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1-1. ATOMS FOR PEACE
The Next Generation

This webinar provides a historical perspective on the Atoms for Peace program, 
which launched the development of nuclear power around the globe, and 
describes the current outlook for the development and deployment on the next 
generation of nuclear power (Generation IV).

Meet the Presenter:

Dr. John E. Kelly is the Deputy Assistant Secretary for Nuclear
Reactor Technologies in the Office of Nuclear Energy, U.S.
Department of Energy. He is responsible for the U.S. civilian
nuclear reactor research and development portfolio, which 
includes programs on Small Modular Reactors, Light Water 
Reactor sustainability, and Generation IV reactors.

Summary / Objectives:

1. Introduction

Webcast: 29 September 2016



For peaceful use of nuclear energy as electric power plants, President 

Eisenhower’s speech as Atoms for peace in 1953 is a symbol of game change. 
After that early prototypes of power plants (Generation I) have developed into 
Large-scaled (Gen II) and present Evolutionary designs (Gen III including 
ABWR,APWR, VVER-1200,SMR). Now that we are developing Gen IV reactors.

https://www.gen-4.org/gif/jcms/c_59461/generation-iv-systems



Two waves of nuclear 
power plants built, 
the first 1970s-1980s and 
the second 2010s.
Based on the different 
drivers.



As of 2016, for the latest see the below site.
https://www.gen-4.org/gif/jcms/c_9342/framework-agreement

GIF has led international collaborative efforts to develop next generation 

nuclear energy systems that can help meet the world’s future energy needs. 
Generation IV designs will use fuel more efficiently, reduce waste production, 
be economically competitive, and meet stringent standards of safety and 
proliferation resistance.
With these goals in mind, some 100 experts evaluated 130 reactor concepts 
before GIF selected six reactor technologies for further research and 
development. These include the: Gas-cooled Fast Reactor (GFR), Lead-
cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), Supercritical Water-
cooled Reactor (SCWR), Sodium-cooled Fast Reactor (SFR) and Very High 
Temperature Reactor (VHTR).

https://www.gen-4.org/gif/jcms/c_40472/technology-goals
https://www.gen-4.org/gif/jcms/c_40486/technology-systems
https://www.gen-4.org/gif/jcms/c_42148/gas-cooled-fast-reactor-gfr
https://www.gen-4.org/gif/jcms/c_42149/lead-cooled-fast-reactor-lfr
https://www.gen-4.org/gif/jcms/c_42150/molten-salt-reactor-msr
https://www.gen-4.org/gif/jcms/c_42151/supercritical-water-cooled-reactor-scwr
https://www.gen-4.org/gif/jcms/c_42152/sodium-cooled-fast-reactor-sfr
https://www.gen-4.org/gif/jcms/c_42153/very-high-temperature-reactor-vhtr


Summary / Objectives:

1-2. Introduction to 
Nuclear Reactor Design

Why is a 4th generation of nuclear reactors needed? And what are the most 
promising reactor technologies? The GIF initiative has led to reconsider some of 
the options adopted in the past and stimulated the investigation of new tracks for 
long term sustainable nuclear energy. To grasp the rationale for selecting 
Generation IV reactor systems, and their main characteristics, requires some basic 
knowledge in the fundamentals of nuclear reactor design. What is behind the 
terms “criticality,” “breeding,” and “fast or thermal neutrons”? How to select the 
coolant, moderator, neutron spectrum, fuel materials and composition and to 
choose the ad hoc combinations to design nuclear reactors in line with Generation 
IV criteria, in particular sustainability? This is the objective of this rather technical 
webinar targeting civil society stakeholders.

Dr. Claude Renault has been working at CEA for more than 30 
years in R&D and E&T. He is a senior expert at CEA and professor. 
In 2010, he joined the INSTN where he is currently the 
International Project Leader. His expertise and teaching experience 
mainly cover thermal-hydraulics, design and operation of nuclear 
reactors, including the different families of reactors in particular 
the concepts of 4th generation. Claude Renault came to CEA in 
1984 in the development team of CATHARE, the reference CEA-
EDF-AREVA-IRSN computer code for the simulation of accidental
transients in Pressurized Water Reactors (PWR). He was subsequently responsible, 
at national and international level, for several R&D projects in the areas of severe 
accidents (ASTEC) and nuclear fuel behavior (PLEIADES). 
Between 2001 and 2009, he was heavily involved in R&D programs devoted to 
future nuclear reactors. He intervened at the Directorate of Nuclear Energy 
(CEA/DEN) in the definition and monitoring of research programs on the different
concepts of 4th generation reactors. He chaired the Steering Committee of the 
Molten Salt Reactor in Generation IV.

Meet the Presenter:

1. Introduction



Why Generation IV, especially fast reactors? 

2,000,000 times energy from fission than fossil energy like coal, oil, gas.

200 tons U for 1GWe electricity in PWRs, 1 ton U238 in FNRs. 

EBR-1 , 1951 USA Idaho: Uranium metal fuel and NaK primary coolant, Fast 
neutron power reactor. 
(BORAX-III, 1955 Thermal neutron power reactor for BWR type.)



Adequate fissile fraction for thermal neutron reactors and fast neutron 

reactors.

Comparison of radiotoxicity in spent fuel after 1000 years. 

Pu for recycling, MA for transmutation.



Comparison of core power density and plant parameters.



Summary / Objectives:

2-1. Safety of Generation IV Reactors

Excellence in safety and reliability is among the goals identified in the technology 
roadmap for Generation IV nuclear reactors. This webinar will give an overview of 
the activities of the GIF Risk and Safety Working Group done in support of the six 
Generation IV nuclear energy systems towards the fulfilment of this goal. Topics 
include a presentation of the safety philosophy for Generation IV systems, the 
current safety framework for advanced reactors, and the methodology developed 
by the group for the safety assessment of Generation IV designs. Other ongoing 
activities between the group and the designers of Generation IV systems will be 
also highlighted.

Dr. Luca Ammirabile works at the European Commission (EC), 
Joint Research Centre in Petten, the Netherlands, where he is 
Group Leader of the NUclear Reactor Accident Modelling 
(NURAM) team of the Nuclear Reactor Safety and Emergency 
Preparedness Unit. His group deals with Nuclear Reactor Safety 
assessment for current and innovative reactors, focusing on the 
safety issues related to the prevention and mitigation of Severe 
Accident conditions and Source Term estimation. His current

research activities are core thermal-hydraulic analyses, deterministic code 
application and development, and safety assessment of advanced reactors. Since 
2014, he has been co-chairman of the working group on Risk and Safety of the 
Generation IV International Forum. He is also the EC representative on the 
OECD/NEA Working Group for the Analysis and Management of Accidents 
(WGAMA) and the Working Group for the Safety of Advanced Reactors (WGSAR).
Prior to joining the European Commission in 2007, Luca worked at Tractebel
Engineering (now Tractebel Engie) in Belgium in the Thermal-hydraulics and Severe 
Accident Section, where he was engaged, among other projects, in the 
development of innovative methodologies in support of the safety assessment of 
the Belgian Nuclear Power Plants. 
Luca received his doctorate from the Imperial College London in 2003 and his 
master’s degree in nuclear engineering from the University of Pisa, Italy in 1999.

Meet the Presenter:

2. Safety and regulation

https://www.youtube.com/watch?v=YdO6gq9kc18


Risk and Safety Working Group :
The primary objective of GIF Risk and Safety Working Group (RSWG) is 

“Promote a consistent approach on safety, risk, and regulatory issues 
between Generation IV systems”.

For this purpose, RSWG developed and have promoted a technology-
neutral Integrated Safety Assessment Methodology (ISAM).

Explanation of Safety & Reliability Goals (Defence in Depth) :
GIF Safety & Reliability Goals are corresponding with the concept of 

Defence in Depth.
• Excel in Operational Safety and Reliability

 DiD Level 1-2 [N.O., AOO]
• Very low likelihood & degree of reactor core damage

 DiD Level 2-3 [Design for severe accident prevention]
• Eliminate the need for offsite emergency response

 DiD Level 4 [Design for severe accident mitigation]



Integrated Safety Assessment Methodology (ISAM):
The ISAM consists of five distinct analytical tools.

• Qualitative Safety-characteristics Review (QSR)
• Phenomena Identification and Ranking Table (PIRT)
• Objective Provision Tree (OPT)
• Deterministic and Phenomenological Analyses (DPA)
• Probabilistic Safety Analysis (PSA)

Qualitative Safety-characteristics Review (QSR):
QSR is “check-list” as systematic and qualitative means of ensuring that the 

design incorporates desired safety attributes (preparatory step).
Phenomena Identification and Ranking Table (PIRT):

PIRT is generated for the purpose of identifying system and component 
vulnerabilities, and relative contributions to safety and risk.



Objective Provision Tree (OPT):
OPT is a tool for identifying the provisions for prevention, or control and 

mitigation, of accidents that could potentially damage the reactor.

Deterministic and Phenomenological Analyses (DPA):
DPA is traditional safety analyses to assess the system’s response to known 

challenges and guide concept/design development. Based on conventional 
safety analysis codes, DPA provides input to PSA.
Probabilistic Safety Analysis (PSA) :

PSA is performed in order to assure a broader coverage of the accident space. 
PSA is iterated from the late pre-conceptual design phase to the final design 
stages. 



Summary / Objectives:

2-2. SFR Safety Design Criteria (SDC) and 
Safety Design Guidelines (SDGs)

This webinar provides the outlines of the safety design criteria (SDC) and safety 
design guidelines (SDG) established to achieve high development goals of Gen IV 
reactors including safety and reliability. Reflecting the lessons learned from the 
Fukushima Daiichi nuclear power plant accident, the SDC describes requirements 
that must be met by Gen IV Sodium-cooled Fast Reactors (SFRs), and the SDG 
provides guidelines on how to apply the SDC to the actual design. The Gen IV SFRs 
are required to adopt advanced devices and systems as a built-in safety feature, 
combinations of active safety systems with passive mechanisms or inherent 
features to prevent and mitigate core damage. Taking the characteristics of the SFR 
as liquid metal cooling fast reactor system into account, the SDG recommends 
specific design measures such as inherent / passive reactor shutdown, natural 
circulation decay heat removal and in-vessel retention of degraded core.

Mr. Shigenobu Kubo has been engaged in sodium-cooled fast 
reactor development since 1989. His specialties are SFR system 
design, safety design and related R&Ds. He is involved in the 
development of safety design criteria (SDC) for SFR in GIF as 
Chair of the GIF SDC task force, and he joined this task force 
since its inception in 2011. He currently occupies the position of 
Deputy Director, Reactor Systems Design Department, Sector of 
Fast Reactor and Advanced Reactor Research and Development, 

at JAEA. He participated in the Feasibility Study on commercialized fast reactor 
cycle systems (1999-2006) and the Fast Reactor Cycle Technology Development 
project (2006-2011). He was also involved in the France-Japan ASTRID 
collaboration as Design task leader and Severe accident task leader. One of his 
most impressive work is the EAGLE project (SFR severe accident experiments 
using IGR and out-of-pile experimental facility in Kazakhstan).
He earned his Master degree in nuclear engineering from the Nagoya University, 
Japan, in 1989. 

Meet the Presenter:

2. Safety and regulation



GIF’s Safety Goals& Basis for Safety Approach :
GIF’s Safety & Reliability Goals

SR-1: Excel in operational safety and reliability
SR-2: Very low likelihood & degree of reactor core damage
SR-3: Eliminate the need for offsite emergency response

GIF’s Basic Safety Approach
• Defence-in-depth
• A combination of deterministic and risk-informed safety approach
• Safety to be built-in to the design, not added-on
• Emphasis on utilization of inherent and passive safety features

Safety Characteristics of SFR :
Though IAEA has systematically developed international safety standards 

with a hierarchical structure, the lower-level standards are mainly for 
existing LWRs. Therefore, we need to develop the global standards for 
Generation IV Reactors considering each characteristics of their coolant and 
coolant system.



Development of SDC/SDG for GEN IV SFRs :
Safety Design Criteria Task Force (SDC-TF) have developed SDC and 2 SDGs 

with hierarchical structure. These documents have been reviewed by external 
authorities such as national regulatory bodies of the countries, IAEA, and 
OECD/NEA WGSAR.

Safety Design Criteria:
The objective of the SDC is to present the 

reference criteria of the safety design of 
Structures, Systems and Components (SSCs) 
of the SFR system.

The criteria are clarified systematically and 
comprehensively to adopt the GIF’s basic 
safety approach.

Lessons learned from Fukushima Dai-ichi
NPPs accident also have been reflected into 
the SDC.

The revised SDC report (Rev.1) is available on GIF web site.
(https://www.gen-4.org/gif/jcms/c_93020/safety-design-criteria)



Safety Design Guideline on Safety Approach :
SDG on SA is intended to provide 

recommendations and guidance on how to 
comply with the SDC.
This report focuses mainly on “Design 

approach to Design Extension Condition (DEC)” 
and “Practical Elimination of Accident 
Situations”. These approaches are required to 
achieve level 4 and 5 on the Defense in Depth.

Safety Design Guideline on Structures, Systems and Components :
SDG on SSCs is intended to provide detailed guidelines for SFR designers to 

support the practical application of the SDC in design process to ensure the 
highest level of safety in SFR design.

This SDG show recommendations and guidance to comply with the SDC and 
the Safety Approach SDG with examples, which can be applied to Gen-IV SFR 
systems in general. Below table shows the SFR-specific safety features and 14 
focal points in this SDG.

The SDG on Safety Approach report is available on GIF web site.
(https://www.gen-4.org/gif/jcms/c_93020/safety-design-criteria)



Summary / Objectives:

2-3. Passive Decay Heat Removal System

A major design goal for Generation IV nuclear energy systems is to reduce or 
eliminate the likelihood and/or extent of reactor core damage incurred during an 
off-normal operating event, thereby eliminating the need for offsite emergency 
response. One approach for achieving this objective is to develop inherently safe 
reactor designs that can passively dissipate decay heat to the environment without 
relying on operator action during an event of this type. Historically, this approach 
has been taken for both sodium- and gas-cooled Generation IV reactor types by 
providing Reactor Cavity Cooling Systems (RCCS) that are designed to passively 
dissipate decay heat to the environment by natural convection while maintain fuel 
temperature below the threshold for onset of core damage. This presentation will 
begin by providing a high level overview of RCCS systems that have been 
developed for advanced reactor designs over the years. This will be followed by a 
summary of large scale integral effect tests that are currently underway at Argonne 
to provide licensing-quality data for two of these systems; i.e., air- and water-
cooled RCCS concepts.

Dr. Mitchell Farmer is currently a Senior Nuclear Engineer and 
Manager for Light Water Reactor programs in the Nuclear Science 
and Engineering Division at Argonne National Laboratory. He has 
over thirty years of experience in various R&D areas related to 
reactor development, design, and safety. A principal early career 
focus was in the area has been light water reactor (LWR) severe 
accident analysis and experiments, followed by a rekindling of this 
work to address technical issues raised in the wake of the reactor 

accidents at Fukushima Daiichi. More recently, Dr. Farmer has been heavily 
involved in the analysis, design, and conduct of experiments related to operations 
and safety of Generation IV reactor concepts including sodium fast reactors, as 
well as high-temperature gas cooled reactors. He has over 200 publications in the 
above mentioned technical areas. Dr. Farmer also served as the Technical Area 
Lead for the Reactor Safety Technologies Pathway (RST) within the Light Water 
Reactor Sustainability (LWRS) Program at the US Department of Energy (DOE).
Dr. Farmer earned his PhD in Nuclear Engineering from the University of Illinois in 
1988.

Meet the Presenter:

2. Safety and regulation

https://www.youtube.com/watch?v=S5hPl182yFk


MOTIVATION: The accident at the Fukushima Daiichi Nuclear Power Plant was 
troublesome because the system that actively cools the decay heat did not work. 
The study of passive cooling systems is important for advanced nuclear reactor 
systems.

FOCUS: The focus is on the reactor cavity cooling system (RCCS) as a 
system for passive removal of decay heat. It's a simple system that utilizes 
the natural circulation of air and water but needs to be checked for 
practical applicability on a variety of scales.

FIG A



The Natural Convection Shutdown Heat Removal Test Facility: This type 
of experiment has been performed at ANL since the 1980s, but it has 
been redesigned to be applicable to advanced reactor nuclear systems.

Quality: Experiments contribute to providing high quality data for code 
validation and to support the licensing process.

FIG C



Experimental results: An example of the experimental results of the 
MHTGR accident scenario is shown below.
Other performance tests have been conducted under various conditions 
with gas as the working fluid, and the results are presented.

FIG F

Air to Water Conversion: With conclusion of air-based testing, program has 
shifted to a water-based operation of the existing test facility. Water-cooled 
NSTF based on concept design for Framatome 625 MWt SC-HTGR (formally 
AREVA)



Summary / Objectives:

3-1. Closing Nuclear Fuel Cycle

The steps of PWR nuclear fuel cycle along with alternative fuel cycle options are 
described. The concepts of two methods for closing the fuel cycle, i.e., recovering 
the residual uranium and plutonium contained in spent fuel for reuse by wet 
PUREX and dry Pyroprocessing, are explained. The major issues to be considered 
for closing the fuel cycle are identified to provide an understanding of 
sustainability and nonproliferation.

Prof. Myung Seung Yang has been working at KAERI (Korea 
Atomic Energy Research Institute) for 30 years in R & D on 
PWR/CANDU fuel fabrication, quality control of fuel, DUPIC 
(direct use of spent PWR fuels in CANDU) cycle and the 
pyroprocessing. He gained the experience in nonproliferation 
through participating in GIF PRPP and INPRO activities. He 
served as the President of KAERI from 2007 to 2010 and is a 
member of the National Academy of Engineering of Korea. He is

a Professor at Youngsan University since 2015. He received a decoration “Woong-
Bee Order” from the Korean government in 2011, and a WNA (World Nuclear 
Association, London) Award in 2009 for his contribution to the peaceful use of 
nuclear energy.

Meet the Presenter:

3. Sustainability and Fuel Cycle 

https://www.youtube.com/watch?v=MQhRe7HFaTE


Concept of Nuclear Fuel Cycle
• Reactors are classified according to neutron energy, moderator, coolant, and 

nuclear fuel.
• Spent fuel (SNF) is recycled or disposed directly (once through) .

Spent Nuclear Fuel Management
• SNF contains transuranium elements(TRU), fission products(FP) and 

remaining uranium.
• Most of decay heat after several hundred years are caused by TRU.
• Radiotoxity decreases to natural uranium ore level after 300 years by 

separation of TRU.
• SNF is stored (wet or dry), packaged, and disposed in underground facility.
• Consideration on corrosion rate of canister etc, are necessary for disposal 

site. 



Nuclear Fuel Cycle Technology
• Proliferation resistance, sustainability, waste management, environment effect, 

and  economics are required for innovative nuclear energy system 
• PUREX is wet process, and Pyroprocess and DUPIC are dry proceees.
• PUREX process is composed of receiving/storage, chopping/dissolving/, 

separation, purification, de-nitration, and product storage.
• Advanced wet processes (CoDCon, ALSEP, NEXT, COEX) are under development.

Nuclear Fuel Cycle Technology
• DUPIC and Pyroprocess are appropriate for closed cycle by CANDU, PWR and 

Gen. IV FR (SFR).  
• DUPIC process is composed of disassembling, cutting, de-cladding, oxidation/ 

reduction, pelletizing/sintering, welding, and assembling.
• There are several dry process technology, such as Pyro-metallurgical, Pyro-

chemical, Fluoride volatility.
• Pyroprocess  flow sheet is composed of de-cladding, high temperature 

treatment, electro-reduction, electro-refining, electro-winning, and SFR fuel 
fabrication.



Nuclear Fuel  Cycle Technology 
• Pyro-process has merits, such as small number of components, short 

cooling time, low criticality hazard, and no pure Pu separation.
• Pyro-process has lower proliferation potential due to limited capability in 

separation Pu, etc, but has several challenges, such as less safeguard 
experience.

• Safeguard R&D and economic evaluation of nuclear fuel cycle have been 
continuing.

• Policy for SNF management on several courtiers are compared.

Summary
• Benefits of closing nuclear fuel cycle are sustainability, management of high 

level waste, environmental friendly, management of  repository for 
permanent disposal, and enhanced proliferation resistance.

• Advanced wet & dry fuel cycle processes along with safeguards technology 
are under development.

• National policy of spent fuel management is to be decided.



Summary / Objectives:

3-2. Sustainability a Powerful and Relevant Approach 
for Defining Future Nuclear Fuel Cycles

Technically, nuclear energy is anticipated to be one of the most 
efficient energy source to mitigate the global climate change together 
with the renewables, due to its low green-house-gases emissions, its 
reliability and its high base-load capacity. However, public opinion survey and 
phase-out decision regularly reminds us that political decisions are not only 
driven by technical criteria. Beyond the well-known technical and economic 
optimization, many other criteria are of growing importance such as 
environmental and social concerns. This rather recent situation requires 
changing our rationale technical approach to the wider sustainability approach, 
which also includes the overall environmental footprint and the more general 
social acceptability and social impact. This presentation will illustrate how 
sustainability can help us to identify the most promising trends for future 
nuclear fuel cycles in order to ensure a long-term future of nuclear energy.

Christophe POINSSOT has been working at CEA (The French 
Alternative Energies and Atomic Energy Commission) for more 
than 25 years in fuel cycle R&D. He is currently heading the 
Research Department on Mining and Fuel Recycling Processes 
(DMRC), and is in charge of developing actinides recycling 
processes and operating the Atalante hot-lab. He is also a CEA 
international expert in actinides chemistry and professor in 
nuclear chemistry at INSTN. 

Meet the Presenter:

3. Sustainability and Fuel Cycle 



He explain the energy transition to the sustainability with 
environmental drivers, societal drivers, and economic drivers, 
and show the rationale of future fuel cycles.



Environmental drivers
(1=Reduce GHG missions, 2=Preserve natural resource)
Life cycle assessment of environmental footprint can be performed by 
simulation tool. Environmental indicators for each energy source on 
such as GHG emissions, SOx, NOx can be shown by this simulation tool. 



As societal drivers,
1= Improve safety, 2=Improve waste management. 

As economic drivers, 1= Stable & predictable cost, 
2= Ensure affordable costs, 3=Towards simpler processes



Summary / Objectives:

3-3. Scientific and Technical Problems of Closed Nuclear 
Fuel Cycle in Two-Component Nuclear Energetics

The webinar presents the overview of scientific and technical problems of closed 
nuclear fuel cycle in two-component nuclear energetics. The presentation will 
highlight the existing problems of the current technological platform of NE 
(thermal reactors in an open nuclear fuel cycle) and the advantages of the new 
technological platform (fast reactors with closed nuclear fuel cycle). Latest 
developments associated with the use of mixed UN fuel & spent nuclear fuel 
reprocessing are briefly presented as well. The remaining research challenges of 
the new technological platform being developed within the “Proryv” Project 
framework are summarized in the light of the present technology understanding.

Mr. Alexander Orlov, Ph.D. is the advisor to the Scientific 
Director of R&D of the “Proryv” Project. Since 2012, he has 
been a member of the fast reactors with lead and sodium 
coolants, a new type of reactor fuel (mixed U-Pu nitride), and 
technologies to reprocess spent nuclear fuel in order to 
return it into the fuel cycle. These technologies combined are 
known as the “Proryv” Project.

Meet the Presenter:

3. Sustainability and Fuel Cycle 

https://www.youtube.com/watch?v=di7eA_W3dQg


Pessimistic forecast of future NE deployment and its obstacles:
In accordance with the analysis of world deployment scenario of nuclear power, 

all scenario showed pessimistic growth of nuclear deployment except China. The 
obstacle of nuclear deployment is lack of competitiveness by additional safety 
measures. The current and/or old open nuclear fuel cycle would be sufficient to 
mid-term fuel supply, but have limitation for use in longer-term due to low 
utilization efficiency of uranium, lack of environmentally acceptance, and 
proliferation risk. 

New Technology Platform (NTP) with Fast Reactor:
The closed fuel cycle with Fast Reactor have advantage in minimization of 

radioactive waste, lowering spent nuclear fuel (SNF) and  stored plutonium. The 
government of Russia constructed the development strategy of NTP, Strategy-
2000, and proceeded it based on the milestones by 2020.
Resolve four major challenges are required to NPT,  1) technology safety, 2) 

environment safety, 3) sustainable fuel supply, and 4) competitiveness. 



1) Technology safety and 2) Environmental safety:
The goal to achieve technological safety is elimination of accident that 

requires evacuation of the population at nuclear power plant and other nuclear 
facilities. The dense fuel in reactor core with zero reactivity margin for burnup, 
lead coolant, air heat exchanger for natural circulation are possible measures to 
eliminate reactivity accidents and accident with loss of heat removal.
For environmental safety, the goals are publicly acceptable treatment of LLHLW 

and avoidance of SNF accumulation. Processing SNF, MA transmutation and 
disposal of radioactive waste are identified as measures to prohibit RW disposal 
containing ecologically significant amount, reduce the amount of SNF, and 
isolate RW. 

3) sustainable fuel supply, and 4) competitiveness
Having long-term provision of nuclear fuel with raw materials is the goals for 

sustainable fuel supply. The full reproduction of fissile nuclides in the core and 
transition to a closed NFC, using FR with B.R.~1, SNF reprocessing and fuel 
fabrication with recycled materials, are possible ways to reach the goals.
Competitiveness could be achieved by elimination and simplification of  

number of NPP safety systems and design of the reactor, and reduction of the 
fuel component, and transportation costs using on-site fuel cycle systems.



Proryv Project :
The Proryv Project have been implemented by the State Atomic Energy 
Corporation ROSATOM which is aimed at achieving these challenges. The seven 
solutions for technical safety have been studied and developed the lead coolant 
reactor with nitride fuel, BREST-OD-300. The multiple software evaluation and 
test-reactor irradiation of nitride fuel has been carried out for the development. 
The pyro-chemical reprocessing, no blanket design and transmutation of MA 
also studied for the solution of environmental safety. Preliminary results of 
scenario study in Russia assumed pilot energy complex, BREST-OD-300 with 
dense nuclear fuel and reprocessing, BN-1200 and design project of industrial 
energy, shows full transfer to closed fuel cycle with FR will be achieved 120 GW 
by the end of this Century.

Conclusion:
“PRORYV” Project provides leadership in the studies for major challenges
required to NPT.

The crisis of world nuclear power can be overcome by the creation between 
2018-2035 of the first industrial Energy Complex based on Fast Reactors.



Summary / Objectives:

3-4. Molten Salt Actinide Recycler and Transforming 
System with and without Th-U support: MOSART

The Molten Salt Reactor designs, where fissile material is dissolved in the molten 
salt fluorides, under consideration in the frame work of the GIF are briefly 
described. The presentation mainly focuses on the MOlten Salt Actinide Recycler & 
Transforming (MOSART) system without and with U-Th support fueled with 
different compositions of transuranic elements trifluorides from spent LWR fuel. 
New design options with homogeneous core and fuel salt with high enough 
solubility for transuranic elements trifluorides are being examined at NRC 
“Kurchatov Institute” because of new goals. The webinar has the main objective of 
presenting the fuel cycle flexibility of the MOSART system while accounting 
technical constrains and experimental data received in this study. A description is 
given of the experimental results on key physical and chemical properties of fuel 
salt and combined materials compatibility to satisfy MOSART system requirements. 
In the webinar the main design choices and characteristics of MOSART concept are 
explained and discussed including safety, transient simulations, laboratory scale 
experiments and program plan for the development of the small power Demo 
MOSART unit.

Dr. Victor Ignatiev works at the NRC-“Kurchatov Institute,” 
Moscow, Russia, both as the Head of the Molten Salt Reactor 
Laboratory (since 2012) and as a Professor (since 2009). He 
graduated from the Nuclear Power Systems Moscow Physical 
Engineering Institute, USSR, in 1976, and earned his Ph.D. in 
1986 from the Kurchatov Institute of Atomic Energy, Moscow, 
USSR. His Ph.D. research focused on molten salt reactors. Since
2014, he has been the co-chair of Generation IV International Forum MSR pSSC. In 
1985, he received the Kurchatov Award on the Fundamental Studies of Molten Salt 
Reactors; and in 2016, he received the Kurchatov Award on Engineering studies of 
Molten Salt Reactors. His research activities mainly focus on Molten Salt Reactor: 
(1) Th - U fuel cycle and TRU burners, (2) Combined materials compatibility & salt 
chemistry control in selected molten salt environments at parameters simulating 
designs operation, (3) Physical & chemical properties for fuel and coolant salt 
compositions, and (4) Flow sheet optimization, including reactor physics, thermal 
hydraulics and safety related issues.

Meet the Presenter:

3. Sustainability and Fuel Cycle 



1. Introduction of MSR and MOSART:
In MSR (Molten Salt Reactor) device, solid fuel elements are replaced by liquids. 

Started with TRU Fluorides from LWR Spent Fuel, MOSART (Molten Salt Actinide 
Recycler & Transformer) can operate in different modes: Transmuter, Self-
sustainable, Breeder. 

2. MOSART – Transforming Reactor System
MOSART design has options with homogeneous core and fuel salt with high 
enough solubility for transuranic elements trifluorides.



3. MOSART Fuel Cycles
•MOSART core containing as initial loading 2 mole% of ThF4 and 1.2 mole % of 
TRUF3, with the rare earth removal cycle 300 epdf after 12 years can operate 
without any TRUF3 make up basing only on Th support as a self-sustainable 
system. 
•At equilibrium molar fraction of fertile material in the fuel salt is near 6 mole %. 

4. MOSART Transients Analysis :
The MOSART is expected not to be seriously challenged by the major, 
unprotected transients such as ULOF, ULOH, overcooling, or even UTOP.



5. MSR container materials:
Experiments Results In polythermal loops with redox potential measurement 
demonstrated that operations with Li, Be/F salt, fueled by UF4 or PuF3, are 
feasible using carefully purified molten salts and loop internals.
Alloys modified by Ti, Al and V have shown the best post irradiation properties

6. Selection of Fuel / Coolant options : 
In most cases the base-line fuel / coolant salt is lithium-beryllium fluoride salt 
as it has best properties.



Summary / Objectives:

4-1-1. Sodium Cooled Fast Reactors (SFR)

This webinar will give an overview of distinctive fast reactor characteristics and 
identify key performance benefits. A brief history of development and 
international experience with SFRs will be reviewed. Finally, the Generation-IV 
international collaboration on SFR technology research and development will be 
described.

Dr. Robert Hill is co-National Technical Director for the DOE 
multi-Laboratory Advanced Reactor Technologies Program; this 
work includes technology innovation, safety and licensing, 
advanced materials, energy conversion technology, 
instrumentation and controls. He also serves as U.S. Member for 
the Generation-IV Sodium Cooled Fast Reactor and System 
Integration Project.

Meet the Presenter:

4. Generation IV System Design and Related Technology 
4-1. Fast Reactors in Performance and Feasibility stages 

and related technology

https://www.youtube.com/watch?v=ZaYYnAtw-74


Fuel Cycle Implications of Energy Spectrum :
Fast reactors are typically intended for closed (recycle) fuel cycle with uranium 

conversion and resource extension
• Higher actinide generation is suppressed
• Neutron balance is favourable for recycled transuranics (Pu, Np, and Am)

Uranium Utilization :
Uranium utilization is one of the benefits of the fast reactor technologies
Through the conventional once-through systems, we have to dispose much 

amount of depleted uranium on the enrichment process, and total utilization 
of uranium is about half percent. Recycling the uranium used in fast reactor 
provides over 90 percent of uranium utilization. 

FIG A

FIG B



Sodium as a Fast Reactor Coolant :
Thermophysical and thermal-hydraulic 
properties of sodium are excellent and 
allow:
• Use of conventional stainless steels
• Smaller core with higher power density, 
lower enrichment, and lower heavy metal 
inventory
• Demonstrated natural circulation and 
overall passive safety performance
• Use of sodium codified in ASTM 
standards

Worldwide Experience :
Extensive testing resulted in sodium as the primary coolant in nearly all (land-

based) fast reactors constructed during the last 50 years.



Generation-IV R&D Collaboration on SFR :
Several collaborative Generation-IV R&D Projects are being conducted to 

explore technology innovations which target to achieve the eight goals for the 
Generation IV nuclear energy systems

SFR System Research Plan :
System Research Plan was updated and released in July 2013.
(and further update was conducted in October 2019) 

Contents:
Development Targets and Design Requirements
5 SFR R&D Projects
4 SFR Design Concepts

FIG E



Summary / Objectives:

4-1-2. European Sodium Fast Reactor: An 
Introduction

This webinar presents a brief history of the conceptual development of a large-
power (3600 MWth) European Sodium Fast Reactor (ESFR), discusses the status of 
the current R&D activities on Generation-IV ESFR safety enhancements of the 
Horison-2020 ESFRSMART project, and provides an overview of new safety 
measures proposed for improvement of the three safety functions: reactivity 
control, heat removal and radioactivity containment. Also, experimental programs 
currently on-going in Europe in support of the ESFR R&D are briefly introduced. A 
summary of the activities to be performed during the next phase of the project 
concludes the webinar.

Dr. Konstantin Mikityuk has been involved in research of safety
related aspects of various nuclear reactors with a fast neutron 
spectrum since he earned his doctorate from the Moscow 
Engineering Physics Institute in 1992: first at the Russian 
Research Centre “Kurchatov Institute,” and then at the Paul 
Scherrer Institute (PSI). His current interests are safety analysis 
of sodium-cooled fast reactor, in particular neutronics and 
thermal-hydraulic aspects of sodium boiling. Dr. Mikityuk is a 
Group leader at PSI, Maître d'enseignement et de recherche at 
Ecole Polytechnique Federale de Lausanne (EPFL), Lecturer at 
the Eidgenössische Technische Hochschule Zürich (ETHZ). He is 
also the coordinator of the Horison2020 ESFR-SMART project.

Meet the Presenter:

4. Generation IV System Design and Related Technology 
4-1. Fast Reactors in Performance and Feasibility stages 

and related technology

https://www.youtube.com/watch?v=x5Qd7NmC8vI


1. European Sodium Fast Reactor: brief history
The ESFR-SMART project aims at enhancing further the safety of Generation-
IV SFRs and in particular of the commercial-size ESFR in accordance with the 
European Sustainable Nuclear Industrial Initiative (ESNII) roadmap and in 
close cooperation with the ASTRID program.

2. European Sodium Fast Reactor: reactor design
- Thermal / electrical power 3600 / 1500 MW
- Mass of sodium in the primary pool ~2500 t
- Primary sodium temperature 395ºC –545ºC

- 6 Heat eXchangers , 3 Primary Pumps, 36 Steam Generators



3. ESFR-SMART: project in a nutshell
Name:
- ESFR-SMART: European Sodium Fast Reactor Safety Measures Assessment 

and Research Tools 

Goals:
- Select and assess innovative safety measures for European SFR concept
- Develop new research tools related to SFR safety (calculational codes, 

experimental data and facilities)

Budget: 5 MEUR of Euratom contribution + ~5 MEUR of consortium’s own 
contribution

Timeframe: 01.09.2017 31.08.2021

4. ESFR-SMART: consortium



5. Overall view of new ESFR
An overview of new safety measures proposed for improvement of the three 
safety functions:
- Reactivity control, Heat removal and Radioactivity containment.

New ESFR consists of tall chimney for decay heat removal, six steam generators 
inside the boxes, six secondary loops and the primary sodium pool with core, 3 
pumps and 6 heat exchangers.

6. ESFR-SMART: past and ongoing tests
- Legacy data obtained in past tests are used for validation of computer codes.
- The new facilities for ongoing test are designed and under development.

Past tests

Ongoing tests



Summary / Objectives:

4-1-3. Lead Fast Reactor (LFR)

The Lead-cooled Fast Reactor (LFR) is characterized by a fast neutron spectrum; a 
liquid coolant with a very high margin to boiling and relatively inert interaction 
with air or water; and design features that capitalize on these attributes. As with 
other fast spectrum reactors, the LFR offers fuel cycle options that greatly enhance 
resource utilization and sustainability. LFR concepts offer great potential in terms 
of safety, simplification, proliferation resistance and the economic performance. 
The webinar presents background on fast reactor physics, the historical 
development and present status of LFR technology and the main characteristics of 
LFR concepts under current consideration.

Professor Craig Smith, Research Professor at the Naval 
Postgraduate School, Monterey, CA, USA, is a nuclear engineer 
with broad experience in nuclear energy technology, radiation 
detection and information science. His previous employment 
includes a career at Lawrence Livermore National Laboratory 
(LLNL) where he led the Fission Energy and System Safety 
Program. Beginning in 2004, he served as the LLNL Chair

Meet the Presenter:

Professor at the Naval Postgraduate School (NPS) in Monterey, CA. After retiring 
from LLNL, he assumed his current position as Research Professor of Physics at NPS.

4. Generation IV System Design and Related Technology 
4-1. Fast Reactors in Performance and Feasibility stages 

and related technology

https://www.youtube.com/watch?v=8gLyM3ac57I


1. A Recap on Fast Reactor Physics: Comparison of fast (SFR) vs. Thermal 
(LWR) spectra 

- In thermal reactors such as LWRs, most fissions occur around the 
~0.1 eV “thermal” peak.

- In fast reactors such as LFRs or SFRs , neutron energy moderation is 
avoided fissions occur mainly in “fast” energy range.

2. Some Chemical and Thermal Characteristics of Liquid Metal Coolants
- Both of lead-based coolants are practically inert in terms of chemical reactivity 

with water and air, and this has important and favorable implications for the 
design, safety, and economic potential of LFRs.



3. Stored Potential Energy for Different Reactor Coolants
- The very low comparative amount of stored energy in lead-cooled fast 

reactor coolants is an indication of their enhanced safety potential based 
on the intrinsic properties of the coolant.

4. Recap of Design Parameters of Gen IV Reference LFR Concepts
Within the SRP for LFR, there are reference systems adopted by the committee, 
and they include, the ELFR (large reactor), BREST-OD-300 (under construction), 
or SSTAR (transportable, small modular reactor with the supercritical CO2 gas 
turbine cycle as a secondary cycle).



5. LFRs Have the Potential to Excel in Safety
To summarize this part of the discussion, lead-cooled fast reactors have the 
potential to excel in safety for reasons outlined on this slide. 

6. There are challenges to address, and the first is corrosion potential, and 
this is the one that gets the most attention. Other challenges that need to 
be considered include the high melting or freezing point of lead, which is 
327ºC. Another challenge relates to seismic or structural considerations due 
to the high density and weight of the coolant.



Summary / Objectives:

4-1-4. Advanced Lead Fast Reactor European 
Demonstrator - ALFRED Project

The webinar presents the main design features of the ALFRED nuclear reactor 
demonstrator as developed in the frame of the Collaborative projects funded by 
the European Community Framework Program. The presentation will provide an 
overview of specific design solutions, safety approach and safety characteristics of 
ALFRED, touching the most important aspects of the demonstrator. Latest 
developments are briefly presented as well. The remaining research challenges are 
then explained at the light of the present technology understanding to highlight 
the present status of knowledge and further steps to be pursued.

Meet the Presenter:

Dr. Alessandro Alemberti is the Nuclear Science Development 
Manager of Ansaldo Nucleare (Italy) and in this position takes 
care of the Research & Development activities of the company. 
He coordinated the ELSY and LEADER projects in the frame of 
the 6th and 7th Framework Programs of the European 
Community, projects devoted to Lead cooled Fast Reactors 
development and participated as well to the main EU projects 
related to Lead and Lead Bismuth Eutectic (LBE) coolant 
technologies in recent years. Since 2012, he has has served as
the chairman of the Generation IV International Forum (GIF) Lead Fast Reactor 
provisional System Steering Committee representing EURATOM.

4. Generation IV System Design and Related Technology 
4-1. Fast Reactors in Performance and Feasibility stages 

and related technology

https://www.youtube.com/watch?v=qBhYnqiUqCY


1. Heavy Liquid Metal Technology Development in Europe
Works on the development of lead-cooled fast reactors are actively carried 
out in European Union countries (concept projects ELFR, ELSY, LEADER, 
ALFRED) have been proposed.

2. The European Context: Sustainable Nuclear Energy Technology Platform
- LFR technology can offer a safe, sustainable and competitive alternative to 

address market opportunities
- More than 200 M€ invested in LFR technology in the last 10 years



3. ALFRED Support: The FALCON Consortium (FALCON – Fostering Alfred 
CONstruction)
- FALCON Consortium Agreement was established in 2013 to bring LFR 

technology to industrial maturity
- FALCON recently evolved to better cope with European context.
- Main objectives are:

- Firm commitment to ALFRED as a Major Project in Romania
- Finalization of ALFRED feasibility study
- Initiation of construction of supporting R&D facilities

4. ALFRED – Design Guidelines
ALFRED design should be based on available technology as much as possible, 
in order to speed up the construction time.



5. ALFRED DEMONSTRATOR: a way to achieve technology maturity
The operation of ALFRED will be based on a stepwise approach:
- Phase 1: operation at low power in low-temperature range

- Presently existing proven materials working without corrosion protection
- Phase 2: operation at full power in high-temperature range

- Coated materials fully qualified during phase 1

6. ALFRED: a LFR Demo with SMR-oriented features
Example of fast neutron reactor cooled by molten lead having SMR-oriented 
features are:
- SMR derived from the ALFRED concept, FALCON consortium, Europe.



Summary / Objectives:

4-1-5. MYRRHA an Accelerator Driven System 
Based on LFR Technology

SCK•CEN is actively working on designing and building a new multifunctional 
research installation: MYRRHA as in Multi-purpose hYbrid Research Reactor for 
High-tech Applications. This webinar will present the MYRRHA project, an 
accelerator driven system coupling a sub-critical Pb-Bi cooled reactor and a high 
power proton accelerator through a spallation target which is the very first 
prototype of a nuclear reactor driven by a particle accelerator in the world. As an 
external source of neutrons, this particle accelerator maintains the nuclear fission 
chain reaction. It is referred to as a subcritical reactor: the core does not contain 
enough fissile material to spontaneously maintain the chain reaction. This 
innovative nuclear technology is safe and easy to control. When the particle 
accelerator is stopped, the chain reaction also stops automatically within a fraction 
of a second.

Meet the Presenter:

Dr. Hamid Aït Abderrahim is both the Deputy Director General 
of SCK•CEN, the Belgian nuclear research center, and a 
professor of reactor physics and nuclear engineering at the 
"Université Catholique de Louvain" at the Mechanical 
Engineering Department of the "Ecole Polytechnique de 
Louvain". Since 1998, he has been the director of the MYRRHA 
project. He is a partner and/or coordinator of various projects 
of the European Commission framework programme related
to advanced nuclear systems or to partitioning and transmutation of HLW 
management. From September 2007 to December 2011, he chaired the Strategic 
Research Agenda working group of the SNETP and has been the chairman of the 
Governing Board of SNETP since 2015. He represents Belgium in the Governing 
Board of the project JHR. 

4. Generation IV System Design and Related Technology 
4-1. Fast Reactors in Performance and Feasibility stages 

and related technology

https://www.youtube.com/watch?v=X9fxi0pgpPY


Introduction of an Accelerator driven system (ADS):
The ADS is simply reactor. This system is need an external source of neutrons 

that source is produce to a linear accelerator into the center of  core on heavy 
metals. These heavy metals are led, bismuth, tungsten, tantalum etc.

Transmutation impact:
The time scale needed for the radiotoxicity of the waste to drop to the level of 

natural uranium will be reduced from a ‘geological’ value (300,000  years) to a 
value that is comparable to that of human activities (several hundreds of years). 



MYRRHA Core and Fuel Overview:
The MYRRHA core has the hexagonal fuel assemblies with MOX fuel, the 

control rods etc. The central place in the core is the beam tube with spallation 
target.

Introduction of the MYRRHA project:
The MYRRHA is an ADS, but the operate mode has critical and sub-critical 

mode. The neutron source in sub-critical mode is created by shooting a proton 
beam of 600 MeV at maximum on a led-bismuth target in the center core. 



MYRRHA Project strategy:
The phase 1 is the accelerator with two injectors until 100MeV. The phase 2 is 

upgrade the accelerator to 600MeV, and the phase 3 is  construct the reactor.

MYRRHA Project Plan:
The accelerators and targets for regular isotope for phase 1 will be built by 

2022. And we take the decision by 2024 to upgrading the accelerator to 
600MeV of phase 2  and constructing the reactor  of phase 3.



Summary / Objectives:

4-1-6. Gas Cooled Fast Reactor (GFR)

The Gas Cooled Fast Reactor (GFR) is one of the six promising technologies 
selected by the GIF. The presentation summarizes the main advantages and 
drawbacks of GFRs and the key design and safety issues as well as the related 
research and development programs.

Meet the Presenter:

Dr. Alfredo Vasile earned a Master of Physics Degree at the 
Balseiro Institut (CNEA, Argentine) and his Doctorate in 
Nuclear Engineering at the Grenoble University (France) in 
1977. He joined CEA in 1981 working at the RAPSODIE 
sodium cooled experimental fast reactor at Cadarache. He 
has held laboratory head positions on core physics and 
safety studies both for light water reactors and fast reactors. 
Dr. Vasile participated at the Gen IV Roadmap definition

process as a member of the Light Water Reactors Technical Group and was the 
French representative of the INPRO Steering Technical Committee for the Joint 
Study on Closed Nuclear Fuel Cycle with Fast Reactors. He is presently project 
manager of the ESNII Plus European Project on fast reactors, the French 
representative at the IAEA Technical Working Group on Fast Reactors, GIF GFR 
Steering Committee, GIF GFR Conceptual Design and Safety and GIF SFR Safety and 
Operation Project Management Boards. Dr. Vasile also serves as the CEA 
representative for the ALLEGRO GFR experimental reactor project.

4. Generation IV System Design and Related Technology 
4-1. Fast Reactors in Performance and Feasibility stages 

and related technology



1. Motivations of fast reactor and GFR:

2. Drawbacks of GFR:

Fast reactor with closed fuel cycle can use nuclear fuels more
efficiently, and reduce volumes and radiotoxicity of high level waste.
GFR has some favorable features compared to fast reactors using liquid
coolant.

Typically gaseous coolant has a low thermal inertia, which leads fast
heat-up of the core following loss of forced cooling. We need to have
pressurized systems even in a normal operation roughly in range of 7
MPa. Low thermal inertia of the core makes the decay heat removal
difficult.



3. The Gen IV GFR system:

4. Present project ALLEGRO:

The Gen IV GFR uses uranium-plutonium carbide with SiC cladding.
The core outlet temperature is 850 degree Celsius, which is very
interesting characteristic for high efficiency and other applications of
heat. The average power density is 100 MWth/cm3, which is about 10
times higher than typical HTR, but lower than that of sodium cooled fast
reactor.

ALLEGRO is an experimental reactor that has been developed in the
framework of the V4G4 consortium.
ALLEGRO has three decay heat removal systems, two main primary
loops with an additional loop to test high temperature components.
The objective of ALLEGRO is to demonstrate the key GFR technologies.



6. Challenges and R&D for the decay heat removal system

5. Challenges and R&D for the fuel material:
The greatest challenge is the development of a robust high temperature
and power density refractory fuels and core structural materials. Some
R&D is under way such as the design of carbide fuel with SiC cladding.

Challenges of materials, components and He technology must be
addressed. Difficulties related to the decay heat removal in LOCA are
also concern. Some R&D for the challenges are under way. For example,
the decay heat removal system design that can change flow path when
forced convection change to natural convection in accidental condition.



Summary / Objectives:

4-1-7. The ALLEGRO Experimental Gas-Cooled 
Fast Reactor Project

The webinar presents the main design features of the ALLEGRO nuclear reactor 
demonstrator as developed in the frame of the European V4G4 Consortium “V4G4 
Centre of Excellence” associating nuclear research organizations from the Czech 
Republic, Hungary, Poland, Slovakia and France. The presentation provides an 
overview of the existing concepts of ALLEGRO, goals of the development, specific 
design solutions, and the safety approach and safety characteristics of ALLEGRO, 
touching the most important aspects of the demonstrator. Latest developments 
associated with both the use of UOX fuel and the new safety features are briefly 
presented as well. The remaining research challenges are summarized in the light 
of the present technology understanding to highlight the present status of 
knowledge and further steps to be pursued.

Meet the Presenter:

Dr. Ladislav Bělovský works at the ÚJV Řež, a. s., Husinec-Řež
close to Prague, Czech Republic as a senior engineer and has 
over 30 years of experience in nuclear energy research. At ÚJV 
Řež, Dr. Bělovský participates in the development of the helium-
cooled demonstration Fast Reactor ALLEGRO in the frame of 
the international association “V4G4 Centre of Excellence” in the 
following areas: 1) Design & Safety of the reactor, 2) Related 
R&D focused on safety, helium technology and material 
research. His background in the Czech republic and France in

the period from 1988 to 2011 is mainly characterized by activities in the 
development & application of computer codes for modelling of LWR fuel behavior 
in design basis & severe accident conditions.

4. Generation IV System Design and Related Technology 
4-1. Fast Reactors in Performance and Feasibility stages 

and related technology



1. A first ever GFR demonstrator ALLEGRO
The purpose of a first ever GFR demonstrator ALLEGRO is verification   
and validation of the fuel, proving that it works safely and getting the 
experience of gas cooled fast reactor.

2. The main technological challenges of ALLEGRO:
ALLEGRO will touch the challenges concerning the high temperature
resistant, safety, fuel handling and so on.

FIG A



3. Pre-conceptual design of ALLEGRO:
Characteristic of Pre-conceptual design of ALLEGRO are:

- Two main circuits and loops, which would be a safer solution
- Three decay heat removal heat exchanger using the Chimney effect
- Optional gas heat exchanger

4. Advantages and disadvantages of the latest version of ALLEGRO:
The latest version of ALLEGRO has advantages such as core cooling
without any active system (except some cases), no more LOFA
transients, etc. The disadvantages are complex management for start-
up and shutdown, etc.



5. ALLEGRO V4G4 Centre of Excellence:

6. Time schedule overview:

V4G4 Centre of Excellence is an association system for ALLEGRO
preparatory phase between SK, CZ, HU, PL and FR. Each of them is in
charge of an assigned development topic.

ALLEGRO project is planed to proceed with the time schedule below:
- 2020 : Providing pre-conceptual design
- 2025 : Providing conceptual design
- 2026 - : Decision to continue and post-conceptual phase



Summary / Objectives:

4-2-1. Very High Temperature Reactors (VHTR)

Among the six Generation IV concepts eventually selected for international
cooperative development, the Very High Temperature Reactor (VHTR) was seen as
an early favorite among many of the members. Indeed, among the seven original
members of the VHTR System Arrangement (SA), three had already operated or
tested high temperature gas-cooled reactors. The accession of the People’s
Republic of China to the VHTR SA in 2008 brought that number to five. This
presentation will describe how the continued cooperative development of the
VHTR concept as a Generation IV system will deliver on nuclear energy’s promises
of sustainable, economic, safe, reliable and proliferation resistant power and
energy supply.

Meet the Presenter:

4. Generation IV System Design and Related Technology 
4-2. Advanced Reactors with Specific motivations in 

Performance and Feasibility stages

Carl Sink has been working for the U.S. Department of Energy
(DOE) for 24 years in various roles. Currently a Program
Manager for Advanced Reactor Deployment within the Office of
Nuclear Energy, he is responsible for coordinating cooperative
research, development and demonstration projects conducted
by DOE national laboratories and U.S. nuclear industry partners.
Since 2004 he has been closely associated with the Next
Generation Nuclear Plant Project, the DOE initiative to develop

and demonstrate a high temperature gas-cooled reactor (HTGR). From 2006
through 2009 he was the program manager for the Nuclear Hydrogen Initiative,
coordinating DOE efforts to develop high temperature water-splitting technologies
to take advantage of HTGR outlet temperatures. Within GIF, Mr. Sink has served on
the VHTR System Steering Committee since 2008, and currently chairs that group.
He holds a Masters Degree in Engineering Management from the Catholic
University of America, and is a graduate of the United States Naval Academy.
Before joining the DOE, Mr. Sink spent nine years as a qualified Nuclear
Engineering Officer in the United States Navy, with reactor operations assignments
in a nuclear powered cruiser and a nuclear powered aircraft carrier.

https://www.youtube.com/watch?v=TMKRhcrpF68


1. Why HTGRs ?:
HTGR is one of the six generation IV concepts, and it has good inherent

safety characteristics, diverse industrial applications in addition to electricity,
proliferation resistant, and high burnup fuel cycle with growth potential for
advanced fuels and cycles.

2. HTGR / LWR Comparison:
Briefly to compare for those of you who are familiar with Light Water

Reactor (LWR) how HTGR is significantly different:



TRISO Coated-particle Fuel:
TRISO coated-particle fuel as the basic element is used for both prismatic and

pebble bed type HTGRs. In the prismatic type HTGR, TRISO coated fuel particles
are formed into fuel rods and inserted into graphite fuel elements, and in the
pebble bed type HTGR, TRISO coated fuel particles are formed into fuel spheres.

Role of Graphite in HTGRs:
Graphite plays a key role in the core of HTGR as shown in the figure. The other

roles are as follows: in prismatic cores, graphite fuel element blocks retain the
nuclear fuel compacts, and in a pebble bed reactor, a graphite reflector
structure retains the fuel pebbles; the graphite reflector structure contains
vertical penetrations for reactivity control; reactivity control channels are also
contained in prismatic graphite fuel elements.



Important HTGR Safety Paradigm Shifts:
HTGR has some safety paradigm shifts from LWR, and it’s just a different way

of thinking about reactor safety and this has been an issue which has caused us
to have to rethink how we regulate HTGR and how we think about accident
scenarios for HTGR.

HTGRS for Production of a Wide Variety of Energy and Commercial Products:
HTGR can supply a wide range of heat from law temperature to high

temperature, and the various applications such as hydrogen production are
proposed to be used in commercial form.



Summary / Objectives:

4-2-2. Design, Safety Features and Progress of 
the HTR-PM

The high-temperature gas-cooled reactor pebble-bed module (HTR-PM) is aimed to extend
nuclear energy application beyond the grid, including cogeneration, high-temperature heat
utilization, and hydrogen production. The first concrete of HTR-PM demonstration power plant,
which has been approved as part of the National Science and Technology Major Projects, was
poured five years ago, in Rongcheng, Shandong Province, China. The thermal power of a single
HTR-PM reactor module is 250 MWth, the helium temperatures at the reactor core
inlet/outlet are 250/750 °C, and a steam of 13.25 MPa/567 °C is produced at the steam
generator outlet. Two HTR-PM reactor modules are connected to a steam turbine to form a
210 MWe nuclear power plant. The progress of HTR-PM project in China has drawn
considerable attention worldwide. In this webinar, the design basis, design principles, general
design features and safety characteristics of HTR-PM will be presented. Main engineering
verification experiments of components and systems for the HTR-PM, such as helium blower,
steam generator, will be introduced. Progress of the HTR-PM demonstration power plant,
including civil engineering, first-of-a-kind equipment manufacturing, licensing, installation of
the main equipment, will be described. In addition, the irradiation test results of pebble fuel
samples and the status of commercial fuel production plant will be explained.

Meet the Presenter:

Dr. Yujie Dong is a Professor in Nuclear Engineering at Tsinghua
University, Beijing, China, where he earned his PhD degree in Nuclear
Reactor Engineering and Safety. From 1997 he worked to develop
advanced nuclear reactors at the Institute of Nuclear and New Energy
Technology, INET, Tsinghua University. He was Head of the Division of
Reactor Thermal Hydraulic Calculation, Head of the Division of Reactor
Physics, Thermal hydraulics and system simulation. From 2006 he was
responsible for the Division of General Design of High Temperature Gas-
cooled Reactor (HTGR). Currently, he is the Deputy Director and Deputy
Chief Engineer of INET in charge of HTGR projects. Also, he has been
appointed by the National Energy Administration as Deputy Technical

Director of the HGTR Nuclear Power Plant Project, which is one of the National Science and
Technology Major Projects. He was actively involved in planning the System Arrangement of
VHTR as a member of System Steering Committee in the frame of GIF.
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https://www.youtube.com/watch?v=Oi8-_AaNJrY


Technical Goals of HTR-PM:
Technical goals of HTR-PM which is a HTGR demonstration power plant

comprises four points:

HTR-PM Plant Building Cross Section 3D-view:
HTR-PM consists of a reactor building, a control building, an auxiliary building,

a spent fuel storage building, and steam turbine building. There are two modules
in the reactor building and they are connected to one steam turbine generator.



Overview of Design:
The left-side figure illustrates the one module of HTR-PM, and there are one

reactor, one steam generator and one helium circulator. The reactor and the
steam generator are connected by side-by-side arrangement.

The right-side table shows the main parameter of HTR-PM.

Situation of Construction:
Most components delivered on schedule, and the HTR-PM construction is

smoothly going.

Core barrel Head of RPV

HTR-PM building



Fuel Fabrication:
The fuel production plant for HTR-PM put into operation successfully.

HTR-PM600:
The next step of HTR-PM, 6-module commercial 600 MWe unit (HTR-PM600),

can be deployed, as supplement to PWRs, such as replacing coal-fired power
plant, co-generation of steam and electricity.



Summary / Objectives:

4-2-3. GIF VHTR Hydrogen Production Project 
Management Board

The objective of the GIF VHTR Hydrogen Production Project Management Board is to provide a
collaborative environment among the signatories for the development, optimization and
demonstration of economical large-scale hydrogen production processes that do not emit
greenhouse gases through the use of nuclear energy. The main processes considered by the
signatories include Sulphur-Iodine (S-I), High Temperature Steam Electrolysis (HTSE), Copper-
Chlorine (Cu-Cl) and Hybrid Sulphur (HyS). The signatories include Canada, EU, France, Japan,
Korea and the USA. China has been an observer, waiting to join the group formally, but
contributing strongly to the developments. The S-I process has been demonstrated for short
term operation by China, Korea and Japan. EU, France and the USA have been very active in
HTSE. Canada has been focusing on the Cu-Cl Cycle with plans for demonstration of an
integrated lab-scale system in 2021. This webinar will provide an overview of these activities
and their relevance to mitigating global warming.

Meet the Presenter:

Dr. Sam Suppiah is currently the manager of the Chemical Engineering
Branch and the Facility Authority for Tritium Facility Operations at the
Canadian Nuclear Laboratories (CNL), Chalk River, Ontario. He earned his
chemical engineering degree and PhD from the University of
Birmingham, UK, and worked for a contracting company and British Gas
Corporation in the UK before joining AECL (now CNL). He is a
Professional Engineer in Ontario, and a certified Project Management
Professional (PMP).

He has more than 35 years of expertise in the areas of Heavy Water and Tritium, Catalysis, 
Electrolysis Technologies, Fuel Cell Technologies, Nuclear and non-Nuclear Battery 
Technologies, Hydrogen Production from High and Medium Temperature Thermochemical 
Processes, Steam Electrolysis and Energy Storage. His current focus at CNL in the area of 
hydrogen production is in the development of the hybrid copper-chlorine cycle. This 
development is approaching lab-scale continuous operation demonstration in 2021. Dr. 
Suppiah has been leading collaborations in many of the above areas with industry, institutes 
and universities. He is the Canadian delegate for and the current Chair of the GEN IV VHTR 
Hydrogen Production Project Management Board. He is also a board member of the Canadian 
Hydrogen and Fuel Cell Association (CHFCA). He has been a regular presenter at IAEA’s 
technical meetings and other national and international meetings on hydrogen production.
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https://www.youtube.com/watch?v=sK9gzyXPe6g


Current & Future Demand & Use of Hydrogen:
The demand of hydrogen over the years has been growing with the expanding

population of the world because it is a raw material used to produce fertilizers and various
other materials. It’s only expected to grow faster with increasing living standards, the
demand for hydrogen is forecast to grow very rapidly. In the future, to minimize the
greenhouse gas emissions from heavy duty vehicles, a shift will have to be made to
hydrogen fuel all.

Hydrogen from GEN IV Nuclear Technologies:
These four hydrogen production processes have been receiving the most attention over

the last decade or two, and the hydrogen production PMB member countries (Canada, EU,
France, Japan, Korea, USA, China (observer)) are mainly focused on these processes.



H2 Production PMB Goals and Objectives 1:
The development of the Sulfur-Iodine cycle has been carried out by JAEA of 

Japan, INET of China and KAERI of Korea. The operation of the integrated 
Sulfur-Iodine process has been demonstrated. However, materials related 
issues require resolution for industrial demonstration.

H2 Production PMB Goals and Objectives 2:
The development of the high temperature steam electrolysis has been carried 
out by INET of China, KAERI of Korea, CEA of France, INL of USA and EU. The 
high temperature steam electrolysis technology has reached mature state. The 
degradation of cell components requires continuing advances.



H2 Production PMB Goals and Objectives 3:
The development of the Copper-Chlorine (Cu-Cl) cycle has been carried out

by CNL of Canada. The Cu-Cl cycle development is approaching lab-scale
demonstration. The assessment of the other alternative cycles such as Hybrid-
Sulfur process and the economic evaluation has been also carried out by the
hydrogen production PMB members.

H2 Production PMB Goals and Objectives 4:
The hydrogen production and nuclear reactor coupling has been investigated 

by the hydrogen production PMB members.



Summary / Objectives:

4-2-4. Supercritical Water Cooled Reactors 
(SCWR)

Supercritical Water-Cooled Reactors (SCWRs) are a class of high temperature, high 
pressure water-cooled reactors that operate above the thermodynamic critical 
point of water (374°C, 22.1 MPa). These concepts combine the design and 
operation experience gained from hundreds of water-cooled reactors with the 
experience from hundreds of fossil-fired power plants operated with supercritical 
water. The main goals of using supercritical water in nuclear reactors are to 
increase the efficiency of modern nuclear power plants, decrease capital and 
operational costs, and finally decrease electrical energy costs. This presentation 
describes SCWR concepts being pursued in the international community and 
highlights the technical advancements and challenges in the development.

Meet the Presenter:

Laurence Leung has been working at Canadian Nuclear 
Laboratories (formerly Chalk River Laboratories of Atomic 
Energy of Canada Limited) since 1987 in the field of thermal-
hydraulics. He completed his Ph.D. degree at University of 
Ottawa, Canada, in 1994. Laurence is currently Manager of 
R&D Facilities Operations and is also responsible for the 
development of the Canadian Super-Critical Water-cooled 
Reactor (SCWR) concept. He received 13 awards from

AECL (CNL) and external organizations, and delivered short courses on thermal-
hydraulics and SCWRs. Laurence is one of Canada’s representatives to the GIF 
SCWR System, and is the Co-Chair of the System Steering Committee and the 
Thermal-hydraulics and Safety Project Management Board.
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https://www.youtube.com/watch?v=vClc-Ne0ycQ


2. SCWR Main Features
 High efficiency with supercritical pressures and temperatures at core outlet

• Increasing the power output for the same fuel input (specific fuel 
utilization)

• Reducing waste heat from turbines and condensers (environmental 
discharges)

• Building fewer plants for meeting demand (capital and operating cost 
savings)

 Simplification of plant components and layout
• Direct cycle eliminating heat exchangers, steam generators, steam dryers, 

and moisture separator reheaters
• Reduction in capital and operational costs

 Design flexibility
• Thermal or fast spectrum
• Advanced fuel cycles and fuel design optimization
• Reduction in electrical energy costs
• Opportunities for co-generation

1. Why SCWR?
 Merging proven advanced technologies of nuclear and fossil-fuel power plants
 Many utilities operate both nuclear and supercritical fossil plants
 Many years of design and operating experiences



3. SCWR Applications
 Primarily for electric power generation
 Heat can be extracted for co-generation

• Hydrogen production
• Oil extraction (Steam-Assisted Gravity Drainage process)
• Desalination
• Process heat

4. GIF Technology Goals
A pressure-tube-type SCWR concept can potentially meet key technology 
goals of the GIF (i.e., improving economics and sustainability, as well as 
enhancing safety and proliferation resistance).



5. SCWR Design Challenges: Chemistry
 Changes in chemical properties due to marked change in SCW density 

through the critical point
 SCWR In-core radiolysis is markedly different from those of conventional 

water-cooled reactors
• Extrapolation of the behavior is inappropriate
• Strong impact on corrosion and stress corrosion cracking

 Identification of an appropriate water chemistry to minimize
• Corrosion rates
• Stress corrosion cracking
• Deposition of deposits on fuel cladding and turbine blades

 Establish a chemistry-control strategy

6. Collaborations
 Leverage resources and expertise to expedite the development

• Generation-IV International Forum (GIF)
• International Atomic Energy Agency (IAEA)
• Bilateral agreements

 Exchange of technical information
• International Symposium on SCWRs
• Information Exchange Meetings
• IAEA Coordinated Research Projects and Technical Meetings



Summary / Objectives:

4-2-5. Overview of FHR Technology

Fluoride Salt Cooled High Temperature Reactors (FHRs) use solid, ceramic fuel with 
a molten salt coolant, and deliver heat in the temperature range from 600°C to 
700°C. This presentation will review key design features of FHRs and recent work 
to develop the technical basis for safety analysis and licensing.

Meet the Presenter:

4. Generation IV System Design and Related Technology 
4-2. Advanced Reactors with Specific motivations in 

Performance and Feasibility stages

Per F. Peterson holds the William and Jean McCallum Floyd 
Chair in the Department of Nuclear Engineering at the 
University of California, Berkeley. He performs research related 
to high-temperature fission energy systems, as well as studying 
topics related to the safety and security of nuclear materials 
and waste management. He participated in the development 
of the Generation IV Roadmap in 2002 as a member of the 
Evaluation Methodology Group, and cochaired its Proliferation 
Resistance and Physical Protection Working Group. His 
research in the 1990's contributed to the development of the
passive safety systems used in the GE ESBWR and Westinghouse AP-1000 reactor 
designs. Currently his research group focuses primarily on heat transfer, fluid 
mechanics, and regulation and licensing for advanced reactors.

https://www.youtube.com/watch?v=fmGsHybw4I0


1. FHRs leverage  experience and technology from multiple sources
FHR design concept is based on technologies and experiences from multiple 
fields such as LWR passive safety, SFR, HTGR, MSR, and gas combined cycle.

2. R&D has developed an improved foundation for understanding FHRs
The base technology related to FHR concept has been improved and 
documented through design studies and various experiments.



3. Nominal Mk1 PB-FHR Design parameters
Main plant parameters, core structure, power output, and mitigation 
measures for Tritium are shown.

4. Mk1 PB-FHR  flow schematic
The main heat transport system transfer the core heat to the power 
conversion system (PCS) through coiled tube air heaters. 



5. Mk1 NACC physical arrangement
Each FHR unit has one PCS (NACC: nuclear air-brayton combined-cycle ) . 

6. Notional 12-unit Mk1 PB-FHR nuclear station
The total of 12 units can produce 1200 MWe base load and 2900 MWe for 
peak load with natural-gas co-firing boost function.
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4-2-6. Concept of European Molten Salt Fast 
Reactor (MSFR)

Liquid-fueled reactors exhibit unusual and interesting properties in terms of 
operation and safety compared to solid-fueled reactors, requesting a revision of 
some well-known conception and safety rules. In this webinar, such characteristics 
of the Molten Salt Reactors (MSRs) will be presented, together with the past and 
current R&D activities. The concepts studied in the frame of the Generation-IV 
international collaboration will be briefly described, and the presentation will then 
focus on the concept of Molten Salt Fast Reactor (MSFR), reactor based on a fast 
spectrum and studied since almost a decade mainly by calculations and 
determination of basic physical and chemical properties, initially at CNRS in France 
and now more largely in the European Union. The main design choices and 
characteristics of this MSFR concept will be explained and discussed including 
transient simulations, chemistry and material issues, safety analysis, research 
roadmap and laboratory scale experiments.

Meet the Presenter:
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Prof. Elsa Merle is the director of the Master's Program in 
Reactor Physics and Nuclear Engineering at the PHELMA 
engineering school of Grenoble Institute of Technology, France. 
She is also working, as a research staff member, at the 
Laboratory for Subatomic Physics and Cosmology of Grenoble. 
Since 2000, she has been actively involved with the French 
National Center for Scientific Research (CNRS) programs 
dedicated to the conceptual design of innovative Generation IV 
reactors. As such, she is contributing to various studies and
validations of the concept of Molten Salt Reactors and more specifically since 2008 
on the definition and optimization of the concept of Molten Salt Fast Reactor 
(MSFR). Dr. Merle is in charge of the work-package 1 “Integral safety approach and 
system integration” of the Euratom project SAMOFAR of Horizon2020, and she 
represents CNRS at the GIF steering committee on Molten Salt Reactors.

https://www.youtube.com/watch?v=DROeEnWx_Ho


1. MSFR: Design and Fissile Inventory Optimization
The reference design parameters of power, fuel salt volume and core geometry 
have been decided considering some limiting factors.

2. MSFR and the European project EVOL
EVOL project has been implemented during 2011-2013, in order to propose 
best MSFR system based on physical and material studies



3. Description of the Molten Salt Fast Reactor (MSFR) system 
The main plant parameters, the heat transport configuration are shown.

4. SAMOFAR (Safety Assessment of a MOlten salt FAst Reactor) project
This European project has been performed during 2015-2019. They have 
discussed the safety approach considering the MSFR specific safety features.



5. An example of transient calculations (load following of 30% in 60s) 
The Load following is driven by only the extracted power (no control rods needed).
The excellent load following capacities of MSFR has been confirmed.

6. Safety Evaluation of the MSFR: barrier definition 
How to assign the multiple confinement barrier function to the MSFR SSC 
(Structure, System, Components) is studied.



Summary / Objectives:

4-2-7. Czech Experimental Program on MSR 
Technology Development

The webinar will give an overview of the existing experimental development of
Molten Salt Reactor (MSR) technology in the Czech Republic. A technology of
nuclear reactor systems with liquid molten salt fuel has been investigated in the
Czech Republic since 1999. After 2005, the studies cover also thorium - uranium
fuel cycle technology, material research and development of selected components
of the MSR technology. Today a new, four-year (2017 – 2020) project of MSR
technology development is the key component of the Czech MSR R&D program on
fluoride salt-cooled nuclear reactor systems. The aim of the project is to contribute
to the development of MSR and FHR reactor technology in the area of reactor
physics, nuclear – chemical engineering and material research.

Meet the Presenter:
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Dr. Jan Uhlíř works for the Research Centre Řež, Czech Republic as a
Senior Researcher of the Nuclear Fuel Cycle Program. Prior to that,
he worked for more than 30 years for the ÚJV Řež - Nuclear
Research Institute, which is the mother company of the Research
Centre Řež. From 1990 to 2012 his positions were Head of Fluorine
Chemistry Department and Deputy Director of Fuel Cycle Division.
His long-term expertise is mainly in the development of Fluoride
volatility reprocessing method and other fluoride pyrochemical
partitioning technologies, recently of those devoted to MSR fuel

cycle. Jan Uhlíř has been a leader of several national projects devoted to the nuclear
fuel cycle, pyrochemistry and molten salt technology granted mainly by the Ministry
of Industry and Trade of the Czech Republic. He was also responsible for the chemical
part of the national project SPHINX devoted to the experimental development of
MSR technology. He participated in several European projects devoted mainly to
pyrochemical partitioning and MSR technology. Dr. Uhlíř is a representative of the
Czech Republic in the Working Party on Scientific Issues of the Fuel Cycle of the
OECD-Nuclear Energy Agency, a member of the MSR Provisional System Steering
Committee of the Gen IV International Forum as a representative of EURATOM and a
member of the High Scientific Council of the European Nuclear Society. He earned his
M.S. in Chemical Engineering and PhD. in Nuclear Fuel Technology from the University
of Chemistry and Technology in Prague.

https://www.youtube.com/watch?v=0f6g4m9Rzbs


1. Main aims of the Czech Program on MSR Technology Development
The R&D program in Czech covers MSR technologies such as reactor physics, 
structural material, and Th-U fuel cycle, with experimental verifications. 

2. Structural material development 
A new nickel-alloy called MONICR has been developed and further 
technological activities on the production, corrosion, high temperature 
integrity, and irradiation damage are ongoing.



3. Experimental activities within the present MSR program 
The new MSR project broadening the existing project was approved by Ministry 
of Industry and Trade. The collaboration with US-DOE is included in this program.

4. Results achieved in MSR physics and salt neutronics with in-pile experiments 
Measurements at room temperature with FLIBE showed perfect agreement in 
neutron spectrum, the results of k eff are influenced by content of 6 Li  in the salt. 



5. In-pile test of FLIBE under high temperature condition using LR-0 reactor.
The new heated inserted FLIBE zone (for the measurement at the temperature 
range 500 -750 °C) is under development.

6. Studies on MSR fuel cycle technologies
Electrochemical behavior in molten salts and the electrochemical extraction 
of U, Th and several Lns are investigated



Summary / Objectives:

4-2-8. Micro-Reactors: A Technology Option for 
Accelerated Innovation

Micro-reactors are very small nuclear reactors capable of operating 
independently from the electric grid to supply highly resilient power, and are 
well suited to serve the power needs for remote communities that currently 
do not have access to reliable, resilient and affordable energy. A typical 
commercial micro-reactor is envisioned to be a mobile nuclear power plant in 
a 2-20 MWe range that is fully factory built, fueled and assembled. It is 
transportable to the remote site via ground, sea or air with black start, 
renewable integration and island mode operation capability. They are 
designed to be self-regulating and walk-away safe with minimal operator 
intervention. NEI estimates that Micro-reactors could deliver electricity at 
rates between $0.09/kWh and $0.33/kWh. This presentation will describe 
‘genericized’ micro-reactor designs being pursued by various vendors, 
technology gaps and the role of DOE’s Micro-reactor R&D.

Meet the Presenter:

4. Generation IV System Design and Related Technology 
4-2. Advanced Reactors with Specific motivations in 

Performance and Feasibility stages

Dr. Dasari V. Rao is a nuclear and mechanical 
engineer with 25 years of experience in safety and 
safeguards of nuclear and high hazard facilities. His 
technical areas of expertise include computational 
fluid dynamics, neutron and radiation transport, 
and risk assessment of nuclear energy systems. Dr. 
Rao is presently Director of the Office of Civilian 
Nuclear Programs at the Los Alamos National 
Laboratory. He is also Technical Advisor to Dr. Jess 
Gehin, National Technical Director for DOE 
Microreactor Program, and Principle Investigator 
for the NASA’s Fission Surface Power project. 



Common strategy between multi-mission Radioisotope Thermoelectric Generator 
(2kWt) developed for NASA’s mars mission, Micro-reactors (2-20 MWe), SMRs, 
Gen III+, IV (up to 1500MWe). 
That is diagram by National drivers, Nuclear Facilities, and Science priorities. 
By applying this strategy for Micro-reactors, Micro-reactors become Factory 
fabricated, Transportable and Self regulating.



National drivers for Micro-reactors are,
+ Innovative, Affordable and Rapid
+ Military and Civilian Microgrids 

Key technology are 
+Factory built with advanced manufacturing, instrumentation/sensors, and 
advanced heat removal systems.  

+Easy to operate and licensed by power controllability which brings easy load following.

Technology neutral with the common strategies 
= Accept various types of fuel including nationally supplied HALEU fuels.



Dr. Holly Trellue is a team 
leader at Los Alamos National 
Laboratory, the Technical Area 
Lead for Technology 
Maturation for the DOE-NE 
Microreactor Program.，

Mr. Yasir Arafat is currently serving as 
the Technical Advisor to the DOE 
Microreactor Program from Idaho 
National Laboratory. He was the 
founder and Technical Lead of the 
Westinghouse eVinci™ Micro Reactor 
Program.

She introduced 
Technology Maturations. 
+ Possible fuel materials
+ Advanced moderators

including metal hydrides
+ Advanced heat removal mechanisms
+ Instrumentation / Sensor developments

He introduced 
Two demonstration 
test programs.

SPHERE:  Single Primary Heat 
Extraction & Removal Emulator

MAGNET: Microreactor Agile 
Non-nuclear Experimental Test-bed



Summary / Objectives:

5-1. Metallic Fuels for Fast Reactors

This webinar will provide an overview of metallic fuels used in sodium-cooled fast 
reactors. Topics to be briefly surveyed will include: a history of metallic fuel 
development and use; benefits of metallic fuel technology for fuel reliability and 
safety; and current development directions in the areas of actinide transmutation 
and ultra-high burnup.

Meet the Presenter:

5. Fuel / Core Design

Dr. Steven Hayes is a Fellow of the Nuclear Science & 
Technology engaged in the development, testing and modeling 
of a variety of nuclear fuels, including metallic, oxide, and 
nitride fuels for liquid metal reactors and high-density 
dispersion fuels for research reactors. He led numerous fuels 
and materials irradiation experiments in the Experimental 
Breeder Reactor II prior to its shutdown, and today he

maintains an active fuel testing program in the Advanced Test Reactor. Dr. Hayes is 
a national leader in the development and testing of metallic fuels for the US-DOE’s 
Advanced Fuels Campaign and in the development of multiscale, multiphysics fuel 
performance codes for the US-DOE’s Nuclear Energy Advanced Modeling and 
Simulation program.

https://www.youtube.com/watch?v=6GQHAvxAJM4


Background: Motivation for Actinide Transmutation
• Plutonium and minor actinides are responsible for most of repository 

hazard beyond ～400 years.
• Fast reactors are appropriate for actinides transmutation mission, because 

of large number of excess neutrons, neutrons of high energy, and variety 
of actinide management strategy.

• SFR Transmutation fuels contain minor actinides and rare earth fission 
product in significant quantities. So, remote fuel fabrication, new 
fabrication methods, and determination of effects on fuel performance are 
necessary.

Metallic Fuels: History & Benefits
• Metallic fuels are used in EBR-1, UK Dounreay Fast Reactor, Enrico Fermi FBR, 

EBR-II, and FFTF.
• Metal fuels have historical benefit, including reliability to high burnup, 

compatibility with proliferation-resistant electrochemical recycle, simple and 
compact fabrication process, and synergistic with passive approach to reactor 
safety.

• Fabrication of metallic fuels on large scale and remote environments are  
easy historically.  Metallic fuels has demonstrated high-burnup reliability; 
lower-density alloys for transmutation offer even higher burnup potential.



Casting Process Development
• Traditional casting (Injection casting (counter-gravity)) is employed for 

remote fabrication of 39,000 metallic fuel pins for  EBR-II over a 3-year 
period in 1960’s.  

• Application of the traditional casting to metallic transmutation fuels has 
issues on fuel losses, high level waste, and  crucible cleaning and coating.

• New casting process (Bottom casting) was to developed to greatly improve 
melt utilization, and near-zero Am loss during fabrication.  

• Issue of Am volatility during casting has been resolved at bench-scale using 
surrogate system; validation testing with Am is underway.

Performance of Metallic Fuels with MAs
• Wide spectrum of U-Pu-Am-Zr fuel alloys have been conducting in the ATR 

(AFC-1～4, IRT).
• With double encapsulated testing approach, the tests could be conducted 

500W/cm in linear power and 600℃ in cladding temperature. 
• Cd-shroud removed thermal neutrons from neutrons of ATR.
• Irradiation performance tested  fuels has been shown to be typical of historic 

understanding for wide variation of U, Pu, Zr, & MA contents.
• Comparison Report (FY17) will validate ATR Cd-shrouded test results vs. data 

from EBR-II, FFTF, and Phenix.



Future Directions: Innovative “Advanced Metallic Fuel Concept”
• Development of the “Advanced Metallic Fuel Concept”
• Additives for Ln FP stabilization and immobilization
• Cladding coating/liners
• Low SD annular fuel, fabrication by extrusion
• Demonstration reliable performance to ultra-high burnups (30-40%)



Summary / Objectives:

5-2. TRISO Fuels

TRISO (TRi-structural ISOtropic) particle fuel has been developed for use in modular high 
temperature gas reactors (HTGR) designed to passively maintain core temperatures below 
fission product release thresholds under all licensing basis events and accident scenarios. This 
webinar will give an overview of the US DOE Advanced Gas Reactor (AGR) TRISO Fuel 
Qualification and Development Program’s activities focused on enhancing TRISO fuel 
performance by using uranium oxicarbide (UCO) fuel kernels and improving coated particle 
and compact fabrication methods for deployment in advanced HTGRs. Topics include fuel 
characterization and qualification methods, TRISO production scale fabrication process 
improvements, AGR TRISO irradiation experiments, post-irradiation examination and safety 
heating test results, and fuel performance modeling efforts. Current US TRISO fuel reactor 
vendor efforts, and the first TRISO topical report submitted to the NRC will be presented.

Meet the Presenter:

5. Fuel / Core Design

Dr. Madeline Feltus has led the DOE Office of Nuclear Energy’s
Advanced Gas Reactor TRISO Fuels Qualification and Development
Program since 2003. She provides technical support for DOE’s
advanced nuclear fuel research and development (R&D), light water
reactor accident tolerant fuel R&D, and reactor development projects
where she focuses on improving reactor fuels and materials
irradiation performance for current and advanced fuel designs to
have safe, accident-tolerant, robust, and reliable reactor fuel that can
be used in existing and future advanced light water, gas-cooled, and
sodium cooled reactors.

She has been involved in writing and providing input for OECD NEA Experts Committee reports,
IAEA technical documents, and reviewing manuscripts for technical journals. She is responsible
for managing various university grant projects, vendor/industrial projects and small business
R&D efforts. Prior to joining DOE in 1999, Dr. Feltus was an assistant professor of nuclear
engineering at the Pennsylvania State University (1991-1999). Madeline received her B.S. in
Nuclear Engineering from Columbia University in 1977. While working full-time as a nuclear
engineer at Burns and Roe, Public Service Electric and Gas (N.J.) and the New York Power
Authority, she continued her graduate studies at Columbia and earned her M.S. in Nuclear
Engineering (Reactor Physics, 1980), her M. Phil. in Mechanical Engineering (Thermal-
Hydraulics, 1989) and her Ph.D. in Nuclear Engineering (1990) with her thesis on 3D time-
dependent coupled kinetics-neutronics and thermal-hydraulics analyses.

https://www.youtube.com/watch?v=Nn6wq-rTO1M


TRISO Particle Fuel:
TRI-Structural ISOtropic (TRISO) particles are embedded in graphite matrix

material.

TRISO Particle Fuel Design:
TRISO particle fuel consists of fuel kernel, buffer, inner Pyrocarbon, Silicon

Carbide, and outer Pyrocarbon.



TRISO Particle Coatings Retain Fission Products:
TRSO fuel is engineered to retain fission products during normal operating 

(1000ºC-1400ºC) and design basis accident conditions including a depressurized 
coolant event (-1600ºC).

TRISO Particles act as individual fission product “Containments” for Gas-
Cooled Reactors:

TRISO coated particle fuel performance and fission product retention is key
factor for making the HTGR/VHTR/NGNP safety case.



Advanced Gas Reactor TRISO Fuel Qualification Program:
The objectives and motivation of the advanced gas reactor TRISO fuel

qualification program in USA is to provide data for fuel qualification in support of
reactor licensing and to establish a domestic commercial vendor for TRISO fuel.

Beyond the AGR TRISO Program:
TRISO fuel can be used in other reactor designs.



Summary / Objectives:

5-3. On Thorium As Nuclear Fuel

This webinar will present an overview of the basic concepts behind the historical 
interest on the use of thorium as a nuclear fuel. It will aim at reviewing thorium’s 
real potential and the many challenges it is facing before it can be part of the 
solution to the world’s energy problems. It is aimed at giving some of the scientific 
elements to a general audience in order to “demystify the thorium question” 
which has regained some prominence in recent years when talking 
about future nuclear concepts.

Meet the Presenter:

5. Fuel / Core Design

Dr. Franco Michel-Sendis is responsible for the co-ordination 
of Nuclear Data Services and Criticality Safety Activities at the 
OECD Nuclear Energy Agency (NEA) under the Data Bank and 
the Nuclear Science Division, since 2010. From 2011 to 2016 
he also served as NEA scientific secretary to the Generation IV 
Molten Salt Reactor System Steering Committee and 
coordinated the NEA report “Introduction of Thorium in the 
Nuclear Fuel Cycle”. Dr. Michel-Sendis holds a B.Sc and M.Sc in 
physics from the University of Paris (UPMC) and a Ph.D. in 
nuclear reactor physics from the University of Paris-Sud Orsay.



1. U or Th? Not that much of a choice in fact :

2. Neutron Economy:
Breeding with Th-U233: possible in thermal spectrum
U/Pu cycle : best neutron economy in fast spectrum



3. Thoria(ThO2)-based fuels (in current technologyies) :
• Thoria-based fuels for LWRs and PHWRs exhibit improved defect 

performance and are a highly prospective technology for consuming or 
transmuting transuranic (Pu + MA) nuclides 

• Thoria-based fuels must first be qualified to assure their safe performance in 
the usual suite of normal/accident scenarios; Processes will require 
significant further development and test programmes to manufacture and 
qualify optimal industrial thorium-based fuels. 

ThorEnergy@ IFE, Norway, (Th, Ce)O2

Irradiation tests at OECD Halden Reactor

4. Past Experience of Thorium development:
In 1960/70’s, some reactors have used Thorium based fuels.



5. Thorium Fuel Cycle
An inherently long transition process, as illustrated by the Indian Strategy

6. Resource availability of Thorium 
By-product Production of thorium from other industrial mining activities can 
provide more than ample quantities of thorium for potential use in the nuclear 
industry for this century and beyond:
• Rare Earth ore mining
• Ilmenite (titanium ore) mining
• Iron ore mining



Summary / Objectives:

5-4. Lead Containing Pb-208: New Reflector for 
Improving Safety of Fast Neutron Reactors

This webinar considers improvement of fast reactor safety through slowing-down 
power runaway. The idea is surrounding the core by the neutron reflector made of 
lead-208, a material of heavy atomic weight and extremely low neutron 
absorption. The power runaways can be slowed down because of a long way for 
leakage neutrons to come back from distant layers of neutron reflector to the core. 
It is demonstrated that mean prompt neutron lifetime can be elongated roughly by 
three orders of magnitude with appropriate slowing-down the reactor 
power runaway.

Meet the Presenter:

5. Fuel / Core Design

Dr. Evgeny Kulikov earned his PhD at the National Research 
Nuclear University MEPhI in Moscow in 2010 and is currently 
the associate professor at the Institute of Nuclear Physics and 
Engineering. His areas of professional interests include 
improving fuel burn-up, nuclear fuel cycle, non-proliferation, 
and fast reactor safety. Currently, his scientific research is 
supported by the Russian Science Foundation. He lectures on 
theoretical aspects of nuclear reactors and conducts laboratory 
works on experimental reactor physics. He is serving on the 
Gen IV International Forum Education and Training Task Force.



Idea of slow down chain reaction:
This idea is safety improvement by slowing down chain reaction. These 

requirements to slow down chain reaction are a neutron age as large as possible 
and a diffusion length larger than square root of neutron age. The idea to slow 
down chain reaction is a fast neutrons go deeply into reflector and return to the 
core with essential time delay.

Characteristics of Chain Reaction Rate:
The reflector need to a large atomic mass for a large neutron age, a small 

absorption cross-section for a large diffusion lengths and a small absorption 
cross-section for a long  lifetime of a thermal neutron. The lead 208 is a good 
choice for a material of reflector.



Reflector Properties:
The neutron age and diffusion length of lead 208 are very large. The length of 

thermal neutron lifetime is very important for safety. The thermal neutron 
lifetime of lead 208 reflector is longer than in any other material.

Moderator Properties:
The logarithmic energy decrement is describes average energy loss per a 

collision. it is not dependent on energy and it depends only on atomic mass. The 
lead 208 is a low logarithmic energy decrement and low moderating ability. But, 
the absorption cross-section of lead 208 is very small. As such Moderating ratio 
of lead 208 is a better than light water or barium oxides or graphite.



Overview of Neutron Flash model (p0 > B):
According to the neutron flash model, if a interpret reactivity exceeds delayed 

neutron fraction is the state of prompt super criticality. And, the doppler effect 
has enough time to action and duration of neutron flash is proportional to a 
neutron life to lifetime. while energy yields is in dependence on neutron lifetime.

Reactor Power and Fuel Temperature at the Neutron Flash:
The case of natural leads a neutron lifetime is about one microseconds and the 

case of lead 208 an about one millisecond. In the reactor power, a peak power is 
thousand times lower and  thousand times slower than natural leads. There is 
enough time for the heat to be transferred from fuel to coolant. In the fuel 
temperature, a peak temperature is lower and thousand times slower than 
natural leads. 



Summary / Objectives:

6-1. Phenix and Superphenix Feedback 
Experience

France energy situation is specific : no fossil energy available ( oil, coal, gas, etc..), a 
large fleet of PWR in operation providing about 80% of electricity , and a 
successful reprocessing activity providing each year about 10 tons of plutonium. In 
this situation, sodium fast breeder reactors would be very useful for the country, 
and have been developed with the Rapsodie, Phenix and Superphenix reactors. 
The feedback experience of these reactors has been analyzed and collected in two 
books “Phenix: the feedback experience” / EDP sciences 2012, and “Superphenix: 
Technical and Scientific achievements” / Springer 2016. This thematic analysis was 
performed on materials, fuel, neutronic, thermal hydraulic, components, water 
sodium reaction, sodium leaks, safety, and more generally on all the specific 
technical matters related to this type of reactor. The presentation gives, for each 
theme cited above, the main results obtained and the main conclusions or 
recommendations for the future of sodium fast breeder reactors.

Meet the Presenter:

6. Operational Experience

Joël Guidez began his career in the field of sodium-cooled fast 
reactors, after graduating from the Ecole Centrale de Paris in 
1973. He worked at Cadarache for eight years on the design, 
dimensioning and testing of sodium components for 
Superphénix. He also followed the initial results, from the 
Phénix sodium-cooled fast reactor start-up in 1974. Then he 
joined Phénix where, for five years, he was in charge of 
measurements and tests on the power plant. In 1987, he 
returned to Cadarache to lead a thermo-hydraulics laboratory, 
where many tests were performed for Phénix, Superphénix
and the European Fast Reactor (EFR) project. After a period of
apparent unfaithfulness to fast reactors, during which he successfully managed the 
OSIRIS research reactor located in Saclay, and the European Commission’s reactor, 
HFR located in the Netherlands, he returned to Phénix in 2002, where he managed 
the reactor until 2008 during his final operating phase. Since 2011, he is 
considered as international expert in CEA and wrote two books: “Phenix feedback 
experience” Editor EDP Sciences and “Superphenix. Technical and scientific 
achievements” editor Springer.

https://www.youtube.com/watch?v=YGNjIthuhJI


1. Objectives of fast breeder reactors: 
- Uranium availability
- Plutonium management
- Management of REP waste
- Transmutation possibilities
- Optimized fuel cycle

2. Sodium fast breeder experience in the world
- The first nuclear reactor to produce electricity was a sodium ( NaK ) reactor in 1951.
- 20 SFR have been built and operated in the world.
- USA/ Russia/ France/ Japan/ India/ China/ UK/ Germany.
- The last one is BN 800 ( Russia /800 Mwe ) connected to the grid in 2016.
- The PFBR ( India /500 Mwe ) should start in 2018.



3. Phenix feedback experience
- Built in 1968, by an integrated CEA/EDF/GAAA team, it went critical in 1973 and 

was co operated with EDF (80% CEA / 20% EDF) from 1974 to 2009. 
- During the thirty five year life span, it played its dual role as electricity generator 

(250 MWe ) and experimental research reactor. Thus , it gathered considerable 
experience for fast breeder reactor systems: demonstration of design and 
operation , breeder potential, transmutation possibilities, development of all 
technical fields involved and validation of the technology used.

4. Superphenix: technical and scientific achievements
- A huge industrial experience was acquired during the reactor construction.
- The reactor was built in seven years , from 1977 to the beginning of sodium filling 

sodium in1984.
- The nominal power was reached in December 1986.
- Despite a complicated political life, a big experience on all the technical fields was 

also acquired until the reactor shut down ten years later.



5. Thematic analysis
- Two books have been written to try to summarize this experience.
- The books are not organized around a chronological experience but with 

thematic analysis.
- The main themes studied are neutronic , materials , components, 

thermalhydraulic , fuel, handling, and maintenance.

6. Some examples of accumulated experience
- Reprocessing experience on Phénix (because it is an industrial experience unique 

in the world) 
- SPX construction (impressive industrial work)
- Neutronic of SPX core (the most powerful SFR core ever operated / it remains 

today a very interesting case for all neutronic studies)



Summary / Objectives:

6-2. Astrid - Lessons Learned

This presentation will first place the context of the choice of Sodium Fast Reactor in 
the French Nuclear Policy and its rationale for a closed fuel cycle. It will then present 
the position of the French Sodium Fast Reactor program in the context of Generation 
IV. The presentation will then focus on the ASTRID (Advanced Sodium Technological 
Reactor for Industrial Demonstration) project. The technical achievements, major 
innovation progress and management challenges will be presented. The ASTRID 
project description will highlight the major use of digital tools (numerical simulation, 
use of virtual reality, multiscale and multi-physics modeling, PLM: Product Lifecycle 
Management) used to perform efficiently such a complex project.

Meet the Presenter:

6. Operational Experience

Mr. Gilles Rodriguez is a senior expert engineer at the 
CEA/CADARACHE (French Atomic Energy 
Commission/Cadarache center). Since 2016, he has also been 
the deputy head of the ASTRID Project team, working on 
Generation-IV Fast Reactor research program. He graduated 
from the university of Lyon, France in 1990 with an engineering 
degree in Chemistry and obtained a Master of Science in 
chemical and process engineering from the Polytechnic 
University of Toulouse, France, in 1991. His areas of expertise

are fast reactor technology, liquid metal processes, and process engineering. From 
2007 to 2013, he was Project Leader of sodium technology and components, 
within the CEA SFR project organization. In 2013, he joined the CEA project on 
Sodium Fast Reactor: ASTRID (Advanced Sodium Technological Reactor for 
Industrial Demonstration), first as responsible of the ASTRID Nuclear Island.

https://www.youtube.com/watch?v=huXIQdyeTEw


1. French Nuclear Policy:
- The French Multi-annual Energy Plan (MEP) is updated every 5 years. An update 

will be issued at the end of 2018, after the on-going public debate. The 
governmental document issued to support the public debate on energy has 
confirmed the closed fuel cycle strategy, as it allows for Pu management and 
ensures sustainability of nuclear energy.

- Reference of the French roadmap is based on the reprocessing of oxide fuel 
(hydrometallurgy) and the use of Fast Reactors. Priority is given to Sodium-cooled 
Fast Reactors (most mature technology). Active survey is performed on other 
technologies through collaborations.

2. The ASTRID Program
- ASTRID is a technological demonstrator and is not a First of a Kind of a 

commercial reactor.
- The technology of ASTRID allows to have a very resilient design to external events 

(earthquake, flooding, loss of power, airplane crash…).



3. Use of Digital in ASTRID Project
- Model Complex Phenomena to Consolidate Demonstrations
- Management of a Large Complex Project
- Advantages From the Use of Virtual Reality Description

4. Main Achievements for 2015
 A synthesis file was sent to the government mid 2015
- Strategy leading to the choice of Gen IV sodium cooled fast reactor and closed 

fuel cycle.
 Synthesis file summarizing the conceptual design phase (2010-2015) provided in 

December 2015
- Scope statement, with technological choices (including conversion system), 

issued from Conceptual Design.
- Workplan for Basic Design, with associated R&D infrastructures.

www.cea.fr



5. ASTRID Main Technical Choices
- 1500 thMW - ~600 eMW
- Pool type reactor
- With an intermediate sodium circuit
- CFV core (low sodium void worth)
- Oxide fuel UO2-PuO2
- Preliminary strategy for severe accidents
- Redundant and diversified decay heat removal systems
- Fuel handling in sodium + combination of internal storage and small external 

storage

6. Lesson Learned
To make to fulfill the Gen IV requirements, the new safety demonstration that we 
need to have, and also the cost investments that we have to reduce, it needs to 
get a close relationship between industry and design teams on one hand and the 
R&D teams on the other hand.



Summary / Objectives:

6-3. BN-600 and BN-800
Operating Experience

This presentation will first place the context of the choice of Sodium Fast Reactor 
in the French Nuclear Policy and its rationale for a closed fuel cycle. It will then 
present the position of the French Sodium Fast Reactor program in the context of 
Generation IV. The presentation will then focus on the ASTRID (Advanced Sodium 
Technological Reactor for Industrial Demonstration) project. The technical 
achievements, major innovation progress and management challenges will be 
presented. The ASTRID project description will highlight the major use of digital 
tools (numerical simulation, use of virtual reality, multiscale and multi-physics 
modeling, PLM: Product Lifecycle Management) used to perform efficiently such a 
complex project.

Meet the Presenter:

6. Operational Experience

Mr. Ilya Pakhomov is the Head of Laboratory in the State 
Scientific Center of the Russian Federation - Institute for 
Physics and Power Engineering named after A.I. Leypunsky
(IPPE). Since 2006, he has been charged with developing 
advanced sodium fast reactors as an engineer, junior 
researcher and head of laboratory. In 2014, he become a 
member of the working group on scientific and technical 
support of the BN-1200 project in IPPE. Currently, he is head of

laboratory - management of experiments and engineering safety of fast sodium 
reactors. He is responsible for research of operability elements of the core, safety 
issues of sodium fires and safety during interloop leaks in the sodium-water steam 
generators. He is also involved in the formation of an R&D plan for the Fast Sodium 
Reactors.



Long-term experiment of SFR in Russia and basic concept of BN-600:
The SFR development has been ongoing for more than 60 years in USSR and 

Russia, and multiple prototype and experimental reactors and industrial power 
units have been operated. The fundamental difference of BN-600 from previous 
SFR in Russia is pool type arrangement of primary coolant. The successful 
operation of BN-600 has been continued from 1980.

Core and load factor of BN-600:
The burnup design of BN-600 was gradually enhanced with core modification.

The successful operation and research made it possible to increase the design 
value of fuel burnup up to 11.1 % h.a. and change over the longer fuel element 
life time with 4-hold reactor refueling.
The average load factor is 74.25% by 2017, and during 1982-2004, the load 
factor slightly decreased due to scheduled maintenance. Only 3 % of whole was 
due to failure of the equipment or personal errors. The failures mostly occurred 
in electric supply system and technical equipment of 3rd circuit.
The operating-time of SFR equipment testify to good compatibility of coolant 

with structural materials used and its low corrosion activity.



Sodium leaks:
The sodium leaks outside and inter-circuit leaks in SG was gained at the early 

stage of operation. 27 sodium leaks were detected and there were 14 cases 
sodium fires. The accumulated leaks experience proved the effectiveness of the 
protection systems, and no sodium leaks occurred in this 24 years.

Steam generator have demonstrated high performance characteristics and have 
operated without inter-circuit leaks for 27 years except 12 leaks in early stage of 
operation.

Key result of BN-600:
During the operation of BN-600, many kind of goals were achieved in addition 

to more than 147.4 billion kWh of electricity production. On of most important 
results is the fact that the design parameters for sodium large-scale equipment 
operation period and life time have been achieved and even exceeded.

The life time of BN-600 was extended 10 years in 2010 and activities are 
currently underway to re-extend by 2020.



Basic concept of BN-800:
One of main issue of BN-800 is the demonstration of closed fuel cycle. The

hybrid core system with both of MOX and enriched uranium fuels are used. BN-
800 was designed based on BN600 design but it has number of new things 
including safety systems. BN-800 has operated 14543 hours and generated 9.4 
billion kWh of electricity by the end of 2017.

Prospect for further SFR development in Russia and conclusion:
In compliance with further objectives in development and improvement of 

SFR technologies, demonstration of closed fuel cycle, commercialization of SFR 
technology, and development of large-scale SFR technology are highlighted. 



Summary / Objectives:

7-1. Estimating Costs of Generation IV Systems

This webinar will provide an overview of the Economic Modelling Working Group’s 
Cost Estimating Guidelines for Generation IV Nuclear Energy Systems (GIF, 2007). 
Topics include an overview of the Guidelines, a comparison of the Guidelines with 
other nuclear power plant cost estimating models, and a discussion of 
benchmarking activities by the EMWG with INPRO.

Meet the Presenter:

7.Generation IV Cross Cutting Topics

Dr. Geoffrey Rothwell since 2013 has been the Principal 
Economist of the Nuclear Energy Agency (NEA) of the 
Organization for Economic Cooperation and Development 
(OECD, Paris, France), where he acts as the Secretariat for the 
Economic Modelling Working Group (EMWG). For EMWG he 
wrote the TOR in 2003 as the Chair of the Economics Cross-cut 
Group of the Generation IV Roadmap Committee. He was 
active in writing the Cost Estimating Guidelines for Generation

IV Nuclear Energy Systems (GIF, 2007). While teaching at Stanford University from 
1986-2013, he consulted to Idaho, Oak Ridge, and Pacific Northwest, and Argonne 
National Laboratories, for whom he updated the University of Chicago’s 2004 
report, The Economic Future of Nuclear Power, published as The Economics of 
Nuclear Power, Routledge, London, 2016. Dr. Rothwell grew up in Richland, 
Washington, and received his PhD in economics from the University of California, 
Berkeley.

https://www.youtube.com/watch?v=O97S4Mz77bI


Looking back over the startup phase of the GIF-EMWG:
Economic Modeling Working Group (EMWG) created to define the economic 

criteria for selecting GIF supported technologies (GIF systems) by the cross-
cutting Evaluation Methodology Group (EMG) composing the early Gen-IV 
Roadmap Committee which selects GIF systems. Two economic criteria: EC-1 low 
total capital investment cost, and EC-2 low average cost, levelized unit energy 
costs, LUEC were selected, “Cost Estimating Guideline” and a transparent cost 
estimating tool, G4-ECONS, were developed by EMWG in 2007.

Code of Accounts and LUEC:
GIF Code of Account (COA) developed for estimated LUEC. COA is bottom-up 

approach to accumulate the total capital investment cost (TCIC). LUEC 
composed by annualized TCIC, Operation and Maintenance (O&M), and Fuel 
costs.  



TCIC:
TCIC composed by Direct cost, Indirect Services Costs, Owner’s Costs, financial 

cost, interest during construction (IDC) and contingencies. TCIC except financial, 
interest and contingency costs is called as overnight cost. Some case consider 
Initial Fuel Core Load cost as fuel cost but this case consider this as TCIC because 
this cost is significant as initial cost. The overnight cost of Molten Salt Reactor 
(MSR) estimated by Oak Ridge National Laboratory (ORNL) was $3350/kWe
(2011USD) for example. IDC estimated depend on construction period.
Estimation of appropriate contingency is needed. The rate of contingency could be 
decrease in stage of project definition. TCIC was estimated by ORNL in 2011 as 
$3149/kWe for the Advanced High Temperature Reactor (AHTR) System with 9% 
enriched uranium compare with $4012 of PWR12 for example. 

O&M and Fuel Costs:
Such kind of staffing cost and repair cost are estimated as O&M cost. 

Decontamination & Dismantling (D&D) cost are estimated as contributions to a 
sinking fund. Fuel cost includes front end and backend cost. Fuel cost was 
estimated as $10.74/MWh for AHTR System with 9% enriched uranium compare 
with $5.60 of PWR12 for example. 



Cost estimation of LUEC by ORNL and NEA:
ORNL estimated as $30.56 /MWh for System 80+, $48.18/MWh, $43.05/MWh 
for AHTR System with 9% enriched uranium. NEA is regularly reporting the 
estimated levelized cost of each counties. Relatively low overnight cost was 
estimated for AR1400 in Korea and AP1000/CPR1000 in China.

Benchmarking G4-ECONS and NEST developed by IAEA:
NEST was developed in 4 phases by IAEA, and it was extended to treat 

designs of break-even closed fuel cycle and multiple conversion rates in 
Version 4. The benchmark study between G4-ECONS and NEST was carried 
out with selected thermal reactor (high performance LWR by KIT) and fast 
reactor (BN-800 by Rosatom) and identified little deference but not 
significant.  



Summary / Objectives:

7-2. Proliferation Resistance and Physical 
Protection of Generation IV Reactor Systems

This webinar will provide an overview of the activities of the Generation IV 
Proliferation Resistance and Physical Protection Working Group. Topics include a 
presentation of the methodology developed by the group, an illustration of the 
methodology to an example nuclear system, and a summary of ongoing 
interactions between the group and the designers of the six Generation IV nuclear 
energy systems. Other outreach activities of the group associated with various 
national and international organizations will be briefly summarized.

Meet the Presenter:

7.Generation IV Cross Cutting Topics

Dr. Robert A. Bari is Senior Scientist Emeritus at Brookhaven 
National Laboratory and has over 40 years of experience in 
nuclear energy research. He has performed studies on safety, 
security and nonproliferation of advanced nuclear concepts. 
For 15 years Dr. Bari was co-chairman of the working group on 
proliferation resistance and physical protection of the 
Generation IV International Forum. He has served on the Board 
of Directors of the American Nuclear Society and as President

of the International Association for Probabilistic Safety Assessment and 
Management. Dr. Bari was awarded the Theo J. “Tommy” Thompson Award in 
2003 by the American Nuclear Society. In 2004, he received the Brookhaven 
National Laboratory Award for Outstanding Achievement in Science and 
Technology. Dr. Bari is a fellow of the American Nuclear Society and of the 
American Physical Society. He has participated in risk-based standards 
development for nuclear technologies for more than two decades. He has been a 
committee member of the U. S. National Academy of Sciences on Lessons Learned 
from the Fukushima Nuclear Accident for Improving Safety and Security of the U.S. 
Nuclear Plants. Dr. Bari also chaired a workshop of the U. S. National Academy of 
Sciences on safety and security culture held jointly between the U.S. and Brazil in 
2014. He received his doctorate from Brandeis University (1970) and his bachelor’s 
degree from Rutgers University (1965). He was awarded membership in the Phi 
Beta Kappa, Sigma Xi, and Sigma Pi Sigma honor societies.

https://www.youtube.com/watch?v=TkNdEWvs-78


Getting PR&PP Right!

The next Hiroshima/Nagasaki 
must be prevented.

Definitions

• Proliferation resistance is that characteristic of a nuclear 
energy system that impedes the diversion or undeclared 
production of nuclear material, or misuse of technology, by 
the host State in order to acquire nuclear weapons or other 
nuclear explosive devices.

• Physical protection (robustness) is that characteristic of a 
nuclear energy system that impedes the theft of materials 
suitable for nuclear explosives or radiation dispersal devices, 
and the sabotage of facilities and transportation, by sub-
national entities and other non-host State adversaries.

Distinction is important to articulate

Peace Statue in Nagasaki Peace Park



PR&PP Group Major Products

Value of PR&PP Evaluations for Future Designs

• Methodology for PR&PP Evaluation
• Example Case Study
• Gen IV System Comparison Study
• Supporting Products:

• PR&PP bibliography
• PR&PP FAQ

• …and ongoing interactions with 
Gen IV designers

For reports see: https://www.gen-4.org/gif/jcms/c_9365/prpp

• Introduce PR&PP features into the design 
process at the earliest possible stage of 
concept development

• As the design matures, increasing detail can 
be incorporated  in the PR&PP model of the 
system: progressive refinement

• PR&PP results can inform choices by policy 
makers

System Response

• Pathway analysis:  Intuitive way to describe 
& analyze proliferation, theft, or sabotage 
scenarios and to identify vulnerabilities

• Segmentation & decomposition, then re-
aggregation



System Response (cont’d)

CASE STUDY: EXAMPLE SODIUM FAST REACTOR 
(ESFR)

• Demonstrate the Methodology for an entire system
• Confirm applicability at different levels of design detail
• Provide examples of PR&PP evaluations for future users of the 

Methodology
• Determine the needs for further methodology development

• Pathways: Potential sequences of events followed by the 
proliferator or adversary to achieve its objectives
• Along any pathway the proliferant state or adversary will 

encounter various difficulties, barriers, or obstacles, all of 
which are collectively called “proliferation resistance” or 
“physical protection robustness”

• Considers time-dependent aspects and uncertainty

Case Study Objectives



Summary / Objectives:

7-3. Materials Challenges for
Generation IV Reactors

The Generation IV reactors offer significant advantages over typical light water 
reactors including increased power conversion efficiency, passive safety features 
and in some cases process heat for other applications (e.g. hydrogen production). 
These families of reactors include 3 fast reactors [sodium fast reactor (SFR), lead 
fast reactor (LFR) and gas-cooled fast reactor (GFR)], one thermal reactor [very 
high temperature reactor (VHTR)] and two fast or thermal reactors [supercritical 
water reactor (SCWR) and molten salt reactor (MSR)]. The extreme environments 
in these families of reactors create significant challenges to materials ranging from 
high doses from a fast neutron flux (SFR, LFR, GFR, SCWR and MSR), more 
corrosive environments from molten salt (MSR) or lead coolants (LFR) and high 
temperatures in the helium-cooled reactor concepts (e.g. GFR and VHTR). This 
presentation will discuss the materials challenges in Generation IV reactor 
concepts and summarize radiation effects in reactor metals proposed for these 
concepts over prototypic irradiation conditions

Meet the Presenter:

7.Generation IV Cross Cutting Topics

Stuart Maloy is a Team Leader for MST-8 (materials at 
radiation and dynamic extremes) at Los Alamos National 
Laboratory and is the advanced reactor core materials 
technical leader for the Nuclear Technology Research and 
Development’s Advanced Fuels campaign and the NEET 
Reactor Materials Technical Lead for DOE-NE. 
He has applied his expertise to characterizing and testing the 
properties of metallic and ceramic materials in extreme 
environments such as under neutron and proton irradiation at 
reactor relevant temperatures. This includes testing the 
mechanical properties (fracture toughness and tensile 
properties) of Mod 9Cr-1Mo, HT-9, 316L, 304L, Inconel 718, 
Al6061- T6 and Al5052 after high energy proton and neutron 
irradiations using accelerators and fast reactors. 



Radiation Damage :
Displacement damage occurs  when enough energy (approximately 25 eV) is 

transferred to an atom producing a or many Frenkel defects. Though a large 
number of Frenkel defects (vacancy / self-interstitials) annihilated in short 
time, some defects remain and make cluster.

A wide range of materials properties are determined on the mesoscale :
As the result of the clustering, the accumulated defect grows to mesoscale. 

Unlike with nanoscale defects, mesoscale defects affect the various material 
properties. This is the mechanism of the radiation damage. 



Stress/Strain curves of 316L stainless steel after irradiation :
By the irradiation, yield stress of 316L stainless steel is increased (hardening) 

and elongation is decreased (embrittlement).

Nanostructured Ferritic Alloys :
Nanostructured ferritic alloys (or Oxide Dispersion Strengthen alloys, ODS) , 

which is made by mechanical alloying, have a fine distribution of oxide 
particles nano features within the material. This nanostructure brings increase 
of the strength, creep resistance, irradiation resistance. Therefore, these alloys 
show promise as advanced radiation tolerant materials. 



Reactor operating conditions :

Materials Performance Issue :
Because of the difference of 

operating condition, each GIF 
systems have particular 
material performance issues.

Each GIF systems have 
particular operating conditions:
• Coolant
• Temperature
• Lifetime Dose



Summary / Objectives:
7-4. Energy Conversion

The rotary motion, high pressure steam engine was patented by James Watt in 
1781. The evolution of steam engines and high pressure boiler technology led 
directly to the development of the steam turbine coupled to an electrical 
generator by Charles Parsons in 1884. Since then, over the last 133 years, the 
world has been using steam turbines to convert heat into electricity in almost all of 
the world’s thermal power stations and in all of the world’s nuclear power stations. 
Specifically for the latter, steam turbines and the Rankine thermodynamic cycle in 
which they operate offer high efficiency for moderate steam temperatures, 
temperatures typical of first, second and third generation nuclear reactors. 
Generation IV reactors offer the potential to move away from the steam Rankine 
cycle to systems such as helium (or nitrogen) Brayton or supercritical CO2 gas 
turbine cycles to exploit the higher temperatures that some of the systems 
generate, to offer plant simplification and potentially higher conversion efficiencies. 
Non-steam cycles offer other advantages, particularly in connection with the 
sodium cooled fast reactor, such that the risk of sodium water reactions is 
massively reduced. Within this webcast, the basic thermodynamics and 
performance limits of energy conversion systems will be explained and each of the 
technological options proposed for the energy conversion systems of Generation 
IV reactors will be presented..

Meet the Presenter:

7.Generation IV Cross Cutting Topics

Dr. Richard Stainsby is a mechanical engineer with a PhD 
in computational fluid dynamics and heat transfer. He is 
Chief Technologist for Advanced Reactors and Fuel Cycles 
at the UK’s National Nuclear Laboratory, having worked 
both in research facilities and industry before joining NNL. 
He has spent the last 32 years working on light water, 
high temperature gas (HTGR) and liquid metal and gas

fast reactors. He has worked on contracts for PBMR in South Africa on core design 
and whole plant simulation, for the National Nuclear Regulator, also in South Africa, 
and for the USNTRC on the development of licensing tools for HTGRs. He is a past 
Chair of the GIF GFR System Steering Committee and a current Euratom member 
of the GIF SFR System Steering Committee. He has led two European projects 
(GCFR-STREP and GoFastR) on gas cooled fast reactors (GFR) and was a leader of 
the innovative architecture and balance of plant sub-project within the Euratom
CP-ESFR project between 2009-2013.

https://www.youtube.com/watch?v=voebTTlsI18


The linkage between a nuclear reactor and its power conversion system :
The reactor must supply a flow of heat that is controllable and of sufficient 

quality to match the requirements of the power conversion system (or engine).
The engine must supply a stable flow of coolant to the reactor inlet that respects 
its material limits and neutronic requirements. A reactor is a temperature 
dependent heat source not fuel flow dependent as in a fossil fueled plant.

Heat engine for Gen IV reactors: There is no single optimal heat engine for all 
six types of Gen IV reactors. We need to consider how much mechanical power 
do we get for a given amount of thermal power, rejecting heat to the 
environment, and maximize the efficiency of the whole system.



Rankine cycle: Rankine cycle is well known for over 120 years now  and it is 
used as the way of generating electricity in the world power plant.  High 
efficiency is achieved because of excellent work ratio and bulk of heat
addition and heat rejection both occur as constant temperature processes.

Brayton cycle: In the case of high temperature power generation, turbine 
technology can be applied to power generation. For a good gas turbine 
cycle, the difference in height between 4 and 3 should be as large as 
possible between 1 and 2.



Combined cycles : Combined cycles have a good track record of use in many 
fossil fired CCGT power plants. Gas turbines and high-efficiency gas-to-gas 
recuperators are expensive. On the other hand, steam turbines are cheap and 
heat recovery steam generators are a low-risk technology.

Supercritical CO2 :This cycle is a gas turbine cycle using a supercritical fluid. 
This cycling technology is very well understood thermochemically  but needs 
to be checked for practicality in engineering. One of the biggest problems we 
face is that we must operate under very high pressure.



Summary / Objectives:

7-5. Thermal Hydraulics in
Liquid Metal Fast Reactors

Thermal-hydraulics play a determining role in the design, operation and safety of 
liquid-metal reactors (LMRs) cooled by sodium, lead or lead-bismuth eutectic. The 
strong heat transfer performance and high boiling point of liquid metal enable the 
use of high working temperatures without pressurization. Because no pressure 
vessel is needed, most reactor designs then adopt a "pool-type" primary circuit, 
which minimizes the potential consequences of a primary leak and provides a large 
reserve of thermal inertia in accidental scenarios. While these common design 
characteristics of LMRs have direct advantages, they are also the source of 
complex thermal-hydraulic phenomena with potential high impact: strong 
temperature gradients must be controlled to avoid thermal fatigue on reactor 
structures, decay heat removal in pool-type designs depends on complex natural 
convection patterns. In this way, many key aspects of the justification of LMRs 
depend on understanding and simulating complex thermal-hydraulic phenomena. 
This webinar provides an overview of these phenomena and the current state-of-
the-art for simulating them.

Meet the Presenter:

7.Generation IV Cross Cutting Topics

Dr. Antoine Gerschenfeld obtained his PhD from Ecole
Normale Supérieure, France, in 2012, and has been 
coordinating R&D on the thermal-hydraulics of Sodium Fast 
Reactors at the Commissariat a l Energie Atomique et aus
Energies Alternatives (CEA)'s Thermal-Hydraulics and Fluid 
Mechanics Section (STMF) since 2013. In that capacity, he has 
led the development of a subchannel thermal-hydraulics code

(TrioMC) as well as the development of a tool for coupling coarse and fine models 
in a single reactor-scale simulation (MATHYS). He has also been involved in a 
number of collaborations : bilateral exchanges with DOE, JAEA and IPPE, as well as 
EURATOM projects.



Introduction on Thermal Hydraulics of LMFR:
Liquid metal coolants have advantages such as little neutron moderation, large
working temperature at ambient pressure and good to excellent thermal
conductivity. However, they are also the source of complex thermal-hydraulic
phenomena with potential high impact.

Issues / Core:
Subassemblies (S/As) have quite complex structures such as pins and  wires (or 

grids).  Issues of interests inside S/As are to know cladding temperatures both in 
nominal states (≤ 620oC) and in accidents (≤ 1200oC). There are issues from the 
point of overall behavior of core both in normal operations and accidental 
scenarios, which includes the coupling problem with neutronics and fuel thermal 
mechanics. 



Issues / Pool, Component and Global:
In hot or cold pools, main issues on thermal hydraulics are on thermal load 

such as thermal fluctuation due to jet mixing, thermal stratification and 
hot/cold shocks in accidents. Issues on components are about its performance 
in normal or steady states and accidental aspects such as the pump trip 
situation. Gas transport in the primary circuit and decay heat removal system 
are issues  involving the complete reactor.

Modeling thermal hydraulics:
Thermal hydraulics has highly non-linear behavior and problem of scales. 

Ab initio modelling is very difficult and a cut-off scale is needed. There are 
various thermal-hydraulics codes according to the choice of cut-off.  Those 
codes will be used according to the issues to be evaluated.



Application / Natural convection in LMRs:
Natural convection is a global phenomenon in a reactor. Modelling based on 

STH is a natural choice. However, there are problems how to evaluate local 
issues which give feedbacks to the global behavior. On the other hand, 
modelling everything in CFD is not a reasonable approached because of the 
problem of extra computational cost. Combinations of STH and CFD (or SC)  
based on code coupling are prospected approaches.

Application/ Validation(Natural convection):
All physical models introduced must be established experimentally. Then, 

validation of the physical models are important. Because of the non-linearities, 
combined effects resulting from the interactions of separate phenomena must 
also be validated. Therefore, validation experiments will be performed with a 
hierarchy. There are some examples on combined effects tests and integral 
scale tests using actual reactors.



Summary / Objectives:

7-6. Generation IV Coolants Quality Control

The quality of coolant in Fast Neutron Reactors must be controlled due to the 
potential impact of impurities on the structural material, on the dosimetry and 
subsequently on the operation. Liquid metals (sodium, lead-bismuth eutectic, pure 
lead) and gas (He) need to be purified in order to avoid deleterious effects and 
satisfy several safety requirements. Several purification systems and dedicated 
instrumentation have been developed for this purpose, taking into account the 
specific properties of each coolant.

Meet the Presenter:

7.Generation IV Cross Cutting Topics

Dr. Christian Latgé graduated in Chemical Engineering (1979) 
and earned his PhD from the Institut National Polytechnique in 
Toulouse (France). His PhD in CEA Cadarache was dedicated to 
Na chemistry and purification systems. He participated in the 
start-up and then operation of Superphenix and operational 
feedback analysis (Phenix, Superphenix and foreign reactors), 
in the field of chemistry, radiochemistry and technology. He 
was also involved in design activities in EFR & SMFR. As Head 
of Service, he coordinated activities dedicated to process 
studies for decontamination and nuclear waste conditioning in

Cadarache. He carried out studies dedicated to tritium systems and hydrogen risk 
mitigation for the ITER project. As Director of the International Project Megapie, Dr. 
Latgé led a team dedicated to the development of a Lead-Bismuth Eutectic 
Spallation target for nuclear waste transmutation. He served as the Head of 
Sodium School in Cadarache and now teaches at CEA-INSTN and several French 
Universities. He has been involved in several Educational Sessions organized by the 
IAEA on Fast Reactors, in Argentina, Mexico and Trieste ITCP and is the CEA 
representative on the GEN-IV International Forum Education & Training Task Force. 
He is currently involved in SFR and recently in ASTRID project as expert and he is 
involved in several international collaborations (Russia, India, Japan, Latvia, EU, 
IAEA, NEA-OECD….) related to the development of Fast Neutron Reactors.

https://www.youtube.com/watch?v=BWZcrV63nl0


In the XFR, X means the kind of coolant. SFR is sodium cooled fast reactor 
and LFR is lead cooled fast reactor. The coolant must be able to extract 
heat from the reactor efficiently. It is also required to transfer heat 
efficiently to the energy conversion system. They are also required to 
ensure the safety  structural and operational conditions.

Impurities in the coolant may adversely affect the operation of SFR and 
LFR. It can cause corrosion, reduction of heat transfer coefficient and 
formation of an obstruction in a narrow space.



The concentration of impurities such as oxygen and hydrogen that can be 
dissolved depends on the temperature of the coolant sodium in the case 
of SFR. 

The principle of purification in a cold trap is explained. Sodium can be 
purified by cooling, leading to crystallization of O and H as Na2O and NaH
in a “cold trap”. The cooled sodium is then heated up again for operation.



In the case of LFR, if the working area of the coolant is not properly 
maintained, it will cause corrosion and oxide deposition, which will damage 
the reactor.

The method of removing impurities in cold traps and filters is being carefully 
investigated because it is different from the case of sodium. Examples of recent 
research results are given, and these results can be used to design efficient 
purification devices.



Summary / Objectives:

8-1. Cement Matrix for Nuclear Waste

This webinar discusses the formulation of an alternative cement matrix for 
solidification/stabilization of nuclear waste. The presentation provides an overview 
of the multiple complexities of waste management, and the many challenges that 
arise from it. Topics include a presentation of the French nuclear waste 
management methods, specific examples on solidification/stabilization of nuclear 
waste, the physico-chemical aspects of the interactions between the containment 
matrix and the waste, and the miniaturization of samples for the development of 
new matrices allowing human radiation protection. The webinar also highlights 
current experimental research focused on Portland cement and a magnesium 
potassium phosphate cement matrix. The latter is a promising cement for the 
stabilization/solidification of heavy metals. Other potential cementitious matrices 
will also be discussed.

Meet the Presenter:

8. Webinars by winners of the Contest for young 
generation (EPiC)

Mr. Matthieu De Campos is a second year PhD student at the 
University of Lille, more specifically within the Solid Chemistry 
axis of the UCCS laboratory (Catalysis and Solid Chemistry Unit). 
He is a member of the research team CIMEND («ChImie, 
Matériaux Et procédés pour un Nucléaire Durable» i.e. 
«Chemistry, Materials and Processes for Sustainable Nuclear 
Activities”). This research team is involved in a joint laboratory 
between the University of Lille and Orano, the Laboratoire de 

Recherche Commun Cycle du Combustible et Chimie de l’Uranium (LR4CU) (for 
Joint Research Laboratory on Fuel and Uranium Chemistry). The LR4CU is focused 
on generating added value to fuel cycle by-products and optimizing nuclear 
processes. The aim is to increase the TRL levels for futures industrial applications. 
His PhD research aims at adding value to low-radioactive metallic materials, by 
considering them as reagents for the synthesis of cementitious matrix. His 
research activities, funded by Orano, are based on a multidisciplinary approach 
combining Civil Engineering and Solid State Chemistry. In 2017, he graduated from 
Artois University with a Masters’ Degree in Materials Chemistry for Energy and the 
Environment.



1. French Classification of Nuclear Waste:
Separation of nuclear waste into 6 categories based on its radioactivity 

level and life span.
Dismantling generates many different type of wastes. 
The chemical nature of this waste is the main difficulty in managing it during 
dismantling.
This is why the development of new adapted cementitious matrices is 
important to ensure safe handling & protect humans from their toxicity. 

2. The Conditioning Routes for Radioactive Waste:
The common point of these conditioning routes is storage.



3. Types of Storage:
The French National Radioactive Materials and Waste Management Plan 
(PNGMDR) describes the prescribed management solutions for the different 
categories of radioactive waste.

4. Stabilization/solidification (S/S):
OPC(Ordinary Portland Cement)-based S/S of soluble Pb
→ Physical encapsulation by calcium-silicate-hydrate (C-S-H) gels (present in 

Portland cement)
MKPC(Magnesium Potassium Phosphate Cement)-based S/S process 
→ Chemical stabilization with residual phosphate and physical fixation by K-struvite 

cement. 
MKP is a more efficient and chemically stable inorganic binder for the Pb S/S process 
(compared to Portland cement)



5. Difference Between MKP & OPC:
The formulation of innovative matrices requires: 
•Implementation of specifications according to the intended use
•Use of a cementitious matrix appropriate to the waste 
•Formulation tests
•Performance optimization(physical, leaching…)
•Understand the physico-chemical phenomena involved

6. Physical Integration of Nuclear Waste:
To Demonstrate feasibility to enable to scale-up while 
unlocking the technological locks



Summary / Objectives:

8-2. Interactions between Sodium and Fission 
Products in Case of a Severe Accident in a 

Sodium-cooled Fast Reactor

An overview of severe accident scenarios in Sodium-cooled Fast Reactors will be 
presented, focusing on the thermochemistry aspects and how the CALPHAD 
method could be used to enhance the prediction of the different phases that could 
form depending on the conditions of the system. CALPHAD, which stands for 
CALculation of PHAse Diagram, is a semi-empirical method that enables to develop 
a thermodynamic model based on the Gibbs free energy of the gas, liquid and 
solid phases as a function of temperature, pressure and composition of the system. 
Experimental measurements of the thermodynamic properties of some fission 
product compounds formed in the Joint Oxide Gain after interaction with sodium 
will be presented. These data will be used as input for the thermodynamic 
modeling.

Meet the Presenter:

8. Webinars by winners of the Contest for young 
generation (EPiC)

Mr. Guilhem Kauric is a second year PhD student at CEA Saclay
in the "Service de la corrosion et du comportement des 
matériaux dans leur environnement" (SCCME) in the 
"Laboratoire de Modelisation de Thermodynamique et de 
Thermochimie (LM2T)". His PhD research aims at investigating 
the chemical interactions between MOX fuel, fission products 
and sodium for the safety assessment of the Sodium-cooled 
Fast Reactor in case of severe accident. As the chemical system

contains many elements, the CALPHAD method approach is the most suitable to 
develop a model for this study. His research activities, funded by CEA and the 
ENEN + program, are based on a multidisciplinary approach combining 
experimental work and modelling. In 2017, he graduated from Chimie Paristech
ENSCP (diplome d'ingenieur option chimie des materiaux) and from INSTN with a 
Master's Degree in Nuclear Engineering option Fuel Cycle.

https://www.youtube.com/watch?v=vmJlXb6lkb8


The target is mixed oxide fuel, which is the fuel of SFR.
The mixed oxide fuel is in the cladding as a fuel pellet and the cladding is cooled 
by liquid metal sodium. 

Knowing the stable chemical species produced under irradiation is important, 
because it affects the assessment of the accident.  In addition, it is necessary to 
consider that SFR is characterized by sodium coexistence.



Assuming a severe accident, there is an interaction between FP or mixed 
oxide fuel and sodium. In this study, a thermodynamic study has been 
carried out focusing on this interaction.

This interaction is different depending on the temperature and oxygen 
potential, and the stable compounds to be produced will be different. 
Thermodynamic models that can be applied over a wide range of 
temperatures and components are needed for severe accident evaluation.



Using the Calphad modelling scheme, we can know which compounds are 
thermodynamically stable. This model requires some experimental 
thermodynamic data. Prediction accuracy will continue to improve as the data 
is expanded. The study is being carried out in a multilateral collaboration as The 
TAFID Database Project.

An example of Cs-Mo-O is presented as an application result of these projects.
As a function of their respective compositions, compounds that are stable at a 
given temperature can be identified. It is very useful for severe accident 
assessments.



Summary / Objectives:

8-3. Security Study of Sodium-Gas Heat 
Exchangers in Frame of Sodium-cooled Fast 

Reactors

This webinar provides an overview of a Sodium Fast Reactor system and presents 
an accident scenario in Compact plates Sodium-Gas heat Exchangers (ECSG) of SFR. 
The overpressure (180 bar in the nitrogen loop while 5 bar in the sodium loop) 
could result in nitrogen leaking into the liquid sodium. The present work focuses 
on the analysis of the predominant physical phenomena in the jet (the viscous 
diffusion, the momentum exchange between the two fluids) and supersonic gas jet, 
the development of the compressible multiphase flow model (Baer-Nunziato
model) and its numerical schemes. In addition, the model is implemented using 
the numerical tool CANOP that enables researchers to generate the Adaptive 
Mesh Refinement and to calculate in parallel.

Meet the Presenter:

8. Webinars by winners of the Contest for young 
generation (EPiC)

Dr. Fang Chen recently earned her PhD titled: “Numerical 
study of the under-expanded nitrogen jets submerged into 
liquid sodium in the frame of sodium-cooled fast reactor 
(SFRs)” from the university of Aix Marseille, France. She 
pursued her research at the CEA Cadarache, Service de 
Technologie des Composants et des Procédés (STCP), 
Laboratoire de Technologie, Procédés et Risques Sodium (LTPS). 
In 2016, she double majored as an Engineer in Energetics, 
Mechanics and received a Master in Physics of Multiphase 
Flow from the University of Aix-Marseille, France.



1. SGHE (Sodium Gas Heat Exchangers) design of French SFR ASTRID :
Pressure difference between the secondary & tertiary loop:

─180 bar in gas loop,  5 bar in sodium loop.  
Accident scenario (wall crack): gas leak into sodium, under-expanded gas jet.
Safety analysis : acoustic detection of gas leak

2. Objective of present work :
Provide a numerical tool to find the structure of under-expanded gas jet as a 
function of the flowrate of the gas leak
Many organizations including IMFT, CEA, ANL, IUSTI, KTH are in cooperation.



3. Development process : 
Model development, Validation tests, Modelling , Analysis of results & 
Corrections, Identify the predominant physical phenomena

4. Numerical tool –CANOP (Two layers in CANOP) :
- Low-level layer:

Cell-based Adaptive Mesh Refinement (P4estlibrary),
Efficient parallel computation

- High-level layer, for implementing numerical schemes:
Finite volume method,
PDF problems in Fluid Dynamics (for astrophysics, multiphase flows, etc)



5. Model Validation:
Validation of convective part :

─ Two-phase shock tube tests: analytical cases of the literature
Viscous diffusion :  

─ Viscous diffusion: Poiseuille flow
─ Momentum exchange: mixing layer between two fluids

Modelling of  under-expanded  gas jets
─ Comparison between the numerical results & experiments
─ Under-expanded gas jets in SGHE channel

6. Under-expanded gas jets :
Left : Comparison with experiments (Colleoc1990) 
Right : Gas jets submerged into sodium liquid in SGHE
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