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CONSTRUCTI OWCQEAR
POWERL ANTS
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ABSTRACT

Undoubtedly, energy production and their sustained growth constitute a
relevant factor for ensuring the@wmic and social development of any
country. Considering the different available energy sources that the world
can use to satisfy the foreseeable increase in energy demand in the
coming years, particularly for the production of electricity, at leastier t
next decades there are only a few realistic options available to reduce
further the CQ emissions, to satisfy the foreseeable demand of
electricity, and to hava secure supplgf energy.

One of these options is the use of nuclear energy for elegtricit
generation. If this is true, then, why the public opinion of several
countries is against the use of this type of energy sources? One of the
reasons is the negative impact of an acciééatnuclear power plant for

the human beings and for the enviromneThe second reason is the
possible military uses of certain nuclear installations used for the
generation of electricity. The third reason is the nuclear waste generated
by nuclear power plants.
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To reduce to the minimum the possibility of a nucleacident it is
important to maintain and enhance the safe and reliable operation of the
nuclear power reactors. This is an essential priority in the development of
a new generationf this type of reactors. Three generati@i nuclear
power reactors have ée usedor the production of electricity until ngw

a four generation is under development by a group of countries. The first
generation (Generation I) was advanced in the 1950s and 1960s in the
early prototype of nuclear power reactors. The second dgerera
(Generation Il) began in the 1970s in the large commercial nuclear power
plants; some of these reactors are still operating today. The third
generation (Generation Ill) was developed in the 1990s with a number of
evolutionary designs that offer sigicdint advances in safety and
economics, and Amited numberof this type of reactohasbeen built,
primarily in East Asia. Advances to Generation Il are underway,
resulting in several (scalled Generation IlI+) nederm deployable
nuclear power reacts that are actively under development and are being
considered for deployment in several countries. The European Pressure
Reactor (ERP) produced by France is of this type. New nuclear power
reactors built between now and 2030 will likely be chosen froeseh

new types of nuclear power reactors. Beyond 2030, the prosgpect
innovative advances through renewed research and development has
stimulated interest worldwide in a fourth generation of nuclear energy
systems (Generation V).

Ten countries have joinedogether to form the Generation IV
International Forum (GIF) to develop futugeneration nuclear energy
systems that can be licensed, constructed, and operated in a manner that
will provide competitively priced and reliable energy products while
satisfatorily addressing nuclear safetyuclearwaste, proliferation, and
public perception concerns. The objective for Generation IV nuclear
energy systems is to have them available for international deployment
about the year 2030, when many of theo r | cdri@rgly operating
nuclear power reactors will be at or near the end of their operating
licenses.

GENERAL OVERVIEW

Undoubtedly, energy production and their sustained growth constitute
relevant factors for the economic and social progress of any country. Fo
countries in the route of development, such as China, India, the Republic of
Korea, Brazil, and South Africa, just to mention only a few ones as examples,
the demand of energy increase significantly each year, particularly for the
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generation of electrity. How to satisfy the increase in the demand of energy
in this group of countries without increasing the negative impact in the
environment and in the population? The only effective manner to do this is
including all typesof energy sources in any stutlty be carried out by the
governments of the different countries about the future structure of their
energy mix.

During these studies, there are certain factors that should be considered by
the national competent authorities and the private sector dhergglection of
the most economic and convenient structure of the country energy mix. Which
are these factors? One of them is the use of fossil fuels for the generation of
electricity and their negative impact on the environment. The use of fossil
fuels for the generation of electricity is a major and growing contributor to the
emission of C@ an important element associateith the current climate
changes which are affecting several countries. Another factor is the level of
the proven reserves of fosdilels. These reserves are limited and are
concentrated in some specific regions, some of them very instable from the
political point of view. For some specific energy sources such as oil, the
current proven reserves could be depleted in the coming de€aafesdering
the different options that the countries have in their hands to satisfy their
foreseeable increase in their energy demand in the coming years, particularly
for the production of electricity, there are only a few realistic options available
that can be effectively used for this specific purpose. These options are the
following:

1. Increase efficiency in electricity generation and use;

2. Expand use of all available renewable energy sources for the
generation of electricity such as wind egpge solar energy, hydro
power, biomass, and geothermal energy, among others;

3. Massive introduction of new advanced technology like the capture
carbon dioxide emissions technology at fefsilled (especially coal)
electric generating plants, with tipeirpose of permanently sequester
the carbon produced by these plants in order to reduge@iSsion;

4. Increase use of new types of nuclear power reactors thaharently
safe and proliferation riskee, such as Generation IV nuclear power
reactos;

5. Increase energy saving.
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Table 1 Nuclear power reactors in operation, under construction or
planned by country in 2012

Reactors in Reactors under Reactorsplanned for
Country operation in 2012 | construction in 2012 | construction in 2012
No. MW No. MW No. MW

Argenting 2 935 1 692 0 0
Armenia 1 375 0 0 0 0
Belgium 7 5927 0 0 0 0
Brazil 2 1884 1 1245 0 0
Bulgaria 2 1906 2 1906 0 0
Canada 18 12 604 2 1900 0 0
Chind 16 11 816 26 26 620 42 34 786
Czech Republic 6 3766 0 0 0 0
Finland 4 2736 1 1600 0 0
France 58 63 130 1 1600 0 0
Germany 17 20 490 0 0 0 0
Hungary 4 1889 0 0 0 0
India 20 4391 7 4824 0 0
Iran 1 915 0 0 3 2160
Japan 54 46 934 2 2 650 10 13192
Korea RO (South) 21 18 751 5 5560 2 2680
Mexico 2 1300 0 0 0 0
Netherlands 1 482 0 0 0 0
Pakistan 3 725 2 630 0 0
Romania 2 1300 0 0 0 0
Russia 33 23643 10 8188 35 34 617
Slovakia 4 1816 2 782 0 0
Slovenia 1 688 0 0 0 0
South Africa 2 1830 0 0 0 0
Spain 8 7567 0 0 0 0
Sweden 10 9326 0 0 0 0
Switzerland 5 3263 0 0 0 0
Ukraine 15 13 107 2 1900 0 0
United Kingdond 19 10 170 0 0 0 0
USA 104 101 465 1 1165 20 25724
Vietnam 0 0 0 0 2 2 000
World 448 380 149 65 61 962 114 85 159

"Nuclear paver reactors operating, under construction and planned in Taiwan are including in
the data of China.
ZNuclear accident in the Fukushiniziichi nuclear power plant occurred in Japan in March

2011 can modify this figure.

Source: IAEA.

! The President of Argentina announced, in 2012, that two nuclear power reactors are going to be

built in the country in the coming years at a cost of around US$ 6 000 million.

2 |n 2013, the UK government announced the construction of two nuclear power reactors of the

third generation plus at an estimates cost of US$ 16 billion.
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One of the availablenergy sources that have proved to be a realistic
option from the technological point of view for electricity generation is
nuclear energy. However, the use tbfs type of energy sourcefor the
generation of electricity is not a cheap nor and easy optoom the
technological point of view the use of nuclear energy for the generation of
electricity could be very complicated and costly for many countries,
particularly for those with a weak technological development or with limited
financial resources avable to be invested in the energy sector or with a lack
of well-prepared professionalgchniciansandhigh-qualified workers or with
a small electrical gridn comparisorto coal fired and natural gas fired power
plants, it is true that in many couné$ nuclear power plants are more
expensive to build but less expensive to run, and this is an important
characteristic that should be in the mind of national competent authorities
during the consideration of the future structure of the country energy mix.

Which is the current situation regarding the use of nuclear energy for the
generation of electricity at world level? According to IAEA sources, in 2012
there were 448 nuclear power reactors in operation in 30 countries (31
countries if Taiwan is considerdddependently from China), with a total
capacity of 38 149 MW 65 nuclear power reactors were under construction,
with a capacity of 61 692 MW, and 114 nuclear power reactors have been
pl anned with a capacit¥TherdarediGeumcle&9 MW ( See Tab
power reactors in lonterm shut down in 2011 with a capacity of 2 972 MW
and 138 nuclear power reactors permanently shut down with a capacity of 49
152 MW.

The total electricity produced by the 448 nuclear power reactors operating
in 30 countriesn 2012 was 2 517 980.41 GWh. The number of nuclear power
reactors in operation during the period 128011 is shown in Figure 1.

% At the end of 2012,ra according to the latest IAEA information, there were 437 nuclear power
reactors in operation in 31 countries with a net capacity of 372.5 GWh and 66 units under
construction. The USA government approved the construction of two nuclear power
reactors irGeorgia. It is expected that these units enter into operation in 2016.

* Several of these nuclear power reactors are not going to be built as consequence of the
Fukushima nuclear accident occurred in Japan in March 2011 and the strong public
rejection to he use of this type of energy source for the generation of electricity in several
countries in the future.
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Table 2 Nuclear share per country in June 2012

Number of Nuclear Electricity | Nuclear
Country Reactors in Supplied Share

Operation (GW/h) (%)
Argentina 2 5893.81 5.0
Armenia 1 2 356.84 33.2
Belgium 7 45 942.28 54.0
Brazil 2 14 794.74 3.2
Bulgaria 2 15 264.14 32.6
Canada 18 88 317.57 15.3
China 16 82 568.66 1.8
Czech Republic 6 26 695.64 33.0
Finland 4 22 265.52 31.6
France 58 423 509.48 7.7
Germany 17 102 311.20 17.8
Hungary 4 14 706.92 43.2
India 20 28947.67 3.7
Iran, Islamic 1 97.98 0.0
Republic of
Japan 54 156 182.14 181
Korea, Republic of 21 147 763.46 34.6
Mexico 2 9 313.37 3.6
Netherlands 1 3917.24 3.6
Pakistan 3 3843.42 3.8
Romania 2 10 810.98 19.0
Russia 33 162 018.13 17.6
Slovakia 4 14 342.12 54.0
Slovenia 1 5902.24 41.7
South Africa 2 12 938.54 5.2
Spain 8 55121.12 195
Sweden 10 58 098.43 39.6
Switzerland 5 25 693.89 40.8
Ukraine 15 84 89398 47.2
United Kingdom 19 62 658.05 17.8
United States of 104 790 439.33 19.2
America
Total 448 2517 980.41 NA

Source: IAEA
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Number of nuclear power reactors in operation during
the period 1980-2011
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® Number of nuclear power reactors in operation during the period 1980-2011

Source: IAEA nuclear power reactors in the world

Figure 1 Number of nuclear power reactors in operation during the period2@80

From Figure 1 the following can be stated: the number of nuplaaer
reactors in operation in the world during the period 12880 increased in
only one unit; between 2000 and 2010, increased in six units but between 2010
and 2011 decreased in the same number of units; in other words, the number
of nuclear power r&ctors in operation during the period 1988L1 increased
only in one unft

According to Figure 2, the ten countries with the highest participation of
nuclear energy in their energy mix in 201&re the following: France
(77.7™%), Belgium (544), Slovakia $4%), Ukraine (47.%), Hungary (43.20),
Slovenia (41.%), Switzerland (40%), Sweden (39%), Republic of Korea
(34.6%), and Armenia (33%).

The future expansion of the use of nuclear energy for the generation of
electricity at world level will depend op a number of factors. These factors
are the following:

Fossil fuel reserves;

Fossil fuel prices;

Energy security concerns;

Environmental and climate change considerations;
Nuclear safety concerns;

Nuclear waste treatment;

=A =4 =4 -8 -4 -4

5 In this amount the number of nuclear power reactors shut down and the new nuclear power
reactors that entered in operation are included.
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1 Cost of the new nuclear tecHogies associated to new types of
nuclear power reactors now under development;

1 Public opinion;

1 Nuclear proliferation.

Nuclear Safety

A nuclear power programme is a major national undertaking requiring
careful planning and preparation, and a major stment in time and human
and financial resources. A considerable period of time is indispensable to
acquire the necessary competences and a strong safety culture before operating
a nuclear power plant. While prime responsibility for the safety operatian of
nuclear power plant must rest with the operator, the State has the
responsibility, upon committing itself to a nuclear power programme that
demands significant investment, to create a robust framework for safety.
Establishing a sustainable safety infrasture is a long process that could
cover a period between ten and fifteen years, depending of the characteristics
of the country, the type of nuclear power reactor design selected, the manner
in which the nuclear power plant is going to be built, therfcial resources
available to carry out the construction of the nuclear power plant, and the level
of the participation of the national industry in the implementation of this
phase, among others, and would generally be needed between the
consideration othe use of nuclear energy for electricity generation as part of
the national energy strategy, and the commencement of operation of the first
nuclear power reactor.

According to IAEA SSGL6, the lifetime of a nuclear power plant is
divided into five phaseom a nuclear safety standpoint:

1 Phase 1: this phase is related to the building of the safety
infrastructure before a firm decision to introduce a nuclear power
programme is adopted by the government. The average duration in the
implementation of thislmase is between one and three years;

1 Phase 2this phase is related to the safety infrastructure preparatory
work for construction of a nuclear power reactor after a policy
decision has been taken by the government to introduce a nuclear
power programme. fie average duration in the implementation of this
phase is between three to seven years;
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Figure 2. Nuclear share in percentage by country in 2012.

1 Phase 3: this phase is related to the safety infrastructure during the
construction of thdirst nuclear power reactor. The average duration
in the implementation of this phase is between seven and ten years
depending of the type of nuclear power reactor design selected, the
manner in which the nuclear power plant is going to be built, the
financial resources available to carry out the construction of the
nuclear power plant, and the level of participation of the national
industry in the implementation of this phase, among others;

1 Phase 4: this phase is related to the safety infrastructuregdhen
operation phase of a nuclear power plant. The average duration in the
implementation of this phase is between forty and sixty years,
depending of the type of nuclear power reactor selected;

1 Phase 5: this phase is related to the safety infrastrudtuieg the
decommissioning and waste management phases of a nuclear power
plant. The average duration in the implementation of this phase is
from twenty years to more than hundred years depending of the
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nuclear power reactor design selected, and the exweriof the
country in carry out this type of complex work.

It is important to stress that the government, through their legal system,
should establish a national policy for safety well beyond the implementation of
the construction phase of the first resnl power reactor. The regulatory
authority, as designated by the government, is charged with the
implementation of policies through a regulatory programme or a strategy set
forth in its regulations or standards. The government determines also the
specific functions of the regulatory authority and the allocation of
responsibilities. In addition, the government should adopt laws and policies
specifying the responsibilities and functions of different governmental offices
in respect of safety and emergencypamedness and response, whereas the
regulatory authority establishes a system to provide for effective coordination.

According to the IAEA Safety Fundamentals, the following ten safety
principles should be followed by all governments that have decided to
introduce a nuclear power programme:

1. The prime responsibility for safety must rest with the person or
organization responsible for facilities and activities that give rise to
radiation risks;

2. An effective legal and governmental framework for safetcluding
an independent regulatory authority, must be established and
sustained;

3. Effective leadership and management for safety must be established
and sustained in organizations concerned with, and facilities and
activities that give rise to, raation risks;

4. Facilities and activities that give rise to radiation risks must yield an
overall benefit;

5. Protection must be optimized to provide the highest level of safety
that can reasonably be achieved;

6. Measures for controlling radiation risknust ensure that no individual
bears an unacceptable risk of harm;

7. People and the environment, present and future, must be protected
against radiation risks;

8. All practical efforts must be made to prevent and mitigate nuclear or
radiation accidesst

9. Arrangements must be made for emergency preparedness and
response for nuclear or radiation incidents;
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10. Protective actions to reduce existing or unregulated radiation risks
must be justified and optimiz&d

Most of the governments that are calesing the introduction of a nuclear
power programme are looking for proven existing nuclear technologies rather
than developing a specific new design of nuclear power reactors. Nevertheless,
it should choose from among various available nuclear techeslopearing
in mind which is the most appropriate technology for the country, taking into
account its technological development, the conditions for the transfer of the
nuclear technology to be used in the nuclear power plant, the financing of the
construdbn of the nuclear power reactors, among others elements. Such a
choice should be made at different times depending on the overall energy
policy adopted by the government but, in any case, this policy should
emphasize the effective transfer of competencsafety manner to the State
(IAEA, SSG16).

Finally, it is important to stress the following: government should inform
all interested parties regarding decisions on the implementation of a nuclear
power programme, including the lotgrm national and ietnational
commitments to maintain nuclear safety and the necessity of measures such as
establishing new organizations, building new national infrastructure, and
making financial provision for radioactive waste and spent fuel management.
Information shouldbe provided to the public, industry, news media,-non
governmental organizations and neighboring States. After the initial
investment for construction of the nuclear power plant, investments are needed
for its regular refurbishment, because most equiprizenf limited lifetime
and should be replaced with new equipment as part of the ageing management
programme. Also, technologies have certain design lifetimes, and equipment
should be modernized as necessary to ensure the availability of spare parts and
to reduce the unplanned shut down.

® For addiional information of this important issue see the document IAEA SF

” The construction of a nuclear power plant involves numerous contractors, and it is incumbent
on the operating organization to ensure that this complex chain of contractors is dgequate
managed so that the end products are acceptable from a safety standpoint. The responsibility
of the operating organization in this respect is the same no matter which option is selected
for the nuclear power plant supply contract. The operating orgamizshould verify from
the very beginning the quality of equipment and services supplied by the vendor and its
subcontractors under contracts of all types, including turnkey and super turnkey projects.
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National Energy Plan

In order to ensure the introduction or the expansion of a nuclear power
programme in the most efficient and effective manner, the government should
adopt a national energy plan specifying the objestifor the national energy
policy. Some of the possible objectives of this plan are the following:

1 Increased energy independence as much as possible;

Development of indigenous energy resources as most as possible from
the economic point of view;

Diversification of energy sources;

Increase energy efficiency;

Economic optimization of energy and electricity supply;

Stability of electric grid system;

Security of electricity supply;

Availability of energy at prices which support general social and
economic deslopment;

1 Environmental protection.

]

=A =4 =4 -4 -8 -4

Experience shows that the time between the adoption of the initial policy
decision to consider the introduction of a nuclear power programme by the
government, up to the start of operation of the first nuclear powetorea
could be between ten and fifteen years, depending on the type of nuclear
power reactor design selected, the technologieaélopmenbf the countries,
the type of the agreement reached with the supplier of the nuclear power
reactor selected, amonthers.

One of the main decisions that should be adopted by governments related
to the introduction of a nuclear power programme is the establishment of an
effective, competent, and independent regulatory authority to oversight all
nuclear activities. If te governments decide to establish more than one
regulatory authority (e.g. for radiation protection, nuclear safety,
environmental protection, and conventional health and safety), effective
arrangements should be adopted to ensure that regulatory fenetiwh
responsibilities related to the nuclear power programme are properly
identified, discharged, and coordinated. The authorization process and the
basis for granting an authorization for siting, design, commissioning,
operation, and for discharges tcetknvironment should be clearly defined.
The regulatory authority needs to develop the capabilities to plan and
implement the review and safety assessment activities related to the
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construction and operation of all nuclear power reactors built in thergount
throughout its operational life.

Environment and Climate Change Considerations

The increase use of some types of energy sources worldwide for the
generation of electricity has become a major environmental concern for the
international community. Emgy use has environmental impacts at all levels:

1 Locally, e.g. through the use of primitive cooking stoves in many
developing countries, smog formation in urban areas, and local
flooding and resettlement as a result of the construction of new hydro
powerplants;

1 Regionally, through the acid rain caused by emissions of sulphur
dioxide and nitrogen oxides;

1 Globally, through the contributions of carbon dioxide and methane to
the greenhouse effect.

The greenhouse effect and global warming now seem to be die m
subject for discussion in several countries from all regions. However, local
effects, with potentially negative serious health impacts, concern a large
number of people in developing countries and are of the highest priority for
these countries, wherg¢éhe potential for global climate change, caused to the
greatest extent by industrialized countries, is regarded as a problem for those
countries. Acid rain, the regional effects of which have been so evident across
Europe and the northeastern part oftN&merica, is also having an impact in
eastern China and parts of India, among others. This will probably change in
the future as significant regional effects over the whole of southern and
southeast Asia have been forecast (World Energy Council, 196@je\ér, it
is important to stress that local and regional effects are likely to be much more
important in shaping energy policies in most countries than the concerns for
global climate change.

M AIN NUCLEAR POWER ACCIDENTS

When safety measures and prpies are ignored or are not properly
observed by nuclear plant operators, a nuclear accident may occur with serious
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consequences for the environment and human health. For this reason, safety
assessment should be carried out for a nuclear power plant eomitet
whether an adequate level of safety has been achieved for the plant and
whether the safety objectives and safety criteria as specified by the plant
designer, the operating organization, and the regulatory basybeen met
Safety assessment shouddd a systematic process throughout the lifetime of
the nuclear power plant to identify radiation risks that arise for workers, the
public and the environment during normal operation, in anticipated operational
occurrences, and in accident conditions (idilg severe accidents). The aim
of safety assessment is to determine whether adequate measures have been
taken to control radiation risks to an acceptable level, with account taken of
both the prevention of abnormal events and the mitigation of their
consgjuences.

Since 1959, ten major nuclear accidents have been occurred in five
countries. These are the following:

Fukushima, JapanMarch 2011,
Kashiwazaki, JapanJuly 2007;
Mihama, JapanAugust 2004;
Blayais, France December 1999;
Tokaimura, JapanSeptember 1999;
Tokaimura, JapanMarch 1997,
Chernobyl, Ukraine April 1986;
Three Mile Island, USA March 1979;
The Urals USSR- October 1958;
Windscale, UK October 1957.

=8 =4 =4 -8 -4 -4 -8 -8 -4 9

Out of these ten major nuclear accidents, three of them had serious
negdive consequences for the environment, human health, and public opinion.
These accidents, different from each other, are the following:

M Three Miles Island;
1 Chernobyl;
1 Fukushima.

The first accident occurred during the normal operation of the nuclear
power plant; the second accident occurred during adessgned to assess the
reactorés safety margin i randahe thidrti cul ar set
accident was the result of an earthquake of magnitude 9 and the tsunami that
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hit the east coast of Mshu in Japan in March 2011, affecting major
equipment in the nuclear power plant, particularly the equipment associated to
the safety system of the plant.

Three Miles Island Nuclear Accident

According to Morales Pedraza (2012), the accident at theeTiite
Island Unit 2 (TMI2) nuclear power plant located near Middletown,
Pennsylvania, in the USA, occurred on March 28, 1979. It was the most
serious nuclear accident in US commercial nuclear power plant operating
history, even though it led to no deathisnjuries to plant workers or members
of the nearby comunity and the negative impach dhe environment was
minimum. What caused this nuclear accident? The nuclear accident was
caused by a sequence of events such as equipment malfunctions; design
relaied problems and worker errors, which led to a partial meltdown of the
TMI-2 unit core but with only very small effite releases of radioactivity.

The accident began about 4:00 a.m. with a failure in the secondary
nonnuclear section of the nuclear powdari. The main feed water pumps
stopped running, caused by either a mechanical or electrical failure, which
prevented the steam generators from removing heat. First the turbine and then
the reactor automatically shut down. Immediately, the pressure prithary
system, which is the nuclear portion of the nuclear power plant, began to
increase. In order to prevent that pressure from becoming excessive, the pilot
operated open a valve located at the top of the pressurizer. The valve should
have closed whethe pressure decreased by a certain amount, but it did not.
As a result, cooling water poured out of the stapkn valve and caused the
core of the reactor to overheat.

As coolant flowed from the core through the pressurizer, the instruments
available toreactor operators provided confusing information. There was no
instrument that showed the level of coolant in the core. Instead, the operators
judged the level of water in the core by the level in the pressurizer, and since it
was high, they assumed thaetcore was properly covered with coolant. In
addition, there was no clear signal that the pile¢rated relief valve was
open. As a result, as alarms rang and warning lights flashed, the operators did
not realize that the plant was experiencing a-tdssoolant accident, and took
a series of actions that made conditions worse by simply reducing the flow of
coolant through the core.
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SourcePhotograph courtesy of Ohio Citizen Action.

Figure 3. Three Miles Island nuclear power plant after the accident.

Because adequate cooling was not available, the nuclear fuel overheated to
the point at which the long metal tubes which hold the nuclear fuel pellets
ruptured and the fuel pellets began to melt. Although the-Z Mhit suffered a
severe core meltdown, timeost dangerous kind of nuclear power accident that
can occur in a nuclear power reactor, it did not produce the -casst
consequences that nuclear power reactor experts had long feared. In-a worst
case accident, the melting of nuclear fuel would leaal boeach of the walls
of the containment building and release massive quantities of radiation to the
environment. Hopefully, this did not happen in the Three Miles Istartear
accident.

Undoubtedly, public fear to the use of nuclear energy for therggore of
electricity and distrust increased significantly after the Three Mile Island
accident and, for this reason, NRCds regul ati
and more robust, and management of the nuclear power plants in operation in
the country wasscrutinized more carefully. The problems identified from
careful analysis of the events during those days have led to permanent and
sweeping changes in how NRC regulates its licensees which, in turn, has
reduced the risk to public health and safety. Asilteof the Three Miles Island
nuclear accident, the construction of new nuclear power reactors in the USA
stopped until today.

Chernobyl Nuclear Accident

According to Morales Pedraza (2012), the Chernobyl nuclear accident is
the worst nuclear accideater occurred in a nuclear power plant, considering
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the area contaminated and the number of countries and people affected. What
happened in the Chernobyl nuclear power plant that caused this terrible
accident from the environment and human health pointest? Initially, the
accident at Unit 4 of the Chernobyl nuclear power plant was considered as
resulted from a combination of design and technical deficiencies with a grave
operator error. However, in a later report the IAEA put the main cause of the
accienttot he reactowhbat desalghy happens? According
report,on 25 April prior to a routine shut down, the reactor crew at Unit 4 of
the Chernobyl nuclear power plant began preparing for a test to determine how
long turbines would spin anslupply power to the main circulating pumps
following a loss of main electrical power supply. This test had been carried out
at Chernobyl nuclear power plant the previous year, but the power from the
turbine ran down too rapidly, so new voltage regulatsighs were to be
tested.

Which was the purpose of the test to be performed in Unit 4 of the
Chernobyl nuclear power plant in April 19867 It is well known that nuclear
power plants not only produce electricity, they also consume electricity, for
example topower the pumps that circulate the coolant. This electricity is
usually supplied from the grid. If the source of electricity failed, most reactors
are able to derive the required electricity from their own production. However,
if the reactor is operatingut not producing power, for example when in the
process of shutting down, some other sources of supply are required.
Generators are generally used to supply the required power, but there is a time
delay while they are started. The test carried out at Lwit the Chernobyl
nuclear power plant was designed to demonstrate that a coasting turbine would
provide sufficient power to pump coolant through the reactor core while
waiting for electricity from the diesel generators. The circulation of coolant
was exjected to be sufficient to give the reactor an adequate safety margin.

In January 1993, the IAEA issued a revised analysis of the Chernobyl
nucl ear accident, attributing the main root c
to operator errr In 2005, the IAA and the World Health Organization
( WHO) reported that Afonly 56 people had diec
mainly accident workefs They estimated another 4 000 deaths among
wor kers and | ocal residentso.

® The IAEA in its 1986 analysis had cited the operato6 acti ons as the principal cau:
accident.

According to WNaso@lénsdesirayedrUaited,of the Chernobyl nuclear power
plant, killing thirty operators and firemen within three months and several further deaths
later. One person wadglled immediately and a second died in hospital soon after as a result
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Source: Photograph courtesy of Wikimedia Cofﬁm@lena iIatova).

Figure 4. Chernobyl nuclear power plant with the sarcophagus.

After the Chernobyl nuclear accident the pressure of the international
community to close nuclear power plants in operation in many countries
increased significantly, indepdently of the type of nuclear power reactors
used. In 1995, a memorandum of understanding was signed between the
governments of the @ countries, the EC, and the Ukraine government,
agreeing with the closure of all Chernobyl nuclear power reactorsd Bese
this memorandum, Unit 2 was shut down in October 1991 after a huge fire in
the unit, Unit lon November 1996, and Unit 3 in December 2000.

Following the nuclear accident, Unit 4 was encased in a giant concrete
sarcophagus (See Figure 4), constructbdve the destroyed reactor by
hundreds of thousands of soldiers and civilian, including nuclear experts, to
prevent further leakage of radioactive material.

However, it is important to stress that the sarcophagus built in 1986 is
considered to be unstablend could collapse in the future. A waste
management facility began construction in 2001 for the treatment of fuel and
other wastes from decommissioned Units 1, 2 and 3. A stabilizing steel
structure was extended in December 2006 to spread some of dhenldhe
walls damaged by the explosion. Undoubtedly, the current situation of Unit 4
still represents a serious potential threat to the Ukraine population, if actions
are not taken as soon as possible to repair the whole structure of the
sarcophagus.

of injuries received. Another person is reported to have died at the time from a coronary
thrombosis. Acute radiation syndrome (ARS) was originally diagnosed in 237 peeple on
site andnvolved with the cleaiup and it was later confirmed in 134 cases. Of these, twenty
eight people died as a result of ARS within a few weeks of the accident. Nineteen more
subsequently died between 1987 and 2004 but their deaths cannot necessarilyubedattri

to radiation exposure.


http://upload.wikimedia.org/wikipedia/commons/3/3e/Cherbnobyl-powerplant-today.jp
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The Fukushima Daiichi Nuclear Accident

The Fukushima Daiichi nuclear accident, considered the second major
nuclear accident after Chernobyl, is the third major accident that has been
affected the world nuclear industry in the last thirty five years. The extcisl
the result of a severe climate disaster that waganeseerthat could happen
by the constructionof the nuclear power plant, killing around 20 000 persons
and putting out of service important components of the safety system of the
plant. It is inportant to stress that the type of nuclear power reactors in
operation in the Fukushima nuclear power plant was ofbtiikng water
reactor type (see Figure 8) constructed in the 1970s but without the changes
introduced in this type of reactor by the USA modify some failure in the
design.
According to the | AEA and the Japands Nucl
Agency, the most relevant events associated to the Fukushima Daiichi nuclear
accident are the following: On March 2011 at 06:42 UTC, the IAEA Intiden
and Emergency Centre (IEC) was activated following notification from the
Agencyds I nternational Seismic Safety Centre
the potential for damage at four nuclear power plants located on theeastth
coast of Japan as web ¢he potential for a tsunami. At 8:15 CET on the same
day, the IEC received information from its ISSC confirming information about
the earthquake of magnitude 9 that hit the east coast of Honshu, Japan. The
| EC has received i nf octeanard industriafSafetymn t he Japanao:s
Agency that a heightened state of alert has been declared at 11:45 at
Fukushima Daiichi nuclear power plant, as result of the earthquake and the
tsunami that hit the east coast. A second earthquake of magnitude 6.5 has
struck Jpan near the coast of Honshu and the Tokai nuclear power plant. As
result of these meteorological disasters, four nuclear power plants located on
the northeast coast of Japan Fukushima Daiichi and Fukushima Daini of
the Tokyo Electric Power Company (TE®), Onagawa (Tohoku Power
Company) and Tokai (Japan Atomic Power Company) could be damaged
(IAEA GOV/INF/2011/8 2011).
Japanese authorities have informed the IEC that the earthquake and
tsunami have cut the supply of dfte power to the Fukushima Detii
nuclear power plant. In addition, diesel generators intended to provideipack
electricity to the plantodés cooling system wer
Fukushima Daiichi nuclear power plant, officials have declared a nuclear
emergency situatigrand at the nearby Fukushima Daini nuclear power plant a
heightened alert condition.
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Source: Toky Electric Power Co.

Figure 5. Fukushim®aiichi nuclear power plant after the accident.

On March 12 at 12: 40 UTC, theg Japands Nucl
Agency has informed the IEC, that there has been an explosion at the Unit 1 at
the Fukushima Daiichi nuclear power plant, and that they are assessing the
condition of the reactor core. In addition, there has been an explosion at the
Unit 3. The explosio occurred at 11:01 am local time. Unit 1 is being
powered by mobile power generators on site, and work continues to restore
power to the entire nuclear power plant. There is currently no power via off
site power supply or backup diesel generators beingiged to the nuclear
power plant. Seawater and boron are being injected into the reactor vessel to
cool the reactor.

Due to the explosion on 12 March 2011, the outer shell of the containment
building has been lost. Unit 2 is being powered by mobile pgeeerators on
site, and work continues to restore power to the entire nuclear power plant.
The reactor core is being cooled through reactor core isolation cooling, a
procedure used to remove heat from the core. The current reactor water level is
lower than normal but remains steady. The outer shell of the containment
building was intact at Unit 2 at that time.

According to the information released by the Japanese government, Unit 3
does not have offite power supply or backup diesel generators providing
power to the nuclear power plant. As the high pressure injection system and
other attempts to cool the nuclear power reactor core failed, injection of water
and boron into the reactor vessel commenced. Water levels inside the reactor
vessel increased stebdfor a certain amount of time but readings indicating
the water level inside the pressure vessel were no longer showing an increase.
To relieve pressure, venting of the containment started on 13 March at 9:20 am
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local time. Planning to reduce the contation of hydrogen inside the
containment building was carried out. The containment building was intact at
Unit 3 at that time.

On March 14 at 06: 00 UTC, the Japandés Nucl
Agency has provided further information about the hydnogeplosion that
occurred at the Unit 3 at the Fukushima Daiichi nuclear power plant. Another
hydrogen explosion occurred at Unit 3 at 11:01 am local time. Six people have
been injured as resultdd the explosion. The reactor building exploded but
the primary containment vessel was not damaged. The control room of Unit 3
remainedoperational at that time. At 22:03 local time, Japanese authorities
have reported that Unit 2 experienced decreasing coolant levels in the reactor
core. Officials have begun tojétt sea water into the reactor to maintain
cooling of the reactor core. Sea water injections into Units 1 and 3 were
interrupted the day before due to a low level in a sea water supply reservaoir,
but sea water injections were restored at both Units.eAafirUnit 4 occurred
at 23:54 UTC and lasted two hours.

On March 15 at 00:16 UTC, plant operators considered the removal of
panels from Units 5 and 6 reactor buildings to prevent a possibleupuitd
hydrogen in the future. It was a builgh of hydrogerat Units 1, 2 and 3 that
led to explosions at the Fukushima Daiichi nuclear power plant. After
explosions at both Units 1 and 3, the primary containment vessels of both units
are reported to be intact. However, the explosion that occurred at 21:14 UTC
on 14 March 2011 at Unit 2 affected the integrity of its primary containment
vessel. All three explosions were due to an accumulation of hydrogen gas.
Japanese authorities also informed at 04:50 CET that the spent fuel storage
pond at the Unit 4 reactor ofg¢h~ukushima Daiichi nuclear power plant was
on fire and radioactivity was released directly into the atmosphere. Dose rates
of up to 400 mSv per hour have been reported at the site. These authorities
said that there is a possibility that the fire was céuligea hydrogen explosion.
Japanese authorities informed that there has been an explosion at the Unit 2.
The explosion occurred at around 06:20 on 15 March 2011 local time.
Attempts to return power to the entire Fukushima Daiichi nuclear power plant
were &s0 carried out. Japanese authorities reported some casualties to nuclear
plant workers. At Fukushima Dahi nuclear power plant, four workers were
injured by the explosion at Unit 1, and there are three other reported injuries in
other incidents. In adtion, one worker was exposed to higiigarnnormal
radiation levels that fall below the IAEA guidance for emergency situations.
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At Fukushima Daini nuclear power plant, one worker died in a crane operation
accident and four others have been injured.

OnMarch 19, Japanodos Chief Cabinet Secretary
water injection were carried out at Units 1, 2 and 3 at the Fukushima Daiichi
nuclear power plant. Preparations were made to spray water into the used fuel
pool at Unit 4, and an unmannedhicle sprayed more than 1 500 gallons of
water over seven hours into the used fuel pool at Unit 3. The situation at the
Unit 3 fuel pool was stabilized. Some reactor cooling capacity has been
restored at Units 5 and 6 after the installation of generatatsose reactors.
Progress had been made on a fundamental solution to restore power at the
Fukushima Daiichi nuclear power plant, with electricity restored at Units 1 and
2 on March 19 and Unit 3 as early as Sunday.

On March 20 at 2.05 pm GMT, workers site succeeded in increasing
the stability of the Fukushima Daiichi reactor units with Units 5 and 6 now in
cold shut down. Pressure built up within Unit 3 but a more significant venting
was not seemed necessary at that time. External power has now been
connected to Units 5 and 6, allowing them to use their residual heat removal
systems and transfer heat to the sea. This has been used to cool the fuel ponds
and bring the units to cold shut down status, meaning that water in the reactor
system was at leshan 100C. An extended operation to refill the fuel pond
took place at Unit 3, with the Hyper Rescue crew spraying for over 13 hours.
A similar operation is planned for Unit 4. At Units 1 and 2, external power
was restored. Tokyo Electric Power Company RFUD) said it would restore
functions in the central control room shared by the units so that accurate
readings could again be taken from the reactor system. Next, workers checked
the condition of the water supply systems to the nuclear power reactoheand t
used fuel pond. External power for Units 3 and 4 was in place a few days later.

The Japanese authorities have initially classified the accident at
Fukushima Daii chi nucl ear power plant as a
Consequences on the International Nuclear and Radiological Event Scale
(INES) of the IAEA. Later on the nuclear aceid was classified by the IAEA
as level 7 (the same level of the nuclear acci@emnhe Chernobyl nuclear
power plant) due to the characteristics of the accident. However, it is important
to stress that the radioactive materials liberatech assultof the nuclear
accident in the Fukushima nuclear power plant was estimated to be éaly 10
of the radioactive materials that were released by the nuclear accident in the
Chernobyl nuclear power plant.
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Figure 6. Affected area.

After the Fukushina Daiichi nuclear accident, the use of nuclear energy
for the generation of electricity and its future in Japan have polarized the
public opinion, with thousands of protestérdemanding its abandonment

10 Almost 7% of Japanese say their country should reduce its reliance on nuclear energy, in a
pol |l conducted in 2012 as the countryods | ast nucl ear
much larger number taking this position tham t he weeks foll owing | ast year 0:
meltdown at the quake and tsunasiaimaged Fukushima Daiichi nuclear power plant. Just
4% of Japanese say the country should expand the use of nuclear power in the coming

years.
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while some government officials insisting that itn@ns necessary in order to
satisfy, in the most effective ad economic manner, the country energy demand.

As result of the Fukushima Daiichi nuclear accident, a total of 35 units of
the countryds 54 nucl € @itherdamaged,had eact or s
by the quake and resulting tsunami or down for routine repairs. The approved
programme for the construction of 14 new nuclear power reactors was
suspended. Since March 11, Japan has been unable to restart any of its nuclear
power reactors that werentporally shut down, scuttled by local opposition
and its own meandering policies. That alone has led to nationwide energy
shortages, tightening margins for businesses and other activities. But the
energy shortages could become more severe in coming mastti®e nuclear
power reactors that are still operating now comdiné for scheduled tests.

The Ministry of Environment has announced that to clean the areas
surrounded the Fukushim®aiichi nuclear power plant that has been
contaminated, around 29 fith m® of contaminated soil has to be removed.
Billions of dollars have been approved by the Japanese government for this
work as well as for recovering the contaminant area. It is expected that the
process of cleaning the contaminated area needs arowtydykars to be
completed. The damage provoked by the nuclear accident in the Fukushima
Daiichinucl ear power plant was estimated t
According to Leonid Bolshov, director of the Institute for the Secure
Development of Atomic Bergy of the Russian Academy of Science, there are
two possibilities that can be considered for the clgarof the Fukushima
Daiichi nuclear power plant site and surrounded areas: a) dismantling and
burial of all elements and components of the plant;@nithe construction of
sarcophagus for each of the nuclear power reactors damage by the nuclear
accident.

The main questions thatedto be asked now is the following: this type
of nuclear accidents can be tota#iminatedin the future?; what types of
nuclear technologies are under development now that can increase the safety
operation of new nuclear power reactors to be constructed in the future with
the aim of reducing to the minimum the possibility of a severe nuclear
accident? A summary of the nestenuclear technologies under development
in several countries are described in the following paragraphs, including the
use of advanced construction methods for new nuclear power plants to be built
in the future. However, it is important to stress thatrehis no nuclear
technology or any other energy technology that can b&ol®®xure and, for
this reason, all rational measures should be adopted to reduce to the minimum
the possibility that a severe nuclear accident could occur in the future.
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CURRENT AND FUTURE NUCLEAR TECHNOLOGIES

Types of Fission Nuclear Power Reactot$

Nuclear reactors are devices designed to produce and maintain a
controlled chain nuclear reaction. There are two different types of nuclear
reactors differentiated by their purpose abg their design features.
Consideringits purpose, theyan be classified in two groups: alclear
research reactors, andrjclear power reactors.

Nuclear research reactoese devices that operate at universities and
research institutions in many cotias, including in countries where no
nuclear power reactors are currently in operation for electricity generation,
heat or desalination purposes. This type of reactors is used for multiple
purposes, including the production of radiopharmaceuticals, nelitgmosis
and therapy, testing materials, and conducting basic research.

Nuclear power reactorare those devices found in nuclear power plants
and are used for generating heat mainly for electricity production. However,
this type of reactors can be usado for desalination of water and heating. In
the form of smaller units, they also power ships.

There are many different types of nuclear power reactors but what is
common to all of them is that they produce thermal energy that can be used for
its own @ke or converted into mechanical energy and ultimately, in the vast
majority of cases, into electrical energy. In this type of reactordistien of
heavy atomic nuclei, the mosbmmon of which is uraniuf@35, produces
heat that is transferred to a fluid which acts as@ant The heated fluid can
be gas, water or a liquid metal. The heat stored by tiifluhen used either
directly (in the case of gas) or indirectly (in the case of water and liquid

" Fission occurs when a nucleussatbs a neutron and splits it into two approximately equal
parts, known as fission fragments, and ejects severahveigisity fast neutrons in the
process. The reactors that use fission to produce hea
r eact orission.proce$s €onderns only heavy nuclides. It could be spontaneous or a
result of nuclear reaction (neutramduced, or other light or heavier particiesluced). The
most important for reactor applications is of course primarily netitrdaced fission
reactions and, to less extend spontaneous fission. The international community is also

developingthesc al | ed #fAfusi on nucl e ahe prpceswloyrwhictheact or s o. Fusi ol
two light atomic nuclei combine to form a heavier ofibe longterm objective dfusion
research is to harness t future enprgymeedssishasttte hel p meet ma n K

potential to deliver largecale,environmentally benign, safe energy, with abundant and
widely available fuel resources. No commercial fusion nuclear poeastors has been
produced until today and it is expected, according with the results of the ongoing research in
fusion activities, that there will be any of this type of reactors available in the market before
2050.


http://www.euronuclear.org/info/encyclopedia/f/fission.htm
http://www.euronuclear.org/info/encyclopedia/coolant.htm
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metals) to generate steam. The heated gas or the steam is then fed into a
turbine driving an alternator, which produce the electricity.

Nuclear power reaots can be also classified according to the type of fuel
they use to generate heat. These are: a) urafieled nuclear power
reactors; and b) plutoniufaelled nuclear power reactors.

UraniumT Fuelled Nuclear Power Reactors

Uraniunifuelled nuclear poer reactors can be classified in three
different groups:

1 Pressurized water reactors (P¥)Rincluding thepressurized heavy
water reactorRHWR);

1 Boiling water reactors (BWR);

1 Graphitemoderate gasooled nuclear power reactors (GCR).

They are geneatly available in sizes of about 1 000 MW or greater
electrical output. Slightly smaller reactors of 6800 MW outputis also
available using water reactor technology. However, if a smaller unit is
required due to the capacity of the national grid netwtr&n the available
technology is limited, although reactors of P00 MW output are being
operated and developed by some countries. Several designs are being
developed for future applications although a major challenge is to achieve an
economic designta smaller size. High temperature gas cooled reactor$ (160
270 MW) and several small water cooled reactors are being developed, which
may reach design approval during the coming years. In addition, a barge
mounted moveable 70 MW output nuclear power pianturrently under
construction in Russia.

The only natural element currently used for nuclear fission as fuel is
uranium. In the case of the PWRs, the fuel used is dioxide of uranium, and in
the case of the PHWRSs, the fuel used isthe sol | ed dGeani amed
Natural uranium is a highly energetic substance: one kilogram of uranium can
generate as much energy as ten tons of oil.

It is also a common practice to classify nuclear power reactors according
to the nature of the coolant and the moderatas,pas the need may arise,
other design characteristics. The light water reactors category comprises PWR

2\WWER is the PWRs produced in therfoer Soviet Union, now Russia.
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and BWR. Both types of nuclear power reactors use light water as moderator
and coolant and enriched uranium as fuel.

The light water reactors operate the following manner: the light water
flows through the nuclear reactor core, a zone contateing) of thousands of
long (4 m), thin (1 cm) nuclear fuel rods submerged in a watervidathe it
picks up the heat generated by the fission of the ura@@tmpresent in the
fuel rods. After the coolant has transferred the heat it has collected to a steam
turbine, it is sent back to the reactor core, thus flowing in a loop called the
primary circuit. In order to transfer higjuality thermal energy to the tunie,
it is necessary to reach temperatures of about 300° C. It is the pressure at
which the coolant flows through the reactor core that makes the distinction
between PWRs and BWRs.

In PWRs, the pressure imparted to the coolant is sufficiently high to
prewvent it from boiling. The heat drawn from the fuel is transferred to the
water of a secondary circuit through heat exchangers. The watd¢he
secondary circuit is transformed into steam, which is fed into a turbine. The
fission zone (fuel elements) is damed in a reactor pressure vessel under a
pressure of 150 to 160 bar (15 to 16 MPa). The primary circuit connects the
reactor pressure vessel to heat exchangers. The secondary circuit side of these
heat exchangers is at a pressure of about 60 bar (6-NtRagnough to allow
the secondary water to boil. The heat exchangers are, therefore, actually steam
generators. Via the secondary circuit, the steam is routed to a turbine driving
an alternator, which produces the electricity. The steam coming ougof th
turbine is converted back into water by a condenser after having delivered a
large amount of its energy to the turbine. It then returns to the steam generator.
As the water driving the turbine (secondary circuit) is physically separated
from the water usd as reactor coolant (primary circuit) the turbkéfternator
set can be housed in a turbine hall outside the reactor building. Safety concepts
have been copied from French and German nuclear power reactors, but a new
part is the core catcher undernedih teactor tank which, in the event of a full
meltdown of the reactor core, prevents it from spreading.

It is important to stress that PWRs are the most common nuclear power
reactors operating in different countries around the world (arou¥do@he
totd). There were 270 PWRs in operation in twenty five countries in 2011
with a total net capacity &#48 364MW. The load factor of the PWRs in 2011
was 81.80 (first place) The USA (69 units or 25% of the total) and France
(58 units or 21.% of the total)are the countries with the highest number of
PWRs in operation in the world. The main components of the PWRs are
shown in Figure 7.
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Boiling Water Reactor System

Reactor Building

Saurce: International Nuclear Safety Center, Argone National Labortoy, USA.

Figure 8. Boiling water reactor components.

In the case of the PHWR type, there were 47 units in operation in seven
countries in 201117.4% of the total) with a net capacity tafled of 23140
MW. The load factor of the PHWRs in 2011 was %6 @hird place) Canada
(18 units or 38.% of the total) and India (18 units) are the countries with the
highest number of PHWRs in operation in the world in 2011.

In BWRs, the pressure imgad to the coolant is lower than in a PWR to
allow it to bolil. It is the steam resulting from this process that is fed into the
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turbine. This basic difference between pressurized and boiling water reactors
dictates many of the design characteristics ef o types of light water
reactors. Despite their differing designs, it must be noted that the two types of
reactors provide an equivalent level of safety. The fission zone of the BWRs is
contained in a reactor pressure vessel, at a pressure of abaut (7ONWPa).

At the temperature reached 290° C approximately, the water starts boiling and
the resulting steam is produced directly in the reactor pressure vessel. After the
separation of steam and water in the upper part of the reactor pressure vessel,
the steam is routed directly to a turbine driving an alternator which produces
the electricity. Since the steam produced in the fission zone is slightly
radioactive, mainly due to shdited activation products, the turbine is
housed in the same reinforcedilding as the reactor.

In 2011, there were 84 BWRs in operation in nine countries with a net
capacity installed of 7726 MW. The load factor of this type of reactor in
2011 was 73% (fourth place).The USA (35 units or 419 of the total) and
Japan (26€units or 30.96 of the total) are the two countries with the highest
number of BWRs in operation in the world in 26°.The main components of
the BWRs are shown in Figure 8.

TYPES OFNUCLEAR POWER REACTORS UNDER
DEVELOPMENT AND CONSTRUCTION

PWRs and PHANRs

In France and Germany, AREVA NP has developed a new large PWR
type called the AEuropean pressurized water r
utility requirements and benefit from economies of scale through a higher
power level relative to the latest seviof PWRgroducedin France (the N4
series) and Germany (the KONVOI seridg)HA GC (51)/INF/3,2007). The
USA is also working in a design for a large advanced PWR type, tballsd
Afcombustion engineeri ng obhuklhgeseveaB 0 +0 wi t h t he
units in the country and abroad in the future.
In the Russian Federation, evolutionary versions of the current WWER
1000 (\-320) reactor, the Russian version of the Western PWR type, including
the 1 200 MWe AES000 and WWERLO00 (\V-392) designs haveelen

%1t is important to stress that after the Fukushibeichi nuclear accident almost all BWRs
operating in Japan were shut down.
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developed. The first WWERO000 was connected to the grid at Tianwan,
China in 2006. Additional units are under construction in China and India.
Two units are planned at Russiads Novovorone:
development of a larger WWEES00 design.On July 2009, Russia and
Kazakhstan created a joint venture to complete the design of-40ROBIWe
VBER-300 reactor for use in either floating or labased cegeneration power
plants (AEA GC (51)/INF/3,2007).
The heavy watereactortechnologyused in the PHWRs was initially
devel oped by the Atomic Energy of Canada Li mi
and bySiemens and Kraftwerk Union (KWU) from Germairy the first case,
the type of reactor produced was thecsal | ed A CANDUO reactor. Ther
sewral CANDU reactors operating in some countries, such as Canada,
Argentina, Romania, among others (See Table 3).
In the second case, the reactor produced i$ViBER reactol’, the first
one built in the Karlsruhe Nuclear Research Center in Germany with a
capacity of 65 MW. The MZFR was the type of reactor used as reference for
the construction of the first nuclear power reactor in Argentina (Atucha 1) in
1968. It has a pressure vessel, unlike any other existing heavy water reactor,
and it now uses slightlgnriched (0.8%) uranium fuel, which has doubled the
burnup and consequently reduced operating costs 4. 4low AECL is
producing the advanced CANDU reactor (ACR) design using slightly enriched
uranium fuel to reduce the reactor core size, which atahes gime reduces
the amount of heavy water required to moderate the reactor and allows light
water to be used as a coolant.

Table 3. Number of CANDU-6 reactors in operation or under
construction outside Canada

. Number of CANDU-6 reactors in ope&ation or under
Countries . ;
construction outside Canada
Republic of Korea 4
China 2
India 2
Romania 2
Pakistan 1
Argentina 1
Total 12

Source: CEA, 8th Edition, 2008.

4 Multipurpose research reactor (Mehrzweckforschungreaktor) built by the Karlsruhe Research
Cente in Germany.
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In 2005 and 2006, India connected the first two units using its new 540
MWe PHWR design at Tapur. India is also designing an evolutionary
PHWR with a capacity of 700 MWe.

BWRs

An economic and simplified boiling water reactor (ESBWR400 MWe)
has been developed and will be certified in the near future. Just as for-the AP
1000 desigt?, extensie simplifications have been implemented in this type of
reactor as well. For example, the reactor core is cooled by natural circulation,
which eliminates the need for coolant pumps. The Dutch nuclear sector has
contributed greatly to this design, as tkkperimental Dodewaard reactor was
used as a model for the ESBWR design. Another type of BWRs is the
advanced boiling water reactor (ABWR with a capacity of 1 350 MWe)
manufactured by General Electric. This design has already been certified in
Japan, and fr ABWRs are already opematj in this country The first two
ABWRSs began commercial operation in 1996 and 1997, and two more began
commercial operation in 2005 and 2008vo ABWRs are being constructed
in Taiwan.

In Germany, AREVA NP, with internationalagners from Finland,
France, the Netherlands and Switzerland, is developing the basic design of the
SWR-1000, an advanced BWR type with passive safety features. A
development programme was started in 1991 for ABMRIth the goal of
significantly reducig generation costs, partly through increased power and
economies of scale. Commissioning of the first ABAWWRs foreseenin the
late 2010s.

In the USA, a |l arge BWR (Gener al El ectrico
1997. We s t i -809 haoduAPH@0s desigrRwith passive safety
systems were certified in 1999 and 2006 respectively. An international team
led by Westinghouse is developing the modular integral 360 MWe
international reactor innovative and secure (IRIS) with a core design capable
of operating on dour-year fuel cycle. General Electric is designing a large

5 The AP1000 is the American counterpart of the EPR with a slightly lower capacity (1 100
MWe). The design mainly involves a significant simplification of previous American
systems (considerably fewer valves, pumps, and cables, among othgonemts) with
further developed passive safety systems, such as emergency heat supply and residual heat
removal.
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economic simplified boiling water reactor (ESBWR) combining economies of
scale with modular passive safety systetAEQA GC (51)/INF/3,2007).

Gas Cooled Power Reactors

According to the IAEA ad CEA information, there were eighteen
operating gas cooled power reactors (GERpoled by carbon dioxide plus
two test reactors cooled by helium worldwide in 2007. All of these units are
located in the UK with a net capacity of 9 034 MWe. The load faaftdinis
type of reactor in 2011 was 68.2% (fifth place). In China, work continues on
safety tests and design improvements for the 10 MWth high temperature gas
cooled reactor (HTRO), and plans are in place for the design and
construction of the first pogr reactor prototype (HTHRM).

The Russian Federation and the USA continue research and development
on a 284 MWe gas turbine modular helium reactor-@R) for plutonium
burning. France has an active research and development programme on both
thermal as wll as fast gas reactor concepts and, in the USA, efforts by the
Department of Energy (DOE) continue on the qualification of advanced gas
reactor fuel. To demonstrate key technological aspects of gas cooled fast
reactors, an experimental reactor in the MWth range is planned for
operation around 2017 in FrandaKEA GC (51)/INF/3,2007).

Graphitemoderated gasooled nuclear power reactors, formerly operated
in France and still operated in the UK, are not built any more in spite of some
advantages thatithtype of reactors have.

®¥These are the so called fAGeneration I 11+86. In this type
contained in rods but in pebbles: sphedtessize of tennis balls (See Figure 9). Helium is
used as a coolant instead of water. The reactor opextabégh temperatures (depending on
the type up to around 900° C) and the hot helium gas is used to drive the turbines directly.
This design has a uch higher efficiency than that of wateooled reactors: around %l
instead of 3%. In addition to this, these reactors are inherently $atbe cooling gas is
cut off the nuclear reaction will stop automatically. However, the pellets will temporarily
continue to heat up and exceed the operating temperature. The pebbles can nevertheless
withstand this peak temperature, as a result of which the radioactive material will remain
inside the pebbles, even during the worst process disruption. As the reastdrenable to
transfer the heat properly to the environment in the event of such a calamity, the reactors
have been designed as thin, high columns (large surface area, small volume). This limits the
capacity of pebble bed reactors to around 160 MWke pebbles can withstand
temperatures of up to 1 600° C.
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PressureTube Boiling Water Reactors of Russian Design
(RBMK)

RBMK type of reactors, which are cooled with light water and moderated
with graphite, are now less commonly operating in some former Soviet Union
bloc countries. IRussia, there were 15 RBMK in operation in 2011 with a net
capacity of 10 219 MW. The load factor of this type of nuclear power reactor
in 2011 was 8% (second place). Following the Chernobyl nuclear accident,
the construction of this type of reactors ddes Russia ceased and the
government has decided, in 2010, the closure of all RMBK units in operation
in Russiaduringthe coming years.

Other Light Water Reactors

Other light water reactori® the market are the Korean standard nuclear
plant (KSNP) sdes, the Chinese AG00 designand the CNPL 000 for
electricity production. China is also developing the-&® for electricity
production and seawater desalination. Until 2008, eight KSNPs are in
commercial operation. Based on the accumulated experieritbe operation
of the KSNPs, the Republic of Korea is now developing an improved KSNP
type of reactor,thespal | ed Aopti mi zed power reactoro ( Ol
units planned for commercial operationthe beginning of the 2010s. The
Korean next geeration of nuclear power reactors, for which development
began in 1992, is now named tldeOMaddvanced pow
and will be bigger to benefit from economies of scale. The first-ABGO is
scheduled to begin operation before 2013.

The Sath African Pebble Bed Modular Reactor Company Ltd is
developing a 165 MWe pebble bed modular reactor (PBMR), which is
expected to be commissioned at the beginning of the current decade. The
South African government has allocated initial funding for thgjept and
orders for some lead components have already been made.

In Japan, a 30 MWth high temperature engineering test reactor (HTTR)
began operation in 1998, and work continues on safety testing and coupling to
a hydrogen production unit. A 300 MWe paweactor prototype is also under
consideration. However, after the Fukushilaiichi nuclear accident the
government stopped all development activities related to the design and testing
of new nuclear power reactors.
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Plutonium-Fuelled Nuclear Power Readatrs

Plutonium (Pu) is an artificial element produced in uranifualled
nuclear power reactors as afmpduct of the chain reaction. It is one hundred
times more energetic tharatural uranium: one gram of Pu can generate as
much energy as ortenneof oil. As it needs fast neutrons in order to fission,
moderating materials must be avoided to sustain the chain reaction in the best
conditions. The current plutoniufoelled nuclearpower reactors, the so
c a | lfastdbrediler reactars, use |liquid sodi um, which disp
thermal properties without adversely affecting the chain reaction.

According to documeniAEA GC (51)/INF/3 @007), in China, the 25
MWe sodium cooled pool experimental fast reactor with a net capacity of 20
MW was connected to the grid in 2001. The next two stages of development
will be the construction of a 600 MWe prototypefaét breeder reactor and
the construction of a 1 06D500 MWe demonstration fast breeder reactor. In
India, the fast breeder test reactor (FBTR) has been in operation since 1985
and the 500 MWe prototype fast breeder reactor (PFBR) is now under
constructbn at Kalpakkam. It was scheduled for commissioning initially by
the end of 2010 but has been postponed for different reasons.

In Japan, preparatory work began in 200%t@necessary modifications
to the 280 MWeprototype fast breeder MONJU reactor ptio its restart. To
develop advanced fuels and materiaswell as technology for minor actinide
burning and transmutation, the JOYO reactor, an experimentabraster
reactor is expected to begin irradiation of oxide dispersion strengthened ferritic
steel of uraniurplutoniumMOX fuel containing % americium, and of MOX
containing both neptunium aramericium.Regrettably, after the Fukushima
Daiichi nuclear accident the government stopped all development activities
related to the MONJU and JOYO neal power reactors and it is impossible
to predict at this stage if the development activities will continue to be
supported by the government in the future.

In the Republic of Korea, the Korean Atomic Energy Research Institute
has conducted research tecluyy development and design work on the 600
MWe KALIMER-600 advanced fast breeder reactor concept. The conceptual
design of this type of reactors was completed in 200 KALIMER-600
features a proliferation resistant core without blanket, and a deeaty h
removal circuit using natural sodium circulation cooling for a large power
system. The KALIMER60O conceptual design, which evolved on the basis of
the KALIMER-150 (150 MWe) design, was selected as one of the promising
next generation of nuclear poweactor candidates.


http://www.euronuclear.org/info/encyclopedia/p/plutonium.htm
http://www.euronuclear.org/info/encyclopedia/f/fastreactor.htm
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BN-600O in Russia is the worldds | argest oper.
has now been in operation for twersix years. The 800 MWe BROO is
under constructioto commissioning planned for 202013. Russia is also
developing varias concepts for advanced sodium cooled fast breeder reactors
and for heavy liquid metal cooled reactors, specifically the lead cooled
BREST-OD-300 and the lead bismuth eutectic cooled SVEBIRLO0 systems.

In the USA, within the framework of the Global Neal Energy
Partnership (GNEP), initial research and developing planning is underway for
an advanced burner test reactor (ABTR) to demonstrate actinide transmutation
in a fast spectrum, as well as innovative technologies and design features
important for sbsequent commercial demonstration power plants. Within the
Generation IV International ForynSA activities are focused aas cooled
and lead cooled fast reactmad small modular sodium cooled fast reactors
(IAEA GC (51)/INF/3,2007).

The future fissia nuclear power reactors are expected to have, among
others, the following advantages over the present generation:

Lower investment costs and construction times;
Simpler reactor designs;

Modular units;

More passive safety features;

Low proliferationrisks.

=A =4 =4 -4 A

Despite of the progress achieved until now in the development of the
fusion technology, for the time being, fission technology will be the main
nuclear technology used for the construction of new nuclear power reactor
designs at least until 2040.

Next Generation of Nuclear Power Reactors

Most of the advanced nuclear power reactor designs available today are
evolutionary improvements on previous designs. This situation has the benefit
of maintaining proven design features and thus minimizinghtdolyical risks
improving, at the same time, some important features of current nuclear power
reactor designs, on the basis of the lesson learned on past nuclear accidents
and the experience gained in the construction of hundreds of nuclear power
reactorsin different countries. These evolutionary designs generally require
little further research and development or confirmatory testing. Examples of
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commonly utilized elements of evolutionary design for improved economics
are:

1 Simplified reactor designs;

Increased reactor power;

1 Shortening the construction schedule, reducing the financial charges
that accrue without countervailing revenue;

1 Standardization and construction in series spreading fixed costs over
several units;

1 Productivity gains in equipment mdaaturing, field engineering and
construction;

1 Multiple unit construction at a single site;

1 Selfreliance and local participation.

=

Nevertheless, irthe longterm, it is important to have more innovative
designs that incorporate radical changes and prosigficantly shorter
construction times and lower capital costs that could help to promote a new era
of nuclear power, particularly after the FukushiDaiichi nuclear accident.
Several innovative designs are in the small (< 300 MWe) to mediurii{800
MWe) size range because such designs are more attractive for the introduction
of nuclear power in developing countries and for remote locations.
It is important to stress that the majority of the nuclear power reactors
today in operation in the world areofn the second generation of nuclear
power reactors (the sbal | ed @ Ge Ahdsr gerteriatoom of huktléa) .
power reactors began to be built in the 1970s and is still operating in large
commercial power plants in several counffiesHowever, rost of the
countries expanding their nuclear power programmes are constructing nuclear
power reactors of the third generation (thecsal | ed fAGener ation | 110),
are more reliable and with a number of birilsafety featuresThis generation
of nuclear power i&ctors was developed in the 1990s and incorporates a
number of evolutionary designs that offer significant advances in safety and
economic¥. With the purpose of improving the Generation Ill type of nuclear
power reactors, advances design are underwaysthea |l | ed @A Generati on

1t is important to stress that the three major nuclear accidents described in the chapter occurred
in nuclear power plants built in the 1960s and 1970s.

8 The third generation of nuclear power reactisnot extremely different to the second
generation, but it does include a number of improvements in the field of safety, reliability
and cost price of electricity generation. The third generation mainly concerns LWR. Five
different manufacturers are mating LWRs.
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11 +0), r e s ul teimndgployable prrgsviteat isdctivety airzder
development and are being considered for deployment in several countries.
New nuclear power reactors to be built between now and 2030 will likely be
chosn using this type of reactor design.

It is important also to note that there is no clear definition of what
constitutes a Generation |l design, apart from it being designed in the past
fifteen years. However, the main common features quoted by theanucle
industry are the following:

1 A standardized design to expedite licensing and reduce capital cost
and construction time;

1 A simpler and more rugged reactor design, making them easier to

operate and less vulnerable to operational upsets;

Higher availality and longer operating life, typically sixty years;

Reduced possibility of core melt accidents;

Minimal effect on the environment;

Higher burnup to reduce fuel use and the amount of waste;

Burnable absorbers (poisons) to extend fuel life.

=A =4 =4 -4 -4

These chracteristics are clearly very imprecise and do not define very
well what a Generation Ill reactor is. However, what can be said without any
doubt is that Generation Ill reactors are evolved from existing designs of
PWRs, BWRs and CANDU types of nucleam@w reactors (Thomas, 2005).

There are a limited number of developing countries particularly interested
in the development of commercial nuclear power reactor designs that are
smaller than those currently offered on the mafk&maller reactors would
redwe the required initial investment and associated infrastructure costs, and
they would be better suited to the small electrical grids of most of the
developing countriesinnovative small and medium size reactors are under
development for all principal retor lines and some nonconventional

9 A number of the small and medium size reactor designs are in the category of reactors without
on-site refueling. These are reactors designed for infrequent replacement (E&&years)
of well contained fuel cassettes in a manner that iepdtie clandestine diversion of
nuclear fuel material. This category includes factory fabricated and fuelled reactors, and the
general expectation is that the supplier country would retain all back end responsibilities for
spent fuel and waste. The potahtbenefits include: possibly lower construction costs in a
dedicated facility in the supplier country; lower investment costs and risks for the purchaser,
especially if the reactor is leased rather than bought; reduced obligations for spent fuel and
wastemanagement; and possibly a higher level of assurance eprotiferation to the
international community (IAEA, 2006).
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combinations. More than forty five innovative small and medium size reactor
concepts and designs are at different stages of development within national or
international research and development programmes, involving both
developed and developing countries. Most allow for, or explicitly facilitate,
non-electrical applications such as nuclear desalination or hydrogen
production. Their target dates for being ready for deployment are before 2030.
Some of the many designs inffdrent stages of development are the
following:

1 The Korean Atomic Energy Research Institute has applied for a
construction permit for a odfdth scale, 65 MWth prototype of a
system integrated modular advanced reactor (SMART) which
cogenerates electiig while desalinating sea water.

1 In the Russian Federation, a barge mounted floating 300 MWth KLT
40S cogeneration plant has been licensed for construction in
Severodvinsk. The company manufacturer announced that the project
had begun in April of 2007 i$everodvinsk in the White Sea. The
ship called AAcademic Lomonosovo
propulsion and will be connected to the electric grid near the point in
which the ship will be positioned. It will have two reactors K40S
with a power 635 MW each. The reactor core is nhormally cooled by
forced circulation, but the core design relies on convection for
emergency cooling. Fuel is uranium aluminum silicide with
enrichment levels of up to 2@ The assembly will be carried out in
Viliutchinsk, south of the peninsula of Kamchatka. The cost of the
project will be about0230 million and the lifetime of the floating
nuclear power plant is considered to be fifty years. It is expected that
seven units of this type will be built by Russia in the coming decades.
China, the Republic of Korea, India, Brazil, Chile, Indonesia,
Thailand, and Malaysia have shown some interested in the use of this
type of nuclear power reactors fitre generatiomf electricity in the
future.

1 The 165 MWe South African PBMR is planned for demonstration at
full size by 20122013. The fuel used in thiype of nuclear power
reactors is irthe formof pebbles instead of rods.

1 Several integral PWR designs are well advanced in their development,
and some could be available for deployment aroundiZUZA). The
335 MWe IRIS design, developed by an intemrai consortium led
by Westinghouse Electric Company of USA, is the furthest along in
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testing and development. Argentina has started licensing a 27 MWe
prototype of the 150 to 300 MWe CAREM design. The first CAREM
reactor will be builatthe Atucha nuclagpower plant site.

1 In India, construction is expected to start early in the next decade on
the first 300 MWe advanced heavy water reactor, which has been
developed for cgeneration applications. The reactor is designed to
operate with 233 WPu-Th fuel; it uses boiling light water as a coolant
and heavy water as the moderator. The reactor designer, the Bhabha
Atomic Research Centre, is in dieensing negotiations with the
Atomic Energy Regulatory Body of India.

1 In Japan, the Toshiba Corporation, in caagien with the Central
Research Institute of Electric Power Industry and Westinghouse
Electric company, is developing a sodium cooled reactor. It has a
design power of 10 MWe and a refueling interval of thirty years.
Construction of a demonstration reactmd safety tests are planned
for the first half of the 2010s. However, the nuclear accident at the
FukushimabDaiichi nuclear power plant stopped all activities related
with the construction of this type of nuclear power reactor.

1 Inthe USA, two private@mpanies acquired the necessary intellectual
property rights to proceed with the design development of two small
nuclear power reactors without -gite refueling, and a hepipe
based Hyperion power module employing uraniwydride
decomposable fuel.
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Figure 9. Fuel in the form of pebbles.
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Table 4. Generation IlI+ nuclear power reactors

Advanced boiling
water reactors

1 ABWR Il (Advanced boiling water reactor II)

1 ESBWR (European simplified Hoig water reactor)
1 HC-BWR (High conversion

1 SWR-1000 (Siedewasser reactt®00)

Advanced pressurg
tube reactor

T ACR-700 (Advanced CANDU reactor 700)

Advanced
pressurized water

1 AP600 (Advanced pressurized water reactor 600)
T AP1000 (Advanced presszed water reactor 1000)

reactors 1 APR1400 (Advanced power reactor 1400)

1 APWR+ (Advanced pressurized water reactor plus)

1 EPR (European pressurized water reattor)

1 CAREM (Argentinean central modular eleménts

1 IMR (International modlar reactor)

TIRIS (International reactor innovative and secure)

1 SMART (Systemintegrated modular advanced react

1 GT-MHR (Gas turbinanodular high temperature
reactor)

1 PBMR (Pebble bed modular reactor)

Integral primary
system reactors

Modular high
temperature gas
cooled reactors

Soure: DOE (2002).

In summary, sixteen designs could be deployed by 2015 or earlier. These
are shown in Table 4 with acronyms or trade names.

However, undoubtedly the future belongs to the fourth generation of
nuclear power reactors (the-soa |l | ed AIGEédrr aThoba new
of nuclear power reactors is a revolutionary type of reactors with innovative
fuel cycle technologieslhe main factors influencing the development of new
generation nuclear energy systems in the 21st century will be economics,
safety, proliferation resistance, and environmental protection, in addition to
improved resource utilization and reduced waste generation. Adding to
innovations designed to achieve improved fuel efficiency, there are other

20 The first EPR, Olkiluote8 in Finland, is under construction with commercial operation
expected initially to be in 2012. However, thdrave been a series of delays postponing
several times the initial year of initiating operation increasing the construction cost. Also,
Electricité de France has started construction of the second EPR at Flam&naitiee,
with completion anticipated byhe beginning of the 2010s but the completion of the
construction has been delayed several years for different reasons. AREVA has signed a
contract to supply two EPR nuclear power reactors at the Taishan site in China; these are
planned for entry into seice in 2014. AREVA is also working on a version of the EPR to
meet US requirements.

generatio
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issues which require innovativep@oaches, including high temperature
applications and designs for isolated or remote locations. According to IAEA
(2008), specific innovative development approaches that could lead to
improvements in efficiency, safety, and proliferation resistance ieclud
among other benefits:

Long life fuel with very high burup;

Improved fuel cladding and component materials;
Alternative coolant for improved safety and efficiency;
Robust and fault tolerant systems;

High temperature Brayton cycle power conversion
Thorium fuel design.

=A =4 =4 -4 -4 -4

Why a new generation of nuclear power reactors is needed? The answer is
the following: Generation IV initiative is the recognition that the current safety
features of Generation Ill and Generation IlI+ is not enough to convince public
opinion of several countries on the need to use nuclear energy for the
generation of electricity in the future, particularly after the nuclear accident in
the Fukushimaaiichi nuclear power plant. On the other hand, if the current
global nuclear capacityfaoughly 400 GWe is maintainedhen it will be
insufficient to reduce and stabilize g@missions to the atmosphere in the
longer term, particularly due to a foreseeable increase in the energy demand all
over the world. The increase in the energy demand group of countries
such as China, India, South Africa, Brazil, South Korea, and Russia, among
others will be high, and the use of different renewable energy sources for
electricity production in the coming years will not be enough to satisfy this
new demand. For this reason, the international communégds secure
sources of energy such as nuclear power, which could deliver the highest
power capacity in a manner which would be regarded astésngsustainable
and in the safest possible manner.

2 The Brayton cycle is used for gas turbines only where both the compression and expansion
processes take place in rotating machin€he Brayton cycle is made up of fomternally
reversible processessentropic compression (in a compressor); constant pressure heat
addition; isentropic expansion (in a turbine); and constant pressure heat rejection. All four
processes of the Brayton cycle are executed in steady flowedesio they should be
analyzed as steadipw processes.
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Generation IV Nuclear Power Reactors

The first fast breeder reactor in the world was Clementine at Los Alamos,
USA. The reactor was commissioned in 1946 and used plute23nm metal
form as fuel. The experimental breeder reactor (EBR Idaho, USA,
andher fast breeder reactor built in this country in 1951, was the first reactor
in the world to demonstrate how generation of electricity can be prodiyced
the fission process. EBRused high enriched uranium (HEU: + 20% uranium
235) metal containing (+09% uranium235) as fuel. Later in 1962, EBR
demonstrated breeding of plutonit#89 from uraniur238, for the first time
in the world.

According to the energy strategy of the Russian Federation, the
government approved a transition from the present waiefted thermal
reactors (WWER and RBMK) to fast breeder reactors with a closed fuel cycle
during the coming decades. In addition to sodium cooled fast reactoiis, lead
bismuth cooled fast reactor, namely BREST 300 and BREST 1 200, are being
studied. The Rusmn Federation has accumulated nearly four decades of
experience in nuclear submarine reactors cooled with Pb aiiil &loy and
has more than 125 reactpre ar s® operating experience with s
reactors. The experimental reactors-BRand BR60 and the commercial
reactor BN600 have been extensively used to lay the foundation of sodium
cooled fast reactors and its fuel cycle technology-@M, the only operating
commercial sodium cooled fast reactors in the world today, is in operation
since 1982 with a capacity factor exceeding?@4The design of BN80O is
based on the design features proven in the course of construction and operation
of the previous reactor BSOO.

The Dounreay Nuclear Power Development Establishment was started in
1955 pimarily to pursue the UK government policy of developing fast breeder
reactor technology. The Dounreay experimental fast reactor casdieeon
November 1959. The prototype fast reactor of 250 MWe achieved criticality in
1974 and began supplying powerJdanuary 1975. The output of the prototype
fast reactor was in operation up to 1994 and served as an invaluable test
facility for developing advanced fuel and cladding materials that performed
satisfactorily up to high burop and withstood high neutron @osBoth
reactors have been shut down. With regard to the future programme related to
fast breeder reactor and accelerator driven systems, the UK has been
participating in several develop programmes. The focus of these programmes
is on the incineration ofPin a fast breeder reactor core, and the incineration
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of minor actinides and long lived fission products. The UK covers the domain
of core physics, fuel performance modeling, and fuel cycle modeling.

In France, the first fast breeder reactor, Rapsodiearne operational in
1967 with mixed oxide fuel (MOX). Other fast breeder reactors used by
France for the generation of electricity are the Phenix and $ysrix.
France is firmly committed to nuclear power and has a constant nuclear power
production ofthe current fleet of thermal reactors (PWRs) until about 2025,
and thereafter a possible slight decrease (of abd4) L&til 2040, followed
by a constant supply of power. A license extension of current nuclear power
plants is taken into account that Geatem Ill+ reactors (advanced PWRS)
would replace retired nuclear power plants of the current generation in 2025,
and finally by around 2040 Generation IV reactors would be added. During the
past four decades, France has gained extensive industrial spatéeerce in
sodium cooled fast reactor fuel cycle with MOX fuielcluding fuel design,
fabrication, inreactor performance, reprocessing aethbricatingbased on
the lessons learned from Rapsodie, Phenix and $penix fast breeder
reactors.

According to U.S. DOE Nuclear Energy Research Advisory Committee
and the Generation IV International Forum (GfFthe main goals for the
Generation IV nuclear power reactors are the following:

1 Sustainability: Generation IV nuclear power reactors will provide
swstainable energy generation that meets clean air objectives and
promotes longerm availability of systems and effective fuel
utilization for worldwide energy production. It is expected that this
type of nuclear power reactors will minimize and manager thei
nuclear waste, notably reduce the ldagn stewardship burden,
thereby improving protection for the public health and the
environment, anavill improve resource utilization and the reduction
of nuclear waste generation;

1 Economics:lIt is expected thaGeneration IV nuclear power reactors
will have a clear lifecycle cost advantage over other energy sources
and will have a level of financial risk comparable to other energy
projects;

1 Safety and reliability: It is expected thatGeneration IV nuclear
power rector operations will surpass in safety and reliability aspects

2 The following countries and organizations are members of GIF: EURATOM, France, Japan,
the Republic of Korea and the USA.
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other nuclear power reactor designs and will have a very low
likelihood and degree of reactor core damage. It is expected also that
Generation IV nuclear power reactors will eliminate the rHeedff-

site emergency response.

1 Proliferation resistance and physical protection:t is expected that
Generation IV nuclear power reactors will increase the assurance that
they are a very unattractive and the least desirable routhvinsion
or theft of weaponausable materials for the production of nuclear
weapons, and will provide increased physical protection against acts
of terrorism.

According to different government sources, it is expected that Generation
IV nuclear power reactors may be avaiéafor commercial application before
2050.

Future nuclear power reactors must be designed so that during normal
operation or anticipated transients safety margins are adequate, accidents are
prevented, and offiormal situations do not deteriorate into esevaccidents.

At the same time, competitiveness requires a very high level of reliability and
performance. There has been a definite trend over the years to improve the
safety and reliability of nuclear power reactors, particularly after the Three
Miles Island, the Chernobyl and Fukushiiaiichi nuclear accidents, reduce

the frequency and degree of -sffe radioactive releases, and diminish the
possibility of significant reactor damage. Generation IV nuclear power
reactors must ensure high levels of safand reliability through further
improvements in their designs that are safer and that can reduce the potential
for severe accidents and their consequences to the environment and human
health to the minimum (DOE, 2002). The achievement of these ambitious
goals also requires high human performance and training as a major
contributor to the plant availability, reliability, inspectability, and
maintainability.

The following are the designs of Generation IV systems already under
development on the basis oétket of criteria that have been established:

Gas cooled fast reactor (GFR);

Lead cooled fast reactor (LFR);

Molten salt reactor (MSR);

Sodium cooled fast reactor (SFR);

Super critical water cooled reactor (SCWR);
Very high temperature gas reactor (VHTR)

=A =4 =4 -4 -8 -4
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The above six Generation IV system designs are very different and also
present different challenges that need to be solved in the ongoing research and
development programmes carried out now in several countries in order to have
all, or at least some dhem, available in the market as soon as pogaible
Some of these designs may still need significant additional research and
development work before they can be considered ready for the production of
electricity. The design and main features of the differ&eneration IV
systems are briefly described in the following paragraphs.

Gas Cooled Fast Reactor (GFR)

The GRF system uses helium coolant operating a Brayton power cycle to
generate electricity. The advantaged of the GFR system is its breeding
capalbities. Fertile uranium, as well as several other fissile fuels, can be used
without the need for neutron moderation. Due to the absorption properties of
the fuels responsive to the fast neutron spectrum, fuel can be produced in the
reactor over time, ulthately creating more fuel than what was originally
installed in the core.

The reactor core of the GFR has been redesign with the aim of
accommodating high temperature accident and fast neutron damage. This
redesign has certain advantages but also distalye: These are the
following

Advantages

1 Breeding capabilities;

1 Higher power density;

1 New fuel design.

Disadvantages

1 Low thermal conductivity of helium;

1 Fast neutron damage;
M Limited research.

BAccording to several expertso6 ®aidthe 6FRaret he
the alternative options.

SFR

S

t

he
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Source: DOE (2002).

Figure 10. Gagooled fast react@ystem (GFR).

Source: Richard Stainsby from AMEC.

Figure 11. GRF building.
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According to DOE (2002), the GFR system features a-niagtron
spectrum and closed fuel cycle for efficient conversion of fertile uranium and
management of actinides. A full &dtle recycle fuel cycle with arite fuel
cycle facilities is envisioned. The fuel cycle facilities can minimize
transportation of nuclear materials and will be based on either advanced
aqueous, pyrmnetallurgical or other dry processing options. The rezfee
reactor for this type of nuclear power reactor design is the 600 MWth (284
MWe) heliumcooled system operating in Russia and the USA with an outlet
temperature of 850° C using a direct Brayton cycle gas turbine for high
thermal efficiency (net effieincy: 486). Several fuel forms are being
considered for their potential to operate at very high temperatures and to
ensure an excellent retention of fission products: composite ceramic fuel,
advanced fuel particles, or ceramic clad elements of actinidparords. Core
configurations are being considered based on-opirplatebased fuel
assemblies or prismatic blocks.

According to experRichard Stainsbyhe GFR performance requirements
are the following:

1 Seltgeneration of plutonium in the reactor coreetosure uranium
resource saving;

1 Optional fertile blankets to reduce the proliferation risk;

7 Limited mass of plutonium in the reactor core to facilitate the
industrial deployment of a fleet of GFRs;

1 Ability to transmute longived nuclear waste resultingoin spent fuel
recycling, without lowering the overall performance of the system;

1 Favorable economics owing to a high thermal efficiency;

1 The proposed safety architecture fits with the objectives considering
the following elements: control of reactivityfite generation by
limiting the reactivity swing over the operating cycle; the coolant void
reactivity effect is minor; capacity of the system to cool the reactor
core in all assumed situations; provision of different systems
(redundancy and diversificatigrg refractory fuel element capable of
withstanding very high temperatures (robustness of the first barrier)
and confinement of radioactive materials.

The specific challenges of the GFR system are the following:

1 The greatest challenge facing the GFRteysis the development of
robust high temperature refractory fuels and core structural materials;
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1 This type of reactors must be capable of withstanding theora
thermal, mechanical, and radiation environment;

1 Safety and economic considerations demantbva reactor core
pressure drop, which favors high coolant volume fractions;

1 Minimizing the plutonium inventory leads to a demand for high fissile
material volume fractions;

1 Candidate compositions for the fissile compound include carbides,
nitrides, as welas oxides;

1 Favored cladding materials include: refractory metals and SiC for pin
formats and refractory metals and ceramic matrices (e.g. SiC, ZrC,
TiN) for dispersion fuels in a plate format;

1 High power density, low thermal inertia, poor conduction paid
small surface area of the reactor core conspire to prevent conduction
cooling;

1 A convective flow is required through the reactor core at all times. A
natural convection flow is preferred following shut down. This is
possible when the circuit is presgad.. Gas density is too low to
achieve enough natural convection. Power requirements for the
blower are very large at low pressure;

1 The primary circuit must be reconfigured to allow decay heat

removaf’. Main loop(s) must be isolated. Decay heat remaap(s)
must be connected across the core.

The technology base for the GFR system includes the following thermal
spectrum gas reactor power plants and a fewsfasttrum gasooled reactor
designs:

|l

The HTTR in Japan, which reached full power (30 MWthing fuel
compacts in 1999;

The HTR10 in China using pebble fuel.

A 300 MWth pebble bed modular demonstration power plant
designed for deployment in South Africa in the near future;

A 300 MWth GT-MHR design under development by a consortium of
Russian istitutes in cooperation with General Atomics.

% The reliability of the decay heat removal function is dependent on the reliability of the primary
circuit valves.
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It is important to stress that the design of the PBMR andMBIR reactor
systems, fuel, and materials are evolutionary advances of the demonstrated
technology already in used in some nuclear power reactoopdration in
some countries, except for the direct Braytguole helium turbine, and the
implementation of modularity in the plant design.

Finally, the GFR system may benefit from development of the above
mentioned technologies, as well as developmeimraivative fuel and very
high-temperature materials now under consideration for the VHTR. A phased
development path may be drawn from the thermal to thesfesttrum gas
cooled systenfd According to some expertso
conceptuhdesign of an entire GFR prototype system can be developed by
2019. The prototype system is envisioned as an international project that could
be placed in operation by 2025 (DOE, 2002).

Lead Cooled Fast Reactor (LFR)

The LFR system uses lead or leasthith as the primary coolant for
within the reactor core. It makes use of the fast neutron spectrum and a closed
fuel cycle. Small nuclear power reactors can be designed to handle 50 to 150
MWe, medium sized covering 300 to 400 MWe, and even a unit théd co
generate 1 200 MWe. This type of nuclear power reactor has been designed as
a modular configuration, this means that the components making up the plants
can me manufactured off site and brought in and pieced together. Each design
is rated for anywherom fifteen through thirty years of operation before any
kind of reevaluation or modification upgrade should be done.

The main technical issue of LFR is related to the protection of the
integrity of structural materials at high temperattirdhe thermal ycle that
has been therefore purposely selected with 400° C as core inlet temperature
to have sufficient margin above the lead freezing point and to avoid excessive
embrittlement of structural material in fast neutron fiuand only 480° C as

% |t is important to stress that the fast neutron reactor system is the only energy source which
generates electricity and breeds its own fuel.

% Lead has a high melting point (327.4° C) and a very high boiling point (1 745° C). The high
boiling point has a beneficial impact to the safety of the system, whereas the high melting
point requires new enggering strategies to prevent freezing of the coolant and blockage of
the circulation through the core. Lead is relatively corrosive towards structural materials
especially at high temperatures with a consequent necessity to control its purity carefully.
Due to its harsh environment coupled with high energy neutrons effects, an accurate choice
of materials is required. Among the components, the fuel cladding material is one of the
crucial issues.

opi
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mean coreoutlet temperature to mitigate corrosion, and to take advantages in
term of creep and reduced thermal shocks in transient conditions. The
drawback of such a thermal cycle is the need to increase the coolant flow rate
which impacts on the primary system éinsions. This is due to the low lead
velocities that can be achieved in order to reduce corrosion and erosion
phenomert.

Additionally, the use of a coolant with very high density combined with
large primary system makes the mechanical design challewgimgespect to
mechanical loads, particularly to seismic loads. Based on the above mentioned
considerations, a large effort has been made to design an innovative primary
system as compact as possible, to be accommodated in daigbitt reactor
vessel, his being a design feature considered basic for a robust design against
seismic loads. The result is a type of reactor with very short vessel (around 9
m high), whose feasibility is confirmed by the preliminary mechanical
analyses. This result, togethertlwwihe elimination of the intermediate loop,
opens the way to the feasibility of a competitive LFR (Tarantino et al, 2012).

The fuel to be used in this type of nuclear power reactor is uranium with
either metal or nitride. The lead leaves the reactor bet@een 550° C and
800°C. The lead alloy has low neutron absorption and slow down power which
facilitates natural circulation. The primary coolant loop operates unpressurized
which allows future designs employing passive safety.

The LFR system has been uged specifically for the electricity
generation. It can provide cheap and reliable energy because it will either be
seltsufficient or can employ the transuranic elements process for refueling.
The system also employs a range of new technologies withiplant. They
are the following:

Natural circulation;

Lift pumps;

Direct contact heat exchangers;
Direct contact steam generators.

= =4 =4 =4

" The technical risk associated with the corrosive behavitean does not readily permit, with
the present corrosion protection technology based on dissolved oxygen, assurance of the
ability to achieve the decad&mg lifetime of the higitemperature components normally
required for nuclear application. The omgssible outcome of this issue has been so far the
demonstration of the possibility to remove all the primary system components immersed in
lead and their replacement with spare components (Tarantino et al.,2012)
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It is important to stress that the use of LFR design will have a number of
advantages and disadvantages. These areltbeihg:

Advantages

1 Operates unpressurized removing potentialtdssoolant accident;

1 Fuel efficiency;

Capabilities in terms of nuclear materials management (thereby
mitigating proliferation risks);

Design can be manufactured off site and assembledewteeded:;

Design can be easily modified to operate with H

Reduced production of higlkvel radioactive waste and actinides;

Each design is rated for anywhere from fifteen through thirty years of
operation before any kind of reevaluation or modificatigggrade
should be done;

1 Long refueling interval between ten and twenty years.

=
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Disadvantages

1 Requires a great deal of research and development to become
available in the mark&t

1 New fuel needs to be analyzed for performance specification;

1 Component degh places new risks on outside manufacturers.

According to DOE (2002) and the International Forum Generation IV, the
LFR system can be used as a burner to consume actinides from spent LWR
fuel and as a burner/breeder with thorium matrices. An imporéattife of
the LFR is the enhanced safety that results from the choice of molten lead as a
relatively inert coolant. In terms of sustainability, lead is abundant and hence
available, even in case of deployment of a large number of LFR systems. More
importartly, as with other fast systems, fuel sustainability is greatly enhanced
by the conversion capabilities of the LFR fuel cycle.

% The needed research activities are iffiett and described in the System Research Plan
adopted in 2008 by the LFR Provisional System Steering Committee. It is expected that in
the future, the required efforts could be organized into four major areas of collaboration.
These areas are: systemegniation and assessment; lead technology and materials; system
and component design; and fuel developni&atantino et al, 2012)
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Source DOE (2002).

Figure 12. Leadooled fast reactor system (LFR).

It is important to single out that the LFR system washarily envisioned
for missions in electricity and hydrogen production and for actinide
management as well. Given its research and development needs in the areas of
fuels, materials, and corrosion control, a step process leading to industrial
deploymen of the LFR system has been envisioned: by 2025 for reactors
operating with relatively low primary coolant temperature and low power
density; and by 2035 for more advanced designs.

The preliminary evaluation of the LFR concepts considered by the LFR
Provisional System Steering Committee (PSSC) covers their performance in
the areas of sustainability, economics, safety and reliability, and proliferation
resistance and physical protection. The LFR concepts that are currently being
designed are two potype reactors:

1 The small secure transportable autonomous reactor (SSTAR),
developed in the USA;
1 The European leadooled system (ELSY), developed by the EC.

The SSTAR system is a small factdayilt turnkey plant operating on a
closed fuel cycle with very longefueling interval (fifteen to twenty years or
more) cassette core or replaceable reactor module. The current reference
design for the SSTAR system in the USA is a 20 MWe natural circulation
reactor concept with a small shippable reactor vessel (See RigurSpecific
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features of the lead coolant, the nitride fuel containing transuranic elements,
the fast spectrum core, and the small size combine to promote a unique
approach to achieve proliferation resistance, while also enabling fissie self
sufficiengy, autonomous load, following simplicity of operation, reliability,
transportability, as well as a high degree of passive safety features. Conversion
of the core thermal power into electricity at a high plant efficiency &6 #4
accomplished utilizing aupercritical carbon dioxide Brayton cycle power
converter.

The initial design of ELSY system is almost complete (See Figure 14).
The ELSY core is made up of 162 open square fuel assemblies arranged in
three radial zones with different levels of plutoniumrieghment: 56 fuel
assemblies in the inner zone with a plutonium enrichment &; B0 fuel
assemblies in the intermediate zavi¢th a plutonium enriciment of 17% and
56 fuel assemblies in the outer zomith a plutonium enricment of 19.9%

The fuel cyck management tentatively adopted is five years fuel residence
time and the refueling of 2b of the core each 1.25 years. The fuel assemblies
consist of 428 fuel pins arranged in a 21x21 square lattice.

The next step in its development is the researchdamdlopment testing
of several design innovations, in order to start with confidence the detailed
engineering design of a redueschle demonstration facility. The ELSY
reactor is rated at 600 MWe. This msite rating is the result of the fact that
plantsof the order of several hundred MWe are most economically attractive
for addition to the European interconnected grids. In addition, a larger plant
would require an increase mass of the lead coolant and would entail increased
mechanical loads on the reacvessel and its supporting structure.
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Figure 13. Conceptual 20 MWe (45 MWth) SSTAR system.
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Table 5. Key design data of SSTAR and ELSY systems

Ferretic/Martensitic
Stainless Steel

Parameters SSTAR ELSY
Power (MWe) 19.8 600
Conversion Ratio ~1 ~1
Thermal efficiency (%) 44 42
Primary coolant Lead Lead
Primary coolant circulation Natural Forced
(at power)
Primary coolant circulation Natural Natural
for direct heat removal
(DHR)
Core inlet temperature (° C) 420 400
Core outlet tempeature (° C) 567 480
Fuel Nitrides MOX (Nitrides)
Fuel cladding material Si-Enhanced T91 (Aluminized)

Peak cladding temperature 650 550

C)

Fuel pin diameter (mm) 25 10.5

Active core dimensions 0.976/1.22 0.9/4.32

Heigh/equivalehdiameter

(m)

Primary pumps - Mechanical,

integrated in the SG

Working fluid Watersuperheated
Supercritical C@ steam at 18 MPa,
at 20 MPa, 552°C 450°C

Primary/secondary heat Eight Pbto-H,O

transfer system Four Pbto-CG2 HXs SGs

Direct heat removal (DHR)

Reactor Vessel Air
Cooling System
+
Multiple Direct Reactor
Cooling Systems

Reactor Vessel Air
Cooling System
+
Four Direct Reactof
Cooling Systems
+
Four Secondary
Loops Cooling
Systems

Source: International forum Generatiby/.
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Figure 14. ELSY reference configuration at the end of 2008.

The choice of a midize reactor power suggested the use of forced
circulation to shorten the reactor vessel thereby avoiding excessive coolant
mass ad alleviating mechanical loads on the reactor vessel. Thanks to the
favorable neutron characteristics of lead, the fuel rods have been spaced
further apart than in the case of previous-fasitron cores that were built.
This and the innovative steam geaters with flat spirals tube bundle enable
the design of a low pressure loss primary loop. The needed pump head, in spite
of the higher density of lead could, therefore, be kept low (on the order of two
bars) with reduced requirement of pumping power.

The reactor module is designed to be factfalgricated and then
transported to the plant site. The reactor is cooled by natural convection and
sized between 120 and 400 MWth, with a reactor outlet coolant temperature of
550° C, possibly ranging up to 80@, depending upon the success of the
materials research and development. The system is specifically designed for
distributed generation of electricity and other energy products, including
hydrogen and potable water.

The technologies employed in the developtr&f this type of reactor are
extensions of those currently available from the Russian Alpha class
submarine PiBi alloy-cooled reactors, from the integral fast reactor metal
alloy fuel recycle and réabrication development, and from the advanced
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liquid metal reactor passive safety and modular design appro&otisting
ferritic stainless steel and metal alloy fuel, which are already significantly
developed for sodium fast breeder reactors, are adaptable-Bo dtmled
reactors at reactor outlet temperat of 550 C (DOE, 2002).

Finally, it is important to stress the following: the LFR research and
development plan incorporates two tracks of improvement leading to a single
joint demonstration facility by 2020. Separate designs for a small transportable
LFR with a long core life and a moderaieed LFR will be researched in the
demonstration facility.

The LFR system under consideration offer great promise in terms of the
potential for providing cost effective, simple and robust fast breeder reactor
conepts that are essential to letegm sustainability of the nuclear energy
option. Recent efforts, particularly in the development of the ELSY system,
have gone a long way toward verifying the advantages of lead cooled systems.
Clearly, additional work neadto be done, but overall, the prospects continue
to appear very positive. ELSY system aims at demonstrating the possibility to
design a fast breeder reactor using simple engineered technical features, whilst
fully complying with the Generation IV goals slistainability, economics,
safety, proliferation resistance and physical protection (Tarantino et al, 2012).

2 Research and design on the use of the-lBsmhuth eutectic (LBE) alloy as a coolant for
nuclear reactors was initiated ithe early 1950s in Russia for military submarine
propulsion. The first LBEcooled nuclear submarine was put into operation in 1963 and in
total fifteen units has been built including three land system reactors, plus one replacement
reactor for submarinesHowever, LBE has two major drawbacks. The first one is
represented by bismuth transmutation into highly radioactive polonium by neutron capture,
which limits the access to the reactor and requires extensive use of robotic systems. The
second one deals Witrecrystallization: LBE undergoes expansion in the solid state which
can damage the mechanical structures in case of freezing. In addition LBE has shown other
inconveniences such as formation of solid impurities, black dust and macroscopic slag with
congquent potential for filter and pipe occlusions, loop malfunctions, and cover gas piping
blockage. Recent experiences acquired by ENEA have shown that this does not occur with
pure lead (IAEA, 2011). For this reason, most of the civil reactor projectfogedein the
past years are based on pure lead as coolant. Among them, BERBSihd BRESTL200
have been launched in Russia; ELSY and itdutiams European leadooled fast reactor
(ELFR) and the advanced lead fast reactor (European DemonstratdpemRB ALFRED)
have been proposed in the framework of European projects, and SSTAR in USA. LBE is
mainly reserved to experimental reactors becadigbe lower freezing temperature when
compared to lead and for the large power density that can be obtained even at low operating
temperature (Tarantino et al., 2012).



Table 6. LFR potential performance against the four goal areas and the eight goals for Generation 1V

Generation
IV Goal
Areas

Goals for Geneiation
IV Nuclear Energy
Systems

Goals achievable via

Inherent features oflead

Specific engineered solutions

Sustainability

Resource utilization

Waste minimization
and management

1 Lead is a low moderating medium

1 Lead has low absorption cressction

1 This enables a core with fast neart
spectrum even with a large coolant fractio

1 Conversion ratio close ta 1

1 Great flexibility in fuel loading
including homogeneously diluted
minor actinides

Economics Life cycle cost 1 Lead does not react withater. 1 Reactor pool configuration
1 Lead does not burn in air 1 No intermediate coolambops
1 Lead has a very low vapor pressure 9 Compact primary system
1 Lead is inexpensive 1 Simple design of the reactor internals
1 Supercritical water (higkfficiency).
Risk to capital 9 Small reactor size
(Investment 1 Potential for invessel replaceable
protection) components
1 Longrefuelingcycle
Safety Operation will excel | Lead as: 9 Primary system at atmospheric
and in safety and 1 Very high boiling point pressure
reliability reliability. 1 Low vapor presure fLow cool ant @T be
1 High shielding capability for gamma outlet

radiation
1 Good fuel compatibility and fission produc
retention

Low likelihood and
degree of core
damage

Lead as:
1 Good heat transfer characteristics

1 Large fuel pin pitch
1 Natural circulation cooling (small
system)




Table 6. (Continued)

Generation
IV Goal
Areas

Goals for Generation
IV Nuclear Energy
Systems

Goals achievable via

Inherent features of Lead

Specific engineered solutions

1 High specific heat and thermal expansion
coefficient

1 Core with inherent negative reactivity
feedback

9 Decayheatremoval (DHR)in natural
circulation

9 Primary pumps in the hot collector
(moderate or large- size system)
DHR coolers in the cold collector

No need for offsite
emergency response

1 Lead density is close to that of fuel
(considerably reduced risk of-ggiticality in
case of core melt)

1 Lead retains released fission products

Proliferation
resistance
and
physical
protection

Unattractive route for
diversion of weapon
usable material

1 Lead system neutronic enables long core
life.

1 Small system features sealémhg-life
core

1 Use of a MOX fuel containing minor
actinides increases proliferation
resistance

Increased physical
protection against act
of terrorism

1 Primary coolant chemically compatible wit
air and water operating at ambient pressu

1 Simplicity in design

1 Independent, redundant and diversifig
DHR loops

1 No use of reactive or flammable
coolant materials

Source: Iternational forum Generation V.



Table 7. Summary of key issues, proposed strategies and research and development needs

Gie;ﬁ;al Specific issue Proposed strategy and needs in research and development
Lead Lead purification Technology for the purification of large quantities of lead to be confirmed.
technology Oxygen contral Extend oxygen control technology to pure leadpool reactors.

Materials Material corrosion Selection of a low core outlet temperature for initial reactor design.

resistant to
corrosion on
lead

Reaction vessel corrosion

Fuel cladding

Reactor internals
Heat removal

Pump impeller

Development of new materials for service at temperature up to 650° C.
Vessel tenperature limited by design to about 400° C.

1515Ti.
Selection of aluminized surface treated steel for cladding.

Materials protected by oxygen control

Confirmation of the suitability of aluminizedestls for steam generator to avo
lead pollution and heat transfer degradation.

Test of innovative materials at high lead speed.

Potentially Earthquake Reactor building built with 2D seismic isolators + short ssel design.
high SGTR accident Prevention by design of:
mechanical 1 Steam entrainment into the core.
loading 1 Reactor vessel pressurization.

1 Pressure wave propagation across the primary system.
Main safety | Diversified, reliableand Use of both atmosgtic air and pool water.
functions redundant DHR

Diversified, reliableand
redundant reactor shut
down system

Confirmation of operation of diversified solutions is needed.




Table 7. (Continued)

Giigﬁ;al Specific issue Proposed strategy and needs in research and despment
Special Refueling Innovative solutions are proposed for ELSY with refueling machine operat
operation in gas.

ISI and repair

Reduction by design of the need for ISI.
Operation of device at ~400°C in lead need to be verified.

Fuel and core
design

Fuel selection

Leadfuel interaction
Failed fuel detection

Needs of apropriate
computer codes

Use of MOX for LFR shortterm deployment.

MA bearing fuel and higitourn fuels to be developed in synergy of SFR
To be assessed.

New solutions need to be investigated.

Verification and validation of new CFD codes, thermic hydraulic SC and
neutronic codes for LFR applications.

Development verification and validation of correlations and models that de
with lead chemical behavior.

Source: Taratino and others (2012)
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Molten Salt Reactor (MSR)

MSR system was first developed in the late 1940s and 1950s for aircraft
propulsion. The aircraft reactor experiment (ARE) in 1954 demonstrated high
temperatures (815C) and established benchmarks infpenance for a
circulating fluoride molten salt system. The MSR experiment demonstrated
many features, including:

A lithium/ beryllium fluoride salt;

Graphite moderator;

Stable performance;

Off-gas systems;

Use of different fuels, including uraniu#85 uranium233, and
plutonium.

=A =4 =4 -4 =4

A detailed 1 000 MWe engineering conceptual design of a MSR system
was developed. Many issues relating to the operation of MSRs as well as the
stability of molten salt fuel and its compatibility with graphite and Hastelloy
N* were already resolved (DOE, 2002). Significant progress was achieved in
2009 in the development of the MSR system. This included:

1 Development of MSFR preonceptual design and performance
analysis of MSFR potential for starting with plutonium and minor
actinides from PWRs wastes;

1 Laboratory scale processing of -Wi-Cr alloys was recently
demonstrated. The alloys were found to have acceptable workability
and very good high temperature hardness (Aegeal, 2009). The
whole potentialities of these kiacbf materials as well as Hastelloy
N* have yet to be tested and characterized over the full range of
temperatures and the presencef the fluoride salts;

1 Corrosion tests of Nbased alloys (Fabret al., 2009 and Ignatieet
al., 2008a);

1 Better undermnding of the Pufsolubility in various carrier salts by
means of ther mocheeaml®WI);, model i ng

%0 Hastelloy N° is a nickelbase alloy that was invented at Oak Ridge National Labdeator
the USA as a container material for molten fluoride salts. It has good oxidation resistance to
hot fluoride salts in the temperature range betweeAG@hd 871<T.

(Beneg
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1 The material property database for molten and liquid salts was
extended through experiments and theoretical calculations. New
experimental faitities were and continue to be developed,;

1 Significant improvement of fuel salt cleaip scheme;

1 The optimal core configuration and salt composition of a moderated
MSR system that maximize the power density while keeping the self
breeding capabilities weffeund. New breeding gain definitions were
developed that account for the unique behavior of the MSR system.
Some preliminary studies on the salt composition were published in
2008(Nagyet al, 2008);

1 Better understanding of the transmutation capabilitigmamics and
safetyrelated parameters, for fertile and ferfitee fuel concepts
(Ignatievet al, 2008b);

1 Demonstration of fluorideooled hightemperature reactor (FHR)
performance and safety;

1 Construction of a fluoride salt test loop was initiatethie USA,;

1 An FHR component test plan was completed in the USA (Holatmb
al, 2009). The test plan provides a roadmap to the major technical
demonstrations required to enable a test scale FHR to be built;

1 Construction of a surrogate material compact istegffect test
apparatus in support of a test scale FHR was initiated. The new
apparatus is intended to demonstrate the coupled thermal hydraulics
response of FHRs to transients including loss of heat sink and loss of
forced circulation.

1 Criticality testsfor the assessment of FHR fuel and core behavior in
the USA and the Czech Republic were carried out successfully in
these two countries.

In a MSR system, the fuel is dissolved in a fluoride salt coolant. Prior
MSR systems were mainly considered as themeatronspectrum graphite
moderated concepts. Since 2005, research and development has focused on the
development of fasspectrum MSR concepts (MSFR) combining the generic
assets of fast neutron reactors (extended resource utilization and waste
minimizaion) to those relating to molten salt fluorides as fluid fuel and
coolant (favorable thermdlydraulic properties, high boiling temperature, and
optical transparency). In addition, MSFRs exhibit large negative temperature
and void reactivity coefficientsa unique safety characteristic not found in
solidfuel fast reactors (Mathieu at, 2009). MSFR systems have been
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recognized as a loAgrm alternative to soliflelled fast neutron systems with
unique potential (negative feedback coefficients, smdisite inventory, easy
in-service inspection and simplified fuel cycle, among others.).

Taking advantage of technology available since the 1960s, the MSR
system has been designed for a plethora of uses. From commercial power
plants to nuclear powered bber aircraft, the MSR system has the advantage
of low pressure operation with higher core heat transfer. This allows for a
reduced reactor size with fewer pumps and pipes operating at higher
efficiencies. There are two proposals for the MSR designs:

1 Molten salffueledreactors;
1 Molten saltcooledreactors.

The chemical characteristics of molten salts demand constant reprocessing
and purification. Fluoride salts react with water, creating hydrofluoric acid,
which is incredibly corrosive. The reprocessiisgadvantageous in that it
removes fission products, increasing the neutron economy of the reactor. The
safety advantages (retention of fission products, lower risk of explosion, and
less risk of departure from nucleate boiling), combined with the higher
efficiencies associated with higher operating temperatures, encourages the new
design proposald.he main advantages and disadvantages of the MSR system
are the following:

Source DOE (2002).

Figure 15. Molten salt reactor system (MSR).



