNbBA, HPB v T.4.

»[1nsa obecneveHns cosgaHnsa MHHoBaUMOHHBbIX AQC npouecchl pa3paboTkn npoekTa, HOBbIX
®HIT n nepcrnekTUBHbIX MNPOrpaMMHbIX CPeACTB (paCYETHbIX KOAOB) MAOYT MpPaKTUYECKU
OLHOBPEMEHHO

»Cneunduyecknmm  9BNAKOTCA MNpaBunia YyCcTponcTBa WM BesonacHoM 3kcnsyataumum u
COMYTCTBYWOLUME [OOKYMEHTbl (CBapka, MnpaBuna KOHTPOSiS W T.4.), HOPMbl pacyéTa Ha
MPOYHOCTbL Kopnyca

»B HacTosilee BpeMsa MOET coBMecTHasi pabota ¢ PocTtexHag3opom no COrnacoBaHMIO U
BBOOY B [OencTtBume ocHosonosnarawwmx @OHIT Ha ocHoBaHMM KOTOpbiX 6Oyder BeCcTUCb

co3gaHue PY.

HopmatnBHble aKTbl
MNpesugeHTa n
MpaeutenscTBa Poccum

o RapeToSRers peryTapasan Komnnekc ctaHgapTos

BesonacHocTH

HoBble ®HI1

@""1"7 14



PacuyeTHble koAbl
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MPOIrPAMMHOI'O CPEJICTBA

Perncrpaunonui Howep o 08 aexabps 2016 roza

ropuameccn azpec: 107140, Poccus, r. Mocxsa, yanua Maras Kpacuoceacxas, 2. 2/,

TIpHa0eenns, 56301462008 €20 WO IENOH NaCHI.

HanmeHoBaHue Craryc KonunyectBo

HewnTtpoHHas pusmnka, Tennormgpasnuka
P P AP ATTecTtoBaHbl 5
obopynoBaHusl, NPoYHOCTL, BAB
NmetoTcs
Papbe3onacHocTb NONOXXUTENbHbIE 2
3aKNYeHns cexkuum

OcTanbHble B npouecce artectaumm 5

f ATTECTAUHOHHBI ACTIOPT 3 ATTECTAUMOHHBIii TACTIOPT

iq MNMPOIrPAMMHOI'O CPEJICTBA ¥

um.H.A.fonnexans
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NMepcnekTnBbl PY cO CBUHUOBbLIM TEMIOHOCUTENEM

»>[1pun paspabotka PY BPECT-O/1-300 co3gatoTCsi TEXHONOrMmn, NpoBOAATCH 3KCMEPUMEHTHI,
HaxoOsTCS COBPEMEHHbIE TEXHUYECKME peLLeHNs ana co3gaHus o0bopyaoBaHus, NpurogHble B
TOM Ynucrne ansa macwrtabupoBaHus

»PacyéTtHble koabl, ucnonbsyemble ansg bPECT-O[-300, Takke MOXHO 6yoeT NpUMEHSATb
Onsa pacyeToB nogolbHbIX PY wunn ¢ HebonbWMM YTOYHEHMEM B Clyvyae W3MEHeHud
napamMmeTpoB HOBbIX PY

>»HopmaTtuBHaa 6a3a, B TOM 4ucre YyCOBEPLUEHCTBOBAHHAA MOCIE MNOSlyd4eHUs onbita npu
NPOXOXOEHMN 3TanoB XM3HeHHoro umkna BPECT-OM-300, moxeT ObiTb NpMMEHeHa And

apyrux PY

>I'Ip|/|cyu.|,|/|e KaydecTtBa MOIryT ObITb UCMONL30BaHbI ANs Apyrmnx PY B poctato4yHo LLUNPOKOM

Anana3oHe MOLLHOCTHU

Hopmamsuhle aKTbl
MpesupexTa n
lMpaBuTenecTea Poccun

HopmaTuBHblE JOKYMEHTbI OpraHoB
rocyAapcTBEHHOTO perynupoBaHns
GesonacHocTA

Moy ckopocth, m/e
0.0000 0.56683 1.1337 1.7005 2.2673 2.8341
[ D -
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3aknyeHue

TexHnyeckne peweHns no obopygosaHuio PY noaTBepXAeHbl MNOSIOXKUTENbHbIMUA
pesynbrataMn 9KCMEPUMEHTOB Ha MakeTax obopyaoBaHUA WM €ro  KOMMOHEHTOB,
pac4y€THbIM OOOCHOBaHMEM C YYETOM BIUSHUSA CBUHLOBOIO TEMNmoHOCUTENHA, BeOyTCs
MCNbITAaHUS OMNbITHbIX 06pPa3LOoB.

TexHnYeckne pelleHnss No  aKTUBHOW  30He  MOATBEPXKAEHbI  MOMOXUTENbHbLIMU
pesynsratamu obrnyyaTenbHbIX OKCMEPUMEHTOB, TMAPABNNYECKUX W  BUOPALIMOHHBIX
9KCMEPUMEHTOB, HEWUTPOHHO-(PU3MYECKMX PaCYETOB MO aTTEeCTOBAHHbIM MPOrpamMMHbIM
Kogam.

[MpoBeaEHHbIE TennornapaBnuyeckmue pacyeTtol ¢ ncnonb3osaHnem CFD-kogoB nokasanu
HenpeBbllWeHNe npegenoB 6GesonacHOW aJkcnnyatauMm Mo  Temnepartype Tonnuea,
obonoykn TBINOB, obecnevyeHne nokanuaylLllen yHKUUM Koprnyca peakTopHoro 6roka
NPV HapYLLUEHUAX HOPMarnbHOW 3KCNyaTaunmn ¢ peanusaumen MHOXECTBEHHbIX OTKa30B.

MpoBenéHHble pacyéTbl paanaLnoHHON 6e30nacHOCT NOATBEPAUIIN LierneBble NoKasaTenm
- OTCYTCTBME HEOOXOAMMOCTU 3Bakyalun W OTCENeHWss HaceneHuss 3a rpaHuuen
NpOMMMOLWAAKN MNpu HapyleHusx HopMarbHoW akcnnyaTaumm PY ¢ MHOXEeCTBEHHbIMU
oTKasaMmu.

[MpoekT aHeprobnoka ¢ PY BPECT-O-300 npoxoauT nuueH3npoBaHmne B PoctexHaasope.

PeweHna, npumensemble B PY BPECT-OO-300, ™moryT OblTb MCNOSb30BaHbl B
KoMmmepyeckmux PY 60MbLLION MOLLHOCTW.

um.H.A.fonnexans

@4( NIOT
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lockopnopauunsa «Pocatom» AO «<HUKUIT»

PEAKTOPHAS YCTAHOBKA@

BPECT

ECTECTBEHHOW BE3OMNMACHOCTHU

gsoT
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