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Foreword

Dear Readers:

Elsevier is presenting this new Handbook of Generation IV Nuclear Reactors, which
has been written by nuclear engineering experts throughout the world. The need for
this Handbook is based on the absence of any such comprehensive text, and has the
following rationale.

Currently, nuclear power plants (NPPs), with about 436 nuclear-power reactors',
generate about 11.2% of electricity around the world, and demand for this essential
and reliable energy source, free from greenhouse gases, is and will be growing. Interest
in the use of nuclear energy for electricity generation is leading to new nuclear reactors
being built in many countries: currently, 31 countries have operating nuclear power
reactors, and 4 countries without reactors presently work on adding new builds.

The safe and efficient operation of the current fleet of NPPs is essential, as is their
life extension for global sustainability and human well-being. These current generation
reactors/NPPs, largely water-cooled, have and are serving the world well. The remain-
ing challenges include advances in thermal efficiency, managing rare event safety, fuel
cycle enhancements, improved economic competitiveness, ensuring that nuclear
weapons proliferation concerns are addressed, and radioactive waste management
with full public and political participation. These technical developments are against
the global backdrop of concerns and issues over climate change, economic growth,
sustainable and renewable energy use, optimal resource development, political stabil-
ity, international security, and environmental conservation.

The future, therefore, also lies in the development of the next generation of nuclear
energy: Generation IV nuclear power reactors and other advanced reactor concepts/
designs, which offer potential solutions to many of these problems, including advances
in the use of risk-informed decision making and safety regulations. New reactor/NPP
designs and regulations will incorporate the latest developments and understanding in
this important engineering/scientific discipline.

Therefore, to place the latest developments in context and elaborate the global tech-
nical and social issues, the Handbook consists of the following sections:

1. Introduction, in which all industrial methods of electricity generation in the world are listed,
with the emphasis on nuclear energy and its role in future electricity generation.

! This number includes 43 reactors from Japan from which only 3 currently in operation; however, more
reactors are planned to put into operation soon.
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2. Part One, which is completely dedicated to six Generation IV concepts: (1) Gas-cooled Fast
Reactor (GFR) or just High Temperature Reactor (HTR); (2) Very High Temperature
Reactor (VHTR); (3) Sodium-cooled Fast Reactor (SFR); (4) Lead-cooled Fast Reactor
(LFR); (5) Molten Salt Reactor (MSR); and (6) SuperCritical Water-cooled Reactor
(SCWR); and which is started with the official information from the Generation IV Inter-
national Forum (GIF).

3. Part Two, which is a summary of Generation IV activities in the following countries: (1)
USA; (2) European Union; (3) Japan; (4) Russia; (5) South Korea; (6) China; and (7) India.

4. Part Three, which is dedicated to related topics for Generation 1V reactors including: Safety
of advanced reactors; non-proliferation for advanced reactors — political and social aspects;
thermal aspects of conventional and alternative fuels; hydrogen co-generation with Gener-
ation IV NPPs; and advanced small modular reactors.

5.  Technical Appendices, which provides readers with additional information and data on cur-
rent nuclear power reactors and NPPs: thermophysical properties of reactor coolants, ther-
mophysical properties of fluids at subcritical and critical/supercritical pressures, heat
transfer and pressure drop in forced convection to fluids at supercritical pressures, world
experience in nuclear steam reheat, etc.

Our editorial and author team consists of senior international experts in the corre-
sponding nuclear engineering areas, which represents the following countries:
(1) Canada; (2) China; (3) European Union; (4) France; (5) Germany; (6) India;
(7) Japan; (8) Russia; (9) South Korea; (10) Ukraine; (11) United Kingdom; and
(12) US. Members of the editorial team are from academia, industry including
nuclear vendors and NPPs, international organizations, government research, and
scientific establishments, etc.

We welcome you to the Handbook of Generation IV Nuclear Reactors, and we are
looking forward to seeing your comments, suggestions, and criticism to improve our
future editions. Also, please enjoy reading the chapters that follow.

This unique international handbook edition combines history of development,
research, industrial operating experience, new designs, systems and safety analysis,
and applications of nuclear energy and many other related topics that help change
the world and our lives for the best!

This Handbook is recommended for a wide range of specialists within the areas of
nuclear engineering, power engineering, mechanical engineering, environmental
studies, and for undergraduate and graduate students of the corresponding departments
as a textbook.

Igor L. Pioro and Romney B. Duffey on behalf of the editorial team



Preface

The inspiration for creating a forum for international collaboration on advanced reactor
research came out of a meeting in Washington, D.C., in 2000. The nine founding mem-
bers of the Generation IV International Forum (GIF) carefully set about establishing
system performance goals, identifying 6 major development tracks from more than
100 competing concepts using a screening methodology along with four goal areas
(sustainability, economics, safety and reliability, proliferation resistance and physical
protection), 15 criteria, and 24 metrics. Chartered in 2001, GIF formally began collab-
orative research in 2006 after a legal framework, a technology roadmap, and detailed
initial project plans were completed.

The 2015 United Nationals Conference on Climate Change (COP21) helped high-
light the essential role of nuclear energy in climate-friendly electricity production. The
International Energy Agency (IEA) estimated that current global use of nuclear energy
avoids 1.7 Gt of CO, emissions annually. Going forward, in order for nuclear energy
to meet its potential in abating climate change, new plants will employ advanced tech-
nology. Notably, the next generation of nuclear power systems will produce electricity
at competitive prices while assuring a concerned public that the issues of safety, waste
management, proliferation resistance, and resource optimization have been satisfacto-
rily addressed.

These concerns are the very issues that guide Generation IV research and develop-
ment. When successfully deployed, the robust safety of Generation IV systems will
assuage public anxiety and assure protection of capital investment. Coupled with an
advanced fuel cycle, Generation IV reactors will reduce the volume of nuclear waste
and improve uranium resource utilization by two orders of magnitude, without
increasing proliferation risk.

This Handbook of Generation IV Nuclear Reactors is organized along the lines of
the six systems originally selected by GIF in 2002 (and reaffirmed in 2012). It summa-
rizes the collective progress made under the GIF banner, as well as the status of devel-
opment in countries with substantial advanced reactor and fuel cycle research and
development programs. Both are important. The bulk of the global funding and effort
goes into the national programs, which ultimately produce the costly prototypes and
demonstrations that will lead to commercialization of these systems. On the other
hand, GIF fosters collaboration in the earlier stages of research and technology devel-
opment by arranging joint projects and sharing key research facilities. GIF also takes
the lead on developing criteria and guidelines for Generation IV designs, and supports
regulatory bodies in developing rational strategies for licensing advanced reactors.
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GIF welcomes Elsevier’s publication of this Handbook of Generation IV Nuclear
Reactors, which is a significant addition to the growing body of literature on advanced
nuclear power systems. A convenient overview of all Generation IV systems, it will
meet the information needs of those who seek a basic familiarization as well as those
who want a solid basis for further study. GIF congratulates the editor and Elsevier for
undertaking this ambitious project.

Generation IV International Forum (GIF)



Nomenclature

Symbols

P, p
K

Q
T, t

Subscripts

cr
el

in
max
out
pc
sat
th

Pressure, Pa

Specific entropy, J/kg K
Heat-transfer rate, W
Temperature, °C or K

Critical
Electrical
Inlet
Maximum
Outlet
Pseudocritical
Saturation
Thermal

Acronyms/Abbreviations

ABWR
ADS
AECL
AGR
AHFP
ANS
AP

AR
ASME
ASTRID
BISO
BN

BOR

Advanced boiling water reactor

Accelerator driven system

Atomic Energy of Canada Limited

Advanced gas-cooled reactor

Axial heat flux profile

American Nuclear Society

Advanced plant

Advanced reactor

American Society of Mechanical Engineers

Advanced Sodium Technological Reactor for Industrial Demonstration

Bi-ISOtropic (nuclear fuel)

Fast sodium (Bbeictperii HaTtpuesbrii in Russian abbreviations)
(reactor)

Fast test reactor (BpIcTpelii OubITHBI PeakTop in Russian
abbreviations)
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Nomenclature

BR
BREST

BSS
BWR
CANDU
CCS
CDF
CEA

CEFR
CFD
CFR
CHF
CHP
CNNC
CNSC
DFR
DOE
EBR
EC
EEC
EGP
ENEA

EPR

EPRI
ESBWR
ESFR
EU
Euratom
FBTR
FFTF
GCR
GE
GFR
Gen-1V
GIF
GNEP
GT
GTHTR
HDI

Fast reactor (BoicTpsiit PeakTop in Russian abbreviations)

Fast reactor with lead coolant (beicTprrii PeakTop co CBUHIIOBBIM
TewnonocuresneM in Russian abbreviations)

Basic Safety Standards

Boiling water reactor

CANada Deuterium Uranium (reactor)

Carbon-dioxide capture and storage

Core damage frequency

Commissariat a L’énergie Atomique et aux énergies Alternatives (in
English: Atomic Energy and Alternative Energies Commission,
France)

China Experimental Fast Reactor

Computational fluid dynamics

Commercial fast reactor

Critical heat flux

Combined head and power

China National Nuclear Corporation (People’s Republic of China)

Canadian Nuclear Safety Commission

Dual fluid reactor

Department of Energy (USA)

Experimental breeder reactor

European Commission

Electrical energy consumption

Power heterogeneous loop reactor (in Russian abbreviations)

Agenzia Nazionale per le Nuove Tecnologie, 1’Energia e lo Sviluppo
Economico Sostenibile (in English: National Agency for New Tech-
nologies, Energy and Sustainable Economic Development, Italy)

European Pressurized Reactor (AREVA) or Evolutionary Power
Reactor

Electric Power Research Institute

Economic simplified boiling water reactor

European SFR

European Union

European Atomic Energy Community (EAEC)

Fast breeder test reactor

Fast flux test facility

Gas-cooled reactor

General Electric

Gas-cooled fast reactor

Generation-IV

Generation IV International Forum

Global Nuclear Energy Partnership

Gas turbine

Gas turbine high temperature reactor

Human development index
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HEC
HFR
HERC
HP
HTGR
HTR
HTR-PM
HTTR
HWR
HX
TIAEA
1&C

ID

HX
INPRO
1P
IRSN

ITER
JAEA
JSFR
KNK

LFR
LGR
LMFBR
LMFR
LNG
LP
LWR
MAs
MHI
MIT
MOX
MSF
MSFR
MSR
NEA
NEI
NGNP
NIST
NPP
NRC
OD
OECD

High efficiency channel

High flux reactor (NRG, Petten, The Netherlands)

High efficiency re-entrant channel

High pressure

High temperature gas-cooled reactor

High temperature reactor

High temperature reactor-pebble-bed modules

High-temperature engineering test reactor

Heavy water reactor

Heat exchanger

International Atomic Energy Agency

Instrumentation and control

Inside diameter

Intermediate heat exchanger

INternational PROject on Innovative Nuclear Reactors and Fuel Cycles

Intermediate pressure

Institut de Radioprotection et de Siireté Nucléaire (in English: Institute
for Radiation Protection and Nuclear Safety, France)

International thermonuclear experimental reactor

Japan Atomic Energy Agency

Japan sodium-cooled fast reactor

Kompakte Natriumgekiihlte Kernreaktoranlage (in German) (Compact
Sodium-cooled nuclear reactor plant)

Lead-cooled fast reactor

Light-water graphite-moderated reactor

Liquid-metal fast-breeder reactor

Liquid metal-cooled fast reactor

Liquefied natural gas

Low pressure

Light-water reactor

Minor actimides

Mitsubishi Heavy Industries

Massachusetts Institute of Technology (USA)

Mixed oxide (nuclear fuel)

Multistage flushing

Molten salt fast reactor

Molten salt reactor

Nuclear Energy Agency (under OECD, Paris)

Nuclear Energy Institute

Next generation nuclear plant

National Institute of Standards and Technology

Nuclear power plant

Nuclear Regulatory Commission (USA)

Outside diameter

Organization for Economic Co-operation and Development
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Nomenclature

PBMR
PFBR
PFR
PGSFR
PHWR
PRISM
PSA
PUREX
PV
PWR
RBMK
R&D
RPV

S.
SC-HTGR
SCWR
SDC
SDGs
SFR
SMR
SMRs
TD
THTR
TRISO
TWR
UK

US
USA
VVER

Pebble bed modular reactor

Prototype fast breeder reactor

Plug flow reactor

Prototype Generation-IV sodium-cooled fast reactor
Pressurized heavy water reactor

Power reactor innovative small modular
Probabilistic safety analysis

Plutonium uranium redox extraction

Photo voltaic

Pressurized water reactor

Reactor of large capacity channel type (in Russian abbreviations)
Research and development

Reactor pressure vessel

South

Steam cycle high-temperature gas-cooled reactor
Supercritical water reactor

Safety design criteria

Safety design guidelines

Sodium fast reactor

Small modular reactor (used in USA)

Small and medium-sized reactors

Theoretical Density

Thorium high-temperature reactor

Tri-isotropic (nuclear fuel)

Traveling wave reactor

United Kingdom

United States

United States of America

Water—water power reactor (in Russian abbreviation)
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1.1 Statistics on electricity generation in the world

It is well known that electric power generation usage is the key factor for advances in in-
dustry, agriculture, and the socioeconomic level of living (see Table 1.1 and Fig. 1.1;
Pioro and Duffey, 2015; Pioro and Kirillov, 2013a; Pioro, 2012). In addition, a strong po-
wer industry with diverse energy sources is very important for a country’s independence.
In general, electrical energy (see Fig. 1.2) can be generated from burning mined and
refined energy sources such as coal, natural gas, oil, and nuclear as well as from harness-
ing energy sources such as hydro, biomass, wind, geothermal, solar, and wave power.
Today, the main sources for global electrical energy generation are

i
.

thermal power, primarily using coal (39.9%) and secondarily natural gas (22.6%);
large hydraulic power from dams and rivers (17.2%); and
3. nuclear power from various reactor designs (11.2%).

N

The remaining 9.2% of the electrical energy is generated using oil (4.2%) and the
rest S%—with biomass, wind, geothermal, and solar energy in selected countries.
In addition, energy sources, such as wind (see Fig. 1.3) and solar (see Fig. 1.4) and
some others, such a wave power, are intermittent from depending on Mother Nature.

Table 1.2 lists 11 top largest power plants of the world, and Table 1.3 lists the largest
power plants of the world by energy source. Figs. 1.5, 1.6, 1.8—1.10, and 1.12—1.14
show photos of selected power plants of the world, mainly, hydro and renewable energy
power plants. Figs. 1.7 and 1.11 show maps of wind speed and annual average direct
normal solar resource data distributions over the United States. Thermal and nuclear po-
wer plants (NPPs) are discussed in Sections 1.2 and 1.3, respectively.

It should be noted that the following two parameters are important characteristics of
any power plant: (1) the overall (gross) or net efficiency’ of a plant and (2) the capacity

* This chapter is mainly based on the following publications: Pioro and Duffey (2015), Pioro and Kirillov
(2013a,b,c,d), and Pioro (2012).

' The gross efficiency of a unit during a given period of time is the ratio of the gross electrical energy
generated by a unit to the energy consumed during the same period by the same unit. The difference
between gross and net efficiencies is the internal needs for electrical energy of a power plant, which might
be not so small (5% or even more).

Handbook of Generation IV Nuclear Reactors. http://dx.doi.org/10.1016/B978-0-08-100149-3.00001-X
Copyright © 2016 Elsevier Ltd. All rights reserved.
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Table 1.1 Electrical energy consumption per capita in selected
countries

Population in EEC® LT (2014)])

millions TWh W/
No. | Country (July 2015) (2012—2014) capita | Rank | Value
1 Norway 5.21 120.5 2618 1 0.944
2 Australia 22.75 222.6 1116 2 0.935
3 Germany 80.85 540.1 762 6 0.916
4 United States | 321.37 3832.0 1360 8 0.915
5 Canada 35.10 524.8 1706 9 0.913
6 United 64.09 319.1 568 14 0.907

Kingdom

7 Japan 126.92 921.0 828 20 0.891
8 Italy 61.86 303.1 559 27 0.873
9 France 66.55 451.1 773 22 0.888
10 | Russia 142.42 1037.0 831 50 0.798
11 Brazil 204.26 483.5 270 75 0.755
12 | Ukraine 4443 159.8 410 81 0.747
13 China 1367.49 5523.0 461 90 0.727
14 | World 7256.49 19,710.0 310 103 0.711
15 South Africa | 53.68 211.6 450 116 0.666
16 | India 1251.70 864.7 79 130 0.609
17 Pakistan 199.09 80.3 46 147 0.538
18 Afghanistan | 32.56 39 14 171 0.465
19 Chad 11.63 0.2 2 185 0.392
20 | Niger 18.05 0.9 6 188 0.348

Selected countries listed here just for reference purposes (CIA, 2016a,b; UN, 2016). Data for all countries in the world are
listed in Appendix 7, Table A7.1. N
(EEC TWh) « 10"
w > year 365 days x 24h

Capita  (Population, Millions) x 106"

°HDI, Human Development Index by the United Nations. The HDI is a comparative measure of life expectancy, literacy,
education, and standards of living for countries worldwide. HDI is calculated by the following formula:

HDI = v/LEI x EI x II, where LEI = Life Expectancy Index, EI = Education Index, and II = Income Index. It is used to
distinguish whether the country is a developed, a developing, or an underdeveloped country and to measure the impact of
economic policies on quality of life. Countries fall into four broad human development categories, each of which comprises
~42 countries: (1) very high, 42 countries; (2) high, 43 countries; (3) medium, 42 countries; and (4) low, 42 countries
(Wikipedia, 2016).

*EEC, electrical energy consumption. EEC,
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Figure 1.1 Effect of electrical energy consumption (EEC) on Human Development Index (HDI)
for all countries of the world: (a) graph with selected countries shown and (b) HDI correlation.
In general, the HDI correlation might be an exponential rise to maximum (1), but based on the
current data it is a straight line in regular Y; logarithmic coordinates X.

Based on data from United Nations (UN), 2016. Table 1: Human Development Index and its
Components, United Nations Development Programme. (Online). Available:http://hdr.undp.
org/en/composite/HDI (accessed 16.01.16.) and The World Fact Book (2013).

factor” of a plant. Some power plant efficiencies are listed in the captions to figures,
and those for thermal plants and NPPs will be discussed in Sections 1.2 and 1.3.
The average capacity factors of power plants are listed in Tables 1.2 and 1.4.

Thermal power plants and NPPs usually operate semicontinuously because of a
high capital cost and low operating costs. The relative costs of electrical energy gener-
ated by any system are not only dependent on building capital costs and operating ex-
penses, but they are also dependent on the capacity factor. The higher the capacity
factor the better because generating costs fall proportionally. However, some renew-
able energy sources with the exception of large hydroelectric power plants can have
significantly lower capacity factors compared with those of thermal power plants
and NPPs. Consequently, in today’s politico-socio-economic world, many govern-
ments subsidize selected low-capacity factor sources, such as wind and solar, using
preferential rates, enforced portfolios, artificial tariffs, market rules, and power-
purchase agreements to partly offset the competitive advantage of lower cost genera-
tion from natural gas, coal, and nuclear. It is against the market background of low-cost
natural gas and of directly or indirectly subsidized alternatives that today’s and tomor-
row’s NPPs must operate.

2 The net capacity factor of a power plant is the ratio of the actual output of a power plant over a period of
time (usually during a year) and its potential output if it had operated at full nameplate capacity the entire
time. To calculate the capacity factor, the total amount of energy a plant produced during a period of time
should be divided by the amount of energy the plant would have produced at full capacity. Capacity factors
vary significantly depending on the type of a plant.
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Figure 1.2 Electricity generation by source in the world and selected countries. (a) World: population
7256 million; EEC 19,710 TWh/year or 310 W/capita; HDI 0.711 or HDI rank 103. (b) China:
population 1367 million; EEC 5523 TWh/year or 461 W/capita; HDI 0.727 or HDI rank 90. (c) India:
population 1252 million; EEC 865 TWh/year or 79 W/capita; HDI 0.609 or HDI rank 130. (d) United
States: population 321 million; EEC 3832 TWh/year or 1360 W/capita; HDI 0.915 or HDI rank 8;
renewables (6.9%); wind (4.4%); biomass (1.7%); geothermal (0.4%); and solar (0.4%). (e) Germany:
population 81 million; EEC 540 TWh/year or 762 W/capita; HDI 0.916 or HDI rank 6. (f) United
Kingdom: population 64 million; EEC 319 TWh/year or 568 W/capita; HDI 0.907 or HDI rank 14.
(g) Russia: population 142 million; EEC 1037 TWh/year or 831 W/capita; HDI 0.798 or HDI rank 50.
(h) Italy: population 62 million; EEC 303 TWh/year or 559 W/capita; HDI 0.873 or HDI rank 27.
(i) Brazil: population 204 million; EEC 484 TWh/year or 270 W/capita; HDI 0.755 or HDI rank 75.
(j) Canada: population 35 million; EEC 525 TWh/year or 1706 W/capita; HDI 0.913 or HDI rank 9.
(k) Ukraine:population 44 millions; EEC 160 TWh/year or 410 W/capita; HDI 0.747 or HDI Rank 81.
(1) France: population 67 millions; EEC 451 TWh/year or 773 W/capita; HDI 0.888 or HDI Rank 22.
EEC, Electrical energy consumption; HDI, Human Development Index.

Data from 2010 to 2014 presented here just for reference purposes (Wikipedia, 2015).
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Figure 1.2 Continued.
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Figure 1.3 Power generated by 650-MW,, wind turbines in the western part of Denmark. Data
shown represent a summer week (6 days, ie, various color lines) of wind power generation.
Based on data from www.wiki.windpower.org.
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Figure 1.4 Power generated by photovoltaic system in New York State (United States). Data
shown represent three mostly sunny days: February 19, May 9, and June 18.
Based on data from www.burningcutlery.com/solar.
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Table 1.2 Eleven top power plants of the world by installed capacity”

Average
annual Capacity
Capacity | generation | factor Plant
No. | Plant Country MWy (TWh) (%) type
1 Three Gorges China 22,500 98.8 50 Hydro
dam
2 Itaipu dam Brazil/ 14,000" 98.6 72 Hydro
Paraguay
3 Xiluodu China 13,860 57.1 47 Hydro
4 Guri dam Venezuela 10,200 = = Hydro
5 Tucurui dam Brazil 8370 = = Hydro
6 Kashiwazaki- Japan 7965° = = Nuclear
Kariwa
7 Grand Coulee United 6809 21.0 35 Hydro
dam States
8 Longtan dam China 6426 18.7 33 Hydro
9 Sayano- Russia 6400 24 43 Hydro
Shushenskaya
10 Bruce nuclear Canada 6231¢ 45.6 83 Nuclear
power plant
11 Krasnoyarsk Russia 6000 23 44 Hydro
dam

“Information provided in Table 1.2 is considered to be correct within some timeframe. New units can be added and/or some
units can be out of service; for example, as of January 2016 the Kashiwazaki-Kariwa NPP is out of service after the
earthquake and tsunami disaster and the resulting severe accident at the Fukushima NPP in Japan in March 2011.

*The maximum number of generating units allowed to operate simultaneously cannot exceed 18 (12,600 MW,,)).
“Currently not in operation.

dCurrently, the largest fully operating nuclear power plant in the world.

From Wikipedia, 2015.

Two examples of how various energy sources generate electricity in a grid can be
illustrated based on the system of the province of Ontario (Canada). Fig. 1.15(a) shows
installed capacity and Fig. 1.15(b) shows electricity generation by energy source in
Ontario (Canada) in 2012. Analysis of Fig. 1.15(a) shows that in Ontario the major
installed capacities in 2012 were nuclear (34%), gas (26%), hydro (22%), coal
(8%), and renewables (mainly wind; 8%). However, electricity (see Fig. 1.15(b))
was mainly generated by nuclear (56%), hydro (22%), natural gas (10%), renewables
(mainly wind; 5%), and coal (2%).

Fig. 1.16(a) shows power generated by various energy sources in Ontario (Canada)
on June 19, 2012 (a peak power on a hot summer day, when major air conditioning was
required) and corresponding to that Fig. 1.16(b) shows the capacity factors of various
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Table 1.3 Largest operating power plants of the world (based on
installed capacity) by energy source

Rank | Plant Country Capacity (MW,) | Plant type
1 Three Gorges China 22,500 Hydro
dam power
plant
(Fig. 1.5)
2 Bruce nuclear Canada 6231 Nuclear
power plant
3 Taichung power Taiwan 5780 Coal
plant
4 Shoaiba Saudi Arabia 5600 Fuel oil
5 Surgut-2 Russia 5597 Natural gas®
6 Eesti power Estonia 1615 Oil shale
plant
7 Shatura power Russia 1500 Peat”
plant
7 Gansu China 5160 Wind
8 Ivanpah solar United States 392 Solar (thermal)
power facility
(Fig. 1.8)
9 The Geysers United States 1808 Geothermal
10 Drax power United 660 Biofuel®
plant Kingdom
11 Sihwa Lake tidal | South Korea 254 Tidal
power plant
12 Topaz United States 550 Solar
(photovoltaic)
13 Vasavi Basin India 200 Diesel
Bridge diesel
power plant
14 Islay Limpet United Kingdom | 0.5 Marine (wave)

“It should be noted that actually some thermal power plants use multifuel options, including Surgut-2 (15% natural gas), and
Shatura (peat 11.5%, natural gas 78%, fuel oil 6.8%, and coal 3.7%).
From Wikipedia, 2015.
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e

Figure 1.5 Largest hydroelectric power plant in the world by installed capacity (21,100 MW,y;
planned power = 22,500 MW;; 700 MW, x 30 + 2 x 50 MW, Francis turbines),Yangtze
River, China. The project cost $26 billion. The height of the gravity dam = 181 m,

length = 2.335 km, top width = 40 m, base width = 115 m, flow rate = 116,000 m3/s,
artificial lake capacity = 39.3 km®, surface area = 1045 km?, length = 600 km, maximum
width = 1.1 km, normal elevation = 175 m, and hydraulic head = 80.6—113 m.

Courtesy of Chinese National Committee on Large Dams.

energy sources. Analysis of Fig. 1.16 shows that electricity that day from 12:00 am
until 3:00 am was mainly generated by nuclear, hydro, gas, wind, “other,” and coal.
After 3:00 am wind power fell because of Mother Nature, but electricity consumption
started to increase. Therefore “fast-response” gas-fired power plants and later, hydro
and coal-fired power plants plus “other” power plants, started to increase electricity
generation to compensate for both the decrease in wind power and the increase in de-
mand for electricity. After 6:00 pm energy consumption slightly dropped in the prov-
ince, and at the same time wind power started to be increased by Mother Nature.
Therefore gas-fired, hydro, and “other” power plants decreased energy generation
accordingly (“other” plants dropped power abruptly, but their role in the total energy
generation is small). After 10:00 pm energy consumption dropped even more. There-
fore coal-fired power plants with the most emissions abruptly decreased their elec-
tricity generation followed by gas-fired and hydro power plants.

However, the province of Ontario (Canada) currently has completely eliminated
coal-fired power plants from the electrical grid. Some of them were closed, and others
were converted to natural gas. Fig. 1.17(a) shows installed capacity and Fig. 1.17(b)
shows electricity generation by energy source in the province of Ontario (Canada)
in 2015. Analysis of Fig. 1.17(a) shows that in Ontario the major installed capacities
in 2015 were nuclear (38%), gas (29%), hydro (25%), and renewables (mainly wind;
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Figure 1.6 Second largest in the world 781-MW,, onshore Roscoe wind turbine power plant
(Texas, United States). Plant equipped with 627 turbines: 406 MHI 1 MW, 55 S 2.3 MW,
and 166 GE 1.5 MW,,. The project cost more than $1 billion, provides enough power for more
than 250,000 average Texan homes, and covers an area of nearly 400 kmz, which is several
times the size of Manhattan, New York, NY, United States. In general, wind power is suitable
for harvesting when an average air velocity is at least 6 m/s (21.6 km/h). (It should be noted
that the latest and the largest in the world wind turbine by Alstom (6-MW, net wind turbine for
the Haliade Offshore Platform has a rotor with the diameter of 150 m and tower 100 m high)
can operate within the following range: from 3 m/s (10.8 km/h) and up to 25 m/s (90 km/h;
http://www.alstom.com/power/renewables/wind/turbines/).) (See wind speed distribution over
the United States in Fig. 1.7.)

From Wikimedia Commons, photo by author/username: Fredlyfish4.

8%). However, electricity (see Fig. 1.17(b)) was mainly generated by nuclear (60%),
hydro (24%), natural gas (8.7%), and renewables (mainly wind; 4.9%).

Fig. 1.18(a) and (b), shows the power generated by various energy sources in
Ontario (Canada) on June 17, 2015 and corresponding to that the capacity factors
of various energy sources. Analysis of Fig. 1.18 shows that electricity that day
from 12:00 am until 3:00 am was mainly generated by nuclear, hydro, gas, wind,
and biofuel. After 3:00 am biofuel power plants slightly increased electricity
generation followed by hydro and gas-fired power plants. In addition, at the
same time wind power plants started to generate slightly more electricity because
of Mother Nature. However, after 7:00 am wind power started to fluctuate and,
eventually, significantly decreased. After 6:00 am solar power plants started to
generate some electricity. During a day, hydro, gas-fired, and biofuel power plants
had variable electricity generation to compensate for changes in consumption of
electrical energy and variations in generating electricity with wind and solar power


http://www.alstom.com/power/renewables/wind/turbines/
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Figure 1.7 Map of wind speed distribution over the United States (shown here just for reference purposes and as an example). Figure shows that winds with
average speed of 6 m/s and above (brown, red, and purple colors) have been uncovered only over the central part of the United States from north to south.
However, average wind speed along the US shores of the Great Lakes, Atlantic and Pacific oceans, and the Gulf of Mexico is usually higher than 6 m/s at
the height of 90 m from sea level.

Courtesy of US Department of Energy.
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Figure 1.8 Aerial view of the largest concentrated solar thermal power plant in the world—the
Ivanpah Solar Electric Generating System, Mojave desert, California, United States. Installed
capacities: Gross = 392 MW, and net = 377 MW,;; capacity factor = 31%; planned annual
generation ~ 1040 GWh; site area = 16 km? (4000 acres); deploys 173,500 sun-tracking
heliostats, and each has two mirrors (reflecting surface area is 7.02 x 2 = 14.04 m?; total
reflecting area is 2.4 km?). The intercepted average solar heat flux is ~310 W/m?. However,
after taking into consideration reflection, transmission, radiation, and absorption losses, it is
~170 W/m? (efficiency is ~55%). The heliostat mirrors focus sunlight on receivers located
on solar power towers (~ 140-m height). The receivers generate steam to drive single-casing
reheat turbines (~ 130 MW [174,000 hp]). The gross thermal efficiency of the plant is ~29%.
The plant is equipped with air-cooled condensers. The project cost is $2.2 billion (US). The
electricity generated by the complex is enough to serve more than 140,000 homes in California
during the peak hours of the day. The plant will reduce carbon dioxide emissions by more than
400,000 t/year. The negative impacts: (1) birds are killed by burning and because of crashing
into mirrors (150 birds were killed in 1 month) and (2) it cannot operate at night (no thermal
storage system).

From Wikipedia, 2014 and Wikimedia Commons: photo by Craig Butz.

plants. After 9:00 pm energy consumption started to drop in the province, and at the
same time wind power increased by Mother Nature. Therefore gas-fired, hydro, and
biofuel power plants decreased energy generation accordingly. In both cases (ie,
June 19, 2012 and June 17, 2015) NPPs operated at approximately 100% of
installed capacity, providing reliable basic power to the grid. The latest 2015 report
by the Ontario Auditor General states the cost of using wind and solar is
“Expensive wind and solar energy—We calculate that electricity consumers have
had to pay $9.2 billion (the IESO calculates this amount to be closer to $5.3 billion,
in order to reflect the time value of money) more for renewables over the 20-year
contract terms under the Ministry’s current guaranteed-price renewable program
than they would have paid under the previous program” and “From 2004 to 2014,
the amount that residential and small-business electricity consumers pay for the elec-
tricity commodity portion (includes Global Adjustment fees) of their bill has increased
by 80%, from 5.02 cents/kWh to 9.06 cents/kWh.” (For details on electricity cost, see
Appendix A).
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Figure 1.9 Aerial view showing portions of Solar Energy Generating Systems (SEGS;
California, United States). SEGS is one of the largest solar energy power plants in the world.
SEGS consist of nine concentrated solar thermal plants with 354-MW, installed capacity. The
average gross solar output of SEGS is ~75 MW, (capacity factor is ~21%). At night turbines
can be powered by combustion of natural gas. NextEra claims that the SEGS power 232,500
homes and decrease pollution by 3800 t/year (if the electricity had been provided by com-
bustion of oil). The SEGS have 936,384 mirrors, which cover more than 6.5 km?. If the
parabolic mirrors would be lined up, then they will extend more than 370 km. In 2002 one of
the 30-MW,; Kramer Junction sites required $90 million to construct, and its operation and
maintenance costs are approximately $3 million/year, which are 4.6 ¢/kWh. However, with a
considered lifetime of 20 years, the operation and maintenance costs and investments interest
and depreciation triples the price to approximately 14 ¢/kWh (see annual average direct normal
solar resource data distribution over the United States in Fig. 1.10).

From Wikimedia Commons: photo by A. Radecki.

These examples show clearly that any grid that includes NPPs and/or renewable en-
ergy sources must also include fast-response power plants such as gas- and coal-fired
and/or large hydro power plants. This is due not only to diurnal and seasonal peaking
of demand but also the diurnal and seasonal variability of supply. Thus, for any given
market, the generating mix and the demand cycles must be matched 24 h a day, 7 days
a week, 365 days per year, independent of what sources are used, and this requires
flexible control and an appropriate mix of base-load and peaking plants.

In addition, it should be noted here that by having a large percentage of variable
power sources, such as wind, solar, and other (ie, the generating capacity of which
depends on Mother Nature), an electrical grid can collapse due to significant
and unpredicted power instabilities. In addition, the following detrimental factors
are usually not considered during the estimation of variable power source costs:
(1) the costs of fast-response power plants with service crews on site 24 h per
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Figure 1.10 Aerial view of the first of such kind, Gemasolar, a 19.9-MW,, concentrated solar
power plant with a 140-m high tower and molten salt heat storage system (Seville, Spain). The
plant consists of 2650 heliostats (each 120 m? and total reflective area = 304,750 mz), covers
1.95 km? (195 ha), and produces 110 GWh each year, which equals 30,000 t/year carbon
dioxide emission savings. This energy is enough to supply 25,000 average Spanish houses.
The storage system allows the power plant to produce electricity for 15 h without sunlight
(at night or on cloudy days). The capacity factor is 75%. Solar receiver thermal power is
120 MWy, and the plant thermal efficiency is approximately 19%. Molten salt is heated in the
solar receiver from 260 to 565°C by concentrated sunlight reflected from all heliostats, which
follow the Sun, and transfers heat in a steam generator to water as a working fluid in a
subcritical pressure Rankine steam power cycle.

Courtesy of SENER/TORRESOL ENERGY.

day/7 days per week as back-up power and (2) the faster amortization/wear of
equipment of fast-response plants.

1.2 Thermal power plants®

In general, all thermal power plants (Pioro, 2012; Pioro and Kirillov, 2013b) are based
on one the following thermodynamic cycles:

1. Rankine steam-turbine cycle: The most widely used in various power plants; usually for solid,
gaseous, and liquid fuels, but other energy sources can also be used (eg, geothermal, solar, etc.).

3 For thermal power plant layouts and T-s diagrams, see Appendix Al.
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example). In general, the amount of solar radiation that reaches any one spot on the Earth’s surface varies according to geographic location, time of day,
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Courtesy of US Department of Energy.
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Figure 1.12 Photo of fifth in the world 1.2-MW, concentrated photovoltaic (PV) solar power
plant (Spain). The plant has 154 two-axis tracking units, consisting of 36 PV modules each,
which cover an area of 295,000 m? with a total PV surface area of 5913 m?. The plant
generates 2.1 GWh each year, and the conversion efficiency is 12%.

From Wikimedia Commons, author/username: afloresm.

Figure 1.13 Photo of a test system consisting of 40 high-concentrating photovoltaic (PV)
modules with ~34% efficiency. This test system is a joint effort of Semprius (Durham, North
Carolina, United States) and Siemens in collaboration with the Spanish Institute of Concen-
tration Photovoltaic Systems (ISFOC) and the University of Madrid. Leading modules’
manufacturers of conventional PV technologies achieved the maximum module efficiency of
~20% with monocrystalline PV modules and ~16% with polycrystalline technology.
From Siemens press photo; copyright Siemens AG, Munich/Berlin, Germany.
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(@)

Figure 1.14 “Improper” (a) and “proper” (b and c) installation of photovoltaic panels. (a) Photo
of a typical flat-panel photovoltaic power plant (19-MW,,) located near Thiingen, Bavaria,
Germany. From Wikimedia Commons: photo by OhWeh. (b) Photovoltaic panels installed on
roof of house. (c) Photovoltaic panels installed on roof of parking lot.

Photos b and ¢ by L. Pioro, Bavaria, Germany.

2. Brayton gas-turbine cycle: The second one after the Rankine cycle in terms of application in
power industry; only for clean gaseous fuels.

3. Combined cycle: The combination of Brayton and Rankine cycles in one plant (only for
gaseous fuels).

4. Diesel internal combustion engine cycle: For diesel fuel used in diesel generators.

5. Otto internal combustion engine cycle: Usually for natural or liquefied gas, but gasoline can
also be used for power generation (however, it is more expensive fuel compared with gaseous
fuels) and used in internal combustion engine generators.

The major driving force for all advances in thermal power plants is directed toward
increasing thermal efficiency to reduce operating fuel costs and minimize specific
emissions. Typical ranges of thermal efficiencies of modern thermal power plants
are listed in Table 1.5 for reference purposes and can reach up to 62% in the combined
cycle mode.
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Table 1.4 Average (typical) capacity factors of various power plants

Capacity
No. | Power plant type Location Year | factor (%)
1 Nuclear United States 2010 | 91
United Kingdom 2011 | 66
2 Combined cycle United States 2009 | 42
United Kingdom 2011 | 48
3 Coal-fired United States 2009 | 64
United Kingdom 2011 | 42
4 Hydroelectric” United States and 2011 | 40
(see Fig. 1.5) United Kingdom
World (average) = 44
World (range) = 10—99
5 Wind (see Fig. 1.6) United Kingdom 2011 | 30
World 2008 | 20—40
6 Wave Portugal = 20
7 Concentrated solar thermal United States California | — 21
(see Figs. 1.8—1.10) Spetn _ 75
8 PV solar (see Fig. 1.14) United States Arizona 2008 | 19
United States = 12—15
Massachusetts
United Kingdom 2011 | 58
9 Concentrated solar PV Spain = 12
(Figs. 1.12 and 1.13)

Data listed here just for reference purposes. PV, photovoltaic.

“Capacity factors depend significantly on a design, size, and location (water availability) of a hydroelectric power plant.
Small plants built on large rivers will always have enough water to operate at full capacity.
Table partially based on US Energy Information Administration (2013).

Despite the advances in thermal power plant design and operation worldwide, they
are still considered as not of minimum environmental impact because of significant
carbon dioxide emissions” and air pollution as a result of the combustion process.
In addition, coal-fired power plants also produce virtual mountains of slag and ash,
and other gas emissions may contribute to acid rains.

4 For example, the largest in the world 5780-MW,, Taichung coal-fired power plant (Taiwan) is the world’s
largest emitter of CO, with more than 40 million tons per year.
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Figure 1.15 (a) Installed capacity and (b) electricity generation by energy source in Ontario
(Canada), 2012—2013.

Based on data from Ontario Power Authority (http://www.powerauthority.on.ca) and Ontario’s
Long-Term Energy Plan.
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Figure 1.16 (a) Power generated and (b) capacity factors of various energy sources in Ontario

(Canada) on June 19, Tuesday 2012.

Based on data from http://ieso.ca/imoweb/marketdata/genEnergy.asp (shown here just for

reference purposes).
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Figure 1.17 Installed capacity (a) and electricity generation (b) by energy source in Ontario
(Canada), 2014—2015.

Based on data from Ontario Energy Board: http://www.ontarioenergyboard.ca/ and Ontario
Energy Report http://www.ontarioenergyreport.ca/.
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Figure 1.18 (a) Power generated and (b) capacity factors of various energy sources in Ontario
(Canada) on June 17, Wednesday 2015.

Based on data from http://ieso.ca/imoweb/marketdata/genEnergy.asp (shown here just for
reference purposes).
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Table 1.5 Typical ranges of thermal efficiencies (gross) of modern
thermal power plants (Pioro and Duffey, 2015; Pioro and Kirillov,
2013; Pioro, 2012)

Gross
No. | Thermal power plant efficiency (%)

1 Combined-cycle power plant (combination of Brayton gas-turbine | Up to 62
cycle [fuel = natural gas or liquefied natural gas; combustion
product parameters at the gas-turbine inlet: 7;, = 1650°C] and
Rankine steam turbine cycle [steam parameters at the turbine
inlet: T3, = 620°C {T,, = 374°C})).

2 Supercritical pressure coal-fired power plant (Rankine-cycle steam | Up to 55
inlet turbine parameters: P;, = 25—38 MPa

[P., = 22.064 MPa], T}, = 540—625°C [T, = 374°C], and
Trehear = 540—625°C).

3 Internal combustion engine generators (diesel cycle and Otto cycle | Up to 50
with natural gas as a fuel).

4 Subcritical pressure coal-fired power plant (older plants; Rankine- | Up to 40
cycle steam: Py, = 17 MPa, T}, = 540°C [T,, = 374°C], and
Treheat = 54OOC)

5 Concentrated solar thermal power plants with heliostats, solar Up to 20
receiver (heat exchanger) on a tower, and molten salt heat
storage system (for details, see Fig. 1.10). Molten salt maximum
temperature is ~565°C. Rankine steam turbine power

cycle used.

1.3 Modern nuclear power plants’

Although nuclear power is often considered to be a nonrenewable energy source as the
fossil fuels, such as coal and gas, nuclear resources can be used for significantly longer
or even indefinite time than some fossil fuels, especially, if recycling of unused ura-
nium fuel, and thoria-fuel resources and fast reactors are used. The major advantages
of nuclear power are as follows:

1. High capacity factors are achievable, often in excess of 90% with long operating cycles, mak-
ing the units suitable for semicontinuous base-load operation alongside intermittent wind-
mills backed by gas peaking plants.

2. Essentially negligible operating emissions of carbon dioxide into the atmosphere compared
with alternative thermal plants.

3> For NPP layouts and T-s diagrams, see Appendix A1; and for thermophysical properties of reactor coolants
see Appendix A2.
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3. A relatively small amount of fuel required. For example, a 500-MW, coal-fired supercritical
pressure power plant requires 1.8 million tons of coal each year, but a fuel load into a 1300-
MW, pressurized water reactor is 115 t (3.2% enrichment) or into a 1330-MW¢; boiling wa-
ter reactor is 170 t (1.9% enrichment). Therefore this source of energy is considered as the
most viable one for electrical generation for the next 50—100 years.

Despite all current advances in nuclear power, NPPs have the following defi-
ciencies: (1) Generate radioactive wastes; (2) Have relatively low thermal efficiencies,
especially water-cooled NPPs (up to 1.6 times lower than that for modern advanced
thermal power plants; see Tables 1.5 and 1.6); (3) Risk of radiation release during se-
vere accidents; and (4) The production of nuclear fuel is not an environmentally
friendly process. Therefore all of these deficiencies should be addressed.

The first success of using nuclear power for electrical generation (Pioro, 2012;
Pioro and Kirillov, 2013c) was achieved in several countries within the 1950s, and
currently generations II, III, and III+ nuclear power reactors (see Fig. 1.19) are oper-
ating around the world (see Tables 1.6 and 1.7 and Figs. 1.20—1.23). In general,

Table 1.6 Typical ranges of thermal efficiencies (gross) of modern
nuclear power plants (Pioro and Duffey, 2015; Pioro and Kirillov,
2013; Pioro, 2012)

Gross
No. | Nuclear power plant efficiency (%)
1 Carbon dioxide—cooled reactor NPP (Generation III; reactor Up to 42

coolant P = 4 MPa and T = 290—650°C; steam P = 17 MPa
[Ty = 352°C] and T, = 560°C)

2 Sodium-cooled fast reactor NPP (Generation IV; steam Up to 40
P =14 MPa [T, = 337°C] and T;, = 505°C)

3 Pressurized water reactor NPP (Generation III+, to be Up to 38
implemented within next 1—10 years; reactor coolant

P =15.5MPa and T,,, = 327°C; steam P = 7.8 MPa and
Tin = 293°C)

4 Pressurized water reactor NPP (Generation III, current fleet; Up to 36
reactor coolant P = 15.5 MPa and T, = 292—329°C; steam
P =6.9 MPa and T;, = 285°C)

5 Boiling water reactor NPP (Generation III, current fleet; Up to 34
P;, = 7.2 MPa and T;, = 288°C)
6 RBMK (boiling, pressure-channel; Generation III, current fleet; Up to 32
P;, = 6.6 MPa and T;, = 282°C)

7 Pressurized heavy water reactor NPP (Generation III, current fleet; | Up to 32—34
reactor coolant P = 11 MPa and T = 265—310°C; steam
P =4.7MPa and T;, = 260°C)
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Table 1.7 Number of nuclear power reactors in operation and forthcoming as per March 2016 (Nuclear News,

2015) and before the Japan earthquake and tsunami disaster (March 2011; Nuclear News, 2011)

Installed capacity Forthcoming
Number of units (GWy) units
As of Before As of Before
March | March March | March Number
No. | Reactor type (some details on reactors) 2015 2011 2015 2011 of units GWq
1 Pressurized water reactors (PWRs; largest group of nuclear reactors | 280 1 268 262 1 248 86 91.4
in the world—63%)
2 Boiling water reactors (BWRs) or advanced BWRs (second largest | 78 | 92 75 | 84 6 8.1
group of reactors in the world—19%; advanced BWRs are the only
Generation III+ operating reactors)
3 Pressurized heavy water reactors (PHWRs; third largest group of 48 | 50 24 | 25 9 5.8
reactors in the world—11%; mainly CANDU reactor type)
4 Gas-cooled reactors (GCRs"; United Kingdom, Magnox reactor) or 14 | 18 8] 9 1 0.2*
advanced gas-cooled reactors (AGRs; United Kingdom, 14
reactors): all of these carbon dioxide—cooled reactors will be shut
down in the near future and will not be built again
5 Light-water, graphite-moderated reactors (LGRs; Russia, 11 15 15 10 10 0 0
RBMKs and 4 EGPs”; these pressure-channel boiling water—cooled
reactors will be shut down in the near future and will not be built
again)
6 Liquid-metal fast-breeder reactors (LMFBRs) (Russia, SFR—BN- 1 1 0.6 0.6 5 1.6
600; the only Generation IV operating reactor)
In total 436 | 444 379 1 378 107 107

Additional data on reactors are shown in Figs. 1.20—1.23. Data in table include 43 reactors from Japan, the vast majority of which are currently (ie, January 2016) not in operation.

Arrows indicate decrease or increase in number of reactors.
“Forthcoming gas - cooled reactor is a helium-cooled reactor.
EGP is an abbreviation for power heterogeneous loop reactor (in Russian), a channel-type, graphite-moderated, light-water coolant, boiling reactor with natural circulation.
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Figure 1.20 Number of nuclear power reactors in the world by installed capacity as per March
2015 (Nuclear News, 2015). For better understanding of this graph, most reactors have
installed capacities within the range of 900—999 MW,,.

definitions of nuclear reactor generations can be defined as the following: (1) Gener-
ation I (1950—65) — early prototypes of nuclear reactors; (2) Generation II
(1965—2010) — commercial power reactors; (3) Generation III (1995—2010) —
modern reactors (water-cooled NPPs with thermal efficiencies within 30—36%, carbon
dioxide—cooled NPPs with thermal efficiencies up to 42%, and liquid sodium—
cooled NPPs with thermal efficiencies up to 40%) and Generation 111+ (2010°—25) —
reactors with improved parameters (evolutionary design improvements; water-cooled
NPPs with thermal efficiencies up to 36—38%; see Table 1.8); and (4) Genera-
tion IV (2025—) — reactors in principle with new parameters (NPPs with thermal
efficiencies within 40—50% and even higher for some types of reactors; see
Chapters 2—18 in Part I; Pioro and Duffey, 2015; Pioro and Kirillov, 2013d;
Pioro, 2012).

Slightly different definitions of nuclear reactor generations by the Generation IV
International Forum are shown in Fig. 1.19.

S Actually, first two Generation III+reactors put into operation (ie, “commercial start”) were advanced
BWRs (ABWRs) at the Kashiwazaki Kariwa NPP (Kishiwazaki, Nigata, Japan) in 1996 (reactor supplier
Toshiba/GE) and in 1997 (reactor supplier Hitachi/GE).
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Figure 1.21 Number of nuclear power reactors of the world put into commercial operation
versus years and age of operating reactors as per March 2015 (Nuclear News, 2015). Five
reactors have been put into operation in 1969 (ie, they operate for more than 47 years). It is
clear from this diagram that the Chernobyl NPP accident had tremendous negative impact on
the nuclear power industry that lasted for decades. We currently have additional negative
impact from the Fukushima Daiichi NPP accident.

Currently, 31 countries in the world have operating nuclear power reactors (Nuclear
News, 2016; for details see Tables 1.7—1.9 and Table A7.2 in Appendix. Analysis of
the data listed in Table 7.2 shows that 16 countries plan to build new reactors, 15 coun-
tries do not plan to build new reactors, and 4 countries without reactors (Bangladesh,
Belarus, Turkey, and United Arab Emirates) are working toward introducing nuclear
energy on their soils.
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Figure 1.22 One of the possible scenarios for the future of nuclear power based on 45 years in
service of current reactors and adding new reactors with a rate of ~21 reactors every 5 years.
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Figure 1.23 Age of nuclear power reactors in selected countries (11 nations with the largest
number of reactors) as per March 2015 (Nuclear News, 2015). Shown here are data on 352
reactors with the total installed capacity of 326.5 GW, Net. For other details, see Table 1.8.
Some symbols might represent more than one reactor because in some cases several reactors
with the same installed capacity (power) have been put into commercial operation within the
same year.



Table 1.8 Number of nuclear power reactors by nation (11 nations with the largest number of reactors ranked
by installed capacity) as per March 2016 (Nuclear News, 2016) and before the Japan earthquake and tsunami
disaster (March 2011; Nuclear News, 2011)

8¢C

Number of units (PWRs/BWRs) Installed capacity (GW,,)
Before March | As of March | Before March | Changes in number of reactors from
No. | Nation As of March 2016 | 2011 2015 2011 March 2011
1 United States 99 (65/34) 104 101 103 | decreased by 5 reactors
2 France 58 (58/—) 58 63 63 No changes
3 Japan® 43 (24/23) 54 42 47 | decreased by 6 reactors
4 Russia 34 (18/—/15"/1%) 32 25 23 1 increased by 1 reactor
5 China 28 (26/—/2%) 13 19 10 1 increased by 9 reactors
6 South Korea 24 (20/—/4%) 20 21 18 1 increased by 3 reactors
7 Canada 19 (—/—/19% 22 13 15 | decreased by 3 reactors
8 Ukraine 15 (15/-) 15 13 13 No changes
9 Germany 8 (6/2) 17 12 20 | decreased by 8 reactors
10 Sweden 10 (7/3) 10 9.3 9.3 No changes
11 United Kingdom 15 (1/—/14%) 19 9.2 10 | decreased by 3 reactors
In total 353 364 326.5 331.3 | decreased by 12 reactors
Selected data of this table are shown in Fig. 1.17. Data for all countries with nuclear power reactors are listed in Appendix 7, Table A7.2.

Arrows indicate decrease or increase in a number of reactors. PWRs, pressurized water reactors; BWRs, boiling water reactors.

“As of January 2016, the vast majority of nuclear power reactors are not in operation. However, there are plans to put them into operation in the nearest future.

®Number of light-water graphite-moderated reactors.
‘Liquid-metal fast-breeder reactors.

9Pressurized heavy water reactors.

®Advanced gas-cooled reactors.
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Table 1.9 Selected Generation III+ reactors (deployment in
5—10 years)

No. | Reactor type Nuclear vendor

1 ABWR Toshiba, Mitsubishi Heavy Industries (MHI),
and Hitachi-GE (Japan—United States; the
only Generation III + reactor design already
implemented in the power industry)

2 Advanced CANDU reactor Candu Energy Inc. (formerly AECL) — a
(ACR-1000) member of the SNC-Lavalin Group
3 Advanced plant (AP-1000) Toshiba-Westinghouse (Japan—United States;

6 under construction in China and 6 more
planned to be built in China and 6 in United
States)

4 Advanced PWR (APR-1400) South Korea (4 under construction in South
Korea and 4 planned to be built in United
Arab Emirates)

5 European pressurized-water Areva, France (1 should be put into operation in
reactor (EPR) Finland, 1 under construction in France, and
2 in China; 2 are planned to be built in the
United States)

6 ESBWR GE-Hitachi (United States—Japan)

7 VVER?® (design AES"-2006 or GIDROPRESS, Russia (4 under construction in
VVER-1200 with Russia and several more planned to be built
~1200 MW,)) in various countries, including Belarus,

Finland, Turkey, Vietnam, etc.)

ABWR, advanced boiling water reactor; CANDU, CANada deuterium uranium; PWR, pressurized water reactor; BWR,
boiling water reactor; VVER, water-water power reactor (Russian abbreviation); ESBWR, economic simplified boiling water
reactor.

“VVER or WWER are abbreviations for water-water power reactor (in Russian).

AES is an abbreviation for atomic electrical station (NPP; in Russian).

Table data partially based on Nuclear News, March 2015, Publication of American Nuclear Society (ANS), 39—72.

An important question for widespread use of nuclear-based electrical energy
generation is how reactors are safe. Table 1.10 lists selected accidents with casu-
alties in power and chemical industries, transportation, and from firearms. Analysis
of data in Table 1.10 clearly shows that the major cause of many deaths in the
world is car accidents, which are apparently deemed socially acceptable because
of the necessity for rapid, convenient transport. Nevertheless, the international
nuclear and political communities have to do everything possible and impossible
to prevent any future severe accidents at NPPs with radiation release and other
consequences.
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Table 1.10 Casualties due to various accidents in power and chemical
industries, transportation, and from firearms

Number
No. | Accidents/causes of death Year Region of deaths
1 Fukushima NPP accident (deaths due | 2011 Japan Few
to earthquake, not radiation) workers
2 Chernobyl NPP accident 1986 Ukraine 56
1986-now” >4000
3 Kyshtym radiation release accident 1957¢ Russia >>200
(Chelyabinsk region)
4 Sayano-Shushenskaya hydro-power 2009 Russia 75
plant accident
5 Bangiao dam* 1975 China >26,000
6 Vajont dam 1963 Italy ~2000
7 Bhopal Union Carbide India Ltd. 1984 India
accident®
Immediate deaths (official data) 2259
By government of Madhya Pradesh 3787
Other estimations (since the disaster) 8000
8 Car gc_cidents" (in (...) population in ““;‘T‘l‘f;“y World (7035) | ~13%0.000
millions)] 2013 United States | 33,808
(316)
2013 European 26,000
Union
(503)
9 Shipwreck accidents 2011 World 3335
10 Railway accidents 2009 European 1428
Union
11 Air accidents® 2014 World >990
2013 459
2012; 2011 ~ 800
2010 1130
1972 3344
September | New York, >4500
11, 2011 United
States
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Table 1.10 Continued

Number

No. | Accidents/causes of death Year Region of deaths

12 Firearms casualties” (60% suicides Annually United States | ~32,000
and 40% homicides)

NPP, nuclear power plant.

956 direct deaths (47 NPP and emergency workers and 9 children with thyroid cancer); ie, deaths due to the explosion and
initial radiation release.

YDeaths from cancer, heart disease, birth defects (in victims’ children), and other causes, which may result from exposure to
radiation. Various sources provide significantly different estimations starting from 30,000 to 60,000 casualties and up to
200,000 and even up to 985,000 casualties. However, these deaths may also result from other causes not related to the
accident (eg, pollution from non-nuclear sources— industry, transportation, etc.). In general, accurate estimation of all
deaths related to the Chernobyl NPP accident is impossible.

“Similar to the Chernobyl NPP accident, it is impossible to accurately estimate all casualties. Some other sources estimate
casualties from cancer within 30 years after the accident up to 8000.

9Based on information from http://www.sjsu.edu/faculty/watkins/aug1975.htm. In addition, 145,000 died during
subsequent epidemics and famine. In addition, ~ 11 million residents were affected. Some other sources estimate casualties
as high as 230,000 people.

“Based on information from http://news.bbe.co.uk/2/hi/south_asia/8725140.stm.

'In addition to fatalities in car accidents, ~ 50 million people become invalid each year in the world (Global Status Report
on Road Safety, 2013). Therefore driving a car is a quite dangerous mode of travel!

#In 2000 commercial air carriers transported ~ 1.1 billion people on 18 million flights but there were only 20 fatal accidents.
Therefore air transportation remains among the safest modes of travel.

"Based on information from http://www.gunpolicy.org/firearms/region/united-states.

Data listed here just for reference purposes and are from Wikipedia (2014).

1.4 Conclusions

The basis for nuclear energy for future electric power generation must take into ac-
count the key influences of the global, political, financial, and social pressures in
the evolving energy marketplace. The competitive pressures and political factors are
likely to dominate future usage and deployment, including national attitudes about
and international issues arising from energy security and climate change.

1. The major advantages of nuclear power are well known, including cheap, reliable, base-load
power; a high capacity factor; low emissions; and minor environmental impact. However,
these factors are offset today by a competitive disadvantage with natural gas and the occur-
rence of three significant nuclear accidents (Fukushima, Chernobyl, and Three Mile Island),
which caused significant social disruption and high capital costs.

2. Major sources for electrical-energy production in the world today are
a. thermal, including primary coal (39.9%) and secondary natural gas (22.6%);

b. “large” hydro (17.2%); and
c. nuclear (11.2%).

The remaining 9.2% of the electrical energy is generated using oil (4.2%) and other sour-
ces (biomass, wind, geothermal, and solar energy; 5%) in selected countries. Other energy
sources have visible impact only in some countries, especially where there are government
incentives for wind and solar power portfolios with electricity prices guaranteed by legisla-
tion and power-purchase contracts.


http://www.sjsu.edu/faculty/watkins/aug1975.htm
http://news.bbc.co.uk/2/hi/south_asia/8725140.stm
http://www.gunpolicy.org/firearms/region/united-states
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The attractive renewable energy sources such as wind, solar, tidal, etc., are not really reliable
as full-time (24 h per day/7 days per week/365 days per year) sources for industrial power
generation. Therefore a grid must also include “fast-response” power plants such as gas-
and coal-fired and/or large hydro-power plants.

In general, the major driving force for all advances in thermal power plants and NPPs is ther-
mal efficiency and generating costs. Ranges of gross thermal efficiencies of modern power
plants are (1) combined-cycle thermal power plants (up to 62%); (2) supercritical-pressure
coal-fired thermal power plants (up to 55%); (3) CO;-cooled reactor NPPs (up to 42%);
(4) sodium-cooled fast reactor NPPs (up to 40%); (5) subcritical-pressure coal-fired thermal
power plants (up to 40%); and (6) modern water-cooled reactors (30—36%).

Despite the advances in coal-fired thermal power plant design and operation worldwide, they
are still considered as not particularly environmental friendly because they produce gaseous
CO; emissions as a result of combustion process, plus significant tailings of slag and ash.
Legislated measures have recently been proposed to limit such emissions, going beyond
voluntary and regional emission credits and allowable portfolios.

Combined-cycle thermal power plants with natural gas fuel are considered as relatively clean
fossil fuel—fired plants compared with coal and oil power plants, and they are dominating
new capacity additions because of lower gas production costs using “fracking” technology,
but they still emit CO, because of the combustion process.

In general, nuclear power is a nonrenewable source as the fossil fuels unless fuel recycling is
adopted, which means that nuclear resources can be used significantly longer than some fossil
fuels, plus nuclear power does not emit CO; into the atmosphere. This source of energy is
currently considered as the most viable one for base-load electrical generation for the next
50—100 years.

However, all current and oncoming Generation III4- NPPs are not very competitive with mod-
ern thermal power plants in terms of thermal efficiency, and the difference in values of thermal
efficiencies between thermal power plants and NPPs can be up to 20—25%, with NPPs having
higher generating cost and construction times than that of natural gas turbines.

Therefore enhancements are needed beyond the current builds, which are now mainly in
Asia, to compete in the future marketplace, especially without government subsidies or po-
wer price guarantees. New-generation (Generation IV) NPPs must have thermal efficiencies
close to those of modern thermal power plants (ie, within a range of at least 40—50%) and
improved safety measures and designs to be built in the nearest future.

Abbreviations

Ann. Annual

av. Average

el. Electrical

Eff. Efficiency

gen. Generation

Rep. Republic

UAE United Arab Emirates
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Part One

Generation IV nuclear-reactor
concepts

Preface to Part One

Part One presents the current officially available information from the Genera-
tion IV International Forum (GIF) website (https://www.gen-4.org/gif/jcms/
c_9260/public) covering all six Generation IV nuclear power systems
(concepts): very-high—temperature reactor (VHTR), gas fast reactor (GFR),
sodium-cooled fast reactor (SFR), lead-cooled fast reactor (LFR), molten salt
reactor (MSR), and supercritical water-cooled reactor (SCWR). Corresponding
to that, Part One consists of seven chapters (Chapters 2—8) written by top inter-
national experts—specialists in research and development of these six concepts.
For clarity, the sequence of these chapters/Generation IV concepts corresponds
to the type of reactor coolant: firstly VHTR and GFR, which are helium cooled;
next SFR and LFR, which are liquid-metal cooled; next the MSR, molten-salt
cooled; and then finally the SCWR, which is supercritical-water cooled.
It should be noted that in other publications/websites the sequence of Generation
IV concepts can be different; for example, on the GIF website (https://www.gen-
4.org/git/jecms/c_59461/generation-iv-systems) these concepts are often simply
put in alphabetical order (ie, GFR, LFR, MSR, SCWR, SFR, and VHTR).


https://www.gen-4.org/gif/jcms/c_9260/public
https://www.gen-4.org/gif/jcms/c_9260/public
https://www.gen-4.org/gif/jcms/c_59461/generation-iv-systems
https://www.gen-4.org/gif/jcms/c_59461/generation-iv-systems

Introduction: Generation IV
International Forum

I.L. Pioro
University of Ontario Institute of Technology, Oshawa, Ontario, Canada

This chapter consists of materials and figures taken directly from the Generation IV
International Forum (GIF) website: https://www.gen-4.org/gif/jecms/c_9260/public
(accessed January 17, 2016) with the permission of the GIF. In general, the GIF
and its six Generation IV nuclear reactor concepts are not the only next generation
or advanced reactors (ARs) currently under development in the world. Advanced small
modular reactors (SMRs) can be considered under the class of ARs or next generation
reactors. Therefore, advanced SMRs are considered in chapter “Advanced small
modular reactors (SMRs)” of this handbook.

In addition, it should be noted that other nuclear reactor concepts of the next gen-
eration or ARs are being researched and developed by various nuclear engineering
companies worldwide, for example, the traveling wave reactor by TerraPower
(http://terrapower.com/pages/technology) in the USA. However, for the purpose of
this handbook, we will mainly rely only on the GIF six Generation IV nuclear reactor
concepts (see further).

The GIF website lists a number of publications dedicated to each GIF nuclear power
system. Therefore, it is recommended to look through these publications for more
details.

2.1 Origins of the Generation IV International Forum

GIF meetings began in January 2000 when the US Department Of Energy’s (DOE)
Office of Nuclear Energy, Science and Technology convened a group of senior govern-
mental representatives from the original nine countries to begin discussions on interna-
tional collaboration in the development of Generation IV nuclear energy systems.

This group, subsequently named the GIF Policy Group, also decided to form a
group of senior technical experts to explore areas of mutual interest and make recom-
mendations regarding both research and development (R&D) areas and processes by
which collaboration could be conducted and assessed. This senior Technical Experts
Group first met in April 2000.

The founding document of the GIF, a framework for international cooperation in
R&D for the next generation of nuclear energy systems, are set out in the GIF Charter,
first signed in July 2001 by Argentina, Brazil, Canada, France, Japan, Republic of
Korea, South Africa, the UK, and the US.

Handbook of Generation IV Nuclear Reactors. http://dx.doi.org/10.1016/B978-0-08-100149-3.00002-1
Copyright © 2016 Elsevier Ltd. All rights reserved.
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The Charter has since been signed by Switzerland (2002), the European Atomic
Energy Community (Euratom) (2003), and most recently, by the People’s Republic
of China and the Russian Federation in November 2006.

In July 2011, the 13 members agreed to sign an extension of the Charter, signaling
the wish to continue to cooperate in the R&D of Generation IV.

2.2 Generation IV goals

Eight technology goals have been defined for Generation IV systems in four broad
areas: sustainability, economics, safety and reliability, and proliferation resistance
and physical protection. These ambitious goals are shared by a large number of coun-
tries as they aim at responding to the economic, environmental, and social require-
ments of the 21st century. They establish a framework and identify concrete targets
for focusing GIF R&D efforts.

Goals for Generation IV nuclear energy systems

Sustainability-1 Generation IV nuclear energy systems will provide
sustainable energy generation that meets clean air
objectives and provides long-term availability of
systems and effective fuel utilization for worldwide
energy production.

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

Economics-1 Generation IV nuclear energy systems will have a clear
lifecycle cost advantage over other energy sources.

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

Safety and Reliability-1 Generation IV nuclear energy systems operations will
excel in safety and reliability.

Safety and Reliability-2 Generation IV nuclear energy systems will have a very
low likelihood and degree of reactor core damage.

Safety and Reliability-3 Generation IV nuclear energy systems will eliminate the
need for offsite emergency response.

Proliferation Resistance and Generation IV nuclear energy systems will increase the

Physical Protection assurance that they are very unattractive and the least
desirable route for diversion or theft of weapons-
usable materials, and provide increased physical
protection against acts of terrorism.
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These goals guide the cooperative R&D efforts undertaken by GIF members. The
challenges raised by GIF goals are intended to stimulate innovative R&D, covering all
technological aspects related to design and implementation of reactors, energy conver-
sion systems, and fuel cycle facilities.

In light of the ambitious nature of the goals involved, international cooperation is
considered essential for a timely progress in the development of Generation IV
systems. This cooperation makes it possible to pursue multiple systems and technical
options concurrently and to avoid any premature down selection due to the lack of
adequate resources at the national level.

2.3 Selection of Generation IV systems

For more than a decade, 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 R&D. These include: the gas-cooled
fast reactor (GFR), lead-cooled fast reactor (LFR), molten salt reactor (MSR), super-
critical water-cooled reactor (SCWR), sodium-cooled fast reactor (SFR), and very high
temperature reactor (VHTR).

The latest information on a status of GIF system arrangements and memoranda of
understanding is shown in Fig. 2.1 and system development timelines as defined in the
original roadmap in 2002 and in the 2013 update in Fig. 2.2.

The goals adopted by GIF provided the basis for identifying and selecting six
nuclear energy systems for further development. The selected systems rely on a variety
of reactor, energy conversion, and fuel cycle technologies. Their designs feature ther-
mal and fast neutron spectra, closed and open fuel cycles as well as a wide range of
reactor sizes from very small to very large. Depending on their respective degrees

CA CN EU FR JP KR RU__ CH UsS Za
gt
oer, 1 B B0 (o] o e (1 = BS
SFR v v % v v v 7
VHTR v v 4 v v v v
SCWR v v v v
GFR v v v v
LFR P P P
MSR P P P

v = Signatory to the system arrangement; P = Signatory to the memorandum of understanding; Argentina,
Brazil, and the United Kingdom are inactive.

Figure 2.1 Status of the GIF system arrangements and memoranda of understanding (as of
January 1, 2014). Also, China has signed the SCWR System Arrangement in May of 2014.
Courtesy of Generation IV International Forum.
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GIF roadmap 2002 GIF roadmap 2013
VHTR VHTR
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SCWR SCWR
MSR MSR
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Figure 2.2 System development timelines as defined in the original roadmap in 2002 and in the
2013 update.
Courtesy of Generation IV International Forum.

of technical maturity, the Generation IV systems are expected to become available for
commercial introduction in the period around 2030 or beyond. The path from current
nuclear systems to Generation IV systems is described in a 2002 roadmap report
entitled “A Technology Roadmap for Generation IV nuclear energy systems,” which
is currently being updated.

All Generation IV systems aim at performance improvement, new applications of
nuclear energy, and/or more sustainable approaches to the management of nuclear
materials. High-temperature systems offer the possibility of efficient process heat
applications and eventually hydrogen production. Enhanced sustainability is achieved
primarily through the adoption of a closed fuel cycle, including the reprocessing and
recycling of plutonium, uranium, and minor actinides in fast reactors and also through
high thermal efficiency. This approach provides a significant reduction in waste gen-
eration and uranium resource requirements. Table 2.1 summarizes the main character-
istics of the six Generation IV systems.

It should be noted that on the GIF website, the sequence of referencing six nuclear
reactor concepts can be based on their alphabetical order (see Section 2.3), or other se-
quences have been used (eg, see Figs. 2.1 and 2.2). However, to be consistent with the
sequence of six Generation IV concepts, it was decided to list them according to the type
of reactor coolant, ie, first two reactors (VHTR and GFR) are helium cooled; the next
two concepts (SFR and LFR) are liquid metal cooled; the next one concept (SMR) is
molten salt cooled; and the last concept (SCWR) is supercritical water (SCW) cooled.

2.4 Six Generation IV nuclear energy systems

2.4.1 Very high temperature reactor

The VHTR (see Fig. 2.3) is a further step in the evolutionary development of high tem-
perature reactors (HTRs). The VHTR is a helium gas-cooled, graphite-moderated,
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Table 2.1 Overview of Generation IV systems

Neutron Outlet Fuel Size
No. | System | spectrum | Coolant temperature, °C | cycle MW,
1 VHTR | Thermal Helium 900—1000 Open 250—300
2 GFR Fast Helium 850 Closed 1200
3 SFR Fast Sodium 500—550 Closed 50—150
300—1500
600—1500
4 LFR Fast Lead 480—570 Closed 20—180
300—1200
600—1000
5 MSR Thermal/ Fluoride 700—800 Closed 1000
fast salts
6 SCWR [ Thermal/ | Water 510—625 Open/ 300—700
fast Closed | 1000—1500

Courtesy of Generation IV International Forum
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thermal neutron spectrum reactor with a core outlet temperature higher than 900°C and
a goal of 1000°C, sufficient to support high-temperature processes such as production
of hydrogen by thermochemical processes. The reference thermal power of the reactor
is set at a level that allows passive decay heat removal, currently estimated to be about
600 MWy,. The VHTR is useful for the cogeneration of electricity and hydrogen, as
well as to other process heat applications, eg, for the chemical, oil, and iron industries.
It is able to produce hydrogen from water by using thermochemical, electrochemical,
or hybrid processes with reduced emission of CO, gases. At first, a once-through
low-enriched uranium (<20% >*°U) fuel cycle will be adopted, but a closed fuel cycle
will be assessed, as well as potential symbiotic fuel cycles with other types of reactors
(especially light water reactors (LWRs)) for waste reduction purposes. The system is
expected to be available for commercial deployment by 2020.

The technical basis for VHTR is the TRI-ISOtropic (TRISO)-coated particle fuel.
The VHTR has potential for inherent safety, high thermal efficiency, process heat
application capability, low operation and maintenance costs, and modular construction.

In general, the reactor-core type of the VHTR can be a prismatic block core, such as
the Japanese high-temperature test reactor, or a pebble bed core, such as the Chinese
HTR-10. For electricity generation, a helium gas turbine system can be directly set in
the primary coolant loop, which is called a direct cycle, or at the lower end of the outlet
temperature range, a steam generator can be used with a conventional Rankine cycle.
For nuclear heat applications, such as process heat for refineries, petrochemistry,
metallurgy, and hydrogen production, the heat application process is generally coupled
with the reactor through an intermediate heat exchanger, the so-called indirect cycle.
The VHTR can produce hydrogen from only heat and water by using thermochemical
processes (such as the sulfur—iodine (S—I) process or the hybrid sulfur process), high-
temperature steam electrolysis, or from heat, water, and natural gas by applying the
steam reformer technology.

While the original approach for VHTR at the start of the Generation IV program
focused on very high outlet temperatures and hydrogen production, current market
assessments have indicated that electricity production and industrial processes based
on high-temperature steam that require modest outlet temperatures (700—850°C)
have the greatest potential for application in the next decade and also reduce technical
risk associated with higher outlet temperatures. As a result, over the past decade, the
focus has moved from higher outlet temperature designs such as Gas Turbine-Modular
Helium Reactor and Pebble Bed Modular Reactor to lower outlet temperature designs
such as High Temperature Reactor-Pebble Bed Modules in China and the Next
Generation Nuclear Plant in the USA.

The VHTR has two typical reactor configurations, namely the pebble bed type and
the prismatic block type. Although the shape of the fuel element for two configurations
are different, the technical basis for both configuration is same, such as the TRISO-
coated particle fuel in the graphite matrix, full ceramic (graphite) core structure, helium
coolant, and low power density, in order to achieve high outlet temperature and the
retention of fission production inside the coated particle under normal operation
condition and accident condition. The VHTR can support alternative fuel cycles
such as U—Pu, Pu, mixed oxide (MOX), and U—thorium (Th).
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2.4.2 Gas-cooled fast reactor

The GFR (see Fig. 2.4) is a high-temperature helium-cooled fast spectrum reactor with
a closed fuel cycle. The core outlet temperature will be of the order of 850°C. It com-
bines the advantages of fast spectrum systems for long-term sustainability of uranium
resources and waste minimization (through fuel multiple reprocessing and fission of
long-lived actinides), with those of high-temperature systems (eg, high thermal cycle
efficiency and industrial use of the generated heat for hydrogen production). It requires
the development of robust refractory fuel elements and appropriate safety architecture.
The use of dense fuel, such as carbide or nitride, provides good performance regarding
plutonium breeding and minor actinide burning. A technology demonstration reactor
needed for qualifying key technologies could be in operation by 2020.
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Figure 2.4 GFR: Helium gas-cooled, fast neutron spectrum reactor with closed fuel cycle and

outlet temperature of about 850°C (shown with direct gas turbine Brayton power cycle).
Courtesy of Generation IV International Forum.
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The GFR uses the same fuel recycling processes as the SFR and the same reactor
technology as the VHTR. Therefore, its development approach is to rely, insofar as
feasible, on technologies developed for the VHTR for structures, materials, compo-
nents, and power conversion systems. Nevertheless, it calls for specific R&D beyond
the current and foreseen work on the VHTR system, mainly on core design and safety
approach.

The reference design for GFR is based around a 2400-M Wy, reactor core contained
within a steel pressure vessel. The core consists of an assembly of hexagonal fuel
elements, each consisting of ceramic-clad, mixed carbide-fueled pins contained within
a ceramic hex tube. The favored material at the moment for the pin clad and hex tubes
is silicon—carbide fiber-reinforced silicon carbide.

As a new approach, the latest GFR concept will have the indirect cycle. A heat
exchanger transfers the heat from the primary helium coolant to a secondary gas cycle
containing a helium—nitrogen mixture, which in turn drives a closed-cycle gas turbine.
The waste heat from the gas turbine exhaust is used to raise steam in a steam generator,
which is then used to drive a steam turbine. Such a combined cycle is common practice
in natural gas-fired power plants, so it represents an established technology, with the
only difference in the GFR case being the use of a closed-cycle gas turbine.

2.4.3 Sodium-cooled fast reactor

The SFR (see Fig. 2.5) uses liquid sodium as the reactor coolant. It features a closed
fuel cycle for fuel breeding and/or actinide management. The two primary fuel recycle
technology options are advanced aqueous and pyrometallurgical processing. A variety
of fuel options are being considered for the SFR, with MOX preferred for advanced
aqueous recycle and mixed metal alloy preferred for pyrometallurgical processing.
Owing to the significant past experience accumulated with sodium-cooled reactors
in several countries, the deployment of SFR systems is targeted for 2020.

Using liquid sodium as the reactor coolant, allowing high power density with low
coolant volume fraction and operation at low pressure. While the oxygen-free environ-
ment prevents corrosion, sodium reacts chemically with air and water and requires a
sealed coolant system.

Plant size options under consideration range from small, 50—300 MW, modular
reactors to larger plants up to 1500 MW,,. The outlet temperature is 500—550°C for
the options, which allows the use of the materials developed and proven in prior
fast reactor programs.

The SFR closed fuel cycle enables regeneration of fissile fuel and facilitates man-
agement of minor actinides. However, this requires that recycle fuels be developed and
qualified for use. Important safety features of the Generation IV system include a long
thermal response time, a reasonable margin to coolant boiling, a primary system that
operates near atmospheric pressure, and an intermediate sodium system between the
radioactive sodium in the primary system and the power conversion system. Water/
steam (Rankine cycle) and supercritical carbon dioxide or nitrogen (Brayton cycle)
can be considered as working fluids for the power conversion system to achieve
high performance in terms of thermal efficiency, safety, and reliability. With innova-
tions to reduce capital cost, the SFR is aimed to be economically competitive in future



Introduction: Generation IV International Forum 45

Steam
generator

Generator

Cold plenum
Hot plenum f ‘
Control
rods
Heat
ulalel exchanger

Primary
sodium Secondary
(hot) sodium
CO @Eﬁ
-Cooled Fast Reactor

Primary
sodium
(cold)

02-GA50807-03
Figure 2.5 SFR: Molten sodium-cooled, fast neutron spectrum reactor with closed fuel cycle
and outlet temperatures within 500—550°C (shown pool-type reactor with indirect steam
turbine Rankine power cycle).

Courtesy of Generation IV International Forum.

electricity markets. In addition, the fast neutron spectrum greatly extends the uranium
resources compared to thermal reactors. The SFR is considered to be the nearest-term
deployable system for actinide management.

Much of the basic technology for the SFR has been established in former fast
reactor programs, and was confirmed by the Phenix End-of-Life tests in France by
operation of Monju reactor in Japan and the lifetime extension of BN-600 in Russia.
New programs involving SFR technology include the China Experimental Fast
Reactor, which was connected to the grid in July 2011, India’s Prototype Fast
Breeder Reactor, and the latest success in Russia with putting into operation the
BN-800 reactor.

The SFR is an attractive energy source for nations that desire to make the best
use of limited nuclear fuel resources and manage nuclear waste by closing the fuel
cycle.

Fast reactors hold a unique role in the actinide management mission because they
operate with high-energy neutrons that are more effective at fissioning actinides. The
main characteristics of the SFR for actinide management mission are:

* Consumption of transuranics in a closed fuel cycle, thus reducing the radiotoxicity and heat
load, which facilitates waste disposal and geologic isolation; and

* Enhanced utilization of uranium resources through efficient management of fissile materials
and multirecycling.
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A high level of safety achieved through inherent and passive means also allows

accommodation of transients and bounding events with significant safety margins.

The reactor unit can be arranged in a pool layout or a compact loop layout. Three

options are considered:

A large size (600—1500 MW,)) loop-type reactor with mixed uranium—plutonium oxide fuel
and potentially minor actinides, supported by a fuel cycle based upon advanced aqueous pro-
cessing at a central location serving a number of reactors;

An intermediate to large size (300—1500 MW¢)) pool-type reactor with oxide or metal
fuel; and

A small size (50—150 MW,) modular-type reactor with uranium—plutonium—minor
actinide—zirconium metal alloy fuel, supported by a fuel cycle based on pyrometallurgical
processing in facilities integrated with the reactor.

2.4.4 Lead-cooled fast reactor

The LFR (see Fig. 2.6) is characterized by a fast neutron spectrum, a closed fuel cycle
with full actinide recycling, possibly in central or regional fuel cycle facilities, and
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Figure 2.6 LFR: Molten lead-cooled, fast neutron spectrum reactor with closed fuel cycle
and outlet temperatures within 500—550°C (shown with indirect Brayton power cycle).
Courtesy of Generation IV International Forum.
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high-temperature operation at low pressure. The coolant may be either lead (preferred
option), or lead—bismuth eutectic (LBE). The LFR may be operated as a breeder, a
burner of actinides from spent fuel using inert matrix fuel, or a burner/breeder using
thorium matrices. Two reactor-size options are considered: a small 50—150 MW
transportable system with a very long core life, and a medium 300—600 MW, system.
In the long term, a large system of 1200 MW, may be envisaged. The LFR system
may be deployable by 2025.

Lead and LBE are relatively inert liquids with very good thermodynamic proper-
ties. The LFR would have multiple applications including production of electricity,
hydrogen, and process heat. System concepts represented in plans of the GIF System
Research Plan are based on the European Lead-cooled Fast Reactor, Russia’s BREST-
OD-300 (fast reactor with lead coolant; BricTtpriii PeakTop co CBHHIOBBIM
TennonocureneM in Russian abbreviations) and the Small Secure Transportable
Autonomous Reactor concept designed in the US.

The LFR has excellent materials management capabilities since it operates in the
fast neutron spectrum and uses a closed fuel cycle for efficient conversion of fertile
uranium. It can also be used as a burner to consume actinides from spent LWR fuel
and as a burner/breeder with thorium matrices. An important feature of the LFR is
the enhanced safety that results from the choice of molten lead as a relatively inert
and low-pressure coolant. In terms of sustainability, lead is abundant and hence avail-
able, even in case of deployment of a large number of reactors. More importantly, as
with other fast systems, fuel sustainability is greatly enhanced by the conversion capa-
bilities of the LFR fuel cycle. Because they incorporate a liquid coolant with a very
high margin to boiling and benign interaction with air or water, LFR concepts offer
substantial potential in terms of safety, design simplification, proliferation resistance,
and the resulting economic performance. An important factor is the potential for
benign end state to severe accidents.

The LFR has development needs in the areas of fuels, materials performance, and
corrosion control. During the next 5 years, progress is expected on materials, system
design, and operating parameters. Significant test and demonstration activities are
underway and planned during this timeframe.

2.4.5 Molten salt reactor

The MSR (see Fig. 2.7) embodies the very special feature of a liquid fuel. MSR con-
cepts, which may be used as efficient burners of transuranic elements from spent LWR
fuel, also have a breeding capability in any kind of neutron spectrum ranging from
thermal (with a thorium fuel cycle) to fast (with a uranium—plutonium fuel cycle).
Whether configured for burning or breeding, MSRs have considerable promise for
the minimization of radiotoxic nuclear waste.

The MSR is distinguished by its core in which the fuel is dissolved in molten fluo-
ride salt. The technology was first studied more than 50 years ago. Modern interest is
on fast reactor concepts as a long-term alternative to solid-fueled fast neutrons reactors.
The onsite fuel reprocessing unit using pyrochemistry allows breeding plutonium or
uranium-233 from thorium. R&D progresses toward resolving feasibility issues and
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Figure 2.7 MSR: Molten salt-cooled reactor with outlet temperatures within 700—800°C
(shown with indirect Brayton power cycle).
Courtesy of Generation IV International Forum.

Emergency dump tanks

assessing safety and performance of the design concepts. Key feasibility issues focus
on a dedicated safety approach and the development of salt redox potential measure-
ment and control tools in order to limit corrosion rate of structural materials. Further
work on the batchwise online salt processing is required. Much work is needed on
molten salt technology and related equipment.

MSR technology was partly developed, including two demonstration reactors, in
the 1950s and 1960s in the USA (Oak Ridge National Laboratory). The demonstration
MSRs were thermal neutron spectrum graphite-moderated concepts. Since 2005, R&D
has focused on the development of fast-spectrum MSR concepts (MSFR) combining
the generic assets of fast neutron reactors (extended resource utilization, waste mini-
mization) with those relating to molten salt fluorides as fluid fuel and coolant (low
pressure and high boiling temperature, optical transparency).

In contrast to most other MSRs previously studied, the MSFR does not include
any solid moderator (usually graphite) in the core. This design choice is motivated

by the study of parameters such as feedback coefficient, breeding ratio, graphite life-

span, and 2**U initial inventory. MSFR exhibit large negative temperature and void
reactivity coefficients, a unique safety characteristic not found in solid fuel fast
reactors.
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Compared with solid fuel reactors, MSFR systems have lower fissile inventories, no
radiation damage constraint on attainable fuel burn-up, no requirement to fabricate and
handle solid fuel, and a homogeneous isotopic composition of fuel in the reactor.
These and other characteristics give MSFRs potentially unique capabilities for actinide
burning and extending fuel resources.

MSR developments in Russia on the Molten Salt Actinide Recycler and Transmuter
aim to be used as efficient burners of transuranic waste from spent UOX and MOX
LWR fuel without any uranium and thorium support and also with it. Other advanced
reactor concepts are being studied, which use the liquid salt technology as a primary
coolant for fluoride salt-cooled high-temperature reactors, and coated particle fuels
similar to high-temperature gas-cooled reactors.

More generally, there has been a significant renewal of interest in the use of liquid
salt as a coolant for nuclear and nonnuclear applications. These salts could facilitate
heat transfer for nuclear hydrogen production concepts, concentrated solar
electricity generation, oil refineries, and shale oil processing facilities, among other
applications.

2.4.6 Supercritical water-cooled reactors

SCWRs (see Fig. 2.8) are a class of high-temperature, high-pressure water-cooled re-
actors operating with a direct energy conversion cycle and above the thermodynamic
critical point of water (374°C and 22.1 MPa). The higher thermodynamic efficiency
and plant simplification opportunities afforded by a high-temperature, single-phase
coolant translate into improved economics. A wide variety of options are currently
considered: both thermal neutron and fast neutron spectra are envisaged, both pressure
vessel and pressure tube configurations are considered, and thus use light water or
heavy water can be used as a moderator. The operation of a 30 to 150 MW, technol-
ogy demonstration reactor is targeted for 2022.

Unlike current water-cooled reactors, the coolant will experience a significantly
higher enthalpy rise in the core, which reduces the core mass flow for a given thermal
power and increases the core outlet enthalpy to superheated conditions. For both pres-
sure vessel and pressure tube designs, a once-through steam cycle has been envisaged,
omitting any coolant recirculation inside the reactor. As in a Boiling Water Reactor
(BWR), the “superheated” steam will be supplied directly to the high-pressure steam
turbine, and the feed water from the steam cycle will be supplied back to the core.
Thus, the SCWR concepts combine the design and operation experiences gained
from hundreds of water-cooled reactors with those experiences from hundreds of
fossil-fired power plants operated with SCW. In contrast to some of the other Gener-
ation IV nuclear systems, the SCWR can be developed incrementally step-by-step
from current water-cooled reactors.

These general features offer the potential of lower capital costs for a given electric
power of the plant and of better fuel utilization, and thus a clear economic advantage
compared with current LWRs.

In general, SCWR designs have unique features that offer many advantages
compared to state-of the-art water-cooled reactors. However, there are several
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temperatures within 510—625°C (shown with direct steam turbine Rankine power cycle).
Courtesy of Generation IV International Forum.

technological challenges associated with the development of the SCWR, and particu-
larly the need to validate transient heat transfer models (for describing the depressur-
ization from supercritical to subcritical conditions), qualification of materials (namely,
advanced steels for cladding), and demonstration of the passive safety systems.

SCWR designs have unique features that offer many advantages compared to state
of-the-art water-cooled reactors:

* SCWRs offer increases in thermal efficiency relative to current generation water-cooled
reactors. The efficiency of an SCWR can approach 44% or more, compared to 34—36%

for current reactors.

* Reactor coolant pumps are not required. The only pumps driving the coolant under
normal operating conditions are the feed water pumps and the condensate extraction

pumps.

* The steam generators used in pressurized water reactors and the steam separators and
dryers used in boiling water reactors can be omitted since the coolant is superheated in

the core.
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* Containment, designed with pressure suppression pools and with emergency cooling and re-
sidual heat removal systems, can be significantly smaller than those of current water-cooled
reactors.

» The higher steam enthalpy allows to decrease the size of the turbine system and thus to lower
the capital costs of the conventional island.

Preconceptual core design studies for a core outlet temperature of more than 500°C
have been performed in Japan, assuming either a thermal neutron spectrum or a fast
neutron spectrum (Oka et al., 2010). Both options are based on a coolant heat-up in
two steps with intermediate mixing underneath the core. Additional moderator for a
thermal neutron spectrum is provided by feed water inside water rods. The fast spec-
trum option uses zirconium-hydride (ZrH;) layers to minimize hardening of the
neutron spectrum in case of core voiding. A preconceptual design of safety systems
for both options has been studied with transient analyses.

A preconceptual plant design with 1700 MW net electric power based on a pressure
vessel-type reactor has been studied by Yamada et al. (2011) and has been assessed
with respect to efficiency, safety, and cost. The study confirms the target net efficiency
of 44% and estimates a cost reduction potential of 30% compared with current pres-
surized water reactors. Safety features are expected to be similar to advanced boiling
water reactors.

A preconceptual design of a pressure vessel-type reactor with a 500°C core outlet
temperature and 1000 MW electric power has been developed in Europe, as summa-
rized by Schulenberg and Starflinger (2012). The core design is based on coolant heat-
up in three steps. Additional moderator for the thermal neutron spectrum is provided in
water rods and in gaps between assembly boxes. The design of the nuclear island and
of the balance of the plant confirms results obtained in Japan, namely an efficiency
improvement up to 43.5% and a cost reduction potential of 20—30% compared with
latest boiling water reactors. Safety features as defined by the stringent European Util-
ity Requirements are expected to be met.

Canada is developing a pressure tube-type SCWR concept with a 625°C core
outlet temperature at the pressure of 25 MPa. The concept is designed to generate
1200 MW electric power (a 300-MW concept is also being considered). It has a
modular fuel channel configuration with separate coolant and moderator. A
high-efficiency fuel channel is incorporated to house the fuel assembly. The heavy
water moderator directly contacts the pressure tube and is contained inside a low-
pressure calandria vessel. In addition to providing moderation during normal oper-
ation, it is designed to remove decay heat from the high-efficiency fuel channel
during long-term cooling using a passive moderator cooling system. A mixture
of thorium oxide and plutonium is introduced as the reference fuel, which aligns
with the GIF position paper on thorium fuel. The safety system design of the Ca-
nadian SCWR is similar to that of the Economic samplified BWR(ESBWR). How-
ever, the introduction of the passive moderator cooling system coupled with the
high-efficiency channel could reduce significantly the core damage frequency dur-
ing postulated severe accidents such as large break loss-of-coolant or station
blackout events.
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Preconceptual designs of three options of pressure vessel SCWRs with thermal,
mixed, and fast neutron spectrum have been developed in Russia, which joined the
SCWR System Arrangement in 2011.

Outside of the GIF framework, two conceptual SCWR designs with thermal and
mixed neutron spectrum cores have been established by some research institutes in
China under framework of the Chinese national R&D projects from 2007 to 2012,
covering some basic research projects on materials and thermohydraulics, the core/
fuel design, the main system design (including the conventional part), safety systems
design, reactor structure design, and fuel assembly structure design. The related feasi-
bility studies have also been completed and show that the design concept has prom-
ising prospects in terms of the overall performance, integration of design,
component structure feasibility, and manufacturability.

Prediction of heat transfer in SCW can be based on data from fossil-fired power
plants, as discussed by Pioro and Duffey (2007). Computational tools for more com-
plex geometries like fuel assemblies are available, but still need to be validated with
bundle experiments. System codes for transient safety analyses have been upgraded
to include SCW, including depressurization transients to subcritical conditions.
Flow stability in the core has been studied numerically. As in BWRs, flow stability
can be ensured using suitable inlet orifices in fuel assemblies.

A number of candidate cladding materials have been tested in capsules, autoclaves,
and recirculating loops up to 700°C at a pressure of 25 MPa. Stainless steels with more
than 20% chromium (Cr) are expected to have the required corrosion resistance up to a
peak cladding temperature of 650°C. More work is needed to develop alloys suitable
for use at the design peak cladding temperatures of 850°C for the Canadian SCWR
concept. Further work is also needed to better identify the coolant conditions that
lead to stress corrosion cracking. It has been shown that the creep resistance of existing
alloys can be improved by adding small amounts of elements, such as zirconium (Zr),
as reported by Kaneda et al. (2011). In the longer term, the steel experimental oxide
dispersion strengthened alloys offer an even higher potential, whereas nickel-base
alloys that are being considered for use in ultra-supercritical fossil-fired plants are
less favorable for use in SCWRs due to their high neutron absorption and associated
swelling and embrittlement.

Key water chemistry issues have been identified by Guzonas et al. (2012): predict-
ing and controlling water radiolysis and corrosion product transport (including fission
products) remain the major R&D areas. In this regard, the operating experience using
nuclear steam reheat at the Beloyarsk nuclear power plant (NPP) in Russia is extremely
valuable.

2.5 Summary

In summary, Table 2.2 lists estimated ranges of thermal efficiencies (gross) of Gener-
ation IV NPP concepts for reference purposes (Pioro and Duffey, 2015).



Table 2.2 Estimated ranges of thermal efficiencies (gross)

of Generation-IV NPP concepts (Generation IV concepts are listed
according to thermal efficiency decrease) (shown here just for
reference purposes)

Gross
No | Nuclear power plant efficency, %

1 Very high temperature reactor NPP (reactor coolant — helium: >55
P =7 MPa, and T;,/To, = 640/1000°C; primary power cycle —
direct Brayton gas-turbine cycle; possible back-up — indirect
Rankine steam cycle).

2 Gas-cooled fast reactor or high temperature reactor NPP (reactor >50
coolant — helium: P = 9 MPa and T;,,/T,,, = 490/850°C; primary
power cycle — direct Brayton gas turbine cycle; possible backup —
indirect Rankine steam cycle).

3 Supercritical water-cooled reactor NPP (one of Canadian concepts; | 45—50
reactor coolant — light water: P = 25 MPa and T;,/T oy =
350/625°C (T, = 374°C); direct cycle; high-temperature steam
superheat: T, = 625°C; possible backup — indirect supercritical-
pressure Rankine steam cycle with high-temperature steam
superheat).

4 Molten salt reactor NPP (reactor coolant — sodium-fluoride salt with [ ~50
dissolved uranium fuel: 7, = 700/800°C; primary power cycle —
indirect supercritical pressure carbon dioxide Brayton gas turbine
cycle; possible backup — indirect Rankine steam cycle).

5 Lead-cooled fast reactor NPP (Russian design BREST-OD-300"; ~41—43
reactor coolant — liquid lead: P = 0.1 MPa and T},/Toy =
420/540°C; primary power cycle — indirect subcritical pressure
Rankine steam cycle: Py, = 17 MPa (P, = 22.064 MPa) and
T/ Toue = 340/505°C (T, = 374°C); high-temperature steam
superheat; (in one of the previous designs of BREST-300 NPP
primary power cycle was indirect supercritical-pressure Rankine
steam cycle: Py, = 24.5 MPa (P, = 22.064 MPa) and

T/ Tou = 340/520°C (T, = 374°C); also, note that power-
conversion cycle in different lead-cooled fast reactor designs from
other countries is based on a supercritical pressure carbon-dioxide
Brayton gas turbine cycle.

6 Sodium-cooled fast reactor NPP (Russian design BN-600: reactor ~40
coolant — liquid sodium (primary circuit): P = 0.1 MPa and
T/ Toue = 380/550°C; liquid sodium (secondary circuit):

Tin/Toue = 320/520°C; primary power cycle — indirect Rankine
steam cycle: Py, = 14.2 MPa (T, = 337°C) and Ty, max =
505°C (T, = 374°C); steam superheat: P = 2.45 MPa and

T/ Toue = 246/505°C; possible backup in some other countries —
indirect supercritical pressure carbon dioxide Brayton gas turbine
cycle).

“BREST-OD-300 is Fast Reactor with “NATural safety” test demonstration in Russian abbreviations (EPECT-OD-300 —
Boictperit Peakrop ¢ ECTecTBeHHOIT Ge30macHOCThI0 — ONbITHO —[IeMOHCTPAIIOHHBI).
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Very high-temperature reactor

X.L. Yan
Japan Atomic Energy Agency, Oarai-Machi, Ibaraki-ken, Japan

3.1 Development history and current status

Development of high-temperature gas-cooled reactor (HTGR), also known as very
high-temperature gas-cooled reactor (VHTR) for its Generation IV designs, has
continued for over half a century. Several reactors have been built or being
constructed. These are identified in Table 3.1. Still others are being developed at
various stages, including more units of high-temperature reactor-pebble bed module
(HTR-PM) power reactor in China, multipurpose GTHTR300C in Japan, NuH2 for
nuclear hydrogen and process heat in Korea, next generation nuclear plant (NGNP)
cogenerating reactor in the United States, and an experimental power reactor in
Indonesia.

Dragon, the first reactor built, pioneered the use of tri-isotropic (TRISO)-coated
particle fuel, still the standard fuel form today. The AVR (Arbeitsgemeinschaft
Versuchsreaktor) tested additional fuel designs and accumulated extensive perfor-
mance data. The prototypical FSV (Fort St. Vrain) validated the prismatic core physics
design with high burnup (90 GWd/t) on thorium fuel and demonstrated steam turbine
power generation at 39% thermal efficiency and easy load following. Yet the compo-
nent failures, such as with the primary coolant circulator, forced excess outage and
undermined its economics. The THTR-300 (thorium high-temperature reactor 300)
of a pebble bed core design encountered technical problems after only a brief period
of operation, and their scrutiny led to protracted shutdown. The FSV and THTR-
300 were prematurely decommissioned largely as business decision.

Asia then became home to the latest builds. The high-temperature engineering test
reactor (HTTR) in Japan and the high-temperature test reactor (HTR-10) in China were
constructed and started up around the turn of the millennium. Both remain operational
today. The 30-MWy, HTTR demonstrated operation of 950°C reactor outlet coolant
and export of 863°C process heat. Such high-temperature capability would raise
reactor thermal efficiency and support advanced applications as reported by the plant
design of GTHTR300 by Japan Atomic Energy Agency (JAEA) (Sato et al., 2014; Yan
et al.,, 2014). The Generation IV system employs a 600-MWy, reactor with outlet
coolant temperature of 950°C to power a gas turbine for electricity generation and a
thermochemical process for hydrogen production, yielding thermal efficiency of
50% or higher.

Based on the experience of HTR-10 and extensive engineering development of
the reactor components, China is constructing the world’s first prototype modular
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Table 3.1 High-temperature gas-cooled reactors built worldwide

Test HTGRs

Prototype HTGRs

Dragon AVR HTTR HTR-10 THTR-300 HTR-PM
Country UK (OECD) | Germany Japan China USA USA Germany China
Period of operation 1963—1976 1967—1988 1998—Present | 2000-Present | 1967—1974 1976—1989 1986—1989 2017 planned
Reactor core type Tube Pebble bed Prismatic Pebble bed Tube Prismatic Pebble bed Pebble bed
Thermal power, MW, 21.5 46 30 10 115 842 750 2 x 250
Coolant outlet 750 950 950 700 725 775 750 750
temperature, °C
Coolant pressure, MPa 2 1.1 4.0 3.0 2.25 4.8 3.9 7.0
Electrical output, MW, [ — 13 = 25 40 330 300 211
Process heat output, = = 10 = = = = =
MW,
Process heat - — 863 — - - - -
temperature, °C
Core power density, 14 2.6 2.5 2 8.3 6.3 6.0 32
W/em®
Fuel design UO, TRISO (Th/U, U)0O,, | UO, TRISO UO, TRISO | ThC, BISO | (Th/U, Th)C, | (Th/U)O, UO, TRISO
C, BISO TRISO BISO

BISO, Bi-isotropic coating of fuel particle
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reactor plant HTR-PM in the northeastern Shandong province (Fu et al., 2014).
Although not a VHTR by coolant temperature, the twin-unit (2 x 250 MWy,) power
plant with reactor coolant temperature of 750°C shares some of the design ap-
proaches of VHTR, including passive safety features and high-temperature heat
application potential. The construction began in December 2012 and the operation
is expected in 2017.

In 2001, the GIF endorsed six nuclear system concepts, which will deliver afford-
able energy products while satisfactorily addressing the issues of nuclear safety,
waste, and proliferation (Petti, 2014). Recognizing the VHTR to be nearest term
deployable and exceptionally suitable, not only for electricity generation, but also
for hydrogen production and other industrial applications, the US Department of
Energy (DOE) has placed the Generation IV priority on the VHTR. The Energy
Policy Act of 2005 formally established the NGNP as a DOE project to demonstrate
commercial high-efficiency generation of electricity and hydrogen (The US Energy
Policy Act of 2005, 2005). At present, the advanced gas reactor (AGR) fuel devel-
opment and qualification program at the US Idaho National Laboratory is qualifying
uranium oxide/uranium carbide (UCO) TRISO fuel (Petti, 2014). And the NGNP
Industry Alliance, a consortium of HTGR designers, utility plant owner/operators,
suppliers, and end users, is promoting the reactor commercialization and industrial
applications (ngnpalliance). In 2012, the Alliance selected AREVA’s prismatic
SC-HTGR of 625 MWy, that provides steam and electricity cogeneration as its
primary choice of reactor design for prototype implementation in mid-2020s
(Shahrokhi et al., 2014).

3.2 Technology overview

3.2.1 Reactor design types

The two primary types of core design are prismatic and pebble bed. Both are in use
today. They employ the same particle fuel but differ in the method of packaging the
fuel particles and subsequently loading the fuel in the core. Fig. 3.1 compares the
design approaches of the pebble bed HTR-10 (Wu et al., 2002) and the prismatic
HTTR (Saito et al., 1994).

The spherical fuel particle measuring about 1 mm in diameter consists of an inner
nuclear kernel coated in successive layers of carbon and ceramics. Thousands of the
particles are packed in graphite matrix into a spherical pebble of roughly tennis ball
size or a cylindrical compact about the size of man’s thumb. A pebble bed core contains
a large number of fuel pebbles (for example, 27,000 in the HTR-10 core), and the helium
coolant flows in the void volume formed in the pile of the pebbles. On the other hand, a
prismatic core contains many hexagonal graphite blocks (150 in the HTTR core) in which
the fuel compacts are embedded and the helium coolant flows in the channels provided in
the block. Both cores are surrounded by graphite reflector and enclosed in steel pressure
vessel. Reactivity control rods (RCRs) are inserted from above the reactor pressure
vessel (RPV).
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Figure 3.1 Pebble bed reactor design and prismatic reactor design.

3.2.2 Design features
3.2.2.1 Safety

Constructed entirely of highly heat resistant materials, the HTGR fuel and core struc-
ture maintain their integrity at extreme temperatures. Most reactor designs set the fuel
temperature limit to 1600°C based on proof of fuel performance data. The reactor tem-
perature is then capped under it by a combination of inherent design choices made.
Starting with the choice of low power density and of the large quantity of graphite
materials used in the core, it limits the extent and rate of reactor temperature excursion
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in an accident. This is aided by the further choice of negative temperature coefficient of
reactivity in the core, which would shut the reactor down upon any occurrence of
abnormal rise in temperature. Decay heat is then removed from the core by thermal
conduction. Finally, helium is the choice of reactor coolant. Remaining in single phase
as well as being neutronically transparent and chemically inert, use of helium
would mitigate the consequences such as radioactive coolant release or hydrogen gen-
eration in the case of a loss of coolant accident. Together, these inherent design fea-
tures prevent core melt and significant radioactivity release in any licensing basis
events. Such safety performance has been demonstrated in the anticipated transient
without scram (ATWS) tests carried out on the HTR-10 (Hu et al., 2004) and
HTTR (Takamatsu et al., 2014).

3.2.2.2 Fuel cycle

HTGR offers various options of fuel cycle. Typically, low-enriched (<20%) uranium
is used as is in the HTTR and HTR-10, both of which select fuel form of uranium
dioxide (UO;). An alternative form of uranium oxycarbide (UOC) is currently under
development and qualification (Petti, 2014).

Thorium is attractive regionally or in longer term, since the world reserve of
thorium is more abundant than that of uranium. Although not fissile, Th-232 is fertile
and breeds fissile U-233 by absorbing neutrons produced, for example, by fission of
initial U-235. Various forms of thorium fuel have been operated in the reactors (see
Table 3.1).

More fuel options exist but require development (Greneche, 2003; Kuijper et al.,
2006). The fuel cycles that can effectively destruct weapons-grade plutonium and
transmute minor actinides while engaging in energy production have been studied
(Oak Ridge National Laboratory, 2008; Fukaya et al., 2014). The particle fuel has
demonstrated up to 700 GWd/t burnup, an important asset in the plutonium and trans-
uranium (TRU) fuel cycles, since the high burnup provides deep burn and thus reduces
the quantity and cost of reprocessing (Richards et al., 2008). Since 2015 Japan has
launched a study of PuO,—YSZ (yttria-stabilized zirconia) fuel and core design
with a burnup limit of 500 GWd/t with the aim to validate clean burning of plutonium
in HTGR (Goto et al., 2015).

Spent fuel may be directly disposed or recycled. In the case of direct disposal, sep-
aration and reduction of waste streams could be made prior to disposal. Separated
graphite blocks may be treated and reused. Separated fission products and actinides
can be confined in stable matrices such as glasses. In the case of recycling, mechanical
separation of spent fuel compacts from bulk graphite block, pulsed currents to free the
fuel particles from the compact, and subsequent removal of ceramic coating layers by
high-temperature oxidation or by carbochlorination to access spent kernels of the par-
ticle have been studied (Masson et al., 2006).

The fuel is proliferation resistant. Not only does the TRISO structure make it diffi-
cult to illicitly access the isotopes of spent fuel kernel, but also the high burnup target
in commercial systems will leave little and poor isotopes in spent fuel such that it
would require diversion of large material quantities to pose a nuclear risk.
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Figure 3.2 Temperature range of VHTR and heat demand of industries.

3.2.2.3 Multipurpose

Fig. 3.2 identifies a number of applications that fall in the supply temperature range of
the VHTR. Power generation can be performed by steam turbine with efficiency at
about 40% or by gas turbine at about 50%. Industrial heat applications have been
extensively studied, including thermochemical hydrogen production, reforming of
fossil fuels and biomass, steelmaking, desalination, and district heating. The VHTR
is well posed for cogeneration. As an example, a 600-MWy, reactor could simulta-
neously produce 200 MW, electricity using gas turbine, 66 t/day hydrogen from
thermochemical decomposition of water, and 40,000 t/day potable water from desali-
nation. The utilization of the reactor thermal power would reach 85% through
cogeneration.

3.3 Detailed technical description

3.3.1 Fuel design

TRISO-coated particle is the standard fuel used today. As shown in Fig. 3.3, the
innermost of the particle is a low-enriched fuel kernel of usually UO, and some-
times UOC. The kernel is coated by a buffer layer of porous carbon and then by
the successive TRISO layers, including the inner layer of high-density pyrolytic
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Figure 3.3 TRISO-coated fuel particle.

carbon (IPyC), the silicon carbide (SiC) layer, and the outer layer of high-density
pyrolytic carbon (OPyC).

The buffer layer acts a container for the fission product gases and the CO gas result-
ing from fuel burnup. The IPyC layer protects the kernel during the manufacture
coating of the outer SiC layer and also provides a gas barrier for the inner buffer.
The SiC layer, being the hardest of the structural layers, acts as both a pressure
container for the gases generated in the kernel and a material barrier for the metallic
fission products. The OPyC provides a protective cushion for the SiC layer during
the binding and pressing of the particles into the cylindrical compact or spherical
pebble.

A compact, as used in the HTTR, contains about 13,000 particles of 0.92 mm
diameter. The particles are dispersed in the graphite matrix in a packing fraction of
about 30%. Each compact includes about 14 g of heavy metal. Table 3.2 lists further
details of the fuel design for the HTTR and also for the GTHTR300.

A pebble as used in the HTR-10 contains about 12,000 particles. The fuel zone is a
ball of binding graphite matrix in a particle packing fraction of about 10%. The fuel
zone measured in a diameter of 50 mm is wrapped by a fuel-free layer of graphite
with a thickness of 5 mm, resulting in an overall diameter of 60 mm for the pebble.
The heavy metal loading of each pebble is around 7 g.

The high level of safety performance provided by the VHTR requires a high level
of fabrication quality for the fuel. This is judged with the failure rates of the TRISO
ceramic layers in manufacture. An acceptance criterion for the HTTR fuel, for
example, is through-coating defect in 1.5 per 10,000 particles, or 0.015% as fabri-
cated. The operation of the HTTR first loading of fuel has proved that the actual
fraction of fabrication defect is about two orders of magnitude less than the
specification.

The technology of TRISO particle fuel has been established for the UO, kernel type
at commercial production scale in Germany, China, and Japan and for the UOC kernel
type at pilot production scale in the US. France, Korea, and South Africa have
pursued fuel technology development programs including fuel manufacturing and
irradiation tests.
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Table 3.2 Fuel design specification

Burnable poison
pin diameter (mm)
HTTR

GTHTR300

Burnup up limit (GWd/t)
Fuel rod
Rod structure
Length (mm)
Diameter (mm)
Fuel compact
Length (mm)

Inner diameter 1.D./
Outer diameter O.D. (mm)

Cladding thickness (mm)
Particle packing fraction (vol%)
Coated fuel particle
Coating type
Diameter (jum)
Fuel kernel
Material
Enrichment (wt% average)
Diameter (um)
Density (g/cm®)
Buffer layer
Thickness (pum)
Density (g/cm®)
IPyC layer
Thickness (pum)
Density (g/cm?)
SiC layer
Thickness (pum)
Density (g/cm?)
OPyC layer
Thickness (um)

Density (g/cm?)

33
Graphite sleeved
546

34

39
10/26

30-35

TRISO
920

Uo,

600
10.80

60
1.15

30
1.85

25
3.20

45
1.85

150

Graphite cladded
1050
26

83
9/24

21-29

TRISO
1010

Uo,
14
550
10.80

140
1.15

25
1.85

40
3.20

25
1.85
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Advanced fuel designs are proposed in the US and Japan. One such design replaces
the SiC layer with zirconium carbide (ZrC), which increases heat resistance by about
200°C over the limit of the SiC layer (Goto et al., 2015). Another design adds a thin
layer of ZrC over the buffer layer. This layer acts as a reactive oxygen getter to remove
the oxygen gas freed in fission and thus mitigates the gas pressure buildup associated
with high burnup.

3.3.2 Fuel burnup

Fuel burnup in the VHTR is explained using the example of core physics design calcu-
lation for uranium and plutonium fuels as follows.

3.3.2.1 Uranium fuel

Table 3.3 includes the core design parameters and burnup calculation conditions for
the for the 600-M Wy, reactor of the GTHTR300 (Nakata et al., 2003). The calculation
procedure considers effective averaged six-group macroscopic cross sections in each
of the burnup regions of the core. A one-dimensional lattice burnup cell calculation
code, DELIGHT, is used to generate the group constants of fuel blocks, reflector
blocks, etc. A transport code, TWOTRAN-2 (Lathrop and Brinkley, 1973), is used
to generate details of flux distributions in the regions containing the control rods,
where the neutron flux may vary suddenly. With these six-group macroscopic cross
sections, a spatial power distribution is calculated by CITATION, a diffusion code
(Fowler et al., 1971), for a 3-D one-sixth core model. The calculated spatial power
distribution is used as an input to calculate the next burnup step.

From the core analysis, it becomes clear that the excess reactivity has to be compen-
sated by the burnable poisons until the middle of an operation cycle so that the design
target of a 2-year refueling cycle (730 days) is achievable. A half core of fuel blocks is
exchanged with fresh fuel every 2 years. As seen in Table 3.3, the residual uranium
enrichment is reduced to 4.42% below the design target of 5% from the initial uranium
enrichment of 14%.

3.3.2.2 Plutonium fuel

Table 3.4 details the fuel burnup calculation conditions for a proposed plutonium fuel
cycle concept for the GTHTR300 core. The proposal by JAEA, called the Clean Burn
concept (Fukaya et al., 2014; Goto et al., 2015), is intended to consume the plutonium
recovered from reprocessing Japan’s commercial light water reactor(LWR) spent fuel
while relying on fuel design features that enhances proliferation resistance. The
concept requires modification to the above-described uranium core design. A major
change is that more fuel columns are added in the inner reflector region, increasing
the total number of the fuel columns in the core to 144 from 90.

To limit the plutonium enrichment in fresh fuel to the allowable level in Japan, the
Clean Burn concept employs PuO; in an inert YSZ microsphere kernel. It avoids
mixing with uranium so that no additional plutonium is generated during a fuel burnup
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Table 3.3 Result of uranium fuel burnup calculation for a
600-MW,, VHTR

Item Unit Value
Reactor power MW, 600
Core cross section
Number of fuel blocks 90
Inner graphite blocks 73
Outer graphite blocks 48
Core height m 8.4
Fuel blocks in core height 8
Fuel block
Height/across flat mm 1050/410
Number of fuel rods 57
Fuel rod diameter mm 26
Coolant channel diameter mm 39
Number of burnable poison rods 3
Average core power density W/em?® 54
Fuel cycle length EFPD 1460
Refueling batches (w/axial shuffling) 2
Fuel enrichment % 14
Average fuel burnup GWd/t 120
Fuel design U0,
Full-core initial heavy metal kg 7090 wt% of initial
heavy metal
U-235 993 14.0
U-238 6097 86.0
Full-core discharged heavy metal kg
Uranium 5839 82.4
U-235 258 3.6
U-236 0 0.0
U-238 5581 78.7
Plutonium 155 2.2
Pu-239 72 1.0
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Table 3.3 Continued

Item Unit Value
Pu-240 27 0.4
Pu-241 37 0.5
Pu-242 19 0.3

Residual uranium enrichment % 4.42

Fissile plutonium isotope rate %o 70.2

Natural uranium requirement kg/(GW. * d) 467.0

Natural uranium utility rate % 0.57

cycle. As shown in Table 3.4, about 95% of initial plutonium-239 is consumed during
250 EFPD (effective full power day). In order to target the fuel burnup of 500 GWdt,
the traditional SiC TRISO fuel architecture is modified by coating a thin (about 10 um)
layer of ZrC over the PuO,—YSZ kernel. The ZrC layer acts as oxygen getter to
remove oxygen gas freed from the kernel burnup and is the key to permitting the tar-
geted level of burnup. Presently, JAEA, in cooperation with its technical partners, is
validating the fuel design by test fabrication (Goto et al., 2015).

3.3.3 Reactor design
3.3.3.1 Prismatic core reactor design

Fig. 3.4 depicts the HTTR reactor design (Saito et al., 1994; Fujimoto et al., 2004). The
cylindrical core consists of columns of removable hexagonal graphite blocks. Thirty of
the columns are fuel columns stacked in five blocks high. Dowels are used to align fuel
blocks in a column. There are a total of 150 fuel blocks of varying uranium enrich-
ments as identified in the table included in the figure. The other columns in the core
are control rod guide columns provided for insertion of RCRs and release of reserved
core shutdown system. The permanent graphite reflector blocks embrace a ring of
replaceable side reflector blocks that surround the central core. The control rods con-
taining boron carbide (B4C) are moved in and out of the core from atop of the RPV.
The control rods are used for adjustment and shutdown of core power in addition to
compensating for reactivity due to changes in core temperature, fuel burnup, and con-
centration of fission products such as '**Sm and '*Xe with large neutron absorption
cross sections. The reserved core shutdown system is provided as backup for reactor
shutdown with the releasing of B4C pellets into the channels bored in the control
rod blocks. The entire core is affixed by the lateral restraint mechanism from the outer
side of the permanent reflector to the inner wall of the RPV. The RPV is made of low
alloy steel of 2.25 Cr—1 Mo and sized to 5.5 m in diameter and 13.2 m in height.
Unlike test reactors such as the HTTR, larger commercial-scale reactor design tends
to select annular, instead of cylindrical, active core configuration, mainly to minimize
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Table 3.4 Result of plutonium fuel burnup calculation for a
600-MW,, VHTR

Item Unit Value
Reactor power MWt 600
Core cross section

Number of fuel blocks 144

Inner graphite blocks 48

Outer graphite blocks 19
Core height m 8.4
Fuel blocks in core height 8
Fuel block

Height/across flat mm 1050/410

Number of fuel rods 57

Fuel rod diameter mm 26

Coolant channel diameter mm 39

Number of burnable poison rods 3
Average core power density W/em?® 54
Fuel cycle length EFPD 1000
Refueling batches (w/axial shuffling) 4
Fuel enrichment % 58.6
Average fuel burnup GWd/t 500
Fuel design PO,—YSZ
Full-core initial heavy metal (IHM) kg 1200

Fresh fuel Spent fuel

Np wt% THM 4.6 2.4
>¥py wt% THM 1.3 74
*py wt% IHM 51.0 2.8
*4%py wt% THM 20.8 9.1
Py wt% THM 7.6 9.1
*py wt% IHM 4.9 10.6
*'Am wt% THM 8.2 1.2
*2Am wt% IHM 0.0 0.0
**Am wt% THM L5 2.9
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Table 3.4 Continued

Item Unit Value
*2Cm wt% THM 0.0 0.7
m Wt70 3 6
e t% THM 0.0 0.1
*Cm wt% THM 13.2 1.8
*5Cm wt% THM 4.4 0.1
Fissile nuclides wt% [HM 58.6 12.0
Neptunium (Np) and precursor wt% ITHM 20.4 12.8
.| Fuel zone number > -
Layer 1 2 3 4 BP
1 67179194199/ 20
2 |[52]63|72]79]| 25
c I rod 4 Stand pipe 3 |43|52[59]|63]| 25
ontrol ro o \ 4 34139)43(48]| 20
S 5 |34]39[43]48] 20
f i *1 235 enrichment (wt%,
Reactor pressure Permanent *2 Natural boron con(centl?ation (Wt%)
p! % N ¥ *\ reflector . *3 The number indicates the layer
vessel id I © 'Fr\lljel:czo(lnzggumber number from the top fuel block.
il .+ :Burnable poison
Core I Replaceable 'C,°”f’g'o’n°{30?$(',‘ff column
T reflector o :Reserve shut down system
Core restraint 1] Ly O : Replaceable reflector
mechanism ] S 1
RIS Hot plenum
Support post T block
gL
Main coolant Thermal
outlet pipe i inslator
Auxiliary coolant Support grid
outlet pope 5

Figure 3.4 The HTTR test reactor design (photo is the top view of the reactor core).

fuel temperature in the event of passive core conduction cooldown. This design choice
is highlighted by the GTHTR300 reactor design shown in Fig. 3.5 (Nakata et al.,
2003). The commercial reactor is designed using the code system and design proce-
dure that have been validated by the HTTR operation.

The annular core of the GTHTR300 reactor consists of 90 fuel columns with each
column stacked of 8 hexagonal fuel blocks high and is capped at top and bottom with
reflector blocks. The active core is surrounded by inner and outer side graphite
reflector columns, some of which also serve as control rod guide columns. The core
is enclosed by a steel core barrel, which is in turn housed in the steel RPV. The coolant
enters the reactor via the inner pipe of the horizontal coaxial duct on the left of the
vessel and travels upwards in the flow channels embedded in the outer side reflector,
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Figure 3.5 GTHTR300’s prismatic core reactor design.

turns in the top plenum of the core, then flows downward into the active core and then
exits into the bottom plenum of the core, and finally exits through the inner pipe of the
horizontal coaxial duct on the right of the RPV.

Table 3.5 compares the design parameters for the HTTR test reactor and
GTHTR300 commercial reactor. The table includes three sets of commercial design
parameters. The two sets pertain to the core outlet temperature of 850°C, while the
third set pertains to 950°C. The main difference is the number of enrichments used.
In the baseline design with uniform enrichment for the whole core, the resulting
peak operating fuel temperature is higher than the other sets with multiple enrichment
count. In general, the number of enrichments placed in the core may be varied and opti-
mized to minimize power peaking and thus peak fuel temperature throughout a core
burnup period. The refueling interval is shortened to 1.5 years in the case of the
950°C core design from the 2 years in the 850°C core designs.

3.3.3.2 Pebble bed core reactor design

Rated at relatively small thermal power of 250 MWy, per reactor unit, the HTR-PM
still allows for the use of a cylindrical pebble bed core (see Fig. 3.6). The active
core is 3 m in diameter and 11 m in height and contains a loose pile of approximately
420,000 spherical fuel pebbles. The core geometry is maintained by side graphite
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Table 3.5 Reactor design specification

Max fuel temperature (loss of coolant
accident) (°C)

HTTR GTHTR300
Reactor rating MWt 30 600
Coolant inlet temperature (°C) °C 395 587, 587, 594
Coolant outlet temperature (°C) °C 850, 950 850, 850, 950
Coolant pressure (MPa) MPa 4 7.0,7.0,5.1
Coolant (helium) flow rate (kg/s) kg/s 12.7/10.4 439, 439, 322
Fuel type TRISO U0 | TRISO U0
Refueling interval (days) day 660 730, 730, 548

Full core Half core
Number of fuel blocks (columns x stacks) 150 (30 x 5) | 720 (90 x 8)
Core height (m) m 2.9 8.4
Effective core inner/outer diameter m 0/2.3 3.7/5.6
Average power density (W/cm®) W/em® 2.5 54
Average burnup (GWd/t) GWd/t 22 120
Maximum burnup GWd/t 33 155
Fuel block height/across flat (mm) mm 550/360 1050/410
Fuel rods per block 33 57
Fuel rod diameter (cm) mm 34 26
Core enrichment count 12 1/8/7
Average enrichment (%) wt% 6 14.0, 14.3, 14.5
Burnable poison count 2 1,6,5
Burnable poison pin diameter (mm) 4.8,4.8,3.6
Max fuel temperature (nominal) (°C) 1350 1150, 1108, 1244

1562, 1546, 1535

reflectors and carbon bricks. The pebbles are continuously recirculated downward
through the core for more than a dozen times using a pneumatic fuel transport line, un-
til reaching the design burnup of 100 GWd/t. The spent fuel pebble is discharged
through the core bottom center tube and transported into the spent fuel storage tank.

Two reactivity control systems are provided in the side reflector. One consists of

eight RCRs that are inserted to regulate the core reactivity for power modulation
and to shut down the reactor in hot condition, and the other consists of 22 small
absorber sphere shutdown units used to provide backup shutdown and to maintain
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=F S, Parameter Unit Value
E Reactor total thermal power MWt 2 x 250
i Rated electrical power MW, 210
Average core power density MW/m3 | 3.22
s Electrical efficiency % 42
v Primary helium pressure MPa 7
jﬁ::::; He temperature at reactor inlet/outlet | °C 250/750
Helium flow rate kg/s 96
Heavy metal loading per fuel element | g 7
= Enrichment of fresh fuel element % 8.5
: Active core diameter m 3
i Equivalent active core height m 11
Diameter of the RPV m ~6.0
Number of fuel elements in a module 420,000
Number of fuel cricle in the core 15
SO Average burnup Gwd/itu | 90
i ﬂﬂ = Main steam pressure MPa 13.9
) Main steam temperature °C 571
i Main feedwater temperature °C 205
: s Feedwater flow rate for a module SG | kg/s 98

Figure 3.6 HTR-PM’s pebble bed core reactor design and technical parameters.

cold shutdown. Besides, 30 gas boreholes are provided in the outer area of the side
reflector as coolant flow channels. The core support structure consists of a steel core
barrel, steel bottom supporting structure, and top thermal shield. It supports the
ceramic structure of the pebble bed core by transferring various loads to the RPV. Dur-
ing operation, the annular area between the RPV and the core barrel is filled with cold
helium to guarantee the temperature of pressure vessel not exceeding the limitation.

3.3.4 Reactor safety

Fig. 3.7 highlights the safety approaches taken generally by the VHTR, which relies on
three inherent design features:

1. The ceramic-coated fuel particle, which maintains the integrity of containment for fission
products under a design temperature limit of 1600°C;

2. The helium coolant that is chemically inert and thus absent of explosive gas generation or
phase change; and

3. The graphite structured and moderated core, having characteristics of negative reactivity
coefficient, low power density, and high thermal conductivity.

Owing to these features, the VHTR reactor core, whether it is prismatic or pebble
bed geometry, may be removed of decay heat by thermal conduction through the
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graphite core to the RPV and further, in the case of GTHTR300 design, by heat radi-
ation to a naturally circulated vessel cooling system. As shown by the simulation result
in the lower right side of Fig. 3.7, such decay heat removal process is capable of keep-
ing the fuel from exceeding its design temperature limit for a period of days, or months
if necessary, without reliance on any equipment or operator action, even in such severe
accidents as loss of coolant or station blackout.

3.3.5 Plant design

GTHTR300 is a multipurpose, inherently safe, and site flexible small modular reac-
tor(SMR) that JAEA is developing for commercialization. As shown in Fig. 3.8, the
reactor system combines an HTGR with helium gas turbine to generate power while
circulating the reactor coolant. The system consists of three pressure vessel units hous-
ing the reactor core, gas turbine, and heat exchangers, respectively. The multivessel
system facilitates modular construction and independent maintenance access to func-
tionally oriented equipment and systems in the vessel units. The reactor system is
placed below grade in the reactor building.

The HTR-PM shown in Fig. 3.9 contains two parallel trains of nuclear steam supply
system (NSSS) of identical design, each consisting of a 250-MW, pebble bed reactor
and a steam generator. The two NSSS systems have independent primary loops but
share auxiliary facilities, such as fuel handling system and helium purification system.
The two trains jointly supply superheated steam to a common steam turbine power
generator rated at 200 MWe.

3.3.6 Plant operations
3.3.6.1 Startup, rated operation, and shutdown

This sequence of reactor power operation is explained using a high-temperature
(950°C) rise-to-power test carried out on the HTTR (Fujikawa et al., 2004).

Reactor
==l
Recuperator fy] + Annular
/‘\: | ' -}, block core
Gas turbine generator
S, .
) 2 AT tH 3
)+ B H
G ¢
Precooler
Reactor primary system Plant building

Figure 3.8 GTHTR300 plant design (600-MWy, reactor).
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Figure 3.9 HTR-PM plant design (2 x 250 MWy, reactors).

Reactor primary system

The reactor power control device consists of control systems for the core power and for
core outlet coolant temperature. These control systems are cascade connected; the
latter control system ranks higher to give demand to the reactor power control system.
The signals from each channel of the power range monitoring system are transferred to
three controllers using microprocessors. In the event of a deviation between the pro-
cess value and set value, a pair of control rods is inserted or withdrawn at the speed
from 1 to 10 mm/s, according to the deviation. The relative position of the 13 pairs
of control rods, except for three pairs of control rods used only for a scram, are
controlled within 20 mm of one another by the control rod pattern interlock to prevent
any abnormal power distribution. The plant control device controls plant parameters
such as the coolant temperature of the reactor inlet, flow rate of the primary coolant,
pressure of the primary coolant, and differential pressure between the primary cooling
system and pressurized water-cooling system. The schematic diagram of the plant
control system is shown in Fig. 3.10. The reactor power, the reactor inlet coolant
temperature, and the primary coolant flow rate are controlled to constant values by
each control system. The reactor outlet coolant temperature is adjustable by the control
system of the primary coolant flow rate.

Fig. 3.11 are measurements of the sequence of startup, rated operation, and shut-
down of the HTTR operating test, which began on March 31, 2004. The reactor power
was increased in steps with monitoring all of the parameters, ie, thermal parameters
and coolant impurities. To minimize thermal stress in high-temperature components,
the temperature was raised within the rate of 35°C/h when the outlet coolant temper-
ature is less than below 650°C and 15°C/h when the coolant temperature is above
650°C. The reactor power was kept at 50% (15 MWy,), 67% (20 MWy,), and 100%
(30 MWy,), each step for more than 2 days in a steady temperature condition in order
to measure the power coefficients of the reactivity. The reactor power was also kept at
82%, at which the reactor outlet coolant temperature is slightly below 800°C, in order
to remove the chemical impurity in the coolant by helium purification system. The
calibration of the neutron instrumentation system with the reactor thermal power
was performed at the 97% power level.
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Figure 3.11 Measured HTTR operation sequence: startup, rated operation, and shutdown.

The reactor outlet coolant temperature of 950°C was achieved on April 19, 2004,
during the single loaded operation mode. During the parallel loaded operation
mode, the reactor outlet coolant temperature reached 941°C, and the secondary helium
temperature at the IHX outlet reached 859°C on June 24, 2004. The difference of the
reactor outlet coolant temperature from the design value of 950°C was caused by a
permitted margin for error of the flow rate indicators of the primary cooling system.
The temperature deficiency implied that the flow rate in the parallel loaded operation
mode was about 1% higher than that of the single loaded mode.

3.3.6.2 Dynamic operation

Dynamic simulation was done on the GTHTR300C plant. Fig. 3.12 illustrates the plant
process and associated control system. The GTHTR300C consists of a 600-MWy,
HTGR with outlet coolant temperature of 950°C, an intermediate heat exchanger
(IHX) to supply 900°C process heat to a thermal plant to produce hydrogen or other
industrial products, and a direct-cycle recuperated gas turbine to generate power while
circulating reactor coolant (Kunitomi et al., 2007). Section 3.4.2.1 details an example
of this system to coproduce electricity and hydrogen.

The overall approach to dynamic operation integrates the following four load con-
trol strategies (Yan et al., 2012a):

1. Control of turbine speed, Sd, through flow bypass valve CV1.

2. Control of recuperator low-pressure side inlet temperature, Tx, through flow bypass valve
CV2.

3. Control of turbine inlet temperature, Tt, by flow bypass valve CV3.

4. Control of turbine inlet temperature and pressure, Tt and Pt, by bypass valve CV4, and
inventory flow valves IV1 and IV2.
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Figure 3.12 Control system for a 600 MWy, power and heat cogenerating VHTR.

The first two strategies are used to control rapid transients, such as a sudden loss of
electric generator load. They are effective to protect the gas turbine from excess over-
speed and prevent thermal shock in the recuperator.

The third strategy is used to automate heat rate to follow slow or fast changes of
heat load in the IHX perturbed from the thermal production plant. As the IHX primary
exit flow temperature rises or falls in response to a change in the IHX secondary heat
load, the flow valve CV3 opens or closes to introduce more or less of cold flow to
upstream of the turbine from the compressor discharge to the turbine inlet so as
to keep the turbine inlet temperature constant. The overall control strategy aims to
continue normal power generation, unaffected by any heat load change in the IHX.

The fourth control strategy is applied to automate cogeneration load follow. The
conditions to be met include: (1) constant reactor temperature to avoid thermal
stress in high-temperature structure; (2) constant reactor thermal power to yield
base load economics; and (3) constant power generation efficiency over a broad
range of load follow. The ability to follow variable power and heat loads is simu-
lated with the results given in Fig. 3.13. The simulation examines the plant response
to an electric demand increase of 5% of the base rate per minute with corresponding
reduction of the heat rate, which is the maximum requirement for cogeneration load
follow. The reactor remains at 100% power at all times. Starting from the base
cogeneration rates, turbine power generation is raised to follow the electric load
demand increase by increasing the primary coolant inventory through the inventory
control valve IV1. The IHX heat rate to the thermal production plant is lowered by
lowering the intermediate loop flow circulation rate with the variable speed gas
circulator. As the primary exit temperature of the IHX begins to rise, the valve
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Figure 3.13 Simulation of VHTR cogeneration load follow to +5%/min electric load increase.

CV4 is opened by active or prescheduled control to follow load demand to direct
cold flow from compressor discharge to mix with the hot exit gas of the IHX
primary side. The goal of applying flow bypass via CV4 to maintain turbine inlet
temperature near the rated 850°C is achieved, as shown in Fig. 3.13. The power
sent out to external grid increases to 276 MW, from 178 MW, in as little as
7 min. The pressure in the reactor and at turbine inlet increases to 7 MPa from
5 MPa. To return to the base cogeneration rates, the control is reversed by reducing
primary coolant inventory through another inventory control valve IV2 and simul-
taneously by closing the bypass valve VC4.

One attractive feature of the above-described control scheme is that the reactor
operates at full power with little changes in the core and fuel temperatures, despite
the rapid and wide-ranging load following. Under this condition, the control rod posi-
tion is essentially unchanged. The core coolant temperatures are not changed. Neither
is the core coolant flow rate. The rise in coolant pressure has large effect on the core
and fuel temperatures. The heat transfer conditions in the core remain in the well-
developed turbulent flow regime in the entire load range of interest.

Another merit of the control scheme is that the operating points of the gas turbine,
including turbine inlet temperature and pressure ratio, are unchanged as shown in
Fig. 3.13 such that aerodynamic performance of both turbine and compressor remains
at their optimum design conditions. This allows for constant power generation
efficiency of 46% over the entire load following range.

3.4 Applications and economics

Proven at coolant temperature of 950°C, the highest among the Generation IV reactors,
the VHTR enables not only high-efficiency electric power generation, but also broad
cogeneration and industrial heat applications.
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3.4.1 Power generation

A nuclear system supply steam may be used to power a steam turbine to produce elec-
tricity. This is done in HTR-PM. At reactor outlet temperature of 750°C, the plant
thermal efficiency is 40%.

More attractive performance features are possible with the VHTR to power a gas
turbine. Fig. 3.14 shows the direct gas turbine cycle of Japan’s GTHTR300 design.
The cycle attains thermal efficiency in the range of 46—51%, corresponding to the
range of reactor outlet temperatures of 850—950°C (Yan et al., 2003). Further, the
plant simplification is achieved due to eliminating essentially all water and steam
systems from the plant. Dry cooling also becomes economically feasible because
the rejection of the waste heat from the gas turbine cycle occurs from around
200°C, creating a large temperature difference from ambient air. As a result, the
dry cooling tower size required per unit of power generation is comparable to
the wet cooling towers used in nuclear plants today. The economical dry cooling
would permit inland and remote reactor siting even without a large source of
cooling water.

3.4.2 Cogeneration

Cogeneration may improve the plant economics because systems and operations are
shared between multiple production activities or because overall thermal efficiency
is usually increased from when power is produced alone.

Turbine cooing < 1%
T T T T T T T 1 Electric
! ' generator

Turbine Compressor
80C |
950.0°C 3.21 MPa Power generation
6.23 MPa 4104 kofs 308 MW,
404.0 kg/s Cooling water flow __ _ _ Cycle efficiency
22.0°C H 51.3%
i
Precooler i
1
Reactor H

---1

Vessel cooling flow 0.2%

600 MWt
665.6°C 687.7°C 162.6°C
6.37 MPa 3.32 MPa 3.24 MPa
403.1 kg/s 407.8 kg/s 410.4 kg/s
Recuperator|
134.6°C
6.42 MPa
405.7 kg/s

Figure 3.14 A gas turbine power generation cycle based on VHTR.
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3.4.2.1

Hydrogen may be efficiently produced in the system illustrated earlier in Fig. 3.12,
where nuclear heat is transferred from the primary side coolant in the IHX and then
transported in a closed heat transport loop to the thermal hydrogen production plant
(Yan et al., 2005). The process parameters in Fig. 3.15 indicates that the IHX transfers
170 MWy, of the total 600 MWy, reactor thermal power to the hydrogen process. The
balance of the reactor thermal power is used by the gas turbine to generate 203 MW,
electricity.

While many hydrogen processes have been proposed, the most studied include the
copper—chlorine cycle in the process temperature range of 200—600°C (Orhan et al.,
2012), the iodine—sulfur (IS) process of 450—850°C (Kasahara et al., 2014), and the
hybrid sulfur cycle of 600—850°C (Gorensek and Summers, 2011).

Fig. 3.15 illustrates the principle of the IS process. The energy and material balance
correspond to the heat rate of 175 MWy,, of which 170 MWy, is supplied in the IHX,
and 5 MWy, is input from the helium circulator heating in the secondary loop that con-
nects the reactor and the hydrogen plant. The electricity consumption is 25.4 MWe,
accounting for the process electric utilities for helium gas circulator, process fluid
pumps, and the electro-electrodialysis (EED) to concentrate the hydrogen iodide(HI)
flow stream. Accordingly, the thermal efficiency of the IS process plant is estimated
to be 48.6% higher heating value(HHV) as detailed below.
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Figure 3.15 Thermochemical iodine sulfur process for hydrogen production.
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A key factor that contributes to the high process efficiency is use of the innovative
cobalt-reactive HI decomposing process developed by Japan’s Toshiba Corporation.
The test of the process has yielded nearly 100% HI decomposition rate in one pass
through the Co and HI reaction. Another factor is that electricity used by the hydrogen
plant is most efficiently cogenerated in-house by the nuclear reactor power plant. The
thermal efficiency is 47.3% for power generation.

3.4.2.2 Desalination cogeneration

Fig. 3.16 shows a desalination cogeneration process designed for efficient recovery of
the waste heat from a VHTR. Table 3.6 summarizes the design parameters of the
process. A multistage flash (MSF) system is connected to the reactor plant cycle via
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Water product )
12 MIGD (54,552 m3/day) Intermediate loop
o \/ 600 MWt
Heat rejection Incrementally-loaded oc Recuperator N
heat recovery sectign 140 411 kgl E:ore 136°C, 7 MPa Electric
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Cooling & 7
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Cooling water seawater \
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Figure 3.16 VHTR desalination cogeneration process.

Table 3.6 Desalination cogeneration performance

Reactor thermal power 600 MW,
Reactor outlet temperature 850°C
Power generation rate 280 MW,
Seawater desalination rate 12 MIGD (54,552 m3/day)
Effective thermal input to desalination 220 MWy,
Heat supply (hot water) temperature 140°C

Hot water return temperature 60°C

Top brine temperature 112°C
Design seawater temperature 25°C
Seawater temperature rise at HRJ 10°C
Design seawater salinity 45,000 ppm
Recycle brine concentration 62,000 ppm

HRJ, heat rejection section
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a closed intermediate loop that transports the waste heat from the reactor to the desa-
lination plant while acting as a barrier to prevent accidental material exchange between
the two plants. To efficiently recover the waste heat, the MSF increments the thermal
load of the multistage heat recovery section in a number of steps as opposed to keeping
it constant in the traditional MSF process (Yan et al., 2013). As the number of steps
increases, more waste heat becomes recoverable, while the top brine temperature, a
sensitive MSF process parameter, is also increased. Both lead to increased water yield.
Operating with a similar number of stages, the present MSF process is shown to pro-
duce 45% more water than the traditional process operating over the same temperature
range. Connected to a 600-MWy, VHTR gas turbine power plant, the desalination
yield is 54,552 m*/d without penalizing to the power generation. The overall utiliza-
tion of the nuclear reactor thermal power is increased to 83% from 47% in power
generation alone.

3.4.3 Industrial application

The heat supply from the VHTR covers the temperature range of heat demands in
many industries, some of which, such as large-scale hydrogen production and desali-
nation, are described earlier, and the others that have been frequently studied include
oil extraction, coal gasification, oil refinery and petrochemical, and steelmaking. The
inherent safety of the VHTR makes the industrial heat applications economically
attractive, as it permits siting proximity to the industry customers, in particular to
high-temperature heat users so as to minimize the cost and loss of heat transmission.

Fig. 3.17 shows a system that ties a direct reduction steelmaking plant to a VHTR
(Yan et al., 2012b). The latter supplies the former all energy and feedstock with the
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Gas tanks
VHTR Power
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Figure 3.17 Energy and material balance of a VHTR-based steelmaking process.
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exception of iron ore. The process takes on a multidisciplinary approach: the reactor
plant employs a VHTR with 950°C outlet temperature to produce electricity and
heat. The steelmaking plant employs conventional furnaces but substitutes hydrogen
and oxygen for hydrocarbons as reactant and fuel. Water decomposition through an
experimentally demonstrated thermochemical process manufactures the feedstock
gases required. Through essential safety features, particular a fully passive nuclear
safety, the design achieves physical proximity and yet operational independence
of the two plants to facilitate interplant energy transmission. The calculated energy
and material balance given in Fig. 3.17 yields slightly over 1000t of annual
steel output per 1 MWy, of reactor thermal power and is essentially free of CO,
emission.

3.4.4 Economics

3.4.4.1 Cost of electricity generation

A summary of the cost evaluation for the GTHTR300 power plant is given. Details can
be found elsewhere (Takei et al., 20006). For the purpose of cost estimation, the plant
construction assumes the following:

* Nth-of-a-kind plant that allows for learning effects

* replacement of LWR on existing site

* modular method of construction

* equipment shipped to exclusive port on site

* reactor building and structures similar to the HTTRs

* seismic design conditions same as that of the HTTR

* cost accounts for design, fabrication of facilities, plant construction, and commission
operations

* plant siting in Japan

The capital cost estimation assumes a plant life of 40 years. The depreciation period
is 20 years. Thereafter, the book value of the plant is assumed to be 5% constant for the
reminder of the plant life. The financial parameters assumed are 3% discount rate, 3%
interest rate, and 1.4% property tax.

Capital cost

Fig. 3.18 shows the capital cost of the plant that includes four reactor units
(4 x 274 MW,.) comparing with the LWR. The cost for the reference LWR of
1180 MW, was estimated by Federation of Electric Power Companies (FEPC) of
Japan. The cost of decommissioning GTHTR300 is higher because the number of sys-
tems and structures, such as pressure vessels and primary biological shielding, that
become radioactive in operation and must be disposed of during decommission, are
bulkier in the GTHTR300. However, the total capital cost of GTHTR300 (1.31 US
¢/kWh) is about 25% lower than the LWR (1.77 US¢/kWh) because of the greater po-
wer generating efficiency of GTHTR300.
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Figure 3.18 Capital cost.

Operating cost

Fig. 3.19 shows the operating cost in comparison with the LWR. The operating cost of
the GTHTR300 (0.92 US¢/kWh) is about 35% lower than the LWR (1.42 US¢/kWh)
since the plant generating efficiency is higher and because the maintenance cost is
lower, owing to less number and material of systems to be regularly serviced.

Fuel cost

Fig. 3.20 shows the fuel cycle cost comparing with the LWR. The overall fuel cycle cost
of GTHTR300 (1.22 US¢/kWh) is comparable to that of the LWR (1.23 US¢/kWh).
In the front-end process, the higher enrichment and the fabrication of coated fuel
particles make the cost of enrichment, conversion, and fabrication higher in the
GTHTR300. In the back-end process, although unit costs in almost all processes of
the GTHTR300 are higher, the back-end cost of the GTHTR300 is lower than the
LWR because the material quantity of spent fuel is less as a result of higher burnup
and because of the greater plant efficiency.
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Figure 3.19 Operating cost.
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Figure 3.20 Fuel cost.

Power generation cost

Fig. 3.21 shows the power generation cost by summing up the above capital, operation,
and fuel cycle costs. The power generation cost is 3.2 US¢/kWh at the load factor of
90% and increases to 3.45 US¢/kWh at a reduced factor reduced of 80%. The
GTHTR300 offers a 20% cost advantage over the 4.42 US¢/kWh of LWR estimated
by FEPC.

3.4.4.2 Cost of hydrogen production

Table 3.7 summarizes the estimated cost of the GTHTR300 for cogenerating hydrogen
with a co-located IS process water-splitting thermochemical plant. The estimation of
the plant design, referred as GTHTR300C + IS below, assumes a load factor of
90% for both the reactor and hydrogen plants. The capital cost of hydrogen plant
covers equipment cost, site construction cost, and indirect cost. Nuclear heat is
assumed to be cogenerated in the 600-MWy, reactor plant, 170 MWy, of which is
supplied via IHX to the hydrogen plant facility, while the balance is used to generate
power in the reactor plant. The utilities include the feed water to IS process, 25.4 MW,

Capital cost ~ Operating cost Fuel cost

/ / / (Load factor)

7 x 77 x
GTHTR300 | ‘l Z |‘ ‘ | (90%)
GTHTR300 [ [ | (80%)
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Power generation cost (cents/kWh)

Figure 3.21 Power generation cost.
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Table 3.7 Hydrogen production cost by GTHTR300C

H, production rate 30,655 Nm’/h 30,655 Nm>/h
(H, production efficiency) (48.8%) (48.8%)
H, plant life Year 15 15
H, plant capital $/kg-H, 0.657 0.657
Nuclear heat $/kg-H, 0.965 0.965
Nuclear electricity $/kg-H, 0.294 0.294
H, plant utilities $/kg-H, 0.091 0.091
By-product (O,) credit $/kg-H, 0 —0.278
Return on investment (8%) $/kg-H, 0.161 0.161
Total production cost $/kg-H, 2.169 1.891
¢/Nm’ 19.5 17.0

electricity that is supplied in house by the nuclear reactor plant at a cost of 3.2¢/kWh
(see Section 3.4.4.1 for detail) and consumed to power the EED, the process pumps,
the helium circulator of the heat transport loop, and catalysts and chemicals used in the
IS process. Return on investment is 8%. Note that the value difference in the two col-
umns of the table results from whether a credit is taken from the sale of by-product
oxygen.

Final hydrogen production cost is US $2.169/kg-H,, of which 64% is the cost of
nuclear heat and electricity supplied in house by the co-located GTHTR300C. The
cost distributors are identified in Fig. 3.22.

Hydrogen plant costs
$0.788/kg-H,
(36%)

Nuclear plant costs
$1.378/kg-H,
(64%)

\ Capital
0.538/kg-H
Capital $ 92
$0.647/kg-H,

O&M

$0.381/kg-H,

Figure 3.22 Cost share of hydrogen production by GTHTR300C + IS.
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3.4.4.3 Cost of desalination cogeneration

Table 3.8 compares the estimated costs of potable water production through seawater
desalination cogeneration with conventional and VHTR power plants (Sato et al.,
2014). The conventional plant is based on a modern gas turbine combined cycle
(GTCC) power plant at 55% power generation efficiency. The VHTR cogeneration
system is that described in Section 3.4.2.2. The costs were evaluated by an original
equipment manufacturer (OEM) vendor active in the Middle East desalination plant
construction. The vendor carried out the plant equipment design and evaluated the
required operation and maintenance. The cost estimation was then developed based
on the vendor construction and operation know-how of comparable-scale MSF
plants.

The prices of oil and natural gas are referred to the World Bank Commodity Prices
Date (also known as Pink Data). The 10-year average (July 2004—July 2014) crude oil
prices of the three primary benchmarks (Brent, Dubai, and West Texas intermediate)
fall in the narrow range of 79.8—84.1 US $/bbl. During the same 10-year period, the
average natural gas benchmark prices (US, Europe, and Japan) are in the range of
5.6—11.1 US $/MMBtu. For this study, the lower values of the above ranges for oil
and gas are used to calculate the heat costs of the conventional plant.

The estimated water cost with the VHTR desalination cogeneration is US $0.57/m’
comparing to US $2.13/m’ for the oil-fired plant and US $1.14/m” in the case of the
gas-fired plant. Despite the higher capital cost of the VHTR desalination plant, the
considerable energy cost saving by cogeneration using the VHTR power generation
waste heat provides 50% or more water cost advantage comparing the fossil-fired
GTCC options widely practiced for desalination cogeneration today.

Table 3.8 Fossil-fired and VHTR seawater desalination cogeneration
cost estimates

GTCC (Gas turbine combined cycle) VHTR desalination

Plant -> Oil-fired Natural gas-fired cogeneration
Capital ($/m”) 0.29 0.29 0.39

Energy ($/m°)

Heat 1.65 0.67 0.04
Electricity 0.13 0.13 0.09
Operation ($/m>)

Consumables 0.02 0.02 0.02

O&M 0.03 0.03 0.03

Water cost ($/m3) 2.13 1.14 0.57

O&M, operation and maintenance
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3.5 Summary

VHTR technology is well advanced through the decades of international research,
development, and commercialization efforts. Several reactors have been built. Two
test reactors remain operational in China and Japan. Still others are being developed.

Pebble bed and prismatic reactor are the two major design variants. Both are in use
today. In either case, the basic fuel construction is the TRISO-coated particle fuel.
Uranium, thorium, and plutonium fuel cycle options have been investigated and
some have been operated in the reactors. Spent fuel may be direct disposed or recycled.
The unique construction and high burnup potential of the TRISO fuel enhances
proliferation resistance.

The VHTR safety relies mostly on passive and inherent design features. The choice
of low core power density limits the decay heat generation rate to the extent that can be
safely removed by thermal conduction only. The choice of the core negative reactivity
coefficient provides reactor shutdown in case of accidental rise in core temperature.
Helium coolant used is chemically inert and thus absent of explosive gas generation
or phase change. The robust design and proven fabrication quality of the TRISO
fuel prevents significant release of fission products in any licensing events.

The VHTR coolant temperature (950°C) is the highest among the Generation IV
reactors. This enables not only for efficient power generation by either steam or gas
turbine, but also for high-temperature heat application and attractive cogeneration.
The VHTR-based hydrogen production, steelmaking, and seawater desalination
have been found cost competitive.

The world first modular prototype plant, HTR-PM, consisting of two reactor units
of 250 MWy, each at 750°C reactor outlet temperature, is being built in China. The
operation is expected in 2017. The quest in the current development for the 950°C
GTHTR300 reactor in Japan and for the systems in the USA, Korea, and other coun-
tries is to demonstrate the technologies of advanced fuels, power conversion, and heat
applications that can satisfactorily address the set of Generation IV objectives for
safety, economics, waste management, and proliferation resistance.

Acronyms
AREVA French nuclear plant vendor company
ATWS Anticipated transient without scram
AVR Arbeitsgemeinschaft Versuchsreaktor, an HTGR test reactor in FZJ

CITATION Diffusion computer code

CvV Control valve
DRI Direct reduction iron
EED Electro-electrodialysis

Continued
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EFPD
FEPC
FSV
GTHTR300
GTHTR300C
HTR-10
HTTR
IHM

IPyC

IS

v

LOCA
MW,
MWy,
MWD
MIGD
NGNP
NuH;
NSSS
OEM
OPyC
RCR

SAS

SC

SiC
THTR-300
TWOTRAN
TRISO
TRU

Uuco

[8[0))
VHTR

Effective full power day

Federation of Electric Power Companies of Japan

Fort St. Vrain, an HTGR prototype power station in the US

Gas turbine high-temperature reactor 300 MW, in Japan

Gas turbine high-temperature reactor 300 MW, cogeneration in Japan
High-temperature test reactor 10 MWy, in Tsinghua University’s INET
High-temperature engineering test reactor, 30 MWy, test reactor in JAEA
Initial heavy metal

Inner layer of (high-density) pyrolytic carbon

Iodine—sulfur cycle hydrogen production process

Inventory flow valve

Loss of coolant accident

Megawatt electric

Megawatt thermal

Megawatt day

Million imperial gallon per day

Next generation nuclear plant in the US

Nuclear hydrogen and process heat demonstration reactor in Korea
Nuclear steam supply system

Original equipment manufacturer

Outer layer of (high-density) pyrolytic carbon

Reactivity control rod

Small absorber sphere

Steam cycle or Rankine cycle

Silicon carbide

Thorium high-temperature reactor 300 MW, built in Germany
Name of computer code

Tri-isotropic coating of fuel particle

Transuranium

Uranium oxide/uranium carbide

Uranium dioxide

Very high temperature gas-cooled reactor
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WTI West Texas intermediate (oil benchmark)
YSZ Yttria-stabilized zirconia
ZrC Zirconium carbide
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Gas-cooled fast reactors

P. Tsvetkov
Texas A&M University, College Station, TX, United States

4.1 Rationale and generational research
and development bridge

The history of gas-cooled fast reactors (GFRs) dates back to the dawn of the nuclear
era. It needs to be noted that GFR technology is being pursued to this day and remains
to be of contemporary interest in many countries worldwide (IAEA-154, 1972; Waltar
et al., 2012).

The biggest potential advantage of GFRs is in their expected technological range of
applications—from electricity to process heat to waste minimization. Both breeders
and burners were of initial interest, taking advantage of the very nature of this concept
to offer a fast spectrum system that can be tailored to the desired conversion ratios.
Reactors using air, helium, CO,, and dissociating gases as coolants have been explored
(Waltar et al., 2012). General Atomics in the United States originated the initial
conceptual effort. The interests in the design expanded globally after that, including
Germany, France, and Russia. The former Soviet Union explored N,O4 as a coolant
(TAEA-154, 1972; Waltar et al., 2012).

The unique robustness of the technology is unmatched in the engineering domain of
nuclear reactors. There are thermal reactors and fast reactors with various coolants, but
none of them offers the option to fit in all anticipated deployment domains supporting
the complete range of energy system applications.

Despite of the great promise of GFRs, thus far these systems have not deployed and
operated. The marketed promise of GFRs does not come without complicating factors.
For GFRs to fully realize their potential and become technically feasible, enabling
engineering solutions are needed to bring the GFR technology to life and ensure its
commercial success (Waltar et al., 2012; A Roadmap to Deploy New Nuclear Power
Plants in the United States by 2002, 2010).

The major perceived economic advantages of GFRs are in their promise to operate
at high power densities and with no intermediate loops. The helium-cooled GFRs have
an advantage of using chemically and neurotically inert single-phase gas, although it is
characterized by its extreme mobility and the resulting challenges to contain. It should
be noted that the challenges of using helium are being addressed and resolved not only
in the GFR programs but also in the high-temperature reactor (HTR) programs (Waltar
et al., 2012; Weaver, 2005).

These enabling solutions include materials, fuel, control, instrumentation, and other
design features ensuring reliability and safety in extreme operational conditions of
GFRs over the projected operational lifetimes. The significant challenges of the needed
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enabling technologies resulted in global GFR research and development (R&D) efforts
to deliver on the GFR promise. Significant results have been achieved thus far, contrib-
uting to the expectation of GFRs to become deployable and commercially viable some-
time in the future (Technology Roadmap Update for Generation IV Nuclear Energy
Systems, 2014).

The achieved progress in the development, deployment, and operation of high-
temperature helium-cooled thermal reactors brings GFRs closer to the time when
they will be able to cross from being promising “paper reactors” to the world of real
systems. Some of the needed enabling solutions have already been proposed in the
feasibility programs for GFRs (Waltar et al., 2012).

However, it has also been concluded over the years that further work would be
required to advance the GFR technology to the level of prototypes demonstrating its
performance characteristics and commercial viability. The key research areas of
contemporary GFR R&D efforts include reactor design; fuel; fuel cycles; structural
materials; system optimization; and, most importantly, safety (Technology Roadmap
Update for Generation IV Nuclear Energy Systems, 2014).

Developments related to GFRs based on the Generation I era accomplishments
advanced the conceptual premise whereas further Generation II-III advancements
and subsequent evolving operation and safety considerations allowed for refining
the GFR concept and contributed some of the vital enabling technologies. The Gen-
eration IV GFR is the culmination of decades of preceding R&D efforts with an
expectation of its potential deployment and commercialization by 2030 (A Roadmap
to Deploy New Nuclear Power Plants in the United States by 2002, 2010; Technology
Roadmap Update for Generation IV Nuclear Energy Systems, 2014).

The Generation IV GFR concept is being developed with the following objectives
in mind meeting the Generation IV reactor criteria: economic competitiveness,
enhanced safety and reliability, minimal radioactive waste generation, and prolifer-
ation resistance. Safety considerations are of the upmost priority for Generation
IV GFRs.

The GFR cores are inherently characterized by higher core neutron leakage than
liquid metals, leading to increased fissile loadings that challenge safety and prolifera-
tion resistance characteristics. Higher fissile loadings and harder spectra in GFRs
further reduce the fuel Doppler coefficient relative to other fast reactors. Required
pressures of GFR systems are approximately 7 MPa for helium-cooled configurations
and approximately 20 MPa for supercritical CO;-cooled configurations.

High system pressures are needed to compensate for the low heat capacity of He
and to achieve high thermal efficiency for CO,, respectively. Highly pressurized
systems require special design provisions to mitigate the potential for and conse-
quences of rapid depressurization scenarios. Generation IV GFRs have provisions
for heat removal from the core in accident scenarios and in planned maintenance
processes.

At reduced pressures in these systems, natural circulation may not be sufficient for
adequate heat removal. This leads to the use of ceramic high-temperature materials in
Generation IV designs to further substantiate the licensing case for GFRs (Waltar et al.,
2012; Weaver, 2005).
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The GFR concept is beyond contemporary nuclear power technologies. The 2002
technology roadmap qualified GFRs on the basis of their potential robust operational
domain. The analysis and recommendations have been deeply rooted in the 2000s era
nuclear renaissance expectations.

The updated 2014 roadmap accounts for the subsequent accomplishments of more
than 10 years of R&D related to the Fukushima Daiichi accident lessons and contem-
porary economics of the 2010s. Because the required enabling technologies need to
mature to the level of commercial deployment, the GFRs are no longer expected to
reach the demonstration phase within the roadmap projected time range (Technology
Roadmap Update for Generation IV Nuclear Energy Systems, 2014).

As already indicated, decades of technology development efforts for GFRs serve as
a foundation for deployment expectations assuming that vital enabling technologies
mature in the coming decades of R&D efforts. Generation IV GFRs are expected to
be the result of international collaborative efforts bringing novel technologies to
energy markets and customizing them according to local conditions.

It is expected that global interests in GFRs will ultimately lead to growing practical
operational experiences and deployments, consequently contributing to establishing
and developing the GFR safety case needed for reactor successful licensing and even-
tual commercialization (Technology Roadmap Update for Generation IV Nuclear
Energy Systems, 2014). The objectives are for GFRs to be sustainable, safe, reliable,
economically competitive, proliferation resistant, and secure (Waltar et al., 2012;
Weaver, 2005).

4.2 Gas-cooled fast reactor technology

Historical GFR concepts as well as the Generation IV GFRs represent an alternative to
liquid metal—cooled fast reactors (LMFRs). The use of gases leads to a harder neutron
spectrum compared with the fast reactor cores of sodium- and lead-cooled fast reactors
(Waltar et al., 2012).

Harder spectra in GFRs allow for a broad range of fast spectrum system applica-
tions ranging from historical breeder cores to advanced burner reactors. High breeding
ratios, shorter doubling times, and high power densities are characteristic design fea-
tures of historical gas-cooled fast breeder reactors (Waltar et al., 2012; Weaver, 2005).

The burner version of GFRs yields higher transmutation efficiencies in waste man-
agement application scenarios. Unlike LMFRs operating at near atmospheric pres-
sures, GFRs require significant in-core pressurization, thus complicating reactor
dynamics in transient scenarios during normal and off-normal situations as well
as adding procedures to reactor maintenance schedules compared with LMFRs
(TAEA-154, 1972; Waltar et al., 2012).

The Generation IV GFR design is identified in Generation IV International Forum
documents as the reactor concept with significant sustainability expectations. This
assertion is based on the reduced core volume and the reactor ability to minimize its
own spent fuel inventory and to manage uranium resources and actinide waste streams
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in various future closed fuel cycle scenarios (Technology Roadmap Update for
Generation IV Nuclear Energy Systems, 2014).

Utilization of gases in GFRs leads to R&D efforts to create power units with GFRs
using direct cycle balance of plant configurations based on Brayton cycle options.
Gas coolants can be pumped directly through the turbine without the need for an in-
termediate loop (Waltar et al., 2012). Expected elevated in-core temperatures result
in high energy conversion efficiencies of power units with GFRs in Brayton cycles
and potential heat utilization for process heat applications. Furthermore, utilization
of high-efficiency Brayton cycles minimizes the environmental impact of GFRs
(Weaver, 2005).

The historical GFR concepts include designs of smaller 300- and 1000-MW, rated
units. Generation IV power units with GFRs assume 600 and 2400 MWy,. Lower
power unit ratings enable modularity and load-follow operation modes, and they facil-
itate synergies with very high-temperature reactors. Higher power unit ratings facilitate
neutron economy with consequent reductions of core fuel inventories, and they are
more compatible with base-load operation modes (Waltar et al., 2012).

Metal-clad fuel elements with oxide or carbide fuels are traditionally considered for
GFRs. Table 4.1 summarizes fuel and core configuration options that are being
explored for Generation IV GFRs (Waltar et al., 2012; Meyer et al., 2006; Ryu and
Sekimoto, 2000; Dumaz et al., 2007). Of note, the core concepts developed for
GFRs follow the prismatic block/hexagonal lattice path as well as the pebble bed
core path (Weaver, 2005; Ryu and Sekimoto, 2000). The high outlet temperatures
of GFRs eliminate considerations of steel-based alloys as cladding materials. Ceramic
materials and refractory metals are the most feasible in-core materials for GFRs
(Waltar et al., 2012). Silicon carbide composite materials are the potential cladding
choices for future GFRs assuming that sufficient performance characteristics can be
achieved for in-core applications (Waltar et al., 2012).

Table 4.1 In-core design options for Generation IV gas-cooled
fast reactors

Fuel

Fuel element

Core configuration

Dispersion fuels
* Cylinders
* Hexagons
* Spheres
¢ Arbitrary geometry

Microparticle,
HTR-type fuels
* Single-size particles
* Multisize
particles

Coated compacts
Coated plates

Microparticles
Spherical pebbles
Compacts with coated
microparticles

Hexagonal lattices with stacks of
compacts

Plate-geometry configurations
Prismatic block arrays

Particulate beds

Pebble beds

Hexagonal configurations

Prismatic block array configurations

HTR, high-temperature thermal reactor.
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The use of helium in Generation IV GFRs stems from decades of R&D efforts for
HTRs. Alternative gases are also explored, including air, steam, and CO,. Air poses
activation and corrosion concerns, but it is much easier to resupply in loss of coolant
accident scenarios (Advanced Reactor Concepts, 2012). Helium and supercritical CO,
received the most significant attention as potential coolants for GFRs. For the desired
high thermal efficiencies, the use of supercritical CO, allows for lower outlet temper-
atures compared with helium-cooled designs while still operating very efficiently
(Waltar et al., 2012). Because thermal decomposition of CO, is accelerated starting
at 700°C, the oxidation/corrosion rates increase significantly beyond those tempera-
tures, providing further performance limits for maximum operating temperatures in
supercritical CO,-cooled GFR systems not to exceed 600°C (Waltar et al., 2012;
Weaver, 2005).

Steam introduces cladding compatibility challenges, the potential for positive
coolant reactivity effects, and reduced conversion rates. CO, leads to higher pressure
drops and associated forces across components, increased acoustic loadings, and
economic penalties due to increased primary coolant pumping requirements. The chal-
lenges of CO, are potentially offset by its heat removal and energy conversion advan-
tages (Waltar et al., 2012; Advanced Reactor Concepts, 2012).

The GFR safety case is complicated by the recognized challenges of passive heat
removal during accident scenarios, fuel reliability, and in-core materials under extreme
conditions of high temperature and fast neutron fields (Technology Roadmap Update
for Generation IV Nuclear Energy Systems, 2014; Advanced Reactor Concepts, 2012).
It is recognized that although fully passively safe GFRs are possible at lower power
densities, the economic competitiveness is challenging for those designs. This can
be addressed through the use of guard (or secondary) vessels for GFRs.

The economics of closed fuel cycles with GFRs as well as other reactor options are
not expected to be immediately commercially viable. Closed fuel cycles will be
economical at the end of the 21st century or early in the 22nd century assuming con-
ditions of limited fuel resources (Waltar et al., 2012; Technology Roadmap Update for
Generation IV Nuclear Energy Systems, 2014; Weaver, 2005). Furthermore, hybrid
systems combining the advantages of GFRs with the advantages of other energy sour-
ces as well as integrating power and process heat applications may potentially make
the economic case for Generation IV GFRs more competitive and bring the deploy-
ment of these systems closer to reality because it allows fuller realization of their
performance potential. However, deployment of prototype systems to demonstrate
both performance characteristics, including reliability and economics, is of paramount
importance for the viability of GFRs. Construction of a GFR prototype would address
the limited experience challenge that has impeded GFRs.

4.3 Conclusions

The Generation IV GFR is the robust nuclear reactor design offering a broad range
of potential applications—from electricity to process heat to waste minimization.
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The objectives are for GFRs to be sustainable, safe, reliable, economically competi-
tive, proliferation resistant, and secure. Decades of technology development efforts
for GFRs serve as a foundation for deployment expectations assuming vital enabling
technologies mature in the coming decades of R&D efforts.
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Sodium-cooled fast reactor
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5.1 Introduction

Since the beginning of the peaceful use of nuclear energy, sodium-cooled fast reactors
(SFRs) have a long history of their research and development (R&D), led by the
United States, Russia (formerly Soviet Union), the United Kingdom and France fol-
lowed by Japan and Germany. The focus was to utilize a uranium resources by using
plutonium (PU), which is generated by transmutation of ***U during operation of a
reactor. After testing various materials for the coolant, sodium was selected. SFR
development has slowed since the late 1980s, presumably because of the commercially
successful light water reactors (LWRs) and the fact that uranium resource depletion
was under the surface. Moving into the 21st century, new energy demands arise in
developing countries such as China and India, whereas global warming due to the
use of fossil fuels and the growing disposal problem of radioactive wastes from
LWR spent fuel became major issues. Thus SFR R&D has been in the limelight again
to realize their commercialization, mainly in the United States, Russia, France, the Re-
public of Korea, Japan, China, and India. The performance for the fuel breeding and
power generation is confirmed, and the improvements are identified through the oper-
ation experiences of the current and past SFRs. The R&D is turning into the new phase
for the demonstration of reactor design, construction, and operation.

5.2 Development history

Since the early days of nuclear energy development, R&D for realizing the fast
reactor and the thermal reactor were conducted in parallel. In fact, it was in 1951,
the very first nuclear reactor, experimental breeder reactor-I (EBR-1) produced elec-
tricity. As for the fast reactor coolant, after some trial works, it was recognized that
the sodium would be the most suitable coolant among various coolant materials such
as mercury and NakK. In the 1960s and 1970s, several experimental SFRs were built
and operated successfully in the United States (Fermi-1, EBR-II, The Fast Flux Test
Facility (FFTF)), the former Soviet Union (BR-5/BR-10, BOR-60), the United
Kingdom [dounreay fast reactor (DFR)], France (Rapsodie), Germany (KNK-II),
and Japan (Joyo) (Aoto et al., 2014; Cacuci, 2010).

Reflecting the valuable knowledge and experiences gained through the operation
of these experimental reactors, the design and construction of prototype—or
demonstration—SFR have started in some countries, such as the former Soviet Union
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(BN-350, BN-600), the United Kingdom (PFR), France (Phenix, Super-Phenix), and
Japan (Monju) (Aoto et al., 2014; Cacuci, 2010). Through the design, construction,
and operation of these SFRs, a great deal of engineering knowledge was accumulated
on SFR technology, including the plutonium fuel performance, fissile material
breeding, operation and maintenance, fuel handling for refueling, the related nuclear
fuel cycle process, and the safety features. Concerning the safety features, incident
control such as sodium coolant leakage was also attained (IAEA, 1998, 2007). It
was recognized that the SFR would be a feasible nuclear technology in near future.

However, demand-and-supply balance of the uranium resources did not become as
serious as it had been foreseen in the days of introduction of thermal reactors such as
the LWRs. As a result, numbers of LWRs have been used all over the world to date.
On the other hand, SFR development, where the sodium coolant technology and the
plutonium technology are deeply involved, had slowed down or completely shut in
some countries because of the economical aspect in the short term or the enhancement
of the nuclear nonproliferation policy.

After entering the 2000s, the nuclear energy caught people’s attention again for its
capacity of supplying sustainable energy without giving harmful effects to the environ-
ment such as global warming. In France, Russia, India, China, the Republic of Korea,
and Japan, each country made a development plan for the realization of the next-
generation SFR technology which has an economic competitiveness in parallel with
further enhanced built-in safety features. In Russia, although they have faced the
slow-down phase in the past, such as a postponement of the construction of BN-800
reactor, they are now attaining excellent capacity factor in the BN-600 reactor, have
completed the construction of the BN-800 reactor, and achieved the first criticality in
2014. The BN-1200 design has been in progress as the next-generation reactor (Aoto
et al., 2014). In China, an experimental fast reactor has been connected to the grid in
2011 as the result of vigorous R&D as a response to the foreseen large increase in the
domestic energy demand. Then a prototype reactor, CFR-600, and the following com-
mercial reactor, CFR-1000, are planned (Zhang, 2013). India is also about to start a pro-
totype fast breeder reactor (PFBR) operation via an experimental reactor, the fast breeder
test reactor, foreseeing future construction of the next SFRs (Chellapandi, 2015). France
is proceeding a Generation IV (Gen-IV) SFR prototype project called ASTRID
(Advanced Sodium Technological Reactor for Industrial Demonstration; Rouault
et al., 2015), and the Republic of Korea and Japan proceed in their design of Prototype
Gen-IV Sodium-cooled Fast Reactor (PGSFR) and the Japanese sodium-cooled fast
reactor (JSFR), respectively (Tae-Ho, 2015; Kamide et al., 2015). The United States
is continuing a modular SFR development whereas 4S (Tsuboi et al., 2009), PRISM
(Triplett et al., 2012), and travelling wave reactor-prototype (TWR-P) (Hejzlar et al.,
2013) are being developed in the industry.

In addition to each country’s domestic development project, some international
frameworks of bilateral and multilateral cooperation, such as the Generation IV Inter-
national Forum (GIF) (Gen-1V, 2014a,b), were established by countries conducting
fast reactor technology development. Utilizing these international frameworks, each
country is promoting the SFR development project while balancing international
competition and international cooperation.

In the GIF, the member-states and international organization have recognized the
importance of having an international safety design standard or safety design criteria
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(SDC). The task force to develop the GIF, SFR, and SDC started the work in 2010 and
completed the SDC had been documented and was approved in 2013. Nowadays,
safety design guidelines (SDGs) is developed to support practical application of the
SDC in the design process for safety improvement (IAEA, 2015).

5.3 System characteristics

5.3.1 Design features with sodium properties

Sodium properties are shown in Table 5.1 (Sodium Technology Education Committee,
2005; JSME, 1986). Sodium is used as a liquid metal coolant for the fast spectrum
reactor. It has rather high atomic mass number and good neutronic features. Its neutron
cross section is small enough to make a critical system with a fast neutron spectrum.
For U-Pu fuel, breeding can be obtained only with a fast neutron spectrum. Using so-
dium as coolant, the neutron spectrum is hard enough to provide breeding performance
with U-Pu fuel. A major radioactive isotope generated by neutron capture is >*Na with
a half-life of 15 h. Another radioactive isotope is >*Na with a half-life of 2.58 years.
Gamma rays from those isotopes have to be taken care for maintenance.

From the viewpoint of heat transfer, sodium has attractive features such as high
boiling point (881°C) and high thermal conductivity. Thanks to these features, the
reactor core can be designed with high power density without pressurization. For
the power generation, high-temperature dry steam can be provided from sodium-
heated steam generators with an operation temperature of approximately 500°C, and
a high-performance steam turbine system similar to the one used in subcritical fossil
power plant with the dry steam. From a safety point of view, the coolant inventory
necessary to submerge the core can be maintained without pressurization in operating

Table 5.1 Sodium and light water properties

Item Sodium Light water
Mass number of natural isotope 23 H:1, O:16
Absorption cross section to thermal 0.53b 0.66 b
neutron (0.025 eV)
Total cross section to thermal neutron 39b 104 b
(0.025 eV)
Melting point 97.82°C 0°C
Boiling point (at atmospheric pressure) 881.4°C 100°C
Density (liquid) (g/cm®) 0.856 (400°C) 0.77 (277°C, 15 MPa)

0.820 (550°C) 0.66 (327°C, 15 MPa)
Thermal conductivity (liquid) (W/cm°C) 0.722 (400°C) 0.005 (327°C, 15 MPa)




100 Handbook of Generation IV Nuclear Reactors

and under the accidental conditions because of the high boiling point. The natural cir-
culation capability is excellent because of the high thermal conductivity, high system
temperature, and large temperature difference between the core inlet and outlet
coolant. Several experimental and prototype reactors succeeded in demonstrating
the full natural circulation capability of decay heat removal (Lucoff et al., 1992;
Tenchine et al., 2012). Compatibility with structural materials is excellent under the
deoxidization condition. Corrosion and surface changes of structural materials can
be controlled during the plant lifetime by controlling and monitoring concentration
of impurities such as hydrogen and oxygen. On the other hand, chemical features
are active. Liquid sodium in the air burns spontaneously in certain conditions and re-
acts with water, producing hydrogen and heat. Measures for sodium fire and sodium-
water reaction should be taken into account in the system design. In maintenance oper-
ation, the sodium temperature is maintained at approximately 200°C which is much
higher than melting point of 98°C. Because of the high-temperature conditions, chem-
ical reactivity, and liquid metal opaqueness, maintenance on SFRs requires further
development of inspection and repair technologies.

5.3.2 Core configurations

Schematic views of the typical core configurations for SFRs are shown in Fig. 5.1. The
core consists of core fuel, control rods, blanket fuel, and shields. In general, the core
fuel is a mixture of plutonium and depleted uranium. The blanket fuel is depleted ura-
nium. The chemical forms of fuel element, close to its final stage of development, are
oxide and metal (U-Pu-Zr alloy). Nitride fuel is also available. The neutron absorber
used in control rods is boron carbide (B4C).

In the core fuel region, fissile nuclides such as **Pu and **'Pu undergo fission to
produce energy and excess neutrons. At the same time, in the core and blanket fuel
regions, fertile nuclides such as 238 and ?*°Pu contribute to the fissile nuclides
breeding by efficiently capturing excess neutrons. Compared with the LWRs, the
burn-up reactivity change is rather small because of the conversion of fertile nuclides
to fissile ones in the core fuel region, which results in the high fuel burn-up and long
operation cycle length, and less reactivity control requirement.

A homogeneous core is shown in Fig. 5.1(a). The core fuel region is surrounded by
axial and radial blanket fuels so that the leaking neutrons from the core fuel region can
be captured efficiently by the blanket fuels. The core fuel region consists of a few (two
in most cases) types of fuel with different plutonium enrichments. The outer core fuel
has higher plutonium enrichment than that of inner core fuel to flatten the radial power
distribution.

A heterogeneous core configuration uses fertile blanket fuels in the core fuel region.
There are two types of core design: the axial heterogeneous core and the radial hetero-
geneous core, as shown in Fig. 5.1(b) and (c), respectively. The neutron leakage from
the core fuel region to the internal blanket fuel region is enhanced in these core con-
figurations, which yield higher breeding ratios and reduced sodium void reactivity
compared with those of the homogeneous core, but it require higher fissile fuel
inventories.
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Figure 5.1 Typical homogeneous and heterogeneous sodium-cooled fast reactor core configu-
rations: (a) homogeneous core, (b) axial heterogeneous core, and (c) radial heterogeneous core.
All rights reserved by Japan Atomic Energy Agency.

Figure 5.2 shows a typical core fuel element (also called a fuel pin) and fuel assem-
bly (also called a fuel subassembly). The core fuel element contains the core fuel,
upper and lower axial blanket fuels, and a space called the fission gas plenum within
a cladding tube. Then they are assembled as a fuel element bundle. The fuel assembly
contains the fuel element bundle in a hexagonal assembly duct called a wrapper tube.
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Figure 5.2 Typical sodium-cooled fast reactor core fuel element and fuel assembly.
All rights reserved by Japan Atomic Energy Agency.

The cladding and wrapper tubes are made of high-strength stainless steels that can
endure the high-temperature and fast-neutron—irradiation conditions.

The fuel elements are separated by a spiral wrapping wire (alternatively, grid
spacers can be used). The sodium coolant flows through the spaces between the fuel
elements. The fuel elements are placed in a tight triangular lattice arrangement to maxi-
mize the fuel volume fraction for core neutron performances and to minimize the core
size for the plant capital cost reduction.

In recent SFR developments, some advanced ideas have been introduced to core
conceptual designs. From an economical point of view, Japan and France proposed
a large homogeneous core concept with a high internal conversion rate (Mizuno
et al., 2005; Buiron et al., 2007). Large-diameter fuel elements were used to increase
the internal conversion ratio, which provided a high total fuel burn-up (including core
and blanket fuel), a long operation period, and a sufficient breeding ratio with a small
amount of blanket.

To enhance safety, France made a decision to adopt an innovative core concept with
low sodium void reactivity, called Coeur a Faible Vidange (CFV; Sciora et al., 2011).
The CFV is an axially heterogeneous core with a stepwise core height and a sodium
plenum. This configuration exhibits the multiplier effect on the significant reduction
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of sodium void reactivity coefficients. The concept of an upper sodium plenum had
been originally proposed by Russia in the 1980s.

Because of the rich neutron economics, the SFR core has large design flexibility.
Depending on the requirements of place and time, the core can be designed not only
as a breeder but also as a burner. In typical burner-core designs (Languille et al.,
1995, Yang et al., 2007), the blanket fuels are eliminated and the plutonium enrichment
is increased to reduce the internal conversion ratio by means of, for instance, reducing
the core height (pancaking the core shape), introducing diluent material, and so on.

5.3.3 Plant system

Overview of a typical SFR system is shown in Fig. 5.3 (Gen-IV, 2012) and Fig. 5.4.
The core is accommodated in the reactor vessel. The reactor vessel is generally
composed of a vessel and a plug because of its low-pressure conditions. Sodium gener-
ally has a liquid level in the vessel and is covered by inert gas. Sodium-contained com-
ponents of the SFR including the reactor vessel are designed as thin-walled structures
because the major load comes from the thermal stress due to transient temperature
change under elevated temperature. Although its internal pressure is not a critical load
factor, seismic load can be critical in the design of the components depending on the
site condition. A seismic isolation system is useful for SFRs to reduce the seismic
load on the sodium-containing components. Most plants adopt guard or safety vessels
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Figure 5.3 Sodium-cooled fast reactor system (pool type).
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Figure 5.4 Sodium-cooled fast reactor system (loop type).
All rights reserved by Japan Atomic Energy Agency.

outside of reactor vessels that can maintain the sodium level in case of primary sodium
leak. The plug is required to have functions of thermal insulation and shielding against
high operation temperature and high neutron flux. On the plug, an upper core structure is
installed and provides control rod driver line guides and support for core instrumenta-
tions. The control rods are inserted from above the core by gravity or other acceleration
devices. Because of the chemical reactivity of sodium, fuel handling is generally oper-
ated under the plug with special fuel handling machines and rotating plugs. That fuel
handling under the plug affects the diameter and height of the reactor vessel.

For the cooling system, there are the primary sodium cooling systems, secondary
sodium cooling systems, and steam-water cooling systems. Because SFRs generally
use steam turbines for energy conversion, system design has to take care of sodium-
water reaction at sodium-heated steam generators. To protect the core from the effects
of the sodium-water reaction, a sodium-cooled reactor generally has intermediate cool-
ing systems (secondary cooling systems).

Major components in the primary cooling system are primary pumps and interme-
diate heat exchangers (IHXs). Primary pumps have redundancy, and mechanical
pumps are generally selected. A few experimental reactors selected a single mechan-
ical pump or electromagnetic pumps for the primary system. IHXs transport heat
generated in the core from the primary sodium to the secondary one. The shell and
tube type with straight tubes is generally used. Supporting the primary cooling
system, a primary sodium purification system, a sodium charge-drain system and a
cover gas system are required.
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A major role of the secondary cooling system is to create dry steam at the sodium-
heated steam generators. Because the secondary sodium temperature can be designed
at approximately 500°C, the steam conditions can be similar to those of the subcritical
fossil power plants and the thermal efficiency is approximately 40%. For the sodium-
heated steam generator, several designs were tested as mockups or in the existing reac-
tors (Chikazawa et al., 2008). Recent designs generally select straight or helical coil
tube types based on the previous studies. Water is in the tube side and sodium is in
the shell side, generally considering pressure conditions and material coexistence. In
some designs, steam generators are divided into an evaporator, superheater, and reheater
or an evaporator and superheater. Recent designs tendency is an integral type. In some
designs, double or triple tubes are selected to prevent or mitigate the sodium-water re-
action. For the secondary pump, mechanical pumps were generally selected in the past
reactors. Only a few experimental reactors selected electromagnetic pumps. Supporting
the secondary cooling system, a secondary sodium purification system, a sodium charge-
drain system and a cover gas system are required. Those systems are independent from
those of primary systems because the sodium in the primary system is radioactive.

Decay heat could be removed by the steam generators or by installing independent
systems cooled by the air. Because of the lower system pressure, an emergency core
cooling system such as a coolant injection system required in LWRs is not required.
Furthermore, in the case of air cooling systems, because of the sodium features, several
experimental and prototype reactors succeeded in demonstrating the full natural circula-
tion capability of decay heat removal.

Because of the chemical reactivity of sodium, the fuel handling system is
completely different from that of LWRs. The refueling at the reactor vessel is generally
operated under the plug. For the ex-vessel handling system, various types of systems
were tested in the past reactors (Chikazawa et al., 2009). For spent fuel transportation,
decay heat has to be removed during transportation. Inert gas cooling or sodium pot
transportation are generally selected. For the spent fuel storage, in-vessel and/or ex-
vessel sodium storages are selected. Spent fuels are washed to remove active sodium
and transferred to the secondary nonsodium storage or other facility such as test facil-
ities after being stored under sodium.

Maintenance and repair under high-temperature sodium conditions of approximately
200°C have been taken into account in the plant design. Under sodium viewer or volu-
metric testing devices in sodium conditions have been proposed and are still under devel-
opment. Access routes for such testing devices shall be provided in the plant design.
Because of the high melting point, sodium heating is required to prevent sodium freeze.

5.3.4 Loop type and pool type

Sodium-cooled reactors could be categorized into two types: loop and pool types
(Figs. 5.3 and 5.4). In the loop types, major components in the primary systems are
connected by piping. Existing reactors have nozzles on the reactor vessels for the
piping. Some advanced designs eliminate nozzles adopting piping through the plug.
The pool-type system accommodates major primary components inside of the reactor
vessel. Primary pumps and IHXs are located on the reactor vessel plug, and hot and
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Table 5.2 Pool- and loop-type reactors in the world

Pool Loop
United States EBR-II EBR-I, Fermi, SEFOR, CRBR*, FFTF
United Kingdom PFR DFR
France Phenix, Super-Phenix Rapsodie
Germany KNK-II, SNR-300"
Russia BN-600, BN-800 BOR-60, BN-350
India PFBR FBTR
China CEFR
Japan Joyo, Monju

CEFR, China experimental fast reactor; CRBR, clinch river breeder reactor; DFR, dounrey fast reactor; EBR, experimantal
breeder reactor; FFTF, fast flux test facility; FTBR, fast breeder test reactor; SEFOR, southwest experimental fast oxide
reactor.

“Terminated during construction.

*Terminated before operation.

cold sodium are separated by reactor vessel inner structures. Advantages of the loop
type are a compact reactor vessel/structure that can be fabricated in the factory and
has better seismic resistance. On the other hand, those of the pool type are large
thermal inertia and primary sodium contained by a simple vessel. In the recent compar-
ative studies (USDOE and GIF, 2002; Chikazawa et al., 2011; Francois et al., 2008;
Devictor et al., 2013), both concepts are technologically feasible and meet design
goals. Adopting innovative cost-reduction technologies, the loop type shows slightly
lower construction cost. Table 5.2 shows past and existing pool- and loop-type reactors
in the world. Many experimental and prototype reactors chose the loop type. From the
viewpoint of operational experiences in the prototype class, BN-350 had operational
experiences and Monju is the only existing reactor as the loop prototype because
CRBR and SNR-300 were terminated before operation. For the pool type, PFR, Phe-
nix, and BN-600 accumulated operational experiences. BN-600 is still in operation
and PFBR and BN-800 have started operation. As the next-generation reactors,
PRISM, ASTRID, BN-1200, and PGSFR have selected the pool type. JSFR has adop-
ted the loop type, reducing construction cost with innovative technologies.

5.3.5 Consistency with fuel cycle system (fuel cycle technology)

Fuel cycle studies showed that SFRs can contribute to the worldwide sustainable
development with assurance of stable energy sources and consideration of environ-
mental destruction issues. Currently operating LWRs with low-enriched uranium con-
taining 3—5% of ***U utilize only less than 2% of the natural uranium energy potential.
Depending on the available resources and prices of natural uranium, the nuclear energy
utilization of only **°U has a possibility to face the limitations in approximately
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100 years. However, the nuclear fuel recycling with SFRs can produce more than 50
times energy as compared to that of LWRs from the same quantity of natural uranium.
This means that SFRs potentially extend the uranium resources by several thousands of
years. Moreover, the SFR technology is essential not only as an energy supply but also
as the prevention of greenhouse gas emission, thus it will be one of the important
future energy source available for the long term global development.

Many studies discussed the timing for the deployment of the commercial SFR and
the transition strategies from LWRs to SFRs (Walter et al., 2012; CEA, 2012a). LWRs
have already converted (and will convert) some ***U to plutonium in their operation.
There already exists enough ***U as depleted uranium from the uranium enrichment
process. Therefore the introduction of SFRs seems consistent with the current LWR
system in terms of the nuclear material supply. The breeding ratio necessary for
SFRs is estimated as 1.0—1.2 and more depending on the deployment scenarios.

Another benefit for the SFR fuel cycle system is the reduction of environmental
burden by recycling all actinide nuclides and partitioning selected fission products
(FPs). The spent fuel contains minor actinides (MAs; ie, neptunium, americium, curium,
etc.) as well as uranium and plutonium. In the conventional nuclear fuel cycle, those
MAs and FPs are disposed of in a deep geological repository as high-level radioactive
wastes. Because of the long-lived radioactive MAs such as **' Am (half-life: 433 years)
and **'Np (half-life: 2.1 million years), it takes several hundred thousand years to
reduce the radiotoxicity of high-level radioactive waste to the level of natural uranium.

Therefore the partitioning and transmutation approach has been studied in several
SFR developing countries. SFRs are excellent in its neutronic characteristics for the
capability of using MAs as the nuclear energy resources and the resulting MA mini-
mization in the closed fuel cycle. The recycling of plutonium and MAs makes great
contributions to the reduction of radiotoxicity in the waste: studies showed that it
can shorten the duration to bring it into the natural uranium level down to only a
few hundred years. Moreover, the high-level waste volume and necessary repository
area can be reduced by removing not only the heat source nuclides such as **'Am
but also some influential FPs on the strength of vitrified wastes.

Note that the radiotoxicity reduction strongly depends on the nuclide losses during
reprocessing. The following high-level development target is pursued in most of devel-
opment projects (Sato, 2005; CEA, 2012b): the reprocessing losses of plutonium and
MAs are less than 0.1%.

The high decay heat and radioactivity of MA-bearing fuel have a large influence on
the fuel fabrication, transportation, and handling, which gives many development chal-
lenges to the fuel cycle system.

5.4 Safety issues

5.4.1 Safety design criteria and safety design guidelines

For LWRs, the International Atomic Energy Agency (IAEA) established compre-
hensive and systematic safety standards that consist of safety fundamentals
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(IAEA, 2006), requirements (IAEA, 2012), and guides (IAEA, 2004a,b, 2005). The
GIF has developed safety principles for the next-generation nuclear energy systems
that are safety goals under the GIF technology roadmap (USDOE and GIF, 2002) and
the basis for the safety approach (RSWG-GIF, 2008). These documents correspond
to the upper level of the IAEA safety standards, whereas there are no documents
corresponding to safety requirements and guides for Gen-IV reactors on the basis
of international consensus.

SFRs are one of the most promising reactors and are expected to enter the demonstra-
tion phase sometime after 2020 (GIF, 2014a,b). Gen-IV SFR prototype/demonstration
reactors are progressing into the conceptual design stage for future licensing applica-
tions. It is therefore indispensable to establish internationally harmonized safety design
requirements/criteria for the realization of enhanced safety designs common to different
SFR systems. With this background the development of SDC for SFRs, corresponding
to the IAEA SSR-2/1, was initiated in 2011. The objective of this SDC is to provide
reference criteria of the safety approach, mainly focusing on specific criteria to the
fast spectrum reactor and the sodium coolant.

The Fukushima Daiichi nuclear power plant accident has emphasized the impor-
tance of designing nuclear systems with a higher level of safety than existing
reactors. Lessons learned from the accident have been reflected in the SDC, in
particular indicating the need for reliable decay heat removal over long periods
as well as the necessity of enhancing design measures against external hazards.
Taking SFR characteristics into account, the SDC was introduced to enhance safety
measures against severe accidents by utilizing inherent and passive safety features.
SFR safety experts developed the SDC report (Phase 1) in May 2013, and this
report was referred to as the basic document for discussions between the GIF
and the IJAEA/INPRO (The International Project on Innovative Nuclear Reactors
and Fuel Cycles) in terms of developing the international safety standardization
(Nakai, 2015). Since then, external reviews of this report have been performed
by regulatory authorities of the GIF-SFR member countries and the IAEA, etc.
(Okano et al., 2014).

During the development, the GIF-SDC developers suggested to establish more
detailed guidelines, which correspond to the IAEA safety guides, to support practical
application of the SDC and to discuss further specific items, such as practically elim-
inated accident conditions. Since May 2013 the GIF-SFR members have been devel-
oping SDGs (Nakai, 2014). In the early stage of SDG development, the SDG on safety
approach and design conditions are developed to be used as a supplementary technical
document for SDC clarification in 2015. In the latter stage, the SDG on the key struc-
tures, system, and components will be developed by around 2016.

5.4.2 Safety characteristics and safety design

Each country has also been making efforts on the design study and also on R&D of
SFR systems to enhance the safety depending on the safety characteristics and to
satisfy the high safety demands required by the SDC.
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5.4.2.1 Reactor shutdown

An SFR is operated under a critical condition with fast neutrons using liquid sodium as
the reactor coolant, allowing high power density. Positive reactivity insertion might
happen because of fuel compaction in the degraded core because the core is usually
not designed in the most critical configuration. Although the sodium void reactivity de-
pends on the core size and design, it is generally positive at the center of the core in a
large-sized core. Active shut-down systems are provided in the existing SFR designs
with diversity so that core damage caused by a design-basis accident can be prevented.
To further improve the safety of SFRs, a passive shut-down mechanism or inherent
negative reactivity feedback or their combination is considered as one of the core dam-
age prevention measures even under active shut-down system failure. The effect of the
inherent reactivity feedback for the mitigation of power increase has been demonstrated
in EBR-II and Rapsodie (Lucoff et al., 1992), and its related R&D is undertaken for
reactor application. As for the metal fuel core, R&D is underway to investigate the
inherent reactivity characteristics with negative reactivity effects due to thermal expan-
sions of control rod drive lines and fuel assemblies (Chang, 2011; Tae-Ho, 2015). For
example, core designs with an upper sodium plenum and heterogeneous configuration
are currently being developed for an intermediate to large-sized reactor with an oxide or
nitride fuel core so as to make an effective coolant temperature reactivity coefficient
negative or zero (Verrier et al., 2013; Chebeskov, 1996; Vasyaev et al., 2015). Passive
reactor shut-down systems that utilize a Curie-point magnetic alloy (Nakanishi et al.,
2010), thermal expansion, and hydraulic force change (Alexandrov et al., 1996; Dufour,
2015) for automatic delatching/insertion of control rods under loss of flow, and that
increase neutron leakage by gas expansion under a flow reduction condition in pipes
filled with gas, are under development (Triplett et al., 2012).

5.4.2.2 Decay heat removal

The large temperature margin to sodium boiling (the boiling point is 880°C, the melting
point is 98°C in atmospheric pressure) enables the reactor operation in a wide range
without pressurization of the reactor coolant systems. High thermal conductivity of so-
dium provides heat removal from the core with high power density. Because an SFR is
operated at low pressure, depressurization caused by a sodium leakage accident does not
lead to loss of coolant due to flashing. Therefore it enables to maintain the coolant level
for reactor cooling by providing back-up structures that can retain leaked sodium as of
the coolant boundary. Moreover, decay heat removal can be achieved by its natural cir-
culation capability to an ultimate heat sink (atmosphere) utilizing the high heat transport
capability and temperature difference between the core inlet and outlet coolant. These
safety features had been adopted into the design since its experimental stage, then
Joyo (Sawada et al., 1990) and Phenix (Guidez, 2013) have demonstrated the natural
circulation capability. In addition, an SFR with the primary and secondary systems (so-
dium) together with the tertiary system (water/steam) allows various combinations of
diversified systems because of its flexibility in items such as types of heat exchangers
and the installation locations. For practical elimination of accident situations that result
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in core damage from a complete loss of decay heat removal function, a cooling system
design is pursued to maintain its function against extreme internal and external hazards
using an appropriate combination of redundancy and/or diversity of systems and the nat-
ural circulation function (Kubo and Shimakawa, 2015; Tae-Ho, 2015; Dufour, 2015;
Triplett et al., 2012).

5.4.2.3 Design measure against sodium chemical reactions

Typical influences of accidental sodium chemical reactions in SFRs are possible inter-
ruption of safety functions such as decay heat removal due to leaked sodium combus-
tion in air and possible damage to the secondary sodium cooling system, especially on
the boundary between the primary and the secondary sodium cooling system in IHX,
because of the sodium-water reaction induced by heat transfer tube failure in a steam
generator.

Several sodium combustion experiments have been conducted to understand the
consequences and phenomenology, and analysis tools have been developed in various
countries (Cherdron, 1996; Malet, 1996; Olivier et al., 2007, 2008; Yamaguchi et al.,
2001; Ohno et al., 2012; Sathiah et al., 2014; Chikazawa et al., 2014). Sodium leak
events experienced in the plant operation gave feedbacks on the design, manufacturing,
and operation. For the prevention of sodium leak, simple design with less branching
or fewer connection pipes should be pursued. Early detection of leak and mitigation
of sodium combustion are important. For the mitigation, a guard vessel and a guard
pipe are feasible to suppress leakage and combustion (Yamano et al., 2012). Sodium
components and pipes are installed in the room which is filled with inert gas such as
nitrogen, and steel liner is also provided for another design measures to mitigate sodium
chemical reactions to prevent leaked sodium from contacting the floor or wall concrete.

Design measures have been developed based on the operational experiences of
past and current SFRs and the relevant R&D. When a water leak happens at a steam
generator, a corrosive sodium-water product jet is generated in the shell side and at-
tacks other tubes. Because the sodium-water reaction accompanies hydrogen and
heat generation, it also causes pressure elevation. Prevention and mitigation of
sodium-water reaction are important in the sodium-heated steam generator design.
For the steam generator leak protection, systems of leak detection, steam blow
down, and pressure relief are installed. Rupture disks located in the sodium side of
the steam generator passively burst by pressure increase due to the sodium-water re-
action. The rupture disks are connected with the sodium-water reaction product treat-
ment system. Because steam generators becomes larger in size as the plant power
increases (Vasyaev et al., 2015), higher sensitivity for the detection systems and
quicker response for the mitigation systems will be required for the future SFRs
(Hune et al., 2015). Analysis tools for the sodium-water reaction, which can simulate
complicated coupling of thermal hydraulics, chemical reaction, and structural
response, have been developed (Takata et al., 2009). A double-walled tube is a
possible measure for prevention and mitigation of the sodium-water reaction (Enuma
etal., 2015). A gas turbine system is considered for elimination of the sodium-water
reaction (Cachon et al., 2012).
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5.4.2.4 Containment measures

By means of above-mentioned design measures, core damage can be prevented even
under plant conditions beyond the design-basis accidents. However, consequences of
core damage are evaluated, and design measures are provided from the viewpoint of
defense-in-depth. Typical initiating events that might result in core damage situations
are unprotected transients for SFRs (Walter et al., 2012). In a loss of flow type unpro-
tected transient, the reactivity effect comes from coolant boiling characterized by the
power change at the beginning, the so-called “initiating phase.” The degree of the po-
wer increase depends on the core reactivity characteristics, including coolant void
reactivity. Although the coolant void reactivity is positive, there are competitive nega-
tive reactivity effects such as Doppler, axial expansion of intact fuel, and failed fuel
dispersion. Thus prompt criticality can be prevented. It is reported that the limit value
for oxide fuel cores is approximately $6 to prevent prompt criticality (Suzuki et al.,
2014). Such kind of evaluations are made by analysis tools based on the experimental
data related to fuel pin failure and failed fuel behavior obtained in the safety research
reactors such as CABRI and Transient Reactor Test Facility (Nonaka and Sato, 1992;
Kayser and Papin, 1998; Bauer et al., 1990; Weber, 1988). The subsequent accident
phase is called the “transition phase,” in which core damage progression depends
on the extent of core damage in the initiating phase, net reactivity, power, and the cool-
ing conditions. In case of insufficient cooling, degraded core materials greatly increase
its mobility as core melt escalates due to wrapper tube failure and molten materials
such as fuel and steel. According to analyses for oxide fuel cores, severe re-
criticality might happen because of mobile fuel compaction under certain conditions
(Kondo et al., 1992; Maschek and Asprey, 1983; Maschek et al., 1992; Yamano
et al., 2008; Bachrata et al., 2015). The core expansion due to massive fuel vaporiza-
tion, causing significant pressure load on the reactor vessel and reactor roof via the sur-
rounding liquid sodium, might happen when the re-criticality event is so severe.
Therefore prevention of such excess energy release due to re-criticality and maintain-
ing reactor and cover gas boundary function are important. As a design measure to pre-
vent severe re-criticality under core degradation, core designs with steel duct structures
for molten fuel discharge are developed (Suzuki et al., 2014; Dufour, 2015). On the
other hand, the structural response of the reactor vessel and reactor roof to the core
expansion has been studied using scale models (Chellapandi et al., 2013; Nakamura
et al., 2004). Sodium inside of the reactor vessel is useful to cool the degraded core.
Because sodium has retention capability of radioactive materials in the core, it is desir-
able to submerge the core even in the case of core damage. Design measures to achieve
in-vessel retention have been developed (Suzuki et al., 2014; Dufour, 2015; Osipov
et al., 2013).

5.5 Future trends and key challenges

Technology and experience have been accumulated from actual reactor plant design,
construction, and operation throughout the long development history of SFRs and now
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it has reached the technical maturity to move toward the demonstration phase to realize
the sustainable energy supply system. R&D is moving on to the important aspects in
realizing closed fuel cycle as sustainable energy supply system; excel in safety and
reliability, economic competitiveness, minimizing radioactive waste and radiotoxicity,
and proliferation resistance and physical protection.

The basic safety design technology has been established through the history of the
design, construction, and operation of SFRs, and the next step is to adopt new design
features for reactor shutdown/cooling utilizing inherent characteristics or a passive
mechanism. The design with a combination of conventional active safety features
and inherent characteristics or passive mechanisms is pursued so that the core degra-
dation is extremely unlikely to occur even though the design extension conditions
and the design bases accidents are taken into account. Furthermore, the mitigation
measures against core degradation are investigated and evaluation and design mea-
sures are studied to achieve in-vessel retention and cooling of the degraded core ma-
terial by taking advantage of the sodium physical properties and the low system
pressure. The following R&D activities are held in GIF (Gen-1V, 2014a).

Inherent safety features:

» Safety principles (reactivity feedback, core design goals, balanced safety approach),
* Passive or self-actuated shut-down system,

* Decay heat removal options (short and long term),

* Reactor transient behavior and testing experience, and

» Severe accident prevention.

Severe accident mitigation:

» Experiments on fuel melting behavior,
» Specialized fuel assembly design for severe accident behavior (eg, sacrificial inner duct), and
* Core catcher options.

Safety analysis tools:

* Validation and uncertainty quantification,
» Severe accident modeling, and
* Probabilistic safety assessment techniques.

Lessons learned from the Fukushima Daiichi nuclear power plant accident (AESJ,
2015) should be reflected so that sufficient countermeasures are provided for a severe
external event or possible multiple events and possible subsequent events such as
long-term loss of external power. Seismic isolation is effective in enhancing the
structural design margin against earthquakes; for instance, a combination of lami-
nated rubber bearings and the hydraulic dampers are developed as a seismic isolation
system for the reactor building. Natural convection is a possible effective measure for
decay heat removal against the long-term loss of external power. Electrical equip-
ment important to safety should be protected against floods or tsunamis to avoid
the failure as in an LWR. In addition, the area where the sodium-containing facility
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is installed also needs countermeasures against flooding. Key issues in GIF are as fol-
lows (Gen-IV, 2014a):

* Robust and highly reliable systems for adequate cooling of safety-relevant components and
structures,

* Geometric stability of the SFR core in case of a strong earthquake and assurance of reliable
performance of the control rods,

» Seismic-resistant design of the spent fuel pools and fuel-handling devices,

* Integrity of the primary circuit and its cooling,

* Design features aimed at the risk aversion of the flooding of the reactor building, and

» Effective options for dealing with severe accidents.

Major factors for the improvement of economic competitiveness are capital cost,
capacity factor, and fuel cost. One approach is to reduce construction cost-per-unit
power generation (ie, increasing plant output while simplifying and making compact
structures, systems, and components; Kotake et al., 2010). Extension of the plant life-
time (eg, to 60 years) is also effective in reducing the capital cost. Hence,
manufacturing technology for the large components and their functional demonstra-
tion, adoption of new material such as °Cr steel, and advanced codes and standards
on the design and construction have considerable attention. On the other hand, small
modular reactors have another cost reduction potential through R&D cost and the
manufacturing cost reductions by mass production (Triplett et al., 2012). These small
modular reactors will be suitable for the small energy demand in the remote location.
Longer operation cycle length and shorter maintenance period are desirable to achieve
a higher capacity factor. Because the longer operation cycle length means higher
burn-up, fuel cost reduction is also achievable. More than 2 years of continuous oper-
ation is possible for SFRs by making the core designed with a higher conversion ratio
for its driver fuels. Because the cooling system of SFRs is kept under a deoxidization
atmosphere, stress corrosion cracking is not a concern. However, technology develop-
ment for inspection and repair is important because the cooling system is filled with
high-temperature opaque chemically active liquid sodium. Shortened refueling time
and the reliability improvement are important for the fuel-handling systems because
of their remote operation under sodium. Appropriate consideration is required in
handling MA-bearing fuel for slow decay heat attenuation of spent fuel and heat gen-
eration of new fuel.

Conventional SFR power conversion is made by steam turbine system connected
to the secondary sodium cooling system. Water leaks in the heat transfer tube of the
steam generator often became a decreasing capacity factor (Guidez, 2013). Hence
gas turbine power conversion systems using supercritical carbon dioxide or nitrogen
and steam generators using double-walled tubes are studied. In these fields the
following R&D are in progress in GIF (Gen-1V, 2014a):

* Reduced duration of fuel loading outage through improvement of fuel-handling systems,
* Increased fuel burn-up and cycle length,
* Improved instrumentation for detection and localization of sodium leaks,
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* Improved In Service Inspection and Repair capabilities, which play a key role in SFR
operation (due to the opaqueness and elevated temperature of the sodium coolant), through
advanced instrumentation (ultrasonic techniques, robotics),

* Extended plant lifetime to 60 years, comparable to current Generation III/IIl + reactors,

through
*  Development and qualification of materials with enhanced resistance to aging degrada-
tion and

* Development of improved inspection and diagnostic capabilities for verifying fitness of
materials and structures for continued service,
e Codes and standards—such as the RCC-MRx code in Europe or the new ASME Section II1,
Division 5, which provides design and construction rules for mechanical components such as
vessel, piping, and support structures (core excluded).

One of the important roles of SFRs is to contribute to minimizing radioactive waste
and radiotoxicity in addition to the effective utilization of uranium resources by the
establishment of a closed fuel cycle. R&D has been performed for MA-bearing fuel
manufacturing, irradiation, and handling. In addition, cladding tube material such as
ODS steel (Kaito et al., 2013; Logé et al., 2013) has been developed aiming for
high burn-up more than 150 GWD/t. There has been R&D related to SFR core design
with MA-bearing fuel in which an effective loading method of MA is investigated
taking into account the influence on the fuel property and core nuclear characteristics
(eg, homogeneous loading to driver fuel and loading to the blanket fuel).
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6.1 Overview and motivation for lead-cooled fast
reactor systems

Lead-cooled fast reactors (LFRs) are fast spectrum reactors cooled by molten lead (or
lead-based alloys) operating at high temperature and at near atmospheric pressure, con-
ditions enabled because of the very high boiling point of the coolant (up to 1743°C)
and its low vapor pressure. The coolant is either pure lead or an alloy of lead, most
commonly the eutectic mixture of lead and bismuth, also known as LBE. The predom-
inant coolant considered in the Generation IV reference LFR systems is pure lead,
though systems cooled by LBE are also under consideration and are included in this
chapter as appropriate. It is noted that there are many similarities and some differences
between lead and lead alloys as reactor coolants, and a discussion of some of the
important differences is briefly presented. The LFR reactor core is characterized
by a fast neutron spectrum, owing to the scattering properties of lead that allow
the sustainment of high neutron energy and relatively low parasitic absorption of
neutrons.

Lead coolants are relatively inert from a chemical perspective and possess several
attractive properties that enable a high degree of inherent safety and simplification of
design:

* There are no rapid chemical reactions between the lead coolants and either water or air.

* The high boiling point of lead allows reactor operation at near atmospheric pressure and
eliminates the risk of core voiding due to coolant boiling.

* The high latent heat and high thermal capacity of lead provide significant thermal inertia in
the event of a loss of heat sink.

* Lead shields gamma radiation and retains iodine, cesium, and other fission products (FPs) at
temperatures up to 600°C, thereby reducing the source term in case of release of FPs from the
fuel.

* The low neutron moderation of lead allows greater spacing between fuel pins, leading to low
core pressure loss and reduced risk of flow blockage.

e The simple coolant flow path and low core pressure loss as well as the thermodynamic
properties of lead allow a high level of natural circulation cooling in the primary system
for DHR.

Starting in the late 1950s, LBE-cooled reactors were designed and built in the
Soviet Union for the purpose of submarine propulsion. Eight such submarines were
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built and operated along with two on-shore reactors. The reactor power of these
systems included two levels, with thermal outputs of 73 and 155 MWy,. From the early
1960s until decommissioning of the final submarine in 1995, a total of 15 reactor cores
were operated, providing an estimated 80 reactor years of operating experience. While
significant differences exist between these reactors and currently considered Genera-
tion IV LFR systems, the operational experience provided a strong base for under-
standing the technology and identifying solutions to the technical challenges to be
overcome to exploit the significant advantages summarized above.

Since 2000, and stimulated in part by the Generation IV program, several important
new initiatives have been developed by organizations in many different locations
around the globe.

In Russia, two initiatives are currently being pursued. One of these is known as
the SVBR (Svintsovo-Vismutovyi Bystryi Reaktor or “Lead—Bismuth Fast Reactor”)
(Zrodnikov et al., 2009). The SVBR-100 is generally considered a follow-on tech-
nology to the prior submarine propulsion technology and is a small reactor cooled
by LBE. The second major initiative, known as the BREST (Bystry Reaktor so
Svintsovym Teplonositelem or “Fast Reactor with Lead Coolant”) (Dragunov
et al., 2012), is a medium-sized reactor cooled by pure lead and detailed further
in this chapter as one of the reference LFR reactor systems in the Generation IV
program (GIF-LFR-pSSC, 2014).

In Europe, the European Sustainable Nuclear Industrial Initiative (ESNII) (SNETP
Secretariat, 2010) has retained the LFR as a technology of interest. Thus, the ELSY
(European Lead-cooled SYstem) project was initiated in 2006 to define the main op-
tions of an LFR of industrial size with a power of 1500 MWy, and 600 MW, (Cinotti
et al., 2008). This was followed in 2010 by the LEADER project (European Advanced
Lead-cooled Reactor Demonstration) (De Bruyn et al., 2013); both ELSY and
LEADER were projects funded by the European Commission (EC/Euratom). The
LEADER project is continuing the study of an industrial-sized reactor under the
name ELFR (European Lead Fast Reactor) and also is examining a demonstrator
LFR of power 100 MW, called ALFRED (Advanced Lead Fast Reactor European
Demonstrator) (Frogheri et al., 2013) that is under consideration for construction in
Romania. The ELFR system is detailed further in this chapter as one of the reference
LFR reactor systems in the Generation IV program (GIF-LFR-pSSC, 2014). Finally, in
Belgium, SCK-CEN intends to build an ADS (accelerator driven system) demon-
strator, called MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech
Applications) (De Bruyn et al., 2007), coupling a particle accelerator with a reactor.
MYRRHA would use LBE as a coolant and as a neutron source of spallation activated
by a proton beam. The reactor is expected to function either in a subcritical or critical
mode.

Several additional design studies have been or are being carried out in a number of
other countries including the USA, South Korea, Japan, China, and Sweden. In partic-
ular, the US design of a small LFR known as SSTAR (Small Secure Transportable
Autonomous Reactor) (Smith et al., 2008) is a legacy preliminary design and is included
as the reference design of a small LFR in the Generation IV program (GIF-LFR-pSSC,
2014). Over the most recent 5 years, a significant development initiative has been started
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by China. The China LEAd-based Reactor (CLEAR) (Wu et al., 2013) is the reference
reactor for China’s Lead-based Fast Reactor Development Plan.

6.2 Basic design choices

6.2.1 Lead versus LBE

Pure lead and the eutectic alloy of LBE (consisting of 44.5% lead and 55.5% bismuth)
are the principal potential coolants for LFR systems. Table 6.1 shows some key prop-
erties of LBE and lead with sodium also included for reference and comparison.
Further details on the properties of lead coolants can be found in OECD-NEA
(2015). The shared property that both LBE and lead are essentially inert in terms of
interaction with air or water is the noteworthy advantage that LFRs have in comparison
with the other principal liquid metal-cooled reactor, the sodium-cooled fast reactor
(SFR). This basic property has significant implications for design simplification, safety
performance, and the associated economic performance of such systems in comparison
with SFRs and other Generation IV systems.

When comparing lead to LBE, it should be noted that the LBE coolant has the
advantage of a lower melting point (124°C) in contrast with the 327°C of pure lead.
For this reason, LBE was used in early lead-cooled reactors (ie, the reactors used
for propulsion of the Soviet/Russian alpha-class submarines as well as their land-
based counterparts) and in research facilities investigating the use of heavy liquid
metals as reactor coolants. The lower melting point of LBE (and the resulting opera-
tional advantages) made this a logical choice for such early applications and is also the
chosen coolant for several more modern reactor designs (eg, the SVBR-100 design
previously mentioned, the Chinese CLEAR-I system, and several others). Addition-
ally, LBE as a coolant has been proposed for several accelerator-driven subcritical
(ADS) reactor systems designed for the purpose of transmuting long-lived radionu-
clides from spent nuclear fuel.

While LBE continues to be considered for some future LFR concepts, reactors
cooled by pure lead have become the primary focus of the Generation IV International
Forum (GIF) set of reference systems, and this approach appears to represent the most
promising future direction due to conspicuous advantages in comparing these options.

Table 6.1 Comparative properties of liquid metal coolants

Melting point Boiling point Chemical reactivity

Coolant °C) °C) (w/air and water)

Lead—bismuth (Pb—Bi, 124 1670 Essentially inert
LBE)

Lead (Pb) 327 1737 Essentially inert

Sodium (Na) 98 883 Highly reactive
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The use of LBE as a coolant has some important drawbacks (in comparison to the
choice of pure lead) that are appropriate to note. First, as a raw material, LBE (due to
the bismuth content) is more expensive, and there is even some doubt that the avail-
ability of bismuth could be sufficient in the event of developing a large fleet of LFRs.

Second, it is noted that LBE is somewhat more corrosive than lead (when
comparing the corrosion potential of the two coolants at the same temperature), and
LBE has a lower thermal conductivity: 14.3 W/m K for LBE versus 17.7 W/m K for
lead, at a temperature of 5S00°C (OECD-NEA, 2015).

The greatest drawback of the LBE is, however, its relatively large production of
polonium-210, which is generated by neutron capture of bismuth as follows:

209Bi + n — 219Bi (B-; 5 days) — 210pg

219pg decays with a half-life of 138.4 days into 2°°Pb by an o. emission of 5.3 MeV.
Therefore, it represents a potent heat load within the coolant as well as being a
dangerous and radiotoxic material in the event of its leakage or release.

The polonium production in an LBE-cooled reactor is so high that in the 80 MW,
LBE-cooled ADS developed in the 5th Framework Program of Euratom, the polonium
inventory within the primary coolant circuit was evaluated to be 2 kg at equilibrium.
This amount of polonium generates a decay heat in the primary system that, 5 days
after a reactor shutdown, would equal the decay heat power of the fuel itself (Cinotti
et al., 2011).

Pure lead is not completely exempt from polonium formation because “**Pb (the
most abundant natural isotope of lead) transmutes into *°’Bi, and ?'°Po is eventually
produced from neutron capture by *°’Bi. The rate of polonium production in pure lead
is, however, much lower than in the case of LBE, and it is negligible in terms of decay
heat power. In fact, the polonium inventory at equilibrium in the primary system of a
1500 MWy,, pure lead-cooled reactor (ie, ELSY) has been calculated to be less than 1 g
after 40 years of irradiation (Cinotti et al., 2011).

The low moderating capability and low neutron absorption of lead not only enable
the operation of a fast reactor with an energy spectrum that is harder than other fast
reactor types, but also permit core designs in which the fuel pin lattice has a large
spacing, thereby increasing the coolant volume fraction without a significant reactivity
penalty. Increasing the coolant volume fraction increases the hydraulic diameter for
coolant flow through the core with a corresponding reduction of the core frictional
loss. As a result of the neutronic and transport properties of lead, natural circulation
is effective and can remove up to 100% of the core power, depending on reactor
design, and can be relied upon for passive shutdown heat removal.

6.2.2 Design choices for reactors with lead as the coolant

The favorable properties of the lead coolant and nitride fuel (a feature of some
advanced LFR designs), combined with high-temperature structural materials, can
extend the reactor coolant outlet temperature up the 750—800°C range in the long
term (GIF, 2002, 2014), but this will require the development of new structural



Lead-cooled fast reactor 123

materials. For that reason, most of the present LFR projects limit the mean core outlet
temperature to about 550°C, which is the same core outlet temperature typically found
in SFRs. In the EC/Euratom projects, the core outlet temperature is further reduced to
480°C for easier resolution of the issue of corrosion in lead, that depends strongly on
temperature.

On the other hand, it is well known that the thermal efficiency of the Rankine cycle
depends more on the core inlet temperature (which is linked to the steam pressure) than
on the core outlet temperature (primarily affecting only the level of steam superheat-
ing), so that the efficiency of LFRs operating in the outlet range of 480—550°C can be
projected to remain at a high level.

In fact, considering also that an intermediate circuit is not needed for the LFR
(because there is no need to isolate the primary coolant from the steam generator
(SG) circuit), and that as a result, there is no degradation of the thermal cycle from
such an intermediate circuit, a net efficiency of over 40% is reached for each of the
GIF reference reactor systems (see Table 6.2), despite the moderate values of the
core outlet temperatures. The parameters shown in this table are representative of mod-
ern designs serving as reference designs in the LFR System Research Plan of the GIF
(GIF-LFR-pSSC, 2014). Note that the use of CO; as a secondary coolant has been pro-
posed in one of the Generation IV reference designs and that it also reflects a net
efficiency level well above 40%.

6.2.3 Primary system concept: evolution and challenges

Although LBE-cooled reactors were initially designed and operated for the propulsion
of a limited number of Soviet/Russian submarines, this design experience cannot be

Table 6.2 Design parameters of Generation IV reference
LFR concepts

Parameter ELFR BREST-0OD-300 SSTAR
Core power (MWy,) 1500 700 45
Electrical power (MW,) 600 300 20
Primary system type Pool Pool Pool
Core inlet temperature (°C) 400 420 420
Core outlet temperature (°C) 480 540 567
Secondary cycle Superheated steam Superheated steam CO,
Net efficiency (%) 42 42 44
Turbine inlet pressure (bar) 180 180 20
Feed temperature (°C) 335 340 402
Turbine inlet temperature (°C) 450 505 553
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fully extrapolated to the full range of LFR concepts, since these reactors were small,
operated at low capacity factor, and featured an epithermal (as opposed to fast) neutron
energy spectrum (GIF, 2002, 2014).

The designs of LFRs have profited, perhaps to an even greater degree, from the
large experience in the design, construction, and operation of the SFR. It is not surpris-
ing, therefore, that several of the early LFR projects were heavily based on solutions
typical of SFRs.

6.2.3.1 Early conceptual designs derived from sodium-cooled
fast reactor concepts

Early LFR concepts initially considered both pool-type and loop-type primary coolant
systems; however, more recent designs have focused on pool-type primary systems,
mainly to avoid the seismic issues associated with lead-filled piping.

Owing to the low chemical reactivity of lead with water, in contrast with sodium in
the SFR, current LFR projects generally dispense with the intermediate loop between
the primary system and the steam—water loop or other power conversion equipment.
In fact, LFR primary system designs, especially in the past, have been very similar to
those normally adopted for the SFR, but with the replacement of the intermediate heat
exchanger with the SG or, in the case of SSTAR, with the lead—CO, heat exchanger.

The opening up the fuel pin lattice, however, while providing major benefits in
terms of reduced flow resistance and enhanced potential for natural circulation cooling,
also results in the reduction of the core power density and would therefore require a
larger core diameter than that of an SFR of the same nominal power.

In addition, to avoid excessive corrosion and erosion by flowing lead, the speed of
lead has been cautiously limited by design to values much lower (less than 2—3 m/s in
most of the channels) than the flow speed of sodium in SFRs. Since the heat capacity
per unit volume of lead is only about 40% higher than the heat capacity of sodium, it
follows that the volume of an LFR based on typical SFR solutions would be much
larger than the primary system of the SFR of the same nominal power.

If, in addition, the density of lead is taken into account (it is higher than the density
of sodium by more than a factor of 10), it is evident that the mass of lead of an LFR
would be very large and could even become prohibitive for the seismic design of the
primary system of the reactor unless a design approach different from that of an SFR is
utilized.

6.2.3.2 Primary system development and current
conceptual designs

Gradual improvements in the understanding of the properties of lead have resulted in
LFR design evolution and diversification from SFR concepts to exploit the peculiar-
ities of lead as a coolant. Considering that much of the intense design effort for modern
LFR systems has taken place only during the last 10 years, it is not surprising that there
are multiple approaches being considered by designers for selection from among many
options.
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As an example, consider the ELSY project, which is a predecessor to the ELFR
concept. ELSY represented a milestone in the quest for innovative solutions, and
this quest has continued as designers have explored additional improvements to be
embodied in subsequent designs.

The adoption of the pool-type reactor configuration and, more importantly, the
incorporation (within the reactor vessel) of a new-design, short-height SG with inte-
grated mechanical pump, represents an important set of innovations leading to
achievement of the design goal of enhanced system compactness (see Fig. 6.1).

The anticipated primary system pressure loss of this LFR is about 1.5 bar; thus a
free level difference between the cold and the hot collector of only about 1.5 m is
sufficient to feed the core.

Thus it is noted that in ELSY, as well as the subsequent EC/Euratom projects
(ELFR and ALFRED), an unconventional solution has been adopted, namely the
installation of the primary pumps (PPs) in the hot collector.

While the European design efforts leading to the ELSY/ELFR/ALFRED series of
LFR concepts were being conducted, parallel efforts were being pursued to develop
an array of innovative designs. Projects in Russia, Japan, Korea, the USA, and China
concurrently pursued a variety of different concepts with considerable innovation and
creativity with respect to primary system design as well as the entire reactor systems.

The Russian BREST-OD-300/1200 concepts (discussed further in Section 6.6)
feature a multizone concrete reactor vessel with the reactor core in the central zone,
and reactor coolant pumps and SGs in separate zones to which the lead coolant flows
through interconnecting channels.
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The SSTAR concept (also discussed further in Section 6.6) relies on natural convec-
tion for coolant flow during operational as well and shutdown conditions. It also
features an in-vessel lead-to-CO, heat exchanger to enable power conversion by a
supercritical carbon dioxide Brayton cycle system.

In summary, the primary system designs of the GIF reference reactors (as well as
a multitude of other design concepts in various stages of development) provide a
range of different approaches to primary system design appropriate for LFR reactor
systems.

6.3 Safety principles

The fundamental safety functions (control of reactivity, core cooling, and confinement
of radioactive material) are achieved and enhanced for the LFR by exploiting the
favorable characteristics of the lead coolant.

For reactor shutdown, LFR designs are equipped with redundant and diversified
control rod systems. Peculiar to the LFR is the high buoyancy of lead, which facilitates
rod insertion from the bottom of the core (which would be more difficult from above,
although still possible with active means or with use of ballast materials).

The high thermal inertia and negative reactivity feedback of lead systems offer,
in general, large grace times for corrective operator action, even in case of an un-
protected transient during which small positive reactivity feedbacks are counterbal-
anced by the strong negative core radial expansion feedback, which limits the
reactor power.

For core cooling, LFR designs are generally characterized by the existence of strong
natural circulation characteristics, and the provision of passive, redundant, and diverse
decay heat removal (DHR) systems. The final heat sink can be stored water (as in the
case of ELFR) or atmospheric air (as in the case of BREST or SSTAR), or potentially
both for a higher degree of diversification.

For confinement of radioactive material, a pool-type LFR with a guard vessel would
not suffer loss of primary coolant, even in the event of failure of the reactor vessel. The
core would always remain covered and, by design provision, natural circulation flow
paths would be maintained.

No hydrogen generation that can damage the containment system is expected in an
LFR because of the relative chemical inertness of the coolant.

The containment system design pressure is not affected by the primary system and
can be limited by optimizing the water inventory in the secondary system in the
designs that utilize steam cycle power conversion.

The tendency of lead to retain bulk FPs, thereby reducing the source term to
containment, limits the potential for release of radionuclides and may reduce the re-
quirements for emergency planning zones and emergency evacuation plans.

The Fukushima accident has reinforced the awareness, already well appreciated by
designers, of the importance of DHR systems and of the necessity that they continue to
operate, even following loss of station service power.
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In the LFR designs, three different DHR approaches have be considered and incor-
porated into LFR reactor designs:

* reactor vessel air cooling system (RVACS)
* direct reactor cooling (DRC) through dip coolers (DCs).
* heat removal through the water/steam main loops

RVACS is a reliable system, but its use can be considered only for small-size reac-
tors, since in such systems, the vessel outer surface is relatively large in comparison
with the reactor power.

DRC solutions can operate in a natural circulation mode and, new design solutions
have been conceptualized, which are not only passively operated, but also passively
actuated. This is possible because in an LFR, there is a margin of more than
200—300 K between the temperature of the cold collector of the reactor and the tem-
perature that represents a safety limit; hence thermal expansion of materials, or gas
expansion, can be used to initiate the operation of DHR systems.

Typical solutions include a dip cooler with water/steam at the secondary side
connected to an external condenser that uses either water or air as the heat sink.

The main water—steam loops (secondary system) provide the normal route for
nonsafety related DHR, but the interest in their use with safety function is questionable
for the following three reasons:

» The secondary system of a reactor with superheated steam cycle is a system with relatively
low reliability;

* Unlike the PWR, the secondary system of the LFR does not offer much in terms of heat
capacity; and

* Inthe LFR, the most efficient means to mitigate the consequences of the steam generator tube
rupture (SGTR) accident is the prompt, simultaneous depressurization of all secondary loops
and isolation of the in-vessel SGs. Any safety-related DHR function bound with the SGs
would require, instead, discrimination and isolation of the ruptured SG only, an action to
be carried out preferably in a very short time (of the order of a few seconds), and this is risky
if the discrimination is not fully reliable.

The SG, when functionally unavailable for heat removal, becomes a portion of the
hot leg of the primary loop, and, for solutions with a cylindrical inner vessel, it is
therefore necessary to use a short SG to have the proper natural draft for adequate
natural circulation, without having to excessively increase the height of the reactor
vessel.

The main topics of ongoing and near future research, as far as safety is con-
cerned, are related to experimental activities for the demonstration of LFR safety
system functionality and performance. Although safety system capabilities have
been assessed through numerical simulations and separate effects tests have been
performed, it is expected that licensing authorities will require integral testing at
appropriate scale to assess the behavior of the systems to be licensed. Other exper-
imental testing is also necessary to confirm other attributes of LFRs, such as the
expected tendency for fuel dispersion instead of consolidation in case of cladding
failure.
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The elimination of the intermediate cooling system (in comparison to other reactor
types, such as the SFR) and the installation of high-pressure SG equipment inside the
reactor vessel operating at ambient pressure are features that require a rigorous
approach focused to the achievement of three main objectives:

* low failure probability of the pressure boundary of the SG;
* low water/steam release in case of rupture of one or more tubes of the SG;
* low impact of any SG release of water/steam from the SG with respect to:
e pressurization of the primary boundary;
* mechanical loadings on the internals, core included; and
* steam entrainment into the core.

Specific activities are currently planned or ongoing for SGTR tests at small scale
with extension to larger scale in the future.

6.4 Fuel technology and fuel cycles for the
lead-cooled fast reactor

6.4.1 Fuel assembly characteristics

The fuels anticipated for modern LFR concepts are generally in the form of annular
pellets of (U, Pu)O; as in the Euratom concepts or (U, Pu, MA)N in the Russian
and US concepts BREST and SSTAR.

Fuel pellets are stacked inside fuel rods (rod outside diameter of ~ 10 mm) of
stainless steel (eg, 15, 15 Ti stabilized) to form a fuel column of typical height of
0.6—1 m. The typical length of a fuel rod is at least twice the active length in order
to include a lower gas plenum and an upper gas plenum with a spring to compact the
fuel pellets.

Fuel rods (typically 100—300 in number) are arranged as a bundle to form the fuel
assembly (FA), with a hexagonal or square cross section, which can either be open or
have a flow duct (wrapper) of lateral containment of the bundle.

The solution with the wrapper has the advantage of enabling varying pressure losses
through the various FA in order to control the radial distribution of core temperature,
but it is disadvantageous from the neutronic viewpoint in addition to requiring greater
quantities of steel and lead in the core region.

The upper head of the FA is appropriately shaped for its connection with the grip-
ping mechanism of the handling machine. The handling machine can be designed to
operate either in lead (as in BREST) or in gas (as in ELFR) to avoid the difficulties
of qualification of mechanisms operated in lead.

By extending the FA with a stem that is well above the lead coolant surface level,
it is possible to use a handling machine that operates exclusively in gas. This solution
has also other advantages including the fact that the mass of the FA that emerges
from the lead can compensate for the excess buoyancy of the immersed portion,
and that the FA does not need to be connected to a lower support grid to prevent
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its vertical motion. Moreover, the extended FA stem can house the core instrumen-
tation eliminating the need for the above-core structure typical of other liquid metal-
cooled reactors (ie, the SFR).

The power density, the operating temperature, the neutron flux, and the transients of
the fuel of an LFR are similar to those of an SFR so that the experience gained by the
large investments made for SFR fuels can be used for the LFR.

6.4.2 Fuel cycle for the lead-cooled fast reactor

The LFR is compatible with a closed fuel cycle or an open fuel cycle. Fast reactors
have been conceived for either fuel cycle scenario, and LFRs can be plutonium (Pu)
breeders, Pu burners, or reactors with equilibrium fuel composition and long core life.

In the present scenario characterized by a general surplus of Pu and uncertainty on
nuclear power development, the designers of LFRs have devoted relatively little atten-
tion to the potential roles of LFR as a Pu breeder or burner, and the main attention has
been devoted to the role of reactors with equilibrium fuel composition. This is the case
for ELFR, BREST, and SSTAR, as well as other concepts under consideration.

An adiabatic core (Arteoli et al., 2010) is a fuel cycle strategy able to convert an
input feed of either natural or depleted uranium (NU or DU, respectively) into energy,
with FP and actinide reprocessing losses as the only output stream. This allows the full
closure of the fuel cycle within the reactor (thus the term adiabatic, because of its hav-
ing no ‘‘significant” exchange with the environment) with transuranics remaining at
equilibrium in the core, as shown in Table 6.3, which depicts the results of an analysis
carried out for the ELSY reactor.

The use of the LFR in an open cycle, loaded with enriched uranium (U), would
require competitiveness with present LWR and the authors are not aware of any sys-
tematic studies, but only of promising preliminary evaluations related to the potential
cost reductions made possible by recent conceptual projects.

An additional consideration exemplified in designs such as SSTAR is the ability to
achieve very long core life in LFRs that operate with a conversion ratio at or slightly
above one. This approach yields minimum burnup swing and thus enables long core
life in such systems.

Table 6.3 Transuranic masses at equilibrium for
an adiabatic ELSY (Arteoli et al., 2010)

Element Mass (kg)
Plutonium 5971
Neptunium 27.3
Americium 225.8
Curium 56.7
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6.5 Summary of advantages and key challenges
of the lead-cooled fast reactor

6.5.1 Advantages of the lead-cooled fast reactor

Lead is unique among the coolants available for nuclear reactor systems for a number
of reasons. As a dense liquid, it has excellent cooling properties, while its nuclear prop-
erties (ie, its low tendency to absorb neutrons or to slow them down) enable it to main-
tain a hard neutron energy spectrum, resulting in flexibility in fuel management and
coolant flow design. These characteristics facilitate improved resource utilization,
longer core life, effective burning of minor actinides (MA), and open fuel pin spacing,
important features in achieving sustainability, proliferation resistance, fuel cycle eco-
nomics, and enhanced passive safety by enabling fuel cooling by natural circulation.

Lead has the very high boiling temperature of 1737°C. Consequently, the problem
of coolant boiling is, for all practical purposes, eliminated. The high margin to boiling
leads to important safety advantages including design simplification and improved
economic performance.

As a coolant operating at atmospheric pressure, the loss of coolant accident is virtu-
ally eliminated by use of an appropriately designed guard vessel. This is not only a safety
advantage, but also offers additional potential for plant simplification and improved eco-
nomic performance, since the complex process of simultaneous management of temper-
ature, pressure, and coolant level (as is seen in water-cooled reactors) is not necessary.

One of the most significant advantages of lead as a coolant is its low chemical
activity. In comparison with other coolants, especially sodium and water, lead presents
arelatively benign coolant material that does not support chemical interactions that can
lead to energy release in the event of accident conditions. Further, the tendency of lead
to retain FPs and other materials that might be released from fuel in the event of an
accident is another important advantage. The elimination of the need for an interme-
diate coolant system to isolate the primary coolant from the water and steam of the
energy conversion system represents a significant advantage and potential for plant
simplification and improved economic performance.

Following the Fukushima—Daiichi reactor accidents, it is important to consider
future reactor technologies in light of the potential for severe accident conditions.
The LFR can demonstrate superior features to avoid the consequences of such severe
accidents. First, one of the primary issues was the common-mode loss of on-site diesel
generators (caused by the tsunami) during an extended blackout condition (caused by
the earthquake). An LFR would not need to rely on such backup power and would be
resilient in the face of blackout conditions because of passively operated DHR enabled
by the natural circulation capabilities of the lead coolant.

Second, the loss of primary coolant at the Fukushima—Daiichi reactors resulted
from the use of pressurized water coolant. An LFR with guard vessel would not suffer
a loss of primary coolant, even in the event of a failure of the reactor vessel.

The steam-cladding interactions at the Fukushima—Daiichi reactors resulted in the
liberation of hydrogen and associated explosions. With the relative chemical inertness
of lead as a coolant, no hydrogen generation would be enabled.
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6.5.2 Key challenges of the lead-cooled fast reactor

As for all Generation IV advanced reactor technologies, there are technology chal-
lenges associated with development of the LFR. These challenges include those
related to the high melting point of lead, its opacity, coolant mass as a result of its
high density, and the potential for corrosion when the coolant is in contact with
structural steels.

The high melting temperature of lead (327°C) requires that the primary coolant
system be maintained at temperatures to prevent the solidification of the lead coolant
or at least to maintain a recirculation at the core level to allow its cooling. The use of a
pool-type configuration and appropriate primary system design can provide a safe and
effective resolution to this issue.

The opacity of lead, in combination with its high melting temperature, presents
challenges related to inspection and monitoring of reactor in-core components as
well as fuel handling. This issue can also be addressed by appropriate and specific
design features, for example, innovative core configurations with fuel assemblies
extended above the lead free level, as implemented in the recent European projects,
would serve to alleviate this issue.

The high density and corresponding high mass of lead as a coolant result in the need
for careful consideration of structural design to prevent seismic impacts to the reactor
system. Innovative primary systems configurations with short reactor vessels and the
introduction of seismic isolation are options to address such issues.

Possibly the most difficult challenges result from the tendency of lead at high tem-
peratures to be corrosive when in contact with structural steels. This tendency, which is
accelerated at higher temperatures, will require careful material selection and compo-
nent and system monitoring during plant operations.

Pending the development of materials resistant to lead corrosion at higher temper-
ature, surface treatment, and small quantities of additional elements in the structural
matrix and oxygen control are necessary to protect materials immersed in lead from
corrosion and also to protect against the formation of solids in the lead coolant from
oxidation processes. In the design configuration developed to date, relatively low
coolant outlet temperatures serve to reduce the potential impact of this issue.

Each of the above areas of challenge is a topic of ongoing research; it is likely they
can be addressed by effective research, design, and engineering.

6.6 Overview of Generation IV lead-cooled fast
reactor designs

6.6.1 Reference Generation IV systems

The GIF LFR provisional System Steering Committee, which was organized in 2005,
identified as reference designs the large central station design (ELSY) and the small
modular system (SSTAR). In 2011, the committee was reformulated, and the new
committee changed the European reference system from ELSY to the European
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Lead-Cooled Fast Reactor (ELFR) and added a mid-size LFR (ie, the BREST-OD-
300) as a new thrust and reference reactor system, while the SSTAR legacy system
was retained as the reference small LFR. The typical design parameters of these GIF—
LFR reference systems were previously summarized in Table 6.2 and are described
further in the following subsections.

6.6.1.1 The European lead-cooled fast reactor

The ELFR is a design resulting from the update and modification of the earlier ELSY
reactor concept. Fig. 6.2 provides an overview sketch of the primary system configu-
ration of the ELFR reactor.

The overall primary system is contained inside a reactor vessel of stainless steel and
is shaped as a cylindrical vessel with a dished bottom head. A safety vessel, anchored
to the reactor pit, collects and contains lead in the event of reactor vessel leakage. The
reactor vessel is a thin shell structure, the design of which is largely governed by
seismic loadings and those potentially associated with lead sloshing.

Within the vessel are eight removable SG—PP assemblies, arranged symmetrically
around the core close to the wall of the reactor vessel.

Under normal, steady state operation, the lead free level inside the inner shell of the
SG is higher than the free level in the cold collector (outside the SG), which is higher
than the free level in the inner vessel. The three equilibrium levels are the result of the
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Figure 6.2 Primary system configuration of ELFR.
Dr. Alessandro Alemberti, Ansaldo Nucleare.
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hydraulic head provided by the PP, the different lead density in the legs of the primary
circuit and the friction in the circuit. Thus lead circulation is driven both by the hydrau-
lic head provided by the PP and the natural draft. Lead enters the core at 400°C, where
it is heated up to an average of 480°C. At the core outlet, it flows outwards entering the
suction port of the eight PP and then upward into the annular space between the pump
shaft and the inner shell of the SG. It flows then across the perforated inner shell and
the tube bundle of the SG, where lead is cooled to 400°C and finally down to the core
inlet, thereby closing the circuit.

Inside the reactor vessel, the cold collector is located in the annular space between
the reactor vessel and the cylindrical inner vessel.

Two different and independent (physically separated) DHRs are provided for the
ELFR. Each DHR system includes:

1. DHRI: four isolation condenser systems (ICs) connected to four SGs.
2. DHR2: four ICs connected to four DCs.

The core design has demonstrated that it is possible to provide an adiabatic reactor
concept with equilibrium fuel so that the fuel composition remains the same between
two successive loadings, ensuring the full recycling of all the actinides, with either NU
or DU as only input and FPs as output. The equilibrium fuel composition is shown in
Table 6.4 (Arteoli et al., 2010).

The FA is characterized by a wide pitch-to-diameter ratio favoring the establish-
ment of natural circulation at sustainable thermal regimes during unprotected loss of
flow accidents (Table 6.5).

6.6.1.2 The BREST-OD-300 reactor

The BREST-OD-300 reactor (and its companion larger system design, the BREST-
1200) is a system developed by the Russian organization NIKIET in association
with a number of other organizations with the goal of realizing a “naturally safe”
LFR concept.

Its objectives include the elimination of severe accidents, including those related to
power excursions, cooling loss, loss of external and backup power, or multiple

Table 6.4 Composition of the ELFR
equilibrium fuel

Element fraction (%)
Uranium 80.56
Plutonium 18.15
Neptunium 0.11
Americium 1.02
Curium 0.16




Table 6.5 ELFR main parameters

ELFR design options

Electrical power, MW,
Primary coolant
Primary system

Primary coolant circulation

Core inlet temperature, °C

Steam generator inlet temperature, °C
Secondary coolant cycle

Feed water temperature, °C

Steam pressure, MPa

Secondary system efficiency, %
Reactor vessel

Safety vessel

Inner vessel (core barrel)

Steam generators

Primary pumps
Fuel assembly
Fuel type

Maximum discharged burnup,
MWd/kg-HM

Refueling interval, y

Fuel residence time, y

Fuel clad material

Maximum clad neutron damage, dpa

Maximum clad temperature in normal
operations, °C

Maximum core pressure drop, MPa

Control/shutdown system

Refueling system

DHR systems

Seismic damping devices

600
Pure lead
Pool type, compact

Forced; decay heat removal in natural
circulation is possible

400

480

Water—superheated steam

335

18

~43

Austenitic stainless steel, hung
Anchored to reactor pit
Cylindrical

Integrated in the reactor vessel and removable.
Preferred option: spiral tubes

Mechanical pumps in the hot collector, removable
Closed (with wrapper), hexagonal
Mixed oxide

100

2

5

T91, coated
100

550

0.1

2 diverse and redundant systems: pneumatic
inserted absorber rods (with backup tungsten
ballast) from the top; buoyancy absorber rods
from the bottom.

No in-vessel fuel handling machine

2 diverse and redundant systems (actively
actuated, passively operated)

2-D isolators below reactor building
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common cause threats. It features the ability to be self-sustaining in an equilibrium
operating mode and is unique in its provision for a complete fuel pyroprocessing capa-
bility co-located with the reactor.

The BREST-OD-300 is a pilot technology demonstration reactor being developed
as a prototype of future commercial reactors of the BREST family, such as the larger
BREST-1200. Table 6.6 provides a summary of key parameters for both the BREST-
OD-300 and BREST-1200 concepts.

The BREST-OD-300 is a reactor of pool-type design. It incorporates, within the
pool, the reactor core with reflectors and control rods, the lead coolant circulation cir-
cuit with SGs and pumps, equipment for fuel reloading and management, and safety
and auxiliary systems. These reactor systems and items of equipment are included
in a steel-lined, thermally insulated concrete vault.

Table 6.6 Technical parameters of BREST-OD-300 and BREST-1200

Characteristics BREST-0OD-300 BREST-1200
Thermal power, MWy, 700 2800
Electric power, MW, 300 1200
Core diameter, mm 2400 4755
Core height, mm 1100 1100
Fuel rod diameters, mm 9.7—10.5 9.1-9.7
Fuel rod pitch, mm 13.0 13.0
Core fuel (U + Pu + MA)N (U + Pu + MA)N
Core charge (U + Pu + MA)N, t 19 64
Charge of (Pu + MA)Y/(***Pu+>*'Pu), t 2.5/1.8 8.56/6.06
Fuel lifetime, y 5 5—6
Refueling interval, y 1 1
Maximum fuel burnup % h. a. 9.0 10.2
Total margin of reactivity % AK/K 0.43 0.35
Lead inlet/outlet temperature, °C 420/540 420/540
Maximum fuel cladding temperature, °C 650 650
Maximum lead velocity, m/s 1.9 1.7
Steam temperature at steam generator 340/505 340/520
inlet/outlet, °C
Pressure at steam generator outlet, MPa 18 24.5
Net efficiency of power unit, % 42 43
Design service life, y 30 60
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BREST has a widely spaced fuel lattice with a large coolant flow area. This results
in low-pressure losses, enabling natural circulation of the primary lead coolant for
DHR. It does not utilize U blankets, but instead takes account of the reflecting prop-
erties of lead to improve power distribution and provide negative void and density
coefficients. By design, it is not suitable for the production of weapons-grade Pu.
The BREST DHR systems feature passive and very long-term residual heat removal
directly from the primary coolant by natural circulation of air through air-cooled
heat exchangers with the heated air vented to the atmosphere.

The fuel type planned for the first core of the BREST reactor is DU mixed with Pu
and MA in the nitride form. The composition corresponds to that resulting from spent
fuel from PWRs following reprocessing and a ~20 year cooling period.

The properties of lead allow for the operation with such fuel as an equilibrium
composition. This mode of operation features full sustainment of the fissile nuclides
in the core (the core breeding ratio is ~ 1) with irradiated fuel reprocessing in a closed
fuel cycle. Reprocessing is limited to the removal of FPs without separating Pu and
MA from the mix (U-Pu-MA). One of the unique characteristics of the BREST plant
is that a reprocessing plant is co-located with the reactor. This eliminates in principle
any issues or concerns due to spent nuclear fuel transportation.

Fig. 6.3 is a sketch of the BREST-OD-300 reactor.

ECCS header

Vessel Reactor Steam generator
core

Figure 6.3 Sketch of the BREST-OD-300 reactor system.
Dr. Andrei Moiseev, NIKIET.
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6.6.1.3 The Small Secure Transportable Autonomous Reactor

SSTAR is the legacy design of a reactor intended for potential deployment to coun-
tries with developing economies and infrastructures, or to sites with remote loca-
tions requiring standalone power supply. Though not currently under active
development, the SSTAR design is the GIF reference design for a small modular
LFR system.

The SSTAR development focused on the concept of a small transportable reactor
system for international deployment, especially to remote locations or those discon-
nected from well-developed electricity distribution systems. SSTAR has the following
features: (1) a reactor core that is designed for no refueling or whole-core replacement
to eliminate or limit the need (and ability for) on-site refueling; (2) transportability: the
entire core and reactor vessel would be delivered by ship or overland transport; (3) a
very long-life core design: 15—30 year core life is the target; (4) the capability for
autonomous load following with simple integrated controls allowing minimal operator
intervention and enabling minimized maintenance; and (5) local and remote monitor-
ability to permit rapid detection/response to operational perturbations. These features
permit installation and operation in places with minimal industrial infrastructures.
Additionally, they provide a facility characterized by a very small operational (and
security) footprint.

Key characteristics of the SSTAR system are summarized in Table 6.7 and illus-
trated in Fig. 6.4. They include the following: coolant circulation is by natural
convection for both operational and shutdown heat removal; there are no reactor
coolant pumps. The system uses a supercritical CO, power conversion system
providing for improved efficiency and a small footprint. The core is designed for
an ultralong core life and the vessel is sealed and designed for complete cassette
core replacement when refueling is required; this confers a high degree of prolifer-
ation resistance.

6.6.2 Additional Generation IV systems under study or
development

In addition to the Generation IV reference systems described above, there are several
other preliminary designs that are being pursued. A sample of these is presented in the
following sections. Though this selection of additional systems is not exhaustive, it is
representative of the diversity of approaches being considered to exploit the favorable
potential of the LFR. It is also noted that, in contrast to the GIF reference designs, these
additional systems under study rely primarily on LBE as the coolant. The selection
includes systems being considered in Korea, China, and Japan.

6.6.2.1 The South Korea URANUS-40 system

Over the past 20 years, Seoul National University has considered the development of
innovative reactor systems based on LBE cooling along with advanced fuel recycle
(Choi et al., 2011). A noteworthy current result of these efforts is the small modular
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Table 6.7 Technical parameters of SSTAR

SSTAR parameters, features and performance

Coolant Lead
Coolant circulation Natural convection
Power conversion Supercritical CO,, Brayton cycle
Fuel TRU nitride using nitrogen enriched in '°N
Enrichment, % 5 radial zones; 1.7/3.5/17.2/19.0/20.7
Core lifetime, y 30
Core inlet/outlet temperatures, °C 420/567
Coolant flow rate, kg/s 2107
Power density, W/em?® 42
Average (peak) discharge burnup, 81 (131)
MWd/kg-HM
Burnup reactivity swing, $ <1
Peak fuel temperature, °C 841
Cladding Silicon-enhanced ferritic/martensitic SS
bonded to fuel pellets by lead
Peak cladding temperature, °C 650
Fuel/coolant volume fractions 0.45/0.35
Core lifetime, y 1530
Fuel pin diameter, cm 2.50
Fuel pin triangular pitch-to-diameter ratio | 1.185
Active core dimensions height/diameter, m | 0.976/1.22
Core hydraulic diameter 1.371

LBE-cooled reactor designated as the Ubiquitous, Robust, Accident-forgiving,
Nonproliferating, and Ultra-lasting Sustainer (URANUS-40). This system has a nom-
inal electric power rating of 40 MW, (100 MWy,), a power level selected for use as a
distributed power source for production of electricity, heat supply, and desalination. It
is a pool-type fast reactor with a heterogeneous hexagonal core, fueled by
low-enriched uranium dioxide fuels. The primary cooling system relies on natural
circulation. The system features a 3-D seismic base isolation system underneath the
entire reactor building. The system also features a capsulized core design and a very
long refueling period (25 y).

Table 6.8 presents a summary of the parameters of the URANUS-40 system, and
Fig. 6.5 is a sketch of the concept.
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Figure 6.4 Sketch of SSTAR.
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Dr. James Sienicki, Argonne National Laboratory.

Table 6.8 URANUS-40 selected parameters

Design parameter

Value or characteristic

Core power rating
Refueling interval

Primary coolant

Primary cooling mode

Core inlet/outlet temperature
Secondary coolant

Mode of operation

Fuel

Cladding

Seismic design

40 MW, (110 MWy,)
20 years (with 2-year inspection interval)

LBE (move to pure lead coolant when advanced cladding
materials available)

Natural circulation

305°C/441°C

Subcooled water/superheated steam
Autonomous load follow mode
Low-enriched uranium UO,

FGC of T91 and Si-containing ferritic steel (with advance
FGC of HT-9 and Al-containing ferritic steel)

3-D base isolations of entire nuclear steam supply systems
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Figure 6.5 Sketch of the URANUS-40 system.
Prof. 1l Soon Hwang, Seoul National University.

6.6.2.2 The Chinese CLEAR-I reactor

In 2011, the Chinese Academy of Sciences launched a project to develop ADS and
LFR technology, and the CLEAR family of systems was selected as the reference
for both the ADS and the LFR. CLEAR consists of three stages: a 10 MWy, lead-
based research reactor (CLEAR-I), a 100 MWy, lead-based engineering demonstration
reactor (CLEAR-II), and a 1000 MWy, lead-based commercial prototype reactor
(CLEAR-III) (Wu et al., 2013).

The conceptual design of CLEAR-I was completed in 2013, and engineering design
is underway. CLEAR-I has a subcritical and critical dual-mode operation. Key compo-
nents of CLEAR-I, including the control rod drive mechanism, refueling system, FA,
and a simulator for principle verification, have been fabricated and tested. Fig. 6.6
and Table 6.9 provide a sketch and summary of the key parameters of CLEAR-IL.

6.6.2.3 The Pb—Bi-Cooled Direct Contact Boiling Water
Fast Reactor

The Pb—Bi-Cooled Direct Contact Boiling Water Fast Reactor (PBWFR) is a design
concept of a small-size innovative direct contact (LBE—water) LFR being developed
by Takahashi et al. (2008a,b) at the Tokyo Institute of Technology. In this concept,
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Figure 6.6 Sketch of the CLEAR-I reactor.
Dr. Tao Zhou, FDS, China Academy of Sciences.

steam is generated by direct contact between feed water and the primary LBE coolant
in the upper core plenum, and is transported through the LBE coolant as a result of the
buoyancy of the steam bubbles.

The idea of a direct contact system was earlier identified by Buongiorno et al.
(1999, 2001) as a more compact and economical LFR than those featuring conven-
tional forced circulation. In the PBWFR, primary pumps and SGs are eliminated.
The conceptual design for the PBWFR features a long-life core with a core breeding
ratio higher than unity for efficient U utilization, high proliferation resistance because
of reduced risk from refueling, small size for portability, modularity and low capital
investment, a negative void reactivity for safety enhancement, and reliance on steam
lift and direct contact steam generation.

Table 6.10 provides a summary of selected key parameters of the PBWFR, and
Fig. 6.7 is a sketch of the reactor system.

6.6.2.4 TheSVBR-100(Zrodnikovetal., 2009; Toshinskyetal., 2013)

The SVBR-100 reactor is a prototype system under active design development by a con-
sortium of Russian organizations including OKB Gidropress, the Institute of Physics and
Power Engineering, and Atomenergoproekt Moscow. It is the reactor system most
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Table 6.9 CLEAR-I key parameters

Selected key parameters of CLEAR-I

Primary system

Primary circulation

Core inlet/outlet temperature
Secondary coolant

Heat sink

Reactor height/diameter (mm)
Primary coolant inventory (t)

Heat exchangers

Parameter Value
Thermal power 10 MW
Primary coolant LBE

Fuel material UO, (19.75%)
ket in subcritical mode 0.973

Pool type, compact
Forced

300°C/385°C
Pressurized liquid water
Air cooler

6800/4680

600

4 units, shell and tube heat exchanger,

double-walled bayonet tube, removable
6300 mm
4650 mm

Main vessel height

Main vessel diameter

Primary pumps 2 units, mechanical pumps in the cold pool, removable

closely aligned with the previous generation of Soviet/Russian lead—bismuth cooled re-
actors used for submarine propulsion. As such, the SVBR draws more directly than other
systems on the operational experience from that military application.

The SVBR-100 is intended for use in the remote, isolated, or coastal locations, or
for dedicated industrial applications. It can be used to provide a variety of outputs,
including electricity, process heat, or desalination, depending on actual system config-
uration. The Russian Advanced Nuclear Technologies Federal Program for 2010—15
and out to 2020 identified the SVBR-100 for pilot plant construction, and the joint ven-
ture company AKME Construction, together with VNIPIET (All-Russia Science
Research and Design Institute of Power Engineering Technology) as the general archi-
tect, were selected to develop and build the pilot SVBR unit.

Table 6.11 provides a summary of selected parameters for the SVBR-100, and
Fig. 6.8 is a sketch of the reactor.

6.7 Future trends

Early designs of LFR were heavily influenced by the SFR; however, over time, new
solutions have been developed, recognizing the unique characteristics of the coolant.
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Table 6.10 Parameters of the PBWFR
Selected key parameters of the PBWFR
Power (thermal/electric) (MW) 450/150
Thermal efficiency (%) 33
Core inlet/outlet temperature (°C) | 310/460
Core pressure drop (MPa) 0.04
Maximum cladding 619
temperature (°C)
Pb—Bi flow rate (t/h) 73,970
Steam temperature (°C) 296
Steam flow rate (t/h) 863
Steam pressure (MPa) 7
Feed water temperature (°C) 220
Refueling interval (y) 10
Refueling One batch refueling
Candidate materials for cladding Aluminum—iron alloy-coated high chromium steels,
and structural equipment high chromium steels with aluminum and silicon
addition, ceramics (SiC, etc.) and refractory metals

In a similar way, the trends toward unique solutions to design issues are continuing,
and this is indicated by the diversity of different designs currently under study, as
shown in the previous sections of this chapter. Examples of major differences from
previous designs of metal-cooled fast reactors include the following:

» the BREST reactors use of a concrete outer vessel
* the SSTAR reliance on natural circulation cooling for operational heat removal
» the ELSY/ELFR compact, integrated, and removable SG assemblies

These features are a small sample of the innovations in the current reference de-
signs, and additional new ideas are reflected in the many designs that are being actively
developed, some of which are summarized in this chapter.

Two additional projects, being developed with private funding for specific market
applications, are appropriate to consider as representatives of future directions and
trends. These two projects are the LFR-AS-200 project being developed by Hydro-
mine, Inc., and the Swedish Advanced Lead Reactor (SEALER) reactor project being
developed by LeadCold Reactors Inc. The descriptions below are based on private
communications for these ongoing development efforts and are intended to illustrate
the continuing process of innovation that is characteristic of current and future trends
in LFR technology.
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Figure 6.7 Sketch of the PBWFR.

Prof. Minboru Takahashi, Tokyo Institute of Technology.
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Table 6.11 Selected parameters of the SVBR-100

SVBR-100 power plant parameters

Reactor thermal output, MWy,

Electric power output, MW,

Steam production rate

Fuel: type
Uranium loading, kg

Average U-235 enrichment, %

Reactor module dimensions

Primary coolant temperature: inlet/outlet, °C

Average core power density, kW/dm®

Core lifetime, thousands of full power hours

Time interval between refueling, years

280
100
340/490

580 t/h at pressure, 6.7 MPa, and
temperature, 278°C

160

U0,

~9200

~16.7

50,000

~7-8

4.5/8.2 m (diameter/height)
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Figure 6.8 Sketch of the SVBR-100.
Prof. Georgi Toshinsky, IPPE. Received figure and table from originator, Prof Toshinsky,
stating that the material is open access.

Additionally, given the importance of protection of materials from the corrosion po-
tential of lead, this section includes a discussion of protection from lead corrosion by
means of ceramic coatings.

6.7.1 The LFR-AS-200

The objective of the Lead-Cooled Fast Reactor—Amphora Shaped-200 MW, (LFR-
AS-200) project is to design and build a simple and compact reactor intended to
demonstrate the competitiveness of LFR reactors for applications in open, long-
lived fuel cycles based on enriched U fuel, and applications in a closed fuel cycle
with equilibrium composition of fuels. AS stands for “amphora shaped,” as the reactor
is characterized by an amphora-shaped inner vessel and 200 is the rated electrical
power of the reactor in MW.

The project builds on innovations previously proposed and evaluated for the ELSY
reactor program while adding new innovations leading to a substantial further



146 Handbook of Generation IV Nuclear Reactors

Pumps with short shaft
integrated in the STSG
[ LI~ No bearings infead

Fuel assemblies with extended
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system
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Figure 6.9 Outline of the LFR-AS-200 project showing major innovations. (Red text identifies
the components typical of some LFRs and the SFR, but which are not necessary for the LFR-
AS-200).

Modified from Luciano Cinotti.

compaction of the primary system with a resulting reactor vessel height of about 6 m
(for a 200 MWe design) to minimize the seismic loads. The design would provide a
primary system power density of about 1 MW./m>.

Fig. 6.9 illustrates the LFR-AS-200 reactor assembly, highlighting the major inno-
vations and identifying the main advantages, especially in comparison with other LFR
designs and in contrast to concepts for SFR design (Hydromine unpublished work).
These features of the LFR-AS-200 are described further in the following paragraphs.

* The spiral tube steam generator
The SG for the LFR-AS-200 is characterized by a spiral-tube bundle with a 530°C lead inlet
temperature and 400°C temperature at the outlet. The SG unit, as well as all other in-vessel
components, is removable for in-service inspection, or replacement. The upper part of the
spiral tube steam generator (STSG) is bolted to the reactor roof, and there is no equipment
welded to the reactor vessel.

The STSG feeds its outlet lower-temperature lead into the upper part of the downcomer.
This keeps the reactor vessel at a uniform temperature all along its height and contributes to
the primary system compactness because there is no need for provisions such as the dever-
soir (ie, discharge channel), thermal insulation, or cooling systems.

The STSG can be positioned at a higher level in the downcomer and the reactor vessel
shortened accordingly because the shell perforations extend below the accidental coolant
free level and provide the flow area for core cooling, even in the case of a leaking reactor
vessel. By feeding the SG from the bottom, the risk of cover gas entrainment into the core
is virtually eliminated.

* Pumps integrated in the STSG
The region of the SG inside the inner shell is a free volume suitable to accommodate an axial-
flow PP head. This eliminates the circumferential constraints of the pumps and contributes to
the reduction of the reactor vessel diameter.
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The required net positive suction head of the pumps is low, and the pump impeller can be
positioned relatively high in the reactor vessel with a short shaft. Consequently, it is possible
to eliminate the use of pump bearings within the molten lead coolant.

* FA with extended stem

The reactor is equipped with FAs with stems extended well above the lead-free level to

permit use of a handling machine that operates in the cover gas at ambient temperatures

under full visibility of the operator. Via this solution, the head of the FA hangs from its sup-
port in the gas space buttressed by buoyancy, allowing for continuous monitoring.

This approach allows:

o The elimination of the need to secure the FA at the core support grid. A conventional
approach might require the locking of the FAs to the core support grid;

* The elimination of in-vessel fuel transfer equipment; and

o The elimination of the above-core structure supporting the core instrumentation, a
component that can interfere with the refueling system and contribute to its complexity.
In an FA with extended stem, both the FA and the control rod can be supported from the

top in gas space in full visibility. The FA vertical support system in gas is free from neutronic

damage and from thermal loads; this alleviates the issue of a tricky in-service inspection of a

core support grid immersed in the opaque coolant.

* Innovative passive DHR system

The LFR-AS-200 is equipped with two independent, diverse, redundant DRCS. One system

is based on a lead loop and air cooler, and is not only passively operated, but also passively

actuated by means of louvers controlled by the thermal expansion of the cold leg of the lead
loop.

Thanks to the lead interposed between the enlarged lower portion and the core, the
amphora-shaped inner vessel is subject to lower neutron damage, and this allows the elim-
ination of the numerous shielding assemblies that would otherwise be necessary. The elim-
ination of these shielding assemblies allows the reduction of the diameter of the inner vessel
in its upper part, leaving a greater radial space for the installation of the SGs and allowing
the reduction of the diameter of the reactor vessel.

* Core fed by the hydraulic head between the cold and hot collectors

The coolant pumps are installed in the hot collector and raise the free level of the cold col-

lector by 1m,, sufficient to feed the core without a duct (Liaison-POmpe-SOmmier,

“LIPOSO” in French) connecting the pump outlet with the diagrid (Sommier), the pressure

plenum, which feeds the core. The entire downcomer cross section is available to hydrauli-

cally connect the STSGs to the core to avoid entrained steam reaching the core in case of an

SGTR.

* In-Vessel SG

To reduce the failure probability of the pressure boundary of the SG, the tube bundle is

designed to absorb large differential expansions with a reliable support system and the

reduced possibility, by design, of rupture propagation to adjacent tubes.

To reduce water/steam release in case of a rupture of one or more tubes of the SG:

*  Water and steam headers are located above the reactor roof;

* The steam cycle has no safety-grade function for DHR. In case of any signal that might
indicate a loss of water/steam within the primary system, the water/steam loops are
promptly depressurized and isolated according to techniques developed for the SFR, in
order to stop water/steam release into the primary system;

* The tube bundle has few long, small-bore tubes with high water/steam-side pressure loss
(about 10 bar at tube inlet plus about 10 bar along the tubes); and
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* A check valve is installed on each tube inside the steam header, and a self-actuated
isolating excess flow valve is placed inside the feed water header.

Pressurization of the primary boundary is limited by rupture discs through which steam is
discharged into an enclosure with a pressure suppression system. The mechanical loadings
on the internals are limited by minimization of lead displacement in the vessel, owing to:
* low lead inventory (a few 100 L) inside the STSG itself;
¢ installation of the STSG near the lead free level;

e reduced height of the STSG; and
* prevention of reverse flow between STSG and pump.

Steam entrainment into the core is prevented by the low pressure loss of the lead in the
downcomer, and the difference in density between lead and steam create a lift pipe effect,
preventing the downward flow in the region containing steam.

Other innovations are still being evaluated to further increase the safety and eco-
nomic performance of the LFR-AS system. All this is possible because of the novelty
of the technology for which solutions still remain that have not been yet fully explored.
In particular, the success of the use of ceramic coatings (see Section 6.7.3) in prevent-
ing corrosion of metal structures are being considered to allow increases in the core
outlet temperature with obvious economic benefits.

6.7.2 Swedish Advanced Lead Reactor

SEALER is a small lead-cooled nuclear battery-type reactor designed by the Swedish
company LeadCold Reactors for commercial power production in off-grid applica-
tions. The dimensions of the primary system are indicated in Fig 6.10, and were estab-
lished to enable transport of the vessel by cargo aircraft to destinations in the Canadian
arctic. Using 2.4 tons of 19.9% enriched UO; fuel, the life of the core is 27 full power
years when operating at 8 MWy, (up to 3 MW,). Nineteen fuel assemblies (each with
91 pins) are located in the center of the core, surrounded by 12 reactivity control ele-
ments and 6 shutdown elements. Heat is removed by forced circulation of the lead
coolant, using 8 pumps. Operating at a total mass flow of 1300 kg/s, the AT over
the core is 40 K, keeping the average coolant temperature at the outlet below 430°C
and the maximum cladding temperature below 450°C. One compact SG is connected
to each of the pumps, using a new spiral tube design.

The anticipated fuel cladding tube material is a 15-15Ti steel, surface alloyed with
Fe-10Cr-4 Al-Zr. This choice is intended to ensure negligible swelling at the peak clad-
ding dose of 60 dpa, while providing sufficient corrosion resistance.

Transient simulations of SEALER have been carried out using the SAS4A/
SASSYS-1 codes as well as BELLA, a code written specifically for the purpose
of safety-informed design of LFRs. Analysis shows SEALER to withstand unpro-
tected withdrawal of a single control rod, loss of forced flow and loss of heat sink,
thanks to its low power density, the capability of natural convection for decay heat
removal, and reliance on thermal radiation from the vessel as the ultimate heat
sink.

In the case of a full core melt, the fraction of iodine and cesium released from the
lead and the primary system is sufficiently small that radiological exposure to the
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Figure 6.10 Sketch of the SEALER reactor.
Dr. Janne Wallenius, CEO LeadCold Reactors Inc.

public remains below Canadian regulatory limits at a distance of 100 m from the
reactor. Hence, there is no need for evacuation or sheltering under licensing require-
ments for reactors sited in Arctic communities.

6.7.3 Protection from lead corrosion by means of coatings

Considerable past research has been conducted on the topics of oxygen control and
protective coatings to control the potential for corrosive damage to in-vessel materials
(OECD-NEA, 2015).

One of the new strategies to tackle high-temperature corrosion issues in lead is the
use of ceramic coatings. Specifically, some types of oxide coatings are basically insol-
uble in heavy liquid metals and would allow decoupling the problem of corrosion pro-
tection at low and high temperatures. However, the structural integrity of the coating
substrate system must be guaranteed at all times. Therefore, coatings are not only
required to be corrosion resistant, but they must also withstand a harsh environment
in which the combination of high temperature and radiation damage ultimately results
in ever growing stresses and strain.
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Recent studies (Garcia Ferré et al., 2013a,b) have shown that Al,O3 coatings
grown by pulsed laser deposition (PLD) are particularly promising. These coatings
are fully dense and compact, and attain an unusual combination of metal-like me-
chanical properties (E = 195 £ 959 GPa, v =0.29 £+ 0.02) and ceramic hardness
(H =10+ 1 GP), together with strong interfacial bonding and resistance to wear
(Garcia Ferré et al., 2013a). The exposure of coated steel samples to oxygen-
saturated lead has shown no sign of corrosion after 500 h at 550°C in stagnant con-
ditions (Garcia Ferré et al., 2013b). Long-term corrosion tests in low-oxygen flowing
lead have already been launched, while the response of the coatings to radiation dam-
age has been studied through irradiation with heavy ions up to 150 displacements per
atom. The results show that neither the adhesion nor the structural integrity of the
coatings are compromised by such extreme damage levels. Importantly, it is well
established that a reasonable equivalence can be found between the damage caused
by heavy-ion or neutron irradiation (Was, 2007). Last, but not least, it is worth high-
lighting that PLD processing can be carried out at room temperature, avoiding any
microstructural rearrangement in the underlying steel components.

Sources of further information

There are four important international sources of information on the development of
LFR that can be considered in expanding the information in this chapter.

* An important survey of lead coolant technology has been carried out by a working group
under the auspices of the Working Party on Scientific Issues of the Fuel Cycle of the Orga-
nization for Economic Cooperation and Development—Nuclear Energy Agency. Created in
2002, this Working Group on Lead—Bismuth Eutectic (WG-LBE) coordinates and guides
LBE research in participating organizations while promoting closer and broader-based
collaboration. The aim of the group is to develop a set of requirements and standards as
well consistent methodology for experimentation, data collection, and data analyses.
Due to increasing interest in the lead-cooled option in GIF, the WG-LBE also decided to
include data and technology aspects of both LBE and lead. The results are published in
(OECD-NEA, 2015) the 2015 “Handbook on lead-bismuth Eutectic Alloy and Lead Proper-
ties, Materials compatibility, Thermal-hydraulics and Technologies.” The publication of a
revised edition of the handbook is foreseen.

* Surveys of information and coordination of international efforts on all Generation IV
systems, including the LFR systems, is an important function of GIF. The Generation IV
Technology Roadmap was issued in 2002 and updated in 2014 (GIF, 2002, 2014) with
several annual reports published in the interim between the main documents. The roadmap
provides a foundation for formulating national and international program plans on which the
GIF countries may collaborate to advance Generation IV systems.

* These documents, as well as additional information on Generation IV systems, may be
accessed through the Generation IV website at www.gen-4.org.

* Additional information on safety requirements and safety progress of specific designs, as
well as comprehensive topical reviews, can be obtained from the International Atomic
Energy Agency (IAEA). IAEA (2013) is an example of such a reference source, and
additional information can be found at the IAEA website, www.IAEA. org.
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Nomenclature
2-D Two dimensional
AEP Atomenergoproekt Moscow
ALFRED Advanced Lead Fast Reactor European Demonstrator
Am Americium
BELLA a computer code written specifically for the purpose of safety-informed
design of lead-cooled fast reactors
CAS Chinese Academy of Sciences
CLEAR China LEAd-based Reactor
Cm Curium
CPS Control and protection system
CRDM Control rod drive mechanism
DC Dip cooler
DHR Decay heat removal
DHX Decay heat exchanger
dpa Displacements per atom
DRC Direct reactor cooling
DU Depleted uranium
el Electrical
ECCS Emergency core cooling system
ELFR European Lead Fast Reactor
ELSY European Lead Cooled System
ESNII European Sustainable Nuclear Industrial Initiative
FA Fuel assembly
FGC Functionally graded composite
FP Fission product
IC Isolation condenser
IPPE The Institute of Physics and Power Engineering
kg Kilogram
kg/s Kilograms per second
kW/dm? Kilowatts per cubic decimeter
LEADER European Advanced Lead-Cooled Reactor Demonstrator
LBE The eutectic mixture of lead and bismuth (lead—bismuth eutectic)
LFR-AS-200 Lead-cooled fast reactor—amphora shaped-200 MW,

Continued
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LIPOSO
LOCA
MA
MCP

MPa

MW,

MWy
MWd/kg-HM
MYRRHA

N

Np

NU
OECD-NEA

PBWFR
PP

pSSC

Pu

RMB
RVACS
SCK-CEN

SEALER
SG
SGTR
SNETP
SNU

SS
SSTAR
STSG
SVBR

Liaison-POmpe-SOmmier in French

Loss of coolant accident

Minor actinides

Main coolant pump

Millimeter

Megapascal

Megawatts electrical

Megawatts thermal

Megawatt days per kilogram of heavy metal
Multipurpose hYbrid Research Reactor for High-tech Applications
Nitrogen; nitride

Neptunium

Natural uranium

Organization for Economic Cooperation and Development—Nuclear
Energy Agency

Pb-Bi-Cooled Direct Contact Boiling Water Fast Reactor
Primary Pump

GIF LFR Provisional System Steering Committee
Plutonium

Reactor Monoblock

Reactor vessel air cooling system

The Belgian nuclear research center located in Mol, Belgium. The
acronym comes from the Dutch: Studiecentrum voor Kernenergie; and
the French: Center d’Etude de 1’énergie Nucléaire

Swedish Advanced Lead Reactor

Steam generator

Steam generator tube rupture

Sustainable nuclear energy technology platform
Seoul National University

Stainless steel

Small Secure Transportable Autonomous Reactor
Spiral tube steam generator

Svintsovo-Vismutovyi Bystryi Reaktor in Russian, or “Lead—Bismuth
Fast Reactor”

Ton

Tons per hour
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th Thermal
TRU Transuranic
U Uranium
URANUS Ubiquitous, Robust, Accident-forgiving, Nonproliferating and
Ultra-lasting sustainer
W/em?® Watts per cubic centimeter
WG-LBE Working Group on Lead—Bismuth Eutectic
WPEC Working Party on Scientific Issues of the Fuel Cycle
Y years
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7.1 Introduction

Molten salt reactors (MSRs) are a family of liquid-fueled fission reactor concepts using
a fluid molten salt mixture as fuel. Such liquid-fueled reactors benefit from some
potential advantages over solid-fueled systems, among which are

* the possibility of fuel composition (fertile/fissile) adjustment and fuel reprocessing without
shutting down the reactor;

* the possibility of overcoming the difficulties of solid fuel fabrication/refabrication with large
amounts of transuranic elements (TRUs); and

» the potential for better resource utilization by achieving high fuel burn-ups (with TRUs
remaining in the liquid fuel to undergo fission or transmutation to a fissile element).

A circulating liquid fuel also playing the role of the coolant presents some more
advantages, such as

* heat production directly in the fuel, which is also the coolant (no heat transfer delay);
» fuel homogeneity (no loading plan required); and
* rapid, passive, fuel geometry reconfiguration via gravitational draining.

This type of reactor is still at a conceptual level based on numerical modeling.
However, very significant experimental studies were performed at Oak Ridge National
Laboratory (ORNL) in the 1950s and 1960s, providing an experimental basis for their
feasibility. In 1958 a water-based liquid fuel was used in a 5-MWy, homogeneous
reactor experiment called HRE-2, demonstrating the intrinsic stability of homogeneous
reactors. Later on the Molten Salt Reactor Experiment (ORNL-TM-728, 1965;
Haubenreich and Engel, 1970; Engel et al., 1979), with a liquid fluoride-based fuel
at 650°C and a graphite-moderated neutron spectrum, operated for 4 years, from
1966 to 1969, without trouble. It demonstrated the possibility of circulating a liquid
fluoride mixture without corrosion problems. This was achieved by using nickel-
based alloy (Hastelloy N) and oxidation control of the fuel by use of the U"/U*"
buffer. However, this 8-MWt thermal reactor only tested fissile isotopes (**°U,
235y, Pu) and not fertile ones such as Th because of the capture cross sections, which
are large with thermal neutrons. Nevertheless, a continuous physical processing of the
fuel was successfully tested, consisting in contacting the fuel with a neutral gas to
extract gaseous fission products (FPs) such as Kr and Xe before they decay into Rb
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and Cs (poisons for thermal neutrons). Unexpectedly, this processing also removed
most of the metallic FPs. Although successful, these tests did not lead to the construc-
tion of the Molten Salt Breeder Reactor (Bettis and Robertson, 1970; Whatley et al.,
1970), studied in detail by ORNL, partly because its thermal spectrum requires inten-
sive chemical processing for FP removal and Pa extraction (related to proliferation is-
sues due to the possible ***Pa day in pure ***U in such conditions) to avoid neutron
captures leading to minor actinides (MAs). These drawbacks are eliminated by using
a fast spectrum.

Within the MSR System Steering Committee of the Generation IV International
Forum (GIF/MSR) (US DOE, 2002), two fast-spectrum MSR concepts are being stud-
ied (Serp et al., 2014; Boussier et al., 2012; GIF, 2008, 2009), both based on a liquid
circulating fuel: the molten salt fast reactor (MSFR) concept initially developed at
CNRS, France, and the MOlten Salt Actinide Recycler and Transmuter (MOSART)
concept under development in the Russian Federation. Simulation studies and concep-
tual design activities are ongoing to verify that fast-spectrum MSR systems satisfy the
goals of Generation IV reactors in terms of sustainability (closed fuel cycle, breeder
system), nonproliferation (integrated fuel cycle, multirecycling of actinides), safety
(no reactivity reserve, strongly negative feedback coefficient), and waste management
(actinide burning capabilities). Compared with solid-fueled reactors, fast MSR sys-
tems have lower fissile inventories, no radiation damage constraints on attainable
fuel burn-up, no reactivity reserve, strongly negative reactivity coefficients, no require-
ment to fabricate and handle solid fuel, and a homogeneous isotopic fuel composition
in the reactor.

Here we will focus on the MSFR concept, but some elements pertaining to the
MOSART concept will be provided. Regarding the MSFR, presented hereafter, its
design is not fixed yet, but all important issues have been considered since the begin-
ning, including nuclear effectiveness, safety, and proliferation resistance, to reach a
design that does not encounter a major obstacle at any level of development. This is
why after the presentation of the physics and chemistry aspects, deployment scenarios
and safety issues are discussed. Finally, a path for future research is presented.

7.2 The molten salt fast reactor concept

7.2.1 Core and system description

Conceptual design activities are currently underway so as to ascertain whether MSFR
systems can satisfy the goals of Generation IV reactors in terms of sustainability
(Th breeder), nonproliferation (integrated fuel cycle, multirecycling of actinides),
resource saving (closed Th/U fuel cycle, no uranium enrichment), safety (no reactivity
reserve, strongly negative feedback coefficient), and waste management (actinide
burner). The calculation results presented here were obtained for a reactor configura-
tion called reference MSFR and studied in the frame of the EVOL Euratom project of
the Framework Program 7 (Brovchenko et al., 2014a; Dulla et al., 2014). This is not to
be taken as an optimized reactor but as a basis for interdisciplinary studies.
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Figure 7.1 Schematic representation of the reference molten salt fast reactor fuel circuit.

The reference MSFR is a 3-GWy, reactor with a total fuel salt volume of 18 m>
operated at a maximum fuel salt temperature of 750°C (Mathieu et al., 2009;
Merle-Lucotte et al., 2012). The system includes three circuits: the fuel circuit,
the intermediate circuit, and the power conversion circuit. The fuel circuit, defined
as the circuit containing the fuel salt during power generation, includes the core cavity,
the inlet and outlet pipes, a gas injection system, salt-bubble separators, pumps, and
fuel heat exchangers.

As shown in the sketch of Fig. 7.1, the fuel salt flows from the bottom to the top of
the core cavity (note the absence of in-core solid matter). In preliminary designs devel-
oped in relation to calculations, the core of the MSFR is a single compact cylinder
(2.25 m high x 2.25 m diameter) where the nuclear reactions occur within the liquid
fluoride salt acting as fuel and as coolant. Thermal-hydraulic studies performed in
the frame of the EVOL project have shown that a torus-shaped core (see Fig. 7.1)
improves thermal flow (Laureau et al., 2013; Rouch et al., 2014; Laureau, 2015c).

The properties of the fuel salt used in these simulations are summarized in Table 7.2.
The fuel salt considered in the simulations is a molten binary fluoride salt with
77.5 mol% of lithium fluoride; the other 22.5 mol% is a mixture of heavy nuclei fluo-
rides. This proportion, maintained throughout the reactor evolution, leads to a fast
neutron spectrum in the core as shown in Fig. 7.2. Thus this MSFR system combines
the generic assets of fast neutron reactors (extended resource utilization, waste mini-
mization) and those associated with a liquid-fueled reactor.

Both contributions to the feedback coefficient (ie, the density coefficient [or void,
related to the salt thermal expansion] and Doppler coefficient) are largely negative,
leading to a total feedback coefficient of —5 pcm/K. This is a significant advantage
for the operation and safety of the reactor as discussed in this section and in
Section 7.5.2.
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Figure 7.2 Calculated neutron spectrum of the reference MSFR (green curve). For comparison,
a typical sodium-cooled fast neutron reactor spectrum (in red) and a typical PWR thermal
spectrum (in blue) are shown. MSFR, molten salt fast reactor; SFR, sodium-cooled fast neutron

reactor; PWR, pressurized water reactor.

Table 7.1 Characteristics of the reference molten salt fast reactor

Thermal/electric power

Fuel salt temperature increase in
the core (°C)

Fuel molten salt, initial composition

Fuel salt melting point (°C)

Mean fuel salt temperature (°C)

Fuel salt density (g/cm®)

Fuel salt dilation coefficient (g/cm3 °C)

Fertile blanket salt, initial
composition (mol%)

Breeding ratio (steady-state)
Total feedback coefficient (pcm/°C)

Core dimensions (m)

Fuel salt volume (m>)

Total fuel salt cycle in the fuel circuit

3000 MW /1300 MW,
100

LiF-ThE,-(***U or ®™U)FE, or
LiF-ThF,-(Pu-MA)F; with 77.5 mol% LiF

565

700

4.1

8.82 x 107*

LiF-ThF, (77.5—22.5%)

1.1
=5

Radius: 1.1275
Height: 2.255

18
39s
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Table 7.2 Physicochemical properties of the fuel salt and of the
intermediate fluid measured for the salt 78 % mol LiF-22 %mol ThF,
(Ignatiev et al., 2012)

Value (at Validity
Formula 700°C) range (°C)

Density p (kg/m>) 4094—0.882 (T, — 1008) 4125 [617—847]

Kinematic viscosity » | 5.54 x 10 ® exp{3689/T )} | 2.46 x 10°° | [625—847]
(m?/s)

Dynamic viscosity u P (g/em) 5-54 X 1073 exp 10.1 x 1072 | [625—847]
(Pa S) {3689/T(K)}

Thermal conductivity A | 0.928 + 8.397 x 1073 x Ty | 1.0097 [618—847]
(W/m K)

Heat capacity C, —1.111 + 0.00278 x 10° Tk, | 1594 [595—634]"
(kg K)

“The formulas have been extrapolated up to 700°C.

In the fuel circuit, after exiting the core, the fuel salt is fed into 16 groups of pumps
and heat exchangers located around the core. The salt traveling time through the whole
fuel circuit is 3—4 s (Brovchenko et al., 2012). The total fuel salt volume is distributed
half in the core and half in the external portion of the fuel circuit.

The external core structures and the fuel heat exchangers are protected by thick
reflectors made of nickel-based alloys, which are designed to absorb more than 99%
of the escaping neutron flux. These reflectors are themselves surrounded by a 20-cm
thick layer of B4C, which provides protection from the remaining neutrons. The radial
reflector includes a fertile blanket (50 cm thick, red area in Fig. 7.1) to increase the
breeding ratio. This blanket is filled with a LiF-based fertile salt with initially
22.5 mol% ***ThF,. Because of the neutron inelastic scattering on fluorine nuclei
(see Fig. 7.2), the MSFR spectrum is a bit more epithermal than that of solid-fueled
fast reactors. This fact, combined with the absence of solid material in the core, results
in reduced irradiation damages of the materials surrounding the core.

The fuel circuit is connected to a salt draining system that can be used for a planned
shutdown or in case of any incident/accident resulting in an excessive temperature being
reached in the core. In such situations the fuel salt geometry can be passively reconfig-
ured by gravity-driven draining of the fuel salt into tanks located under the reactor
and where a passive cooling and adequate reactivity margin can be implemented.

The MSFR, as a liquid-fueled reactor, calls for a new definition of its operating
procedures. The negative feedback coefficient provides intrinsic reactor stability.
The reactor may be driven by the heat extracted, for example, allowing a very prom-
ising flexibility for grid load-following. Unlike with solid-fueled reactors, the negative
feedback coefficient acts very rapidly because the heat is produced directly in the
coolant, with the fuel salt itself being cooled in the heat exchangers.
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7.2.2 Transient calculations

The definition and assessment of MSFR operation procedures requires dedicated tools
to simulate the reactor’s behavior and assess its flexibility during normal (eg, load-
following) or incidental (eg, pump failure) transients. The reactor modelization
requires specific treatments to take into account the phenomena associated with the
liquid-fuel circulation.

Classical calculation codes cannot be directly used because of the specificity of the
core cavity’s geometry and because of the precursor motion. The latter and the MSFR
thermal feedback effects imply a strong coupling between the neutronics and the ther-
mal hydraulics during reactor transient calculations. Thus dedicated tools are currently
being developed. Coupled with a computational fluid dynamics (CFD) calculation
code, different neutronics models are used, as detailed in this section: the transient
fission matrix (TFM) approach, the diffusion model, or the direct coupling with a
Monte Carlo (MC) approach for reference calculations with a reduced computational
time. The use of a CFD code allows for the calculation of the three-dimensional (3D)
velocity and temperature distributions. The latter, along with the density distribution,
has a significant effect on the neutronic behavior through the induced variations in the
neutron macroscopic cross sections. Recent studies highlighted the large effect of CFD
modeling hypotheses on the MSFR analysis and the need to adopt accurate turbulence
models and realistic 3D geometries (Rouch et al., 2014; Brovchenko et al., 2014a;
Dulla et al., 2014). In this view, the OpenFOAM multiphysics toolkit allowed an effi-
cient simulation of steady-state and transient cases on detailed, full-core, 3D geome-
tries (Jasak et al., 2007).

The effective delayed neutron fraction (B.¢) represents an important reactor kinetics
parameter. In circulating-fuel systems, because of the delayed neutron precursor drift,
the B calculation requires special techniques. The coupled neutronics/CFD simula-
tions represent a necessary step for the accurate calculation of the effective delayed
neutron fraction in the MSFR (Aufiero et al., 2014). Fig. 7.3 shows the distributions
of the prompt (right) and delayed (left) neutron sources obtained in OpenFOAM
and adopted to calculate (g in the nominal MSFR conditions.

Figure 7.3 Delayed (left) and prompt (right) neutron sources in the molten salt fast reactor.
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Some simplified tools were developed for the modeling of the MSFR neutronics,
including the diffusion approximation of the neutron transport equation. Other tools
adopted the fine-element, the finite-difference, or the finite-volume discretization of
the coupled equations of the CFD/neutronics problem. All of these tools proved useful
as fast-running options, during the initial MSFR design optimization phase, in identi-
fying the specifics of the reactor physics of circulating-fuel systems confronted with
thermal feedbacks on the neutronics.

The TFEM approach (Laureau et al., 2015b; Laureau, 2015¢) has been developed
specifically as a neutronic model able to take into account the precursor motion-
associated phenomena and to perform coupled transient calculations with an accu-
racy close to that of MC calculations for the neutronics while incurring a low
computational cost. This approach is based on a precalculation of the neutronic
reactor response through time before the transient calculation. The results of the
SERPENT MC code (Leppanen, 2013) calculations are condensed in fission
matrices, keeping the time information. These fission matrices are interpolated
to take into account local Doppler and density thermal feedback effects due to
temperature variations in the system. With this approach, an estimation of the
neutron flux variation for any temperature and precursor distribution in the reactor
can be very quickly obtained.

The results obtained with this method applied to an instantaneous load-following
transient are shown in Figs. 7.4 and 7.5 (Laureau et al., 2015a). The initial condition
corresponds to a critical reactor with 1.5 GWy, power. At the beginning of the simu-
lation the temperature of the intermediate circuit is reduced to increase the power
extracted up to 3 GWy,. After 1 s the feedback effect stops the increase of the neutron
population, and the reactivity progressively returns to its initial value with a time
constant corresponding to the balancing of the delayed neutron precursor population.
An oscillation corresponding to the circulating time of the fuel salt can be observed.
This application case highlights the good behavior of the reactor to load-following
transients.
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Figure 7.4 Instantaneous load-following transient of the molten salt fast reactor from an
extracted power of 1.5—3 GWy, computed with the TEFM-OpenFoam coupled code (Laureau
et al., 2015a).
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Figure 7.5 Distribution of power, velocity, and temperature in the molten salt fast reactor
(Laureau et al., 2015a).

7.3 Fuel salt chemistry and material issues

7.3.1 Overview of the processing schemes

The fuel salt undergoes two types of treatment: online neutral gas bubbling in the core
and delayed mini-batch on-site reprocessing (Delpech et al., 2009). These salt treat-
ments aim at removing most of the FPs without stopping the reactor and thus securing
a rather small fissile inventory outside of the core compared with present day light
water reactors (LWRs). The reprocessing rate itself is assumed equivalent to the pre-
sent LWR rate, although it could be possible to reprocess the fuel salt every 10 years
but to the detriment of economical yield.

The salt treatment is schematically presented in Fig. 7.6. It consists of two circuits.
One is a continuous gas bubbling in the core to extract the gaseous FPs and the metallic
particles present in the salt (metallic FPs and corrosion products). The gaseous stream
is sent to a provisional storage where most of the Kr and Xe decay into Rb and Cs,
preventing their accumulation in the fuel salt. The remaining gas is recycled.

The other is a semicontinuous salt reprocessing at a rate of approximately 10 L per
day to limit the lanthanide and Zr concentration in the fuel salt. The salt sample is
returned to the reactor after purification and after addition of **U and Th as needed
to adjust the fuel composition. This is also an opportunity to tune the oxidoreduction
potential of the salt by controlling the U*" to U™ ratio.

These two processes are aimed at keeping the liquid-fuel salt in an efficient physical
and chemical state for long time periods (decades). The gas bubbling has two objec-
tives: removing metallic particles by capillarity (floating) and extracting gaseous
FPs before their decay in the salt. The pyrochemical salt batch reprocessing avoids
the accumulation in the fuel salt of large quantities of lanthanides and Zr that could
be detrimental to several properties such as Pu solubility or salt volatility. Conversely
to the thermal MSR, none of these processes are vital to the fast reactor operation. If
they were interrupted for months or years, then the MSFR would not stop but would
have a poorer breeding ratio and could suffer from partial clogging of the heat
exchangers, leading to poorer efficiency. The effect of the batch pyroprocessing rate
is shown in Fig. 7.7. Note that with the reactor configuration used for the calculation,
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Figure 7.6 Schematic representation of the fuel salt treatment with two loops. On the left is the
online treatment with gas bubbling in the core to extract noble gases and metallic particles
(fission products [FPs]). On the right is the mini-batch on-site reprocessing with two
objectives: removing FPs (Zr, Ln) and adjusting the fuel content in fissile and fertile isotopes.
MSFR, molten salt fast reactor.
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Figure 7.7 Influence of the batch reprocessing rate on the breeding ratio in the core and in the
whole molten salt fast reactor system (core + fertile blanket).
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the core is under-breeder. The addition of a fertile blanket secures breeding, up to a
reprocessing time of the total fuel salt volume as large as 4000 days.

7.3.2 Impact of the salt composition on the corrosion
of the structural materials

Material corrosion in molten salt nuclear reactors results from the evolution of the salt
composition during operation: production of HF by an uncontrolled purification pro-
cess or by hydrolysis reactions, production of corrosive FPs, or mass transfer in ther-
mal gradients. Ni-based alloys have been recognized as the most suitable materials for
their mechanical and chemical resistance up to approximately 700°C in the presence of
fluoride salts. Graphite presents an excellent compatibility with molten fluorides, but it
cannot be used for structural applications submitted to a neutron flux. Silicon carbide
has a good irradiation and very high temperature resistance, and it might be an accept-
able solution for corrosion. However, assembling SiC parts is not usual technology,
and its long-term chemical behavior has not yet been tested in molten fluorides.

The historical tests performed at ORNL have shown that a chemical potential con-
trol of the salt was necessary to prevent two types of corrosion: Cr oxidation and inter-
granular corrosion by Te (an FP). This was achieved by using a chemical buffer based
on the U**/U*" couple. The proper U*"/U" concentration ratio was obtained by con-
tacting the salt with metallic Be from time to time to keep this ratio in a suitable range
(eg, 60—20). The change of chemical potential of the fuel salt is intrinsic to the fission
of fissile elements present in the fuel at valence IV because the resulting FPs have a
mean valence close to III. Therefore the salt becomes more oxidizing as fissions occur;
an initial chemical potential control of the salt is necessary but never sufficient to pre-
vent corrosion. It has been shown that Cr is necessary for the mechanical properties of
Ni-based alloys and not only for their chemical resistance to oxidation in air. However,
its concentration should be limited to approximately 6—8 wt% to keep the corrosion
rate at an acceptable level.

Before the use of the U*"/U*" chemical buffer a salt purification is required for the
initial salt preparation or when recycling the actinides after lanthanide extraction. H,O
and HF are the most oxidizing compounds present as impurities in solid fluorides and
in the molten salt. High oxidation state, H>O, and dissolved oxides can be eliminated
by using gaseous Hy/HF mixtures, but some HF may remain dissolved in the salt. Care
should be taken to limit this dissolved amount. For a salt not containing Be ions the
ultimate reduction can be achieved by addition of U™ when recycling U into the
fuel salt or by reduction with metallic Th (Th should be added anyway to compensate
for neutron captures).

7.4 Molten salt fast reactor fuel cycle scenarios

To produce power, a fission nuclear reactor requires fissile material. Generation II or
III reactors (pressurized water reactor [PWR], CANDU, evolutionary power reactor
[EPR], etc.), being under-breeder systems (ie, using more fissile material than they
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produce), need to be regularly refueled with fissile material all along their operation
time. On the contrary, breeder Generation IV reactors (sodium-cooled fast reactor
[SFR], MSFR, gas fast reactor, etc.) require only one (or two in the case of solid
fuel reactors) initial fissile material load. They then produce at least the fissile material
they need to be operated during their entire lifespan. MSRs require only one fissile load
because no fuel refabrication is necessary and the fuel salt composition is controlled
online without stopping reactor operation whereas two loads are necessary for solid-
fueled reactors, with one fissile load inside of the reactor and the other in the reproc-
essing/fuel manufacturing process.

According to our simulations results, the thorium-based MSFR can be started with
various initial fissile loads as follows (Heuer et al., 2014; Merle-Lucotte et al., 2009a.b,
2011):

+  With U235-enriched uranium—the only natural fissile material available on Earth is >*°U
(0.72% of natural uranium). Enriched uranium can be used directly as initial fissile material
to start MSFRs with an enrichment ratio less than 20% because of proliferation resistance
issues.

With **U directly as initial fissile material; for example, assuming that this **U can be pro-
duced in fertile blankets of other reactors (SFR, etc.) or by irradiating >**Th in an accelerator-
driven system. Once an initial park of MSFRs based on the Th-***U cycle is launched,
233U will also be produced in breeder MSFR reactors, allowing the deployment of such
233U-started MSFRs in a second phase even if no **U is produced elsewhere.

*  With the plutonium produced in current PWRs or in future EPRs or, even better, the mix of
TRU produced by these Generation II—III reactors as initial fissile load.

+  With a combination of the previous starting modes. For example, >>*U may be produced by
using special devices containing thorium and Pu-mixed oxide (Mox) in current PWRs or in
future EPRs.

* Fig. 7.8 presents two examples of fuel composition evolutions for a “3 GWy, reference
MSER” reactor started with **U or TRU. An optimized fuel salt initially composed of
LiF-ThF,-enriched UF4-(TRU)F3 with uranium enriched at 13% in ***U and a TRU propor-
tion of 3% (see Fig. 7.9), has been selected in the frame of the EVOL project taking into
consideration the neutronics, chemistry, and material issues.

Given the absence of naturally available 330, a standing question is whether a park

of MSFRs can be deployed whether at the French national, the European, or the world-
wide scales. In this section we illustrate the flexibility of the concept in terms of
deployment and end-of-game capacities of the MSFR at the French national scale.
The deployment scenarios of a park of nuclear reactors also led to an estimation of
the amount of heavy nuclei produced by such a deployment. We aim at evaluating the
complexity of the management of these heavy nuclei stockpiles as well as their radio-
toxicity. The French scenario, displayed in Fig. 7.10, assumes that the natural uranium
resources available are large enough to require Generation IV reactors in 2070 only.
The deployment scenario starts with the historical French nuclear deployment based
on LWRs (PWRs followed by EPRs). By 2040 some Generation III reactors are fueled
with Pu-uranium oxide (Uox) in a thorium matrix to reduce MA production and to pre-
pare the launching of the thorium fuel cycle in MSFRs. The park of these Generation
IIT reactors is then progressively replaced with MSFRs started with this Th-Pu Mox
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Figure 7.10 French nuclear power deployment exercise based on pressurized water reactors
(PWRs), evolutionary power reactors (EPRs), and molten salt fast reactors (MSFRs).

fuel from the last Generation III reactors. The deployment is finally completed with
MSERs started with a mix of 2>*U produced in the existing MSFRs and the remaining
stockpiles of Pu-Uox and Pu-Mox irradiated in the LWRs.

Assuming that, at any time in the future, here in the first half of the 2ond century,
France resolves to dispense from the production of fission-based nuclear energy, the
scenario ends with the introduction of burners with a view to optimizing the end of
game and further reducing the final TRU inventories after MSFR shutdown. Note
that the end-of-game situation would not be different if it occurred after hundreds of
years of operation; it depends only on the installed power.

The evolution of the radioactive element stockpiles other than the FPs during the
scenario is shown in Fig. 7.11. The final stockpiles that will have to be managed as
the scenario ends are the following:

* Depleted uranium at 0.1%: 803,700 t.

* Uranium from reprocessing (minimized by the scenario management): 3250 t.

e Irradiated thorium: 5100 t.

* Irradiated Uox fuel (minimized by the scenario management) represented in Fig. 7.10 by its
Pu content (labeled “Pu-Uox”): 5 t of Pu standing for 450 t of irradiated Uox.

o Irradiated Mox fuel (minimized by the scenario management) represented in Fig. 7.10 by its
Pu content (labeled “Pu + MA Mox”): 0.76 t standing for 12.4 t of irradiated MOX.
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Figure 7.11 Evolution of the actinide stockpiles during the scenario considered. MA, minor
actinides; Uox, uranium oxide.

* MAs separated from the Pu when the latter is used as Mox fuel in LWRs and vitrified
(labeled “MA from Uox”): 612 t.
* Final burner inventories: 106 t.

The evolution of the radiotoxicity corresponding to the final radioactive stockpiles
of this scenario, including the FPs, is displayed in Fig. 7.12, in which it appears that
the short-term radiotoxicity (a few dozen years) is dominated by the FP whereas the
long-term radiotoxicity (10°—10° years) is mainly due to the vitrified MAs produced
in LWRs and not reused in Mox fuel.

7.5 Safety issues

In the frame of the EVOL Euratom project in collaboration with Russian research or-
ganizations cooperating in the ROSATOM project MARS (Minor Actinides Recycling
in Molten Salt; Ignatiev et al., 2012), design and safety studies of the MSFR system
have been led (Brovchenko et al., 2014b; Wang et al., 2014).
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Figure 7.12 Time evolution of the various contributions to the radiotoxicity of the final
radioactive stockpiles.

An MSR has some specific safety features because the fuel salt geometry can be
modified quickly and passively by draining to subcritical tanks. It is possible to design
the system with a maximum of passive devices to cool the fuel in all circumstances and
for long times without human intervention. Moreover, the MSFR reactor stability
is enhanced by its largely negative feedback coefficients. Some of these features are
discussed in Section 7.5.2, but not all safety provisions are detailed.

7.5.1 Safety approach and risk analysis

The unique characteristics of a liquid-fueled reactor strongly impact its design and
safety analyses. For example:

» The safety principle of defense-in-depth and multiple barriers must be re-adapted because
conventional barriers (eg, clad, primary circuit, and containment in LWRs) are no longer
applicable.

* The diversity and mutual independence of the MSFR reactivity control mechanisms must be
demonstrated (no control or shut-down rods or burnable poisons, etc.).

* New safety criteria to evaluate reactor response during normal, incidental, and accidental
conditions are needed because the MSFR fuel is in liquid state, which is not an acceptable
situation for the LWR fuel.
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* In the evaluation of severe accident scenarios with leakage to the environment, any interac-
tions between the fuel salt and groundwater should be investigated in detail and the source
term should be determined.

» The risk posed by the residual decay heat and the radioactive inventory in the reprocessing
unit must also be evaluated.

A novel methodology for the design and safety evaluations of the MSFR is needed.
Nevertheless, it would be desirable that the MSFR methodology rely on current
accepted safety principles such as the principle of defense-in-depth, the use of multiple
barriers, and the three basic safety functions: reactivity control, fuel cooling, and radio-
active product confinement. In addition, because of the limited amount of operation
experience and some of its novel features, any new methodology shall be robust
and comprehensive and integrate deterministic and probabilistic approaches. To fulfill
these objectives, an MSFR design and safety analysis methodology is currently being
developed (Brovchenko, 2013) according to the following steps:

1. Systemic modeling of all reactor components using a model-based risk analysis tool;

2. Identification of the safety functions, which are to be defined from the components’ func-
tional criteria;

3. Identification of reactor abnormal events (failure modes and dangerous phenomena); and

4. Risk evaluation: evaluation of the probability and the severity of events.

The design and safety criteria should ensure that all of the reactor components
adequately perform the safety functions to meet the requirements defined for each plant
operating condition. The MSFR development being at its early stages, the idea is to
adopt an inherent safety-by-design approach. Fig. 7.13 gives a preliminary view of
a systematic description of the MSFR fuel circuit in terms of components and safety
functions.

7.5.2 Liquid-fueled reactor specificities

The design characteristics of the MSFR have been evaluated regarding safety issues.
An example has been chosen here to illustrate this approach. One of the assets of the
liquid-fueled MSFR systems is the homogeneity of the fuel. In a general way this type
of reactor can be placed in a category with all of the reactors that run with a circulating
fluid fuel (whether gaseous or liquid). These are referred to as homogeneous reactors.
Since the 1960s it has been shown that, in the case of homogeneous reactors without
reactivity reserve, control rods are not necessary to control reactor operation (Briggs
and Swartout, 1955). The MSFR, which is self-controlled because of its negative tem-
perature feedback coefficients and the absence of in-core reactivity reserve, fits in this
category and, consequently, control or safety rods are not included in the design being
considered. Contrary to a PWR, it does not require neutron flux shape control because
the fuel is permanently homogenized and the coolant, here the fuel salt itself, can
undergo large temperature increases (100—200°C) with no risk of a boiling crisis
susceptible to threaten the integrity of the cladding.

The three barriers traditionally used in the defense-in-depth approach were defined
in the specific frame of the PWR reactor development or, more generally, in the frame
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Figure 7.13 Resources and functions of the fuel circuit subsystems. The corresponding
resources and functions are shown by arrows that are color coded to improve the legibility of
the graph.

of solid-fueled reactors. Similar to other safety notions, the transposition of the
confinement barriers first mandates more general consideration of the origin and
application of this concept. These barriers will eventually have to be redefined ac-
cording to their usefulness for each reactor design rather than seeking an equivalence
with PWRs. An extensive study adapted to the sequence of potential accidental
events will have to determine or confirm the number of necessary confinement
barriers in the case of the MSFR as well as their configuration. However, as a first
step and as a pedagogical illustration describing the overall facility, the three fuel
salt confinement barriers in the MSFR can be identified by analogy with PWRs as
shown in Fig. 7.14:

* Pink: The fuel circuit (heat exchangers, pumps, etc.) and the draining system (tanks and
pipes) totally within the fuel casing.

» Light blue: The reactor vessel, the intermediate circuit, and the draining system’s water
circuit.

* Gray: The reactor containment structure (the building) and the emergency cooling chimney,
not shown on the figure.

The first barrier (pink) includes three zones. The upper zone contains the fuel circuit
(green) and the neutral gas reprocessing (yellow). A collector for salt draining is



174 Handbook of Generation IV Nuclear Reactors

Reactor wall

Bubbling gas treatment

Second parrier

Pool thermosiphon
Power conversion circuit
Intermediate circuit

Fuel circuit

Pool

Dilution salt layer

operation. In the middle is the green fuel salt circuit surrounded by a pink envelope
representing the first confinement barrier. The cyan envelope represents the second barrier
including storing and chemical salt processing units in violet. The third barrier is in gray. Two
heat transfer circuits between the three barriers are represented as loops in yellow and orange.

represented (funnel and vertical tube), leading the drained salts to containers with
subcritical geometry (not detailed) situated in a large water pool. This large water
pool acts as a thermal buffer in case of high-temperature emergency draining. At
the bottom of this pool is located a layer containing a dilution salt that can passively
mix with the fuel salt in the case of a large first barrier failure. This can provide neutron
poisons to the fuel and create a large salt—wall interface for passive cooling in the
event of a severe accident. Heat pipes (dark blue) are used to transfer the decay heat
to the atmosphere. This means that decay heat can be removed into the atmosphere
in case of a heat sink failure.

Other systems that also contain radioactive materials have to be studied, in partic-
ular the fertile blanket salt system, including the storage and processing of the associ-
ated gases, and all of the related intersystem transfers.

As a brief conclusion to this section, let us recall that the global safety objectives are
fully transposable to the MSFR reactor. The difficulty lies, among other things, in the
identification of severe accidents for this type of reactor. Thus a core melt in the case of
solid-fueled reactors is central to present safety studies and has no immediate equiva-
lent in a liquid-fueled reactor. A safety analysis for the MSFR must then proceed from
the fundamentals of nuclear safety.



Molten salt fast reactors 175

7.5.3 Decay heat removal

The decay heat generation is represented versus time in Fig. 7.15. The MSFR design
implies that FPs are present in two different places when the reactor is stopped. Some
are in the liquid-fuel salt and some in the gas processing unit. Approximately one-third
of the heat is produced in the gas processing unit and two-thirds in the liquid fuel. The
power of both heat sources decreases rapidly (by a factor of 10 in ~ 1 day) from the
value at shutdown, which depends on the history of power generation. The total
amount of power at shutdown is approximately 5% of the nominal power. This value
is lower compared with solid fuel reactors because FPs are continuously removed in
this concept.

In case of cooling problems the fuel salt and the fluid containing FPs (salt or metal)
of the gas processing unit can be drained into a subcritical tank located in a water pool.
For instance, a large amount of water is used as a decay heat thermal buffer so as to
reduce the heat to cold sink transfer rate need by a factor 10. This heat transfer is
achieved by passive thermos siphons or heat pipes to the atmosphere through the
reactor building walls (the third barrier). If unattended for a very long time, then the
fuel salt will solidify.
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Figure 7.15 Residual heat in the different radioactive fluids of the molten salt fast reactor, after
the total fission shutdown of the reactor previously in steady state (Brovchenko et al., 2012,
2013b). FPs, fission products.
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7.5.4 Preliminary accidental transient identification

* A direct transposition to liquid-fueled reactors of the traditionally identified accidents of
solid-fueled reactors is not possible. In a liquid-fueled reactor, the fuel is also the coolant
so that a loss of coolant accident implies the simultaneous loss of the fuel and of the coolant.
We can study these initiators by equating the primary circuit coolant to the liquid fuel while
keeping in mind that the phenomena related to the accidents will not necessarily be compa-
rable to those of a solid-fueled reactor. Another interpretation could identify the MSFR’s
intermediate circuit with a solid-fueled reactor’s primary circuit. To retain more clarity,
we prefer to redefine the accident types as outlined in the following for the fuel circuit:

* Loss of flow: In the fuel circuit loss of flow accident, we gather all of the accidents that are not
associated with a slowing down or stalling of the intermediate fluid circulation and are not
due to a loss of fuel.

* Loss of heat sink: In a loss of heat sink accident, the fuel salt circulation continues unchanged
but its cooling is no longer ensured.

» Total loss of power: In the event of on-site total loss of power, all of the pumps are stalled in
the fuel, intermediate, and conversion circuits, and all active systems connected to the power
supply are assumed nonoperational. In this type of accident, the on-site security power
supply is also considered deficient.

» Transient overpower or overcooling: An overcooling accident increases the reactivity and, as
a consequence, the power generated because the reactor’s thermal feedback coefficient is
negative.

* Loss of liquid fuel: In the loss of liquid fuel accident, we consider a significant leak of the fuel
salt outside of the fuel circuit.

* Reactivity anomalies accident. Because the reactivity reserve is very small in the MSFR,
reactivity-related accidents have to do with reactivity anomalies rather than accidents of
the transient overpower type (control bar ejection). In fact, reactivity variations incurred in
this reactor are much smaller than they are in a PWR.

This preliminary list of accidents results from the application of the general safety
assessment methodology mentioned earlier and currently under development for
liquid-fuel reactors. The next steps for this safety evaluation will take place under
the framework of the Horizon2020 European Commission project SAMOFAR starting
in the second half of 2015 up to 2019.

7.6 Concept viability: issues and demonstration steps

7.6.1 Identified limits

Although the MSFR is still at the preconception design stage, several limiting factors
can be identified in the development of the concept. The first, obvious, issue is mate-
rials’ resistance to high temperatures under irradiation if the reactor is to be operated
with a reasonably high power density. A first temperature limit is given by the fuel
salt melting point (565°C), to which a safety margin should be added to avoid local
solidification (eg, 50°C). To this, add 100—150°C for in-core temperature heating cor-
responding to a salt circulation period of 3—4 s so as to satisfy heat transfer dynamics
in the heat exchangers without incurring an excessive pressure drop within these. This
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leads to a temperature of approximately 750°C at the core outlet to the gas-salt sepa-
ration device and the pump (hot leg). Those devices may be maintained at 700°C by
cooling (ie, the same temperature as the heat exchanger plates during the heat transfer),
the intermediate coolant salt being at approximately 650°C. It seems that there are
today alloys that can withstand such temperatures for a long time, but this could be
a limit unless the material is replaced regularly as is done with solid fuel cladding.

The second issue arises in the attempt to limit the per-gigawatt fissile inventory.
This implies restricting as much as possible the proportion of fuel salt out of the
core, in the tubing, pumps, and heat exchangers. One of the main constraints on the
design of the MSFR fuel circuit is the ability to evacuate the heat generated while
restraining the fuel salt volume mobilized for that task. It seems technically chal-
lenging to reduce this “useless” amount of salt to less than 50% of the total load,
and 30% appears to be the limit.

The third issue is a question more than it is a real limit: the safety evaluation.
Indeed, as discussed above, today’s safety evaluation techniques apply to solid fuel
water reactors but are partly irrelevant for liquid-fuel reactors. A new way of tackling
the problem should find a consensus before any national safety authority can approve
of a liquid-fuel reactor design, and this will take time and resources.

From the parametric studies that were performed on the MSFR, the concept does
not exhibit any major stumbling blocks and the various limits can all be circumvented
by reducing the power density.

7.6.2 Progression in safety demonstration and design
optimization

It is possible to design a low-power demonstration reactor in which to test all of the
features expected for a full-size reference MSFR with a single fuel loop, as shown
in Fig. 7.16. Its fissile inventory lies in the range of 400—500 kg of ***U for a zero
power version and up to 670 kg for a 200-MWy, version.

The size of the reactor liquid-fuel loop is not a limit as shown by the calculation of a
single-loop 200-MW reactor instead of a 16-loop 3-GWy, reactor. The low-power
demonstration version (Merle-Lucotte et al., 2013) as sketched in Fig. 7.16 could be
replaced by a regenerator version if the reflectors were replaced by a blanket. The
size of this fuel loop assembly is approximately 2.5 m in diameter and 3 m high
(core: 1.1 m diameter and 1.1 m high). The power is limited by the intermediate
exchanger size, which is assumed to be the same as that of the 3-GWy, reactor.

Before reaching this advanced level it will be necessary to bring evidences of safety
for all experiments involving nuclear materials under the supervision of nuclear safety
agencies. To get the clearance of these authorities the reliability and safety of the tech-
nical solutions involved should be demonstrated first on pieces of equipment operating
with non-nuclear materials (simulant salts or chemicals). Therefore the following
simplified scheme is foreseen:

* basic data determination and assessment (it is the present stage up to about 2020),
» technical devices testing on non-nuclear simulants up to the full scale,
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Figure 7.16 Sketch of a liquid-fuel single loop reactor for demonstration purposes or modular
conception. The fuel volume (1.8 m®) is reduced by a factor 10 from the 3-GWy, reactor and the
power (200 MWy,) by a factor 15 to use the same intermediate heat exchanger.

» chemical separation tests on nuclear materials at a small laboratory scale and by remote
handling, and

* development of numerical simulation tools validated on experimental equipment using
circulating simulant salts at high temperature.

Obviously all of the stages mentioned here will overlap in time, not only for prac-
tical reasons but because all of the aspects of the design should be kept in mind and
documented during the whole development procedure. According to present interna-
tional standards, safety and proliferation resistance should be analyzed from the begin-
ning of the conception to be inherent in the design and not “added-after.”

7.6.3 Presently ongoing laboratory-scale experiments

Several experimental setups are being operated at LPSC-Grenoble-France to acquire
some technical experience on the handling and processing of molten salts. One piece
of equipment is called FFFER (Forced Fluoride Flow for Experimental Research). It is
a70-L FLiNaK loop with a liquid salt circulating rate of approximately 2 L/s at 600°C.
This reduced-scale loop aims at studying gas injection and separation for the contin-
uous extraction of gaseous and metallic FPs in the MSFR fuel salt. At present only
the gas injection and the hydrocyclone efficiency for bubble-salt separation are being
studied, but important technical devices are tested in the process.
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Figure 7.17 Scheme of the FFFER (Forced Fluoride Flow for Experimental Research) loop.

The FFFER loop comprises a tank where the FLiNaK load is prepared before the
experiment and stored after. The circulating loop is situated above this tank and is
filled with liquid salt only for the duration of the experiment. It is isolated from the
tank by two valves in parallel: a mechanical ball valve and a “freeze plug.” In case
of electrical shutdown the freeze plug melts within a few minutes and the salt goes
back in the insulated storage tank where its solidification may take place without
any disturbing effects. The main elements of this equipment are shown in
Figs. 7.17—7.19: the melting tank is in gray, the valves are in pink, the light blue
tank contains the circulation pump, and the yellow one the hydrocyclone for bub-
ble/salt separation. The building material is 304 and 316L steel for all of the parts.
The 55-mm inner diameter pipes (mean velocity 1 m/s) are fitted with a Venturi gas
injector and an ultrasonic salt velocimeter. The salt level in the three tanks (melting,

Bouchon froid

Réservoir
de se|

Figure 7.18 Design of the FFFER (Forced Fluoride Flow for Experimental Research) loop and
view during assembly.
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Figure 7.19 Completed loop with its thermal insulation.

separation, pump) is measured and regulated by probes, and the corresponding gas
pressures are controlled according to experimental need.

The injection and separation devices were designed after a transparent water mock-
up (scale 0.72) was operated, allowing to gain familiarity with the tuning of all of the
parameters from the circulation pump to the separator as well as with the ultrasonic
measurement of the velocity. An illustration of the vortex created by the tangential
fluid inlet at the base of the separator is shown in Fig. 7.20. The bubble water separa-
tion efficiency reached approximately 85% at 0.1% volume fraction of gas and up to
more than 95% for a 0.4% volume fraction of gas.

The ultrasonic velocimetric technique is based on ultrasonic reflections on bubbles
to depict the velocity profile across the pipe. This gives information about the bubble
distribution and their mean velocity. However, this is a new technique that requires
further studies and some tuning before it can be used outside of the laboratory.

This experiment allowed casual observations of corrosion that are being studied
separately on static small-scale experiments. A second loop is planned in the Euratom
SAMOFAR project to identify and measure the salt’s thermal behavior during thermal
exchanges.

7.6.4 Other research and development activities on molten salt
systems

MSR development worldwide is still at a conceptual design stage, with most investi-
gations around these concepts based today on numerical modeling, with the notable
exception of the People’s Republic of China, where a large project to develop a
thorium MSR prototype has very recently started.
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Figure 7.20 Water mock-up of the separator showing the concentration of bubbles in the vortex
center and their coalescence. The gas is evacuated at the top and the liquid through the pipe on
the left.

Recent MSR developments in the Russian Federation are focused on the 1000-
MW, MOSART. The primary specifications for a MOSART core were to provide
the fissile concentration and fuel salt geometry such that approximately 2.4 GWy,
nuclear heat would be released at conditions affording efficient transmutation and
recycling of TRUs from Mox PWR spent fuel (Ignatiev et al., 2012, 2014). The
MOSART reference core with no graphite moderator is a cylinder 3.4 m in diameter
and 3.6 m high. The fuel salt inlet and outlet pipe diameters are fixed at 1 m. Radial,
bottom, and top reflectors are attached to the reactor vessel. This leaves a ring filled
with fuel salt surrounding the core to cool the reflector and reactor vessel. The molten
salt flow rate is 10,000 kg/s. In nominal conditions, the fuel salt enters the core at
600°C and transports 2.4 GWy, to the secondary salt in the primary heat exchanger.
The fluoride fuel salt mixture is circulated through the reactor core by four pumps
operating in parallel. Other pumps circulate the salt through the heat exchangers and
return it to a common plenum at the bottom of the reactor vessel. In the reference
MOSART design, the out of core salt volume is 18 m®>. The MOSART concept is
being studied in different configurations, which consider different core dimensions
and different compositions of the fuel salt and/or salt blanket that allow for different
modes of utilization. A detailed description of MOSART can be found in Afonichkin
et al. (2014).
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7.7 Conclusion and perspectives

The MSFR concept has been recognized as a long-term alternative to solid-fueled
fast neutron reactors because of attractive features that remain to be confirmed. It is
characterized by

* Fluoride-based liquid fuels of various compositions (solvent, fertile, and fissile) allowing
operation as breeder or burner with many different possible fertile and fissile
compositions.

* A fast neutron spectrum.

* Homogeneous fuel composition due to fast fuel circulation (in-core turbulence and multiple
heat exchanger channels). This homogeneity allows for continuous fuel monitoring.

» Continuous extraction of volatile or metallic FPs via neutral gas bubbling.

* Quasicontinuous light chemical fuel processing (rate comparable to LWR solid fuel but on a
daily basis) without stopping the reactor.

These characteristics result in a reactor with a high safety potential due to

* negative temperature feedback reactivity coefficients (Doppler and density) leading to high
thermal stability in operation and in all perturbing circumstances,

* homogeneous liquid state allowing passive draining of the core fuel into passively cooled
geometrically noncritical tanks,

» absence of significant reactivity reserve because of the quasicontinuous adjustment of the
fuel composition, and

* no pressurization required because of the absence of any volatile fluid susceptible to be
contaminated by fuel leaks.

The international MSFR collaboration is presently focused on technology-
independent safety issues, considering that only a high safety level may convince safety
agencies to authorize the development of such a new reactor concept. Since 2001 calcu-
lations and experimental research have been conducted in Europe in national programs
(CNRS-France, KI-Russia) and in a European network supported by Euratom and
Rosatom (MOST, ALISIA, ACSEPT/PYROSMANI, EVOL/MOSART). This
collaboration is presently continuing with the SAMOFAR/SMART-MSFR joint
projects (2015/2019), in which industrial partners (EdF, AREVA) and the French
technical safety organization (IRSN) will be actively involved. This common
program is devoted to the acquisition of experimental data and simulation tools for
safety studies. The specific objectives of the Euratom program are

e to develop and apply a new safety methodology for liquid-fuel reactors, which could also
partly be woven into the safety methodology of other Generation IV reactors;

* to measure all relevant safety-related data of the fuel salt and of the whole system needed for
the assessment of the MSFR;

* to design and build a software simulator to verify the safe operation of the MSFR including
start-up, shut-down, and load-following operation, and to identify normal operation accident
initiators;

* to extract a complete set of accident initiators and scenarios, and to evaluate these using
best-estimate simulation tools including uncertainty analysis;
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* to prove experimentally and numerically the safe and reliable operation of the freeze valves
and the draining of the fuel salt, and to measure the natural circulation dynamics of the
(internally heated) fuel salt in a loop, representing the primary circuit and drain tanks; and

* to demonstrate experimentally the reductive extraction processes for lanthanides and
actinides, and to assess the safety of the high-temperature chemical processes to clean
and control the fuel salt.

Since the beginning the common philosophy of the MSFR community was to give
priority to knowledge over technology assuming that a long time will be devoted to
assess the safety of technological solutions (ie, assuming that safety is the primary
concern for public acceptance of new nuclear reactors). The resulting roadmap for
future developments is presently concerned with all of the chemical and physical
knowledge that help to assess the MSFR characteristics and design, including basic
data measurements and multiphysics simulation tools. A second step will be the devel-
opment of technological means, using simulant salts instead of real fuel, to demon-
strate, at the proper scale, the validity of the proposed technology and to validate
fluid flow and heat transfer models. The third step is the zero-power demonstration
small reactors, with the objectives of checking the neutronic properties (eliminating
data uncertainties) and testing the start-up and shut-down processes. Then, it will be
possible to test a small power reactor with two new tests: the heat transfer with internal
heat source and the FP extraction (continuous and quasicontinuous). This means that
the pyroprocessing of the fuel by remote handling should be studied and tested in par-
allel to the first three steps, as well as the safety and proliferation issues. Indeed, the
option of studying all of the aspects of the concept was taken from the beginning to
render the safety constraints inherent to the design and not have them added after.
This implies using new approaches in agreement with the GIF community for safety
and proliferation resistance. All of these steps are mandatory to develop the technical
and scientific background and knowledge for further practical demonstrations of the
flexibility and viability of MSRs on a reactor scale. Such research and development
activities are being conducted in the world, particularly by a European network sup-
ported by Euratom and ROSATOM to confirm the validity of the theoretical advan-
tages of this concept and to assess the potential advantages of fast spectrum MSRs.

Nomenclature

Abbreviations and acronyms

3D Three-dimensional

ACSEPT Actinide reCycling by SEParation and transmutation
ALISIA Assessment of LIquid salt for innovative applications
CNRS Center National de la Recherche Scientifique

EdF Electricité de France

Continued
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EVOL Evaluation of Viability of Liquid Fuel Fast Reactor

FFFER Forced Fluoride Flow for Experimental Research

FLiNaK Salt containing the following elements: F Li Na K

FP Fission product

HRE Homogeneous Reactor Experiment-2

IN2P3 Institut National de Physique Nucléaire et de Physique des Particules

IPNO Institut de Physique Nucléaire d’Orsay

LPSC Laboratoire de Physique Subatomique et Cosmologie

MARS Minor Actinide Recycling in molten Salt

MC Monte Carlo

MOSART MOlten Salt Actinide Recycler and Transmuter

MOST Review of MOlten salt technology

MOX Mixed oxide (oxide fuel pellet containing Pu and U) for spent
fuel recycling

MSFR Molten salt fast reactor

MSRE Molten Salt Reactor Experiment

ORNL Oak Ridge National Laboratory

Pu-Mox Pu- containing mixed oxide fuel

Pu-Uox Pu-containing uranum oxide fuel

Pu + MA Mox Pu and minor actinides mixed oxide fuel

PYROSMANI PYROchemical processes study for minor ActiNIdes recycling in
molten chlorides and fluorides

SAMOFAR Safety assessment of MOlten salt fast reactor

SMART-MSFR | Safety of Minor Actinides Recycling and Transmuting in Molten Salt
Fast Reactor

TFM Transient fission matrix

TRU Transuranic element

Uox Uranium oxide (oxide fuel pellet containing only U)
Symbols

Beff Effective delayed neutron fraction

A Thermal conductivity in W/m °C

U Dynamic viscosity in Pa s
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v Kinematic viscosity in m*/s

p Specific mass in g/cm’

(0% Heat capacity in J/kg °C

GWy, Thermal power, GW

GW. Electrical power, GW

MWy, Thermal power, MW
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Super-critical water-cooled
reactors
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8.1 Introduction

Pressurized water reactors (PWRs) and boiling water reactors (BWRs) have been
among the most successful nuclear reactors during the last 40 years. More than
300 PWRs have been built up to now, of which the latest ones exceed a net electric
power output of 1600 MW, and a net efficiency of 36%. With more than 100 units
built, the BWR was almost as successful, although power and efficiency levels were
somewhat lower. Both reactor types use a saturated steam cycle of approximately
7—8 MPa live steam pressure, corresponding with a boiling temperature of
286—295°C. However, these live steam conditions are still almost the same as those
used in the 1960s. The few improvements in cycle efficiency are primarily because
of improvements only in steam turbine blades. The situation is similar with heavy wa-
ter moderated pressure-tube reactors, of which more than 60 have been built up to now.
On the other hand, fossil-fired power plants have increased their efficiencies signifi-
cantly since the 1960s. Steam has been superheated, and live steam temperatures
and pressures have been increased stepwise to 600°C and 30 MPa, respectively. Since
around 1990, all new coal-fired power plants have been using supercritical steam
conditions, reaching more than 46% net efficiency today. Consequently, the applica-
tion of such steam cycle technologies to the well-proven design of water-cooled
nuclear reactors could offer a huge potential for further improvements.

A super-critical water-cooled reactor (SCWR) is cooled with light water at super-
critical pressure (ie, >22.1 MPa) in a once-through steam cycle. It may be moderated
with light water or heavy water. Feed water of the steam cycle is heated up inside of
the reactor core to superheated steam, without any coolant recirculation, and the
steam is supplied directly to a steam turbine. The general advantages of SCWRs,
compared with conventional water-cooled reactors, are a higher steam enthalpy at
the turbine inlet, which increases efficiency, reduces fuel costs, and reduces the steam
mass flow rate needed for a target turbine power. This lower steam mass flow rate
reduces the turbine size and the size of condensers, pumps, preheaters, tanks, and
pipes and thus the costs of the overall steam cycle. Because the capital costs of
nuclear power plants are usually higher than their fuel costs, this latter advantage
has even a higher impact on electricity production costs than efficiency. Even
more cost advantages are expected from plant simplifications such as eliminating
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steam separators or primary pumps in the case of a once-through steam cycle at su-
percritical pressure. Another advantage of using supercritical water in a nuclear
reactor is that a boiling crisis is physically excluded, which adds a new safety
feature to this design.

8.2 Types of supercritical water-cooled reactor concepts
and main system parameters

A general sketch of the SCWR steam-cycle concept is shown in Fig. 8.1 to illustrate
the once-through design principle. Feed water is heated up to 280—350°C by steam
turbine extractions using several low-pressure (LP) preheaters and high-pressure
(HP) preheaters. The feed-water pumps supply the feed water to the reactor at a pres-
sure of approximately 25 MPa. The reactor may be designed with a pressure vessel or
with multiple pressure tubes, but it does not require any recirculation pumps in any
case. In addition to the condensate extraction pumps of the condensers, the only pumps
driving the steam cycle are the feed-water pumps. The reactor produces superheated
steam at a pressure of 24—25 MPa and at a temperature of 500°C or more, depending
on material limitations. The superheated steam is supplied directly to the HP turbine.
The steam is reheated by some extracted steam and supplied to the intermediate pres-
sure (IP) and LP turbines.

In general, a reactor core, which is cooled with supercritical water, can be designed
with a thermal or a fast neutron spectrum. The option of a thermal spectrum requires
additional water as a moderator because of the low density of superheated steam,
which can be provided in water rods inside of fuel assemblies or in gaps between as-
sembly boxes. Examples can be seen in the latest boiling water reactor design or in the
superlight water reactor concept using supercritical water by Oka et al. (2010). If these
gaps and water rods are omitted, then the neutron spectrum will become fast, which
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Figure 8.1 Simplified supercritical water-cooled reactor design principle with a once-through
steam cycle. HP, high pressure; /P, intermediate pressure; LP, low pressure; PH, preheater;
CEP, condensate extraction pumps; FP, feed-water pump; G, generator.
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simplifies the design and increases the core power density. However, a general safety
concern of the fast core option is the reactivity increase if the core should be voided
under accidental conditions. Such a reactivity increase must definitely be avoided
by suitable core design, for which the addition of some solid moderator, an increased
neutron leakage, and a heterogeneous arrangement of seed and blanket assemblies are
common measures. Oka et al. (2010) provide an example of their superfast reactor
concept.

The enthalpy increase from the inlet to the outlet of the reactor exceeds those of
conventional nuclear reactors by more than a factor of 8. The higher enthalpy increase
of the coolant would not matter if it were uniform in the entire core. However, this can
never be fully achieved. Fuel composition and distribution, water density distribution,
size and distribution of subchannels, neutron leakage and reflector effects, burn-up ef-
fects, effects of control rod positioning, or effects due to the use of burnable poisons
will influence the radial power profile of the core. Material uncertainties, fluid proper-
ties, uncertainties of the neutron physical modeling, heat transfer uncertainties, uncer-
tainties of the thermal-hydraulic modeling, scattering of the inlet temperature
distribution, manufacturing tolerances, deformations during operation, or measure-
ment uncertainties will cause a statistical scatter of the enthalpy increase. Finally,
some small but allowable transients might be caused by control of power, coolant
mass flow, and core exit temperature and pressure. Schulenberg and Starflinger
(2012) estimated that a total hot channel factor of 2 should be multiplied with the
average enthalpy increase, as a first guess, to yield the maximum, local enthalpy in-
crease under worst-case conditions. An analogue problem is also known from boiler
design of fossil-fired power plants. It has been solved there by splitting the total
enthalpy increase into an evaporator and two successive superheaters and by homoge-
neously mixing the coolant between each of these components.

Different core design concepts have been proposed to apply this technology to the
SCWR (International Atomic Energy Agency, 2014). Starting from a single heat-up
process of conventional nuclear reactors, as sketched in Fig. 8.2(a), the peak coolant
temperatures inside of the reactor core can be reduced by a two-step process with a
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Figure 8.2 Different SCWR core design options with multiple heat-up steps. (a) Single-pass
design, (b) two-pass design, and (c) three-pass design.
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downward flow of coolant in the outer core region, followed by coolant mixing under-
neath the core and a second heat-up in the inner core region (Fig. 8.2(b)). For example,
such technology has been applied by Oka et al. (2010) for their superlight water reactor
concept. Even better coolant mixing is enabled with a three-pass core (Fig. 8.2(c)),
with the evaporator as the first heat-up step in the inner core region, surrounded by
a first superheater with downward flow and a second superheater with upward flow.
The coolant is mixed between each step to eliminate hot streaks. This concept has
been adopted for the high-performance light water reactor (HPLWR) and will be
described in more detail in the next section. The higher the number of heat-up steps,
the lower will be the peak coolant temperature at an envisaged average core outlet
temperature, and thus the less stringent the material requirements, but the higher
will be the complexity of core design.

8.3 Example of a pressure vessel concept

The high-performance light water reactor (HPLWR) is a pressure vessel-type SCWR
with a thermal neutron spectrum, which was worked out by a European consortium in
2006—2010. Schulenberg and Starflinger (2012) summarize the design features and
the analyses of the conceptual design phase. The reactor is designed for a thermal
power of 2300 MW, resulting in a net electric power of 1000 MW and a net efficiency
of 43.5% of the steam cycle. With a target coolant outlet temperature of 500°C, the
superheated steam is thermally insulated from the reactor pressure vessel, keeping it
below 350°C, as shown in Fig. 8.3. The core design applies the three-pass design
concept (Fig. 8.2(c)), and mixing plena are foreseen above and underneath the core
to maintain the peak coolant temperature below 600°C. Control rods are inserted
from the top as in a PWR, aligned by the control rod guide tubes in the upper half
of the reactor pressure vessel. The fuel assemblies of the reactor core are standing
on the thick core support plate of the core barrel, which is suspended in the reactor
flange. The steam plenum, including its mixing plenum in the inner region, can be
removed after extraction of the hot steam pipes for yearly fuel shuffling and replace-
ment. Feed water enters the reactor pressure vessel through four backflow limiters to
minimize loss of coolant in case a feed-water line breaks. Half of the supplied feed
water is purging the upper half of the reactor pressure vessel, serving afterward as
moderator water inside of water rods of the fuel assemblies and inside gaps between
assembly boxes. After cooling the radial core reflector, this water is mixed with the
remaining feed water in the lower mixing plenum underneath the core. The mass
flow split is adjusted by orifices of the lower mixing plenum.

The reactor has a total height of 14.29 m and an inner diameter of 4.46 m. The wall
thickness of the cylindrical shell is 0.45 m and the spherical bottom shell has a thick-
ness of 0.30 m. Similar to a PWR, the vessel material is 20MnMoNi55, but the hotter
steam outlet must be made, for example, from P91 steel to withstand the superheated
steam temperature of 500°C. The reactor internals are made from stainless steel.



Super-critical water-cooled reactors

193

Control rods

Feedwater
inlet with
backflow
Superheated limiter
steam outlet
with extractable

hot steam pipe

Control rod
guide tubes

Steam plenum
~ with inner
~ mixing plenum

Reactor core:
Radial

Evaporator. reflector

1st superheater

2nd superheater

Reactor
pressure vessel

Lower mixing

plenum

Figure 8.3 Pressure vessel design of the high-performance light water reactor with a
three-pass core.

From Schulenberg, T., Starflinger, J., 2012. High Performance Light Water Reactor, Design and

Analyses. KIT Scientific Publishing. ISBN:978-3-86644-817-9.

The steam cycle is designed with three LP preheaters, condensing steam that is
extracted from the LP turbines, and with four HP preheaters, condensing steam
from the HP and IP turbines. The reheat pressure is 4.25 MPa, achieving a reheat tem-
perature of 442°C. The design pressure of the deaerator is 0.55 MPa. Four parallel
feed-water pumps are foreseen, of which three are needed to provide the mass flow

of 1179 kg/s at full power and the fourth one is kept on hot standby.
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8.4 Example of a pressure tube concept

The Canadian SCWR concept is a pressure-tube type of concept. It adopts the direct
cycle, which includes a 2540-MWy, core that receives feed water at 315°C and
1176 kg/s and generates supercritical steam at 625°C and 25 MPa. The cycle includes
steam reheat using a moisture separator reheater (MSR) between the IP turbine and LP
turbine. The MSR separates the moisture from the steam and reheats the steam to
ensure an acceptable moisture level at the outlet of the LP turbine. Four LP condensate
heaters are included in the cycle as well as a deaerator and four HP feed-water heaters.
The gross electrical output is calculated as 1255 MW,, giving a gross thermal effi-
ciency of 49.4%. A schematic diagram of the direct cycle is shown in Fig. 8.4
(Zhou, 2009).

The Canadian SCWR core concept is illustrated in Fig. 8.5. It consists of a pressur-
ized inlet plenum, an LP calandria vessel that contains heavy water moderator, and 336
fuel channels that are attached to a common outlet header. A counterflow fuel channel
is adopted to position the inlet and outlet piping above the reactor core so that a com-
plete break of either an inlet pipe or an outlet pipe will not result in an immediate loss
of coolant at the reactor core. A nonfuel central flow channel is located at the center of
the fuel channel to increase neutron moderation close to the inner fuel rings. This
feature results in reasonably uniform radial power distributions across the fuel channel
as well as a desirable negative coolant void reactivity throughout the burn-up cycle.

The coolant flows into the inlet plenum, around the outside of the outlet header
(blue arrows in Fig. 8.5), and then it enters the pressure tube extension through a series
of slots, into the fuel assembly through a crossover piece (top right figure), down
through a flow tube in the center of the fuel assembly, back up through the fuel ele-
ments (bottom right figure), and then out through the outlet header.

Although the inlet plenum is a pressure vessel, none of the components are subject
to high neutron fields; consequently, irradiation damage is not a major concern. A
pressure-vessel steel containing approximately 3—4 wt% nickel, SA 508 grade 4N,
has been selected because the operating temperature inside of the inlet plenum is
only approximately 315°C. To further inhibit corrosion, the interior surfaces of the
vessel could be overlaid with 308 or 309 stainless steel weld materials. The material
selected for the outlet header and head is Alloy 800H, which is an Fe—Ni—Cr alloy
that demonstrates excellent high-temperature properties such as strength, toughness,
and corrosion resistance. Because of the low pressure differential from inlet to outlet
conditions, no large forces or stresses are generated; consequently, the design require-
ments are relatively light. The header is supported by brackets placed on a plane
running through the outlet penetrations of the inlet plenum wall, ensuring that move-
ment due to differential thermal expansion between the plenum and header is purely in
the radial direction. The outlet sleeves are decoupled from the inlet plenum wall by
means of a flexible thermal isolation sleeve as shown in Fig. 8.6.

The fuel channel consists of the pressure tube extending into the moderator and an
extension connecting the pressure tube to the outlet header. All internals of the pres-
sure tube are part of the fuel assembly. The pressure tube has an open end and a closed
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Figure 8.6 Cutaway view of outlet sleeves.

end (ie, a test-tube shape). It is inserted into one of the openings of the tubesheet of the
inlet plenum with a seal weld between the HP inlet plenum and LP calandria. A
pressure-tube extension is connected to the pressure tube at the top of the tubesheet
and incorporates several openings near the interface with the pressure tube to allow
coolant entering into the fuel channel and subsequently to the fuel assembly. These
openings act as orifices to control the amount of coolant flowing into each channel
and to suppress instability. The size of these openings is determined through matching
the channel power output to provide an outlet coolant temperature as close to 625°C as
possible. The outlet of the pressure-tube extension is attached to a corrugated bellows
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Figure 8.7 Fuel channel connection to the outlet header.

expansion joint, which in turn is welded to the bottom plate of the outlet header (see
Fig. 8.7). The bellows expansion joint facilitates differential movement between the
outlet header and the channel. This connection configuration would allow single-
channel replacement, if required.

The calandria vessel is an LP vessel that contains the heavy water moderator, fuel
channels, reactivity control mechanisms, and emergency shut-down devices. Internal
structures include lateral supports for the fuel channels, reactivity control mechanism
guides, and flow channels ensuring circulation of the moderator. Heavy water at low
pressures and low temperatures is chosen for the moderator because of its low
neutron absorption compared with light water. Additional moderator surrounding
the core is included, acting as a neutron reflector and shielding. The tubesheet of
the inlet plenum is located 0.75 m above the core, protecting the plenum material
from radiation damage. The reactivity control mechanisms located at the sides of
the core are shielded, at a minimum, with a similar volume of moderator and with
an increasing amount at the reactor centerline due to the curvature of the calandria
vessel. The moderator operates at subcooled temperatures using a pumped recircula-
tion system, but in case of a station blackout, core decay heat is passively removed
through the use a flashing-driven natural circulation loop. Inlet and outlet nozzles for
these systems are located above the core, ensuring that the calandria will not drain
because of a pipe break.

8.5 Fuel cycle technology

The pressure-vessel type of SCWR may use UO, in a once-through fuel cycle, with an
enrichment of 5—7%, or mixed oxide (MOX) fuel if plutonium should be recycled in a
closed fuel cycle. In the case of a thermal neutron spectrum, the use of MOX fuel is
optional as in a conventional PWR or BWR. However, because the higher
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temperatures of the SCWR require stainless steel fuel claddings instead of Zircalloy
claddings, the enrichment is typically 2% points higher than for conventional water-
cooled reactors to compensate for the additional neutron absorption of nickel. There-
fore, the use of MOX fuel might be more economical to recycle the residual discharge
fuel.

The reference fuel for the pressure-tube type of SCWR is a mix of thorium and
plutonium (which is extracted from the spent light water reactor (LWR) fuel). On
average, the weight percentage of plutonium is 13% in the fuel (Wojtazek, 2015).
With the high neutron economy of the heavy water moderator, other fuel mixes can
also be accommodated. Studies have demonstrated the feasibility of using low
enriched uranium (LEU) of 7% (Yetisir et al., 2012); a mix of LEU at 7.5% with
Th; a mix of transuranics at 21 wt% with Th (Winkel et al., 2013); or a mix of Pu
at 8%, Th, and >**U (at 2 wt%) extracted from the SCWR fuel (Magill et al., 2011).

In the case of a fast neutron spectrum, MOX fuel has been proposed by Oka et al.
(2010) with an average concentration of fissile plutonium of approximately 20%. Such
fuel can be produced from recycling spent fuel of LWRs with the Plutonium Uranium
Redox EXtraction (PUREX) process, a mature fuel cycle technology.

8.6 Fuel assembly concept

Beyond 390°C, the coolant density is less than 200 kg/m?, hardly enough to produce a
thermal neutron spectrum. Therefore a moderator is needed for a thermal neutron spec-
trum, either as feed water running through moderator boxes inside of the fuel assem-
blies and in gaps between assembly boxes or as separate heavy water in case of a
pressure tube concept. In any case the mass of structural material inside of the reactor
core should be minimized to limit neutron absorption.

8.6.1 High-performance light water reactor fuel assembly
concept

In case of the HPLWR (Section 8.3), the fuel assemblies are designed with 40 fuel pins
each and a single moderator box in their center to enable a small wall thickness of
moderator and assembly boxes, as shown in Fig. 8.8. To ease handling during main-
tenance, Schulenberg and Starflinger (2012) recommended grouping nine assemblies
to a cluster with common head and foot pieces as shown in Fig. 8.9. The fuel rods have
an outer diameter of 8§ mm and a wall thickness of 0.5 mm, arranged with a pitch-to-
diameter ratio of 1.18. A wire of 1.44-mm thickness is wrapped around each fuel rod to
serve as a spacer and as an effective mixing device. The assembly box and moderator
box are designed as a sandwich construction with a thermal insulation between two
stainless steel sheets to minimize heat-up of the moderator water. Control rods, filled
with boron carbide, are running inside five of the nine inner moderator boxes of a clus-
ter. The fuel assembly has a heated length of 4.2 m. A fission gas plenum of 0.5-m
length on top of the fuel pellets helps in minimizing the pressure increase during
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Figure 8.8 Fuel assembly concept of the high-performance light water reactor.

From Schulenberg, T., Starflinger, J., 2012. High Performance Light Water Reactor, Design and
Analyses. KIT Scientific Publishing. ISBN:978-3-86644-817-9.
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Figure 8.9 High-performance light water reactor assembly cluster design with head and foot
piece; control rods are running inside five of the nine moderator boxes, inserted from the top.
From Schulenberg, T., Starflinger, J., 2012. High Performance Light Water Reactor, Design and
Analyses. KIT Scientific Publishing. ISBN:978-3-86644-817-9.
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burn-up. The headpiece of the assembly cluster has windows for steam release to the
steam plenum, which need to be sealed with C-rings against moderator water ingress
into the steam.

For a thermal power of 2300 MW, 52 of these clusters form the evaporator of the
reactor core with an upward flow of coolant. They are surrounded by another 52 clus-
ters with downward flow, serving as the first superheater. Fifty-two clusters at the core
periphery, where the core power density is low enough to keep the cladding surface
temperature below 650°C, provide the second superheater. The average core power
density of the HPLWR is 57 MW/m®, comparable with the power density of a
BWR, and the evaporator has a power density of approximately 100 MW/m?, compa-
rable with a PWR.

Once a year the reactor is opened to shuffle assembly clusters, mainly from the
evaporator to the first superheater and from there to the second superheater, and to
replace the new assembly cluster in the evaporator. The excess reactivity of the reactor
core at the beginning of each burn-up cycle is compensated with gadolinia pellets
mixed with fuel pellets in four fuel rods per assembly. Boric acid, as used in a
PWR to compensate for excess reactivity, may not be used for burn-up compensation
because its solubility in supercritical water changes drastically when the coolant passes
the pseudocritical line (384°C at 25 MPa). Instead, injection of boric acid is used only
as a second shut-down mechanism in emergency cases.

8.6.2 Fast reactor fuel assembly concept

The fuel assembly design looks simpler for a reactor core with fast neutron spectrum.
Oka et al. (2010) proposed using hexagonal fuel assemblies as seed assemblies with
approximately 25% fissile plutonium, depending on the core size, mixed with blanket
assemblies with pure ***U in a heterogeneous arrangement. The coolant flow is up-
ward or downward, depending on the headpiece, which may be designed with or
without windows to the steam plenum above the core. According to Fig. 8.2, the
concept may be categorized as a two-pass design with a flexible flow path. Control
rod fingers are running inside of thimble tubes as in a PWR, as shown in Fig. 8.10.
The stainless steel cladding of the fuel rod is designed with an outer diameter of
7 mm and a pitch of 8.12 mm. This tight hexagonal arrangement enables a high
average core power density of 158 MW/m>. For a core with 1650-MW thermal
power, we would need 126 seed assemblies and 73 blanket assemblies at an active
core height of 3 m.

A general problem of such fast reactor concept is an increase of the core reactivity
with decreasing coolant density if the neutron spectrum is too fast. The problem may
be overcome and the local void reactivity can be kept negative throughout the entire
burn-up cycle by adding a solid moderator, in this case zirconium hydride (ZrH)
and stainless steel around the blanket assemblies, which increases the neutron leakage
and softens the spectrum. The concept is sketched in Fig. 8.10. However, as a draw-
back of this concept, the reactor is consuming more plutonium than breeding, which is
not ideal for a sustainable nuclear energy concept.
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Figure 8.10 Fuel assembly design for a reactor core with fast neutron spectrum (Oka et al.,
2010).

8.6.3 Canadian SCWR fuel assembly concept

The fuel for the Canadian SCWR concept is similar to existing power reactor fuel in
that a ceramic pellet produces heat, which is transferred through the metallic cladding
to the primary coolant. Significant differences between the Canadian SCWR concept
and existing power reactor fuels, which have been considered, are the normal operating
conditions and accident conditions of higher temperature and pressure. These addi-
tional considerations (combined with corrosion concerns) necessitate the rejection of
zirconium-based alloys as fuel cladding candidates.

The fuel assembly consists of the fuel elements, central flow tube, encapsulated
insulator, upper and lower fuel element supports, inlet/outlet flow exchanger, and
outlet flow tube. The arrangement is illustrated in Fig. 8.11. Inlet coolant enters
the fuel assembly from the inlet plenum and initially flows through the periphery
of the fuel assembly. Above the fuel elements and upper fuel element support, a
flow exchanger transfers the inlet coolant to the central flow tube. The same flow
exchanger transfers the outlet coolant from the periphery of the fuel assembly to
the outlet flow tube where it proceeds to the outlet header. Inlet coolant flows
down the central flow tube to the bottom of the fuel assembly. The coolant reverses
direction at the bottom of the fuel assembly and flows up the periphery of the fuel
assembly over the fuel elements to the flow exchanger-outlet flow tube. The fuel
bundle concept consists of 64 fuel elements with 32 fuel elements in each ring
(see Fig. 8.12 for the cross-sectional view). The outer diameter of fuel elements
is 9.5 mm in the inner ring and is 10 mm in the outer ring. Each fuel element is
6.5 m long housing the fuel pellets, an inner filler tube in the plenum area to prevent
collapse under external pressure, and a spring to hold the pellets in place but allow
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Figure 8.11 Cross-section views of the supercritical water-cooled reactor fuel assembly
concept.

for pellet expansion. The active length of the fuel element is 5 m. Each end of the
fuel element is closed with an end plug, which is welded to the cladding tube.
Spacings between fuel elements, between inner-ring elements and the central flow
tube, and between outer-ring elements and the inner insulator liner are maintained by
wires arranged in a spiral wrap around every fuel element. In addition to maintaining
spacings, these wires minimize vibration of each element and enhance heat transfer
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Figure 8.12 Cross-sectional view of the 64-element fuel bundle concept inside of the
pressure tube.

from the cladding to the coolant. The effectiveness of wire-wrapped spacers on heat
transfer enhancement has been demonstrated through experiments using tubes, annuli,
and bundles. One of the concerns of using wrapped-wire spacers is fretting on the fuel
cladding. In view of the relatively low channel flow, fretting is not anticipated to be an
issue. Nevertheless, a confirmatory experiment may be needed.

A key feature of the Canadian SCWR fuel concept is the adoption of the proven
“collapsible cladding” concept utilized in CANDU' fuel. This feature is especially
suited to the Canadian SCWR concept because of the high temperature and pressure
experienced under normal operating conditions. The choice of a collapsible cladding
requires that the cladding material has sufficient ductility in the beginning of the fuel
cycle to deform onto the fuel pellets. This relaxes the requirements on the creep
strength and yield strength relative to a free-standing fuel cladding increasing the num-
ber of materials that can be viable for use. Five candidates of fuel cladding materials
were assessed for their suitability based on various material properties (Table 8.1).
Alloy 800H and Alloy 625 have been considered as prime candidates, whereas Stain-
less Steel 214 is excluded because of missing information on several properties.

Another feature of the current Canadian SCWR fuel element concept is the adop-
tion of a colloidal-graphite coating of the internal surface of the cladding (Wood
et al., 1980). The graphite coating of standard CANDU PHWR fuel cladding has
been proven to provide additional margin to (internal) stress-corrosion cracking.
Although the mechanism of this protection is not clearly understood, the most popular
theories involve either the graphite acting as a “getter” for volatile corrosive fission
products or because it provides a physical barrier between the fuel pellet and the clad-
ding, protecting the cladding from fission fragment damage. In both cases, the graphite

! CANDU® — Canada Uranium Deuterium (a registered trademark of Atomic Energy of Canada Limited).
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Table 8.1 Scorecard for fuel cladding material candidates

Property

Material :
Corrosion thickness | (un-irradiated) IASCC | Creep

Void Ductility

t th
swelling | (4%elongation) Streng

Green, available data suggest that this alloy meets the performance criteria under all conditions expected in the core; yellow,
some (or all) available data suggest that this alloy may not meet the performance criteria under some conditions expected in
the core; gray, there are insufficient data to make even an informed decision as to the behavior in a Canadian SCWR core
concept.

coating should provide the same protection for the Canadian SCWR fuel cladding as it
does for the CANDU fuel cladding.

In keeping with the collapsible cladding concept, the Canadian SCWR fuel
concept will utilize the standard CANDU-type pellet configuration. Pellets will be
high-density, double-dished, and chamfered. High-density pellets negate problems
associated with in-reactor sintering (shrinkage); double dishes negate the problems
associated with axial expansion stresses due to radial variations in pellet thermal
expansion; and the chamfers avoid problems with pellet-end chipping, ease pellet
loading, and ensure that pellet axial expansion is transferred via the (cooler) periph-
ery of the fuel (at the union of the chamfer and the dish). The standard practice of
pellet centerless grinding would be used to achieve very tight tolerances on pellet
diameter.

The insulator consists of a series of identical plates formed on a radius. The plates are
produced such that they cover 50 cm of vertical and 120 degrees of circumferential
coverage around the fuel bundle. The plates have beveled edges such that they overlap
at intersections vertically and circumferentially (see Fig. 8.13). The use of the plate
concept is necessary for plate fabrication and fuel performance considerations. From

Figure 8.13 Segmented insulator concept.
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a fabrication perspective, for sintered ceramic materials, the tolerances achievable are a
function of the size of the part. Therefore very large/long parts cannot be fabricated to
the tolerances required. From a performance perspective the plate concept allows for the
following:

* the ability to minimize gaps between insulator and inner and outer liner tubes, and
* accommodating differences in thermal expansion (axial and radial) between the inner and
outer liners.

The beveled edges give the plates some (limited) ability to slide past each other.
This allows consideration of techniques such as heat shrinking the outer liner and/or
cryoexpanding the inner liner to minimize gaps between the insulator and the liners.
Because of temperature differences between the inner and outer liners at normal oper-
ating conditions and accident scenarios, differences in thermal expansion are antici-
pated. The plate concept allows the insulator to accommodate the thermal expansion
differences while minimizing insulator gaps due to cracking.

The insulator material is yttria-stabilized zirconia, and the ceramic insulator is clad-
ded by the inner and outer liner tubes. The insulator-liner tube assembly is attached to
the fuel assembly, rather than the pressure tube, and is replaced after three fuel cycles.
The insulator size and geometry are determined by the requirement that the fuel chan-
nel concept incorporates the ability to maintain core components below melting tem-
perature even under accident scenarios that require long-term passive cooling.

8.7 Safety system concept

Defense-in-depth is one of the important principles in all safety concepts of current re-
actors and it shall consequently also be applied for the SCWR. Accordingly, the save
operation of the power plant shall be ensured by the following measures:

Normal operation shall be safeguarded by the operating systems. Moreover, the po-
wer plant shall be based on

* conservative design with high reliability and availability and
» proven technology and quality assurance.

Operational occurrences of seldom events (<10 */year) shall be controlled and
limited by

* surveillance and diagnostics and
* inherent safety and nuclear stability.

Design basis accidents with a probability of <10 >/year shall be controlled by
safety systems, which include

* redundancy and train separation,

* protection against internal and external hazards,
» qualification against accident conditions,

e automation, and

» autarchy of the safety systems.
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Multiple failure scenarios (eg, station blackout, total loss of feed water, and loss of
coolant accidents) and severe external events (eg, military or large commercial airplane
crash) are included in the design extension scenarios, which shall be protected by

* diversified systems and
* design against external event loads.

If severe accidents should still occur, then the SCWR needs to be protected by

* mitigative features and
* prevention of energetic consequences that could lead to large early containment failure (eg,
steam explosion, direct containment heating, and global hydrogen detonation).

8.7.1 Safety system in a pressure vessel-type supercritical
water-cooled reactor concept

For a pressure vessel design of the SCWR, there are several common safety system
requirements that can be taken directly from PWR or BWR designs without significant
modifications. These are

» the reactor shut-down system by control rods or by a boron injection system as a second,
divers shut-down system,

* containment isolation by active and passive containment isolation valves in each line pene-
trating the containment to close the third barrier in case of an accident,

* steam pressure limitation by pressure relief valves,

* automatic depressurization of the steam lines into a pool inside of the containment through
spargers to close the coolant loop inside of the containment in case of containment isolation,

* acoolant injection system to refill coolant into the pressure vessel after intended or accidental
coolant release into the containment,

* a pressure suppression pool to limit the pressure inside of the containment in case of steam
release inside of the containment, and

* aresidual heat removal system for long-term cooling of the containment.

An example of a containment with such safety systems is the compact HPLWR
containment shown in Fig. 8.14 with 20-m inner diameter and 23.5-m inner height
(Schulenberg and Starflinger, 2012). The cylindrical containment from prestressed
concrete is designed for an internal pressure of 0.5 MPa. It contains the reactor pres-
sure vessel, an annular pressure suppression pool with 900 m® of water and 500 m® of
nitrogen, four upper pools with a total water volume of 1121 m®, and a drywell gas
volume of 2131 m®. Four feed-water lines with check valves and four steam lines
with containment isolation valves, each inside and outside of the containment, connect
the reactor with the steam cycle. These valves are designed with a stroke time of 3 s,
actively and passively closing. Four automatic depressurization systems (ADSs), each
equipped with two safety relief valves and two depressurization valves, open a flow
cross section of 110 cm?” each to eight spargers in the upper pools.

Underneath the pressure suppression pool, four redundant and separated LP coolant
injection pumps, with an outlet pressure of at least 6 MPa and a maximum flow rate of
180 kg/s each, supply coolant from the pressure suppression pool via a heat exchanger
for residual heat removal and via a check valve to the feed-water line. Overflow pipes
from the upper pools to the pressure suppression pool close the coolant loop inside
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Figure 8.14 Containment of the HPLWR with safety systems.
From Schulenberg, T., Starflinger, J., 2012. High Performance Light Water Reactor, Design and
Analyses. KIT Scientific Publishing. ISBN:978-3-86644-817-9.

of the containment. Sixteen vent tubes for pressure suppression in the containment
connect the drywell with the pressure suppression pool.

Four emergency condensers are connected with the four steam lines and with the
four feed-water lines hanging from the top in the upper pools. For example, flow
through these condensers is driven by a steam injector. In addition, there are four
containment condensers mounted at the ceiling of the drywell, which are connected
on their secondary side to pools above the containment. Their secondary side is perma-
nently open so that steam in the containment can condense as soon as the saturation
temperature in the pools has been reached and the containment pressure is starting
to increase, in the unlikely case that the heat sink of the residual heat removal system
is not available. Open connecting pipes from the ceiling to the pressure suppression
pools enable a discharge of hydrogen from the drywell. In turn, the pressure suppres-
sion pool can be vented to the stack through aerosol and iodine filters.

Outside the containment, a boron poisoning system on top of the containment with
a tank of about 10 m® of B-10 with a concentration of 20—25% is connected with the
feed-water lines by two lines including pumps. It serves as the second, redundant
shut-down system.

8.7.2 Safety system in the Canadian SCWR concept

The safety approach adopted for the Canadian SCWR concept follows those of
advanced reactors in that multiple levels of independent and diverse safety systems
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Figure 8.15 Safety system inside of the reactor building of the pressure tube-type supercritical
water-cooled reactor concept.

are used as defense-in-depth and passive safety systems are adopted for increased reli-
ability. One of the major development goals of the Canadian SCWR concept is to
enhance safety such that the risk of core damage and release of radioactive materials
to the environment is significantly reduced. The unique features of the pressure tube-
based concept allow for an optimal balance of passive safety features on the moderator
systems for emergency heat removal (eg, a prolonged station blackout event) and a
combination of active and passive safety systems in the main cooling system. The pri-
mary system components are selected to provide multiple and redundant decay heat
removal paths; these defense-in-depth concepts considerably reduce plant risk over
existing reactors. In addition, there is a transformative improvement in core damage
risk by including a further passive decay heat removal pathway for emergencies.
This capability is possible through a combination of a natural circulation-driven
moderator cooling system, the fuel assembly concept, fuel channel concept, and direct
radiation heat transfer from the fuel to the insulator liner. The safety concept adopted
for the Canadian SCWR concept is described by Novog et al. (2012), and a detailed
design description of the safety systems is given by Yetisir et al. (2014) and Gaudet
et al. (2014). Fig. 8.15 illustrates the safety system inside of the reactor building.

8.7.2.1 Containment pool

The primary function of the containment pool is to provide a volume of water into
which steam flows from the ADS so that large-scale loss-of-coolant accidents (LOCAs)
can be suppressed. In addition, the containment pool provides a gravity-driven water
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flow to the reactor inlet plenum to replace inventory lost during a LOCA and subsequent
decay heat boil-off. This pool consists of an annular-shaped tank and is located in the
containment building above the reactor. It is divided into two sections to reflect the
bilateral symmetry of the reactor and safety systems, with each half functioning inde-
pendently of the other.

Located above the liquid level within the pool is the containment steam condenser
gallery, which houses containment steam condenser heat exchangers and passive auto-
catalytic recombiner units. Physically, the condenser gallery is an annular-shaped,
enclosed area, with a series of openings located on the outer wall. This outer wall
forms a separation between the steam tunnel and condenser gallery. Located within
these openings are the containment steam condenser heat exchangers, placed to allow
condensed steam to drain directly within the condenser gallery. The condenser gallery
floor is equipped with a series of drains equipped with suppression nozzles, discharg-
ing into the containment pool below the liquid level.

This layout permits the containment steam condensers and containment pool to act
in unison to condense steam accumulating in the steam tunnel because of an LOCA
event. In a high steam-flow regime found in a large-scale LOCA, the steam condensers
will be overwhelmed, allowing steam to flow past these condensers and be injected and
suppressed within the containment pool via the drains. A low steam-flow regime will
result in the direct condensing of the steam by the heat exchangers, with the condensate
draining into the containment pool.

The volume above the liquid level of the containment pool can be considered as a
wetwell. In a high steam-flow regime from the steam tunnel to containment pool, air
and gases may be entrained and deposited in the wetwell above the surface of the
containment pool. To prevent the pressure in this area from rising excessively, a series
of rupture panels are located above the containment pool water line, separating the dry-
well space from the wetwell. These panels allow gases and entrained air to escape to
the larger drywell space should the wetwell volume be insufficient.

The secondary side of the containment steam heat exchangers are connected to the
reserve water pool, with circulation established through gravity-driven flow. With this,
heat from an LOCA event will be deposited into the reserve water pool through the
containment steam condensers.

8.7.2.2 Automatic depressurization system

The ADS consists of several valves through which the reactor can be rapidly depres-
surized. It also provides overpressure protection to the reactor and outlet piping. The
valve banks are located in the containment building steam tunnel, with the discharge
flow suppressed into the containment pool.

8.7.2.3 Gravity-driven core flooding system

The gravity-driven core flooding system consists of a pipe connecting the containment
pool to the reactor cold leg coolant piping. A check valve permits the reactor to operate
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at its operating pressure, yet it allows water to flow into the reactor from the contain-
ment pool under accident conditions.

To ensure long-term decay heat removal in the event of a piping breach within the
containment building steam tunnel, the volume of the containment pool exceeds that of
the steam tunnel. Because of the seal between the reactor and steam tunnel floor,
coolant will accumulate within the steam tunnel, with steam condensed and returned
to the containment pool. With the steam tunnel filled with water from the containment
pool, a sufficient level will remain in the containment pool to cover both the suppres-
sion nozzles and the gravity-driven core flooding system inlet pipe. This feature elim-
inates the need for an active pumping system and other related components (eg, sump
strainers).

8.7.2.4 |Isolation condensers

The primary function of the isolation condensers (ICs) is to passively remove sensible
and core decay heat from the reactor, preventing reactor overpressure, and to serve as a
long-term cooling system under station blackout conditions. The IC heat exchangers
connect with the reactor coolant piping and remove heat from the reactor by depositing
this into the reserve water pool.

The IC system is divided into two independent trains, with each train consisting of a
piping loop running from the reactor outlet, to heat exchangers located in the reserve
water pool, and returning to the reactor inlet. The system is pressurized and on hot
standby under normal reactor operations. A connection valve is located on the sys-
tem’s low point near the reactor inlet and is closed under normal reactor operations.
The closed valve disrupts the flow through the system to minimize heat loss.

The IC relies on the difference of densities between the IC hot leg and cold leg fluid
to initiate and maintain a gravity-driven circulation. Under station blackout conditions
the reactor can be depressurized and cooled by first closing the main steam and feed-
water isolation valves, followed by opening the IC connection valve. The liquid col-
umn normally trapped by the connection valve is allowed to flow into the reactor inlet.
As this drains into the reactor, the IC heat exchanger tubing will be exposed to steam
from the reactor outlet, allowing heat transfer to the reserve water pool. Further steam
produced by the reactor due to the decay heat will sustain the circulation.

Although two independent trains of ICs are considered as the reference configura-
tion for the Canadian SCWR concept, the required capacity of the ICs varies as the
reactor is cooled to prevent unnecessarily rapid cooling rates. The current two-train
configuration may not allow plant operators to adequately control the cool-down
rate and would require further subdivision into four independent trains, with one train
attached to each of the reactor outlets. Details on the configuration will be established
in future design phases.

8.7.2.5 Reserve water pool

The primary function of the reserve water pool is to serve as a buffer between the pas-
sive safety systems and the ultimate heat sink. The large mass of water available in the



Super-critical water-cooled reactors 211

pool allows heat to be absorbed and subsequently removed by the atmospheric air heat
exchangers or by evaporation.

The pool is located in the upper section of the shield building and occupies an
annular space against the building’s outer wall. It is divided into two sections, each
section housing one train of ICs and the passive moderator cooling system (PMCS).
All heat exchange areas of the ICs and the passive moderator heat exchangers are
located in the lower half of the pool. The pool enclosure is equipped with a filtered
vent to the atmosphere to permit the release of water vapor. Pool levels can be remotely
maintained by means of a fill line connected to an external emergency supply such as
lake water or a water truck.

8.7.2.6 Atmospheric air heat exchangers

The primary function of the atmospheric air heat exchangers is to reject heat from the
reserve water pool to the atmosphere. Although not considered as a safety system, the
heat exchangers serve to extend the period of time in which the reserve water pool can
function as a heat sink before intervention under a high core decay heat regime. At a
lower core decay heat regime, the atmospheric air heat exchangers can reject the entire
heat load, extending indefinitely the point of intervention.

The atmospheric air heat exchangers consist of a series of plate-type heat ex-
changers located on the periphery of the shield building. These exchangers are
enclosed in a shroud, which forms a chimney to further increase gravity-driven air
flow. To minimize the number of penetrations into the shield building, the heat ex-
changers are grouped and connected to common hot leg and cold leg headers. Valves
are located on both the hot leg and cold leg headers and are closed under normal
reactor operating conditions to prevent freezing in cold climates.

Under accident conditions, with the valves opened, water is drawn from the upper
surface of the pool, allowed to cool in the heat exchanger, and returned to the bottom of
the pool by means of a gravity-driven convection current. Likewise, cooler air is drawn
through the heat exchangers from the bottom of the shroud, with the heated air
escaping at the top of the shroud.

8.7.2.7 Passive moderator cooling system

The PMCS serves as an additional barrier to core damage. In an accident scenario,
decay heat generated in the fuel within the fuel channel is transferred through radiation
from the cladding to the inner liner of the insulator, flows through the channel insulator
and pressure tube, and is deposited into the moderator. The PMCS uses a flashing-
driven natural circulation loop to remove heat from the moderator, and it deposits
the heat into the reserve water pool.

The PMCS is divided into two independent trains, with each train consisting of a
piping loop running from the reactor calandria to heat exchangers located in the reserve
water pool and returning to the calandria. The system is totally passive, and it is
allowed to function during normal reactor operation. A head tank, located above the
heat exchangers, maintains a constant pressure within the system.
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8.8 Dynamics and control

Because the SCWR has a once-through steam cycle, in which steam from the core
outlet is directly supplied to the HP turbines, it has many similarities with BWRs.
However, on a closer look there is a basic difference in the coolant flow path inside
of the reactor that causes a difference of the steam cycle control. In a BWR the
feed-water pump is controlling the liquid level in the reactor pressure vessel, the steam
pressure is controlled by the turbine governor valve, and the core power is either
controlled by the control rods or by the speed of the recirculation pumps. The
SCWR concepts do not include any recirculation loop. The feed-water pump can con-
trol either the steam temperature at the core outlet, if the core power is controlled by the
control rods, or it can control the core power if the steam outlet temperature is
controlled by the control rods. Again, the steam pressure is controlled by the turbine
governor valve in both cases.

An example of control loops for operation in the load range is sketched in Fig. 8.16.
Here the speed of the feed-water pump is controlled by the temperature of the super-
heated steam at turbine inlet, the mass flow of the HP steam extractions is controlled by
the feed-water temperature, the reheat temperature is controlling the steam mass flow
of the reheater, and the pressure at the reactor outlet is controlling the turbine governor
valve. The thermal power of the reactor, and thus with some delay in the generator po-
wer, is controlled by the control rods of the reactor core.

A supercritical fossil-fired power plant with a once-through steam cycle is usually
operated with a sliding pressure: the turbine governor valve is kept open in the upper
load range and the boiler outlet temperature is kept constant such that the boiler outlet
pressure increases proportionally with the steam mass flow and thus with load.
Consequently, the boiler is operated at subcritical pressure below approximately
80—90% load. However, such control is not permitted for the SCWR because dryout
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Figure 8.16 Control loops to operate the supercritical water-cooled reactor in the load range.
HP, high pressure; IP, intermediate pressure; LP, low pressure; G, generator.
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or even film boiling of the coolant at the fuel rods would overheat and damage them
(Schulenberg and Raqué, 2014). Instead, the SCWR is operated at constant supercrit-
ical pressure in the entire load range.

The best thermal efficiency at part load can be achieved at maximum core outlet
temperature. A constant temperature implies that the coolant mass flow increases pro-
portionally with load. However, because the reactor core requires a minimal coolant
mass flow, in particular for downward flow regions of the two-pass or three-pass
concept (Fig. 8.2), the reactor must be operated with a colder core outlet temperature
in the lower load range. Once the core outlet temperature and thus the turbine inlet tem-
perature becomes so small that condensation and droplet erosion must be expected in
the HP turbine, the steam has to bypass the turbine. Likewise, the reheat temperature is
colder in the lower load range because it cannot exceed the core outlet temperature, and
the steam also has to bypass the IP and LP turbines.

Oka et al. (2010) discuss the plant dynamics using such a control system. They
conclude that stable operation of the thermal reactor as well as of the fast core option
can be achieved by tuning the controllers.

8.9 Start-up

Starting from cold conditions, the first reactor power will be needed to warm up the
steam cycle. Oka et al. (2010) suggest either to start with constant supercritical pres-
sure by depressurizing some coolant into a flash tank or to start with a sliding, subcrit-
ical pressure by separating water and steam from the reactor core in external cyclone
separators. In either case, the separated liquid is taken to preheat the feed water and the
remaining steam is warming up the turbines. Because dryout will be unavoidable in the
reactor core during subcritical operation, the maximum cladding surface temperature
of the fuel rods needs to be checked to avoid damage.

Schulenberg and Starflinger (2012) reported about a constant pressure start-up and
shut-down system for the three-pass core design of the HPLWR, trying to keep the
feed-water temperature constant to minimize thermal stresses of the reactor pressure
vessel. This concept also includes a warm-up procedure for the deaerator during
startup from cold conditions. A battery of cyclone separators is foreseen outside of
the containment to produce some steam from depressurized hot coolant of the reactor.

8.9.1 Start-up system in a pressure tube-type supercritical
water-cooled reactor concept

The key requirement for the start-up system is to maintain adequate flow through the
core to protect the fuel from overheating during startup. As the reactor is brought from
low-pressure and low-temperature conditions to operating conditions, two-phase flow
can occur within the core, giving rise to the possibility of dryout. The reduced heat
transfer occurring under dryout conditions can lead to fuel overheating. For this reason
the maximum allowable cladding surface temperature is set as a criterion and is deter-
mined by the cladding material.
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An additional concern during reactor startup is the steam quality to the HP turbine.
To avoid turbine blade damage, the moisture content in the saturated steam at subcrit-
ical temperatures is normally limited to less than 0.1%. In addition, the enthalpy of the
core outlet coolant must be high enough to provide the required turbine inlet steam
enthalpy.

The modified sliding pressure startup as proposed by Yi et al. (2005) can be adapted
to the proposed operating conditions in the Canadian SCWR concept. To provide a
starting point for future analysis of critical performance characteristics (eg, fuel clad-
ding temperatures and thermal-hydraulic and neutron stabilities), reference operating
conditions (eg, flow rates, reactor power levels, and mechanical equipment configura-
tions) have been selected.

The recirculation flow rate chosen is to match that suggested for the superlight wa-
ter reactor (Yi et al., 2005), namely 25% of full power flow, with reactor power levels
and warm-up times chosen to limit temperature gradients within the pressure boundary
as the reactor comes to operating temperature. The maximum feed-water temperature
is adjusted to 350°C to reflect the proposed Canadian SCWR operating conditions. All
start-up components are rated for a maximum operating temperature of 450°C,
reducing the overall weight of the construction because of greater mechanical strength
at lower metal temperatures. Finally, make-up feed-water flow during turbine warmup
is to be supplied by the feed-water system because the Canadian SCWR concept does
not have a reactor core isolation cooling system.

In addition to the feed water and inlet and outlet piping normally found in a reactor,
the start-up system consists of a steam drum, a heat exchanger, and circulating pump, as
shown in Fig. 8.17. The function of the steam drum is to provide a liquid level at which
pressure equilibrium can be established based on the temperature of the water. Because
no steam is allowed to escape the system, the system pressure is at the saturation tem-
perature of the liquid. The function of the heat exchanger is to limit the coolant temper-
ature being returned to the reactor to 350°C, and it is utilized in the start-up sequence

Reactor and primary
heat transport system

Steam drum

Heat exchanger

Circulation pump

Figure 8.17 Component layout of the start-up system concept.
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only after the outlet temperature exceeds this limit. To limit the thermal gradient stresses
within this heat exchanger and to reduce the capacity requirement, the maximum oper-
ating temperature of the start-up components will be limited to 450°C, beyond which
line switching will occur and the start-up system stopped.

To avoid additional penetrations to the reactor inlet plenum, the start-up system
piping is connected to one of the four heat transport piping connections to the reactor.
The connection point is within the containment building, between the reactor and main
steam isolation valves and the feed-water isolation valves. The start-up system can be
isolated from the reactor by means of valves located on the start-up system piping at
the connection points.

A recirculation pump is to provide a constant mass flow to the reactor, regardless of
the instantaneous fluid density. The pump is to be equipped with a variable-speed drive
motor to maintain the desired mass flow rate throughout the start-up cycle. The pump
is to be located in proximity to the heat exchanger within the shield building.

8.10 Stability

A stability problem that is well known from BWRs is the occurrence of density wave
oscillations. It is caused by the large density change of the boiling coolant in the core,
in particular if the local coolant pressure drop increases with decreasing mass flow. The
coolant density ratio in the SCWR changes by more than a factor of 8 in the core,
which is even higher than in a BWR (International Atomic Energy Agency, 2014).

Stability analyses of the coolant flow through the three-pass core of the HPLWR
have been studied by Ortega Gomez (2008). As with BWRs, Ortega Gomez shows
that the most effective measure to avoid density wave oscillations in the core is the
installation of orifices at the inlet of fuel assemblies. These orifices need to be custom-
ized for a hot fuel assembly.

In the case of a BWR, the operation point of the average heated fuel assembly
should correspond to a decay ratio less than 0.5 for a single-channel density wave
oscillation, and a decay ratio less than 0.25 should correspond to the coupled
thermal-hydraulic/neutronic density wave oscillation. Furthermore, the whole opera-
tion range, also including hot fuel assemblies, should be in the linear stable region
of the stability map.

Ortega Gomez (2008) shows that the average and even the hot fuel assemblies of
the HPLWR superheaters fulfill the stability criteria for all three types of density
wave oscillations without applying any orifice. However, the average fuel assemblies
of the evaporator have a decay ratio larger than 0.25 at normal operation parameters for
the in-phase and out-of-phase density wave oscillation. Furthermore, hot fuel assem-
blies of the evaporator would operate in the linear unstable region. Thus, although the
fuel assemblies of the superheaters do not need additional inlet flow restriction, all fuel
assemblies of the evaporator stage must be equipped with inlet orifices.

Although the first superheater is stable with respect to density wave oscillations, even
without orifices, we have to expect flow reversal in some fuel assemblies of the first su-
perheater of a three-pass core at low mass flow rates because of an unstable stratification
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of the downward flow. The mass flow control of the reactor is usually such that flow
reversal is excluded, as discussed in Section 8.8. However, low mass flow rates are un-
avoidable during some sequences when the reactor is opened and the core is disassembled
or during accident scenarios. Schulenberg and Starflinger (2012) reported about flow an-
alyses for such scenarios, concluding that flow reversal will not be a concern for the core as
long as enough margin is kept from the cladding temperature limits.

Another stability issue, which has been reported by Schulenberg and Starflinger
(2012), is the xenon oscillation of the core power, such as those known from conven-
tional LWRs. Reiss et al. (2009) studied these oscillations for a simplified HPLWR
core geometry. The diameter of the core of the HPLWR is approximately 3.5 m,
whereas the active height is 4.2 m. These dimensions are in the range of LWRs where
xenon oscillations cannot be excluded. On the other hand, because of the large den-
sity drop of water after crossing the pseudocritical point, the migration length of the
neutrons, which is an important parameter for the stability of the reactor against
xenon oscillations, is larger than in current LWRs. The preliminary results of Reiss
et al. (2009) indicated that the HPLWR will be unstable against xenon oscillations.
Nevertheless, its stable operation can be ensured with proper control equipment (eg,
partly inserted control rods), which is already well established and will be similar to
today’s large reactors. At the beginning of the burn-up cycle of the HPLWR, some of
the control rods are inserted to compensate for excess reactivity, which makes them
suitable, in addition to power control, for xenon oscillation control. At the end of the
cycle some of the control rods will be still inserted because of power control and
safety considerations; therefore they could also prevent large oscillations. On the
other hand, partly inserted control rods could be useful not only for controlling xenon
oscillations but also to fine tune the power distribution during normal operation.

8.11 Advantages and disadvantages of supercritical
water-cooled reactor concepts

Differences in system configurations would lead to specific advantages and disadvan-
tages between pressure vessel and pressure-tube types of SCWR concept. Rather than
focusing on each system, the following general advantages of SCWR concepts are
foreseen:

* The SCWR concepts are evolutions of the current fleet of nuclear reactors (either LWR or
PHWR) combining the nuclear reactor with the balance of plant of the fossil-fired power
plant. Once constructed, the SCWRs can be easily adopted into the existing systems of util-
ities because most utilities operate nuclear and fossil-fired power plants.

» System configurations of the SCWR concept are simpler than existing reactors; hence they
can provide economic advantage.

* The SCWR concept is a water-cooled reactor, which has the distinct advantages of safeguard
and proliferation resistance.

* With the introduction of a passive safety system, the safety characteristics of the SCWR con-
cepts are as good as or better than existing reactors.

* All SCWR concepts have higher thermal efficiency than the current fleet of nuclear reactors;
hence they would reduce the fuel utilization and waste stream, improving the sustainability.
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The following disadvantages may be associated with the SCWR concepts:

* The high coolant temperature has led to high cladding temperature, which requires the use of
stainless steels or nickel-based alloys as fuel cladding materials. Because of the high neutron ab-
sorption of these materials, the fuel burn-up is reduced or the fuel enrichment is increased. In
addition, the refueling frequency is increased compared with the current fleet of nuclear reactors.

* All current SCWR concepts adopt the direct cycle to simplify the system configuration.
Although the direct cycle is also being used in the BWR, the single-phase steam flow
in the SCWR would transport the radioactive materials from the core to the HP turbine
(the presence of liquid phase in the BWR minimizes the transfer because the radioactive
materials remain in the liquid whereas the steam is directed to the turbine). This could
hamper maintenance and inspection of the turbine and increase dosage to staff. Intro-
ducing the indirect cycle would alleviate the issue, but it would escalate the capital
cost of the plant.

* The fuel assemblies of current SCWR concepts contain more parasitic materials than those of
existing reactors, increasing the waste stream.

8.12 Key challenges

The basic idea for development of the SCWR is to use the long-term experience of
PWRs and BWRs on the one hand, and the experience with supercritical fossil-fired
power plants on the other hand, to derive an innovative plant concept with a minimum
of research needs. Obviously, the reactor core of such a power plant will be new then,
and the core outlet temperatures as well as the enthalpy increase of coolant in the core
will exceed by far the current experience. However, all other components of the
SCWR power plant, including the steam cycle components and the containment
with its safety systems, are not considered to cause any major challenge because the
latest fossil-fired power plants are operated even with a life steam temperature of
600°C at pressures above 30 MPa.

A key challenge for core design is certainly a cladding material for elevated temper-
atures above 600°C. Zircalloy is certainly not applicable at these temperatures.
Ferritic-martensitic boiler steels used for supercritical fossil-fired power plants are
hardly applicable because the small wall thickness of fuel claddings of approximately
0.5 would not provide enough corrosion margin. Austenitic stainless steels with more
than 20% Cr are still among the most promising candidates; however, they have com-
promises in creep resistance. Nickel-based alloys can tolerate even higher temperatures
in the supercritical water environment, but the high nickel concentration will cause
helium embrittlement and stress-corrosion cracking under neutron irradiation. As an
alternative option, the use of coatings has been considered recently such that a
corrosion-resistant coating is applied on a creep-resistant substrate. Guzonas and
Novotny (2014) summarize the latest status of SCWR material research.

Another key issue is the prediction of cladding surface temperatures at bulk tem-
perature close to the pseudocritical point. The strong change of almost all coolant
properties with temperature may cause a deterioration of heat transfer and associated
hot spots, which can hardly be predicted with current computational fluid dynamics
(Pioro and Duffey, 2007). A recent blind benchmark exercise on heat transfer in an
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electrically heated rod bundle in supercritical water, summarized by Rohde et al.
(2015), confirmed that we are still far from reliable predictions.

8.13 Future trends

Qualification of advanced technologies is the focus of planned research and develop-
ment for the SCWR in the next years. Cladding alloys for better corrosion resistance at
elevated material were recently developed, but many additional tests, including an
in-pile test with supercritical water, will be required before licensing authorities can
accept these materials. Likewise, neutronic and thermal-hydraulic codes as well as sys-
tem codes are available, in principle, but further integral tests are needed to qualify
them for these advanced nuclear applications. An in-pile test of a small-scale fuel as-
sembly in a critical arrangement inside of a research reactor is considered to be manda-
tory before an SCWR prototype can be built. It has been designed by a European
consortium, as outlined by Ruzickova et al. (2014), and shall be operated in a closed
water loop at supercritical pressure inside of a research reactor. Although only being a
small-scale fuel element, this loop must be licensed similar to a nuclear facility,
including qualification of all technologies included there.

On a long-term perspective, a prototype reactor is envisaged and shall include all
key technologies of the SCWR. However, different from other advanced Generation
IV reactor concepts, the SCWR can also be developed in small incremental steps
from PWRs, BWRs, or PHWRs, taking advantage of the long-term experience with
water-cooled reactors, which would minimize the technical and financial risks of
this development.

Acronyms
HPLWR High-performance light water reactor
IC Isolation condensers
LEU Low enriched uranium
LOCA Loss-of-coolant accident
PMCS Passive moderator cooling system
Nomenclature

H Enthalpy, kJ/kg

=

Mass flow rate, kg/s
D Density, kg/m’
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Part Two

Current status of Generation IV
activities in selected countries

Preface to Part Two

Part Two presents the current status of Generation IV activities in selected coun-
tries, which include active research, development, and other related activities.
Selected countries include the United States, the European Union [actually
consists of the 28 member-states, several of which participate actively in the
Generation IV International Forum (GIF) nuclear energy systems, especially
France], Japan, Russia, South Korea, China, and India. Of the GIF nine original
participating members, Argentina, Brazil, South Africa, and the United
Kingdom are not presently active. In addition, some countries have major inter-
national nuclear vendors, many of which are majority state-owned or controlled,
and national laboratories that participate in Generation IV and advanced reactor
research and development. Therefore, Part II consists of seven chapters written
by top international experts from these countries. The sequence of these
chapters/countries corresponds mainly to installed capacities of their nuclear
power plants.
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9.1 Generation IV program evolution in the
United States

The nuclear power industry is a relatively young industrial enterprise that continues to
evolve following global macroeconomic energy trends and domestic developments in
countries with nuclear energy use interests. James Chadwick discovered neutrons in
the 1930s. By doing so he kicked off the quest for utilizing neutron-induced fissions
as an energy source in a broad range of applications.

The first critical nuclear reactor went operational on December 2, 1942, in
Chicago. Since then, three generations of nuclear reactors can be distinctively iden-
tified, with the fourth generation emerging at the onset of the 21st-century energy
technology developments (U.S. DOE, 2003; Weaver, 2005). These four consecutive
generations of nuclear energy systems have significant historical impact on the
nuclear power industry’s efforts to innovate itself while remaining commercially
viable and competitive in the US domestic energy markets and throughout the world
(U.S. DOE, 2001):

e Generation I (1950—1970)—experimental and prototype reactors: The first power reactor
generation was introduced during the period 1950—1970 and included early prototype reac-
tors such as Shippingport, Dresden, and Fermi I in the United States.

*  Generation Il (1970—1990)—large, central-station nuclear power reactors: The second
generation included commercial power reactors built during the period 1970—1990 such
as the light water-cooled reactors (LWRs) with enriched uranium including the pressurized
water reactor (PWR) and the boiling water reactor (BWR). In the United States, it includes
104 constructed nuclear power plants.

*  Generation Il and 111+ (1990—2030)—evolutionary designs: The third generation started
being deployed in the 1990s and is composed of the advanced LWR, including the advanced
boiling water reactor (ABWR), and the System 80+. These were primarily built in East Asia
to meet that region’s expanding electricity needs. New designs that are being deployed
include the Westinghouse Advanced Passive AP1000 and GE economic simplified boiling
water reactor (ESBWR) in the United States. These are considered as evolutionary designs
offering improved safety and economics.

* Generation IV (2030 and beyond)—next-generation designs: Although the current second-
and third-generation nuclear power plant designs provide an economically, technically, and
publicly acceptable electricity supply in many markets, further advances in nuclear energy
system design can broaden the opportunities for the use of nuclear energy. The fourth gen-
eration of nuclear reactors is expected to start being deployed by 2030. The Generation IV
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reactors are designed with the following objectives in mind: economic competitiveness,
enhanced safety and reliability, minimal radioactive waste generation, and proliferation
resistance.

While gaining power operation experience in nuclear engineering ever since 1942
through Generation I—III+ systems and including emerging Generation IV systems, it
was quickly established in early industrial efforts that nuclear reactions offer not only
uniquely dense power sources but also a potential for sustainable power to meet energy
demands far beyond the reaches of fossil fuels, including electricity and process heat
applications from district heating to potable water production to large-scale industrial
uses. The nuclear energy sustainability and security over fossil fuel alternatives
together with its potential for minimized environmental impact are the unique nuclear
industry traits.

Retrospectively, after the end of World War II, efforts to develop and deploy
nuclear power plants began worldwide. Thus far, most operating and currently
under-construction power plants are with LWRs. PWRs lead the industry whereas
BWRs are not far behind. This technological reality of Generation [—III+ systems
dates back to early decisions related to naval propulsion applications of nuclear energy
as well as water’s economical characteristics as the cheap and universally abundant
reactor coolant (Weaver, 2005).

The LWR technology is well understood, matured, and optimized for traditional
and novel applications. Much work has been done around the world to improve the
existing reactor designs (Weaver, 2005). The safety demands of LWRs led to elaborate
and extensive engineered safety features in Generation II—III4 reactors. The key
historical technology limitations of LWRs are (1) significant system complexity
emanating from naval origins and affecting performance and reliability, (2) limited
operating temperatures subsequently restricting the attainable balance of plant energy
conversion efficiencies, and (3) safety characteristics of LWR cores limiting core in-
ternal survivability in accident scenarios with accident-impeded or without built-in
engineered safety features, especially in loss-of-coolant accidents.

Although existing designs, which are denoted as Generation II and III, provide a
reliable, economical, and publicly acceptable supply of electricity in many markets,
further advances in nuclear energy system design can broaden the opportunities for
the use of nuclear energy. Other coolant types have been explored, resulting in nuclear
power plants with heavy water reactors, gas reactors, and liquid metal reactors. Recog-
nizing the advantages of non-light-water systems, it is also apparent that light water
early deployment and its economics determined its leading use in contemporary
nuclear reactors. The large base of experience with the current nuclear plants has
been used to guide development of the new Generation IV designs to contemporary
readiness-for-deployment levels. Common goals are simplification, larger margins
to limit system challenges, longer grace periods for response to emergency situations,
high availability, competitive economics, and compliance with internationally recog-
nized safety objectives.

Table 9.1 summarizes the contemporary reactor technologies of accepted use and
relevance to Generation IV systems and beyond. Typical LWR design traits such as



Table 9.1 Contemporary nuclear power technologies

Core Turbine Number
Reactor Fuel Core coolant | moderator working fluid | of loops Applications
LWR—PWR | UO,, 3—5% **°U H,0, 160 bars | H,0, 160 bars | H,O steam 2 Electricity, desalination
LWR—BWR | UO,, 3—5% U H,0, 70 bars | H,O, 70 bars | H,O steam 1 Electricity, desalination
CANDU Natural uranium D,0, 90 bars D,0, 90 bars H,O steam 2 Electricity
HTR UCO, 8—15% 235y He, 60 bars Graphite H,O steam 2 Electricity, process heat,
He 1 waste management

LMFR UO,, UO,-Pu0,, (U,Pu)O,, | Na, NaK, None H,O steam 2 Electricity, process heat,

UC, 10—20% fissile 5 bars waste management

LWR, light water reactor; PWR, pressurized water reactor; BWR, boiling water reactor; CANDU, Canada deuterium uranium reactor; HTR, high-temperature reactor; LMFR, liquid metal fast

reactor.
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primary coolant doubling as a moderator, need for pressurization in PWRs to avoid
bulk boiling, and enriched fuels to compensate for parasitic absorption are noted,
recognizing their impact in the global nuclear technology evolution.

Moving from LWRs to high-temperature reactors (HTRs) and eventually to liquid
metal fast reactors (LMFRs) progressively leads to lower pressures but potentially
higher fissile content needs. Developments of HTRs and LMFRs are founded on de-
cades of research and development (R&D) efforts in the United States and other coun-
tries since the 1950s, alongside development and successful commercialization of
LWRs. Historically, the design development efforts have been driven by several major
objectives, all of which target addressing and resolving the above-noted technology
limitations of LWRs: (1) system design simplification trends, (2) implementation of
modularity principles, (3) higher operating temperatures, and (4) (inherent) safety fea-
tures. Combined, these developments enhance performance characteristics, facilitating
competitiveness against other energy technologies. The development trends based on
these objectives matured in the 1970s and continue to the present day (Weaver, 2005).

Enabling developments in materials and energy conversion technologies facilitate
design efforts toward next generations of nuclear reactors. As nuclear engineering
technologies mature, energy use efficiencies continuously increase. These studies
allow benefit from the extensive operational experience of LWRs and adopting new
technologies.

The US Department of Energy (DOE) has been working with the nuclear industry
to establish a technical and regulatory foundation for the next generation of nuclear
plants (U.S. DOE, 2003, 2001, 2002). The DOE Generation IV Initiative began in
the early 2000s to facilitate developing technologies that achieve safety, performance,
waste reduction, and proliferation resistance while serving as an energy option that is
economically competitive and ready for deployment by 2030 (OECD NEA, 2002,
2005). The licensing process is being developed jointly with the US Nuclear Regula-
tory Commission (NRC) whereas proliferation resistance and physical protection are
being developed and evaluated following the guidelines produced by the National
Nuclear Security Administration. The initial technology roadmap was completed
in 2002 for the program and subsequently updated in 2014 (U.S. DOE, 2002;
OECD NEA, 2014a). The original roadmap was focused on selection methodology
details and kickoff of R&D for the recommended most-promising systems. The anal-
ysis and recommendations have been deeply rooted in the 2000s-era nuclear renais-
sance expectations. The updated 2014 roadmap provides an overview of the original
2002 document, adds the evaluations of subsequent accomplishments of more than
10 years of R&D, and provides analyses of Generation IV systems accounting for
the Fukushima Daiichi accident lessons and contemporary economics of the
2010s. Both documents discuss projected developments in the United States and
throughout the world.

The Generation IV International Forum (GIF) was established in 2000 with its char-
ter formalized in 2001 (OECD NEA, 2002). The original membership consisted of rep-
resentatives from nine countries stemming from their participation in the US DOE-led
intergovernmental group discussing international collaboration opportunities in
nuclear energy technologies, later named as the GIF Policy Group. The nine founding
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members, signatories to the original GIF Charter of 2001, are Argentina, Brazil,
Canada, France, Japan, the Republic of Korea, the Republic of South Africa, the
United Kingdom, and the United States. Switzerland signed the GIF Charter in
2002, Euratom in 2003, and the People’s Republic of China and the Russian Federa-
tion signed in 2006, bringing the GIF membership to 13 countries.

The US DOE initiated the international program and plays the leading role in the
GIF efforts whereas Argentina, Brazil, and the United Kingdom are nonactive mem-
bers. The extended GIF Charter was signed by representatives from all 13 countries
in 2011, reaffirming national interests in collaborative efforts toward Generation IV
systems (OECD NEA, 2005, 2011). In 2015, the GIF Framework Agreement was
extended for another 10 years, facilitating continued collaborative efforts. The current
list of implementing agents includes NRCan (Canada), Euratom, CEA (France),
ANRE and JAEA (Japan), CAEA and MOST (China), MSIP and NRF (Korea),
South Africa, Rosatom (Russia), PSI (Switzerland), and DOE (United States)
(OECD NEA, 2014a).

The Generation IV nuclear energy systems comprise nuclear reactor technologies
that could be deployed by the mid-21st century and present significant advancements
in economics, safety and reliability, and sustainability over currently operating reac-
tors. Described in the initial roadmap are six system concepts chosen by the US
DOE’s Nuclear Energy Research Advisory Committee and the GIF to be investigated:

* gas-cooled fast reactors (GFRs),

* very-high—temperature reactors (VHTRS),

* supercritical water-cooled reactors (SCWRs),
¢ sodium-cooled fast reactors (SFRs),

¢ lead-cooled fast reactors (LFRs), and

¢ molten salt reactor (MSRs).

The GIF nations trust that development of these six concepts leads to a range of
long-term benefits in the United States and worldwide. The US DOE supports domes-
tic nuclear energy community interests in exploring and developing SFRs and VHTRs
via signing formal GIF System Arrangement Documents for these designs (OECD
NEA, 2014a). In addition, the US nuclear energy community participates in collabo-
rative efforts toward developing various concepts of LFRs and MSRs. The base line
enabling technologies to achieving high-performance characteristics are also
accounted for and supported by the forum member’s national R&D programs. These
developments include novel system concepts and energy architectures, new materials,
designs for online maintenance, and technological solutions needed to shorten outages.

Many related current efforts, such as improvements in man—machine interfaces us-
ing computers and information visualization systems and operator licensing program
tools including simulator training exercises that have been applied at current plants,
will ultimately contribute to the high performance of future nuclear power plants. In
particular, taking advantage of these technological advances, the new designs also as-
sume plant lifetimes beyond 60 years (Weaver, 2005).

Table 9.2 summarizes the principal design characteristics thought-after and repre-
sented by the identified six Generation IV design concepts (U.S. DOE, 2002;



Table 9.2 Generation IV nuclear power technologies

Power
Neutron Maximum achievable Envisioned rating
Reactor spectrum Core coolant | temperature (°C) fuel cycle MW) Applications
LWR—SCWR | Thermal/fast | H,O 510—625 Open/closed | 300—1500 Electricity, process heat
HTR—VHTR | Thermal He 650—1000 Open/closed 250—300 Electricity, H,, process heat,
waste management
LMFR—SFR Fast Na 550 Closed 30—2000 Electricity, process heat, waste
management
LMFR—GFR Fast He 850 Closed 1200 Electricity, H,, process heat,
waste management
LMFR—LFR Fast Pb 800 Closed 20—1000 Electricity, H,, process heat,
waste management
MSR Thermal/fast | Fluoride salts | 700—800 Closed 1000 Electricity, H,, process heat,

waste management

LWR, light water reactor; HTR, high-temperature reactor; LMFR, liquid metal fast reactor; SCWR, supercritical water cooled reactor; VHTR, very-high—temperature reactor; SFR, sodium-cooled

fast reactor; GFR, gas fast reactor; LFR, lead-cooled fast reactor; MSR, molten salt reactor.
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OECD NEA, 2009). Of note, only one of these systems uses light water as a coolant to
achieve its performance characteristics while being potentially either a thermal or fast
spectrum system.

As already indicated, decades of technology development efforts for some of these
systems serve as a foundation for early commercial deployment perspectives, within
the next decade or so, assuming viable marketing-consumer cases can be established
on a competitive basis against alternative energy technologies targeting 2030—2100.
International collaborations within the GIF framework are expected to facilitate early
marketing and deployment opportunities.

Generation IV advanced reactors are expected to be the result of international
collaborative efforts bringing novel technologies to energy markets and customizing
them according to local conditions. The universal objectives are for these systems to
be sustainable, safe, reliable, economically competitive, and proliferation resistant
and secure (Yang, 2014).

9.2 Energy market in the United States and the
potential role of Generation IV systems: electricity,
process heat, and waste management

Nuclear power has had a substantial role in the supply of electricity in the United States
for more than 3 decades, reaching contributions of nearly 20% of the domestic elec-
tricity generation (U.S. DOE, 2003; Yang, 2014). There are several types of
nuclear-driven power units meeting a range of applied needs and forming an overall
domestic nuclear energy system market. In addition to the nuclear power plant reac-
tors, there are several hundreds of PWRs for naval propulsion and hundreds of research
and special purpose reactors of various types. The domestic energy demand projec-
tions within the major industrial sectors, including electricity and other energy prod-
ucts, coupled with environmental and sustainability considerations, suggest an
increasing role for nuclear energy by the end of this century (U.S. DOE, 2003,
2002; OECD NEA, 2014a, 2009).

To take full advantage of fission energy, the need for greater energy efficiency is
becoming an increasingly important component in development efforts toward sustain-
able energy resources. Cogeneration systems, producing heat and electricity, offer a
solution for optimization of nuclear energy usage and increased energy security.
Nuclear power plants represent a viable energy source for cogeneration options.

Currently operating nuclear power plants discard thermal energy into a heat sink at
temperatures of approximately 280°C. Heat at these temperatures is suitable for desa-
lination plants and various other process heat applications. Future VHTRs offer much
higher temperatures and energy conversion efficiencies that would allow electricity
generation, potable water production, and hydrogen production in a single multipur-
pose cogeneration system.

The coupling of a nuclear energy system with a cogeneration facility creates unique
challenges as well as unique opportunities for competitive performance characteristics
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(OECD NEA, 2014a). The nuclear energy source determines the maximum energy
production rate for all of the coupled energy systems driven by the reactor. Following
traditional Generation II—III+ operation strategies, a continuous operation mode
might also be implemented as a preferable mode for next-generation nuclear reactors.
Assuming the continuous operation scenarios, the interface between the various prod-
uct streams will need to be dynamically managed in such a way that reactor availability
to the energy grid (the key continuous operation trait) is not challenged. If electricity
generation is primary and chemical processing is secondary, then the “product shift-
ing” protocol must be responsive to the needs of the electrical grid. High-demand
periods could force the chemical plants into standby mode whereas low-demand
periods could see increased chemical production. If chemical processing is primary
and electricity generation is secondary, then electricity would only be sold as a com-
modity when demand and availability coincide. These protocols could be combined
dynamically to meet greed fluctuations in a novel on-demand operation mode whereas
reactors would be left to operate as desired from the reactor side—in base load or
load-following modes. The direct-cycle high-efficiency Generation IV VHTRs have
a unique potential to offer both high-temperature process heat and electricity in an
operation scenario with very high energy conversion efficiencies of modern Brayton
cycles. The direct-cycle nature of the plants allows for a load-following mode with
dynamic responses to energy grid fluctuations.

Because there are existing market penetration challenges for any novel energy tech-
nology, Generation IV reactors will have significant uncertainties in their ability to
capture sizable energy market shares. There are significant impediments that may pre-
vent rapid or even accelerated deployment of near-term construction-ready Generation
IV systems. Natural gas price fluctuations have the potential to significantly slow down
or even completely stop deployment efforts of novel nuclear technologies and lead to
shutdowns of existing Generation II LWR-based plants purely based on economic
considerations.

The absence of significant observable near-term focus on nuclear energy technolo-
gies in domestic energy policy considerations and predominantly decentralized market
demand—driven energy grid architectures in the United States may lead to slower
novel nuclear energy system deployments and increasing numbers of Generation II
LWR-based plants to be decommissioned by the end of this century. The utility com-
panies and high-energy-demand industries are expected to be naturally reluctant to
become early adopters of experimental energy systems despite their actual character-
istics resorting to well-known energy solutions as long as alternatives to nuclear
remain available to meet energy needs.

Introduction of Generation IV systems to the US energy markets is naturally
expected to be slower and more sporadic compared with developments observed in
other countries, with Russia and China the most significant examples (Weaver,
2005). Generation IV technologies are being advanced there with significant federal
support driven by anticipated energy needs, climate and environmental considerations,
anticipated resource shortages, and the expected resulting economic demand for nu-
clear energy in the long term. Domestic US energy markets are driven by near-term
phenomena, and nuclear technologies are not expected to see rapid market penetrations
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under existing conditions. Approximately 54 GW, of the domestic US nuclear capac-
ity is in regulated markets whereas 45 GW, is in deregulated markets driven by short-
term competitive power sales. Early adoptions of Generation IV technologies,
including those originating in the United States, will likely occur abroad and then
Generation IV designs will be returning to the United States in a longer term as market
conditions and licensing support deployments evolve. Emerging environmental stan-
dards and regulations are beginning to recognize the role of nuclear power as a clean
energy source (OECD NEA, 2014a; Yang, 2014).

These changes will ultimately facilitate deployments of Generation IV reactors as
sustainable, environmentally responsible energy sources that are clean and immune
to environmental changes because of uses of non-light—water-based power cycles.
It is expected that efficient electricity generation, process heat production, and waste
management capabilities will be the key features of Generation IV reactors, offering
opportunities and advantages for successful energy market penetrations accounting
for decentralized and centralized market conditions (U.S. DOE, 2003).

9.3 Electrical grid integration of Generation IV nuclear
energy systems in the United States

The US energy system is very complex. It is actually represented by not a single elec-
trical grid but a complex architecture of state and local grids that are loosely intercon-
nected to meet the energy needs of its customers, both in electricity demands and in
process heat applications (U.S. DOE, 2003; Nordhaus et al., 2013; Massachusetts
Institute of Technology, 2011).

The average capacity factors of US nuclear power plants have increased from
approximately 60% attainable in the 1960s and 1970s to more than 90% attainable
in the 2000s. The reliability levels of base-load contributions to the domestic electrical
grid have been steadily increasing over the same period as demonstrated through sub-
stantial reductions in operating and maintenance expenses as well as reductions in
personnel radiation exposure levels at the Generation II—III nuclear power plants
(Nordhaus et al., 2013; Massachusetts Institute of Technology, 2011).

Although Generation II and III nuclear power plants have been operating more and
more efficiently in recent years, reliably contributing base-load capacity, the US elec-
trical grid has been getting more and more dated, requiring significant upgrades in its
infrastructure. The challenges are further complicated by existing uncertainties in plan-
ning, predictions of future energy needs, forms, and infrastructure demand forecasts,
from integration of renewable sources to electrical vehicles to environmentally respon-
sible sustainable energy ecosystems to simply managing large power consumers and
individual households. A range of new technologies, from smart meters to smart grids
to smart houses, is already available and is expected to become available in the near
future to replace aging systems and meet the energy needs by offering dynamic archi-
tectures supporting adaptable “smart” energy solutions for all customers (Araujo,
2014; Massachusetts Institute of Technology, 2011).
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Emerging novel power units with Generation IV reactors must be adaptable to
energy grid architectures in their ability to meet load demands faster than traditional
Generation II and III power plants characterized by slow ramp rates, meeting the com-
petitor’s challenges of load changes on minutes-hours scales (Nordhaus et al., 2013;
INL, 2014). Fortunately, direct-cycle power units with Generation IV reactors and
so-called hybrid systems combining advanced reactors and renewable energy sources
offer desired dynamic capabilities to meet load requests on-demand, operating either in
a traditional load-following mode or in a dynamic mode (INL, 2014).

Hybrid systems integrate nuclear reactors, renewable sources, energy storage/re-
covery buffer systems, and dynamic interfaces with electrical grids (INL, 2014).
Significant flexibilities in potential architectures are available and are being
explored for applications in Generation IV technology deployment scenarios
(OECD NEA, 2014a; INL, 2014). Flexible power ratings of Generation IV reactors,
as shown in Table 9.2, facilitate the grid integration capabilities of these systems
(Nordhaus et al., 2013; INL, 2014).

9.4 Industry and utilities interests in Generation IV
nuclear energy systems in the United States

The US domestic nuclear industry is in the process of transforming itself toward a
much more consolidated modern enterprise. The changes are driven by deregulation
and economic considerations. In 1991, 101 individual utilities had ownership interests
in operating nuclear power plants. In 1999 the number reduced to 87, dominated by the
top 12 owning 54% of the capacity. Today the top 10 utility companies own in excess
of 70% of the total domestic nuclear capacity. These changes amount to a significant
consolidation of technological resources and operational expertise.

The domestic consolidated nuclear enterprise is founded on Generation II technol-
ogies supporting LWRs. There is a systemic effort driven by reactor vendors (ie,
General Electric and Westinghouse) to commercialize and deploy Generation III
and III+ LWRs abroad and then bring them back and introduce them into the domestic
energy markets.

Although the current domestic nuclear fleet consists of Generation II and Genera-
tion III LWRs with efforts currently in progress to deploy Generation 1114+ LWRs,
reactor vendors, plant operators, and utility companies do express their interest in
novel nuclear technologies ranging from light-water-based small modular reactors to
advanced reactors using gas and liquid metals. They do recognize the need for further
R&D and express their expectation for federal programs targeting novel technologies.

Table 9.3 summarizes domestic commercial interests in Generation IV reactors
(U.S. DOE, 2003; OECD NEA, 2014a; Yang, 2014; Nordhaus et al., 2013). The finan-
cial interests of utility companies in advanced reactors beyond Generation 114 are
only sporadic and need strong marketing campaigns to secure actual buy-ins. The do-
mestic fast reactors are envisioned to serve as advanced burner reactors in waste man-
agement scenarios or as breed-and-burn sustainable systems (Nordhaus et al., 2013).
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Table 9.3 Commercial development interests in Generation IV
technologies

Reference National
Reactor reactor Project laboratory | Industry
HTR—VHTR | GT-MHR NGNP INL General Atomics,
Areva, Westinghouse
LMFR—SFR | PRISM Advanced ANL GE
Reactor R&D
MSR MSR MSR ORNL Transatomic Power,
AHTR FHR ORNL Teledyne

AHTR, advanced high-temperature reactor; FHR, fluoride-cooled high-temperature reactor; HTR, high-temperature reactor;
VHTR, very-high—temperature reactor; LMFR, liquid metal fast reactor; SFR, sodium-cooled fast reactor; MSR, molten salt
reactor; GT-MHR, gas turbine modular helium-cooled reactor; NGNP, next-generation nuclear plant; /NL, idaho national
laboratory; ANL, argonne national laboratory; ORNL, oak ridge national laboratory.

The domestic VHTR is being marketed as a system for process heat applications. The
MSRs are being developed as liquid-fuel systems or as reactors cooled with fluoride
salt (Forsberg et al., 2011). Over the years each advanced reactor concept attracted fed-
eral and industrial interests, facilitating further R&D activities.

The commercial viability cases are expected to be realized for VHTRs by 2050,
accounting for growing needs for high temperatures and potable water and then for
fast reactors by 2100, accounting for waste management and sustainability demands.
The MSR deployment scenarios as fluoride-cooled high-temperature reactors have
similarities to VHTRs in the near term (Forsberg et al., 2011).

The longer term goal is to deploy a liquid-fuel system that is expected to have ad-
vantages beyond conventional fast reactors with solid fuels (Nordhaus et al., 2013).
Although system-level domestic R&D efforts are focused on VHTRs, SFRs, and
MSRs, the materials’ R&D supports all six Generation IV concepts (Yang, 2014;
Nordhaus et al., 2013).

9.5 Deployment perspectives for Generation IV systems
in the United States and deployment schedule

Domestic nuclear power plant owners have been applying to the NRC for their license
extensions since the 1990s, and many obtained approvals to operate for an additional
10—20 years or more beyond their original plant lifetimes. This trend extends LWRs
and naturally delays deployment of Generation IV units. Construction of new units
with LWRs will further delay the need for Generation IV units. However, the clearly
emerging opposing trend is also present. Some of the domestic utilities are supportive
of novel Generation IV systems and related R&D, but they do consider and may
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decommission nuclear power plants with Generation II LWRs because of economic
considerations (Weaver, 2005).

In the early 2000s, the US DOE engaged the nuclear industry in a joint effort to
establish a technical and regulatory foundation for the next generation of nuclear
plants. The DOE Generation IV program (Gen IV) produced a 30-year roadmap of
R&D efforts toward advanced nuclear power plant and fuel cycle options (U.S.
DOE, 2001, 2002; OECD NEA, 2014a, 2009). The roadmap underwent several revi-
sions and has been most recently updated in 2014 to include and address new technical
issues and modifications, to reevaluate the original six concepts versus any potentially
emerged new concepts meeting Generation IV criteria, to incorporate the Fukushima
Daiichi accident lessons for Generation IV systems, and to include the 10-year tech-
nology demonstration horizon needs (U.S. DOE, 2002, 2005, 2012; OECD NEA,
2014a, 2009).

To complement Gen IV, DOE also organized a Near-Term Deployment Group
(NTDG) to examine prospects for the deployment of new nuclear plants in the United
States and to identify obstacles to deployment and actions for resolution. The group
commenced its work in February 2001 and evaluated a wide spectrum of factors
that could affect prospects for near-term deployment of new nuclear plants. The read-
iness and technical suitability of various new plant designs were assessed considering
these designs as candidates for near-term deployment as Generation II14-.

In recent years the DOE advanced reactor programs have been evaluated to ensure
that the R&D efforts are in line with existing and expected licensing processes (U.S.
NRC, 2003, 2012; DOE Nuclear Energy Research and Development Program, 2007).
The established DOE Nuclear Energy Technical Review Panel (TRP) gathered input
from the nuclear industry and conducted evaluations of the eight reactor concepts
ranging from Generation III4+ LWRs to Generation IV systems: General Atomics
Energy Multiplier Module (GFR), Gen4 Energy Reactor Concept (Pb-Bi fast reactor),
Westinghouse Thorium-fueled Advanced Recycling Fast Reactor for Transuranics
Minimization (SFR), Westinghouse Thorium-fueled Reduced Moderation BWR for
Transuranic Minimization, Flibe Energy-Liquid Fluoride Thorium Reactor (MSR),
Hybrid Nuclear Advanced Reactor Concept, GE-Hitachi Nuclear Energy PRISM
and Advanced Recycling Center (SFR), and Toshiba 4S Reactor (SFR) (U.S. DOE,
2012). The reactor concepts ranged from small modulator reactors to large power
reactors. The TRP objective was to establish federal prioritization horizons based on
the established state-of-the-art and industry interests.

Through the US DOE, in April 2001 the NTDG issued a Request for Information
(RFI) seeking input from the nuclear industry and the public on nuclear plant designs
that could be deployed in the near term. The eight reactor design candidates were iden-
tified by international reactor suppliers in response to the RFI as near-term deployable
in the United States: ABWRs, PWRs, and HTRs. Table 9.4 summarizes the general
characteristics of these designs including interested industry suppliers as well as the
current status of the projects (U.S. DOE, 2002; OECD NEA, 2014a).

Two of the six original Generation IV systems, ESKOM pebble bed modular
reactor (PBMR) and the General Atomics gas turbine modular helium-cooled reactor
(GT-MHR), come close to meet Generation IV reactor classification requirements



Table 9.4 Near-term deployable nuclear plant designs in the United States

Reactor Status
design and
R&D project | Supplier General features In 2001 In 2015
ABWR GE 1350 MW, BWR Certified in 1997 Constructed in Japan
by NRC
SWR1000 Framatome ANP (now Areva) | 1013 MW, BWR Design stage Design stage
ESBWR GE 1380—1594 MW, passively | Under Certified in 2014 by NRC; industry
safe BWR development interest for construction at North
Anna by Dominion Virginia power
AP600 Westinghouse 610 MW, passively safe Certified in 1999 No orders
PWR by NRC
AP1000 Westinghouse 1090 MW, passively safe Under Certified in 2005 by NRC. Under
PWR. This is a higher development construction in China and the United
power version of AP600. States; orders in other countries
IRIS International consortium led 100—300 MW, integral Under Under development; not ready for
by Westinghouse primary system PWR development deployment
PBMR ESKOM initially, PBMR 110 MW, modular direct- Under Under development; Westinghouse
Ltd., consortium including cycle helium-cooled development withdrew in 2010; not ready for
Westinghouse (ended by pebble bed reactor deployment in the United States.
2010) Prototypes are in operation in China
GT-MHR General Atomics initially, 288 MW, modular direct- Under Under development; not ready for
international group cycle helium-cooled development deployment in the United States.
includes OKBM Africanov, reactor, developed in the Prototype is in operation in Japan
Areva, Fuji late 1980s and during the
1990s.

ABWR, advanced boiling water reactor; NRC, US Nuclear Regulatory Commission; BWR, boiling water reactor; PWR, pressurized water reactor; GT-MHR, gas turbine modular helium-cooled

reactor; PBMR, pebble bed modular reactor.
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although being conceived and developed in the 1980s and 1990s. The PBMR system,
as developed in South Africa, is no longer planned for construction. However, China
has been actively developing the technology and is currently operating prototypes that
may affect perspectives for this concept deployment in the United States. The
GT-MHR evolved into the next-generation nuclear plant developed up to the concep-
tual design level by Idaho National Laboratory (INL). Japan has successfully been
operating the prototype system for nearly 20 years. Although prospects of deploying
fast reactors in the US energy markets are remote in the near future, the domestic
R&D efforts continue and the relevant technology prototypes are in operation and un-
der construction in China, India, and Russia (Nordhaus et al., 2013; U.S. DOE, 2012).

The original NTDG assessed each candidate design, including the design-specific
gaps to near-term deployment, based on information provided by the respondents.
From these evaluations the NTDG formed judgments regarding each candidate’s
potential for near-term deployment (Weaver, 2005). As illustrated in Table 9.4, the
most advanced designs evaluated in 2001 by the NTDG as suitable for near-term
deployment were still under development in 2015 and are not ready for deployment,
although interests in design remain among industrial partners (U.S. DOE, 2001,
2002; OECD NEA, 2014a).

The 2014 roadmap update incorporates the lessons learned from the Fukushima
Daiichi accident. It has been recognized that nonwater coolants of Generation IV sys-
tems offer advantages over LWRs but require further evaluations. The impact of higher
operating temperatures and power densities in Generation IV systems need to be
assessed from the point of view of reliable heat removal options under extreme natural
and manmade accident conditions (OECD NEA, 2014a). The Generation IV systems
designed for process heat applications assume co-location or integration of power, fuel
cycle, and process heat facilities. Accident responses of such configurations need to be
evaluated.

The 2002 version of the roadmap identifies GE ABWR and ESBWR, Westinghouse
AP1000, GT-MHR, Eskom PBMR, and Areva SWR-1000 as near-term deployable in
the US energy markets (U.S. DOE, 2002). The 2014 updated roadmap reevaluates the
recommended six Generation IV systems and extends demonstration expectation
horizons to 2030 versus original 2025. Furthermore, MSRs and GFRs are no longer
expected to reach the demonstration phase within the roadmap projected time range.

The overall system development timelines are revised for all six systems to reflect
up-to-date accomplishments and changes in priorities (OECD NEA, 2014a). The
updated roadmap and recent GIF reports recognize that Generation IV systems are
likely to be deployed globally first and then introduced into the US energy markets
(OECD NEA, 2014b, 2014c).

9.6 Conclusions

Nuclear power plants emit no greenhouse gases and offer an opportunity to develop
into a sustainable energy solution. This is of global importance for the US energy in-
dustry to meet international climate management commitments. Generation IV
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reactors are of significant design development interest to the US nuclear engineering
community for their superior design characteristics versus LWRs. The US NRC and
domestic energy markets are getting ready to handle the licensing requests and novel
system economics and operation of advanced nuclear reactors. It is recognized by the
domestic nuclear industry that early Generation IV deployments will require signifi-
cant financial resources. The US DOE Office of Nuclear Energy has been supporting
the Generation IV R&D needs since the inception of the program mitigating risk
factors and facilitating the commercial success of anticipated deployments. Develop-
ment efforts and energy economics are expected to converge after 2030 and yield
favorable domestic conditions for Generation IV reactors. At that time, it is
expected to see global deployments of Generation IV systems supporting domestic
licensing and marketing efforts.

Abbreviations
ABR Advanced Burner Reactor
AHTR Advanced high temperature Reactor
ALWR Advanced light water Reactor
ANRE Agency for Natural Resources and Energy, Japan
ARC Advanced Reactor concepts
CAEA China Atomic Energy Authority, People’s Republic of China
DOE NE DOE office of nuclear energy
FHR Fluoride-cooled high-temperature reactor
GFR Gas-cooled fast reactor

GT-MHR | Gas turbine modular helium-cooled reactor

HTR High-temperature reactor

IRIS International Reactor Innovative and Secure

JRC European Commission’s Joint Research Center, Euratom

LOCA Loss-of-coolant accident

MOST Ministry of Science and Technology, People’s Republic of China
MSIP Ministry of Science, ICT and Future Planning Technology, Republic of Korea
NNSA The national nuclear security Administration

NRCan Department of Natural Resources, Canada

NRF National Research Foundation, Republic of Korea

NTDG Near-Term Deployment Group

PSI Paul Scherrer Institute, Switzerland

Continued
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RFI Request for Information
Rosatom State Atomic Energy Corporation, Russian Federation
SWR1000 | Siedewasser Reactor-1000
TRP Technical Review Panel
VHTR Very-high—temperature reactor
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Euratom research and training
program in Generation-IV
systems: breakthrough
technologies to improve
sustainability, safety and
reliability, socioeconomics, and
proliferation resistance

G. Van Goethem
European Commission, DG Research and Innovation, Energy - Euratom - Fission

10.1 Background: Euratom (nuclear fission research
and training) within the Energy Union (European
Union energy mix policy)

The European Union (EU, 28 Member States, combined population of more than
500 million inhabitants) is a major player in the world of nuclear fission. In 2014 there
were 131 nuclear power reactors in operation in 14 Member States (including 18
Russian-designed VVER units in five states), with a total capacity of 120 GW, net
and a gross electricity generation of 833 TWh (ie, 27% of gross electricity production
in the EU). The average age is close to 30 years. New build projects are envisaged in
10 Member States, with four reactors already under construction in Finland, France,
and Slovakia. Other projects in Finland, Hungary, and the United Kingdom are under
licensing process, while projects in other Member States (Bulgaria, the Czech Repub-
lic, Lithuania, Poland, and Romania) are at a preparatory stage.

Research, innovation, and education are at the heart of the European Atomic Energy
Community (Euratom) Treaty] (Rome, 1957), dedicated to peaceful and sustainable
applications of nuclear fission. Article 4.1 of the Euratom Treaty indeed mentions
explicitly research and training (R&T) as a twofold objective: “The EC is in charge
of promoting and facilitating nuclear research activities in the Member States and to
complement them through a Community Research and Training programme.”

! Consolidated version of the Treaty establishing the European Atomic Energy Community (Euratom) OJ C
327, 26.10.2012: http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:12012A/TXT (in general,
summaries of EU Legislation: http://eur-lex.europa.eu/browse/summaries.html).
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Euratom research projects in the EU (in the past decades and, in particular under
the current Horizon-2020 Research and Innovation Program) are implemented in three
different ways:

1. Indirect actions performed and cofunded by private and public research organizations in the
EU Member States concerned with nuclear energy, in the form of collaborative projects
cofunded and monitored by the European Commission (EC) Directorate General (DG)
Research and Innovation (RTD), Brussels (calls for proposals, information, and final reports
of indirect actions initiated under FP7/2007—13/ are posted in the CORDIS website?).

2. Direct actions performed and funded by the institutional laboratories of the EC (ie, DG JRC/
Joint Research Centre/’) dedicated to Euratom issues, namely the Institute for Transuranium
Elements in Karlsruhe (Germany), the Institute for Energy and Transport spread over Petten
(The Netherlands) and Ispra (Italy), the Institute for Reference Materials and Measurements
in Geel (Belgium).

3. National research and innovation programs in the EU Member States dedicated to nuclear
fission and radiation protection (with or without Euratom cofunding, pending on national
nuclear research and technological development policies).

As far as implementation of Euratom training projects is concerned, several Eura-
tom Fission Training Schemes (EFTS) are funded through indirect actions, focusing on
lifelong learning and borderless mobility. The concept of “learning outcomes” related
to knowledge (ie, understanding), skills (ie, how to do), and competence (ie, how to
be), or KSC is at the heart of the EFTS. This approach is aligned with the general
EU policy in education and culture, ie, the “Bologna 1999 process for mutual recog-
nition of academic grades and the “Copenhagen 2002” process for continuous profes-
sional development across the EU Member States. It is no surprise that the format
adopted by the International Atomic Energy Agency (IAEA) training programs is
based on a concept very close to the KSC approach. Following the IAEA definition
(Safety Standard Series, 2001)," competence means the ability to apply knowledge,
skills and attitudes so as to perform a job in an effective and efficient manner and to
an established standard.

Of particular interest in the specific domain of education and training in Generation-
IV systems is the Tentative training scheme for the development and pre-conceptual
design of Generation-IV nuclear reactors proposed by SCK-CEN (Mol, Belgium)
and AREVA GmbH (Offenbach, Germany) under the Euratom FP7 project ENEN-
IIT (2009—12). The learning outcomes related to knowledge, skills, and attitudes in
this training scheme (as discussed with relevant employers and training organizations)
are provided in Appendix.

Originally, in the late 1950’s, the Euratom Treaty proposed nuclear power plants
(NPPs) as part of the solution to the energy crisis in Western Europe. It should be noted

2 EC DG Research and Innovation/Euratom: http:/ec.europa.eu/research/energy/euratom/index_en.cfm FP7
CORDIS: Community R&D Information Service: http://cordis.europa.eu/fp7/euratom/home_en.html.

3 EC DG JRC—the European Commission’s in-house science service (science hub): https:/ec.europa.cu/
jrel.

4 Building competence in radiation protection and the safe use of radiation sources (jointly sponsored by
IAEA, ILO, PAHO, WHO), IAEA 2001—http://www-ns.iaea.org/standards/documents/pubdoc-list.asp.
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https://ec.europa.eu/jrc/
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that, already at that time, security of the energy supply was a concern (eg, oil crisis due
to the closure of the Suez Canal in 1956). Severe accidents with many casualties in the
fossil energy sector (in particular, in coal mines) were also a concern. Similar concerns
today still exist in the energy sector not only in the EU, but worldwide. Today’s energy
policies are facing even bigger challenges, because of two new socioeconomic
requirements:

1. Decarbonization of the global economy (connected to climate change concerns), and
2. Easy access to affordable energy for all (connected to global population growth).

Of course, in the nuclear energy sector during the last 40 years, three severe acci-
dents happened (Three Mile Island (TMI) in 1979 in the United States, Chernobyl in
1986 in the former Soviet Union, and Fukushima in 2011 in Japan). Lessons, however,
were drawn worldwide, in particular in the EU, which organized the “stress tests™ in
all European NPPs after the Fukushima Daiichi accident on March 11, 2011 (Great
East Japan Earthquake, Tohoku’s coastline, magnitude 9). These “stress tests” were
defined by the EC as targeted reassessments of the safety margins of nuclear power
plants and were developed by the European Nuclear Safety Regulators’ Group. It
should be noted that many non-EU countries also conducted comprehensive nuclear
risk and safety assessments based on the EU “stress test” model. These include
Switzerland and Ukraine (both of which fully participated in the EU “stress tests”)
as well as Armenia, Turkey, the Russian Federation, Taiwan, Japan, South Korea,
South Africa, and Brazil who conducted similar tests.

Euratom works in synergy with its own institutional laboratories (ie, the DG JRC)”
and with national programs in the EU Member States concerned with applications of
nuclear fission and ionizing radiation. Euratom also works in association with interna-
tional organizations dedicated to nuclear fission developments, such as the TAEA
(Vienna) and the Organisation for Economic Co-operation and Development/Nuclear
Energy Agency (OECD/NEA, Paris). Equally important is international collaboration
with nuclear research laboratories outside of the EU frontiers (industrialized countries
as well as emerging nuclear energy countries).

Fission technologies can be transmitted to the next generations only within the
framework of a responsible strategy regarding waste management and/or recycling
of fissile and fertile materials. In this context, Euratom research and training programs
insist, in particular, on the implementation of geological disposal for spent fuel and
high-level radioactive waste and/or on Generation-IV developments aiming at efficient
resource utilization and waste minimization. The emphasis in this article is on
Generation-IV research and development (R&D) in the EU. Safety improvements in
Generation-II (eg, related to long-term operation) and in Generation-III (eg, related
to severe accident management) are also addressed in Euratom R&T programs.
Regarding radiation protection research, the emphasis of Euratom programs is on

5 EC Communication COM(2012) 571, dated October 4, 2012—“EC Communication on the comprehen-
sive risk and safety assessments (‘stress tests’) of nuclear power plants in the EU and related activities”—
http://ec.europa.eu/energy/nuclear/safety/doc/com_2012_0571_en.pdf.
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better quantification of risks at low dose and how they vary between individuals (of
particular interest in radiodiagnosis and radiotherapy).

The focus on sustainability in Euratom programs goes together with a better gover-
nance structure in the decision-making process (ie, more openness, participation,
accountability, effectiveness, and coherence). Special efforts are dedicated to the
development of a common nuclear safety and radiation protection culture at the EU
level based on the highest achievable standards (eg, focusing on sense of responsibility
and on questioning the attitude of all staff members in nuclear installations). Also
important is public information and engagement in energy policy issues, notably in
connection with nuclear decision-making (nuclear energy is the energy that generates
most emotion per MWh produced!). The above focus on “soft” issues is one of the les-
sons learned from conducting the previously mentioned “stress tests” in the 131 nu-
clear units in the EU.

Euratom research, innovation, and education programs bring together—within the
so-called “European Technology Platforms”—the major stakeholder groups of nuclear
fission and radiation protection, namely the following:

* research organizations (eg, from public and private sectors),

* systems suppliers (eg, nuclear vendors, engineering companies),

* energy providers (eg, electronuclear utilities and industrial heat suppliers),

» technical safety organizations (TSOs) associated with nuclear regulatory authorities,
» academia and higher education and training institutions dedicated to nuclear energy,
» civil society (eg, policy-makers and opinion leaders), interest groups, and NGOs.

These stakeholder groups are instrumental in the design of the Euratom strategy,
especially, under the current EU Horizon-2020 program of research and innovation.
They also foster the scientific community to participate in collaborative projects wher-
ever appropriate (Euratom projects usually involve up to 10 organizations and have a
duration of up to 4 years). It is clear that in this scientific collaboration the participating
TSOs strictly keep their prescribed role, powers, and independence as a support to the
national regulators in decision-making. Non-EU research organizations are usually
welcome to join Euratom projects provided that their scientific contribution brings a
clear added value to the project and that they pay the full costs of their participation.

Euratom is not isolated in the European energy policy.® Nuclear fission is part of the
European energy mix, together with renewable and fossil energy sources (Article 194
of Lisbon Treaty, 2007). The EU energy strategy over the current decade is defined in
the “EU Energy Roadmap 2050” (issued in 2011), which proposes five scenarios to-
ward a low-carbon economy that are based on a balance of sustainable development,
security of supply, and industrial competitiveness. Two messages are important for the
European nuclear fission community at the Horizon 2050. Firstly, one of the five
“decarbonization scenarios” is based on a 20% share of electricity generation by nu-
clear fission, which represents an equivalent capacity operating of 127 GW¢, to be

§ EC DG (Directorate General) ENER programs related to nuclear safety; radioactive waste and spent fuel;
radiation protection; decommissioning of nuclear facilities; safeguards to avoid misuse; security (physical
protection): http://www.Euratom.org/ and http://ec.europa.eu/energy/en/topics/nuclear-energy.
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compared to today’s total nuclear generation of 122 GW,.. Secondly, the general
conclusion for all “decarbonization scenarios” is that electricity will play a much
greater role than now (almost doubling its share in final energy demand, from 21%
today to 40% in 2050). Doubling the electricity consumption by 2050 is a big chal-
lenge: How to produce this electricity in a “secure/diverse, clean, and efficient”
way, following the requirements of the 21st century?

More recently, another important step was made in the European energy policy
when the EC adopted on January 13, 2015 the European Fund for Strategic Invest-
ments (EFSI),” which is at the very heart of the €315 billion investment offensive
(over the period 2015—17) of EC president Jean-Claude Juncker (length of term in of-
fice 2014—19). The EFSI is aiming at mobilizing additional public and private invest-
ments in the real economy in areas including infrastructure, education, research,
innovation, renewable energy, and energy efficiency. The EFSI should target projects
that promote job creation, long-term growth, and competitiveness.

In February 2015, President Juncker presented the global EU energy strategy in the
“Energy Union Package.”® One of the objectives is An Energy Union for Research,
Innovation, and Competitiveness. Here are two excerpts related to nuclear fission:

* “putting the EU at the forefront of ... all innovative energy technologies ..., including ... the
world’s safest nuclear generation, is central to the aim of turning the Energy Union into a
motor for growth, jobs and competitiveness.”

e “The EU must ensure that ... it maintains technological leadership in the nuclear domain,
including through ITER, so as not to increase energy and technology dependence.”

Not surprisingly, these statements from the “Energy Union Package” about nuclear
safety and EU leadership are aligned with the most recent Euratom Directives (ie,
legally binding legislation for Member States in the EU), which were driven by the
lessons drawn from Fukushima. Most important in this context is the revised 2014
Euratom Safety Directive,” which introduces the following requirements for nuclear
installations:

* a high-level “Nuclear Safety Objective for Nuclear Installations” avoiding radioactive
releases (the most stringent safety goal in the world at the time being);

* instigation of topical peer reviews by competent regulatory authorities across Member
States’ borders every 6 years (focusing on safety issues);

* obligation to ensure transparency of regulatory decisions and operating practices, as well as
obligation to foster public participation in the decision-making process;

* requirement for role, powers, and independence of national regulatory authorities in
decision-making;

7 EC priority—investment plan: http://ec.europa.eu/priorities/jobs-growth-investment/plan/index_en.htm.

8 Energy union package/communication from the EC to the European Parliament, The Council, the Euro-
pean Economic and Social Committee, the Committee of the Regions and the European Investment bank,
(COM(2015) 80, Brussels, 25.2.2015) A Framework Strategy for a Resilient Energy Union with a
Forward-Looking Climate Change Policy—http://www.consilium.europa.eu/en/policies/energy-union/.

° Council Directive 2014/87/Euratom of July 8, 2014 amending Directive 2009/71/EURATOM establishing
a community framework for the nuclear safety of nuclear installations—(L 219/42 Official Journal of the
EU 25.7.2014)—Euratom legislation: http://ec.europa.eu/energy/nuclear/safety/safety_en.htm.
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establishment of a strong safety culture (several indicators are also provided);
obligation to obtain, maintain, and further develop expertise and skills in nuclear safety, in
particular, through a special effort on education and training.

Equally important in the context of the “the world’s safest nuclear generation” is the

2013 Euratom “Basic Safety Standards” (BSS) Directive,'’ which provides the
following:

Better protection of workers and the public, also taking into account economic and societal
factors, as well as better protection of patients (eg, radiodiagnosis and radiotherapy).
Emergency preparedness and response (“Emergency exposure situations” in Articles
97—99)—in the EU Member States there are variations in the levels of dose at which spec-
ified actions are required (evacuation, sheltering, iodate tablets).

Obligations to ensure transparency (communication with undertakings and individuals).

10.2 Generation-l, -ll, -llI, and -1V of nuclear fission

reactors: research, development, and continuous
improvement for more than five decades

Several generations of nuclear fission reactors are commonly distinguished
(Generation-1, -II, -III, and -1V).

Generation-1 (Gen-I) reactors were developed in the 1950—60s, and none are still running
today. Gen-I refers to the prototype and power reactors that launched civil nuclear power
using natural uranium. This kind of reactor typically ran at power levels that were “proof
of concept.”

Generation-1I (Gen-II) refers to a class of commercial reactors designed to be economical
and reliable, following the model of the present US and French fleets, using enriched ura-
nium. Gen-II systems began operation in the late 1960s and comprise the bulk of the world’s
more than 400 commercial pressurized water reactors (PWRs) and boiling water reactors
(BWRs). They are derived from designs originally developed for naval use. As far as safety
is concerned, these reactors use traditional active safety features involving electrical or me-
chanical operations that are initiated automatically or can be initiated by the operators of the
nuclear reactors, using external power sources.

Generation-1II (Gen-I1I) nuclear reactors are essentially Gen-II reactors with evolutionary,
state-of-the-art design improvements. These improvements are in the areas of safety systems
(notably those related to severe accident management), fuel technology, thermal efficiency,
and digital instrumentation and control. Improvements in Gen-III reactor technology are aim-
ing at achieving longer operational life for NPPs (typically up to 60 years of operation) and at
higher fuel burn-up (thus reducing fuel consumption and waste production). Perhaps the
most significant improvement of Gen-III systems over Gen-1I designs is the incorporation

10 Council Directive 2013/59/Euratom of December 5, 2013 laying down basic safety standards for pro-

tection against the dangers arising from exposure to ionizing radiation, and repealing Directives 89/618/
Euratom, 90/641/Euratom, 96/29/Euratom, 97/43/Euratom, and 2003/122/Euratom—(L 13/31 OJ 17.2.
2014)—http://ec.europa.eu/energy/nuclear/radiation_protection/radiation_protection_en.htm.
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in some designs of passive safety features that do not require active controls or operator inter-
vention, but instead rely on gravity or natural convection to mitigate the impact of abnormal
events.

Gen-III designs have advanced safety features and set the worldwide standards for the Safety,
Security, and Safeguards concept (‘“3S”). However, they have also produced a legacy of sig-
nificant quantities of used fuel, require relatively large electric grids, and present public
acceptance challenges in some countries.

*  Generation-1V (Gen-1V) reactor systems are nuclear alternatives, some of which still require
considerable research and development efforts. Conceptually, Gen-IV reactors have all of the
features of Gen-III units, as well as the ability, when operating at high temperature, to support
combined heat and power generation (eg, aiming at producing economical and decarbonized
hydrogen through thermal energy off-taking). In addition, these designs, when using a fast
neutron spectrum, include full actinide recycling and on-site fuel-cycle facilities based on
advanced aqueous, pyrometallurgical, or other dry-processing options. As a consequence,
(as explained further), these designs contribute to meeting two important sustainability goals.
(1) maximize the resource base by taking advantage of the abundant natural resource U-238,
and (2) minimize the high-level waste to be set to a repository by transmuting heat-
generating radiotoxic minor actinides. Gen-IV options include a range of plant power ratings,
including “batteries” of 100 MW,, modular systems rated at approximately 400 MW, and
large monolithic plants of up to 2000 MWe..

It is worth recalling the IAEA definition of advanced nuclear plant designs:

*  “Evolutionary” (Gen-III): The designs emphasize improvements based on proven technol-
ogy and experience. No prototype is needed for their industrial deployment. From a safety
point of view, the two aims of “evolutionary” reactors are a further reduction of the core dam-
age frequency (CDF; eg, increased use of passive safety, wherever justified) and a limitation
of the off-site consequences should a severe accident occur (eg, strengthening the function of
the containment)

»  “Visionary” or “revolutionary” (Gen-1V): The designs emphasize the use of new or entirely
revisited features, particularly with regard to full actinide management and enhanced safety.
Prototypes will be needed for their industrial deployment. The main aim of these reactors is
to integrate all Generation IV International Forum (GIF) goals in the design (“built-in” fea-
tures, not “added”) and, in particular, the GIF goal of safety and reliability, by developing a
“robust” safety architecture to demonstrate the “practical elimination” of severe accidents.

Short history of Generation-1V (GIF and IAEA/INPRO/approaches)

In 1999 a group of nine countries, led by the US Department of Energy, launched an
international project to select a series of nuclear fission systems of a “revolutionary”
type that would meet 21-st-century requirements of industry and society, and would
deploy industrially before 2040. The countries involved were Argentina, Brazil,
Canada, France, Japan, South Africa, the Republic of South Korea, and the United
Kingdom, as well as the United States. They all signed the GIF Charter in 2001,
thereby creating the GIF. The charter was originally for a duration of 10 years, and
in 2011 the signatories unanimously and indefinitely prolonged this duration. In
2002 Switzerland also became a forum member. The Euratom, which represents the
EU Member States, signed the charter on July 30, 2003 by a decision of the EC pur-
suant to Article 101(3) of the Euratom Treaty.l
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The main goal of GIF is to foster worldwide the multilateral collaborative effort
around the next generation of nuclear fission reactor systems (ie, power reactors and
associated fuel cycles) by fixing high-level goals and providing guidance in connection
with viability and performance capabilities of the selected systems, as is reported in the
GIF Website'' and further discussed in Section 10.3.

Six innovative nuclear systems (composed of power reactor and associated fuel
cycle) were selected in 2002 after evaluation of more than 100 different designs by
more than 100 experts from 12 countries worldwide. These six systems include the
following:

* sodium-cooled fast reactor (SFR) system,

* lead-cooled fast reactor (LFR) system,

* gas-cooled fast reactor (GFR) system,

* molten salt reactor (MSR) system,

* very high—temperature reactor (VHTR) system,

* supercritical water—cooled reactor (SCWR) system.

Four of the six systems use a closed fuel cycle to maximize the resource base and
minimize high-level wastes to be sent to a repository. The bulk of the GIF international
R&D effort is on power sizes ranging from 1000 to 2000 MW, (or equivalent thermal).
Temperatures at core outlet range from 510°C to 1000°C, compared with less than
330°C for today’s light water reactors (LWRs).

The general strategy of the GIF members is to continue to build Gen-III reactors
between now and 2040. For each system, three phases are planned as mentioned earlier
(from preconceptual to final design): viability (between 10 and 25 years), performance
(between 10 and 20 years), and demonstration (at least 10 years). The aim is to deploy
the first commercial Gen-IV reactors around 2040, ie, when the demonstration phase is
completed (see Fig. 10.1, taken from GIF Roadmap, 2013). Expenditure so far is in
line with the initial estimate of USD six billion over 15 years for all six systems—
about 80% of the cost is being met by the United States, Japan, and France.

A special mention is needed regarding small GIF systems of power under 300 MW,
that are under construction in the world (preparing the licensing process and the indus-
trial deployment phase of larger power plants). There is indeed a revival of interest in
small and medium (also called “modular”) nuclear power reactors for generating elec-
tricity and/or process heat, mainly in view of export to emerging nuclear energy coun-
tries. The IAEA defines “small” as under 300 MW, and up to approximately 700 MW,
as “medium”—together they are now referred to by IAEA as small and medium reac-
tors (SMRs). In general, modern SMRs are expected to have greater simplicity of
design, economy of series production largely in factories, short construction times,
and reduced siting costs. As a result, the capital costs are reduced and electric power
is provided away from large grid systems These SMRs also are expected to have lower
CDFs and longer postaccident coping periods, because of a high level of passive or
inherent safety. They are usually more resistant to natural phenomena and have

' GIF website (hosted at OECD/NEA) with GIF Annual Reports—Symposium Publications—Technology
Roadmap and R&D Outlook Publications: https://www.gen-4.org/gif/jcms/c_44720/annual-reports.
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potentially smaller emergency preparedness zones than currently licensed reactors.
Euratom Horizon-2020 and EU national laboratories concerned are involved in
some of these SMR projects.

Several SMRs of power under 300 MW, are considered among the GIF systems
and are under construction in the world, notably in the areas of VHTRs, high-
temperature reactors (HTRs), LFRs, and SFRs.

* VHTR (HTR-pebble-bed modules/HTR-PM or HTR-200/designed for commercial power
generation) under construction in China: the world’s first modular high temperature gas-
cooled reactor demonstration plant (composed of two modules of 250 MWt, driving together
a steam turbine generating 200 MW.) will be installed at the Shidaowan plant, near the city
of Rongcheng in Shandong Province. Design is by the Institute of Nuclear Energy Tsinghua
University and development is by China Nuclear Engineering and Construction Corporation
and Huaneng. Construction began at the end of 2012, with the pour of the concrete basemat
occurring in April 2014.

* LFR (pool type) planned in the United States, in Russia, and in the EU (Belgium):

* a small size transportable system in the United States [“small, sealed, transportable,
autonomous reactor” (SSTAR): 45 MWt/20 MW,] with a very long core life;

° a system of intermediate size in Russia (BREST-OD-300) with uranium-plutonium
nitride fuel with high density of 700 MWt/300 MW,;

* a smaller and newer Russian design is the Lead-Bismuth Fast Reactor (SVBR) of
280 MWt/100 MW,, with a wide variety of fuels (refueling interval 8 years);

* a fast spectrum irradiation facility focusing on minor actinide burning in Belgium
(MYRRHA—Section 4), accelerator-driven system of 50—100 MWt.

e SFR (small modular SFR configuration) planned under GIF: A small size (50—150 MW,)
modular-type reactor with uranium-plutonium-minor actinide-zirconium metal alloy fuel,
supported by a fuel cycle based on pyrometallurgical processing in facilities integrated
with the reactor.

A senior industry advisory panel (SIAP), comprised of executives from the nuclear
industries of GIF members, was established in 2003 to provide recommendations on
long-term strategic issues, including regulatory, commercial and technical aspects.
In particular, the SIAP provides guidance on taking into account investor-risk reduc-
tion and incorporating the associated challenges in system designs at an early stage of
development. For example, the SIAP was asked to advise the GIF on the following:

* How to ensure the supply chain for Gen-IV systems, including identification of gaps in the
supply of non-LWR reactor components (eg, emphasis on availability of materials and indus-
trial practices as well as international standards)

* How to enhance knowledge management in advanced reactor R&D, given the history of
knowledge management in the LWR industry (eg, emphasis on capture of expert knowledge
in a manner that “survives” changes in personnel).

Accession to GIF brings with it certain obligations, including cofunding activities
conducted by the OECD/NEA’s GIF technical secretariat. The NEA (OECD/NEA) is
indeed the official depositary of the GIF Framework Agreement (FA). As a conse-
quence, the NEA is in charge of coordinating the international GIF R&D program
through various dedicated committees (see GIF website' ).

In the millennium year 2000, the IAEA in Vienna launched a complementary initia-
tive: the International Project on Innovative Nuclear Reactors and Fuel Cycles
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(INPRO)."? INPRO focuses on the needs of the “end users” of innovative systems (ie,
focus on the demand side) while GIF is more concerned with the relevant international
research—development and demonstration—deployment (RD&DD) collaboration (ie,
focus on the supply side). The aim of INPRO is to help ensure that nuclear energy is
available to contribute to meeting the energy needs of the 21-st century in a sustainable
manner. This project was proposed at the UN Millennium Summit and confirmed by
the United Nation’s General Assembly in 2001. To achieve this, INPRO brings
together mainly nuclear technology users to jointly consider international and national
actions that would result in required innovations in nuclear reactors, fuel cycles, or
institutional approaches.

In 2016, INPRO’s membership consists of 41 Members (40 IAEA Member States
and the European Commission), namely Algeria, Argentina, Armenia, Bangladesh,
Belarus, Belgium, Brazil, Bulgaria, Canada, Chile, China, Czech Republic, Egypt,
France, Germany, India, Indonesia, Israel, Italy, Japan, Jordan, Kazakhstan, Kenya,
Republic of Korea, Malaysia, Morocco, the Netherlands, Pakistan, Poland, Romania,
Russian Federation, Slovakia, South Africa, Spain, Switzerland, Thailand, Turkey,
Ukraine, the United States of America, Vietnam, and the EC.

INPRO produced in the early 2000s a methodology to assess the sustainability of
Innovative Nuclear energy Systems (INS). In 2005, INPRO was requested to provide
guidance in using the proposed methodology in the form of an INPRO assessment
manual. The resulting INPRO manual "’ comprises an overview volume (Volume 1),
and eight additional volumes (available on the IAEA website) covering the areas of eco-
nomics (Volume 2), infrastructure (Volume 3), waste management (Volume 4), prolif-
eration resistance (Volume 5), physical protection (Volume 6), environment (Volume
7), safety of reactors (Volume 8), and safety of nuclear fuel cycle facilities (Volume 9).

As a result of the creation of the GIF and INPRO programs, a framework exists
worldwide for all stakeholders interested in research and innovation in nuclear fission.
The aim is to solve not only scientific and technological, but also political, socioeco-
nomic, and environmental challenges related to nuclear fission systems.

International collaboration in the development of next-generation systems was also
stimulated on the regulatory side. Several national regulatory authorities agreed to
share the resources and the knowledge accumulated during their assessment of new
reactor designs. As a result, the Multinational Design Evaluation Program
(MDEP)'* was launched in 2005 by the US Nuclear Regulatory Commission. The
technical secretariat is with OECD/NEA.

12 INPRO in Brief—International Project on Innovative Nuclear Reactors and Fuel Cycles, IAEA, 2012
“Enhancing Global Nuclear Energy Sustainability” (INPRO: 40 members in 2014)—www.iaea.org/
INPRO.

13 INPRO manual—http://www-pub.iaca.org/MTCD/publications/PDF/TE_1575_web.pdf.

% Multinational Design Evaluation Program (OECD/NEA)—https://www.oecd-nea.org/mdep/index.html.
As of November 2014, the MDEP members include national regulators from Canada (CNSC); People’s
Republic of China (NNSA); Finland (STUK); France (ASN); India (AERB); Japan (NRA); Republic of
Korea (NSSC); Russian Federation (Rostechnadzor); Republic of South Africa (NNR); Sweden (SSM);
United Kingdom (ONR); United States (NRC). Current MDEP associate members include national
regulators from Turkey (TAEK) and United Arab Emirates (FANR).
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MDEP’s main objectives can be defined as follows:

* to enhance multilateral cooperation within existing regulatory frameworks;

* to encourage multinational convergence of codes, standards, and safety goals; and

* to implement the MDEP products to facilitate the licensing of new reactors, including those
being developed by the GIF.

The MDEP notably focusses on five Gen-III reactor designs: the European Pressur-
ized Reactor (EPR), AP-1000, APR-1400, VVER, and the advanced boiling water
reactor. Particular attention is devoted to “common regulatory practices and regula-
tions that enhance safety,” eg, in the areas of design-basis accidents and emergency
core cooling system performances, severe accident requirements, digital, and instru-
mentation and control. Convergence of “codes and standards for designs” is fostered
across the world. As far as GIF—IAEA (INPRO)—MDEP collaboration is concerned,
it is worth mentioning, for example, that the key GIF report dedicated to safety design
criteria for the sodium-cooled fast reactor was shared in 2013.

Finally, a remarkable study by the French TSO, IRSN (Institut de Radioprotection et
de Streté Nucléaire), should be mentioned: Review of Generation-IV Nuclear Energy
Systems,'” December 2014. The IRSN performed a review of these systems from the
point of view of safety and radiation protection. Their conclusion reads as follows:

It should be borne in mind that any industrial deployment of a Generation-1V reactor
system in France will be linked to its advantages, not only regarding reactor fleet
operation and safety, but also in terms of the coherence and performance of the
associated fuel cycle. This concerns all aspects relating to safety, radiation protection,
material management and efforts made to minimise the quantities of radioactive waste
generated, without overlooking the overall economic competitiveness of the nuclear
system. Ultimately, the choice of system must be made as part of an integrated approach,
based on studies that cover multiple criteria and all the aspects mentioned above.

10.3 “Goals for Generation-IV nuclear energy systems”
and “technology roadmap” for the six GIF systems
(2002 and 2013)

To prepare the first Gen-IV Technology Roadmap (2002),'® it was necessary to estab-

lish goals for these innovative nuclear fission energy systems. The goals had three
purposes:

'S IRSN 2014 Report Review of Generation-1V Nuclear Energy Systems http://www.irsn.fr/EN/newsroom/
News/Pages/20150427_Generation-IV-nuclear-energy-systems-safety-potential-overview.aspx.

16 #*GIF Roadmap 2002/“A Technology Roadmap for Generation-IV Nuclear Energy Systems”
(Dec. 2002): https://www.gen-4.org/gif/upload/docs/application/pdf/2013-09/genivroadmap2002.pdf
*GIF Roadmap 2013/“Technology Roadmap Update for Generation-IV Nuclear Energy Systems:
Preparing Today for Tomorrow’s Energy Needs,” January 2014, issued by the OECD NEA for the
GIF—https://www.gen-4.org/gif/upload/docs/application/pdf/2014-03/gif-tru2014.pdf.
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http://www.irsn.fr/EN/newsroom/News/Pages/20150427_Generation-IV-nuclear-energy-systems-safety-potential-overview.aspx
https://www.gen-4.org/gif/upload/docs/application/pdf/2013-09/genivroadmap2002.pdf
https://www.gen-4.org/gif/upload/docs/application/pdf/2014-03/gif-tru2014.pdf
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They served as the basis for developing criteria to assess and compare the systems in the
Technology Roadmap.

They were challenging and stimulated the search for innovative nuclear energy systems (fuel
cycles and reactor technologies).

They also served to guide the R&D on Gen-IV systems as collaborative efforts got
underway.

Four broad areas were defined in 2002 in connection with the definition of the high-

level “Goals for Generation-IV Nuclear Energy Systems”:

1.

w

Sustainability (optimal utilization of natural resources/in particular, U-238/, which is also
related to security of supply, as well as minimization of volume, heat and radiotoxicity of
high-level waste, environmental protection)/Section 10.5,

Safety and reliability/Section 10.6,

Economics (industrial competitiveness) including social aspects/Section 10.7

Proliferation resistance and physical protection/Section 10.8.

Eight high-level “Goals for Generation-IV Nuclear Energy Systems” were

announced in the original GIF Charter of 2001'" pertaining to these four broad areas:

Area 1: Sustainability

Generate energy sustainability and promote long-term availability of nuclear fuel and
Minimize radioactive waste and reduce the long-term stewardship burden.

In this area 1, broad consensus was reached, in particular, regarding the following:

effective fuel utilization (eg, by converting nonfissile >**U to new fissile fuel), thereby
improving waste management and minimizing environmental impact,

development of new energy products (eg, process heat for various applications, such as
hydrogen, gas-to-liquid conversion technologies, potable water) that can expand nuclear
energy’s benefits beyond electrical generation.

Area 2: Safety and reliability

excel in safety and reliability,
have a very low likelihood and degree of reactor core damage, and
eliminate the need for off-site emergency response.

In this area 2, broad consensus was reached, in particular, regarding the following:

robust safety designs (eg, using passive safety wherever appropriate) that further reduce the
potential for severe accidents and minimize their consequences, thereby enhancing public
confidence,

systematic consideration of human performance as a major contributor to plant safety, reli-
ability, availability, inspectability, and maintainability.

Area 3: Economics

have a life cycle cost advantage over other energy sources,
have a level of financial risk comparable to other energy projects.

In this area 3, broad consensus was reached, in particular, regarding the following:

CO,-free generation of a broader range of energy products beyond electricity (including
small and medium nuclear power reactors),
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* accommodation of future nuclear energy systems to the worldwide transition from regulated
to deregulated energy markets (including “smart grids” of the future).

Area 4: Proliferation resistance and physical protection (Nonproliferation Treaty):
* Be a very unattractive route for diversion or theft of weapon-usable materials, and provide
increased physical protection against acts of terrorism.

In this area 4, broad consensus was reached, in particular, regarding the following:

» further improvement of the safeguards in all nuclear material inventories involved in enrich-
ment, conversion, fabrication, power production, recycling, and waste disposal,

* design of advanced systems from the start with improved physical protection against acts of
terrorism, thereby increasing public confidence in the security of nuclear facilities.

The 2002 GIF Technology Roadmap'® defined three phases for each GIF system:

* Viability phase: Basic concepts for reactor technologies, fuel cycle, and energy conversion
processes, established through testing at appropriate scale under relevant conditions, with
all potential obstacles identified and resolved, at least in theory; very preliminary cost
analysis—preconceptual design, 10—25 years expected for viability phase.

*  Performance phase: Assessment of the entire system, sufficient for procurement specifica-
tions for construction of a demonstration plant; validation of waste management strategy;
materials capabilities are optimized under prototypical conditions; detailed cost evaluation—
conceptual design, 10—20 years needed.

*  Demonstration phase: Demonstration of safety features through large-scale testing; environ-
mental impact assessment; safeguards and physical protection strategy for the system; appli-
cation meetings with regulatory agency—preliminary design, in view of the engineering and
final design for the industrial phase, at least 10 years needed.

According to the updated 2013 GIF Roadmap,'® the most advanced GIF systems
are as follows: SFR and LFR (performance phase due to finish in the early 2020s), fol-
lowed by VHTR and SCWR (2025) and GFR and MSR (after 2030)—see Fig. 10.1.

It should be noted that only the phases 1 (“viability”) and 2 (“performance”) are
covered by the international GIF collaboration agreements. As a consequence, the
multilateral collaborative effort coordinated by the GIF covers only the first two design
phases for the six systems:

* Preconceptual design: A “Viability Report” is produced, involving contributions mainly
from fundamental research and academic institutions and

* Conceptual design: A “Performance Report” is produced, involving contributions mainly
from applied research organizations and industrial experts.

The implementation of the “demonstration” phase (based on preliminary, engineer-
ing, and final design) is left to specific arrangements among GIF members, because it is
considered to be too close to commercial exploitation. At the time being, half of the
GIF systems are still in the viability phase (ie, preconceptual design, namely,
SCWR, MSR, and GFR), whereas the other half is well advanced in their performance
phase (ie, conceptual and preliminary design, namely, SFR, LFR, and VHTR).

After establishing the GIF Roadmap 2002, the GIF members expressed a strong
will to establish an international legal framework. An important step then was the
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GIF roadmap 2002 GIF roadmap 2013
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Figure 10.1 2013 Generation-IV International Forum Roadmap—viability, performance, and
demonstration phases. GFR, gas-cooled fast reactor; LFR, lead-cooled fast reactor; MSR,
molten salt reactor; SCWR, supercritical water reactor; SFR, sodium-cooled fast reactor; VHTR,
very-high—temperature reactor.

signature of the Framework Agreement for International Collaboration on Research
and Development of Generation-IV Nuclear Energy Systems (in short, the GIF
FA):'” the original version of this FA was open for signature on February 28, 2005.
It is in fact an intergovernmental agreement, from a legal point of view comparable
to the ITER agreement (which was officially signed in Paris on November 21, 2006
by ministers from the seven ITER Member States). On February 26, 2015 the GIF
FA was extended for another 10 years, thereby paving the way for continued collab-
oration among participating countries.

The Russian Federation and China joined GIF in 2006. As a result, the GIF has 10
active members since 2006, ie, members who have signed the charter and signed, rati-
fied, or/and acceded to the GIF FA and are effectively contributing to GIF work,
including the United States, Canada, France, Japan, South Africa, the Republic of
South Korea, Switzerland, and Euratom as well as China and the Russian Federation.

Of the six GIF systems, three are fast neutron reactors and thus have a closed fuel
cycle (which makes them “sustainable”). They utilize fast neutrons, generating power
from plutonium (Pu) while making more of it from the B8y isotope. The SFRs, LFRs,
and GFRs (helium) are designed to burn plutonium and MAs. The actinides are sepa-
rated from the spent fuel and returned to the fast neutron reactors. One may consider a
fourth system which can be built as fast reactor systems with full actinide recycle,
namely, the MSR. Under certain conditions, even a fifth system can be considered
as fast reactor, namely, SCWR.

Although the fast reactor systems of Gen-IV type get more than 60 times as much
energy from the original uranium compared with the normal reactors, they are expen-
sive to build and should still demonstrate that they are likely to offer a significantly
improved level of safety compared with Gen-III reactors. Much more research is still
required, eg, few studies are available on the behavior of these systems under severe
accident conditions, as mentioned in the IRSN report.'”

17 GIF organization (partners—technology—resources): https:/www.gen-4.org/gif/jcms/c_9260/public.
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All of these systems operate at higher temperatures than the Gen-II and Gen-III
reactors currently in operation—this is a 21st-century requirement of industry. The
new systems range from an SCWR, the only one that is cooled by water, which operates
above 500°C, to a helium-cooled VHTR, which has an operating temperature of 1000°C.
In particular, four are designed for hydrogen production. The VHTR, GFR, LFR, and
MSR are all designed to generate electricity and to operate at sufficiently high temper-
atures, for example, to produce hydrogen by thermochemical water cracking.

Each Gen-1V system requires challenging R&D projects: some are common to all
whereas others are specific to the system. For example, the list of Gen-IV safety cross-
cut items comprises system optimization and safety assessment methodology, emer-
gency planning methods, licensing and regulatory framework, radionuclide transport
and dose assessment, and human factors. Additional R&D areas of common interest
are proposed as instrumentation and control, human machine interface, reactor physics
and thermal-hydraulics, risk management, operation and maintenance.

10.4 "European sustainable nuclear industrial initiative”
and Euratom research and training program in fast
neutron reactor systems

The EU Council approved the accession of Euratom to the GIF FA in its Decision no.
14929/05, Brussels, December 2, 2005. This accession was notified in EU Commis-
sion Decision C(2006)7 of January 12, 2006. On May 11, 2006, Euratom formally
acceded and thus became a party to the GIF FA. As far as practical implementation
is concerned, Article 2 of the latter EU Commission decision states the following:

The Joint Research Centre is confirmed in its role as coordinator of the Community
participation in GIF and thus will represent Euratom as its own “Implementing
Agent” in accordance with Article 111.2 of the Framework Agreement.

As a consequence, the EU is committed to international cooperation in Gen-IV
development. Euratom participation in GIF is also aligned with the European Sustain-
able Nuclear Industrial Initiative (ESNII),which is an initiative of the European Stra-
tegic Energy Technology (SET-Plan, 2008), as discussed later. The European
Commission named its DG JRC as Implementing Agent in representing Euratom in-
terests in GIF. Thus the JRC is the coordinator of all contributions of EU Member
States related to GIF research (ie, above-mentioned Euratom “indirect” and “direct”
actions as well as national nuclear research and innovation programs).

It should be noted that in the EU, socioeconomics is at the heart of many policies.
Therefore, the GIF broad area 3 (Section 10.3) “Economics” should cover a wider
domain than just economics—ideally it should be renamed “Socioeconomics.” In
this context, it should be recalled that, in view of their decision on the Euratom part
of Horizon-2020, the EU Council (Council meeting of June 28, 2011) requested
that the Commission organize a symposium in 2013 on the benefits and limitations
of nuclear fission for a low carbon economy. The symposium will be prepared by
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an interdisciplinary study involving, inter alia, experts from the fields of energy, eco-
nomics and social sciences. As a consequence, a 2012 Interdisciplinary Study was
launched in April 2012, composed of two parts (scientific-technological and sociopo-
litical) and published on the occasion of and presented at the 2013 Symposium
(Brussels, February 26—27, 2013)."®

An Ethics study covering all energy sources was also conducted in this context and
was published in the proceedings of the 2013 Symposium as well as in a separate EC/
European Group on Ethics (EGE) document.'” The title of the Ethics study is Ethical
framework for assessing research, production, and use of Energy—it was issued on
January 16, 2013 and referred to as “Ethics Opinion no. 27.” This Ethics study advocates
a fair balance between four criteria—access rights, security of supply, safety, and
sustainability—in light of social, environmental, and economic concerns. The conclu-
sion of this study also insists on more science-based support for EU energy policy in
general.

The high-level Goals for Generation-IV Nuclear Energy Systems in fact are not new
(eg, Enrico FERMI/1901—54/already mentioned similar goals) and are shared world-
wide by many countries (more than, strictly speaking, the GIF members), as they aim
to respond to several 21st-century requirements. It should also be noted that three of
the GIF broad areas (areas 1, 2, and 3—Section 10.3) are crucial for many energy gen-
eration technologies (whatever the primary energy source: renewable, fossil, or fissile).
Broad area 2 “Safety and reliability” as well as security in particular, are the subject of
a recommendation (no. 4.2) in the previously mentioned “Ethics Opinion no. 27,”
which reads: “Proper impact assessment methodologies to compare the security and
safety of the energy mix instruments are necessary.”

In this context the important role of the Sustainable Nuclear Energy Technology
Platform (SNETP)’ should be stressed. The SNE-TP provides guidance to European
research, innovation, and education programs in three domains, covering all genera-
tions of NPPs, namely, the following:

1. NUclear GENeratlon-II & -III Association (NUGENIA) dedicated to Gen-II (eg, long-term
operation issues)/Gen-III (eg, severe accident management);

82012 Study:  http://www.eesc.europa.eu/?i=portal.en.events-and-activities-symposium-on-nuclear-
fission Synthesis report available in EU Bookshop (free of charge)—http://bookshop.europa.eu/en/
benefits-and-limitations-of-nuclear-fission-for-a-low-carbon-economy-pbKINA25817/.

19 Ethical framework for assessing research, production, and use of Energy, 16/01/2013—BEPA/EGE
study—http://ec.europa.eu/bepa/european-group-ethics/docs/publications/opinion_no_27.pdf
*Note on BEPA/EGE. The European Group on Ethics in science and new technologies (EGE) in fact was
asked by EC President Mr. José Manuel Durao Barroso (length of term in office: 2004—14) on December
19, 2011 to contribute to the debate on a sustainable energy mix in Europe by studying the impact of
research into different energy sources on human well-being. The EGE was a team linked with the Bureau
of European Policy Advisers (BEPA), reporting directly to the EC President.

20 List of European Technology Platforms of interest to research and innovation in reactor safety.
SNE-TP, Sustainable Nuclear Energy Technology Platform—http://www.snetp.eu/

NUGENIA, NUclear Generation-1I and -1l Association—http://www.nugenia.org/
ESNII, European Sustainable Nuclear energy Industrial Initiative—http://www.snetp.eu/esnii/
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http://www.eesc.europa.eu/?i=portal.en.events-and-activities-symposium-on-nuclear-fission
http://www.eesc.europa.eu/?i=portal.en.events-and-activities-symposium-on-nuclear-fission
http://bookshop.europa.eu/en/benefits-and-limitations-of-nuclear-fission-for-a-low-carbon-economy-pbKINA25817/
http://bookshop.europa.eu/en/benefits-and-limitations-of-nuclear-fission-for-a-low-carbon-economy-pbKINA25817/
http://ec.europa.eu/bepa/european-group-ethics/docs/publications/opinion_no_27.pdf
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http://www.snetp.eu/esnii/
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2. ESNII dedicated to Gen-IV systems of fast neutron type and associated fuel cycle facilities;
and

3. Nuclear Cogeneration Industrial Initiative dedicated to a broader range of energy products
beyond electricity.

ESNII was launched on November 15, 2010 at the SET-Plan Conference in Brussels
as an outcome of the above SNE-TP. It should be recalled that a more competitive
resource-efficient economy (ie, moving toward a circular economy) is an important
21st-century requirement for transforming Europe. In this context the ESNII addresses
the need for closed fuel cycles in nuclear fission systems, ie, their focus is on Gen-IV
fast neutron technologies including the supporting research infrastructures, fuel facil-
ities, and research work. As a result, the ESNII initiatives cover part of the Euratom
contribution under the GIF Framework Agreement.

According to the ESNII, the three types of fast reactors [using, respectively, sodium
(SFR), lead (LFR), or gas (GFR) as coolant] have a comparable potential for making
efficient use of uranium and minimizing the production of high-level radioactive
waste. When it comes to priorities, the previous work in the EU on sodium technology
gives this option a strong starting position. However, as an alternative to sodium, the
LFRs and GFRs also offer several interesting features.

In line with the priority put on fast neutron spectrum reactors, the ESNII is support-
ing the design and construction of four demonstrators:

1. Advanced Sodium Technological Reactor for Industrial Demonstration (ASTRID) demon-
stration reactor with sodium coolant (pool type, 600 MW,) to be built in France [“Act for
a Sustainable Management of Nuclear Materials and Radwaste,” June 28, 2006; project
led by French government (CEA) using a national loan of €650 million]. ASTRID is
designed to pursue the R&D on SFRs and demonstrate the feasibility of transmutation of
MAs. The basic design phase is planned from 2016 to 2019. CEA is associated with several
industrial partners such as EDF, AREVA NP, Alstom, Bouygues, Comex Nucléaire, Jacobs
France, Toshiba, Rolls-Royce, and Astrium France.

2. MYRRHA research reactor project with lead-bismuth coolant, open to the EU research com-
munity (50—100 MWy,). The focus is on MA burning (ie, radioactive waste minimization)
through an accelerator-driven system using a subcritical fast neutron spectrum core. It will
be a highly performing and versatile installation (fast spectrum irradiation facility). MYR-
RHA has been in the roadmap of the European Strategy Forum on Research Infrastructures
(ESFRI) since 2010, and it has benefited so far by a €60 million funding. The project is led
by and hosted at SCK-CEN, Mol, Belgium (end of construction is planned by 2023).

3. ALFRED (Advanced Lead Fast Reactor European Demonstrator) demonstrator with lead
coolant, to be hosted in Romania. The “Fostering ALFRED Construction” consortium is
composed of Romania’s Nuclear Research Institute (RATEN-ICN). The project is led by
Ansaldo Nucleare and Italy’s National Agency ENEA.

4. ALLEGRO is designed as a GFR demonstrator with helium coolant, resulting from regional
collaboration in the “V4G4 Centre of Excellence” (Visegrad 4 countries for Generation-1V
reactors) composed of Hungary (MTA EK, Centre for Energy Research), the Czech Republic
(IJJV Rez, a.s.), Slovakia (VUJE, a.s.) and Poland’s National Centre for Nuclear Research
(NCBJ). The research institutes of the V4G4 agreed to conduct joint research, development,
and innovation in the field of Gen-IV nuclear systems. The main aim is to improve sustain-
ability (efficient resource utilization and minimize volume, heat, and radiotoxicity of waste)
and safety and reliability as well as proliferation resistance.



258 Handbook of Generation IV Nuclear Reactors

Three nuclear fission projects have applied officially for the previously mentioned
EFSI’: the two fast neutron research reactor projects MYRRHA and ALLEGRO as
well as the thermal neutron research reactor project PALLAS [Dutch research reactor
(successor of HFR)]. It should be noted that the PALLAS reactor is aiming at taking
over from the 50-year-old high-flux reactor in Petten (The Netherlands), dedicated to
medical isotope production and other applications of ionizing irradiation: a national
loan of maximum €82 million was provided for PALLAS in 2014 to Energie-
onderzoek Centrum Nederland and their daughter company Nuclear research and con-
sultancy group (Petten, the Netherlands).

Also worth mentioning here is the thermal neutron research reactor the Jules
Horowitz Reactor (JHR), under construction at CEA Cadarache in southeastern
France. When operating at its full capacity of 100 MWt, the JHR will produce, in
the reflector surrounding the core area, a thermal neutron flux to study current and
innovative nuclear fuels. In-core experiments will typically address material experi-
ments with high fast flux capability up to 5 x 10" n/cm?s perturbed fast neutron
flux with energy larger than 1 MeV.

NB: Historical reminder about the “European fast
reactor” project (1984—93)

The bases for the “European Fast Reactor” (EFR) cooperation were laid in 1984 when
the governments of Belgium, France, Germany, Italy, and the UK signed a memoran-
dum of understanding to harmonize their fast reactor development programs and to
come to a more efficient pooling of their experiences and resources.”’ Utilities, design
companies, and R&D organizations were involved during a decade.

Three subsequent specific agreements were signed shortly after 1984:

* the “R&D Agreement,” relating to research and development, which was signed by Euro-
pean R&D organizations (in particular, CEA, KfK, Belgonucléaire, ENEA),

* the “Industrial Agreement,” relating to cooperation in design, construction, and marketing,
which was signed by European design and construction companies (in particular, EDF,
Framatome, Siemens, NTC Nuclear Technology Consult GmbH), and

* the “Intellectual Property Agreement,” setting out the terms and conditions controlling the
use of existing and future know-how information at the disposal of the European partners.

More than 1000 specialists worked efficiently together, even if they were located in
20 or so offices and laboratories spread across Europe, and even if they belonged to
several companies of different nature, terms of reference, and management structures.

The end of the EFR project came almost unnoticed after the Concept Validation
Phase, which expired at the end of 1993. First, the governments, especially, in the

2L EFR: http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/25/028/25028985. pdf—see also
The Story of the European Fast Reactor Cooperation, Dr. Willy Marth, Kernforschungszentrum Karls-
ruhe KfK 5255, December, 1993—nhttp://bibliothek.fzk.de/zb/kfk-berichte/KFK5255.pdf.
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United Kingdom and in Germany, withdrew from financing the R&D program. Then
the European utilities (European Fast Reactor Utilities Group) stopped financing the
design companies. Nevertheless, it is believed that the EFR collaboration represented
a very successful example of how an advanced technological development can be
handled across nations, thereby sharing costs and taking the benefits of international
skills and expertise.

10.5 Sustainability (efficient resource utilization and
minimization of radioactive waste)

The GIF requirement of improved sustainability refers to the following key questions:

1. How to enhance fuel utilization? [Is spent nuclear fuel recyclable material or waste? (focus on
U-238)]—1Is Plutonium a valuable asset or a liability? (breeding of fissile Pu-239 fuel from
nonfissionable, but fertile U-238)

2. How to minimize volume, heat, and radiotoxicity of ultimate radioactive waste? (transmuta-
tion of actinides in Gen-IV fast neutron reactor systems)

Two GIF goals (nos. 1 and 2) are defined in connection with sustainability:

o
.

Generate energy sustainably and promote long-term availability of nuclear fuel.
2. Minimize radioactive waste and reduce the long-term stewardship burden.

Before discussing the sustainability of Gen-IV systems, a reminder about natural
uranium and the composition of spent nuclear fuel (SNF) is necessary.”” Natural ura-
nium is composed of 0.005% ***U, 0.720% ***U%, and 99.275% ***U. The fuel used
in a standard LWR relies on the fissile isotope *>U, which is typically enriched to **°U
concentrations in the range of 4%. However, it should be noted that some 40% of the
energy produced in the course of a nuclear fuel cycle in an LWR comes from **°Pu,
which is thus an excellent fissile fuel material. Moreover, ceramic-mixed oxide fuel
(MOX, which is UO; + PuO,), consisting of about 7—10% Pu mixed with depleted
uranium (**®U), is equivalent to UO, fuel enriched to approximately 4.5% **°U,
assuming that the Pu contains approximately two-thirds fissile isotopes.

After approximately 3 years of permanence inside of the reactor core, the spent fuel
of an LWR of 1000 MW, (typical burn-up of 40,000 MWd/tHM, initial enrichment to
49% **U; 5 years cooling) is transferred to cooling pools (note: MWd/tHM, megaWatt-
days per ton of heavy metal).

The average composition of this SNF (5 years after unloading) is as follows:

1. 94% **U
2. 1% **U (hence, SNF is still enriched if compared to natural uranium)
3. 1% Pu

22 The Nuclear Fuel Cycle—Material balance for the annual operation of a 1000 MW, NPP—http://www.
world-nuclear.org/info/Nuclear-Fuel-Cycle/Introduction/Nuclear-Fuel-Cycle-Overview/.
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4. 4% fission products and transuranium elements other than Pu, with the following composi-
tion on average:

a. 3.35% of stable fission products, which pose little concern (majority of nonuranium
isotopes);

b. 0.3% of short-lived strongly thermogenic fission fragments, such as °°Sr and '*’Cs (with
half-lives on the order of 30 years), which generate most of the hazard for the first hun-
dreds of years of disposal;

¢. 0.1% of long-lived fission fragments, such as 99Tc, ]291, and 135Cs, that last for hundreds
of thousands of years and must be isolated from the environment;

d. 0.1% of other less long-lived fission products; and

e. 0.15% of transuranium elements other than Pu, mainly MAs such as Np, Am, and Cm.

The core of a standard NPP of 1000 MW,, such as the previously mentioned
reactor, contains approximately 72 ton of low-enriched uranium. According to this
composition of SNF, in a yearly operating cycle (refueling annually with one-third
replaced, ie, 24 ton Ulyear), the spent fuel contains approximately 23 ton uranium
(including 240 kg **°U), 240 kg ***Pu, and approximately 1 ton of fission products
and transuranium elements other than Pu. Thus there are approximately 36 kg MAs
(ie, Np, Am, and Cm, equivalent to 0.15% of the total SNF).

The radioactivity of the SNF evolves over time as the various elements decay. The
same is true of its radiotoxicity (expressed in “Sv/metric tonne”) versus natural ura-
nium: that of fission products decreases very rapidly in a few hundred years and
then persists at low level for millions of years, because of the presence of long-
lived fission products. In fact, after approximately 600,000 years, the radioactivity
of untreated spent fuel comes down to that of the natural uranium from which the
fuel was made. The radioactivity of the SNF in fact decays by a factor of 65 within
1 year after unloading from the reactor core as a result of the decay of relatively
short-lived fission products and actinides. The radioactivity of plutonium (mostly of
half-lives 24,000, 6500, and 87 years) represents less than 10% of the total toxicity
of the spent fuel when it comes out of the reactor. With the passage of time and the
disappearance of the short-lived products, this proportion increases. In addition,
MAs (Np, Am, Cm) significantly contribute to the radiotoxicity balance during a
few thousand years. After several thousands of years, plutonium dominates and repre-
sents nearly 90% of the radiotoxicity.

A reminder about conversion (or transmutation) of fertile to fissile fuel might also
be useful. The conversion ratio, C, is the ratio of the rate of production of fissile nuclei
in a reactor (typically 2**U, ***Pu, 2*'Pu), continuously generated from fertile material
(typically 232y, 238, 24OPu), to the rate of consumption of fissile nuclei. If C is small,
then the reactor is called a burner (eg, C = 0.6 in LWRs with 3—5% 235U in the initial
fuel); if C is between 0.7 and 1.0, it is called a converter (eg, C = 0.75 in LWRs with
5% Pu). If C exceeds unity, it is called the breeding ratio (BR) and then it is a breeder
(eg, C = 1.4 in liquid metal fast breeder reactors with 15—20% Pu). It should be noted
that historically the main incentive for the development of fast breeder reactors (FBRs)
was the extension of uranium supplies through a better use of >**U, which is nonfis-
sionable in LWRs and is present at 99.275% in natural uranium.
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Previously discussed GIF Goal No. 1 “Generate energy sustainably and promote
long-term availability of nuclear fuel” leads to the issue of plutonium (in particular,
23%pu) as fuel for fast neutron spectrum reactors.

In this type of reactor, a chain reaction takes place in which the neutrons are not
thermalized (there is no moderator), but instead produce fission at relatively high en-
ergies (on the order of 1.0 MeV). With uranium fuel, **’Pu is produced by the capture
of neutrons in *®*U: as mentioned previously, the SNF contains 94% ***U. As a result
of this physical process (based on breeding of fissile ***Pu fuel from nonfissionable,
but fertile >**U), fissile material is produced and consumed in the reactor before the
fuel is removed, supplementing the original **U in the fresh fuel. To avoid thermal-
ization of the neutrons, FBRs use a coolant with high mass number to reduce moder-
ation, such as liquid metals (eg, 23Na, Pb, or lead-bismuth eutectic , all in liquid state).
The fuel of FBRs is made of pellets of mixed Pu and U oxides: PuO, (about 20%) and
UO; (about 80%). Uranium depleted in B5U is commonly used (residue from earlier
enrichment)—nonconventional (usually more expensive) uranium ores could also be
used. An alternative breeding cycle is based on thorium: this implies conversion of
fertile 2*Th to fissile >**U, which is investigated in some countries (eg, in India and
Canada, thorium is four times more abundant than uranium in the Earth’s crust).

According to the GIF strategy, fast neutron reactors can also be used to consume
unwanted plutonium (rather than to produce plutonium as a fuel) and to destroy other
heavy elements in weapons stockpiles or radioactive waste: in this case they act as
burners instead of breeders (C is small).

Previously discussed GIF Goal No. 2 “Minimise radioactive waste and reduce the
long-term stewardship burden” leads to the issue of recycling or circular economy, ie,
separating and conserving everything that is potentially recyclable (ie, U and Pu).

Regarding to Gen-II and Gen-III, recycling nowadays is rather exceptional in the
world. Recycling (or reprocessing) of civilian fuel in view of MOX fuel fabrication
is performed in only few countries, namely:

* in Europe (LWR fuel at the Cap de la Hague site in France, Normandy region and at the
Sellafield site in the United Kingdom, Cumbria region),

* in the Russian Federation (LWR fuel in the “Mayak Chemical Combine,” situated in the
province of Chelyabinsk in the southern Ural Mountains), and

* in Japan (LWR fuel in the long-delayed reprocessing plant at Rokkasho-mura—Japan
Nuclear Fuel Ltd hopes to get an operating license by March 2016).

Smaller scale reprocessing plants are operating in Japan (FBR fuel at Tokai), in India
(CANDU fuel at Tarapur and FBR fuel at Kalpakkam) and in China (LWR fuel at
Lanzhou). It should also be noted that noncivilian (weapons) plutonium is used for
MOX fuel fabrication (after reprocessing) in the United States (LWR-MOX fuel fabri-
cated at Savannah River) and in Russia (LWR-MOX fuel fabricated at Tomsk).

Regarding Gen-IV, according to the GIF strategy, partitioning and transmutation
techniques can be used to further improve the desired recycling process. Application
of these techniques to Pu and other heavy radionuclides, such as the MAs Np, Am, and
Cm, aims at reducing the volume, heat, and toxicity of ultimate radioactive waste for
disposal.
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As far as reprocessing in the ***U/Pu fuel cycle is concerned, several chemical sep-
aration techniques have been proposed and developed in the past few decades. The
most efficient process to date remains the PUREX process (Plutonium and Uranium
Recovery by Extraction). This process uses nitric acid HNO3 and organic solvents
to dissolve and extract selectively U and Pu, resulting in two separate product streams
(U on one side and Pu on the other side of the process chain). As far as reprocessing in
the 2*Th/***U fuel cycle is concerned, THOREX (Thorium Oxide Recovery by
Extraction) technology must be used, also based on dissolution in nitric acid and sol-
vent extraction (however, with special care for the extraction of ***Pa, for the separa-
tion of ***U and ***U, and for the dissolution of thorium dioxide in pure nitric acid).

Much of the calculated long-term waste hazard comes from a limited set of MAs
(about 0.15% of the SNF or 36 kg/year in a standard NPP of 1000 MW,, as explained
previously) with half-lives ranging from tens to millions of years such as ***Cm and
237Np, respectively. Exposure of these radionuclides to high neutron fluxes could
transmute them into much less hazardous nuclides. In such cases, chemical separations
are necessary to allow the partitioning of selected groups of radionuclides into different
waste streams.

Gen-1V reactor systems of fast neutron spectrum type in fact include waste destruc-
tion as an integral part of the fuel cycle rather than as a separate process. In a still more
ambitious project, based on an accelerator-driven fission system, all the waste products
are continuously recycled and selected transuranium nuclides are destroyed. This is the
purpose, for example, of the previously mentioned MYRRHA project.

In conclusion of this Section 10.5, to answer key questions, Gen-IV systems of the
fast neutron type will manage to enhance fuel utilization (by recycling Uranium and
Plutonium), while minimizing volume, heat, and toxicity of ultimate radioactive waste
(by partitioning and transmutation). As a consequence, SNF is not waste, but could
become a huge source of power for the future, since the current Gen-II and Gen-III
of NPPs burn only a very small amount of the uranium resource. A very large amount
of energy is still to be found in what has erroneously come to be known as “waste.” In
fact, up to 96% of the SNF (made of 238U, 235U, and Pu) could be recycled in Gen-1V
reactor systems. Pu is thus not a liability, but a “valuable asset”: there will be plenty of
fuel once the 2**U resource can be optimally exploited, ie, when fast neutron spectrum
reactors of the Gen-IV type with actinide burning capacities come into service reactors.
Use of breeder reactors in a nuclear fuel cycle would extend the supply of usable fuel
by a factor of about 60-fold.

10.6 Safety and reliability (maximum safety
performance through design, technology,
regulation, and culture)

The GIF requirement of improved safety and reliability refers to the following
questions:

1. How to optimize the “risk/benefit” factor in applications of nuclear fission energy and
ionizing radiation? How safe is safe enough?
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2. What is the impact of human and managerial factors on safety performance? (safety culture as
a complement to safety technologies and regulations)

Three GIF goals (nos. 3,4, and 5) are defined in connection with safety and reliability:

w

Excel in safety and reliability,
Have a very low likelihood and degree of reactor core damage, and
5. Eliminate the “technical” need for off-site emergency response.

el

Before discussing the safety and reliability of Gen-IV systems, a reminder about
safety principles and their implementation is necessary. A pioneering role was played
in this domain by an EC document in the early 1980’s, because it paved the way to later
international documents (eg, those elaborated by the IAEA): “Safety principles for
LWR nuclear power plants,” published as COM (81)519. Later on, the TMI (1979)
and Chernobyl (1986) accidents stressed the importance of the work on international
collaboration in the establishment of common safety objectives, and, in particular,
regarding severe accident management.

Safety objectives are fixed for every nuclear installation. These objectives should be
measurable, both qualitatively and quantitatively, and they should include prevention
of severe accidents and mitigation of the consequences, should prevention fail, as it has
been clearly stated in a series of IAEA INSAG reports. When setting safety objectives,
other factors (notably non-fatal health effects) should also be taken into account, as
learned from the historical severe accidents.

In fact, there are different philosophies in the world with respect to safety goals. For
example, in the EU the fear of accidents, especially of (hypothetical) severe accidents,
has led some countries to propose for Gen-III very stringent safety targets implying the
“practical” prohibition of large-scale evacuation and land contamination subsequent to
an accident. It should be noted that, in the revised 2014 Euratom Safety Directive,’ the
EU promotes the most stringent safety principles in the world to improve nuclear
safety standards. Also worth noting is that the 2013 Euratom BSS Directive'” recom-
mends, in particular, that social, legal, and ethical aspects should be included in addi-
tion to purely technical considerations. In the US approach for safety objectives, until
recently the emphasis was placed on mortality and direct monetary costs of in- or off-
site consequences, ie, cost—benefit analysis aspects were important (eg, taking into ac-
count the monetary value of human life, estimated up to several million US dollars).

Previously discussed GIF Goal No. 3 Excel in safety and reliability refers, for
example, to the need of providing robust safety cases describing the safety practices.
In fact, there is a good convergence of safety practices in the Member States, notably,
in the following domains:

* ALARA (As Low As Reasonably Achievable) policy to reduce the doses of ionizing radiation
to the personnel and the public;

* defense-in-depth and integrity of the successive barriers between the radioactive products
and the environment (including active and passive safety systems);

» radiological consequences of postulated accidents (see eg 2013 BSS Directive);

» deterministic safety analysis => identification of postulated or design-basis accidents; and

* probabilistic safety analysis (PSA) => evaluation of the overall risk from the plant,
including severe accidents analysis and management (eg, mitigation measures for high-
consequence low-frequency events) => PSA levels 1, 2 and 3.
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Previously discussed GIF Goal No. 4 Have a very low likelihood and degree of
reactor core damage requires a reminder of the Reactor Safety Study WASH-1400""
in the United States, which was in 1975 among the first to examine the phenomenology
of severe accidents. They used methodologies developed by the Department of De-
fense and the National Aeronautics and Space Administration such as event trees
and fault trees. They were able to compare the likelihood of nuclear and nonnuclear
accidents (human-caused events as well as natural events) having similar conse-
quences (expressed in terms of fatalities and property damage in US dollars). The
main risk issues in NPPs of the LWR type were identified: molten corium behavior,
fission product release, and hydrogen combustion. Several containment failure modes
or challenges were identified as follows: (1) Overpressure, (2) Dynamic pressure
(shock waves), (3) Internal missiles, (4) External missiles (not applicable to core
melt accidents), (5) Melt through, and (6) Bypass. As a consequence of WASH-
1400 and of the introduction of PSA after the TMI accident, several regulatory author-
ities worldwide introduced nuclear safety objectives of the probabilistic type.

Of particular interest are the following probabilistic safety criteria introduced in
WASH-1400: CDF and Large Early Release Frequency (LERF—typically in the order
of 100 TBq "*’Cs) that are calculated in Level 1 and Level 2 PSA, respectively. In
INSAG-3, safety goals of the quantitative probabilistic type are proposed for CDF
and LERF: the LERF value is usually 10 times smaller than the CDF value. For exist-
ing NPPs, a safety target of less than 10~ */reactor year was proposed as the likelihood
of occurrence of severe core damage (CDF). Accident management and mitigation
measures should reduce the probability of large off-site releases (requiring short
term off-site response) to less than 10~ >/reactor-year. Implementation of the INSAG
Safety Principles at future plants should lead to safety improvements by a further factor
of 10 (for all events). The latter threshold value (< 1076/react0r—year) for unacceptable
consequences is already required for existing NPPs in many OECD countries. For the
radiological definition of the off-site release limits during normal operation and inci-
dents and for the off-site release targets for accidents, other internationally widely
recognized standards are usually taken, such as the IAEA and/or EU BSS.

The GIF Goal No. 5, Eliminate the need for offsite emergency response is
embedded in the revised 2014 Euratom Safety Directive.” It is also at the heart of
the European Utility Requirement (EUR)”* organization. As far as safety requirements
are concerned, the EUR organization has dedicated special attention to severe accident
management since the mid-1990s. Situations and phenomena that could lead to early
failure of the containment system and subsequent uncontrolled large releases of fission
products into the environment should be practically eliminated by design. For

23 N.C. Rasmussen, “Reactor Safety Study: An assessment of accident risk in US commercial nuclear power
plants,” AEC Report, WASH-1400-MR (NUREG-75/014), United States NRC, Washington, DC,
1975—nhttp://www.iaea.org/inis/collection/NCLCollectionStore/_Public/35/053/35053391.pdf.

2 European Utility Requirement (EUR): http://www.europeanutilityrequirements.org/
The EUR organization includes 17 European utilities (namely, CEZ, EDF, EDF energy, Endesa,
ENEL (SOGIN), Energo-Atom Ukraine, Fortum, Gen Energija, Iberdola, MVM, NRG, RosEnergoAtom,
Swissnuclear, GDF-Suez/Tractebel Engineering (now Engie), TVO, Vattenfall, and VGB Powertech).


http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/35/053/35053391.pdf
http://www.europeanutilityrequirements.org/
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example, for the evolutionary reactor EPR, the main safety objectives are to further
reduce the core melt probability and, in the hypothetical case of a severe core melt ac-
cident, to improve the containment of fission products by excluding in a “determin-
istic” way any major off-site damage, that is, to “practically eliminate,” by design,
accident situations and phenomena that could lead to large early releases.

An integral assessment approach is provided by GIF through their Risk and Safety
Working Group (RSWG). This group produced in 2011 a methodology, called the
Integrated Safety Assessment Methodology (ISAM—GIF/RSWG/2010)> for use
throughout the Gen-IV technology development cycle. ISAM allows evaluation of a
particular Gen-IV concept relative to various potentially applicable safety metrics or
“figures of merit.” ISAM is particularly efficient to assess active versus passive safety
components and systems. To help facilitate the use of the methodology, in 2014, the
RSWG developed a supporting Guidance Document for ISAM (GDI—Rev 1, 2014) to
provide the users with further help for the ISAM implementation.>*

The ISAM is a tool that can be used throughout from concept development to
design and then to licensing. It combines probabilistic and deterministic perspectives.
It improves understanding of safety-related design vulnerabilities and the contribution
to risk. It also helps identify areas for additional research and data collection. The
ISAM consists of five steps: (1) Qualitative Safety Features Review, (2) Phenomena
Identification and Ranking Table, (3) Objective Provision Tree, (4) Deterministic
and Phenomenological Analyses, and (5) PSA.

1. Qualitative Safety Features Review: It is a checklist structured following the principle of the
defense-in-depth, and it includes a comprehensive set of qualitative recommendations. It pro-
vides designers with useful means to help ensure that safety truly is “built-in,” not “added-
on,” from the early phases of the design of Gen-IV systems.

2. Phenomena ldentification and Ranking Table (PIRT): This technique, relying heavily on
expert elicitation, identifies a spectrum of safety-related phenomena or scenarios that could
affect systems. Those phenomena or scenarios are then ranked on the basis of their impor-
tance (often related to their potential consequences) and of the state of knowledge.

3. Objective Provision Tree (OPT): There is a natural interface between the OPT and the PIRT
in that the PIRT identifies phenomena and issues that could potentially be important to safety,
and the OPT focuses on identifying design provisions [in fact essential “lines of protection”
(LOP)]. The purpose of the OPT is to document the implementation of essential LOPs to
ensure successful prevention, control, or mitigation of phenomena that could potentially
damage the nuclear system.

4. Deterministic and Phenomenological Analyses (DPA): Conventional deterministic and
phenomenological analyses will feed the PSA as an essential input to quantify the results.
It is anticipated that DPA will be used from the late portion of the preconceptual design phase
through ultimate licensing and regulation of the Gen-IV system.

5. PSA: It can only be meaningfully applied to a design that has reached a sufficient level of
maturity. Thus it is performed and iterated beginning in the late preconceptual design phase

2.

G

ISAM by GIF cross-cutting methodology working group Risk and Safety—https://www.gen-4.org/gif/
upload/docs/application/pdf/2013-09/gif_rsgw_2010_2_isamrev1_finalforeg17june2011.pdf.
26 GIF—Integrated Safety Assessment Methodology—nhttps://www.gen-4.org/gif/jcms/c_9366/risk-safety.
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and continuing until the final design stages. Also worth mentioning is the concept of “living
PSA” which is becoming increasingly accepted in Gen-IV systems.

As far as practical applications of ISAM are concerned, it is worth mentioning two
limited scope trial applications to a realistic, developing advanced reactor development
effort: one for a Japanese sodium fast reactor concept and one for a French sodium fast
reactor concept.

Other applications of ISAM were carried out in Euratom FP7/2007—2013/projects
such as the following:

* Between 2010 and 2013, the small- or medium-scale focused project LEADER (Lead-cooled
European Advanced DEmonstration Reactor), coordinated by Ansaldo in Italy (total of 16
partners, total budget of €5.7 million including €3 million from EC) — application also
to the ALFRED design.

* Between 2010 and 2013, the collaborative project EVOL (Evaluation and Viability Of Liquid
fuel fast reactor systems) project, associated with the Rosatom project MARS (“Minor
Actinides Recycling in molten Salt”), which was the main frame of international scientific
co-operation on the Th-U molten salt fast reactor concepts—project coordinated by CNRS
in France (total of 11 partners, total budget of €1.8 million including €1 million from EC).

* Between 2012 and 2013, the coordination and support action SARGEN-IV (“Proposal for a
harmonized European methodology for the safety assessment of innovative reactors with fast
neutron spectrum planned to be built in Europe”), coordinated by IRSN in France (total of 22
partners, total budget of €1.3 million including €1 million from EC).

In Gen-IV designs of very innovative type, there are several structures, systems,
components, and phenomena that could bear specific risks and uncertainties. When
developing the safety case (in particular, the transient and accident analysis), the appli-
cant designer should pay special attention to the identification and assessment of the
following:

» Initiating events (ie, events that create a disturbance in the plant that has the potential to lead
to core damage, depending on the successful operation of required mitigating systems in the
plant)—the hazard and operability (HAZOP)*’ and/or Failure Modes, Effects, and Criticality
Analysis (FMECA)?® approaches (well known in industry) seem well suited for this purpose.

* Phenomena expected to occur on the nuclear installation—the above PIRT (Phenomena
Identification and Ranking Table) approach seems well suited.

In conclusion of Section 10.6, to answer the question how safe is safe enough?, a
number of assessment methodologies and safety technologies do exist for existing as
well as future nuclear installations. Moreover, from a nontechnical point of view, the

27 The “HAZard and Operability” technique (HAZOP) is based on “intuition and good judgment”—similar
to the PIRT—and provides a systematic examination of planned processes in order to identify and
evaluate problems that may represent risks to personnel or equipment, or prevent efficient operation. The
HAZOP technique was initially developed to analyze chemical and mining operation processes.

28 Another widely used reliability analysis technique in the initial stages of product/system development is
the “Failure Modes, Effects, and Criticality Analysis” methodology (FMECA). FMECA is usually per-
formed during the conceptual and initial design phases of the system in order to assure that all potential
failure modes have been considered and the proper provisions have been made to eliminate these failures.
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attention is drawn to human and managerial factors and, in particular, to their impact
on safety performance. This concern is at the heart of the continuous improvement of
nuclear safety culture in nuclear fission installations (where inadvertent exposure of
workers to excess dose should be prevented), and, in particular, in NPPs and in the
fuel cycle industry. Similarly, in medical, industrial, and scientific applications of
ionizing radiation (where a balance must be sought between benefits and potential
harm of exposure), the focus is on radiation protection safety culture.

10.7 Socioeconomics (economic advantage over other
energy sources and better governance structure in
energy decision-making process)

The GIF requirement of improved socioeconomics refers to the following key
questions:

1. How to evaluate the “total social cost” of energy technologies? (=“private,” ie, capital and
O&M, fuel, “external,” ie, system effects, accidents, and avoided CO5)

2. Better governance structure in energy decision-making process (ie, more openness, partici-
pation, accountability, effectiveness, and coherence)

Two GIF goals (nos. 6 and 7) are defined in connection with economics:

6. Have a life cycle cost advantage over other energy sources and
7. Have a level of financial risk comparable to other energy projects.

To assess socioeconomics, the collaboration is needed of experts with skills in
finance and accounting, hard sciences (eg, energy, environment, new technologies,
life sciences), as well as soft sciences (eg, sociology, psychology, risk perception).
This question is particularly complex, because of various technological and socioeco-
nomic uncertainties and, because of the long time horizon involved (remember the
horizon for NPP development “from cradle to grave” is in the order of 100 years).

The GIF Goal No. 6, Have a life cycle cost advantage over other energy sources
means in fact minimizing the Levelized Unit Energy Costs (LUEC): this favors large
units with economies of scale. The LUEC methodology is an economic assessment of
the cost to build and operate a power-generating asset over its lifetime (usually several
decades) divided by the total power output of the asset over that lifetime: typically, the
unit of LUEC is Euro per milliwatt-hour (€/MWh).

A good understanding of nuclear economics is provided by the authoritative cost
study of the French Court of Auditors dated January 2012 (“Les coits de la filiere élec-
tro-nucléaire” or “The costs of the nuclear power sector,” Cour des Comptes).”’ This
French report is a unique work in that it is the first time all of the costs of nuclear en-
ergy generation are put on the table, from construction and operation of the plants until

2 “Cour des comptes http://www.ccomptes.fr/Publications/Publications/Les-couts-de-la-filiere-electro-
nucleaire (by Jacques Percebois, chairman of “Energies, 2050,” and Claude Mandil, former DG of IEA).
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decommissioning and waste treatment: there are no hidden costs. It should be noted
that in NPPs, all costs are included in the price of electricity production, from upstream
(exploration of ore, research, etc.) to downstream (waste management, dismantling,
geological disposal, etc.). In this accounting system, however, no benefit is drawn
from the avoided CO; emissions.

The French Court of Auditors (2012) report estimated the historical cost of elec-
tricity generation (Gen-II reactors) in France close to €50/MWh. According to the re-
sults of this analysis, the total fuel cycle cost would then represent less than 13%, and
the back-end cost would be approximately 6.5% of this historical cost. However, addi-
tional costs should be taken into account by the utilities for implementing safety im-
provements as a consequence of the “stress tests”: these costs are estimated by the
EC to be in the range of €30 million to €200 million per reactor unit (in the EU, total
cost of upgrade of NPPs is estimated at approximately €25 billion).

For a series of new-build reactors of the Gen-III type (eg, EPR), electricity produc-
tion costs are estimated by the 2012 French report to be in the range of €70—90/MWh,
taking into account the new technical characteristics: availability nearly 92% (ie,
8000 h/year), overheads amortized over power greater than that of Gen-II reactors,
fuel consumption lower than that of Gen-II, service life of 60 years.

At present, cost estimates for electricity production are even higher. For example, in
Turkey, the discussion with Rosatom focusses on a fixed price Power Purchase Agree-
ment for 15 years under a Build-Own-Operate scheme: the weighted average cost is US
$ 123.5/MWh and the quantity of electricity is fixed. In the UK, EDF has been offered an
investment contract for Hinkley Point C (ie, the construction of UK’s first nuclear plant
in 28 years) with a “strike price” for its electricity output of GBP 92.50 (ie, €125 in
2012 prices) per MWh, which will be adjusted (linked to inflation) during the construc-
tion period and over the subsequent 35-year tariff period: this “strike price” for elec-
tricity from Hinkley Point C is roughly twice the current wholesale price of power.

Taking construction costs, operation and maintenance (O&M), and fuel cycle costs
together, a GIF study regarding future Gen-IV systems estimated the LUEC. The re-
sults range as follows (the discount rate was set on 10%): from US $50 per MWh
for SCWR to 225 for GFR (in 2009 prices).

GIF Goal no 7 Have a level of financial risk comparable to other energy projects
means minimizing Capital-at-Risk (ie, investment before commercial operation):
this rewards smaller units that require less capital. Capital investment costs should
be seen in the context of the “total social costs” (=“private” + “external costs”) and
the nuclear sector should be compared to renewable and fossil energy sectors.

The private and external costs can be described as follows:

* Private costs: (1) capital investment cost (60—85%); (2) O&M cost (10—25%); and (3) fuel-
cycle cost (7—15%) including the natural uranium (~5%).

* External costs: (1) radioactive emissions; (2) long-term waste disposal (often already inter-
nalized); (3) accidents—liability; (4) proliferation; (5) avoided CO, emissions; (6) system
effects (in particular, on electrical grid stability).

A large part of the external costs (outside of the fuel cycle from front-end to back-
end) is included in the price of electricity production. They are, however, particularly
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difficult to estimate, such as insurance to cover nuclear accident damage (eg, What are
reasonable measures to implement? What is the causal link between an accident and
disease occurring many years after the event?).

The uncertainty is even greater when it comes to estimating the capital expenditures
for new-build reactors, be it Gen-III or Gen-IV. At the end of 2012, EDF announced
that stricter regulation in the wake of the Fukushima nuclear disaster contributed to
bringing the total cost of the 1600-MW, Flamanville EPR to €8.5 billion (ie,
€5300/kW,). It should be noted, however, that these are not costs of the EPR series
(-nth of a kind), which should be lower.

Construction costs have been estimated by scaling from known cost distributions
and adaptation by expert judgment. In addition to scaling to power level, other consid-
erations may lead to increase or decrease certain accounts with respect to the accounts
of the reference design, such as the reactor vessel and other reactor plant equipment;
space requirements; containment size; application of passive safety systems; need for
an intermediate circuit; complex fuel handling in all Gen-IV systems; use of chemi-
cally highly reactive sodium as coolant in SFR; use of Rankine versus Brayton cycle.
In this way, the previously discussed GIF study estimated the following ranges for
overnight construction costs in Euro per kW,: from 2500 for SCWR to 8500 for
LFR (in 2009 prices).

In 2007, the Economics Modelling Working Group (EMWG)’” of GIF prepared
Cost Estimating Guidelines for Generation-IV Nuclear Energy Systems (GIF/
EMWG/2007) for economic optimization during the viability and performance phases
of the Gen-IV project. This project has upgraded existing nuclear economic sub-
models, and it developed new ones where needed, addressing each of the following
five economic areas: Capital and Production Cost Models, Nuclear Fuel Cycle Model,
Optimal Scale Model, and Energy Products Model. These five models have been
brought together in an integrated nuclear energy economic model (INEEM). A soft-
ware tool called G4-Econs (available from the GIF Secretariat at OECD/NEA) has
been developed to provide a global economic assessment using the INEEM.

The GIF cost-estimating tool G4-Econs has been applied to identify and assess
plant design characteristics of future nuclear reactor designs and their associated
fuel cycles. All six Gen-IV designs have been investigated and compared to a reference
Gen-III design. The fuel-cycle costs were divided into front-end and back-end costs.
When estimating costs for Gen-IV reactor fuel cycles, nonconventional fuels should
be taken into account.

In conclusion of Section 10.7, as a result of the application of the EMWG tools, the
total capital investment and the LUEC can be estimated for future Gen-IV systems.
Breakthrough technologies in the nuclear sector are under development worldwide;
they are discussed not only among scientists and engineers, but also with national reg-
ulators and civil society (see “Science based policies and legislation™ in Topic 8 of
“2012 Interdisciplinary Study”'®). Moreover, a better governance structure is needed

3 GIF—Cost Estimating Guidelines for Generation-1V Nuclear Energy Systems—https://www.gen-4.org/
gif/upload/docs/application/pdf/2013-09/emwg_guidelines.pdf.
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in energy decision-making processes. Communication with undertakings and public
participation, in particular, are crucial in the development of nuclear fission energy pol-
icies (see revised 2014 Euratom Safety Directive 9 and 2013 Euratom BSS Directive'?).

10.8 Proliferation resistance and physical protection
(protection against all kinds of terrorism)

The GIF requirement of improved proliferation resistance refers to the following key
questions:

1. How to estimate the risk of nuclear proliferation? (Weapons of mass destruction, possible
extension to CBRN threats.)
2. How to combat radiological terrorism? (Related to “‘small weapons” causing contamination.)

One GIF Goal (No. 8) is defined in connection with Proliferation resistance and
physical protection:

8. Be a very unattractive route for diversion or theft of weapon-usable materials, and provide
increased physical protection against acts of terrorism.

The fear of so-called “rogue nations” acquiring nuclear weapons, or terrorist orga-
nizations carrying out malevolent actions by misuse of nuclear materials, clearly re-
mains strong. As a consequence, many political and technological experts are
working on reducing the risk of dissemination of nuclear weapons. It should be
recalled, however, that during the Cold War, the objective risk of proliferation was
high, with more than 20 countries trying to develop nuclear weapons, 9 of which
did so. In contrast, since the end of the Cold War, less than a handful of countries
have attempted proliferation and only one—North Korea—has succeeded.’’

Some experts claim that recycling plutonium in the form of MOX fuel helps combat
nuclear proliferation by “burning” it in the reactor, whereas other experts claim that
isolating, handling, and storing plutonium should be prohibited, because it could be
easily diverted by terrorists. The ambition of Gen-IV in this domain focuses on two
breakthrough technologies:

1. New reprocessing (partitioning) techniques in which U and Pu are no longer separated as is
the case in the traditional PUREX process (Section 10.5), and

2. New fuel fabrication techniques for fast neutron flux reactor (transmutation) systems aiming
to use (fertile) >*2U to breed (fissionable) **Pu, while burning the MAs neptunium, ameri-
cium, and curium (the isotopes 23 7Np and 241Am, 22Am, and 243 Am could be used in a nu-
clear explosive).

In this context it is worth recalling an important international political initiative: the
Global Nuclear Energy Partnership (GNEP), launched by the US Department of

31 Nothing to Fear but Fear Itself ? Nuclear Proliferation and Preventive War, by Debsy and Monteiroz,
Pol. Science, Yale University, 2010—http://www.yale.edu/leitner/resources/papers/DebsMonteiro2011-
01.pdf.
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Energy in 2006. Euratom signed the GNEP agreement to become an “observer orga-
nisation” similar to the IAEA and GIF. The original aim of this international partner-
ship was to promote the use of nuclear power and close the nuclear fuel cycle in a way
that reduces waste and the risk of nuclear proliferation. The GNEP proposal would
divide the world in two parts:

 fuel supplier nations, which supply enriched uranium fuel and take back spent fuel once the
advanced recycle technologies are demonstrated and deployed (fuel reprocessing and burning
of plutonium and MAs would occur in advanced burner reactors of Gen-IV type), and

* user nations, which operate NPPs under appropriate conditions (in addition to avoiding the
capital investment of building a fuel-handling infrastructure, a comprehensive package of
fuel service benefits could include “cradle-to-grave” fuel leasing that incorporates “used
fuel take-back™).

Some countries and analysts, however, criticized the GNEP proposal for discrimi-
nating between countries as nuclear fuel cycle “haves” and “have-nots.” The partner
countries of the GNEP then formally agreed in 2010 to transform the partnership
into the International Framework for Nuclear Energy Cooperation (IFNEC) and
adopted a new mission statement. The scope of IFNEC is broader, with wider partic-
ipation (34 participant countries, 4 observer organizations, including Euratom, and 31
observer countries). This allows it to explore mutually beneficial approaches to
ensuring the expansion of nuclear energy for peaceful purposes in a manner that is effi-
cient, safe, secure, and that supports nonproliferation and safeguards.

Also interesting is the international initiative on a holistic Safety, Security, and
Safeguards concept (“3S”) for nuclear energy that was launched with the G8 Nuclear
Safety and Security Group at the G8 summit of 2008, and is converging on the idea
of internationally binding security and safety standards in collaboration with the
IAEA. DG JRC in the European Commission is conducting many research and devel-
opment actions in the “3S” domain in collaboration with the IAEA. As security threats
are usually treated in separate national tracks, however, the ultimate technologies (soft-
ware and hardware) in this sensitive domain are not shared on a wide scale.

As far as terrorism is concerned, the question of cyberterrorism should be raised
(eg, an attack causing serious damage to a critical infrastructure). Until now only
hackers were involved in cyberterrorism actions targeting industrial systems. In the nu-
clear sector, the computer worm Stuxnet, discovered in June 2010, was created to
attack Iran’s nuclear facilities: it went via Microsoft Windows and targeted Siemens
industrial control systems. The widely suspected probable target was the uranium
enrichment infrastructure in Iran: the Iran nuclear program has indeed been damaged.

32 International Framework for Nuclear Energy Cooperation (“Steering Group,” chair is the United States,
Vice Chairs are France, China, and Japan; “Infrastructure Development Working Group,” chairs are the
United Kingdom and the United States; and “Reliable Nuclear Fuel Services Working Group,” chairs are
France and Japan) http://www.ifnec.org/.

33 (8 Leaders Stress Safe, Peaceful Nuclear Development at their summit in Japan from 7 to 9 July 2008
(G8 = Canada, France, Germany, Italy, Japan, Russian Federation, the UK, and the United States—the
EU also participates—https://www.iaea.org/newscenter/news/g8-leaders-stress-safe-peaceful-nuclear-
development.
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It has been demonstrated that other types of cyber attacks could destroy items such as
vulnerable physical components of the electric grid.

In 2011, the Proliferation Resistance and Physical Protection (PR&PP) Working
Group of GIF prepared a document that describes the Evaluation methodology for
PR&PP of Generation-IV nuclear energy systems—Rev. 6 (GIF/PRPPWG/2011/
003).** For a proposed design, the methodology defines a set of challenges, analyzes
system response to these challenges, and assesses outcomes. Uncertainty of results is
recognized and incorporated into the evaluation at all stages. The results are intended
for three types of users: system designers, program policy-makers, and external
stakeholders.

The PR&PP methodology can be applied to the entire fuel cycle or to portions of a
design. It was developed, demonstrated, and illustrated by use of a hypothetical
“example sodium fast reactor” (ESFR), by members of the PR&PP Working Group.
The ESFR case study was the first opportunity to test the full methodology on a com-
plete system, and many insights were gained from the process. Others, in Euratom and
national programs, have adapted the PR&PP methodology to their specific needs and
interests, such as the following:

* in the United States the methodology has been used to evaluate alternative spent fuel sepa-
rations technologies, and

* in Belgium the PR&PP methodology was used in the proliferation resistance analysis of the
MYRRHA accelerator-driven system.

10.9 Conclusion: a new way of “developing/teaching
science,” closer to the end-user needs of the 21-st
century (society and industry)

In this chapter, Gen-IV research and training actions are discussed in the context of the
Euratom Horizon-2020 program in nuclear fission and 2014 “Energy Union Package.”
It should be recalled that the EU energy mix policy (based on renewable, fossil and
fissile primary energy sources) is based on three fundamental criteria: sustainable
development, security of supply, and industrial competitiveness. The five-decade his-
tory of research, development, and continuous improvement of Gen-I, -1, -III, and -1V
is briefly discussed. A number of scientific-technological and sociopolitical challenges
are discussed in connection with the R&D as well as demonstration deployment of
Gen-IV reactor systems and associated fuel cycle facilities.

The “Technology Roadmap” for the six GIF systems (originally in 2002, updated in
2013) is presented in connection with the main goals for Gen-IV systems, ie,:

* sustainability (efficient resource utilization and minimization of radioactive waste),
» safety and reliability (maximum safety performance through design, technology, regulation,
and culture),

34 GIF—Evaluation methodology for PR and PP of Gen-IV—nhttps://www.gen-4.org/gif/jcms/c_9365/prpp.
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* socioeconomics (economic advantage over other energy sources and better governance
structure in energy decision-making process),
» proliferation resistance and physical protection (protection against all kinds of terrorism).

The role of the SNE-TP/ESNII in the Euratom program is explained in the context
of the EU energy mix policy (following the three fundamental criteria). As a conse-
quence, Euratom research and training actions in Gen-IV put special attention on
fast neutron spectrum reactor systems. Such an economy would extract much more en-
ergy per ton of uranium than is obtained from other reactors (gain factor of 60 as
compared to LWR fleet). As a consequence, Gen-IV systems of the fast neutron
type contribute to satisfying the two fundamental criteria of sustainability and security
of supply. As regards the last fundamental criterion of competitiveness, lots of efforts
are currently dedicated by both the research community and the industrial organiza-
tions concerned: the aim is to reduce drastically costs of installed capacity (MW,)
and of power generation (MW?1).

The future Euratom research and training program (after Horizon-2020) is aimed at
answering the following questions raised by the Scientific and Technical Committee
(Euratom Treaty—Article 7) to the Euratom community in their 2014 fall meeting:

*  What should be the immediate research priorities to be considered at EU level?

* What are the key assumptions underpinning the development of these priorities?

*  What is the output and impact that could be foreseen if the development of these priorities is
successful?

¢ Which are the bottlenecks, risks and uncertainties, and how could these be addressed?

*  Which science and technology gaps and potential game changers need to be taken into
account?

*  What are the perspectives for crossthematic activities with other areas of Euratom research
and with Horizon 20207

*  What are the perspectives for supporting horizontal activities? notably: international cooper-
ation; education and training; social sciences, and humanities.

In conclusion, currently in the EU, research and innovation programs (in particular
in the nuclear fission sector) are conducted in the context of a new governance struc-
ture, based on more openness, participation, accountability, effectiveness, and coher-
ence. Participation of all stakeholders (in particular through the “European Technology
Platforms”) in joint Euratom projects helps build the confidence climate that is needed
to continuously improve applications of nuclear fission energy, notably Gen-IV reactor
systems. A strong interaction is maintained in Euratom among research, innovation,
and education actions based on the participation of all stakeholders, ie,

* research organizations (eg, public and private sectors),

* systems suppliers (eg, nuclear vendors, engineering companies),

» energy providers (eg, electrical utilities and associated fuel cycle industry),

* nuclear regulatory authorities and associated TSOs,

* higher education and training institutions, in particular universities, and

* civil society (eg, policy-makers and opinion leaders), interest groups, and NGOs.

Euratom is aiming at continuously improving collaboration between the scientific
research community and policy-makers, in particular, in the context of the Gen-IV
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International Forum (GIF). In fact, a new way of “developing/teaching science” is
emerging in the EU, closer to the end-users’ needs (ie, society and industry) of the
21st century. As a result, a strong scientific foundation is being established to support
decision-making in regulatory and/or industrial organizations based on confirmed facts
and research findings stemming from “best-available science” (hard and soft sciences).

Nomenclature

ALFRED Advanced lead fast reactor European demonstrator

ALLEGRO Gas cooled fast reactor demonstrator

BEPA Bureau of European Policy Advisers

BOO Build-own-operate

CAPEX Capital Expenditures

CNRS Centre National de la Recherche Scientifique (English: The French
National Centre for Scientific Research, France)

CPD Continuous professional development

DBA Design basis accidents

DEVCO International Cooperation and Development (EC Directorate General)

DG Directorate General (Department of European Commission)

E&T Education and training

EFSI European fund for strategic investments

EFTS Euratom fission training scheme (funded by EC DG RTD)

EGE European group on ethics in science and new technologies

EMWG Economics modelling working group (GIF methodology)

ENEN-III “European nuclear education network™ FP7 Euratom project dedicated to
training schemes for Generation-III and -IV (conceptual design)

ENSREG European nuclear safety regulators group

EQF European Qualification framework for lifelong learning (8 levels)

ESNII European sustainable nuclear energy industrial initiative

ETP European technology platforms (stakeholder groups providing guidance)

EU-28 European Union (28 Member States)

EUR European utility requirements

Euro European currency (1€ = 1.1062 USS$, average over year 2015)

FALCON Fostering ALFRED construction

FP-7 Seventh framework program/EU research and innovation/(2007—13)
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F(B)R Fast (breeder) reactor

Horizon-2020 EU program of research and innovation (2014—20)

HM Heavy metal

IET Institute for energy and transport (EC DG JRC, Petten, the Netherlands)

IFNEC International framework for nuclear energy cooperation

IRMM Institute for reference material and Measurements (EC DG JRC, Geel,
Belgium)

ISAM Integrated safety assessment methodology (GIF)

ITU Institute for transuranium elements (EC DG JRC, Karlsruhe, Germany)

JHR Jules Horowitz Reactor (CEA Cadarache, France)

JRC Joint research Center (one of the EC Directorate Generals)

KSC(A) Knowledge, skill, and competence (attitudes)

LEADER Lead-cooled European advanced demonstration reactor

LERF Large early release frequency

LUEC Levelized unit energy costs

MA Minor Actinides [eg, neptunium (Np), americium (Am), curium (cm)]

MS Member State

MS(F)R Molten salt (fast) reactor system

MTA Hungarian Academy of Science (Budapest, Hungary)

MYRRHA Multipurpose hybrid research reactor for high-technology applications
(SCK-CEN, Mol, Belgium)

NC2I Nuclear cogeneration industrial initiative (part of SNE-TP)

NGO Nongovernmental organization

NRG Nuclear research and consultancy group (Petten, the Netherlands)

NSSG Nuclear safety and security group

NUGENIA Nuclear Generation-II and -III Association (part of SNE-TP)

PALLAS Dutch research reactor (successor of HFR)

PIRT Phenomena identification and ranking table

PR&PP Proliferation resistance and physical protection group (GIF
methodology)

RATEN-ICN Regiei Autonome Tehnologii pentru Energia Nucleara—Institutul de
Cercetari Nucleare Pitesti (English: Technologies for Nuclear
Energy—Institute for Nuclear Research Pitesti, Romania)

RDDD Research—Development—Demonstration—Deployment

Continued
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RSWG Risk and safety working group (GIF methodology)
R&T Research & Training
RTD Research and technological development (also research and innovation

EC Directorate General)
3S Safety, security, and safeguards
SARGEN-IV Safety assessment for reactors of Gen-IV (FP6 Euratom project)

SCK-CEN Studiecentrum voor Kernenergie—Centre d’Etude de I’énergie Nucléaire
(Nuclear research centre, Mol, Belgium)

SET-plan “Strategic energy technology” plan

SNF Spent nuclear fuel

SMRs Small and Medium Reactors

SNE-TP Sustainable nuclear energy technology platform

SRA Strategic research agenda

STC Scientific and technical committee

TMI Three Mile Island

TSO Technical Safety Organization

ulv USTAV JADERNEHO VYZKUMU Rez, UJV REZ, Czech Republic

(in English: Nuclear Research Institute plc, Husinec—ReZ)
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Appendix: Tentative training scheme for
preconceptual Generation-IV design engineers
(knowledge, skills, attitudes)

Tentative training scheme for the development and pre-conceptual design of
Generation-1V nuclear reactors (preliminary version—Euratom, 2011)
Source: ENEN-III PROJECT (Contract no. FP7 - 232629)

Start date of project: 01/05/2009 Duration: 36 months.
(ENEN, European Nuclear Education Network - http://www .enen-assoc.org)
Deliverable no. D 1.5 (produced by SCK-CEN and AREVA GmbH/20/10/2011)

Abstract

This Euratom Fission Training Scheme (EFTS) defines in detail the competence
required for engineers dedicated to development and preconceptual design of
Generation-IV nuclear reactors. Three key learning categories (namely knowledge,
skills, and attitudes) are structured in detail to develop the variety of ‘learning out-
comes’ to be achieved by the participant of the training program for effective fulfill-
ment of the respective job profile.

Bibliographic references:

1. D. Kennedy, A. Hyland, N. Ryan, Writing and Using Learning Outcomes: a Practical Guide,
EUA Handbook, March 2009.
2. TAEA Safety Series, INSAG-4, Safety Culture, Vienna, 1991.

A1. Introduction

This report defines learning outcomes for the training of engineers who are involved in
the development and preconceptual design of Generation-IV nuclear reactors. The
training scheme is in line with the Strategic Research Agenda (SRA) of the Sustainable
Nuclear Energy Technology Platform (SNE-TP), which was published in 2009. It
therefore includes areas of interest that would give the trainees the possibility to
find answers to the R&D challenges mentioned in the SRA, among others:

* Primary system design simplification

* Improved materials

» Innovative heat exchangers and power conversion systems
* Advanced instrumentation, in service inspection systems

* Enhanced safety
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» Partitioning and transmutation
* Innovative fuels (including MA) and core performance.

All six Generation-IV reactor types are targeted in this training scheme: the lead fast
reactor (LFR), sodium fast reactor (SFR), gas fast reactor (GFR), very high temperature
reactor (VHTR), super critical water reactor (SCWR), and molten salt reactor (MSR).

A2. Trainees prerequisites

The technological challenges characteristic to the design of all different Generation-IV
reactor types are highly complex and demand specialized, multidisciplinary, and cross-
cutting knowledge and skills. Therefore, this training scheme can only be open to at
least nuclear engineers or engineers (EQF level 7) with an additional nuclear education.

A3. Knowledge, skills, and attitudes required for a
Generation-IV engineer

The following domains have been identified by relevant employers and training orga-
nizations as essential for the training of Generation-IV engineers:

Knowledge: General knowledge on Generation-IV systems and technology; design specific
knowledge for the LFR, SFR, GFR, VHTR, SCWR, and MSR

Skills: Working with self-developed engineering tools or off-the-shelf tools; working with
nuclear design codes; cost estimates (costs, time) for the engineering work; order processing
(project management)

Attitudes: formal quality control of result reports; individual, critical examination of the tasks;
presentation and documentation of work results; teamwork/communication.

A4. Learning outcomes related to knowledge, skills, and
attitudes for a Generation-IV engineer

A4.1 Learning outcomes in the knowledge area (learning to
know)

A4.1.1 General knowledge on Generation-1V systems and
technology

For example: LO K no. 9 related to “Structural materials for Gen-IV reactors”

1. Explain the main material challenges for the construction of Generation-IV reactors.

2. Identify the main classes of structural materials for Generation-IV reactors: steels; oxide
dispersion strengthened (ODS) steels; refractory alloys; ceramics; composites.

3. Describe the main characteristics of these different structural material classes.

4. Identify criteria to select suitable structural materials for the various components of
Generation-IV reactors.

5. Recall the methodology used for performing a structural integrity analysis.
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Develop an experimental and multiscale modelling approach for Generation-IV materials
research.

Describe the main factors which limit components lifetime and underlying phenomena: inter-
action with coolant; high temperatures; radiation effects; irradiation creep; ...
Acknowledge the role of material scientists in design and licensing of Generation-IV
reactors.

List the existing programs in material research for Generation-IV reactors (ESNII, FP7.).

A4.1.2 Design specific knowledge for the lead fast reactor

A4.1.3 Design specific knowledge for the sodium fast reactor

A4.1.4 Design specific knowledge for the gas fast reactor

A4.1.5 Design specific knowledge for the very high temperature

reactor

A4.1.6 Design specific knowledge for the super critical water

reactor

A4.1.7 Design specific knowledge for the molten salt reactor

A4.2 Learning outcomes in the skills area (learning to do)

In contrast to the learning outcomes in the knowledge area, that are different when
looking at Generation-III or Generation-IV reactor design, the learning outcomes in
the skills area for an engineer working on Generation-IV will be similar to those in
training schemes for the Generation-III design engineers. The skill categories can
also be summarized in the following areas:

Analytical Skills

Engineers working on Generation-IV should be able to solve analytical complex thermohy-
draulic problems. The capability of using advanced tools like Vantage Plant Engineering
Systems, eg, CATIA or thermohydraulic codes like RELAP should be a self-understood skill
for this category of engineers.
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“Hands-On (Manufacturing)” Skills

The learning outcomes in the area of “Hands-on” skills are most suitable to be achieved
during experimental work and practical training at small scale facilities.

Communication and Organizational Skills

In an R&D environment communication and organizational skills are essential to promote
successful collaboration between researchers that are part of different units or institutes.
The Generation-IV projects generally are complex projects dealing with cross-cutting disci-
plines, involving partners from different countries. All engineers working on these projects
will benefit from acquiring the skills addressed in this area of interest.

For example, LO S no. 2 related to “Hands-On (Manufacturing)”

Use tools required for system layout and design, such as (1) system layout: VPE, PDMS
CATIA etc; (2) core prediction codes, eg, SCALE; (3) core and system thermohydraulic
codes like ANSYS-CFX, RELAP, and CATHARE etc (4) drawing tools like AutoCAD,
CATIA, Corel Designer; and (5) documentation tools.

Perform operations related to a test scale reactor such as (1) repeat procedure “reach criti-
cality,” (2) calibrate nuclear instrumentation, eg, neutron detectors, and (3) install and cali-
brate instrumentation for radiation detection.

Perform operations at a small-scale test loop such as (1) calibrate closed control loops by
adjusting different deviation parameters, (2) investigate cavitation situation, (3) start/stop
open-loop controllers attached to the test loop, (4) indicate the positions for the necessary
instrumentation during specific tests, and (5) calibrate nonnuclear instrumentation, eg, tem-
perature and flow rate sensors.

Use effectively tools required for communication purposes such as (1) MS Office Tools, (2)
content management tools, (3) modern email features, and (4) language translation tools like
dictionaries etc.

Use valid data bases of regulations, standards, components etc.

A4.3 Learning outcomes in the attitude area (learning to live

together and/or learning to be)

As is well known, it is one of the most difficult tasks to change the behavior of an in-
dividual. Anyway this training scheme should provide a number of learning outcomes
to be achieved especially, during the internship or on-the-job training period. A rela-
tively simple separation is proposed, consisting in two categories based on the actions
of the individual:

Passive attitude

In this context “passive” means not the absence of any kind of response, but rather reactions
related directly with his or her personality. Verbs like value, accept, be aware, have confi-
dence, listen, or embrace would be most appropriate to describe one’s association with a pos-
itive attitude toward nuclear domain. This kind of attitudes could be understood under the
more general term of “behavior.”

Active Attitude

As a result of firm beliefs and convictions, an individual will not only accept and value the
necessary attitude for his or her field, but he or she will act on changing the others’ attitude.
Again a number of verbs can help to understand the actions of such individuals: act, ask,
answer, defend, justify, share, or question. This kind of attitudes could be understood under
the more general term of “human performance.”
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For example, LO A no. 2 related to “active attitude (human performance)”

Promote information transmission within the project

Questioning attitude toward nuclear safety and safety culture

Act solution oriented based on principal “What is right and not who is right?”

Express interest in reduction of radiation exposure through intelligent and crossover disci-
plines design

Ask for support during daily activities whenever difficulties encountered

List the main requirements necessary for the achievement of a strong fundamental safety
culture

Clearly state that a safety culture is connected with a proper operating/design organizations

. Show how operating experience can reflect the weaknesses or strong points of an existing

safety culture

. Manifest interest for the changes induced by modification of safety standards and norm

application

Respect the protocols and procedures, but keep a questioning attitude

Encourage an open communication spirit and channels, by interacting with people and
encouraging expression of points of view (within team, between teams, departments, and
businesses)

Point 