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FOREWORD

There is a renewed interest in Member States in the development and application of small and
medium sized reactors (SMRs). In the near term, most new NPPs are likely to be evolutionary
designs building on proven systems while incorporating technological advances and often the
economics of scale, resulting from the reactor outputs of up to 1600 MW(e). For the longer
term, the focus is on innovative designs aiming to provide increased benefits in the areas of
safety and security, non-proliferation, waste management, resource utilization and economy,
as well as to offer a variety of energy products and flexibility in design, siting and fuel cycle
options. Many innovative designs are reactors within the small-to-medium size range, having
an equivalent electric power less than 700 MW(e) or even less than 300 MW(e). The
projected timelines of readiness for deployment are generally between 2010 and 2030.

The objective of this report is to provide Member States, including those just considering the
initiation of nuclear power programmes, and those already having practical experience in
nuclear power, with a balanced and objective information on important development trends
and objectives of innovative SMRs for a variety of uses, on the achieved state-of-the-art in
design and technology development for such reactors and on their design and regulatory
status.

The report is intended for many categories of stakeholders, including regulators, electricity
producers, designers, non-electrical producers and policy makers.

The main chapters of this report, addressed to all abovementioned groups of stakeholders,
provide a summary of major specifications, applications and user-related special features of
innovative SMRs, outline the achieved design and regulatory status and its progress since
previous IAEA publications, review targeted deployment dates, fuel cycle options, design
approaches used to meet design objectives in specific subject areas, enabling technologies and
current research and development (R&D) programmes in Member States, and non-technical
factors and arrangements that could facilitate successful development and deployment of
innovative reactors within the small-to-medium power range.

The annexes, intended mostly for designers and technical managers, provide detailed design
descriptions of innovative SMRs under development worldwide and are patterned along a
newly developed common format, which makes it possible to identify the design philosophy,
objectives and approaches, as well as technical features and non-technical factors and
arrangements with a potential to provide solutions in the specific areas of concern associated
with future nuclear energy systems.

Detailed design descriptions in this report were prepared firsthand by the designers and
reviewed, updated and approved for publication by the respective vendors, research and
design organizations and academic institutions in Member States.

The scope of this report is limited to reactors with conventional, proven in operation
refuelling schemes and does not include small reactors that could operate without reloading
and shuffling of fuel for a long period, from 10 years and more, with no fresh or spent fuel
being stored at the site during reactor operation. Because of a large number of inputs, such
reactors would require a separate dedicated publication.

The TAEA officer responsible for this publication was V. Kuznetsov of the Division of
Nuclear Power.



EDITORIAL NOTE

The papers in these proceedings are reproduced as submitted by the authors and have not undergone
rigorous editorial review by the IAEA.

The views expressed do not necessarily reflect those of the IAEA, the governments of the nominating
Member States or the nominating organizations.

The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (Whether or not indicated as registered) does
not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA to reproduce,
translate or use material from sources already protected by copyrights.
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1. INTRODUCTION
1.1. Background
1.1.1.  Developments in Member States

In the early decades, civil nuclear power essentially borrowed from the experience of nuclear
submarine reactors, which came first and were essentially small sized reactors. Since 1970s,
the major focus for nuclear power was on the design and construction of nuclear plants of
increasing size, with average size levelling out at about 1000 MW(e) with a tendency for
further increase. This was and is generally appropriate for many industrialized countries,
which could add generation capability to their electrical grids in larger increments and benefit
from the construction costs reduced due to scale factor. However, it might be not appropriate
for many developing countries that have small electricity grids, limited capacity for
investment and less developed infrastructure.

At the time when this report was prepared (in 2005), 146 small and medium sized reactors'
(SMRs) were operated worldwide, accounting for 61 GW(e) of electricity generation, and 12
more were under construction’. These were mostly earlier generation reactors still in
operation and a few prototype or tests reactors, intended to support development and
deployment of new larger-capacity commercial plants. Their share in worldwide nuclear
electricity production was around 16.5%.

All analyses and forecasts of global energy needs project large increases in the century ahead.
For example, a projection from the International Panel on Climate Change [2] indicates that
primary energy demand in the world may double by 2050, see Fig. 1.

Many analyses reach the conclusion that nuclear energy has a strong role to play, particularly
if the goal is truly sustainable development3, not just temporary economic growth. For
example, the IPCC projection [2] indicates a 2.5 times median growth of nuclear power by
2030, see Fig. 2. The IAEA’s Nuclear Technology Review (2005 update) [5] projects a 34%
to 86% increase of nuclear generation by the year 2030.

The trends in the world at large contributing to increased expectations of the future role of
nuclear power, as identified in the Medium Term Strategy of the IAEA [6], are the following:

e The use of nuclear technologies in developing countries is growing as local
infrastructures improve and technology transfer increases;

e As the demand for electricity continues to increase and the drive for sustainable
development gains momentum, the need to exploit energy sources with limited
environmental impacts (in particular to meet commitments made in connection with
the Kyoto Protocol) could revitalize the nuclear power option.

' According to the classification adopted by the IAEA, small reactors are reactors with the equivalent electric
power less than 300 MW, medium sized reactors are reactors with the equivalent electric power between 300 and
700 MW.

% These data as of June 2005 are derived from the IAEA’s Power Reactor Information System [1].

3 According to the definition adopted by the Generation-IV International Forum [4], “sustainability is the ability
to meet the needs of the present generation while enhancing the ability of future generations to meet society’s
needs indefinitely into the future”. According to the definition adopted by the IAEA’s International Project on
Innovative Nuclear Reactors and Fuel Cycles (INPRO) [3], sustainable development is the “development that
meets the needs of the present without compromising the ability of future generations to meet their own needs”.
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FIG. 1. Range of future primary energy demand in SRES scenarios, 2000-2050.
Solid line represents median [2, 3].
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FIG. 2. Range of nuclear power in SRES scenarios, 2000—2050.
Solid line represents median [2, 3].

The principal drivers behind projected large increase in global energy needs are population
growth and economic development in today’s developing countries [2]; therefore, in defining
pathways for nuclear power it is important to address the specific needs of such countries.
These needs may vary between different groups of developing countries, but are often defined
by weak electricity grids and insufficient infrastructure [7]. Certain areas in some developing
countries suffer from the deficiency of potable water [8]. Legal, institutional and human
resource provisions for nuclear power are in many cases insufficient [9]. Many developing
countries suffer from corruption and poverty, which fosters political instability and makes
them an attractive domain for international terrorism. A transfer of traditional nuclear power
and, especially, nuclear fuel cycle technologies to such countries would apparently pose a
proliferation risk.
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At present, there is no general consensus on the future role SMRs. A balanced view is that
SMRs are an option, not a universally best option that will suit in all cases. In a longer term,
similar view generically applies also to large-capacity reactors.

Large utilities with a big grid size will still favour large units for reasons of the economy of
scale. In order to cope with economics of scale, SMRs have to incorporate specific design
features that result into reduced complexity of the overall plant design, modularization and
mass production.

On the other hand, many developing countries have small electricity grids and limited
turnover of capital in the energy market, which means that under liberalized energy markets
SMRs may become the only affordable nuclear power option for such countries. It’s the
absolute and not specific overnight capital cost of the plant that matters in this case.

In industrialized countries, the market deregulation and resulting competition drives the
utilities toward shorter time of capital recovery and lower financial risks, which could perhaps
be achieved by enabling the incremental capacity addition to a network that would match the
incremental increase of demand. On the other hand, an essential simplification of plant
operating and maintenance requirements may be requested to justify for, say, the reduced
number of control rooms at a site with several modular reactors.

Some SMRs offer the possibility of very long core lifetimes with reduced core power density,
burnable absorbers or high conversion ratio in the core. An infrequent refuelling interval may
provide certain guarantees of sovereignty for those countries that have a less developed
infrastructure and would prefer to lease fuel rather than master an autonomous fuel cycle [7].
SMRs are also the preferred option for near-term (desalination of seawater or district heating)
and advanced (e.g. hydrogen production) process heat applications [7].

Some countries such as Canada, the USA and the Russian Federation have low populated Far
North areas with severely cold climatic conditions and permanent frost, complicating the
transport of fossil fuels and resulting in the cost of energy being several times higher than in
the rest of the country. Small autonomous nuclear reactors for electricity generation and
district heating are viewed as a secure and perhaps competitive option of energy supply in
such regions [7].

Last but not least, reflecting on the experiences of other industries, such as an aircraft or a
motorcar industry as well as electricity production from fossil fuels, an observation could be
made that ‘one size fits for all” approach never works.

More than 50 concepts and designs of innovative’ SMRs are under development in more than
15 TAEA Member States representing both industrialized and developing countries [7].

Innovative SMR designs are under development for water cooled, gas cooled, liquid metal
cooled and molten salt cooled reactor lines, as well as some non-conventional combinations
thereof. The targeted timelines of readiness for deployment vary between 2010 and 2030; the
major concerns addressed by the innovation cover a broader spectrum of subject areas as
compared to the operating and near term evolutionary NPPs, see Table 1. Such extended
consideration is apparently due to the anticipated growth and geographical expansion of
nuclear power.

* The IAEA-TECDOC-936 [13] defines an innovative design as the design “that incorporates radical conceptual
changes in design approaches or system configuration in comparison with existing practice” and would,
therefore, “require substantial R&D, feasibility tests and a prototype or demonstration plant to be implemented”.



TABLE 1. SUBJECT AREAS FOR INNOVATIVE SMRs [7]

SUBJECT AREAS CONSIDERED BY DESIGNERS OF INNOVATIVE
SMRSs

SOLUTIONS PROPOSED (EXAMPLES)

Economics and maintainability

Incremental capacity increase through
modular approach; design standardization

and mass production; reduced design
complexity and simplified operational
requirements achieved through strong

reliance on passive safety design options.

Safety and reliability

Strong reliance on passive safety design
options: inherent and passive safety features,
reliable passive systems; finding an effective
combination between passive and active
systems, etc.

Proliferation resistance and physical protection

Broader reliance on intrinsic proliferation-
resistance features, specifically, to facilitate
implementation of the extrinsic measures
such as safeguards.

Resources, waste management and environmental impacts

Improved fuel utilization, e.g. achieved
through higher fuel burn-up or recycling;
clearly defined strategies of spent nuclear
fuel and waste management; design features
to reduce off-site emergency planning.

Applications

Generation of electricity, district heating,
production of potable water, hydrogen etc;
various cogeneration options, including
purposeful use of the reject heat.

User-related special features

Modular approach to reactor design and/or
fabrication and construction; transportability

(e.g. floating NPP options); infrequent
refuelling; flexible design, siting and
applications.

Fuel cycle options

Flexible fuel cycle options, e.g. once-through
use or recycling of U, Pu and Th fuel;
centralized (e.g. regional) fuel cycle services.

Enabling technologies

An enabling technology is the technology
that needs to be developed and demonstrated
to make a certain reactor concept viable.
Upon a diversity of SMR designs, it may be
useful to identify enabling technologies that
are common to several SMR designs and,
therefore, could benefit from being
developed on a common or shared basis.

Tailoring designs to specific market needs;
considering SMRs as part of innovative

Non-technical factors and facilitate

deployment

arrangements  to

Marketing strategy and deployment scenarios nuclear energy systems; figuring out
deployment strategies on the basis of
dynamic system simulations.

International  cooperation;  infrastructure

developments to support centralized fuel
cycle services or NPP leasing; guarantees of
sovereignty to countries that would prefer to
lease fuel; reciprocity of licensing/ design
certification regimes between countries;
simplified licensing procedures, e.g. license-
by-test and reduced or eliminated off-site
emergency planning.




Reflecting on the developments in Member States, the IAEA’s Medium Term Strategy [6]
defines one of the IAEA’s objectives as the following:

“Providing a forum for, and encouraging, the review of developments associated with new
nuclear power and fuel cycle technologies, including:

e Small and medium size reactors for electricity generation and heat production.

e Co-generation and heat applications, including seawater desalination.

e New technological developments relevant to competitiveness, safety and efficiency.
e Improving proliferation resistance in reactors and associated fuel cycles.

e Reduction of radioactive waste arisings.”
1.1.2.  Previous IAEA publications

Upon the advice and with the support of IAEA Member States, the IAEA provides a forum
for the exchange of information by experts and policy makers from industrialized and
developing countries on the technical, economic, environmental, and social aspects of SMRs
development and implementation in the 21* century, and makes this information available to
all interested Member States by producing status reports and other publications dedicated to
advances in SMR technology [10, 11].

In the field of SMRs, the last status report published was IAEA-TECDOC-881 [10], issued in
1995. Since that time many developments took place; for some designs the development
activities have resulted in a significant progress towards detailed design and licensing, while
for the others development activities for whatever reasons have been stopped. Many new
developments for innovative SMRs have originated and progressed since that time.

A more recent review of the progress of evolutionary and innovative SMRs, issued in 2001,
can be found in [11]. It is noted that this publication belongs to the category of proceedings
and, therefore, provides the summaries and descriptions of SMRs in an unevenly structured
form, generally as found appropriate by the authors.

In 2001-2002, the International Energy Agency (IEA), the OECD Nuclear Energy Agency
(OECD/NEA) and the TAEA have been conducting a joint project to examine R&D needs on
the innovative nuclear fission reactor technologies and to explore the potential for enhanced
international collaboration in developing these technologies. This project, called “Three
Agency Study” [12], also intended to highlight how new reactor designs are addressing the
issues currently rated as critical for further deployment of nuclear power and, to this end, it
has defined an approach partially similar to that used in the present report. At the same time,
the “Three Agency Study” was neither a dedicated publication on SMRs nor presented their
technical descriptions as detailed as provided for by a status report.

With these developments in mind, the IAEA recommended preparation of a new status report
on innovative SMRs, with a focus on their potential to provide solutions in the specific areas
of concern associated with future nuclear energy systems. To support the preparation of this
report, an IAEA technical meeting on Innovative Small and Medium Sized Reactors: Design
Features, Safety Approaches and R&D Trends was held on 7-11 June 2004 in Vienna, and its
final report was published as IAEA-TECDOC-1451 in May 2005 [7]. This TECDOC presents
a variety of innovative water cooled, gas cooled, liquid metal cooled and non-conventional
SMR designs developed worldwide and examines the technology and infrastructure
development needs that may be common to several concepts or lines of such reactors. Both,
the technical meeting and the IAEA-TECDOC-1451 provided recommendations on the
objectives, structure, scope and content of this report.



1.2. Objectives

The general objective of this report is to provide Member States, including those just
considering the initiation of nuclear power programmes, and those already having practical
experience in nuclear power, with a balanced and objective information on important
development trends and objectives of innovative SMRs for a variety of uses, on the achieved
state-of-the-art in design and technology development for such reactors and on their design
and regulatory status.

The specific objectives of this report are the following:

(1) Through direct cooperation with the designers in Member States, to define, collate and
present the state-of-the art in the design objectives, design approaches and technical
features of innovative SMRs making a focus on their potential to provide solutions in
the following subject areas, important for future nuclear energy systems:

e Economics and maintainability;

e Safety and reliability;

e Proliferation resistance and physical protection;

e Resource utilization, waste management and environmental impacts;
e Fuel cycle options;

e Applications;

e User-related special features;

e Enabling technologies; and, when possible

e Marketing strategy and deployment scenarios.

(2) To identify non-technical factors and arrangements that could facilitate development
and deployment of innovative SMRs;

(3) To provide a technical and information background to assist the designers of innovative
SMRs in defining consistent design strategies regarding the selected subject areas;

(4) To provide various categories of stakeholders in Member States, including regulators,
electricity producers, designers, non-electrical producers and policy makers, with a
balanced and objective summary information on the application potential, development
status and prospects of innovative SMRs;

(5) To provide an information support to high-level technical managers and policy makers
in Member States who are planning to assess innovative SMRs projects with a potential
of deployment between 2010 and 2030.

1.3. Scope

The structure and scope of this report were defined through a series of consultants and
technical meetings [7], with the support from the IAEA Technical Working Groups (TWGs)
on advanced water-cooled, gas-cooled, and fast reactors and accelerator driven systems, SMR
designers in Member States and the International Coordinating Group (ICG) of the IAEA’s
International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO).

No limits were set regarding innovative SMR types, so that the report includes design
descriptions and summaries of water-cooled, gas-cooled, liquid metal cooled, and liquid salt
cooled designs. The upper limit for targeted deployment dates was set at roughly 2050, and it
was generally accepted that some innovative SMRs might be just at the conceptual or even
pre-conceptual design stage. Regarding the objectives of this report, which addresses



innovative SMRs targeted for deployment between 2010 and 2050, bringing out as many
design approaches as possible was rated useful to foster their further adjustment,
modification, merging and transformation and, perhaps, the origination of new concepts and
designs of innovative SMRs that might better fit the requirements to future nuclear energy
systems, e.g. [3, 4].

It was agreed that, in order to be present in the report, an SMR concept should be clearly
defined in main parameters and supported by at least a preliminary set of analyses in major
areas. Another requirement was that an innovative SMR concept should be ‘alive’. With an
understanding that many efforts for innovative reactors are nowadays financed unevenly, the
word ‘alive’ was used to identify that at the time when this report was prepared, there was at
least a research team with particular R&D experience willing to continue design and
technology development for a given innovative SMR concept.

To collect information on innovative SMRs, a new common outline for design descriptions
was developed, which provides for a structured description of the features and anticipated
performance of an innovative SMR in all considered subject areas, see Appendix 1. Reflecting
on the fact that some innovative SMRs may be at a design stage too early to provide all data
requested, a shorter version of the outline was developed also, see Appendix II.

The designers in Member States were then contacted with an offer of participation in this
report and informed about its objectives and the approach to be used in its preparation.
Specifically, the designers were informed about the adopted definition of innovative designs
(see Chapter 2 and [13]) and the design description outlines to be applied.

In response to the abovementioned activity, 54 descriptions of innovative SMR designs were
collected from Member States by mid 2005. Of them, 26 innovative SMR concepts presented
reactors with the so-called conventional, i.e. proved-in-operation refuelling schemes, such as
refuelling in batches, or on-line refuelling, or pebble transport. Twenty-eight descriptions
presented small reactors without on-site refuelling, i.e. the reactors that can operate without
reloading and shuffling of fuel for a reasonably long period, from 5 to 30 years and more,
with no fresh or spent fuel being stored at the site during reactor operation. For such reactors,
whole core refuelling is performed once-at-a-time, either at a factory to which the reactor is
transported after its fuel lifetime expires, or at the site with the use of special remote
refuelling equipment that is moved away immediately after the refuelling is accomplished.

Small reactors without on-site refuelling, defined and addressed in more detail in [7], have a
common incentive, which is to provide certain guarantees of sovereignty to those countries
that would prefer to lease fuel from a foreign vendor or, perhaps, an international fuel cycle
centre. Small reactors without on-site refuelling have common technology and infrastructure
development issues related to the provision and qualification of reliable long-lived core
operation, in-service reactor inspection and maintenance, and whole core remote refuelling
and transportation. The timeline of readiness for deployment is generally more remote for
such reactors. Because of a large overall number of inputs, it was decided to limit the scope of
this report by innovative SMRs with conventional refuelling schemes. Small reactors without
on-site refuelling could then be addressed in future IAEA publications.

In the abovementioned way, twenty-four full and 2 short design descriptions of innovative
SMRs with conventional refuelling schemes were selected for this report. All design
descriptions, included as Annexes I through XXVI, were reviewed and approved for
publication by their respective designers (representatives of vendors, research and design
organizations and academic institutions in Member States).

Since the design description outline provides for a justification of why a particular SMR could
be rated as innovative (see the definition of an innovative design in Chapter 2), the decision
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on whether to include a certain SMR in this report was generally left up to the designers, who
also provided the corresponding justifications.

1.4. Structure

The report includes an introduction, 6 chapters, 3 Appendices and 26 Annexes.

The introduction (Chapter 1) describes the background and identifies the objectives, the scope
and the structure of this report.

Chapter 2 collates the definitions and terms used in this report. The outlines (formats) used in
the preparation of design descriptions for this report as enclosed as Appendices II and 1.

Chapter 3 gives a summary table of SMR concepts and designs addressed in this report, and
also identifies the designs that were not included. For SMR designs addressed in this report,
this chapter provides a review of:

e Major specifications and applications.
e User-related special features.
e Targeted deployment dates.

e Achieved design and regulatory status and its progress since previous [AEA
publications.

e Fuel cycle options.

e The sources of additional information.

Chapter 4 summarizes the design approaches and technical features that define innovative
SMRs’ performance in the subject areas of economics, sustainability (resource utilization,
waste management, environmental impacts), safety, proliferation resistance and physical
protection. Short reviews in this section, based on the information provided in the Annexes,
are structured according to the reactor types.

Chapter 5 reviews the enabling technologies for innovative SMRs with a focus on further
necessary R&D. The crosscut tables of ongoing and planned R&D and a crosscut table of the
available and planned test facilities are given in Appendix III.

Chapter 6 summarizes the non-technical factors and arrangements that, in view of designers,
could facilitate successful development and deployment of innovative SMRs, and reviews the
deployment strategies as outlined in the design descriptions of Annexes [-XXVI.

As a conclusion, Chapter 7 provides a review of the on-going programmes for innovative
SMR development in Member States.

Annexes [-XXVI present the contributions from Member States — structured design
descriptions of the innovative water cooled, gas cooled, liquid metal cooled and
non-conventional SMRs.

2. DEFINITIONS, TERMS AND FORMATS FOR SMR DESIGN DESCRIPTION
2.1. Definitions and terms
2.1.1. Small and medium sized reactors (SMRs)

According to the classification currently in use in the IAEA, small reactors are reactors with
the equivalent electric power less than 300 MW, medium sized reactors are reactors with the
equivalent electric power between 300 and 700 MW [7, 14].



2.1.2.  Innovative design

IAEA-TECDOC-936 “Terms for describing new, advanced nuclear power plants” [13]
defines an advanced design as a “design of current interest for which improvement over its
predecessors and / or existing designs is expected. Advanced designs consist of evolutionary
designs and designs requiring substantial development efforts”.

Evolutionary design is an advanced design that “achieves improvements over existing designs
through small to moderate modifications, with a strong emphasis on maintaining design
proveness to minimize technological risks”.

Innovative design is a design “that incorporates radical conceptual changes in design
approaches or system configuration in comparison with existing practice” and would,
therefore, “require substantial R&D, feasibility tests and a prototype or demonstration plant to
be implemented”.

2.1.3.  Safety related terms

Definitions from [AEA safety standards

The formats (outlines) for SMR design description, provided in Section 2.2, were developed
keeping in mind the following consensus definitions taken from the IAEA safety standard
NS-R-1 [15]:

ACTIVE COMPONENT. A component whose functioning depends on an external input such as
actuation, mechanical movement or supply of power.

PASSIVE COMPONENT. A component whose functioning does not depend on an external input
such as actuation, mechanical movement or supply of power.

Plant equipment (see Fig. 3).

SAFETY SYSTEM. A system important to safety, provided to ensure the safe shutdown of the
reactor or the residual heat removal from the core, or to limit the consequences of anticipated
operational occurrences and design basis accidents.

PROTECTION SYSTEM. System which monitors the operation of a reactor and which, on sensing
an abnormal condition, automatically initiates actions to prevent an unsafe or potentially
unsafe condition.

Plant states (see Fig. 4).
NORMAL OPERATION. Operation within specified operational limits and conditions.

POSTULATED INITIATING EVENT. An event identified during design as capable of leading to
anticipated operational occurrences or accident conditions.

ANTICIPATED OPERATIONAL OCCURRENCE. An operational process deviating from normal
operation which is expected to occur at least once during the operating lifetime of a facility
but which, in view of appropriate design provisions, does not cause any significant damage to
items important to safety or lead to accident conditions.

ACCIDENT CONDITIONS. Deviations from normal operation more severe than anticipated
operational occurrences, including design basis accidents and severe accidents.

DESIGN BASIS ACCIDENT. Accident conditions against which a nuclear power plant is designed
according to established design criteria, and for which the damage to the fuel and the release
of radioactive material are kept within authorized limits.



SEVERE ACCIDENTS. Accident conditions more severe than a design basis accident and
involving significant core degradation.

ULTIMATE HEAT SINK. A medium to which the residual heat can always be transferred, even if
all other means of removing the heat have been lost or are insufficient.

SINGLE FAILURE. A failure which results in the loss of capability of a component to perform its
intended safety function(s), and any consequential failure(s) which result from it.

COMMON CAUSE FAILURE. Failure of two or more structures, systems or components due to a
single specific event or cause.

SAFETY FUNCTION. A specific purpose that must be accomplished for safety.

Plant equipment

Items’ important to safety Items’ not important to safety
| |
Safety related items’ Safety systems
Protection system Safety actuation Safety system
system support features

FIG. 3. Plant equipment [15].

operational states accident conditions accident conditions

beyond design
basis accidents

anticipated design
normal operation basis severe
operation occurrences (a) accidents (b) accidents

(a) Accident conditions which are not explicitly considered design basis accidents but which they encompass;
(b) Beyond design basis accidents without significant core degradation.

FIG. 4. Plant states [15].

> In this context, an ‘item’ is a structure, system or component [15].
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Non-consensus definitions from IAEA TECDOCs

At the moment, the IAEA safety standards do not provide a complete set of definitions
necessary for the description of safety features of NPPs with innovative reactors. In view of
this, some missing definitions related to passive safety features could be taken from IAEA-
TECDOC-626 [17]:

INHERENT SAFETY CHARACTERISTIC. Safety achieved by the elimination of a specified hazard by
means of the choice of material and design concept.

PASSIVE COMPONENT. A component, which does not need any external input to operate.

PassivE sYSTEM. Either a system which is composed entirely of passive components and
structures or a system which uses active components in a very limited way to initiate
subsequent passive operation.

GRACE PERIOD. The grace period is the period of time during which a safety function is
ensured without the necessity of personnel action in the event of an incident/accident.

Recommendations from International Nuclear Safety Advisory Group (INSAG)

Although the IAEA safety standard NS-R-1 [15] provides a consensus definition of the
defence in depth levels, the definitions suggested in INSAG-10 [18] may better suit for NPPs
with innovative reactors. For the future reactors, reference [18] envisages the following trends
of the different levels of defence in depth:

“— Level 1, for the prevention of abnormal operation and failures is to be extended by
considering in the basic design a larger set of operating conditions based on general operating
experience and the results of safety studies. The aims would be to reduce the expected
frequencies of initiating failures and to deal with all operating conditions, including full
power, low power and all relevant shutdown conditions.

— Level 2, for the control of abnormal operation and the detection of failures, is to be
reinforced (for example by more systematic use of limitation systems, independent from
control systems), with feedback of operating experience, an improved human-machine
interface and extended diagnostic systems. This covers instrumentation and control
capabilities over the necessary ranges and the use of digital technology of proven reliability.

— Level 3, for the control of accidents within the design basis, is to consider a larger set of
incident and accident conditions including, as appropriate, some conditions initiated by
multiple failures, for which best estimate assumptions and data are used. Probabilistic studies
and other analytical means will contribute to the definition of the incidents and accidents to be
dealt with; special care needs to be given to reducing the likelihood of containment bypass
sequences.

— Level 4, for the prevention of accident progression, is to consider systematically the wide
range of preventive strategies for accident management and to include means to control
accidents resulting in severe core damage. This will include suitable devices to protect the
containment function such as the capability of the containment building to withstand
hydrogen deflagration, or improved protection of the basemat for the prevention of melt-
through.

— Level 5, for the mitigation of the radiological consequences of significant releases, could
be reduced, owing to improvements at previous levels, and especially owing to reductions in
source terms. Although less called upon, Level 5 is nonetheless to be maintained.”
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Terms to be avoided

The designers were not requested to adjust safety related terminology of their projects
accordingly when preparing the design descriptions for this report; they had rather followed
the definitions accepted in their respective Member States. However, in line with the
recommendations of [13] and upon the approval from designers, terms such as “revolutionary
design”, “passive, simplified and forgiving design”, “inherently safe design”,

2 13

“deterministically safe design”, “catastrophe free design” etc. were edited out from design
descriptions, except for the cases when they appear in the names of certain innovative SMRs.

2.1.4.  Proliferation resistance related terms

The terms and definitions used in the design description outline correspond to reference [16]:

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

e The degree of proliferation resistance results from a combination of, inter alia,
technical design features, operational modalities, institutional arrangements and
safeguards measures.

e [Intrinsic proliferation resistance features are those features that result from the
technical design of nuclear energy systems, including those that facilitate the
implementation of extrinsic measures.

e Extrinsic proliferation resistance measures are those measures that result from States’
decisions and undertakings related to nuclear energy systems.”

2.1.5. Design and regulatory status

The following simple classification, defined in [10], illustrates the design stages of an NPP
project. Bullets indicate the items to be defined, determined, completed, achieved or
established (whatever is applicable) within each stage.

(1) Conceptual design stage:

e Initial concept and plant layout.

e Single line flow diagrams for reactor coolant and other main processes (power
production), and safety-related systems.

e Essential core configuration and composition.
e Specific safety features, including accident management.
e Overall sizes for main components, long delivery items and buildings.
e Main quantified parameters: power, flow rates, temperatures, pressures, sizes, etc.
e Computer code development, verification and validation.
e Fuel cycle characteristics, if not conventional.
e Identification of required R&D: materials, components, systems, tests, etc.
e Economic evaluation.
e Design QA programme.
(2) Basic (in some Member States — preliminary) design stage:

e Essential R&D completed (except non critical items).

12



Plant technical description.

Engineering tools.

Component conformity and principle feasibility tests.
Design criteria manual “Engineering manual”.

System descriptions for the main reactor and auxiliary systems, with piping and
instrumentation diagrams developed.

Functional specifications for main components.

Plant general layout: plans, evaluations, building sizes, floor loading, and
embodiments.

Basic safety studies and accident evaluation, part of Preliminary Safety Analysis
Report (PSAR).

First cost estimates.

Marketing file.

Preliminary schedule for construction.

QA program for detailed design and procurement.

(3) Detailed design stage:

Complete design of the plant, except very minor items. It can be unified (for example,
for an envelope of site conditions) or site-specific.

Large scale integral system tests.
Equipment qualification testing.
Design/engineering for systems and components

Detailed specifications for procurement of all materials, components, systems,
package units, construction/erection services, etc.

Preliminary safety analysis report.
Detailed design reviews.

Detailed construction planning.
Final cost estimate.

Final tender document.

Construction and commissioning QA programmes.

The abovementioned classification is given as a reasonable example. The designers were not
requested to adjust the design stages of their projects accordingly when preparing design
descriptions for this report; they had rather followed the patterns established in their
respective Member States.

Regarding the regulatory status, different approaches for licensing in the individual Member
States make it difficult to establish milestones with precise meaning [10]. The following
phases may represent a common approach to the licensing process:

Licensing pre-application submitted.

Preliminary licensability assessment by regulator.
Formal licensing application submitted.

Review process by regulator.

Permit(s) or licenses issued.
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Regarding innovative reactors, an important observation is that R&D on key enabling
technologies is often started before completion of the conceptual design stage, to obtain the
proofs of technological feasibility at as early stage as possible. Licensing pre-application at
early design stages is rated useful by several designers of innovative SMRs [7] to establish
good working relations with the regulator and secure more time for the resolution of the
regulatory problems associated with a certain innovative design.

2.1.6. Enabling technologies

The enabling technology is a technology that needs to be developed and demonstrated to
make a certain reactor concept viable [7]. Within this report, the term ‘enabling technology’ is
used in a broad sense; for example, it could denote the technology of a particular system,
structure or component as well as a combination of design approaches used to ensure inherent
or passive safety features or high economic competitiveness of a certain innovative design.
Calculation technologies and data sets necessary for validation of SMR performance also fall
under this definition.

2.2. Formats for SMR design description

The formats (outlines) used in the preparation of full and short design descriptions of
innovative SMRs for this report are enclosed as Appendices I and 11, respectively.

3.  SUMMARY OF INNOVATIVE SMRs
3.1. Innovative SMRs included in this report

Of the twenty-six concepts and designs addressed, 13 (50%) are water cooled SMRs, 6 (23%)
are gas cooled SMRs-high temperature gas cooled reactors (HTGRs), 6 are sodium or
lead-bismuth cooled fast reactors, and 1 is a non-conventional very high temperature reactor
concept, a liquid salt cooled reactor with HTGR type prismatic fuel.

For all innovative SMRs addressed in this report, Table 2 provides a summary of the
user-related features, the targeted deployment dates, the achieved design and regulatory status
and its progress since previous IAEA publications, identifies fuel cycle options and specifies
the recommended sources of additional information.

A short review of these data, structured according to the reactor types, is provided in
Sections 3.1.1-3.1.4 below.

3.1.1. Water cooled SMRs

Reactor types

Of the thirteen water cooled SMR designs, 6 are pressurized water reactors — PWRs
(SMART, IRIS, CAREM, MARS, SCOR, and VBER-300); 3 are boiling water reactors —
BWRs (VK-300, CCR, and RMWR); one is an innovative light water reactor, which could be
classified as an indirect cycle BWR or, alternatively, a PWR with coolant boiling in the upper
part of the core (IMR); one is a light water cooled heavy water moderated pressure tube
reactor (AHWR); one is pool type light water reactor with non-pressurized primary circuit
(RUTA-70); and one is a direct flow pool type pressure tube light water reactor with the
separated fuel elements and pressure tubes embedded in graphite blocks to provide a
separation from the pool water (KAMADO).

(Text continues on page 29)
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Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.4
     Für schnelle Web-Anzeige optimieren: Nein
     Piktogramme einbetten: Nein
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595 842 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 200 dpi
     Downsampling für Bilder über: 300 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Hoch
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 200 dpi
     Downsampling für Bilder über: 300 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Hoch
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Nein
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Abbrechen
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Farbe nicht ändern
     Methode: Standard
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Nein

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Ja
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Ja
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Ja
     DSC-Warnungen protokollieren: Nein
     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja
     EPS-Info von DSC beibehalten: Ja
     OPI-Kommentare beibehalten: Nein
     Dokumentinfo von DSC beibehalten: Ja

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------
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Electric output

A preferable choice for the electric output, as observed in 9 out of 13 water cooled SMR
concepts, is around 300 MW (from 250 to 350 MW) excluding prototypes. The SCOR with
its 630 MW(e) provides a notable exception towards higher outputs. The lowest output of 70
MW(th) is for the RUTA-70.

Non-electric applications

Except for the designs of RMWR, RUTA-70 and KAMADO, all SMRs provide for or do not
exclude a cogeneration option with the production of potable water or heat for district heating,
often flexible. The RMWR is designed for electricity generation only; it is a breeder reactor
with the conversion ratio of more than 1.0. RUTA-70 is a dedicated reactor for district heating
or potable water production; it has no energy conversion system. The KAMADO is proposed
for electricity generation with simultaneous production of hydrogen with the use of high
temperature process steam.

Design and regulatory status

Of the thirteen concepts and designs of water cooled SMRs, five (SMART, CAREM-25,
VBER-300, VK-300, and AHWR) are at the detailed design stage; four (IRIS, MARS, CCR
and RUTA-70) are at the basic (preliminary) design stage; others are at the conceptual or
early conceptual (KAMADO) design stages.

Licensing pre-application has been made or preliminary licensability assessment was started
for the IRIS, CAREM and AHWR.

Timeline of readiness for deployment

The targeted deployment dates, when specified by the designers, are generally between 2010
and 2015.

Progress achieved since previous IAEA publications

Progress in the design and regulatory status since previous IAEA publications
(IAEA-TECDOC-881, 1995 [10]) can be assessed only for the CAREM, the MARS and the
RUTA-70; other SMRs were either not addressed or not started in development at that time.

For the CAREM, the progress from a basic to the detailed design stage and licensing
pre-application is observed, with the projected deployment date moved from 1995 to 2006
and beyond.

For the MARS, there is a slow progress towards completion of the basic design.

For the RUTA-70, the thermal output was changed from 20 to 70 MW(th), and the design
stage has progressed from a conceptual to the preliminary (basic) design. Licensing
pre-application for the new, higher output design has not been made so far.

User-related special features

An incremental plant capacity addition is offered by the modular designs of SMART, IRIS,
CAREM, MARS, IMR, CCR, and KAMADO. The VBER-300 capacity can be increased by
increasing the number of loops.

A floating, i.e. barge-mounted NPP option is elaborated in detail for the VBER-300 but
foreseen or not excluded for the concepts of IRIS, CAREM and KAMADO. The VK-300
provides for using the afloat construction technology, with pontoons being welded to the
assembled reactor compartment to transport it by water to a cargo ship and then, from a cargo
ship to the point of mounting, assuming that both the factory and the site are located near a
seaside.
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Shop fabrication of certain components and modular approach to NPP construction are
mentioned for the projects of SMART, IRIS, CAREM, MARS, and IMR. Shop fabrication of
the complete reactor module is foreseen for the VBER-300.

Simplified operational licensing requirements are mentioned, as a target, for the IRIS and the
SCOR. A reduced core power option to enable the operation without on-site refuelling (with
long refuelling interval and whole core refuelling) is being reserved for the concepts of IRIS,
VBER-300 and CCR.

An increased refuelling interval (operation cycle duration) within the conventional refuelling
scheme is offered by the designs of SMART, IRIS, IMR, and CCR.

Fuel cycle options

Once-through fuel cycle with low-enrichment uranium dioxide fuel is foreseen as basic for
most of the water cooled SMRs. The exceptions are (i) the RMWR, which is a breeder reactor
designed to operate in a closed U-Pu fuel cycle; and (ii) the AHWR with the once-through
Pu-Th-**U fuel cycle specified as basic.

As an alternative, the concepts of IRIS, CAREM, SCOR, IMR, CCR, and KAMADO foresee
an operation within a closed U-Pu fuel cycle. Regional or centralized reprocessing is specified
for the IRIS; use of advanced PUREX processes is specified for the concepts of CAREM,
IMR, CCR, and KAMADO. Pyro-metallurgical or, more generally, dry reprocessing is
mentioned for the IMR and the CCR. A closed fuel cycle with the Pu-Th and 23U-Th fuel is
specified for the AHWR, which targets a future synergy with fast breeder reactors and the
accelerator driven systems for transmutation of waste.

A once-through Radkowsky Thorium Fuel (RTF) cycle is selected as an alternative for the
VBER-300 (for more details, see Annex VII).

Compatibility with innovative fuel types is mentioned for the MARS. The use of low
enrichment uranium based cermet fuel is considered for the RUTA-70.

3.1.2. Gas cooled SMRs

Reactor types

All six gas cooled SMRs addressed in this report are high temperature gas cooled reactors
(HTGRs). Of them, four are the designs with pebble bed fuel within the annular core (PBMR,
HTR-PM, FAPIG-HTGR and ACACIA), and 2 are the designs with the prismatic,
pin-in-block fuel (GT-MHR and GTHTR-300). Four designs, PBMR, GT-MHR, GTHTR-300
and FAPIG-HTGR use a direct gas turbine cycle; the HTR-PM is based on an indirect steam
turbine cycle; and the ACACIA is based on an indirect gas turbine cycle or an indirect
combined gas turbine and steam turbine cycle. Pebble-bed transport (continuous refuelling) is
provided for in the designs of PBMR, HTR-PM, and FAPIC-HTGR; the ACACIA is a reactor
with simplified on-site refuelling, which is the whole core refuelling after ~3 years of
continuous operation, with no pebble transport.

Electric output

The electric output generally varies between 100 and 287 MW; the ACACIA has a lower
electric output of 18 to 23 MW. The GT-MHR and the GTHTR have the highest electric
outputs of 287 and 274 MW, respectively.

Non-electric applications

Except for the HTR-PM, all designs provide for a cogeneration option, often with multiple
non-electric applications. The HTR-PM provides for electricity generation only. High
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temperature process heat applications and, specifically, hydrogen production are the preferred
options for all designs except the ACACIA. Low temperature process heat applications or
potable water production are mentioned for the concepts of PBMR, GT-MHR, GTHTR-300
and ACACIA. Purposeful use of heat rejected in the basic thermodynamic cycle is foreseen
for the GT-MHR. District heating is specified as an option for the GTHTR-300; process
steam applications are specified for the GTHTR-300 and the ACACIA. The GT-MHR design
developed for the Russian Federation has a specific goal of Pu utilization.

Design and regulatory status

The PBMR and the GTHTR-300 have entered detailed design stage; the GT-MHR is near
entering the detailed design stage; the HTR-PM is at the conceptual design stage; the
FAPIG-HTGR and the ACACIA are at a pre-conceptual design stage.

Pre-application licensing interactions have been started for the GT-MHR; pre-application
licensing has been made for the PBMR.

Timeline of readiness for deployment

The targeted deployment dates, when specified by the designers, are generally between 2010
and 2020. The earliest dates for a demonstration prototype operation start-up are specified for
the projects of PBMR, GTHTR-300, and HTR-PM; they are around 2010.

Progress achieved since previous IAEA publications

Progress in the design and regulatory status of HTGRs was assessed not only against the
IAEA-TECDOC-881 of 1995 [10], but also against a more recent IAEA publication dedicated
to the reactors of such type, the IAEA-TECDOC-1198 of 2001 [22].

Over the past four years, the PBMR has moved from a conceptual to the detailed design stage.
The timeline of readiness for demonstration plant deployment was rescheduled from 2005 to
2010.

For the GT-MHR, the progress since 1995 appears uneven, which may be due to certain
changes in the project implementation strategy. These changes have put forward the Russian
Federation design for plutonium utilization. Since 2001, the basic design stage was ongoing
for the new GT-MHR project, and it is near completion or has been completed at the time of
this report. Three more years are said necessary to finalize the detailed design under
favourable financing conditions. The timeline for demonstration plant deployment in the
Russian Federation was shifted from 2009 to ~2015.

The ACACIA has shown little progress since 2001, remaining at a pre-conceptual design
stage. Its design team has the intention to go on with further development; however, no
further R&D is planned at the moment.

Other gas cooled SMRs (HTGRs) were not addressed in the abovementioned previous IAEA
publications.

User-related special features

A multi-module NPP option is offered by all HTGR concepts considered in this report. In
several design descriptions it is emphasized, that a several-module HTGR plant could be
controlled from a single control room, due to simplicity in operation resulting from the
exceptional heat removal capability and high margin to fuel failure typical of such reactors.
Shop fabrication of major reactor components is mentioned for the PBMR.
Simplified operational licensing requirements are mentioned possible for the GT-MHR
and the FAPIG-HTGR. The ACACIA could be used as an autonomous energy source.
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Flexible siting is specified for the GT-MHR. Maximum design standardization and
modularization is targeted for the HTR-PM.

Fuel cycle options

Once-through fuel cycle with the uranium dioxide fuel in TRISO coated particles is identified
as basic for all HTGR designs considered.

As an alternative, closed fuel cycles with MOX or hybrid U-Th fuel are considered for the
GT-MHR. An option to apply fuel reprocessing is mentioned for the HTR-PM and the
GTHTR-300; for the latter it has already been investigated. In case of TRISO coated particles,
aqueous reprocessing methods (e.g., PUREX) cannot be applied directly. Specifically, the
problem is with the SiC coating layers, which are not dissolved in mixtures of acids and,
therefore, require a mechanical treatment to be removed.

3.1.3. Liquid metal cooled SMRs

Reactor types

Of the six liquid metal cooled SMRs, three are sodium cooled fast reactors (KALIMER,
BMN-170 and MDP), and 3 are lead-bismuth cooled fast reactors (RBEC-M,
PEACER-300/550, and Medium Scale Lead-bismuth Cooled Reactor). All designs implement
indirect thermodynamic cycles. All sodium cooled SMRs incorporate intermediate heat
transport systems (secondary sodium circuits to transport heat to a steam turbine circuit and to
prevent the possibility of a contact of water with the primary sodium). All lead-bismuth
cooled SMRs have no intermediate heat transport system. All designs use steam turbine
power circuit.

All liquid metal cooled SMRs are pool type reactors with non-pressurized primary circuit.
The designs of BMN-170, MDP, RBEC-M and Medium Scale Lead-Bismuth Cooled Reactor
are specified as modular.

Electric output

The electric output varies between 170 MW and 710 MW. The KALIMER and the BMN-170
are towards the lower end with 150 and 170 MW(e), respectively. The MDP, the RBEC-M
and one of the PEACERSs have the capacities between 300 and 340 MW(e). Another version
of the PEACER and the Medium Scale Lead-bismuth Cooled Reactor are towards the higher
end with 550 and 710 MW(e), correspondingly.

Non-electric applications

The liquid metal cooled SMRs addressed in this report are being designed for electricity
generation and, with a notable exception of the BMN-170 (Annex XXI), make no provision
for energy products such as heat for district heating, potable water or hydrogen. At the same
time, all of them are fast reactor capable of high conversion or fuel breeding.

The KALIMER has a breeding ratio (BR) of 1.05, which ensures a self-sustainable mode on
fissile materials. The BMN-170 and the RBEC-M are fast breeder reactors with extended fuel
breeding (BR>1); they are designed to ensure optimum balance of fissile materials in a multi-
component nuclear energy system. The MDP design offers a breeding ratio of 1.16.

The PEACER is specified as high conversion reactor, not a breeder; it could also be used to
incinerate (i.e. burn or transmute) the transuranic (TRU) and selected fission product
components of LWR spent fuel.

The BMN-170 and the RBEC-M provide an option to breed **U in thorium blankets, for
further use as a feed in reactors with thermal neutron spectrum, e.g. LWRs.

32



Design and regulatory status

The BMN-170, the RBEC-M, and the Medium Scale Lead-bismuth Cooled Reactor are within
the conceptual design stages. For the KALIMER and the MDP, conceptual designs have been
completed. The KALIMER project is ongoing with the development of key design
technologies, with a link to the Generation IV International Forum programme. The PEACER
project is based on the conceptual design of a liquid metal cooled reactor developed in 1998;
the present R&D encompasses Pb-Bi coolant technology demonstration and the conceptual
design of a PEACER version for power production and LWR spent fuel disposal.

Timeline of readiness for deployment

The targeted deployment dates, when specified or mentioned by the designers, are generally
between 2025 and 2030, matching the anticipated deployment dates for the Generation IV
systems. For the PEACER, a very optimistic timeline for the initiation of construction-related
actions is specified, which is 2010, under favourable conditions of support from the industry
and financing.

Progress achieved since previous IAEA publications

Except for the MDP, none of the considered liquid metal cooled SMRs were addressed in
IAEA-TECDOC-881 of 1995 [10]. For the MDP, the design stage in 2005 is essentially the
same as in 1995; at the time of this report, there was no financial support of further R&D.

User-related special features

An option of a multi-modular plant or an incremental plant capacity addition is offered by the
designs of KALIMER, BMN-170, MDP, and Medium Scale Lead-bismuth Cooled Reactor.
The concepts of MDP and Medium Scale Lead-bismuth Cooled Reactor provide for the
deployment of four-module plants of 1300 MW(e) and 2840 MW(e), respectively.

High degree of prefabrication is mentioned for the BMN-170; shop fabrication of reactor
components including the mono-block is specified for the RBEC-M.

The BMN-170 and the RBEC-M are designed for operation in a multi-component energy
system with optimized nuclide flows (such system is described in Section XXIII-1.5 of
Annex XIII).

Fuel cycle options

All liquid metal cooled SMRs are designed to operate in a closed nuclear fuel cycle providing
for the use of non-aqueous reprocessing methods. The designs of KALIMER, MDP and
PEACER make use of the ternary U-Pu-Zr or U-TRU-Zr fuel and pyro-metallurgical
reprocessing. The RBEC-M and the Medium Scale Lead-bismuth Cooled Reactor are nitride
fuel reactors. The BMN-170 offers flexibility in the selection of fuel with either oxide, or
nitride, or metallic fuel being applicable.

An option of on-line refuelling is being considered for the KALIMER.

The recycle of all TRUs is foreseen for the concepts of KALIMER, RBEC-M and PEACER;
the latter is also designed to recycle components of the external spent fuel.

On-site reprocessing option is specified for the KALIMER and the RBEC-M. For the
PEACER, an option of an international energy park with the collocation of the PEACER
reactors and closed fuel cycle facilities is being considered; see Section XXIV-1.5 of
Annex XXIV.

Both, the transuranics recovered from spent LWR fuel (KALIMER) and an enriched uranium
(PEACER) could be used as the initial (first) fuel load for liquid metal cooled SMRs.
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3.1.4. Non-conventional SMRs

Reactor types
In this report, only one non-conventional SMR concept is presented, which is the AHTR.

The AHTR is a liquid salt cooled very high temperature reactor with HTGR type pin-in-block
(prismatic) fuel. Different from molten salt reactors (MSRs), the liquid (molten) salt coolant
of the AHTR contains no fuel. The reactor incorporates a liquid salt intermediate heat
transport system (IHTS), which transports high temperature heat to process applications and
to a multi-reheat helium or nitrogen Brayton power cycle. In this way, the AHTR design
brings together the technologies of HTGRs (TRISO type coated particle fuel in graphite
matrix), MSRs (liquid salt coolant), and sodium cooled fast reactors (integral, pool type
design; IHTS; and non-pressurized primary coolant system).

Electric output
Several output options are provided, ranging from 300 to 1200 MW(e).
Non-electric applications

The AHTR is designed as a cogeneration plant to produce electricity and high temperature
heat within the range of temperatures from 705 to 1000 °C; the heat may be used for hydrogen
production or other high temperature process heat applications.

Design and regulatory status
The AHTR is at a pre-conceptual design stage.
Timeline of readiness for deployment

The AHTR is part of the U.S. DOE Generation IV reactor programme and is being actively
investigated. If the AHTR is selected for large-scale deployment, the goal would be to have an
operating test reactor by 2012.

Progress achieved since previous IAEA publications

The AHTR concept is relatively new; it was not addressed in previous IAEA publications.
User-appreciated special features

The AHTR design offers factory assembled modular units with ease of transport.

Fuel cycle options

The AHTR fuel cycle options are the same as for HTGRs with prismatic fuel.
3.2. Innovative SMRs not included in this report

As it was already explained in Section 1.3, this report does not address innovative small
reactors without on-site refuelling. Space and navy propulsion reactors and dedicated systems
for transmutation of waste were also excluded from the consideration.

This report does not address evolutionary SMRs. The descriptions of many of such designs,
which are mostly water cooled reactors, can be found in [19, 20]. One could argue that some
water cooled SMRs included in this report appear more like the evolutionary designs with
innovative features but, as mentioned in Section 1.3, the decision to include them was made
by their designers who also provided the justifications of why they rate their designs as
innovative.
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In some cases the designers made a selection of innovative SMRs for this report. For
example, the Experimental Design Bureau of Machine Building (OKBM) of the Russian
Federation has recommended only a few innovative designs for this report. More designs
from this vendor are addressed in [7].

An agreement to submit design descriptions for this report was not reached with the designers
of BREST-300 lead cooled fast reactor from RDIPE (NIKIET) of the Russian Federation and
the designers of CANDU X NC reactor from AECL of Canada (the latter is a Generation IV
system with supercritical light water coolant). A description of the BREST-300 can be found
in reference [21].

4. SUMMARY OF THE TECHNICAL FEATURES
4.1. Introduction

This chapter gives a review of the design approaches and features that are definitive for
innovative SMR performance in the areas of economics, sustainability (including resource
utilization, waste management and environmental impacts), safety, proliferation resistance
and physical protection. This review is based on the information provided in Sections 1.6.1 to
1.6.5 of the SMR design descriptions given in Annexes.

4.2. Technical features and technological approaches used to improve SMR economy

SMRs don’t benefit from the economics of scale; therefore, substantial efforts of their
designers are targeted at the improvement of plant economy. When it comes to innovative
SMRs, the designers often define very challenging economic goals, such as to approach the
specific level of overnight capital costs typical of large capacity LWRs and to reduce the
operation and maintenance costs significantly against current practices.

For all innovative SMRs the design approaches most commonly mentioned in conjunction
with the improved plant economy are the following:

(1) Approaches to reduce capital costs and construction period:

e System simplification.

e Component modularization.

e Factory fabrication and direct site installation.

e Possibility of a staggered build of multiple modules.
e Standardization and construction in series.

(2) Approaches to reduce operation and maintenance costs:
e System simplification.

Strong reliance on passive safety design options.
Increased NPP service life.

Extended operational cycle (infrequent refuelling).
(3) Approaches to reduce fuel costs:

e Improved neutron economy.

e High burn-up of fuel.

Strong reliance on proven technologies (with the system configurations only being
innovative) and flexibility in siting and applications are mentioned by several designers as
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factors that could minimize the investment risk and improve the competitiveness of an SMR
based plant.

4.2.1. Water cooled SMRs

System simplification, which provides for the reduced number of structures, systems and
components, could be achieved in different ways, such as the following:

e Integral design of primary circuit and the associated reduction of piping (essentially all
designs except MARS, VBER-300, RUTA-70 and KAMADO).

e Natural circulation in primary coolant system, eliminating the main circulation pumps
(CAREM-25, IMR, VK-300, CCR, RMWR, AHWR, RUTA-70).

e Modular loop type design of increased compactness with the reduced piping (MARS,
VBER-300).

e Pool type design to eliminate excess pressure in the reactor pool and abandon the
reactor pressure vessel (RUTA-70, KAMADO); etc.

The possibility of a staggered build of multiple modules is provided for by the designers of
IRIS, CAREM, IMR, CCR and KAMADO; the VBER-300 provides for the capacity increase
by increasing the number of loops.

Extended operational cycles are indicated for the designs of SMART, IRIS, IMR, and CCR.

Broad incorporation of passive safety features and passive systems is typical of all designs.
The designers of MARS and SCOR emphasize the importance of finding an optimum
combination between active and passive systems to achieve better economic competitiveness.

Pre-fabrication of components and modular approach to plant construction are foreseen for
most of the water cooled SMRs; the VBER-300 provides for full factory fabrication.

4.2.2. Gas cooled SMRs

The designers of gas cooled SMRs (HTGRs) mention the following major factors as
contributing to the improved nuclear power plant (NPP) economy:

e Strong reliance on the inherent and passive safety features common to all HTGRs,
including large temperature margin of coated particle fuel, exceptional passive
shutdown and decay heat removal capability, slow and stable response to transients
caused by internal and external initiating events (due to large heat capacity of core
graphite); the inherent and passive features of HTGRs contribute to achieving both, a
reduced design complexity and the reduced operation and maintenance costs.

e High efficiency of energy conversion, achieved through the use of direct gas turbine
Brayton cycles (PBMR, GT-MHR, GTHTR300, and FAPIG-HTGR) or the indirect
steam turbine (HTR-PM) or gas turbine (ACACIA) cycle, and in all cases enabled by
high core outlet temperatures; the economic characteristics of the plant are inversely
proportional to the energy conversion efficiency.

e Flexible plant capacity achieved through modular reactor design; the concepts of
PBMR, GT-MHR, GTHTR300 and FAPIG-HTGR provide for several-module plants
as basic option; for all other designs a multi-module approach is not excluded; multi-
modular HTGR plants provide for sharing of the common equipment and assume that
the operation of all modules is performed from a single control room.

e Modular approach to plant construction with the pre-fabrication of certain
standardized design units.
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e High burn-up of fuel and high efficiency of energy conversion, altogether contributing
to the reduction of fuel costs.

4.2.3. Liquid metal cooled SMRs

Sodium cooled SMRs need an intermediate heat transport system (IHTS) to prevent contacts
of the power circuit water and steam with the primary sodium. Presence of an intermediate
circuit generally increases the plant costs. To minimize this increase, the designs of the MDP
and the BMN-170 use an adjacent configuration of the primary and intermediate circuits, with
the space between main (primary) and safeguard (secondary) reactor vessels being filled with
sodium and acting as an intermediate heat transport system. Different from sodium cooled
reactors, lead-bismuth cooled SMRs incorporate no intermediate circuit.

For liquid metal cooled SMRs, the design features most commonly mentioned in conjunction
with the improved plant economy are the following:

e System simplification, for example, resulting from integral design of the primary
circuit or from adjacent configuration of the primary and intermediate circuits
(BMN-170, MDP, RBEC-M, Medium Scale Lead-bismuth Cooled Reactor) or from a
natural circulation based primary circuit (a gas lift system is used to facilitate natural
circulation in the RBEC-M), or from the use of passive systems for reactor shutdown
and decay heat removal; always resulting in the reduced number of structures, systems
and components such as piping, main circulation pumps, active shutdown systems, etc.

e Multiple unit construction, allowing flexible plant capacity and a staggered build of
multiple modules (all designs except the PEACER).

e Pre-fabrication of components; standardization and production in series; improved
construction methods relying on modular approaches (KALIMER, BMN-170, and
RBEC-M).

e Design compactness (MDP, RBEC-M).
4.2.4. Non-conventional SMRs

As mentioned before, the AHTR concept (Annex XXVI) brings together the technologies of
HTGRs (high temperature fuel, gas turbine Brayton cycle), molten salt reactors (liquid salt
that, in AHTR case, contains no fuel) and fast sodium cooled reactors (low pressure in the
primary circuit, intermediate heat transport system). The designers of AHTR mention the
following technical features as contributing to the improvement of NPP economy:

e System simplicity arising from low primary and intermediate coolant pressure and
from the use of passive systems that, in the AHTR case, might be effective up to the
unit power level of 600 MW(e).

e High efficiency of energy conversion resulting from high or very high temperature at
the core outlet; good heat transfer properties of the liquid salt; and the use of a closed
gas turbine Brayton cycle in power circuit.

e Design compactness, facilitated by high heat transfer coefficients of the liquid salt,
and resulting in a relatively small size of the vessel and heat exchangers.

4.2.5. Summary of targeted economic characteristics

Table 3 summarizes the evaluations of capital costs, construction periods and electricity costs
as provided by the designers of innovative SMRs for this report.
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TABLE 3. PROJECTIONS FOR THE SPECIFIC CAPITAL COSTS, CONSTRUCTION
PERIODS AND ELECTRICITY COSTS FOR INNOVATIVE SMRs

SMR NAME ANNEX | SPECIFIC CAPITAL COST, CONSTRUCTION | ELECTRICITY COST,
NUMBER US$/ kW(e) PERIOD, MONTHS US$ cent/ kW-h
Water cooled SMRs
SMART I 1714 (construction cost) Less than 36 4.06
RIS I 1030-1240; first-of-a-kind 36 or less 34
plant
1050 — 1700; depending on
CAREM I the output, 300 or 125 48 -
MW(e)
~2610%*; for a 3-module 4.7%
MARS v plant 3648 1.7* (after 20 years)
10% below the specific 0
SCOR A% capital cost of a standard ~36 ilsag;ilg:f;r\;}lﬁn fora
large loop-type PWR
IMR VI Equivalent to large scale 30 )
reactors (target)
) 2.2 —land based
VBER-300 %1 éggffﬁiﬁaﬁg PP 4860 NPP
& 1.8 — floating NPP
VK-300 VIII 865 - 1.0
Equivalent to that of a
CCR X large sized BWR 24 )
RMWR X - - -
AHWR X1 1170; first-of-a-kind plant | 72 -
RUTA-70 XII 279.6 per kW(th) 36 No electricity
production
Comparable to large
KAMADO X1 j i scale LWRs (target)
Gas cooled SMRs
30-34 -
demonstration
PBMR XV <1500 (construction cost) | plant; -
24 — commercial
modules
1460; first-of-a-kind plant 3.1
GT-MHR XV ~1000; N-th plant Less than 36 (20-year levelized)
GTHTR300 XVI <1750%* (target) - 3.5% (target)
HTR-PM XVII <1500 (target) 48 4.5 (target)
FAPIG-HTGR | XVII 1200 (construction cost) - -
2700  first-of-a-kind >~ cogeneration
ACACIA XIX plant; 24 6 0’ or veneration
2200 — serial plant onlI;/ wers
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ANNEX | SPECIFIC CAPITAL COST, CONSTRUCTION | ELECTRICITY COST,
SMR NAME

NUMBER US$/ kW(e) PERIOD, MONTHS USS$ cent/ kW-h
Liquid metal cooled SMRs

2300 — first single module;
KALIMER XX 1400-1600 —multiple unit | - -

construction in series
BMN-170 XXI - - -
MDP XXII - 31 -
RBEC-M XXIII 1670 — 1750 - -

Competitive with

PEACER XXIV 2750 7 alternative energy

options available at
the time (target)

Medium Scale
Lead-bismuth XXV - - -
Cooled Reactor

Non-conventional SMRs

816 — intermediate
temperature version
AHTR XXVI 930 — high temperature ) i

version

* Converted from other currencies as of 5 October 2005

4.3. Provisions for effective resource utilization, waste management, and minimum
adverse environmental impacts

A reduction of carbon emissions is one of the important incentives for future development of
nuclear power [5]. By offering cogeneration options with flexible or multiple non-electric
applications, many innovative SMRs could help minimize not only the emissions associated
with electricity generation but also those arising from the heat and motive power production
by fossil fuel combustion.

Energy conversion efficiency is an important factor that defines the specific (i.e. per unit of
the useful energy produced) values of the resource consumption, emissions and discharges.
These values are inversely proportional to the efficiency, so that, for example, gas cooled
SMRs with direct Brayton power cycles (energy conversion efficiency ~50%) may offer a
substantial reduction in the discharged (rejected) heat when compared to present day LWRs
(energy conversion efficiency ~32%). Heat discharges could also be minimized by purposeful
use of the rejected heat (see Annex XV).

Effective resource utilization may be a matter of many factors, such as material intensity of
the reactor design, neutron economy, fuel burn-up, power density, energy conversion
efficiency and, last but not least, the recycling.

4.3.1. Water cooled SMRs

The following technical features to minimize the production of wastes are commonly
mentioned by the designers of innovative water cooled SMR:

e Soluble boron free core (all designs except IRIS, MARS, and VBER-300).

e Simplification of the primary circuit and reduction of the equipment, e.g. achieved by
the use of the integral design, compact design or minimized connections and piping
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and resulting in the reduced amount of activated or potentially contaminated structural
materials (all innovative water cooled SMRs).

e Relatively low operating temperatures, contributing to the suppression of thermo-
activated fission product release processes in fuel (MARS, SCOR, IMR, RUTA-70).

e Increased operational interval (SMART, IRIS, MARS, IMR), contributing to the
reduced volume of high level waste.

e Technical provisions for easy decommissioning (MARS).
e Advanced methods of waste treatment and disposal (SMART).

Infrequent refuelling, integral design of primary circuit and reduced piping are also specified
as factors contributing to the minimization of occupational doses (IRIS, SCOR, VBER-300)
achieved though the resulting reduced maintenance.

To achieve improved fuel utilization and to broaden the available base of natural resources,
the designers of many innovative water cooled SMRs foresee, as an alternative, the operation
within a closed fuel cycle (IRIS, CAREM, SCOR, IMR, CCR, AHWR, and KAMADO) or
the introduction of thorium fuel (VBER-300, AHWR). Two designs, the RMWR and the
AHWR, target high conversion ratios initially. Specifically, the RMWR, which incorporates a
tight lattice core, is designed to operate in a closed fuel cycle with MOX fuel and could
achieve a breeding ratio of more than 1.0. The RMWR is also capable of recycling its own
minor actinides (MAs), see Annex X. Similar option is reserved for the CCR. The AHWR
achieves an increased conversion with the use of the Pu-Th fuel and on-line refuelling and
also offers a minimized production of the highly radiotoxic long-lived minor actinides.

The designers of the AHWR consider an option of zirconium recycling.
4.3.2.  Gas cooled SMRs

For gas cooled SMRs (HTGRs), the features commonly mentioned in conjunction with the
effective resource utilization, minimized waste and reduced environmental impacts are:

e High efficiency of energy conversion, e.g. achieved through the use of direct (PBMR,
GT-MHR, GTHTR300, FAPIC-HTGR) or indirect (ACACIA) Brayton cycles and
through purposeful use of the rejected heat (GT-MHR).

e High fuel burn-up that, together with the efficient energy conversion, contributes to a
more effective utilization of uranium as compared to presently operated LWRs.

e A proven radiological cleanness of TRISO coated particle fuel, resulting from the
proven perfect confinement capability of such fuel at high temperatures.

e Reduced high level wastes, resulting from a high degree of depletion in the spent fuel;
e The absence of wastes in the form of activated metals (e.g. irradiated claddings).

e An option to use thorium fuel (GT-MHR) and an option to operate in a closed fuel
cycle with the reprocessing of the TRISO coated particle fuel (GT-MHR, GTHTR300,
HTR-PM); for the GTHTR300 it is indicated that the feasibility of TRISO fuel
reprocessing has already been investigated.

The GTHTR300 design description mentions a problem of possible '*C emissions in burning
of the spent core graphite.

Although the reprocessing of fuel is considered for several HTGRs, it is noted that such
reactors are not capable of the operation with high conversion or breeding, at least, as comes
to the fuel cycles with the U-Pu MOX fuel.
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4.3.3. Liquid metal cooled SMRs

For liquid metal cooled SMRs, the features commonly mentioned in conjunction with the
effective resource utilization, minimized waste and reduced environmental impacts are:

e High conversion or fuel breeding and operation in a closed nuclear fuel cycle, which
could ensure a self-sustainable operation mode on fissile materials (with the breeding
ratio BR ~1.05) or the expanded breeding (BR>1) to produce fissile materials
necessary for other, non-breeder reactors present in the system.

e High conversion or breeding are generally inherent to all reactors with the fast neutron
spectrum; however, they could be improved by the use of dense metallic (KALIMER,
BMN-170, MDP, PEACER) or nitride (RBEC-M, BMN-170, Medium Scale
Lead-bismuth Cooled Reactor) fuel; for the nitride fuel, an option of nitrogen
enrichment by "N is being considered (RBEC-M, Medium Scale Lead-bismuth
Cooled Reactor).

e An option to recycle all self-produced transuranic (TRU) elements including minor
actinides or to utilize spent nuclear fuel from other reactors, e.g. LWRs, is being
examined (e.g., KALIMER, PEACER); both of the abovementioned approaches result
in the reduction of long-lived high level waste.

e All innovative liquid metal cooled SMRs target the operation in a closed fuel cycle
with the use of the advanced dry methods of fuel reprocessing with a potential to
reduce the generation of wastes.

4.3.4. Non-conventional SMRs

The designers of AHTR identify high efficiency of energy conversion and advanced
non-electric applications as major factors contributing to the effective resource utilization,
minimized waste and reduced environmental impacts. Specifically, the reduced water
consumption and the improved land use are mentioned, which could result from a dry cooling
system considered for this concept.

4.4. Summary of innovative safety features

A short review given in Sections 4.4.1 — 4.4.4 of this Chapter establishes links between
certain innovative safety features specified by the designers of SMRs in Annexes [ — XXVI,
and the innovation directions to enhance the levels of defence in depth as indicated in the
IAEA-TECDOC-1434 [3]. For reference, the innovation directions [3] are summarized in
Table 4.

TABLE 4. INNOVATION DIRECTIONS TO ENHANCE THE LEVELS OF DEFENCE IN
DEPTH [3]

LEVEL OF

OBJECTIVES INNOVATION DIRECTION (INPRO)
DEFENCE IN DEPTH

. Enhance prevention by increased emphasis on
Prevention of abnormal . . .
1 . . inherently safe design characteristics and
operation and failures .
passive safety features.

Control of abnormal Give priority to advanced control and
2 operation and detection of monitoring systems with enhanced reliability,
failures. intelligence and limiting features.
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LEVEL OF OBJECTIVES INNOVATION DIRECTION (INPRO)
DEFENCE IN DEPTH
Achieve fundamental safety functions by
3 Control of accidents within | optimized combination of active and passive
the design basis. design features; limit fuel failures; increase
grace period to several hours.
Control of severe plant Increase reliability of systems to control
conditions, including complex accident sequences; decrease severe
4 prevention and mitigation of | core damage frequency by at least one order of
the consequences of severe | magnitude, and even more for urban-sited
accidents. facilities.
Mitigation of radiological
5 consequences of significant | No need for evacuation or relocation measures
releases of radioactive outside the plant site.
materials

4.4.1. Water cooled SMRs

The designers of all innovative water cooled SMRs considered in this report pursue an
enhanced prevention or elimination of abnormal operation and failures (Level 1 in Table 4).
The design features to achieve such elimination or prevention are specified as the following:

e Integral design of the primary circuit incorporating the steam generators and the
pressurizer, providing for the elimination of large-diameter piping and large-diameter
reactor vessel penetrations in order to prevent large-break loss of coolant accidents (all
designs except MARS, VBER-300, RUTA-70 and KAMADO).

e The use of natural circulation in primary coolant system, to eliminate main circulation
pumps and to prevent loss of flow accidents (CAREM-25, IMR, VK-300, CCR,
RMWR, AHWR, RUTA-70).

e The in-vessel location of control rod drives to eliminate inadvertent control rod
gjection and to prevent transient overpower accidents, as well as to reduce the number
of reactor vessel penetrations (IRIS, CAREM, SCOR, IMR).

e Advanced, modular loop type designs with the reduced piping and physical
connections between the primary coolant loop and auxiliary circuits (MARS,
VBER-300), for the enhanced prevention of loss of coolant accidents.

e A pool type design with no excess pressure in the primary circuit and no reactor
pressure vessel, for the enhanced prevention of loss of coolant accidents (RUTA-70).

Advanced control and monitoring systems with the enhanced reliability, intelligence and
limiting features (Level 2 in Table 4) are mentioned for all designs that have reached the basic
or the detailed design stage, see Table 2.

Regarding the control of accidents within the design basis (Level 3 in Table 4), all water
cooled SMRs rely on certain inherent safety features (such as the reactor vessel penetrations
located in the upper, steam part of the reactor pressure vessel to ensure that the leakage rate is
low and the core is not uncovered in loss of coolant accidents®) and incorporate various
combinations of passive and active systems. Most of the designs target an increased reliance
on passive systems, as benefiting from smaller reactor size. In different water cooled SMRs,
passive systems shoulder the functions of back up or main shutdown systems, emergency core

% This design approach is used in integral type PWRs and BWRs
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cooling systems, decay heat removal systems and others. Providing the diversity, redundancy
and independence of the systems and components important to safety is a common approach
to accommodate common cause failures. The designers of CAREM, MARS and SCOR
emphasize the importance of finding a reasonable combination of passive and active systems
to achieve economic benefits in plant design.

The KAMADO concept targets a negligible probability of core melting (Level 4 in Table 4)
by developing a pressure tube design with the separated fuel rods and pressure tubes being
embedded in the graphite blocks submerged in a water pool with no excess pressure, Annex
XII1.

Several designers of water cooled SMRs (e.g., MARS, SCOR, CCR) examine passive
in-vessel retention of corium (Level 4 in Table 4).

Last but not least, the designers of many innovative water cooled SMRs target the
reduced or eliminated off-site emergency planning (Level 5 in Table 4), pointing to very low
(107 = 10™® 1/year) evaluated or targeted core damage frequencies. Probabilistic safety
assessments (PSAs) of a varying degree of detail are indicated for all designs except the
SCOR, the IMR, the CCR, the AHWR and the KAMADO.

In presenting defence in depth (DID) approach, the designers of SMART, CAREM, CCR,
RMWR and AHWR follow the recommendations of the IAEA safety standard NS-R-1 [15];
other designers describe the DID as a system of physical barriers. Specifically, the designers
of IRIS introduce an alternative three-tier approach, Annex II.

Human actions of malevolent character are explicitly addressed in the design of VBER-300,
Annex VIIL

4.4.2. Gas cooled SMRs

The designers of all gas cooled SMRs (HTGRs) specify the outstanding fission product
confinement capability of TRISO type coated particle fuel at high temperatures as very
important inherent safety feature contributing to the overall DID concept. Proven in tests and
operation, this capability is rated definitive for the prevention of the consequences of severe
accidents and, therefore, it essentially belongs to DID Level 4 in Table 4. The role of this
inherent barrier in Level 4 is so important that in many HTGR designs the mitigation
measures in severe accidents are reduced to a minimum (Annex XVII).

However, the confinement capability of coated particle fuel is conditioned by the ability to
shut down the nuclear installation and to transport decay heat from the fuel at any given time
to ensure that the fuel will never overheat or be damaged (Annex XIV). Here, all designers
refer to the enhanced passive shutdown and heat removal capabilities of HTGRs, which
correspond to DID Levels 3 and 4 in Table 4. The design features of HTGRs mentioned in
this context are the following:

e Strong negative temperature reactivity feedbacks over the whole temperature range
and for all operational states.

e Passive decay heat removal that is effectively accomplished in many reactor states
(including those with the completely lost helium coolant) by only natural processes of
conduction, convection and radiation in the static structures and media.

Slow and stable response to transients caused by internal and external initiating events, due to
large heat capacity of core graphite.
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HTGRs with pebble bed fuel and continuous refuelling (PBMR, HTR-PM) provide a
relatively small reactivity margin for fuel burn-up (Level 1 in Table 4), resulting in the reactor
capacity to survive, without core damage, an unprotected transient overpower caused by the
ejection of a control rod.

An impressive number of validations, tests and demonstrations performed for passive
shutdown and decay heat removal capabilities of HTGRs (see Annexes XIV — XIX) provide
evidences that the inherent and passive safety features of such reactors could play a definitive
role in meeting the objectives of the DID Levels 1 and 3. Therefore, the designers of PBMR
and GT-MHR argue that active systems, at least those requiring AC power, might actually be
not required in the event of a major HTGR accident. Not requiring AC powered safety
systems eliminates the need for complex active systems with sensors, controls, actuators,
backup power, etc (DID Level 2 in Table 4).

De facto, the principles of redundancy, diversity and physical independence are incorporated
in the designs of HTGRs, and various active systems or systems with actuators, such as
shutdown or heat removal systems, as well as protection actions, such as stop of the primary
helium blower, are provided for in all designs considered in this report.

Preliminary PSAs have been performed or are in progress for the designs of PBMR,
GT-MHR and GTHTR300. The evaluated core damage frequencies are very low (10™ 1/year),
which motivates all designers to specify reduced or eliminated off-site emergency planning
requirements (Level 5 in Table 4).

For DID approach, the recommendations of the IAEA safety standard NS-R-1 [15] are
followed in only one design description (HTR-PM, Annex XVII). The designers of other
HTGRs describe the DID as a system of physical barriers or provide no DID description at all.

All HTGRs described in this report incorporate no pressure containment of a LWR type. In
the event of a substantial failure of the primary coolant pressure boundary, the reactor
building is designed to release the low activity helium coolant and serve as a low pressure
filtered confinement to retain the longer term (days) limited radionuclide releases calculated
for the core under the heatup conditions resulting from the depressurization, Annex XV.

An underground or a half-underground location of the reactor cavity and modules is provided
in the designs of PBMR, GT-MHR and GTHTR300 as an enhanced protection against the
external events, including those of malevolent human-induced origin.

4.4.3. Liquid metal cooled SMRs

All fast reactors offer extended possibilities to ‘build’ the desired combinations of reactivity
coefficients and effects by an appropriate selection of the design parameters of the core and
reactor internals at the design stage. This possibility, resulting from a larger leakage rate of
fast neutrons as well as from high conversion, can be effectively used to eliminate certain
accidents at the design stage and to ensure the reactor self-control in a variety of unprotected
transients.

Different from PWRs and BWRs, fast reactors with MOX fuel may have positive core void
reactivity, which might, at least hypothetically, initiate a transient overpower in the reactors
with relatively low coolant boiling points (which is the case with sodium cooled reactors).
The void reactivity properties of such reactors could be adjusted appropriately at the design
stage.

High conversion ratio of fast reactors results in the relatively small core reactivity changes
with burn-up (low burn-up reactivity swing). The reactivity swing can be additionally



minimized (e.g., by the use of the advanced, dense fuel forms or heterogeneous core layouts)
to achieve the values comparable to a single delayed neutron fraction, which could facilitate
the exclusion of overpower transients caused by control rod ejections.

All sodium cooled reactor designs incorporate sodium based intermediate heat transport
systems to prevent potential contacts of the power circuit water with the primary sodium, and
to exclude the contamination of the primary circuit with sodium-water reaction products. The
designs based on heavy lead-bismuth or lead coolants , which are chemically inert with water,
incorporate no intermediate heat transport system but require a reliable system of primary
coolant chemistry control to prevent the erosion and corrosion of claddings and other
structural materials.

All liquid metal cooled SMRs have no excess pressure in the primary circuit (omit a
hydrostatic pressure of the liquid metal coolant).

All innovative liquid metal cooled SMRs considered in this report target an enhanced
prevention or elimination of abnormal operation and failures (Level 1 in Table 4). The design
features specified in this connection are as follows:

e Integral design of the primary circuit with the use of a secondary guard vessel and
location of the reactor module in a concrete silo, to prevent loss of coolant accidents
(lead-bismuth cooled RBEC-M, Medium Scale Lead-bismuth Cooled Reactor);
adjacent design of the primary and the intermediate circuits, with the space between
main (primary) and safeguard (secondary) reactor vessels being filled with sodium and
acting as an intermediate heat transport system, also to prevent loss of coolant events
(sodium cooled BMN-170, MDP).

e A reduced burn-up reactivity swing in the core, achieved with the use of dense
metallic or nitride fuel (all designs except the PEACER), to prevent transients with the
ejection of control rods.

e A high degree of primary coolant natural circulation, ensured by the physical
properties of lead-bismuth coolant that also exclude exothermic reactions with air and
water (all lead-bismuth cooled SMRs).

e The use of a natural circulation based primary circuit, with natural circulation being
facilitated by an active passive gas lift system, which shares the functions of lead-
bismuth coolant chemistry control and prompt reactivity control, to ensure that the
reactor is shut down immediately following any disruption of the corrosion control
(RBEC-M).

Advanced methods of water leak detection (Level 2 in Table 4) are mentioned for the design
of the MDP.

In all designs of liquid metal cooled SMRs, the fundamental safety functions related to
control of accidents within the design basis (Level 3 in Table 4) are achieved by the redundant
and diverse combinations of active and passive systems, with a strong role of the inherent
safety features in reactor self-control. All design descriptions provide the results of safety
analyses indicating that several unprotected transients, such as the unprotected transient
overpower, the unprotected loss of flow, the unprotected loss of heat sink, or the unprotected
total NPP blackout could be safely controlled by the appropriate combinations of reactivity
effects only. In many cases, such accidents are included in the design basis of liquid metal
cooled SMRs.

For all designs, active systems include a reactivity control and shutdown system based on the
mechanical control rods. All designs incorporate passive air-cooled reactor vessel auxiliary
cooling systems (RVACSs) or equivalents. Natural circulation based passive decay heat
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removal is provided in all designs of lead-bismuth cooled SMRs. Other passive systems are
diverse and may include gas expansion modules (GEMs, see Annex XX), the hydraulically
suspended control rods (Annex XXI), etc.

Certain inherent safety features of innovative liquid metal cooled SMRs could contribute
effectively to DID Levels 3 and 4, Table 4. A reduced or negative void reactivity effect
(sodium cooled BMN-170); or the core reactivity maximum exactly matching the reactor
operational state as achieved with the use of an active gas lift system (lead-bismuth cooled
RBEC-M); prevent the propagation of accidents beyond the design basis or ensure an
enhanced control of hypothetical severe plant conditions, when coolant is boiling or lost. In
addition to this, high heat capacities of the primary or the adjacent primary and secondary
circuits are specified as factors contributing to a slow and stable progression of transients
(BMN-170, MDP, RBEC-M). High heat conductivity of the metallic fuel is identified in the
design descriptions of the KALIMER, the MDP and the PEACER as contributing to lower
core temperatures in anticipated transients without scram (ATWSs).

The designers of many liquid metal cooled SMRs argue that the design features within DID
Levels 1-3 (see Table 4) could be sufficient to ensure no radioactivity release from fuel in any
conceivable accidents. At the same time, the complete lists of design basis accidents (DBAs)
and beyond design basis accidents (BDBAs) have been defined only for the design of
KALIMER, Annex XX.

Guard or secondary reactor vessels to mitigate radiological consequence of the postulated
severe accidents (DID Level 4 in Table 4) are provided in the designs of BMN-170, MDP,
RBEC-M, and PEACER.

No PSAs have been so far performed for the innovative liquid metal cooled SMRs addressed
in this report. Based on the analyses of the PSAs previously performed for other fast reactors,
several designers of innovative liquid metal cooled SMRs specify 107 — 10® 1/year as a target
for core damage frequency.

The designers of KALIMER suggest that no intervention in the public domain beyond the
plant boundary as a consequence of any hypothetical core disruption accident would be
required.

Regarding DID approach, the recommendations of the IAEA safety standard NS-R-1 [15] are
followed in the design descriptions of KALIMER (Annex XX) and RBEC-M (Annex XXIII).
The designers of other liquid metal cooled SMRs describe the DID as a system of physical
barriers.

4.4.4. Non-conventional SMRs

As it was already mentioned, the AHTR concept (Annex XXVI) brings together the
technologies of HTGRs (high temperature fuel, gas turbine Brayton power cycle), molten salt
reactors (liquid salt coolant that, in the AHTR case, contains no fuel) and fast sodium cooled
reactors (no excess pressure in the primary circuit; intermediate heat transport system). The
AHTR uses forced circulation of the primary liquid salt coolant and its intermediate heat
transport system is also based on liquid salt.

The safety concept of AHTR provides for the extended use of passive systems in design basis
accidents and for a strong reliance on the inherent and passive safety features in beyond
design basis accidents.

Regarding the prevention of abnormal operation and failures (DID Level 1 in Table 4), the
important innovative feature of the AHTR is low (atmospheric) operating pressure of the
primary liquid salt coolant, which, at operating conditions, has the heat transfer properties

46



similar to those of water. As the AHTR power circuit is based on a gas turbine Brayton cycle,
an intermediate circuit becomes necessary to prevent the ingress of a pressurized power
circuit medium (helium or nitrogen gas) to the primary circuit.

Regarding the control of accidents within the design basis (DID Level 3 in Table 4), the
design of AHTR incorporates a mechanical reactivity control and shutdown system based on
control rods with the external drives, and two diverse decay heat removal systems, of which
one is passive and one is active. The reference AHTR design uses passive reactor vessel
auxiliary cooling (RVAC) systems similar to that developed for decay heat removal in the
General Electric sodium cooled S-PRISM reactor. Different from its prototype, the RVAC
system of the AHTR relies not only on the processes of convection and conduction but on the
radiation also.

Similar to gas cooled SMRs (see Section 4.3.2), the proven fission product confinement
capability of TRISO type coated particle fuel at very high temperatures is specified as an
important inherent safety feature for the prevention of consequences of severe accidents (DID
Level 4 in Table 4). In addition to this, chemical inertness and low pressure of the liquid salt
coolant eliminate the potential for damage to the confinement structure by rapid chemical
energy releases or coolant vaporization. It is also mentioned that most fission products
(excluding primary krypton and xenon) and all actinides escaping the fuel are soluble in the
liquid salt and will remain in the liquid salt at very high temperatures.

As the AHTR concept includes a very high temperature reactor option (with the core outlet
temperature of 1000°C), the additional design features to prevent the consequences of severe
accidents are provided. The reactor has a second guard vessel and is located in an
underground silo. The effectiveness of heat conduction to earth through the walls of the silo
(an ultimate heat rejection in BDBA) is being examined.

In terms of passive decay heat removal systems, a major difference is noted between the
liquid cooled AHTR and gas cooled reactors. As primary circuit depressurization and the loss
of coolant resulting in core uncovery are eliminated for the AHTR by design, the plant could
be built in very large sizes (>2400 MW(th)), while the maximum size of a gas cooled reactor
with passive decay heat removal systems is limited to ~600 MW(th).

The DID concept and design basis accidents are not addressed in detail in the description of
the AHTR, apparently because of an early (pre-conceptual) stage of this design.

4.5. Technical features and technological approaches that support proliferation
resistance of innovative SMRs

All NPPs with innovative SMRs will provide for the implementation of the established
safeguards verification procedures under the agreements of Member States with the IAEA. In
addition to this, many innovative SMRs offer certain intrinsic proliferation resistance features
to prevent the misuse, diversion or undeclared production of fissile materials and/ or to
facilitate the implementation of safeguards. A short review of these features for different
SMR types is given in Sections 4.5.1 — 4.5.2 below.

4.5.1 Water cooled SMRs

Most of the design descriptions of water cooled SMRs specify low enrichment uranium
and once-through fuel cycle as basic options. Therefore, the features contributing to
proliferation resistance of such SMRs are essentially similar to that of presently
operated PWRs and BWRs. They include low enrichment of fresh fuel, low residual
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enrichment, an unattractive isotopic composition of the plutonium in the discharged fuel, and
radiation barriers provided by the spent fuel.

Several designs (SMART, IRIS, MARS, IMR) offer an increased duration of the operation
cycle, which, in view of the reduced number of inspections, could be rated as a feature
facilitating the implementation of safeguards.

Other features specified by the designers of individual water cooled SMRs are the following:

e Increased moderator-to-fuel ratio, contributing to a higher burn-up rate and the
degraded composition of the secondary plutonium (IRIS).

e Restricted refuelling area and a remote seismic monitoring of the fuel assemblies’ pool
(CAREM).

e An option to use heterogeneous uranium-thorium fuel (Radkowsky Thorium Fuel) to
reduce the specific plutonium production by 4-5 times (VBER-300), see section 1.5 of
Annex VII.

e The available infrastructure for nuclear ship service and maintenance (for a floating
NPP with the VBER-300 reactors).

The designers of the RMWR and the AHWR denote closed nuclear fuel cycles as basic. The
technical features mentioned in conjunction with proliferation resistance are as follows:

e The use of a simplified PUREX process with low decontamination factor; the use of a
process flowchart with no separation of uranium and plutonium at any fuel cycle stage
(RMWR).

e Low excess reactivity preventing the undeclared production of fissile materials; high
content of 2*U in **U (AHWR).

4.5.2. Gas cooled SMRs

The intrinsic proliferation resistance features common to all gas cooled SMRs (HTGRs)
include high fuel burn-up (low residual inventory of plutonium, high content of **’Pu), a
difficult to process fuel matrix, radiation barriers, and a low ratio of fissile to fuel block/ fuel
pebble mass.

Although several HTGRs, e.g. the GT-MHR, the GTHTR300 and the HTR-PM, make a
provision for reprocessing of the TRISO fuel, the corresponding technology has not been
established yet and, until such time as when the technology becomes readily available, the
lack of the technology is assumed to provide an enhanced proliferation resistance, Annex XV.

In addition to this, the GT-MHR provides for the use of two types of coated particles, fissile
and fertile, so that their sorting becomes necessary in any attempt of fresh fuel diversion.

The designers of the ACACIA suggest that a cartridge type design of the ACACIA core, with
the full core replacement foreseen once in every three years, could facilitate nuclear material
accounting and verification, see Annex XIX.

4.5.3. Liquid metal cooled SMRs

All liquid metal cooled SMRs are fast reactors that can ensure a self-sustainable operation on
fissile materials or realize fuel breeding to feed other reactors present in nuclear energy
systems. In both cases, and if the fuel cycle is closed, the need of fuel enrichment and relevant
uranium enrichment facilities would be eliminated, which is reasonably mentioned as a factor
contributing to enhanced proliferation resistance.
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All liquid metal cooled SMRs addressed in this report provide for the operation in a closed
fuel cycle with the use of the advanced methods of dry reprocessing of fuel. In this context,
the intrinsic proliferation resistance features commonly mentioned by the designers of such
SMRs are:

e Inherently low decontamination factor of fuel; the non-aqueous (dry) methods of fuel
reprocessing could secure an incomplete removal of fission products and the
separation of only curium from the fuel, which makes it possible to produce fresh fuel
for fast reactors but prevents the use of such fuel for weapon programmes.

e No separation of plutonium and uranium at any fuel cycle stage.

Specifically, fuel breeding is mentioned as a factor that could help minimize the necessary
number of fast reactors in nuclear energy systems. In turn, this might facilitate the location of
fast reactors within a limited number of centres operated under an international control, see
Annexes XXI, XXIII.

Other features specified by the designers of individual liquid metal cooled SMRs are the
following:

e Low burn-up reactivity swing that complicates the undeclared production of fissile
materials (KALIMER).

e Fuel assemblies with wide lattice pitch and central channels, to facilitate the
verification of all fuel rods within each assembly (RBEC-M).

e Denaturing of the fissile materials, e.g., through the optimization of the core design to
achieve a higher content of ***Pu in the plutonium (PEACER).

4.5.4. Non-conventional SMRs

The intrinsic proliferation resistance features of the AHTR are essentially identical to that of
the gas cooled reactors using graphite matrix coated particle fuel (see Section 4.5.2), because
the same fuel and fuel cycle are used.

4.6. Technical features and technological approaches that facilitate physical protection
of innovative SMRs

All NPPs with innovative SMRs provide for the implementation of standard or advanced
security measures to assure physical protection of the plant against internal or external human
actions of malevolent character. In additions to this, innovative SMRs may incorporate certain
design features provided to resist such actions and/ or to facilitate security measures. A short
review of these features for certain SMR types is given in Sections 4.6.1 — 4.6.4 below.

4.6.1. Water cooled SMRs

Most of the innovative water cooled SMRs addressed in this report incorporate the following
technical features to support physical protection of the plant:

e The containment designed to resist extreme natural and human-induced external
events.

e Inherent and passive safety features and passive systems incorporated in the design to
prevent certain accidents from occurring, to ensure longer grace periods and to
eliminate dependence on the external water and power supply and operator actions;
these features include integral designs of the primary coolant systems (all designs
except MARS, VBER-300, and AHWR), natural circulation based primary coolant
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systems (CAREM-25, IMR,VK-300, CCR, RMWR, AHWR, RUTA-70), in-vessel
control rod drives (IRIS, CAREM, SCOR, IMR), and natural circulation based
residual heat removal systems (all designs).

Certain water cooled SMRs incorporate additional features to enhance physical protection of
the plant, such as:

e A safeguard vessel, or an additional metallic enclosure of the primary loop, or a
double containment (SMART, MARS, VBER-300, VK-300, AHWR).

e A compact containment with only half of it located above the ground level, thus
leaving exposed only a relatively small area (IRIS); an option of an underground
location of the NPP (RUTA-70, VK-300).

e Redundancy and separation of the air stacks of a passive decay heat removal system
(SCOR).

e Protection of the water area by floating structures or objects (a floating NPP with the
VBER-300).

4.6.2. Gas cooled SMRs

Most of the innovative gas cooled SMRs addressed in this report incorporate the following
technical features to support physical protection of the plant:

e The inherent and passive safety features common to all HTGRs, including large
temperature margin of coated particle fuel; an outstanding passive shutdown and
decay heat removal capability; slow and stable response to transients caused by the
internal and external initiating events (due to a large heat capacity of the core
graphite); altogether, these features reduce or eliminate dependence on the external
power supply and operator actions.

e The concrete reactor building (confinement) and the reactor cavity designed for
protection against extreme external impacts.

e An underground or a half-underground location of the reactor cavity and modules
(PBMR, GT-MHR, GTHTR300).

4.6.3. Liquid metal cooled SMRs

Most of the innovative liquid metal cooled SMRs addressed in this report incorporate the
following technical features to support physical protection of the plant:

e The containment designed to resist extreme natural and human-induced external
events.

e Strong reliance on the inherent and passive safety features and passive systems to
prevent certain accidents from occurring, to ensure reactor self-control in unprotected
transients, and to reduce or eliminate dependence on the external power supply and
operator actions; these features include integral designs of the primary circuit or
adjacent configurations of the primary and the intermediate circuit (BMN-170, MDP,
RBEC-M, Medium Scale Lead-bismuth Cooled Reactor); the reduced or negative void
reactivity effects and a minimized burn-up reactivity swing; and passive systems for
the reactor shutdown and decay heat removal from the reactor vessel.

Certain liquid metal cooled SMRs incorporate additional features to enhance physical
protection of the plant, such as:
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e An underground location of the containment vessel (KALIMER).

e A double containment (PEACER).

e Large heat capacity of the primary circuit, resulting in slow transients (BMN-170,
RBEC-M).

4.6.4. Non-conventional SMRs

The only design in this category — the AHTR — incorporates the features similar to that of the
innovative gas cooled SMRs (HTGRs). Large thermal margins of coated particle fuel and the
location of the reactor in an underground silo are mentioned in conjunction with physical
protection of the plant.

4.7. Conclusion to Chapter 4

A review provided in this chapter points to many synergies in the designers’ efforts to
improve performance of innovative SMRs in the subject areas of economics, resource
utilization, waste management, environmental impacts, safety, proliferation resistance, and
physical protection. It is recognized that the designers of many innovative SMRs already
apply an approach to incorporate several of the abovementioned subject areas in their original
design concepts. Safety features of the innovative SMRs addressed in this report are well in
line with the innovation directions to enhance the levels of defence in depth as indicated in the
IAEA-TECDOC-1434 [3].

5. ENABLING TECHNOLOGIES THAT REQUIRE FURTHER R&D
5.1. Introduction

The lists of enabling technologies provided in each of the SMR design descriptions (Section
1.8 of Annexes [-XVII, XIX—XXIV, XXVI; Section 3 of Annexes XVIII and XXV) make it
possible to identify the directions of necessary further R&D. Tables III.1 — IIL.9 of
Appendix III present crosscuts of the R&D both ongoing and planned for the SMRs included
in this report.

For convenience, Tables III.1 through II1.9 follow the pattern used in the annexes to this
report, i.e., water cooled SMRs appear first, followed by gas cooled, sodium cooled, lead-
bismuth cooled and non-conventional SMRs. The order of certain designs within each of the
abovementioned groups also follows the sequence used in the annexes, with the
corresponding annex number being indicated against each SMR name.

Being arranged in the abovementioned way, Tables III.1 — II1.9 of Appendix III appear to be
self-standing; therefore, sections 5.2 — 5.10 below outline only those R&D areas that are
common to several innovative SMR designs within each group. These sections are structured
as the following:

e Reactor core and fuel design — Section 5.2 (Table I11.1).

e Reactor internals and primary circuit — Section 5.3 (Table III.2).

e Power circuit — Section 5.4 (Table II1.3).

e Safety concept, safety features and systems — Section 5.5 (Table I11.4).

e Technologies for fabrication of fuel and materials, fuel reprocessing and waste
disposal — Section 5.6 (Table IIL5).
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e Technologies of core refuelling, plant maintenance and in-service inspection —
Section 5.7 (Table I11.6).

e Issues of NPP licensing, construction, operation and decommissioning — Section 5.8
(Table II1.7).

e (alculation technologies and data sets — Section 5.9 (Table III.8).
e Available or planned experimental facilities — Section 5.10 (Table I11.9).

In addition to the abovementioned, Section 5.11 gives a summary of the technologies for
potable water and hydrogen production considered for use or already incorporated in the
designs of certain innovative SMRs.

5.2. R&D for reactor core and fuel design

Table III.1 of Appendix III collates the ongoing and planned R&D, relevant for reactor core
and fuel design.

Achieving fuel burn-up increase through the development and use of advanced fuel designs is
identified as a common objective for the majority of water cooled, gas cooled and liquid metal
cooled SMRs.

For high temperature reactors, the focus is also on further acquisition of the data on carbon
materials performance under increased temperatures and fuel burn-ups, including the
anticipated accident conditions.

Further development of the technologies of nitride and metallic fuel is a common issue for the
majority of sodium cooled and lead-bismuth cooled SMRs.

5.3. R&D for reactor internals and primary circuit

Table II1.2 of Appendix III summarizes the ongoing and planned R&D of relevance to reactor
internals and primary circuits.

Several of the innovative water cooled SMRs incorporate integral designs of primary circuits.
The corresponding further R&D will include validation and testing of the performance of such
integral circuits and their main components. Specifically, the need of further R&D on natural
circulation is specified for many innovative water cooled SMRs.

For high temperature reactors, the focus is on testing of the reactor system components in
high temperature and high pressure helium environment and on the material development
programmes. Specifically, the need of major material development programmes is indicated
for those designs that target a very high temperature option (the NGNP versions of the PBMR
and the GT-MHR; the AHTR).

For lead-bismuth cooled SMRs, a common issue is the R&D on lead-bismuth coolant
technology to ensure corrosion-free operation of the fuel element claddings and the primary
circuit equipment.

5.4. R&D for power circuit

Table II1.3 of Appendix III identifies the ongoing and planned R&D for power circuits.

The majority of inputs in this table are for the gas cooled SMRs (HTGRs) targeting the use of
direct gas turbine cycles. The R&D programmes address the development of turbo-machinery
design, the validation and testing of power conversion system components, and further
development and integrated tests of the complete power conversion systems.
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5.5. R&D for safety features and systems

Table II1.4 of Appendix III provides a crosscut of the directions of further R&D for safety
features and systems of the addressed innovative SMRs.

Regarding safety features, there is an emphasis on further R&D for certain inherent and
passive safety features that may define the performance of SMRs in accidents. Such features
include combinations of reactivity coefficients, low operating pressures, high thermal
conductivities of fuel materials, and passive shutdown capabilities.

Regarding control and protection systems, several innovative water cooled SMRs target the
use of control rod drives (CRDs) of the advanced designs. In this connection, the upper entry
CRDs could be mentioned for BWRs, and the in-vessel CRDs for PWRs.

The majority of inputs for all SMRs correspond to the ongoing or planned R&D for a variety
of different passive systems. Specifically, the in-vessel retention of corium by passive means
is indicated as a design objective for three water cooled SMRs.

The designers of 3 SMRs of different types identify the need of further R&D on seismic
design.

5.6. R&D for technologies of fuel and materials fabrication, fuel reprocessing and
waste disposal

Table II1.5 of Appendix III specifies the directions of further R&D on the technologies of fuel
and materials fabrication, fuel reprocessing and waste disposal.

The R&D to establish a large scale manufacturing of qualified fuel elements is specified for
the majority of high temperature SMRs, including both HTGRs and the AHTR. The R&D on
fuel reprocessing is indicated for some HTGR designs.

Further development of dry reprocessing technologies, specifically for the nitride and metallic
fuel, is identified for the majority of liquid metal cooled SMRs.

5.7. R&D for technologies of core refuelling, plant maintenance and in-service
inspection

Table II1.6 of Appendix III points to the ongoing and planned R&D relevant for the
technologies of core refuelling, plant maintenance and in-service inspection.

Specifically, the R&D on advanced methods of in-service inspection is indicated for several
SMR designs representing different reactor types.

5.8. R&D for technologies and issues of NPP licensing, construction, operation and
decommissioning

Table II1.7 of Appendix III collates the ongoing and planned R&D on the technologies and
issues of NPP licensing, construction, operation and decommissioning. Though not always
identified by the designers, such issues as improvement of the modular construction,
reduction of the operating costs by plant operational life increase, development of the plant
decommissioning programme and establishment of the licensing requirements for innovative
SMRs are generally important for many, if not all innovative SMRs presented in this report.
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5.9. R&D for calculation technologies and data sets

Table II1.8 of Appendix III summarizes the ongoing and planned developments of the
calculation technologies and data sets relevant for the SMR designs considered. The R&D
directions cover the neutronic codes and nuclear data, the thermal-hydraulic and safety
analyses codes, the uncertainty analysis codes, the depletion codes, the fuel performance
codes, and the databases of material properties.

5.10. Available and planned tests facilities

Table II1.9 of Appendix III indicates the available or planned test facilities in Member States
with respect to further R&D programmes for innovative SMRs. The majority of facilities
specified are for water cooled and gas cooled SMRs, which reflects a more advanced design
status achieved by such reactors. At the same time, Table II1.9 includes several facilities for
lead-bismuth cooled reactors.

Regarding the potential to share design and technology development with reactors of other
types, a remarkable example is provided by the AHTR, a pre-conceptual system that is part of
the U.S. Department of Energy Generation IV reactor programme. About 70% of the R&D
required for the AHTR is shared with that for helium cooled high temperature reactors. This
includes fuel development, materials development, and Brayton power cycles, Annex XXVI.

5.11. Technologies for non-electric applications
Most of the innovative SMRs addressed in this report provide for one or more non-electric

applications, see Table 2.

Whenever described in this report, the systems for district heating are always based on
standard equipment and proven system configurations, with no further R&D specified.

Table 5 summarizes the technologies for potable water production identified in the design
descriptions of those SMRs for which such options are foreseen.

At least one high temperature reactor design, the GT-MHR (Annex XV), includes the
provisions to produce potable water using heat rejected in the power cycle, without reducing
the efficiency of electric power generation.

TABLE 5. TECHNOLOGIES OF POTABLE WATER PRODUCTION SPECIFIED IN THE
DESIGN DESCRIPTIONS OF SMRs

SMR NAME | ANNEX NoO. | TECHNOLOGY OF POTABLE WATER PRODUCTION

Water cooled SMRs

Multi-effect distillation with thermal vapour compressor

SMART I (MED-TVC)
IRIS 11 Not specified
CAREM 111 Reverse osmosis
MARS v Multi-effect distillation (MED) or thermo-compression
SCOR \Y Multi-effect distillation (MED) or thermo-compression
IMR VI Not specified
VBER-300 VII Reverse osmosis
VK-300 VI Not specified
CCR IX Reverse osmosis
AHWR X1 Low temperature multi-effect distillation (LT-MED)
RUTA-70 XII MED




SMR NAME | ANNEX NO. | TECHNOLOGY OF POTABLE WATER PRODUCTION
Gas cooled SMRs
PBMR X1V Not specified
GT-MHR XV MED as an .option, with the use of heat rejected in
thermodynamic cycle
GTHTR300 XVI Not specified
ACACIA XIX MSF
Sodium cooled SMRs
BMN-170 | XXI | Not specified

None of the SMR design descriptions in this report identifies the need of further R&D on the
technologies of seawater desalination. However, a certain amount of R&D on the selection
and optimization of a potable water production process and the system configuration could be
foreseen for the cases when such a selection has not been made.

Table 6 gives a summary of the technologies of hydrogen production as outlined in the design
descriptions of SMRs in this report. The SMRs targeting hydrogen production as a high
temperature process heat application are mostly HTGRs. It is noted that hydrogen production
using high-temperature thermochemical processes is foreseen for one direct flow water cooled
reactor and one non-conventional high temperature reactor concept.

TABLE 6. TECHNOLOGIES OF HYDROGEN PRODUCTION SPECIFIED IN THE
DESIGN DESCRIPTIONS OF SMRs

SMR NAME ANNEX NO. TECHNOLOGY OF HYDROGEN PRODUCTION
Water cooled SMRs
KAMADO XTI Thermochemlcaloprocess (to be defined) driven by high
temperature (800°C) process steam.
Gas cooled SMRs
PEMR XV Sulphuric acid d'egomposmon reactor and vaporizer and
the HI decomposition reactor.
Several technologies have considered:
e Electrolysis (net heat-to-hydrogen efficiency 36—
38%)
e Electrolysis at 900°C (net efficiency 50%)
GT-MHR XV ;F(I)loir;nochemical water splitting *net efficiency
o
e The sulphur-iodine (S-I) thermochemical water-
splitting cycle has been selected as one of the
most promising (net efficiency more than 50% at
950°C reactor outlet temperature)
GTHTR300 XVI ngh temperature process heat applications (not
specified)
FAPIG-HTGR VT ngh temperature process heat applications (not
specified)
Non-conventional SMRs
AHTR XXVI High temperature process heat applications (to be
defined)
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6. NON-TECHNICAL FACTORS AND

ARRANGEMENTS THAT COULD

FACILITATE DEVELOPMENT AND DEPLOYMENT OF INNOVATIVE

SMRs

6.1. Summary of the design descriptions

The non-technical factors and arrangements that, in view of the designers, could facilitate
effective development and deployment of many innovative SMRs are summarized in Table 7.

Provisions for full-scope fuel cycle service agreements and simplified licensing requirements
are mentioned by the designers of 9 SMRs representing different reactor types. Simplified
licensing requirements are most often associated with the reduced or eliminated off-site

emergency planning.

Options of NPP leasing or power purchase contracts with the plant being operated by a

multinational generation company are rated important by the designers of 5 SMRs.

TABLE 7. NON-TECHNICAL FACTORS AND ARRANGEMENTS THAT COULD

FACILITATE DEVELOPMENT AND DEPLOYMENT OF INNOVATIVE

SMRs
SMR TYPE
SMRS FOR WHICH THIS PARTICULAR FACTOR OR TOTAL
NON-TECHNICAL FACTOR OR ARRANGEMENT WAS SPECIFIED IN THE DESIGN NUMBER
ARRANGEMENT DESCRIPTION (SMR NAME, ANNEX NO.) OF
INPUTS

Provisions for full-scope Water cooled SMRs
fuel cycle service IRIS (Annex II); CAREM (Annex III);
agreements or fuel leasing VBER-300 (Annex VII); RMWR (Annex X);

RUTA-70 (Annex XII) 9

Gas cooled SMRs
GT-MHR (Annex XV); ACACIA (Annex XIX)
Liquid metal cooled SMRs

BMN-170 (Annex XXI); RBEC-M (Annex XXIII)
Simplified licensing Water cooled SMRs
requirements possible* SMART (Annex I); IRIS (Annex II);

CAREM (Annex III); MARS (Annex [V);

VBER-300 (Annex VII); AHWR (Annex XI) 9

Gas cooled SMRs

PBMR (Annex (XIV); GT-MHR (Annex XV);

HTR-PM (Annex XVII)
Options for NPP leasing or Water cooled SMRs
power purchase contracts CAREM (Annex I1I); VBER-300 (Annex VII);
with the plant operated by a RMWR (Annex X) 5
multinational generation Gas cooled SMRs
company GT-MHR (Annex XV); ACACIA (Annex XIX)
International cooperation in Water cooled SMRs
the design and technology IRIS (Annex II)
development for SMRs Gas cooled SMRs 3

GT-MHR (Annex XV)

Liquid metal cooled SMRs
KALIMER (Annex XX)
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SMR TYPE
SMRS FOR WHICH THIS PARTICULAR FACTOR OR TOTAL
NON-TECHNICAL FACTOR OR ARRANGEMENT WAS SPECIFIED IN THE DESIGN NUMBER
ARRANGEMENT DESCRIPTION (SMR NAME, ANNEX NO.) OF
INPUTS

Option of a turnkey contract Water cooled SMRs
for a NPP SMART (Annex I); CAREM (Annex I1I) 3

Gas cooled SMRs
GT-MHR (Annex XV)

Increased local participation Water cooled SMRs
in NPP construction MARS (Annex IV); VBER-300 (Annex VII); 3
AHWR (Annex XI)

Offer of training Water cooled SMRs
SMART (Annex I); AHWR (Annex XI) 3

Gas cooled SMRs
GT-MHR (Annex XV)

No information provided Water cooled SMRs
SCOR (Annex V); KAMADO (Annex XIII);
Gas cooled SMRs
FAPIG-HTGR (Annex XVIII) 6
Liquid metal cooled SMRs
PEACER (Annex XXIV); MS-LBCR (Annex XXV)
Non-conventional SMRs
AHTR (Annex XXVI)

* With a reference to both, Annexes I through XXVI of this report and the IAEA-TECDOC-1451 [7]
6.2. Addressing specific needs of certain markets at the design stage

It is remarkable to note that only 4 out of the 26 SMR design descriptions in this report
mention explicitly the specific need of developing countries or a specific developing country
perspective. Most of the innovative SMR designers apparently target many markets
worldwide by offering the flexibility in NPP design, siting and applications; the sound and
transparent safety concept based to a large extent on passive safety design options; the
improved economy to meet the demands of markets with a limited nonrecurring investment
capability; and certain design features that could improve the proliferation resistance and
physical protection of SMR based NPPs.

There are increasing practices of periodical assessments of the competing innovative reactor
programmes in Member States, as observed in several developed and developing countries
[3, 4]. Therefore, the potential vendors are motivated to explore new market opportunities,
sometimes starting from rather early design stages.

As an example, a preliminary economic feasibility study of a nuclear desalination plant with
the SMART reactor in the Madura Island of Indonesia has been completed in 2003, see
Annex L.

The PBMR was first analyzed from the perspective of its value to the nation of South Africa,
and later it was recognized that the economic advantages of the PBMR would not be limited
to the South African grid alone. In 2000, the PBMR (Pty) Ltd. company was formed with
international investment partners to build and market PBMR-based power plants. The long
term marketing approach taken by the partners of PBMR (Pty) Ltd is to sell plants comprised
of multiple of modules. This has led the PBMR partners to develop early relationships with
strategic suppliers for key equipment, see Annex XIV.
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The IRIS borrows from the resources of the international consortium that includes members
from 10 countries, Annex II. All consortium members are equal partners, and provide inputs
regarding specific market requirements, that are ultimately reflected in the IRIS design.

The development and deployment of commercial GT-MHRs is based upon leveraging an
ongoing international project to develop and deploy a multi-module GT-MHR designed to
consume excess weapons grade plutonium in the Russian Federation, see Annex XV.

The designers of the VK-300 (Annex VIII) and the RUTA-70 (Annex XII) target certain sites
in their country of origin, the Russian Federation. For the RUTA-70, cooperation was
established with local authorities in the potential site area, and the design was adjusted
accordingly.

The VBER-300 ensures an infrastructure support of the potential customers, Annex VIL

The PBMR, the GT-MHR, the GTHTR300 (Annex XVI) and the AHTR (Annex XXVI)
target a very high temperature reactor option, which could make them competitive in future
markets of non-electric applications, such as hydrogen production.

The KALIMER seeks cooperation with or within the Generation-IV International Forum
programme, Annex XX.

The AHTR is part of the U.S. Department of Energy Generation IV reactor programme and is
being actively investigated.

Most of the innovative SMRs addressed in this report require a prototype plant to be built to
demonstrate reliable operation and qualify certain innovative features. Many of the considered
SMRs are still at the conceptual design stage and would require multiple further R&D.
Although there are examples of industry and utilities involvement in the design and
technology development for innovative SMRs (e.g. PBMR, CCR, IMR, etc.), these are the
commitments of governments that remain decisive for the progress in SMR development and
deployment

7. PROGRAMMES FOR INNOVATIVE SMR DEVELOPMENT IN MEMBER
STATES

7.1. Argentina

The main activities on innovative SMR development in Argentina are centred on the CAREM
project (Annex III), which has the goal to develop, design and construct an innovative, simple
and small nuclear power plant. This plant is based on an indirect cycle, integral type small
PWR with some distinctive and characteristic features that simplify the design and contribute
to a high safety level and the improved economics. The CAREM is a CNEA (Comision
Nacional de Energia Atomica) project developed co-jointly with the INVAP, an Argentine
company. The R&D for CAREM is supported under a national programme. The project of a
CAREM prototype, which is in the detailed design stage, is ongoing with the validation,
testing and qualification of innovative components for the primary coolant system.

The CAREM research, design and demonstration (RD&D) costs necessary for safety
acceptance are estimated as US $95 million, including the construction of a 100 MW(th)
prototype (US $85 million) and other specific tests (US $10 million).
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7.2. China

The HTR-PM is a modular high temperature gas cooled reactor (HTGR) plant being designed
by the Institute of Nuclear and New Energy Technology (INET) of the Tsinghua University in
China. The current HTR-PM design features a 160 MW(e) per module output. The HTR-PM
is being promoted as an industrial demonstration plant.

The utilities and nuclear industry partners have confirmed their intention to participate in the
HTR-PM project, which also has a support from the Government of China. Currently, a siting
evaluation is being performed for the first demonstration plant and for the follow-up units.
The HTR-PM design is now at the conceptual stage, with the activities on design optimization
being underway. All participants of the project undertake great efforts, and the target is to
have the HTR-PM demonstration plant constructed around 2010.

7.3. France

Since 2000, the Nuclear Energy Division of the Commissariat & I’Energie Atomique (CEA)
develops a concept of the Simple Compact Reactor (SCOR). The SCOR is being developed in
line with the European utility requirements for enhanced reliability and safety and improved
economics for the next generation reactors, see Annex V.

The SCOR is a 2000 MW(th) integral type PWR being developed within the framework of a
French programme on the innovation for light water reactors (LWRs). The work was partially
supported by the AREVA / FRAMATOME-ANP.

The SCOR is at the conceptual design stage. Because of a limited volume of necessary R&D,
it is estimated that the project could be implemented within the next 15 years.

7.4. India

Omit small reactors without on-site refuelling, the major activity for innovative SMRs in
India is that for the Advanced Heavy Water Reactor (AHWR), which is a pressure tube type
light water cooled heavy water moderated reactor of 300 MW(e) maximum electric output,
see Annex XI. The AHWR makes use of the specific technologies of pressurized heavy water
reactors (PHWRs) pertaining to pressure tubes and low-pressure moderator design. The
differences are mainly related to the use of thorium based fuel with negative void coefficient
of reactivity, the use of boiling light water in natural circulation mode and a strong reliance on
passive safety design options to achieve a high safety level and the improved economy.

The R&D for AHWR is fully supported by the Government of India. The basic design of the
reactor and the detailed design of its major nuclear systems have been completed. The RD&D
for AHWR has been and is being performed at the Bhabha Atomic Research Centre (BARC).
The Nuclear Power Corporation of India Ltd. (NPCIL) has completed a peer review of the
design in September 2003. The Indian Atomic Energy Regulatory Board (AERB) has been
approached for initially carrying out a pre-licensing safety appraisal of the AHWR.

7.5. Italy

Italy has no plans for nuclear power. Therefore, any design and technology development for
innovative reactors can be performed only on the initiative and with the resources of
interested research and academic institutions. The MARS design (Annex IV) was developed
at the Department of Nuclear Engineering and Energy Conversion of the University of Rome
“La Sapienza”, see Annex IV. The MARS (Multipurpose Advanced Reactor, inherently Safe)
is a 600 MW(th) single loop pressurized light water reactor (PWR). Finding a synergy



between plant safety and economic competitiveness was a challenge to the plant design team,
which also had the support of experts from ENEA (the Italian Governmental Agency for
Energy and Environment) and ENEL (the Italian Board for Electric Energy Production).

The basic design, the detailed design of main innovative mechanical components, and the
technical specifications for the majority of the fluid systems of the MARS are targeted for the
completion in 2006 will be completed. The final design of a MARS prototype could then be
completed in two years, subject to the conditions of funding and support from the industry.

7.6. Japan

Japan has several ongoing R&D programmes for the innovative water cooled, gas cooled,
sodium cooled and lead-bismuth cooled SMRs with conventional refuelling schemes.

Water cooled SMRs

Starting from 1999, a group of companies and universities led by the Mitsubishi Heavy
Industries (MHI) and including also the Kyoto University, the Central Research Institute of
Electric Power Industries (CRIEPI), and the Japan Atomic Power Company (JAPC) develops
a concept of the integrated modular water reactor (IMR). The IMR is an integral primary
system reactor with the reference output of 350 MW(e), see Annex VI. The design targets are
to attain electricity generation costs comparable to those of a large-scale nuclear reactor and
to eliminate the possibility of certain accidents by design. The Japan Ministry of Economy,
Trade and Industry has been supporting the IMR conceptual design study and the feasibility
tests of key technologies from 2001 to 2004. The IMR is in the conceptual design stage to be
completed in 2005. The R&D for components and design methods, a certain amount of
validation and testing, and basic design development are required before licensing. The target
year to start licensing is 2011.

The compact containment boiling water reactor (CCR) is a modular boiling water reactor
(BWR) developed by the Toshiba Corporation with the support from the Japan Atomic Power
Company (JAPC) and, partially, the Agency of Natural Resources and Energy and the
Ministry of Economy, Trade and Industry (METI). The current CCR design has an electric
output of 300 MW per module, see Annex IX. The design goals are to provide economic
flexibility for a variety of siting conditions and electricity demands, to mitigate investment
risks, and to facilitate public acceptance. The conceptual design of the reactor and its major
nuclear systems has been completed. It is expected that by mid-2010 the design will be
sufficiently complete to enable the initiation of construction related actions, subject to the
availability of funds and regulatory and other statutory clearances.

The reduced moderation water reactor (RMWR) of 300 MW(e) aims to achieve a high
conversion ratio (over 1.0) with mixed oxide (MOX) fuel. The design is based on proven
boiling water reactor (BWR) technology see Annex 10. High conversion ratio is attained by
the reduction of neutron moderation, i.e., by the reduced water fraction in the reactor core, see
Annex X. The RMWR is developed through collaboration between the Japan Atomic Energy
Research Institute (JAERI), JAPC, Hitachi Ltd. and the Tokyo Institute of Technology
(TITech) with partial support from the Government of Japan and the utilities. The current
design stage is that of a conceptual design. Once adequate funding is available, the basic
design of a 300 MW(e) RMWR could be developed in about one year, and the detailed design
in about 2 years after it. The R&D costs needed to deploy the prototype are estimated at about
US $10 million. The R&D costs needed to deploy a commercial NPP with the RMWR are
estimated as US $500 million.
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The KAMADO reactor concept was proposed in 2001 by the CRIEPI. The concept is based
on a synthesis of the design approaches used in light water reactors, pool type research
reactors, and the FUGEN heavy water reactor, see Annex XIII. The KAMADO is a direct
flow pressure tube pool type light water reactor with superheated steam at core outlet; the
design incorporates the graphite blocks that are located in a water pool and house the
separated fuel rods and pressure tubes. The design objective of the KAMADO is to develop a
nuclear reactor with a negligible possibility of core meltdown accidents. The KAMADO
concept provides for a simple plant system design without the reactor pressure vessel, the
emergency core cooling system (ECCS), the re-circulation systems, etc. Therefore, the
construction cost per unit of the electric power generated is expected to be sufficiently low,
comparable to that of conventional large scale LWRs. The preliminary conceptual design of
the KAMADO is in progress. All activities on design and technology development for the
KAMADO are performed and funded by the CRIEPIL.

Gas cooled SMRs

Since 2001, the Japan Atomic Energy Research Institute (JAERI) has been developing an
original concept of the high temperature reactor with direct gas turbine cycle, Gas Turbine
High Temperature Reactor 300 (GTHTR300), Annex XVI. The innovative features of this
simplified system include core design based on a newly proposed refuelling scheme named
the sandwich shuffling; the use of conventional steel materials for the reactor pressure vessel,;
an innovative plant flow scheme and a horizontally-installed gas turbine unit. The principal
stakeholder in the GTHTR300 project is JAERIL

The GTHTR300 project has completed the basic design stage, which included system and
component design, safety evaluation, and economic assessment. A deployment roadmap was
prepared for the GTHTR300, which comprises three successive phases. The first phase,
currently ongoing in JAERI, would last until 2007 under an exclusive funding from the
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan; it covers
the prototype plant design and the associated basic R&D for technology development.

The second phase, called the utility prototype plant demonstration, will be carried out over a
period of ten years (2008—2018) mainly in the private sector, with public funds added to cover
the nonrecurring costs only.

A success of the prototype plant development and demonstration will mark an important
milestone towards commercial deployment of the GTHTR300. The deployment during Phase
I will exploit significant system advancement options. Through the development and
introduction of a few performance-enhancing technologies relevant for the fuel, materials and
power equipment, the GTHTR300 would be commercially deployed achieving more than
50% net plant efficiency and a further 10% reduction in the electricity cost. The system would
be upgraded to deliver 950°C helium, which will contribute to the deployment of other
attractive systems, such as the GTHTR300C, a cogeneration system for electricity and
hydrogen production (around 2020).

A group of leading companies of the First Atomic Power Industry Group (FAPIG), including
Fuji Electric Systems; Kawasaki Plant Systems, Ltd.; and Shimizu Corporation is involved in
the development of a concept of a 100 MW(e) high temperature helium cooled reactor with
pebble bed fuel and direct gas turbine cycle, the FAPIG-HTGR (see Annex XVIII). The
design goals include high thermal efficiency and low cost power conversion system based on
a high speed gas turbine system with a vertical single shaft rotor; an enhanced safety achieved
through the use of a simple 3-vessel system and the decay heat removal being performed by a
passive system utilizing natural circulation of the atmospheric air. The FAPIG-HTGR is at a
pre-conceptual design stage.
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Liquid metal cooled SMRs

The modular double pool fast breeder reactor (MDP), a sodium cooled fast reactor of
325 MW(e) per module output, has been designed to reduce the construction costs and
improve the reliability by factory production of most the components, see Annex XXII.
Specifically, the MDP is proposed for use within a 4-module plant of 1300 MW(e).The
development of the MDP concept has been performed and funded by the CRIEPI. The double
pool design is intended to reduce the distances in the intermediate heat transport system by
installing steam generators and secondary pumps in the sodium filled annular space formed
between the primary and secondary vessel. The preliminary conceptual design has been
completed but, at the moment, there is no financial support for further R&D.

The Japan Nuclear Cycle Development Institute (JNC) is developing the medium scale
lead-bismuth cooled reactor see Annex XXV. It is a tank type modular design without
intermediate heat transport system. The module power is 710 MW(e), and the plant of 4
modules with 2840 MW(e) total electric output was selected as basic. The medium scale
lead-bismuth cooled reactor is at the conceptual design stage.

7.7. The Republic of Korea

In the Republic of Korea, the R&D programmes addressing innovative SMRs include both
water cooled and liquid metal cooled reactor designs.

Water cooled SMRs

Since 1997, the Korean Atomic Energy Research Institute (KAERI) has been developing the
system-integrated modular advanced reactor (SMART), an advanced integral PWR of
330 MW(th), see Annex I. The SMART development has been conducted under a nuclear
research and development programme supported by the Ministry of Science and Technology
(MOST) of the Republic of Korea and, therefore, KAERI and MOST are the principal
stakeholders. The SMART incorporates highly advanced design features contributing to a
competitive economy and enhancing the plant safety, reliability, performance, and operability.
The SMART development programme has been established with three phases, which are
technology development, plant construction and plant commercialization. At the technology
development phase, the fundamental technologies were developed and the conceptual design
was completed. The basic design was finished in 2002 and the construction of a 65 MW(th)
prototype plant (SMART-P) was launched to perform a comprehensive performance
verification. Commercialization of the SMART desalination plant is scheduled to start in
2009. The validation and testing programme for the SMART has been established. Some of
the tests were successfully completed during the basic design phase and some are currently
underway. A research and development centre for the construction of the SMART-P was
established in June 2002. The SMART-P construction project proceeds with the participation
of many industrial companies and research organizations, such as the Doosan Heavy
Industries and Construction Company (DSHIC), the Korea Power Engineering Company, Inc.
(KOPEC), the Korea Institute of Nuclear Safety (KINS), and various universities.

Liquid metal cooled SMRs

The liquid metal cooled reactor (LMR) design technology development project was approved
as a national long-term R&D programme in 1992 by the Korea Atomic Energy Commission
(KAEC), which decided to develop and construct a LMR. Based upon the KAEC decision,
KAERI has stared the development of the Korea Advanced Liquid Metal Reactor
(KALIMER), Annex XX. The goal of the LMR design technology development project is to
develop the LMR design technologies necessary for the efficient utilization of uranium
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resources and the reduction of high level wastes. The design objectives of the KALIMER
include enhanced safety, competitive economics, enhanced proliferation resistance and
environmental friendliness. The R&D for the KALIMER is fully supported by the
Government of the Republic of Korea. The design and development of this reactor are
performed by KAERI.

The LMR design technology development project has been carried out in phases. During
phases 1 and 2 (1997-2001) of the national fast reactor programme, the basic technologies
and the conceptual design of a 150 MW (e) KALIMER-150 have been developed. As there are
no plans for the construction of a prototype or a demonstration reactor, the basic key
technologies and the advanced concept of a 600 MW(e) KALIMER-600 have been developed
during phase 3, in 2002-2004. It was also suggested to foster international collaboration
including the Generation IV International Forum programme. Furthermore, as a result of the
nuclear technology roadmap activities in the Republic of Korea, a sodium cooled fast reactor
was selected as one of the two reactor options deployable by 2030.

The concept of the PEACER (Annex XXIV), a fast lead-bismuth cooled reactor of 300 or
550 MW(e) for electricity generation and waste transmutation, was proposed in 1998. The
design and technology development for the PEACER is carried out by the Nuclear
Transmutation Reactor Engineering Center Korea (NuTRECK) of the Seoul National
University, with the full financial support from the Korean Ministry of Commerce, Industry
and Energy. The conceptual design of the PEACER and the basic design of its major nuclear
systems have been completed. The present research encompasses technology development for
a 3D virtual reality, Pb-Bi coolant technology demonstration and the ongoing conceptual
design of a PEACER version for power production and LWR spent fuel disposal.

7.8. The Netherlands

The Netherlands made a decision to phase out nuclear power; therefore, there are no national
programmes on design and technology development for innovative reactors.

The ACACIA (Advanced Atomic Co-generator for Industrial Applications) is a concept of a
60 MW(th), 23 MW(e) nuclear power plant with the pebble bed high temperature gas cooled
reactor and an indirect Brayton cycle, see Annex XIX. This concept is well suited as an
autonomous energy source but also allows for a multiple-module plant construction. Different
from other pebble bed reactors, the ACAIA provides for a whole core refuelling performed
once in every 3 years. The ACACIA is at a pre-conceptual design stage. A principal
stakeholder for the ACACIA is the Nuclear Research and Consultancy Group (NRG) of the
Netherlands. No further R&D is planned at the moment, but the design team intends to pursue
further development of the ACACIA design.

7.9. South Africa

In 1993, the pebble bed modular reactor (PBMR) was identified by ESKOM, the electric
utility of South Africa, as a leading option for the installation of new generating capacity to
their electric grid.

This innovative nuclear power plant of 165 MW(e) capacity incorporates a closed cycle
primary coolant system utilizing helium to transport heat energy directly from the modular
pebble bed reactor to a recuperative power conversion unit with a single-shaft
turbine/compressor/generator, see Annex XIV. This replacement of the steam cycle that
is common in present nuclear power plants (NPP) with a direct gas cycle provides the
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benefits of simplification and a substantial increase in overall system efficiency with the
attendant lowering of capital and operational costs.

The principal shareholders in the PBMR are incorporated within the South African company,
PBMR (Pty) Ltd. These shareholders include:

e ESKOM, National South Africa Electric Utility.

e Industrial Development Corporation of South Africa, a national development financial
institution.

e British Nuclear Fuel plc, a global nuclear fuel cycle company, (parent of
Westinghouse nuclear) solely owned by the government of the United Kingdom.

Initial PBMR development is focused on completion of the detailed design and engineering
for a demonstration unit to be located at the Koeberg NPP site north of Cape Town, South
Africa. The full cost of the demonstration plant is estimated at ~US $1 billion.

The South African government has designated the PBMR a national strategic project with a
cabinet level committee appointed in February 2004. The demonstration plant site preparation
is scheduled to begin at the Koeberg NPP site in the first quarter of 2007 with fuel loading
anticipated for mid-2010. The commercial acceptance by ESKOM is scheduled for early
2011.

Further development targets achieving the Generation IV goals with a very high temperature
PBMR version.

7.10. The Russian Federation

The Russian Federation has multiple R&D programmes on design and technology
development for innovative SMRs with conventional refuelling schemes. A short summary
given below covers the R&D programmes for SMRs addressed in this report, see Section 1.3.
The information on several other developments can be found in IAEA-TECDOC-1451 [7].

Water cooled SMRs

The VBER-300 is a modular PWR of 295 MW(e) developed on the basis of marine reactor
technologies, see Annex VIIL. In many ways, the plant design appears as a scaled-up version of
the marine modular reactors, which have a solid design and operation experience in the
Russian Federation. The VBER-300 is developed as a small-to-medium power source for both
land based NPPs or cogeneration plants and floating NPPs or desalination complexes. The
VBER-300 is well suited for autonomous operation in the immediate proximity to the
customer. The principal stakeholders are Russian research and design organizations, including
the OKB Mechanical Engineering (OKBM, Nizhny Novgorod), the Russian Research Centre
“Kurchatov Institute” (RRC “Kurchatov Institute”, Moscow), the Scientific-Research and
Design Institute “Atomenergoproekt” (NIAEP, Nizhny Novgorod), and the Public Company
“Lazurit” (Nizhny Novgorod).

A preliminary (basic) design of the VBER-300 has been completed in 2002. At present, the
design is undergoing an expertise in the Rosatom of the Russian Federation. The phase that
included the optimization of separate design features and schemes is near completion, and the
development of the detailed design is underway. A land based nuclear cogeneration plant with
the VBER-300 could be deployed in 2013, and a floating NPP with two VBER-300 reactors
could be deployed in 2012.

The VK-300 is a 250 MW(e) simplified boiling water reactor with natural circulation of the
coolant and many passive systems, see Annex VIII. Several options for the core arrangement
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and reactor design were considered at the development stage of the VK-300 to enhance its
safety and economic efficiency. Specifically, of all options considered a principle of passive
operation of the main safety systems was retained to achieve an optimum balance between an
enhanced safety and the improved economic characteristics. The VK-300 was developed by
Russian research and design organizations, including the Research and Development Institute
of Power Engineering (RDIPE, also known as NIKIET), the Russian Research Centre
“Kurchatov Institute” (RRC KI), and the Institute of Physics and Power Engineering (IPPE,
Obninsk).

As of 2005, the detailed design of the VK-300 reactor for a nuclear cogeneration plant was
completed; the basic regulations for a typical nuclear cogeneration plant using the VK-300
reactors were developed; and the substantiation of investments to the construction of a nuclear
cogeneration plant in the Arkhangelsk region of the Russian Federation has been performed.
Research and development activities are currently underway for further validation of the
design approaches adopted in the VK-300 design. It is estimated to take 2-3 years to
implement these activities. The first power unit could then be deployed around 2012.

The RUTA-70 is a single-purpose nuclear heat plant of 70 MW(th) for district heating, see
Annex XII. The design is based on natural convection of the primary coolant sand is
characterized by the absence of excess pressure in the primary circuit, which is a reactor pool.
Nuclear heat plants with such reactors are characterized by inherent safety features and could
be located in the immediate proximity of the heat users. The RUTA-70 project is performed
by Russian research and design organizations, including the RDIPE as a leader, the IPPE, the
VNIPIET, the MI KRC RAS, and the ‘Atomenergoproekt’ (AEP).

In 2001, the IPPE proposed conducting a feasibility study on the upgrading of the district
heating in Obninsk, Kaluga region, by constructing a nuclear heat plant with the RUTA
reactor. This proposal was approved by a decision of the board of the programme of Obninsk
development as a ‘science town’. The RUTA-70 nuclear heat plant does not require support
by national R&D programmes because proven technical solutions and proven equipment are
used to the maximum extent. At the moment, the RUTA-70 is supported under the Obninsk
development programme. The time needed for the deployment of the RUTA-70 is estimated
as 3 years in the Russian Federation and 4-5 years outside the Russian Federation. At present,
the RUTA-70 is at the preliminary (basic) design stage.

Gas cooled SMRs

The GT-MHR couples a modular high temperature gas cooled reactor (HTGR) with a Brayton
power conversion cycle to produce electricity at high efficiency, with a potential for high
temperature process heat applications, see Annex XX.

The development of a multi-module Gas Turbine — Modular Helium Reactor (GT-MHR) for
excess weapons grade plutonium consumption in the Russian Federation in ongoing within an
international project that pools together major efforts of the Russian Federation and the USA.
The institutions involved in the R&D, design and deployment of the plutonium consumption
GT-MHR include the following:

e The Russian Federation — Rosatom, OKBM, RRC KI, VNIINM Bochvar, SPA
“Lutch”, SCC, VNIPIET, NIIAR, SNTC, ISTC.

e The United States — DOE/NNSA, EPRI, General Atomics, ORNL.
e The European Union and Japanese participation via ISTC.

From a technology development standpoint, the path forward for deployment of the
GT-MHR technology is necessarily a demonstration project, because of a number of
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heretofore-unproven characteristics embodied in the design. The most prominent of these
include items such as the safety design approach, fuel operating conditions (burn-up, fluence,
temperature), power conversion system design (vertical shaft, magnetic bearing suspension),
and pressure vessel design (size, operating temperatures).

The GT-MHR for plutonium consumption is at the preliminary design stage. A schedule
produced indicates that its prototype could begin full power operation nine years after
completion of the preliminary design. This would include the following elements:

e Complete design and development in the Russian Federation — 3 years.
e Russian regulatory review (in parallel with above) — 4 years.

e Prototype construction in the Russian Federation — 4 years.

e Fuel load, ascent to power and demonstration testing — 1 year.

Funding support for the development of the plutonium consumption version of the GT-MHR
is continuing through the DOE NNSA in the United States and Rosatom in the Russian
Federation, with additional technology development support from the EU and Japan through
ISTC.

Liquid metal cooled SMRs

The BMN-170 is a modular nuclear power plant of 170 MW(e) with a sodium cooled fast
reactor, see Annex XXI. Its concept was developed in 1990s by Russian research and design
organizations, including the OKBM, the Sankt Peterburg Atomenergoproekt (SPb AEP) and
the IPPE. The BMN-170 is designed to ensure the economically effective generation of
electricity or the co-generation of heat and power in autonomous power systems. By offering
fuel breeding, the concept opens the possibility of using the BMN-170 plants in a multi
component structure of future nuclear energy systems. At the stage of conceptual design
development, several options of the BMN-170 core arrangement and reactor module design
were considered to enhance safety and economic effectiveness. During recent years (1997—
2003), the activities for BMN-170 were stimulated by the exchange of scientific and technical
information with companies in Russia and abroad. Among them, the Ministry of Atomic
Industry of Kazakhstan could be mentioned. At the moment, conceptual investigations for the
BMN-170 project are being performed on the initiative of OKBM specialists (Nizhny
Novgorod, Russia).

The RBEC-M is a lead-bismuth cooled fast reactor with a high level of primary coolant
natural circulation and a gas lift system in the primary circuit to provide the supply of an inert
gas (e.g. argon) in the coolant under the core, see Annex XXIII. This concept is developed
with an insight of future multi-component nuclear energy systems, where it might be used for
breeding or the adjustment of fissile material flows. Conceptual studies for the RBEC-M are
performed in the Russian Research Centre “Kurchatov Institute” (Moscow, Russia).

Recently, the work towards elaboration of the RBEC-M concept was stimulated by the
exchange of scientific and technical information with the domestic and foreign organizations
developing new reactors with liquid heavy metal coolants. In particular, the French
Commissariat a 1’Energie Atomique (CEA) and the Japan Nuclear Cycle Development
Institute (JNC) could be mentioned in this context.

7.11. The United States of America

The USA maintains several ongoing R&D programmes for innovative SMRs with
conventional refuelling schemes.
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Water cooled SMRs

The International Reactor Innovative and Secure (IRIS) is a modular, integral-type,
pressurized, light water cooled, medium power reactor of 1000 MW(th), see Annex II. The
IRIS concept addresses the top-requirements for next generation reactors, i.e., enhanced
safety, reliability, positively proliferation resistance, and improved economics.

The IRIS “safety-by-design”™ philosophy is a systematic approach that aims—by design—at
eliminating altogether the possibility for an accident to occur, i.e., to eliminate accident
initiators, rather than having to design and implement systems to deal with the consequences
of the accident.

The IRIS development was initiated with U.S. DOE support through the Nuclear Energy
Research Initiative (NERI). Currently, the institutions involved in IRIS R&D are members of
the IRIS consortium and include Westinghouse Electric Co. (USA), BNFL (UK), Ansaldo
Energia (Italy), Ansaldo Camozzi (Italy), ENSA (Spain), NUCLEP (Brazil), Bechtel (USA),
OKBM (Russia), ORNL (USA), CNEN (Brazil), ININ (Mexico), LEI (Lithuania),
Polytechnic of Milan (Italy), MIT (USA), Tokyo Institute of Technology (Japan), University
of Zagreb (Croatia), University of Pisa (Italy), Polytechnic of Turin (Italy), University of
Rome (Italy), TVA (USA), Eletronuclear (Brazil). All team members are stakeholders.

At the moment, IRIS is at the preliminary (basic) design stage. It is expected that the
first-of-a-kind IRIS will be deployed in the 2012-2015 timeframe.

Gas cooled SMRs

The development and deployment of commercial GT-MHRs is based upon leveraging an
ongoing international project to develop and deploy a multi-module GT-MHR designed to
consume excess weapons grade plutonium in the Russian Federation, see Section 7.10. The
commercial GT-MHR design would utilize the technology development conducted in support
of the plutonium consumption version, with the majority of additional development focused
on fabrication and qualification of LEU fuel.

Many of the institutions involved in the R&D on the GT-MHR for plutonium consumption
would also be involved in transfer of technology from the plutonium consumption version to
the commercial GT-MHR. In addition, the GT-MHR Utility Advisory Board (UAB) has been
actively supporting the commercialization of the GT-MHR.

Efforts in support of the commercial version of the GT-MHR have resulted in the production
of licensing and deployment plans. Planning for a possible demonstration plant in the US (the
next generation nuclear plant — NGNP-project), begun in 2003, may result in a restructuring
of the GT-MHR commercialization strategy.

The commercial GT-MHR schedule for a US deployment would parallel the plutonium
consumption version schedule summarized in Section 7.10, lagging the deployment in the
Russian Federation by about one year. Pre-application licensing interactions with the US
Nuclear Regulatory Commission began in 2001, including submittal of a Licensing Plan.

Funding support for pursuing early site permits that include the GT-MHR as an option is
provided by the DOE under the NP 2010 initiative and by participating generating companies.

The potential benefits of the GT-MHR for the generation of electricity coupled with the
potential for efficient production of hydrogen provide significant incentives for a government-
sponsored demonstration programme such as the proposed Idaho National Laboratory (INL)
NGNP demonstration project, see Annex 15.
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Non-conventional SMRs

The Advanced High Temperature Reactor (AHTR) is a new reactor concept that combines
four existing technologies in a new way:

e (oated particle graphite matrix nuclear fuels (traditionally used for helium cooled
reactors).

e Brayton power cycles.
e Passive safety systems and plant designs from liquid metal cooled fast reactors.

e Low pressure liquid salt coolants with boiling points far above the maximum coolant
temperature (the coolant, however, it contains no fuel).

The AHTR is designed to produce electricity and/or high temperature heat. The reactor
concept is being developed in the USA co-jointly by Oak Ridge National Laboratory, Sandia
National Laboratories, and the University of California at Berkeley. Several commercial
reactor vendors are currently evaluating the concept. The design stage is that of a
pre-conceptual design.

The AHTR is part of the U.S. Department of Energy Generation IV reactor programme and is
being actively investigated, specifically, as a very high temperature reactor (VHTR) option.
At the same time, commercial reactor vendors are conducting parallel studies. Detailed
development plans are being prepared. If the AHTR is selected for large-scale development,
the goal would to be to have an operating test reactor by 2012. A medium sized pre-
commercial demonstration reactor would follow this.
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Appendix I
OUTLINE FOR SMR DESIGN DESCRIPTION (FULL DESCRIPTION)

I.1. General information, technical features, and operating characteristics
L1.1. Introduction

e Full and abbreviated name of the nuclear installation with an innovative SMR

e Historical technical basis: identify plants/test facilities, and R&D previously
performed that support this innovative SMR design

e List of principal stakeholders
1.1.2. Applications

Including: electricity generation/co-generation, district heating, seawater desalination,
hydrogen production, process steam production etc, or a combination thereof

1.1.3. Special features

Such as: floating NPP option, option to use NPP as an autonomous energy source (nuclear
cell), modular approach allowing for incremental capacity increase, option of prefabrication,
transportability, etc.

1.1.4. Summary of major design and operating characteristics’

e Installed capacity (thermal and electric)
e Mode of operation (basic, load follow)
e Load factor/ availability (specify targets)

e Summary of major design characteristics: types of fuel, fuel enrichment, types of
coolant/moderator, types of structural materials, core type/characteristic dimensions,
vessel type/characteristic dimensions, cycle type (direct/indirect), number of circuits

e Simplified schematic diagram of the nuclear installation with an innovative SMR

e Neutron-physical characteristics (temperature and coolant density reactivity effects,
void reactivity effect and burn-up reactivity swing,), power flattening (peaking factors,
approaches to reduce them)

e Reactivity control mechanism (burnable poisons, control rods, liquid boron, spectral
shift, movable reflector, etc or a combination thereof), number of independent active
reactor control and protection (RCP) systems, cumulative worth for each RCP system

e Cycle type (direct or indirect) and thermodynamic efficiency

e Thermal-hydraulic characteristics (circulation type: natural/ forced, inlet/outlet coolant
temperatures, flow rates and pressures in circuits, temperature limits for fuel/claddings
and other ‘critical’ structural materials, maximum/average temperatures of fuel and
structural materials in normal operation, DNBR, if any)

! Any other relevant parameters could be added by the designer
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L1.5.

L1.6.

11.6.1.

11.6.2.
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Maximum/average discharge burn-up of fuel (% FIMA)
Fuel lifetime/period between refuellings in effective full power days (EFPD)

Mass balances/flows of fuel and non-fuel materials (on an annual basis per unit of
thermal and equivalent electric energy produced) with a short description of how they
were obtained (best estimate, reference etc)

Design basis lifetime for reactor core, vessel and structures

Design and operating characteristics of systems for non-electric applications,
including process type, ranges for sharing energy production between different
applications and specific production rate per unit of thermal and equivalent electric
energy

Economics (capital costs, estimated construction period, O&M costs, fuel costs, final
product costs for a prototype and relevant projections for a final version of the nuclear
installation with an innovative SMR)

Outline of fuel cycle options

Standard fuel cycle (specify once-through, closed etc. for basic type of fuel)

Alternative fuel cycle options (specify once-through, closed etc. for alternative types
of fuel)

Suggested fuel reprocessing method, if any

Provision for fuel cycle organization (such as centralized, regional, or on-site
reprocessing, etc.), if any

SNF management and disposal planning, if any

Technical features and technological approaches that are definitive for nuclear
installation performance in particular areas

Economics and maintainability

Targeted markets and their specifics (for example, low labour costs and limited
resources for investments in some developing countries etc.)

Provisions for reduced capital and construction costs, such as design standardisation,
option of factory fabrication, transportability etc.

Provisions for low O&M costs, such as elimination of the need for on-site refuelling,
long-lived core etc.

Provisions for low fuel reload costs (such as low enrichment, particular fuel or fuel
cycle type etc.)

Provisions for sustainability, waste management, and minimum adverse
environmental impacts

Provisions for low consumption of non-renewable resources, including the degree of
fuel utilization

Provisions for minimum generation of wastes at the source
Provisions for acceptable or reduced dose limits

Provisions for low SNF and waste management costs (such as particular fuel forms,
minimized specific production of waste etc.)



1.1.6.3. Safety and reliability

e Safety concept and design philosophy

e Provisions for simplicity and robustness of the design

e Active and passive systems and inherent safety features

e Structure of the defence-in-depth

e Design basis accidents and beyond design basis accidents

e Provisions for safety under seismic conditions

e Probability of unacceptable radioactivity release beyond the plant boundaries

e Measures planned in response to severe accidents
1.1.6.4. Proliferation resistance

e Technical features to reduce the attractiveness of nuclear material for nuclear weapon
programmes, such as isotopic content, chemical form and radiation properties

e Technical features to prevent the diversion of nuclear material
e Technical features to prevent the undeclared production of direct-use material
e Technical features to facilitate nuclear material accounting and verification

1.1.6.5. Technical features and technological approaches used to facilitate physical
protection of the NPP with an innovative SMR

Such as: features that ensure enhanced protection against external impacts and sabotage due to
intentional actions of the personnel, etc.

L.1.7. Non-technical factors and arrangements that could facilitate effective development
and deployment of reactor installation

Such as:

e Taking into account (at the design stage) market demands and the specific needs of
different market, in particular, needs of developing countries

e Provisions for leasing of fuel and/or full-scope fuel cycle service agreements

e Options for NPP leasing

L.1.8. List of enabling technologies relevant to the nuclear installation with an innovative
SMR and status of their development

L.1.9. Status of R&D and planned schedule

Including:

e Information on whether R&D for this particular SMR are supported by national (State)
R&D or NPP deployment programmes

e Companies/Institutions involved in the RD&D and design
e Estimate of an overall time frame within which the design could be implemented

¢ Information on main RD&D and licensing stages and their duration
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e R&D costs needed to deploy the prototype, R&D costs needed to deploy final version
of the NPP with an SMR (assume all R&D are performed in a specified country)

¢ Financial information, if any, including the status of funding

L.1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed,

1.e. why this particular SMR could be rated as innovative

L1.11. List of other similar or relevant SMRs for which the design activities are ongoing
I.2. Design description and data for each nuclear installation with an innovative SMR
L.2.1. Description of the nuclear systems

e Reactor core and fuel design, including core map and cross section of fuel

e Main heat transport system, with specification of heat removal path in normal
operation and in accidents

¢ Intermediate circuit, if any

1.2.2. Description of the turbine generator plant and systems (details to be given if
innovative equipment is to be used)

L.2.3. Systems for non-electric applications

e Outline of the circuits, systems, and processes for non-electric applications
e Table of basic design data

1.2.4. Plant layout

e General philosophy governing plant layout
e Reactor building and containment layout
e Plant plot, if available

References
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IL.1.

I1.2.

I11.2.1.

Appendix II

OUTLINE FOR SMR DESIGN DESCRIPTION (SHORT DESCRIPTION)

Basic summary, including:

Full and abbreviated name of the concept, principal stakeholder(s)
Core design summary
Plant design summary

Safety concept summary
Major design and operating characteristics
Table of major reactor (core) characteristics

Fuel type and enrichment

Fuel assembly type and number
Type of structural materials

Fuel burn-up and cycle length
Core dimensions; reflectors, if any
Approach to power flattening
Average power density

Major reactivity effects

Breeding ratio, if applicable
Decay heat removal systems
Other characteristics suggested by the designer

Table of major plant characteristics

Reactor type

Thermal and electric output

Plant efficiency

Cycle type (direct or indirect), secondary coolant (intermediate coolant, if any)
Circulation type (natural or forced)

Core inlet/outlet temperature, primary circuit pressure, and primary coolant flow rate

Turbine inlet temperature and pressure
Containment system

Other characteristics suggested by the designer

Figure(s) illustrating plant design scheme

I1.3.

List of enabling technologies and status of their development

References
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Appendix III

CROSSCUT TABLES OF ONGOING AND PLANNED R&D;
AVAILABLE OR PLANNED TEST FACILITIES

TABLE III.1. FURTHER R&D FOR REACTOR CORE AND FUEL DESIGN

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs
IRIS (Annex II)
o Irradiation testing, qualification and licensing of fuel for an operation cycle increased from
4 to 8 years
CAREM (Annex III)

e Hydrodynamic and structural tests of fuel assemblies
e Validation of mechanical design (structural, dynamic, seismic, etc.) of the core
IMR (Annex VI)
e Physical and chemical conditions and durability of the materials: more data are required to
validate the integrity of fuel cladding under boiling conditions
VK-300 (Annex VIII)
e Study of fuel assembly characteristics at higher fuel burn-ups
CCR (Annex IX)
e Design study to reduce the number of fuel assemblies by applying a wider lattice pitch
RMWR (Annex X)
e New stainless steel cladding to secure reliable fuel rod operation at increased fuel burn-ups
e In-depth analytical studies and irradiation experiments to examine the degradation of fuel
pellet thermal conductivity under increased burn-up, swelling of the fission product gas pores
generated around Pu-rich spots, and fuel rod deformation behaviour
RUTA-70 (Annex XII)
o Justification and study of the possibility to use alternative fuel, e.g., cermets fuel
KAMADO (Annex XIII)
e Research, design and demonstration for innovative fuel elements (graphite blocks housing
fuel rods and water and steam pipes)

Gas cooled SMRs

PBMR (Annex XIV)

o Separate effect tests of heat transfer mechanisms in annular pebble bed

o Investigation of oxidation of hot graphite cores by oxygen with natural circulation following
air ingress events

e Enhancement of fuel performance for PBMR-VHTR development (maximum accident fuel
temperature 2000 °C, 200 GW day/t burn-up; improved resistance to oxidation)

GT-MHR (Annex XV)

e Data are required for performance of the graphites specified for the GT-MHR to address
multi-axial strength, fatigue strength, mechanical properties, irradiation-induced dimensional
change, irradiation induced creep, thermal properties, fracture mechanics, corrosion and
oxidation, and coke source qualification

e Data are also needed for other ceramic components, including carbon/carbon composite
materials for control rods (if used) and hard ceramic insulation used under the graphite core
support structure
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TABLE IIL.1. (Continued)

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Gas cooled SMRs (continued)

GTHTR300 (Annex XVTI)
. Irradiation tests and data for high burn-up fuel
FAPIG-HTGR (Annex XVIII)

e Additional irradiation experiment for coated particle fuel is required for burn-ups over 100
GW d/t

Sodium cooled SMRs

BMN-170 (Annex XXI)
e Operational validation of a core employing fuel elements with nitride and metallic fuels
o Experimental validation of operability of fuel elements with nitride and metallic fuel
e Study of options to increase fuel burn-up
MDP (Annex XXII)
e Acquisition of irradiation data for fuel licensing (metallic fuel)
e Development of cladding materials (for fuel elements with metallic fuel)

Lead bismuth cooled SMRs

RBEC-M (Annex XXIII)
e New solutions for high burn-up fuel
e Deeper knowledge is required on the properties of fuel composition and on the fuel pellet-
cladding interaction (FPCI) for fuel rods with nitride fuel and ferritic-martensitic stainless
steel cladding
e Additional tests are required to study thermal stability of (U-Pu)N and to obtain the precise
ultimately allowable temperature for mixed nitride fuel
e Cost estimates for nitrogen enrichment by °N for fuel rods with nitride fuel and ferritic-
martensitic stainless steel claddings
PEACER (Annex XXIV)
e Metal fuel design
e Core design optimization, including fuel management scheme
MS-LBCR* (Annex XXV)
e Nitride fuel technology
e Corrosion resistant operation of claddings in lead bismuth coolant

Non-conventional SMRs

AHTR
e Optimization of core design
e Development of a more radiation resistant graphite to reduce graphite swelling with time and
thus reduce the costs associated with the periodic replacement of graphite in the reactor core

* The acronym MS-LBCR is used in TablesIII.1 — II1.9 to denote medium scale lead-bismuth cooled reactor
described in Annex XXV.
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TABLE III.2. FURTHER R&D FOR REACTOR INTERNALS AND PRIMARY CIRCUIT

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs

SMART (Annex I)
e Experiment for natural circulation in the integral arrangement of the reactor system
e Experiments on wet thermal insulation, to determine the insulating effects for the low
operating temperature pressurizer design, and to derive heat transfer coefficients
e Performance tests for key parts of control element driving mechanism (CEDM) and main
circulation pump
e A high temperature, high-pressure integrated-system thermal-hydraulic test is underway
IRIS (Annex II)
e Improved instrumentation for the integral reactor vessel layout, where all primary
components are located within the vessel
CAREM (Annex III)
e Modelling and qualification of the reactor core coolant system, based on natural circulation
e Validation of mechanical design (structural, dynamic, seismic, etc.) of the reactor internals
SCOR (Annex V)
e Confirmation of the possibility to build fully integrated primary spool type pumps with
immerged coils to be operated in hot conditions
e Assessment of primary circuit hydraulic behaviour and the venturi performance (mock-up
test will be necessary to validate hydraulic performance of the primary circuit, since the
water flow path in the vessel with the venturi bypass is different from that used in standard
PWRs)
IMR (Annex VI)
e A strategy of water chemistry must be developed
VK-300 (Annex VIII)
e Validation and testing of thermal-hydraulic characteristics of the in-vessel natural
circulation circuit under normal and emergency operating conditions
CCR (Annex IX)
e R&D to validate the use of natural convection for core cooling
KAMADO (Annex XIII)
e Prove the reliability of the primary cooling system for a direct flow reactor with fuel
elements including fuel rods, graphite blocks, water and steam pipes, and reactor water

pool
Gas cooled SMRs
PBMR (Annex XIV)
e Testing of reactor system components in high temperature, high pressure helium
environment

e Demonstration of sphere transport system
For PBMR-VHTR: high temperature qualification of primary system materials and
components (1200°C core outlet temperature)

GT-MHR (Annex XVI)

e Major reactor system components, including the reactor internals and hot duct, fuel
handling equipment and reactor service equipment require detailed design and validation
through testing of scale models and assemblies, and in some cases demonstration testing of
prototypical components

e Metallic materials must be developed and/or qualified for the GT-MHR service conditions
for use in the reactor vessel, reactor internals, etc.
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TABLE IIL.2. (Continued)

SMR type

SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Gas cooled SMRs (continued)

GT-MHR (Annex XVI) — continued

e For the reactor vessel, internals and hot duct, qualification will require data on
performance of the materials under irradiation conditions representative of GT-MHR
service over the component design life

e For next generation nuclear plant (NGNP), higher temperature reactor vessel material may
be required because of the higher core outlet helium temperature (1000°C); specifically,
alternative materials (e.g. carbon-carbon composites) may be required in place of thermal
barrier metallic materials

Sodium cooled SMRs

MDP (Annex XXII)

e Evaluation of high temperature and in-sodium characteristics of the electromagnetic pump
(EMP) coil
Evaluation of irradiation characteristics of the EMP coil
Evaluation of flow characteristics in the EMPs
Demonstration of EMP structural integrity and performance in a large-scale model
Design and element tests for the upper internal structure (UIS) and variable arm type in-
vessel transfer machine (IVTM)
Mock-up tests for the UIS and IVTM

Lead-bismuth cooled SMRs

RBEC-M (Annex XXIII)

e Regarding gas lift application, experiments are necessary to study flow regimes,
hydrodynamics, gas void and processes for separating the mixtures of lead-bismuth and inert
gas under the conditions typical for normal and abnormal regimes of operation

e Regarding gas lift application, experimental study of thermal regimes of the fuel rods in a
two-phase flow of lead-bismuth and inert gas is necessary

PEACER (Annex XXIV)

e R&D on Pb-Bi coolant technology

e Design and technology development for submersible electromagnetic pumps of the primary
circuit

MS-LBCR (Annex XXV)
e Oxygen control system to protect structural materials operating in Pb-Bi from corrosion

Non-conventional SMRs

AHTR (Annex XXVI)

e Reactor vessel insulation system

e Minimizing corrosion caused by impurities in helium and liquid salts in the materials for
vessels, pipes, and heat exchangers

e Selection of the preferred liquid fluoride salt

e Fora 1000°C core outlet temperature option, major material development programmes are
required (development of high temperature structural materials for vessels, pipes, and heat
exchangers)
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TABLE III.3. FURTHER R&D FOR POWER CIRCUIT
SMR type

SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs
SMART (Annex I)
e Boiling heat transfer characteristics of the helically coiled steam generator tube
Gas cooled SMRs
PBMR (Annex XIV)

e @as turbine power conversion system feasibility issues

e Investigate magnetic and catcher bearing reliability in high pressure, high temperature
helium environment

e Validation of power conversion unit operational performance (physical model for validation
of primary thermal-hydraulic code)

GT-MHR (Annex XV)

e Major power conversion system components require detailed design and validation. These
components include the turbo machine (helium turbo compressor and generator), recuperator,
and pre-cooler/intercooler.

e An integrated test of the power conversion system (PCS) is needed to confirm the
performance of prototype components under normal operation and plant transient conditions

e Materials must be developed and/or qualified for the GT-MHR service conditions for use in
the turbine and recuperator.

GTHTR300 (Annex XVI)

e R&D to confirm basic performance of the magnetic bearing for turbo-machinery

e Development of the turbo-machinery aerodynamic design

e Demonstration of control and operation for the non-intercooled conversion cycle

FAPIG-HTGR (Annex XVIII)

e High-speed large power generator

e Low cost and compact frequency converter

e High-speed gas turbine system with vertical single shaft rotor

TABLE III.4. FURTHER R&D FOR SAFETY FEATURES AND SYSTEMS

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Safety features
Water cooled SMRs
MARS (Annex 1V)
e Experimental testing of new coupling of components
SCOR (Annex V)

e Low operating pressure design
e Boron free core
AHWR (Annex XI)
e Validation of negative void reactivity coefficient (achieved by the use of a scatterer cum
absorber component within fuel cluster)
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TABLE IIL4. (Continued - 3)

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Gas cooled SMRs (continued)

GT-MHR (Annex XV)

e Major reactor system components, including neutron control components, safety
instrumentation, the shutdown cooling system circulator and heat exchanger, the reactor
cavity cooling require detailed design and validation through testing of scale models and
assemblies, and in some cases demonstration testing of prototypical component

HTR-PM (Annex XVII)
e Passive decay heat removal (safety demonstration experiments are being conducted within
the HTR-10 test reactor)

Sodium cooled SMRs

KALIMER (Annex XX)
e Optimization of the use of passive decay heat removal system
BMN-170 (Annex XXI)

e Validation of a passive cool down concept by performing complex experiments to investigate
modes of sodium flow in the primary circuit and air circulation outside the reactor module, as
well as sodium and air hydrodynamics under conditions typical of normal and emergency
operation

e Experimental investigations of thermal regimes with an irregular distribution of airflow on
the reactor vessel perimeter

Non-conventional SMRs

AHTR (Annex XXVI)
e Further development of passive decay heat removal systems to allow higher temperature
operations
Systems for severe accidents mitigation / management
Water cooled SMRs
SCOR (Annex V)
e In-vessel cooling of corium
CCR (Annex IX)
e R&D on in-vessel retention (IVR) by passive means
AHWR (Annex XI)
e Steam driven poison injection system is planned to be demonstrated in a large integral test
facility (ITL)
Seismic design
Water cooled SMRs
MARS (Annex 1V)
e Seismic qualification of innovative mechanical solutions
Sodium cooled SMRs
MDP (Annex XXII)

e Development and evaluation of seismic isolation technology
e Development of a reliability evaluation procedure regarding seismic isolation
o Establishment of guidelines for seismic isolation technology

Lead-bismuth cooled SMRs

MS-LBCR (Annex XXV)
e Three-dimensional seismically isolated reactor building
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TABLE IIL.5. FURTHER R&D ON TECHNOLOGIES FOR FABRICATION OF FUEL
AND MATERIALS, FUEL REPROCESSING AND WASTE DISPOSAL

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs

AHWR (Annex XI)
e R&D on dry reprocessing of fuel
e Laser isotopic denaturing of zirconium
e Reconstitution of fuel

Gas cooled SMRs

PBMR (Annex XIV)
e R&D on fuel cycles
e Fuel qualification, specifically the TRISO coated fuel
GT-MHR (Annex XV)
e Fuel development and demonstration programme is required to develop or validate a fuel
fabrication process and a qualified fuel product for GT-MHR service conditions
GTHTR300 (Annex XVI)
e Demonstration of fuel recycling technology in a small-scale test facility
e Development of an economical waste storage system for graphite blocks discharged from the
core
HTR-PM (Annex XVII)
e [arge scale manufacturing of qualified fuel elements

Sodium cooled SMRs

KALIMER (Annex XX)
e Remote fabrication technologies for metal fuel
e Dry reprocessing of metal fuel
BMN-170 (Annex XXI)
e Mastering fabrication of the nitride and metallic fuel and fuel elements
MDP (Annex XXII)
e Demonstration of technical feasibility of the metallic fuel reprocessing and fabrication
technologies

Lead-bismuth cooled SMRs

PEACER (Annex XXIV)
e Conceptual design of pyro-processing plant
e  Optimization of pyro-process design

Non-conventional SMRs

AHTR (Annex XXVI)
e Development of a large scale manufacturing of high quality HTGR type fuel
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TABLE IIL4. (Continued - 3)

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Gas cooled SMRs (continued)

GT-MHR (Annex XV)

e Major reactor system components, including neutron control components, safety
instrumentation, the shutdown cooling system circulator and heat exchanger, the reactor
cavity cooling require detailed design and validation through testing of scale models and
assemblies, and in some cases demonstration testing of prototypical component

HTR-PM (Annex XVII)
e Passive decay heat removal (safety demonstration experiments are being conducted within
the HTR-10 test reactor)

Sodium cooled SMRs

KALIMER (Annex XX)
e Optimization of the use of passive decay heat removal system
BMN-170 (Annex XXI)

e Validation of a passive cool down concept by performing complex experiments to investigate
modes of sodium flow in the primary circuit and air circulation outside the reactor module, as
well as sodium and air hydrodynamics under conditions typical of normal and emergency
operation

e Experimental investigations of thermal regimes with an irregular distribution of airflow on
the reactor vessel perimeter

Non-conventional SMRs

AHTR (Annex XXVI)
e Further development of passive decay heat removal systems to allow higher temperature
operations
Systems for severe accidents mitigation / management
Water cooled SMRs
SCOR (Annex V)
e In-vessel cooling of corium
CCR (Annex IX)
e R&D on in-vessel retention (IVR) by passive means
AHWR (Annex XI)
e Steam driven poison injection system is planned to be demonstrated in a large integral test
facility (ITL)
Seismic design
Water cooled SMRs
MARS (Annex 1V)
e Seismic qualification of innovative mechanical solutions
Sodium cooled SMRs
MDP (Annex XXII)

e Development and evaluation of seismic isolation technology
e Development of a reliability evaluation procedure regarding seismic isolation
o Establishment of guidelines for seismic isolation technology

Lead-bismuth cooled SMRs

MS-LBCR (Annex XXV)
e Three-dimensional seismically isolated reactor building
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TABLE IIL.5. FURTHER R&D ON TECHNOLOGIES FOR FABRICATION OF FUEL
AND MATERIALS, FUEL REPROCESSING AND WASTE DISPOSAL

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs

AHWR (Annex XI)
e R&D on dry reprocessing of fuel
e Laser isotopic denaturing of zirconium
e Reconstitution of fuel

Gas cooled SMRs

PBMR (Annex XIV)
e R&D on fuel cycles
e Fuel qualification, specifically the TRISO coated fuel
GT-MHR (Annex XV)
e Fuel development and demonstration programme is required to develop or validate a fuel
fabrication process and a qualified fuel product for GT-MHR service conditions
GTHTR300 (Annex XVI)
e Demonstration of fuel recycling technology in a small-scale test facility
e Development of an economical waste storage system for graphite blocks discharged from the
core
HTR-PM (Annex XVII)
e [arge scale manufacturing of qualified fuel elements

Sodium cooled SMRs

KALIMER (Annex XX)
e Remote fabrication technologies for metal fuel
e Dry reprocessing of metal fuel
BMN-170 (Annex XXI)
e Mastering fabrication of the nitride and metallic fuel and fuel elements
MDP (Annex XXII)
e Demonstration of technical feasibility of the metallic fuel reprocessing and fabrication
technologies

Lead-bismuth cooled SMRs

PEACER (Annex XXIV)
e Conceptual design of pyro-processing plant
e  Optimization of pyro-process design

Non-conventional SMRs

AHTR (Annex XXVI)
e Development of a large scale manufacturing of high quality HTGR type fuel
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TABLE III.6. FURTHER R&D ON TECHNOLOGIES OF CORE REFUELLING, PLANT
MAINTENANCE AND IN-SERVICE INSPECTION

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs

IRIS (Annex II)
e Advanced diagnostics and prognostics are needed due to the integral configuration and to
support the 4-year maintenance cycle and the 4-year refuelling cycle
IMR (Annex VI)
e Methods of control rod drive mechanism (CRDM) and rod position indicator (RPI)
maintenance should be improved
e In-vessel steam generator (SG) inspection devices should be improved (tube inspection is
available from the secondary side of the SGs)

Gas cooled SMRs

PBMR (Annex XIV)
e Maintainability of primary system components to assure ALARA
e Demonstration of the effectiveness of sphere handling for the reactor unit
e Validation of capability to measure fuel burn-up in each sphere

Sodium cooled SMRs

KALIMER (Annex XX)
e Provisions for on-line refuelling
MDP (Annex XXII)
e Development of in-service inspection (ISI) methods
e Establishment of guidelines for ISI
o Establishment of post-accident maintenance and repair methods

Non-conventional SMRs

AHTR (Annex XXVI)
e Refuelling and maintenance operations in the reactor vessel at 350 to 500°C

TABLE III.7. FURTHER R&D ON ISSUES OF NPP LICENSING, CONSTRUCTION,
OPERATION AND DECOMMISSIONING

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs
MARS (Annex 1V)
e Decommissioning programme of the plant
CCR (Annex IX)

e Improvement of module construction methods to reduce the construction period
RUTA-70 (Annex XII)
e Reduction of operating costs by changeover to operating life of 100 years

Gas cooled SMRs

HTR-PM (Annex XVII)
e Licensing requirements need to be established
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TABLE III.8. FURTHER R&D FOR CALCULATION TECHNOLOGIES AND DATA
SETS

SMR type
SMR name (annex number corresponding to design description in this report)
e Directions of R&D

Water cooled SMRs

SMART (Annex I)
e Verification of the capability and modification of the analytic models of the design method,
including design and analysis codes
e Improvement and enhancement of the accuracy and capabilities of the design/analysis
methods through the reduction of uncertainties

AHWR (Annex XI)
e Acquisition of nuclear data for nuclides important for the thorium cycle

RUTA-70 (Annex XII)
e Verification and certification of the computer codes

Gas cooled SMRs

PBMR (Annex XIV)
e Validate primary thermal-hydraulic code
e Validation of PBMR codes and models to specific benchmark problems and test facilities
such as HTTR and HTR-10
GT-MHR (Annex XV)
e Development and qualification of fuel performance and fission product transport analysis
methods and codes
e Reactor physics and thermal hydraulics analysis methods that have been developed for
earlier HTGR designs will need to be updated and qualified for application to the GT-MHR
GTHTR300 (Annex XVI)
o Irradiation data for high burn-up fuel

Sodium cooled SMRs

BMN-170 (Annex XXI)
e Refining of a database on properties of nitride and metallic fuel

Lead-bismuth cooled SMRs

PEACER (Annex XXIV)
e Validation and testing of the REBUS neutronic and depletion analysis code system
e Code development with respect to transient thermal-hydraulic and fuel performance analysis
(DSNP, MATRA codes)
o Development of a database of materials’ properties

85



TABLE II1.9. AVAILABLE OR PLANNED TEST FACILITIES IN MEMBER STATES

SMR type
SMR name (Member State, annex number corresponding to design description in this report)

e Facilities mentioned in relation to certain R&D

Water cooled SMRs

SMART (The Republic of Korea, Annex I)

e A scaled-down test facility has been established; comprehensive tests using this facility will
produce data on the whole system interaction, performance behaviour of the self-controlled
pressurizer (PZR), indirect performance effect of passive residual heat removal system
(PRHRS), natural circulation effects, etc.

e High temperature, high-pressure integrated system thermal-hydraulic test facility

e Separate effect test facilities for testing programmes mentioned in other tables of this Section

IRIS (International consortium led by Westinghouse, USA; Annex II))

e A range of testing facilities is available through the IRIS consortium member organizations,

which will enable effective conduct of the testing programme (see Table II-1 in Annex II)
CAREM (Argentina, Annex III)

e Related to fuel assembly design, hydrodynamic and structural tests are planned at two (low
and high) pressure rigs

e Related to the reactor core coolant system, modelling and qualification are boosted by the
testing performed in a high pressure natural circulation rig (CAPCN)

e Related to mechanical design (structural, dynamic, seismic, etc.) of the core and other RPV
internals, different mock-up facilities are under construction

e Qualification tests for the second shutdown system and, specifically, the hydraulic control
rod drives (CRDs) are planned in a high pressure rig for CRD tests (CAPEM)); the first series
of tests (completed) was performed in a cold pressure rig (CEM)

AHWR (India, Annex XI)

o Large experimental facility (Integral Test Loop, ITL) is under construction; the tests will
include validation of the isolation condensers, large passive heat sink located within
containment, passive valves, steam driven poison injection, passive ECCS of enhanced
effectiveness, passive containment isolation, etc.

e Critical facility is under construction to acquire nuclear data for nuclides important for the
thorium cycle, to validate negative void reactivity coefficient, etc.

Gas cooled SMRs

PBMR (South Africa, Annex XIV)

e HTTR (Japan) and HTR-10 (People’s Republic of China) test reactors data are used for the
validation of PBMR codes and models

e ASTRA critical facility (The Russian Federation) is used to investigate neutron physics of
the PBMR pebble bed reactor

e Burn-up measurement system prototype facility

e Natural convection in core with corrosion (NACOK) facility to investigate oxidation of hot
graphite cores by oxygen with natural circulation following air ingress events

e Helium test facility (HTF) for testing of reactor system components in high temperature, high
pressure helium environment

e Heat transfer test facility (HTTF) to perform separate effects tests of heat transfer
mechanisms in annular pebble bed core

e Air test loop to demonstrate sphere transport system

e Core unloading device to demonstrate effectiveness of sphere handling for the reactor unit

e Control rod drive test facility to evaluate behaviour including torque and friction in CRDM

GT-MHR (Annex XV)

e Detailed description as of 2001, is provided in reference [19]
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TABLE II1.9. (Continued)

SMR type
SMR name (Member State, annex number corresponding to design description in this report)

Facilities mentioned in relation to certain R&D

Gas cooled SMRs (continued)

GTHTR300 (Japan, Annex XVI)

o Small-scale test facility for demonstration of fuel recycling technology
HTR-PM (People’s Republic of China, Annex XVII)
e Safety demonstration experiments are being conducted within the HTR-10 test reactor to
demonstrate intrinsic reactor shutdown
Lead-bismuth cooled reactors
PEACER (The Republic of Korea, Annex XXIV)
e Technology loop for Pb-Bi coolant technology analysis
e Demonstration loop for the technologies ensuring reliable core operation

e Corrosion test loop to define and validate a technology for the protection of structural
materials from corrosion / erosion in a flow of Pb-Bi coolant
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ANNEX I

SYSTEM-INTEGRATED MODULAR ADVANCED REACTOR (SMART)
KAERI, The Republic of Korea

I-1. General information, technical features and operating characteristics
I-1.1. Introduction

Since the Kori nuclear power plant unit 1, the first nuclear power plant unit ever dedicated in
Korea, began commercial operations with a generating capacity of 587 MW in 1978, much
research and development has been conducted in the nuclear industry. In the middle 1980s,
the Korean standard nuclear power plant (KSNP) was first developed under the “nuclear
power promotion plan” promulgated by the government with reference to system 80 of ABB-
CE of the USA. Applying indigenously accumulated technologies and up-to-date design
standards from both home and abroad, the initial KSNP project began with the construction of
the Younggwang NPP units No. 3 and 4. In addition, the Korea Atomic Energy Research
Institute (KAERI) designed and constructed a high performance multipurpose research reactor
based on experience in the operation of previous reactors and accumulated nuclear technology
[I-1]. Timed with completion of construction in April 1995, the reactor was named HANARO
(high-flux advanced neutron application reactor), which, in Korean means, “uniqueness”.

In the middle of the 1990s, research and development was launched related to small and
medium sized reactors (SMRs) to promote the utilization of nuclear energy. SMRs are under
development worldwide for various purposes such as district heating, seawater desalination,
nuclear ship propulsion, as well as electricity production. Generally, modern SMRs for power
generation are expected to have greater simplicity of design, economy of mass production, and
reduced capital costs. Many SMRs also have advantages of reactor safety and economics by
implementing advanced design concepts and technology [I-2]. Since 1997, KAERI has been
developing the system-integrated modular advanced reactor (SMART), an advanced integral
pressurized water reactor (PWR). The SMART is a promising, advanced SMR and has an
integral type reactor with a rated thermal power of 330 MW. All major primary components,
such as reactor core, steam generator (SG), main coolant pump (MCP) and pressurizer (PZR),
are installed in a single reactor vessel assembly (RVA). The conceptual and basic designs of
SMART with a desalination system were completed in March of 1999 and March of 2002,
respectively [I-3, [-4]. SMART development has been conducted under the nuclear research
and development programme supported by the Ministry of Science and Technology (MOST)
of the Republic of Korea and thus KAERI and MOST are the principal stakeholders.

The SMART design focuses on the enhancement of safety and improvement of the reliability
as well as the economics. For these purposes, highly advanced design features enhancing the
safety, reliability, performance, and operability were introduced into the SMART design.
Advanced design features should be proven or qualified by experience, testing, or analysis
and, if possible, the equipment should be designed according to approved standards. Some
fundamental thermal-hydraulic experiments were carried out during the design concept
development to assure the fundamental behaviour of major concepts of the SMART systems.
Various thermal-hydraulic and mechanical tests are in progress and planned. In addition,
overall SMART performance will be demonstrated through the SMART pilot plant
construction and operation.
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1-1.2. Applications

The application of SMART is dual-purpose: electricity generation and seawater desalination.
A concept of an integrated nuclear desalination plant coupled with SMART has been
established and basic design and analysis were performed. The integrated plant aims to
produce 40,000 m*/day of potable water with a multi-effect distillation (MED) process and
generates about 90 MW(e) of electricity. Preliminary analysis estimates that the amount of
potable water and electricity produced are sufficient for a population of about 100,000. Design
for optimal coupling of the MED system with SMART focuses on the economic use of energy
and system safety.

1-1.3. Special features

The SMART is an advanced reactor for dual purposes, such as electricity generation and
seawater desalination and can be used to supply electricity and fresh water to isolated areas
where the main grid is not interconnected. The SMART has a daily load following capacity,
such as 100% ~ 50% ~ 100% and electricity can be finely controlled by combining with the
amount of seawater desalination. Since safety enhancement has been achieved by passive
safety systems and radiation protection in the SMART design, these systems should enhance
safety without relying on offsite power.

The SMART adopts a three (3) year refuelling cycle, which is two or three times longer than
those of conventional NPPs, and soluble boron-free operation. These two design features can
reduce the amount of liquid waste dramatically compared with a conventional PWR. The
SMART is designed as a land-based NPP.

I-1.4. Summary of major design and operating characteristics

The SMART is a nuclear power plant to supply energy for seawater desalination and
electricity generation. A high safety level is emphasized. Enhancement of system reliability
and the exclusion of probable human errors are key design principles for securing a high level
of safety [I-5].

The SMART is designed as an integral type PWR; one reactor pressure vessel contains the
major primary components, such as modular once-through helically coiled tube steam
generators, canned motor main coolant pumps, self-pressurizing pressurizer, etc. Figure I-1
shows the structural configuration of the SMART reactor. Four (4) main coolant pumps are
installed vertically at the top of the reactor pressure vessel (RPV). The reactor coolant flows
upward through the core and enters into the shell side of the steam generator from the top of
the SG. The SGs are located at the circumferential periphery between the core support barrel
and the RPV above the core. This design excludes the possibility of the large-break loss of
coolant accident (LBLOCA) by the elimination of coolant loops. The integral reactor type
feature also reduces the fast neutron fluence on the RPV. Additional innovations include the
canned motor pumps, which remove the necessity of pump seals and the possibility of the
small-break LOCA (SBLOCA) associated with pump seal failure, and the passive pressurizer
that does not have an active spray and heater. This pressurizer design eliminates complicated
control and maintenance requirements and reduces the possibility of malfunction. Advanced
man-machine interface systems using digital technologies and equipments will reduce the
human error.
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FIG. I-1. SMART reactor.

Figure 1-2 shows the simplified schematic diagram of the SMART nuclear steam supply
system (NSSS) and exhibits the safety systems and the primary system as well as auxiliary
systems. The engineered safety systems designed to function passively on demand consist of a
reactor shutdown system, passive residual heat removal system, emergency core cooling
system, safeguard vessel and reactor overpressure protection system.

The major auxiliary systems of SMART consist of a component cooling system (CCS),
purification system and make-up system. The function of the CCS is to remove heat generated
in the main coolant pumps (MCPs), control element drive mechanisms (CEDMs), pressurizer
(PZR), and the internal shielding tank. Feedwater supplied from the condensate pump of the
turbo-generator is used as the coolant to remove heat. The purification system purifies the
primary coolant and controls water chemistry to provide reliable and safe operation of the
reactor core and all equipment in any mode of operation. The make-up system fills and
makes-up the primary coolant in case of a primary system leak and supplies water to the
compensating tanks for the PRHRS; it consists of two independent trains, each with one
positive displacement makeup pump, a makeup tank, and piping and valves.

The turbine bypass system and condenser, in conjunction with the power cutback system, can
accommodate a 100% load rejection without a reactor trip and without lifting either primary
or secondary safety valves.
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FIG. I-2. Simplified schematic diagram of the SMART NSSS.

Installed capacity:

Power plant output: Electricity 90 MW(e) and 40,000 tons of fresh water /day

Reactor thermal output: 330 MW(th)

Mode of operation: basic and/or load follow operation

Availability factor: more than 90%
Summary of major design characteristics:

Fuel material
Enrichment

Rod array

Type of coolant
Type of moderator
Core type

Core characteristics

Core dimension:
Active core height
Equivalent core diameter
Type of reactor vessel:
Cylindrical shell inner diameter
Wall thickness of cylindrical shell
Cycle type
Number of circuits

96

Sintered UO,

4.95 weight % *°U
Square, 17x17

Light water

Light water

57 square fuel assemblies
Soluble boron free

Low power density

2.0m
1.832 m

4072 mm

264 mm

Indirect (Rankine cycle)

3 (Primary, secondary, and condenser
cooling system)



Neutron physical characteristics:

Excess reactivity at cold (20°C) condition, BOC  14.8 %Ap

Reactivity defects
Xenon worth 1.9 %A
Power defect (HFP to HZP') 1.4 %Ap
Temperature defect (HZP to CZP) 8.1 %Ap
Reactivity coefficients at HFP
Moderator temperature coefficient (MTC) -72 < MTC < -42 pem/ T
Fuel temperature coefficient -4.52 <FTC <-2.54 pem/ T
Maximum peaking factor (HFP) 3.29

Reactivity control mechanism:

Type of control rod drive mechanism (CRDM): Linear pulse motor
Number of CRDMs 49
Absorber rods per control assembly 24
Absorber material Ag-In-Cd
Control Rod Worth:
HFP Scram rod worth (from critical) 30 %Ap
CZP? total bank worth 25 %Ap
CZP bank worth at stuck rod condition 20 %Ap
Burnable absorber material Al,0O5-B4C and Gd,03-UO,

Soluble neutron absorber
Number of independent active reactor controls:
Power manoeuvring CRDM and negative MTC
Emergency shutdown CRDM and emergency boron injection

Cycle type and thermodynamic efficiency:

Type Indirect super heated steam Rankine cycle
Power plant efficiency ~30 %

! HZP: Hot Zero Power
2 CZP: Cold Zero Power
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Thermal-hydraulic characteristics:

Circulation type

Number of coolant loops

Reactor operating pressure

Coolant inlet temperature, at RPV inlet
Coolant outlet temperature, at RPV outlet
Mean temperature rise across core

Primary circuit volume, including pressurizer
Steam flow rate at normal conditions
Feedwater flow rate at nominal conditions
Steam temperature/pressure

Feedwater temperature/pressure

Forced circulation
Integral type

15 MPa

270°C

310°C

40°C

56.27 m’

152.5 kg/s

152.5 kg/s
=>274/3.0°C / MPa
180.0/5.2°C / MPa

Core average heat flux 402 kW/m?

Core average linear heat generation rate 12.0 kW/m

The design limit DNBR 1.41

Minimum operating thermal margin 15%
Maximum/average discharge burn-up of fuel:

Average discharge burn-up (nominal) 26,200 MW-d/t

Maximum discharge burn-up (nominal) 31,000 MW-d/t

Fuel lifetime:

Cycle length 990 Effective full power days

Mass balances/flow of fuel:

Fuel inventory
Annual consumption of uranium
Annual consumption of natural uranium

1247tU
13,930° kg/GW(th) year
143,850* kg/GW(th) year

Design basis lifetime of reactor core, vessel and structures:

Design basis lifetime for vessel and structures 60 years
Steam generators 15 years

* Total uranium inventory 12.47 t U
12,470kgU *365D / year
990EFPD*330MWD*0.001GW | MW
4 Feeding natural uranium enrichment: 0.71 weight %.
Tail uranium enrichment: 0.25 weight %
Annual consumption of uranium = 13,930 kg U/GW(th) year

annual consumption of uranium = =13,930kgU / GWtyear -
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Design and operating characteristics of system for non-electric applications:

Seawater desalination process type MED

Number of effects 4

Evaporator type horizontal tube falling film type
Performance ratio 19.6 kg of distillate / 2326 kJ

Operating characteristics:

Step turbine power changes of +10% in the 20%—-100% power range;
Power ramp of 5% per minute in the 20%—-100% power range;
100% load rejection without a reactor trip.

Economics’:
Electricity generation cost 4.06 cent/kW h
Water generation cost 1.04 US $/m’
Specific construction cost 1714 US $/kWe

I-1.5. Outline of fuel cycle options

The standard fuel cycle for the SMART utilizes conventional low enriched uranium in a once-
through single batch fuel cycle without reprocessing. The cycle average burn-up of a single
batch operation is 26.2 MW-d/kg U. The SMART reactor core design can accommodate an
optional 1.5 batch reload cycle. The average core burn-up of the 1.5 batch reload cycle is
about 31 MW-d/kg U. The conventional UO, ceramic fuel manufacturing companies would
supply the SMART fuel.

I-1.6. Technical features and technological approaches that are definitive for SMART
performance in particular areas

1-1.6.1. Economics and maintainability

Major economic improvements for SMART can be summarized as system simplification,
component modularization, factory fabrication, direct site installation of components and
reduced construction time. The integral arrangement of the primary reactor systems requires
only a single pressurized vessel and removes large-sized pipes connecting primary
components. The adoption of simplified passive systems provides a net reduction in the
number of safety systems and drastically reduces the number of valves, pumps, wirings and
cables, pipes, etc.

A simplified modular design approach is applied to all SMART primary components.
Optimized and modularized small-sized components allow easy factory fabrication and direct
installation at the site, leading to a shortened construction time and schedule. These features
allow a construction period of less than three (3) years from first concrete to fuel load. The
compact and integral primary system also eliminates complex and extra components
associated with conventional loop-type reactors.

The SMART uses advanced on-line digital monitoring and protection systems that increase
system availability and operational flexibility. The adoption of advanced man-machine

> Economic assessment study has been carried out for co-production of electricity and potable water [I-6]. The
desalination economic evaluation program (DEEP) was used to evaluate the economics of desalination [I-7]. A
330 MW(th) integral reactor, SMART, has been taken as a nuclear energy option for seawater desalination.
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interface technology leads to the reduction of human errors and to a compact and effective
control room design with respect to minimizing staff requirements. The availability factor of
the SMART plant is 95%, and the occurrence of unplanned automatic scram events is less
than one per year.

The passive mechanisms of the major engineered safety systems largely contribute to
simplification of the associated systems and components; simplification of the system is
achieved mostly through the elimination or reduction in tanks, valves, and pumps. Table I-1
briefly compares the level of simplification of the major systems between the SMART and a
1000 MW(e) loop-type standard Korean PWR. The soluble boron-free design is an important
design feature that largely contributes to system simplification by allowing the removal of
associated systems and components required for boric acid processing, chemical volume and
control systems. The passive safety design features can also reduce the number of active
components. Such system simplifications lead and contribute to the improvement of the
economy and system reliability by reducing construction time and cost, maintenance-related
human errors and the probability of system failure, etc.

TABLE I-1. COMPARISON OF THE LEVEL OF SIMPLIFICATION OF MAJOR
SYSTEMS

SYSTEM COMPONENT 1000 MW (e) CONVENTIONAL SMART
PWR
Chemical and Volume Control System
Heat exchanger 2 1
Pump 13 6
Tank 7 4
Residual Heat Removal System
Heat exchanger 2 4
Pump 2 2
Tank 0 8
Emergency Core Cooling System
Heat exchanger 0 0
Pump 4 4
Tank 4 2
Valves ~1,100 ~180

Maintainability criteria require that the SMART provides easier means to perform preventive
and operational maintenance, the available space, ready access and devices to carry out
replacement of the main components. In the basic design stage, a preliminary assessment of
the maintainability and the ability to inspect the reactor pressure vessel and its internal
components was performed and a programme for maintenance and inspection has been
established.

The application of the SMART as an energy source for the dual purpose of electricity
generation and seawater desalination, promises a new era of nuclear energy utilization and
offers benefits only achievable with small-sized reactors. The SMART can be used not only
for a dual-purpose but also for single-purpose applications based on the user’s demands and
can be effectively utilized to supply electric power to isolated areas not connected to the main
grid and to the relatively small-sized industrial complexes needing high quality electricity.
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1-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

The solid and liquid wastes produced in SMART must be stored and disposed of in ways
safeguarding human health and protecting the environment. The overall strategy is to reduce
the active nuclides in gaseous and liquid wastes to a solid form, reduce the volume of the
solids, solidify loose material, pack in drums, and ship to a disposal site.

For low and intermediate level liquid wastes the general approach is to collect them in tanks
and measure the activity. Active nuclides are removed through filters and ion exchange
columns and after processing; the remaining activity is within the allowable site release limit.
After liquid wastes are evaporated, the resulting sludge is solidified and then processed in the
solid waste system, along with the filters and ion exchange resins. The solid waste treatment
process chosen depends on the physical nature of the wastes; wastes could be classified as
combustible or non-combustible but compressible, or non-combustible and non-compressible.
The general approach to low level waste solid waste is volume reduction, followed by
solidification where necessary and packing, usually in drums. Drums can be temporarily
stored at site buildings for 10-20 years or shipped to a disposal repository.

High level waste management comprises activities related to irradiated or spent fuel after
discharge from the reactor and thus includes storage and disposal, with or without
reprocessing. The technology solution is to leave spent fuel or waste at surface level, to cool
and decrease in radioactivity for some 30—60 years, and thereafter, to safely isolate them from
the biosphere by deposit in deep and stable geological formations with a number of
containment barriers.

Underground disposal is founded on a system of multiple, relatively independent barriers
designed to ensure that toxic radionuclides in the spent fuel remain isolated from human
beings and their environment. The barriers have three main components, the near field, the
geosphere and the biosphere. The near field consists of stable wastes and some corrosion-
resistant packaged wastes combined with the immediate engineered barriers incorporated in
the repository. The geosphere comprises the barriers offered by the host geological media. A
key factor is the ability to restrict the flow of groundwater, hence the relative impermeability
of low regimes such as clay, salt and crystalline rock are considered. The biosphere may not
constitute a barrier in the strict sense of the word but would serve to dilute radioactivity. An
understanding of pathways through the biosphere is also important for the prediction of the
eventual fate of any radionuclides.

Since the SMART does not use soluble boron in the primary coolant, the total amount of
liquid waste generation would be minimized. This feature simplifies the liquid waste
processing system.

1-1.6.3. Safety and reliability

The safety approach of the SMART is based on the defence-in-depth concept, inherent safety
features and use of passive engineered safety systems. The SMART design combines firmly
established commercial reactor design technologies with advanced technologies. Thus,
substantial parts of the design features of the SMART have already been proven in industry.
The new and advanced features of the SMART design provide significant safety
enhancements classified into three major categories as follows:
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 Application of the defence-in-depth concept,
* Inherent safety design features, and
* Passive engineered safety systems.

Application of defence-in-depth concept

In the SMART design, adopting and implementing safety features for all levels implement the
defence-in-depth concept.

o [" level: prevention of abnormal operation and failures. This is achieved by the
advanced design of the SMART, which is implemented in the first three barriers as the
fuel matrix design, fuel rod cladding, and integral design of the primary coolant
boundary to confine the radioactive materials. This level has been also considered in
the implementation of other levels of defence.

o 2" level: control of abnormal operation and detection of failures. It includes control
and response to abnormal operation and detection of system failures by means of the
core monitoring system (SCOMS) and the SMART core protection system (SCOPS).

o 3 level: control of accidents within the design basis. 1t is provided by SMART
engineered safety features, which are highly reliable, designed to function passively on
demand and the reactor protection systems. The reactor protection system consists of 2
independent systems: control rods and an emergency boron injection system. This
level is implemented as the fourth barrier in the form of vessel safeguards and
enhanced by a steel-structure containment within a concrete building.

o 4" Jevel: control of severe plant conditions, including prevention of accident
progression and mitigation of the consequences of severe accidents. This level is
realized as accident management to preserve the integrity of confinement. This has
been considered in the analysis of responses of the SMART safety features to
accidents and transients.

Inherent safety characteristics

The SMART contains major primary components such as a core, twelve Steam Generators, a
Pressurizer, four Main Coolant Pumps, and forty-nine Control Element Drive Mechanisms
(CEDMs) in a single PRV. The integral arrangement of the primary system removes large size
pipe connections between major components and thus, fundamentally eliminates the
possibility of LBLOCA.

Canned motor MCPs eliminate the need for an MCP seal, and basically eliminate a potential
for SBLOCA associated with seal failure. The modular type once-through SGs is located
relatively high above the core to provide a driving force for natural circulation flow. This
design feature along with low flow resistance enables the capability of the system to have
natural circulation with the maximum power of 25%.

The system pressure is self-controlled by the partial pressures of steam and nitrogen gas filled
in the PZR in accordance with the variation in pressure and temperature of the reactor coolant
system. A large volume of passive PZR can accommodate a wide range of pressure transients
during system transients and accidents.

Soluble boron-free operation is an evolving design characteristic of the SMART core along
with the low core power density design. The very fine-step maneuvering of CEDM
compensates for the reactivity change due to the fuel burn-up. Due to the soluble boron-free
core, a substantially large negative moderator temperature coefficient (MTC) increases the
inherent power stability and resistance to transients.
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Passive systems

Besides the inherent safety characteristics of SMART, its safety is further enhanced by highly
reliable engineered safety systems. These are designed to function passively on demand and
consist of a reactor shutdown system, passive residual heat removal system (PRHRS),
emergency core cooling system (ECCS), safeguard vessel, reactor overpressure protection
system (ROPS) and containment overpressure protection system (COPS).

Active systems

The ECCS is designed to provide a coolant to the RPV passively during an early stage of
SBLOCA. When an initiating event occurs, the primary system is depressurized, the valve in
the line of the ECCS automatically opens and water immediately comes into the core by gas
pressure. However, when the upper annular cavity water level reaches a low-level setpoint
during the final stage of SBLOCA, the active makeup pump actuates to compensate for the
loss of primary coolant inventory and keep the coolant level well above the top of the core for
a long term cooling period.

Design for high reliability

High reliability is achieved in the SMART design by considering the potential for common
cause failure and by including single failure criteria and fail-safe design. Common cause
failures are accommodated through the principles of diversity, redundancy and independence
for systems and components important to safety. Diversity is achieved with two distinctly
independent systems for shutting down the reactor. Redundant and independent trains and
components are installed in the safety systems such as the passive residual heat removal
system (PRHRS), emergency boron injection system, emergency core cooling system (ECCS),
and reactor overpressure protection system (ROPS). Single failure criteria are applied in the
SMART safety analysis to show the capability of achieving emergency core reactivity control,
emergency core and containment heat removal, and containment isolation, integrity and
atmospheric clean-up. Diversity and redundancy are also included in the instrumentation and
control system and structure. The principle of fail-safe design is incorporated by such means
as dropping of the CEDM after loss of electrical energy and valves designed to be fail-open or
closed in the secondary, auxiliary, and safety systems.

Design basis

Safety related design basis events (SRDBE) are selected in accordance with ANSI/ANS-51.1-
1983 (R1988 [I-8]) for the safety analysis and safety review plan (SRP [I-9]). The SRDBE
defines transients and accidents postulated in the SMART safety analysis, classifying
unplanned occurrences to be accommodated by the SMART design and mitigated by the
reactor protection system, engineered safety features or operator intervention. The SRDBE
consists of 35 internal events; external events are not yet considered in the basic design stage.
Due to the integral characteristics of SMART, the postulated major accident in the DBE
having major consequences is initiated by the small break LOCA. For the DBE requiring the
ECCS actuation, failure leads to severe accident occurrences. To anticipate severe accidents,
SMART safety systems are equipped with the severe accident mitigation system (SAMS),
preventing the egress of molten corium from the containment with a combination of safeguard
vessel, internal shielding tank and containment.

Safety analysis

In the deterministic safety analysis, it is confirmed that operational limits are in compliance
with the assumptions and intent of design for normal operation of the SMART. The safety
analysis is performed on initiating events listed in SRDBE that are appropriate for the
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SMART design. The initiating events result in event sequences that are analyzed and
evaluated, for comparison with radiological and design limits as acceptance criteria. Up to the
basic design stage, over 1500 simulations have been performed to demonstrate that the
management of anticipated operational occurrences and DBA is possible by automatic
responses of the safety systems. For non-LOCA initiating events, the safety analysis is
supported with TASS/SMR [I-10] and MATRA [I-11] computer codes using a digital analysis
method compatible with the digital protection and monitoring system of SMART. For LOCA
initiating events, MARS/SMR [I-12] computer code is utilized for nodalization of SMART
using a conservative method based on 10 CFR 50 Appendix K [I-13].

A steam line break (SLB) is a typical limiting accident belonging to heat removal capacity
reducing accidents. A break size of 0.022 m” (100 mm in diameter) inside the containment is
assumed and a loss of power concurrent with a turbine trip is considered. As the MCPs coast
down following a reactor trip at 115% of the nominal power, the departure from the nucleate
boiling ratio (DNBR) rapidly decreases to reach the minimum value and then rises abruptly
due to the increased decay heat removal with the fully-established natural circulation as shown
in Figure I-3. The primary and secondary pressures are well below the safety criteria of 110%
of the design pressure, 18.7 MPa [I-14].
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FIG. I-3. DNBR for the total loss of flow FIG. I-4. RPV collapsed water level for the
(TLOF) accident. SBLOCA.

The instantaneous guillotine rupture of the pipeline (20mm in diameter) connecting the PZR
end cavity and the gas cylinder was considered for the analysis of the SBLOCA. The rapid
discharge of N, gas through the break leads to a rapid decrease in system pressure and then the
reactor trip occurs. The PRHRS starts to remove the decay heat and the further decrease of the
pressure below 10 MPa causes the ECCS to actuate. The continuous discharge of steam to the
safety guard vessel (SGV) eventually leads to actuation of the makeup system, which
compensates for the loss of primary coolant inventory and keeps the coolant level well above
the top of the core. Analysis shows that the collapsed water level is maintained at about 3 m
above the top of the core as shown in Figure I-4, to prevent core damage [I-14].

Probabilistic safety assessment

The core damage frequency (CDF) of the SMART reactor system is evaluated by the level-1
full power probabilistic safety assessment (PSA) using the computer code KIRAP (KAERI
integrated reliability analysis code package) [I-15]. The level 2 and 3 PSA, external PSA and
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the low power / shutdown PSA will be performed in the final design stage. Reliability data for
the components and initiating events is developed mostly from the Korean standard nuclear
power plant (KSNP). PSA and data for common cause failure and human error are assumed
by a conservative judgment on the basis of the KSNP PSA.

A total of 10 groups of initiating events (general transients, loss of feedwater, loss of off-site
power, SBLOCA, steam line break inside the SG, SG tube rupture, large secondary side break,
rod ejection, ATWS, and CEA bank withdrawal) are selected for the PSA on the basis of the
SMART design and events considered in the design basis event analysis. The total CDF of the
SMART design is evaluated as 8.6x10”/reactor-year. The SBLOCA event turned out to be the
most dominant event contributing to 53% of the total CDF. The dominant sequence is
attributed to common cause failure of the check valves in the makeup system following the
event.

1-1.6.4. Proliferation resistance

Some of the important technical features of SMART, which reduce the attractiveness of spent
nuclear fuel material for use in any nuclear weapons programme, are the following:

e Long refuelling cycle: SMART refuelling cycle is 3-year, and thus, the fissile content
of plutonium in discharged fuel is too low to be used for weapon programmes.

e Low enriched uranium: SMART utilizes 4.95 weight % slightly enriched uranium
oxide for the fuel ingredient.

1-1.6.5. Technical features and technological approaches used to facilitate physical protection
of SMART

The safeguard vessel is a leak-tight pressure-retaining steel vessel intended to accommodate
all primary reactor systems including the reactor assembly, pressurizer gas cylinders, and
associated valves and piping. The primary function of the safeguard vessel is to contain the
radioactive fission products within the vessel and to protect against primary coolant leakage to
the containment. The containment building is therefore required to possess only a limited
confinement function in case of failure of the safety vessel integrity or beyond design basis
accidents.

I-1.7. Non-technical factors and arrangements that could facilitate effective development
and deployment of SMART

The SMART is an advanced integral reactor developed in the Republic of Korea for the dual
purpose of seawater desalination and electricity generation. Many organizations have
participated in the project to develop SMART. Korea can supply a complete SMART nuclear
plant with the integrated desalination plant under a turnkey contract. Korea has a large
infrastructure for manpower training, which has been used and will continue to be available,
to provide specialized training in nuclear related areas to personnel from several IAEA
member states under IAEA programmes.

1-1.8. List of enabling technologies relevant to SMART and status of their development

A list of enabling technologies relevant to SMART based nuclear power plant is given in
Table I-2.
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TABLE I-2. ENABLING TECHNOLOGIES RELEVANT TO SMART

DESIGN SAFETY IMPLICATION | TYPICAL DBE EFFECT
No large primary Physically eliminated
Integral reactor piping Large LOCA LBLOCA
Reactor internal . . Loss of flow Mitigation of accident
Natural circulation ;
layout accident consequence

Soluble boron-free

Boron dilution

No soluble boron core accident Physically eliminates BDA
(BDA)

Large shut down Cold shutdown by Steam line No possibility of return-to-

margin control rods break (SLB) power during SLB

High design
pressure of SG and
secondary system.

Feed / steam system
designed for reactor
coolant system
pressure.

No SG safety valve.

SG transient

Section isolation mitigates
accident consequences

Helically coiled
once-through SG

Shell side: primary
Tube side: secondary

SG transient

Reduced possibility of
accident occurrence

Pressurizer The possibility of control
Self controlled .
. Self pressure control | control system | system malfunction is
pressurizer . . .
malfunction physically eliminated
PRHRS Clqsed loop passive | Fuel failure Elimination of release path
residual heat removal | events
Large water .
are Slow transient e .
inventory Mitigation of accident
- SBLOCA
Active safety consequence
. No core uncover
injection

I-1.9. Status of R&D and planned schedule

Figure I-5 shows the SMART development programme; it was divided into three phases,
technology development, plant construction and plant commercialization. Since 1997, the
Korean Government has been supporting the SMART technology development. During this
period, fundamental technologies were developed and the conceptual design was performed.
After conceptual design, the basic design was finished in 2002. After the technology
development phase, SMART plant construction with a power capacity of 65 MW(th) was
launched for comprehensive performance verification. Commercialization of the SMART
desalination plant will be introduced beginning in 2009.

The existing proven PWR technologies are basically utilized for the SMART design. However,
it also adopts new and innovative design features and technologies that must be proven through
tests, experiments, analyses, and/or the verification of design methods. For the design
verification, a wide-spectrum programme was developed and implementation is currently
underway. This programme includes basic thermal-hydraulic experiments, separate effect tests
for major design features and components and an integrated thermal-hydraulic test for the
SMART system [I-16].
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At the early stages of development, several basic thermal-hydraulic experiments were
established and conducted for the components and system concepts. The main purpose of
these experiments was two-fold: to understand the thermal-hydraulic behaviour of the specific
design concepts and to obtain fundamental data to be used, in turn, for further concept design.
Among the experiments conducted, the current SMART design-related experiments are as
follows:

* Boiling heat transfer characteristics in the helically coiled steam generator tube.

* Experiment for natural circulation in the integral arrangement of the reactor system.

* Performance tests for key parts of CEDM and MCP.

* Tests for the instrumentation and control systems.

Analytical models developed using data from these experiments and tests are implemented
into the related design codes and then used for conceptual design of the related SMART
system.

J::;g;:zgxt Plant Construction Commercialization
(’94~’02) ( 02~ 08) ( 09~ )
SMART(330MWt) SMART(65MWt) SMART(330MWt)

« Conceptual Design
« Basic Design

+ Reactor Tests
« Desalination Tests

« Cogeneration Plant
- Potable Water

- Electricity

N E

FIG .I-5. SMART development programme.

From concepts developed during basic design of the SMART system, a test and verification
programme focusing on tests and experiments was established. Some of them were
successfully completed during the basic design phase and some are currently underway.
Valuable data produced from the tests and experiments were directly utilized to upgrade and
modify the analytical models incorporated in the design codes and utilized for design and
safety analysis. Representative tests conducted during the SMART basic design phase were:

* Two-phase critical flow tests with non-condensable gases to investigate the thermal-
hydraulic phenomena of critical flow with the existence of non-condensable gases,

* Critical heat flux measurement for SMART-specific UO; fuel rod bundles,

* Water chemistry and corrosion tests at a loop facility to examine the corrosion
behaviour and characteristics of fuel cladding, internal structural materials and steam
generator tube materials at reactor operating conditions, and

* Upgraded performance tests for key components of the CEDM and MCP.

Other on-going separate effect test results to be used in modelling for the performance and
safety analysis as well as design optimization include:
* Experiments on wet thermal insulation, to determine the insulating effects for the low

operating temperature PZR design and to derive a heat transfer coefficient for the
design;
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* Experiments on phenomena and characteristics of heat transfer through the
condensing mechanism of the heat exchanger inside PRHRS tanks.

In addition to these tests and experiments for the specific design concept and features, a high
temperature, high-pressure integrated-system thermal-hydraulic effect test is also underway. A
scaled-down test facility has been established. Comprehensive tests using the facility will
produce valuable and practical information on the whole system interaction, performance
behaviour of the self-controlled PZR, indirect performance effect of the PRHRS, natural
circulation effects, etc. Most of the information from the tests will be used to verify the
capability and to modify the analytic models of the design method including design and
analysis codes. Performance tests of major SMART components such as CEDM, MCP, and
SG are planned and will be carried out soon.

Along with the design verification of hardware, efforts to improve and enhance the accuracy
and capabilities of the design/analysis methods are also being continuously pursued through
the reduction of uncertainties. The government of the Republic of Korea decided to construct
a one-fifth scale pilot plant for demonstration of the overall SMART performance by 2008 [I-
17]. The six-year-long, 2™-phase project of development started in July 2002 with the
objective of verifying the integral performance of system technologies and confirming
industrial applications through construction and operation of the pilot plant, the SMART-P.

A research and development centre for construction of the SMART-P was launched in June
2002. Many industries and universities in the Republic of Korea, such as Doosan Heavy
Industries and Construction Company (DSHIC), the Korea Power Engineering Company, Inc.
(KOPEC), Korea Institute of Nuclear Safety (KINS) and various universities participate in the
SMART-P construction project.

1-1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed

The overall performance and industrial applications of the SMART can be confirmed and
operational information and data can be obtained through SMART-P construction and
operation.

I-1.11. List of other similar or relevant SMRs for which the design activities are ongoing
CAREM (Argentina) [I-18]
IRIS (USA) [1-19]
MRX (Japan) [I-20]

I-2. Design description and data for SMART
1-2.1. Description of the nuclear systems

The descriptions in this section provide only selected design data for SMART; more details on
SMART design and systems can be found in [I-5].

Reactor core and fuel design

The SMART core consists of fifty-seven (57) fuel assemblies based on the 17x17 KOFA®
designed by KAERI/Siemens-KWU and used in the 900 MW(e) Westinghouse-type Korean

% KOFA: Korean standard fuel assembly
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PWRs. The active fuel height of the SMART is 200 cm. Using a 4.95 weight % enrichment of
U-235; the core can be operated for 3 years without refuelling. The core design is
characterized by a long cycle operation with a single or modified single batch reload scheme,
low core power density, soluble boron-free operation, enhanced safety with a large negative
moderator temperature coefficient (MTC) at any time during the fuel cycle, a large thermal
margin, inherently-free from xenon oscillation instability and minimum rod motion for the
load follow with coolant temperature control.

In Figure I-6, the SMART fuel assembly and core loading pattern are presented for the 3 fuel
types. Since neutron fluxes are higher in the core central region than in the peripheral region,
more burnable absorber rods with a higher concentration are used in fuel type C than in fuel
type B. The number and concentration of the burnable absorber rods in each fuel type are
selected so that reactivity of each assembly can be as flat as possible. Therefore, the power
distribution and critical control rod position do not change much during the cycle.

Main coolant pump (MCP)

The SMART MCP is a canned motor type pump that eliminates the problems of conventional
seals and associated systems. In other words, canned motor type pump eliminates a small
break loss of coolant accident (SBLOCA) associated with a pump seal failure. Four (4) MCPs
are installed vertically on the RPV annular cover. An MCP is an integral unit consisting of a
canned asynchronous, 3-phase motor and an axial flow single-stage pump. The motor and
pump are connected through a common shaft rotating on three radial and one axial thrust
bearings. The impeller draws the coolant from above and discharges downward directly to the
SG. This design minimizes the pressure loss of the flow.
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FIG. I-6. SMART fuel assembly and core loading pattern.
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Safety systems

Enhanced safety is accomplished in the SMART with highly reliable engineered safety
systems. These systems are designed to function passively on demand and consist of a reactor
shutdown system, passive residual heat removal system, emergency core cooling system,
safety vessel, and containment overpressure protection system. Additional engineered safety
systems include the reactor overpressure protection system and the severe accident mitigation
system.

Figure 1-7 shows the schematic diagram of the safety systems. A detailed description of the
SMART safety systems is given in [[-21].

Main heat transport system and path of heat removal in normal operation and in accidents

The scheme of the main heat transport system specifying the path of heat removal in normal
operation and in accidents is presented in Fig. I-8.
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FIG. I-7. Schematic diagram of the SMART safety systems.

110



Heat Removal Patr

| | | |
v v v v

Forcec Natura Forcec Natura
Circulation Circulation Circulation Circulation
v Passive Active
y Stearr c Makeup
Turbine 4 Bypass @ System
Passive Sysiem
Residual Heat ¥ ¥
‘ Condenser ‘ Remova ‘ Condenser ‘ Passive
System . Feed(Make up
Residual Heat )
‘ l Remova system) and
4 System Bleed(ROPS)
Ultimate Heat Ultimate Heat Ultimate Heat y
Sink Sink Sink ! !
Acti ) ) Ultimate Heat Ultimate Heat
ctive Passive Active SII”IK Sll’]k
Passive Active
Normal Operation Emmergency Scheduled
Shutdowr Shutdown LOCA

FIG. I-8. Heat removal paths of SMART.

Electrical systems

The concepts of the SMART electrical systems are basically the same as that of the PWRs
presently operating in Korea. These systems include the main generator, main transformer,
unit auxiliary transformers, stand-by auxiliary transformers, diesel generators, and batteries.
The electrical systems, including the Class 1E and non-class 1E, are based on a “two train”
approach.

The main generator is connected to the grid via the main transformer with auxiliary
transformers connected between them. The stand-by auxiliary transformers (the off-site power
source) receive electrical power from the grid. The unit auxiliary transformers and/or the
stand-by auxiliary transformers supply electrical power for start-up, normal operation and
shutdown.

If normal electrical power is unavailable, the diesel generators (non-class 1E, class 1E) act as
a back-up source. In the event of a station blackout (loss of off-site and on-site AC power
supply), the alternate AC diesel generator (class 1E) supplies power to the class 1E loads to
maintain the reactor in a safe shutdown condition. The batteries have adequate capacity to
supply DC power to perform required functions in an accident assuming a single failure. To
ensure the safety of the reactor, the electric power supply for the safety related systems is
designed as a highly reliable power source (class 1E). Two physically separate power sources
are provided to the safety related system.

1-2.2. Description of the turbine generator plant and systems

The reference concept of the turbine plant has been developed including a coupling system for
seawater desalination. The overall design is similar to that of a present-day power plant. The
turbine plant receives superheated steam from the NSSS, it uses most of the steam for
electricity generation, seawater desalination and to provide heat supply to the pre-heaters.
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The SMART and MED-TVC units are connected through the steam transformer. The steam
transformer produces the motive steam using steam extracted from a turbine and supplies it to
the desalination plant. It also prevents the contamination of water produced by hydrazine and

radioactive material of the primary steam. More details about the turbine generator systems
can be found in [I-21].

1-2.3. Systems for non-electric applications

The integrated SMART desalination plant consists of 4 units of MED combined with thermal
vapour compressor (MED-TVC) as shown in Figures I-9 and I-10. Each unit can produce
10,000 m*/day of distilled water in 24-hour operation at the maximum brine temperature of
65°C and the supplied seawater temperature of 33°C. MED process coupled with the SMART
incorporates the falling film, multi-effect evaporation with horizontal tubes and steam jet
ejector.

One significant advantage of the MED-TVC is its ability to use the pressure energy in steam.
Thermal vapour compression is very effective where the steam is available at higher
temperatures and pressures than that required in the evaporator. A thermal vapour compressor
boosts the low-pressure waste steam to a higher pressure, effectively reclaiming the available
energy. Using the ejector, compression of steam flow can be achieved with no moving parts.
The MED-TVC unit is designed with a performance ratio (PR) of 15 and the motive steam to
load ratio of one.

The PR and steam to load ratio were determined based on the results of thermodynamic
analysis and economic evaluation for the water production capacity of 40,000 m’/day and
electricity generation of 90 MW(e).
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The SMART and MED-TVC units are connected through the steam transformer. The steam
transformer produces the motive steam using steam extracted from the turbine and supplies
process steam to the desalination plant. A steam transformer also prevents contamination of
the produced water by hydrazine and radioactive material of the primary steam. The steam
transformer is made of horizontal tube bundles; the primary steam flow is condensed inside
the tubes at its saturation temperature. The feed brine is sprayed outside of the tube bundles by
the recycling pump. Part of the sprayed water is evaporated and the produced steam is used as
the motive steam for the thermo-compressor of the evaporator. Part of the condensate in the
first cell of the evaporator is used as make-up for the steam transformer and this makeup water
is preheated by the condensate of the primary steam before being fed into the steam
transformer. The pre-heater is a plate-type heat exchanger made of welded titanium.

An important safety concern in using nuclear thermal energy for desalination is prevention of
the radioactivity carry-over into the product water from the nuclear reactor. In the integrated
nuclear desalination plant using the SMART, two mechanisms for protection are provided to
avoid radioactive contamination of the product water. Figure I-11 shows a schematic diagram
of the steam transformer coupling the SMART and the desalination system. Two barriers, the
steam generator and the brine heater, along with the pressure reversal between the energy
supply and the desalination system, act as protection mechanisms in the coupling. In addition,
a continuous radioactivity monitoring system will be installed in the water production system
to check for symptoms of contamination, with an immediate system reaction to follow in case
of the detection of radioactivity. Additional monitoring may also be performed in an
intermediate loop where the concentration of contaminate is higher than the water plant.
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1-2.4 Plant layout

The plant layout of the SMART is optimized to meet functional needs, safety, radiation
zoning, and access and security considerations. Figure I-12 shows the general arrangement of
a SMART plant. The building arrangement is designed to consider simplicity and convenience
of maintenance. The approximate sizes of the some major buildings are given in Table I-3.
More detailed information on the SMART reactor buildings is provided in [I-21].

TABLE I-3. APPROXIMATE SIZES OF SOME BUILDINGS

Type Type LxW H Area () Volume
3

Size (m) (m) ()
antgmment Steel/poncrete double 18 16 45 576 14,079
building containment
Turbine building | Steel structure 41 x 28 27.5 4,100 31,570
Auxiliary Reinforced concrete structure | 45 x 34 34 5,598 | 38,556
building
Utility building Steel structure 52 x24 8 1,872 9,984
Desalination Steel structure 52 x 24 8 1,872 | 9,984
building
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For site-dependent internal or external hazards, design requirements will be similar to
advanced evolutionary reactors, particularly with respect to:

Earthquake,

Aircraft crash,

Explosion pressure wave,

Internal hazards,

Radiation protection aspects such as accessibility, shielding, ventilation, etc
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FIG. I-12. SMART desalination and power generation plant.
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ANNEX II

INTERNATIONAL REACTOR INNOVATIVE AND SECURE (IRIS)

International Consortium led by Westinghouse Electric Company,
United States of America

II-1. General information, technical features and operating characteristics
1I-1.1. Introduction

The International Reactor Innovative and Secure (IRIS) is a modular, integral-type,
pressurized, light water cooled, medium power (1000 MW(th)) reactor. The U.S. Department
of Energy (DOE) as part of the Nuclear Energy Research Initiative (NERI) programme
initiated the IRIS development programme under sponsorship. IRIS is classified as an
International Near Term Deployment (INTD) reactor, within the Generation IV International
Forum activities [II-1]. The IRIS concept addresses the top-requirements for next generation
reactors, i.e. enhanced safety, reliability, positively proliferation resistance, and improved
economics.

IRIS is based on proven LWR technology, with new engineering to improve safety and
operating characteristics. IRIS employs an integral primary circuit configuration, rather than
the loop configuration used in current power LWR reactors. IRIS is an innovative design
because of its integral configuration and many novel design and safety features. However,
since it does not represent a new technology, but rather new engineering, IRIS does not
require a prototype, and in this aspect it differs from the strict interpretation of the IAEA
definition of an innovative reactor.

For most systems/components, IRIS relies on the established PWR and partly BWR reactor
technology, with its extensive operational experience, thus requiring none or only limited
testing. Additionally, integral configuration water cooled reactors have been previously built
and successfully operated (e.g. Otto Hahn ship), thus providing a historical technical basis for
the IRIS integral configuration. Other integral concepts, such as SIR [II-2] and ISIS [II-3],
have been investigated and various relevant tests performed (for example the ISIS steam
generator testing is fully applicable to IRIS). There is also a wealth of experience with design
and operation of liquid metal cooled integral reactors.

IRIS requires a testing and/or qualification programme for novel components (e.g., internal
steam generators, internal fully immersed reactor coolant pumps), and some systems. A range
of testing facilities is available through the IRIS consortium member organization, which will
enable effective conduct of the testing program.

IRIS is being developed by an international consortium (led by Westinghouse Electric
Company), which includes 21 organizations (including industry, vendors, national
laboratories, academia and power producers) from 10 countries. Consortium members and
their primary responsibilities are listed in Table II-1. All team members are stakeholders.

In a wider sense, developing countries that need affordable, smaller/medium NPPs early in the
next decade may be considered as stakeholders as well, and there is already sufficient
evidence of the interest by developing countries.
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TABLE II-1. IRIS CONSORTIUM

INDUSTRY
Westinghouse USA Overall coordination; leading core design, safety
analyses and licensing
BNFL UK Commercialization and fuel cycle
Ansaldo Energia Italy Steam generators design
Ansaldo Camozzi Italy Steam generators fabrication
ENSA Spain Pressure vessel and internals
NUCLEP Brazil Containment
Bechtel USA Balance of plant, architect engineering
OKBM Russia | Testing, desalination and district heating co-
generation
LABORATORIES
ORNL USA Instrumentation and control (I&C), probabilistic risk
assessment (PRA), desalination, shielding, pressurizer
CNEN Brazil Transient and safety analyses, pressurizer,
desalination
ININ Mexico | PRA, neutronics support
LEI Lithuania| Safety analyses, PRA, district heating co-generation
UNIVERSITIES
Polytechnic of Milan Ttaly Safety analysetc,, shielding, thermal hydraulics, steam
generators design, advanced control system
MIT USA Advanced cores, maintenance
Tokyo Inst. of Technology | Japan Advanced cores, PRA
University of Zagreb Croatia | Neutronics, safety analyses
University of Pisa Italy Containment analyses, severe accident analyses,
neutronics
Polytechnic of Turin Italy Source term
University of Rome Italy Radwaste system, occupational doses
POWER PRODUCERS
Electronuclear Brazil Developing country utility perspective
TVA USA Maintenance, utility perspective

ASSOCIATED U.S. UNIVERSITIES (NERI PROGRAMMES)

University of California USA Neutronics, advanced cores

Berkeley

University of Tennessee USA Modularization, I&C

Ohio State University USA In-core power monitor, advanced diagnostics
Iowa State University USA On-line monitoring

(and Ames Laboratory)

University of Michigan USA Monitoring and control

(and Sandia Laboratories)

1I-1.2. Applications

The basic nuclear power plant (NPP) design employs each IRIS module to produce
~335 MW(e) of electricity. Co-generation NPP designs are being developed for desalination,
district heating and process steam.
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1I-1.3. Special features

The reference design is a standard medium-power (335 MW(e)) land-based NPP.

Additional design options were considered and developed up to a certain stage, but are not
actively pursued at this time. These include:

A barge-mounted option.

A reduced power (~50 MW(e)) version of IRIS with full natural circulation, no on-site
refuelling, for deployment in remote locations as an autonomous energy source, with
more than 15 years core lifetime.

Special features, some of which are further discussed subsequently, include:

The IRIS safety-by-design™ philosophy improves safety and offers the technical basis
for licensing with reduced or eliminated off-site emergency planning zone.

Simplified design improves reliability and reduces construction cost and staffing level.

Modularity enables adding new generating capacity in increments of 335 MW(e), to fit
the electricity demand growth, and optimize cash flow.

Pre-fabrication of components and systems is employed to reduce the construction
time.

1I-1.4. Summary of major design and operating characteristics

Major design characteristics of IRIS are given in Table II-2. A simplified schematic diagram
of the IRIS nuclear installation is presented in Figure II-1. Further design and operating
parameters are listed in Table II-3. Additional design information is provided in section II-2 as
well as in the list of references.
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FIG. II-1. Simplified schematic diagram of the IRIS nuclear installation.
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TABLE II-2. MAIN IRIS DESIGN CHARACTERISTICS

GENERAL PLANT DATA (SINGLE UNIT)

Core thermal power

1000 MW

Power plant output, net

335 MW(e)

Mode of operation

Base load operation standard
Enhanced load follow mode with MSHIM

Load factor
Availability factor

Target >96% over the plant lifetime
Target >98%

Plant design lifetime

Over 60 years (reactor vessel and structures)

FUEL

Fuel material

Sintered ceramic UO, / MOX pellets

Enrichment Up to 4.95 weight % >*°U fuel readily available
Option for infrequent refueling requires ~7-10%
fissile content

COOLANT/MODERATOR

Coolant and moderator

Light water, subcooled

Number of coolant loops

Integral primary system

REACTOR CORE

Equivalent diameter 241 m
Active core height 4.267 m
Fuel inventory 485tU

REACTOR PRESSURE VESSEL

Type

Cylindrical, low carbon steel

Cylindrical shell inner diameter 6.21 m
Wall thickness of cylindrical shell 285 mm
Total height 21.3m

Design basis vessel lifetime

60 years (due to very low fast neutron fluence,
lifetime over 60 years is possible)

CONTAINMENT
Type Pressure suppression, steel
Geometry Spherical, 25 m diameter

Design pressure and temperature

1300 kPa, 200°C
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TABLE II-3. IRIS DESIGN AND OPERATING PARAMETERS

NEUTRON-PHYSICAL CHARACTERISTICS

Reactivity Feedback

MTC negative over the whole cycle and power
operating range

Burn-up reactivity swing

Depends on the specific core design and use of
burnable absorbers. Typical swing for a 42-month
refueling cycle is about 8%.

Peaking factors

Fan=1.7, F;=2.65 (max. values)

Power flattening approach

Use of burnable absorbers
Selection of fuel loading pattern

Reactivity control

Soluble boron, burnable absorbers, control rods

Shut-down systems

Control rods, Emergency boration system

REACTOR COOLANT SYSTEM

Number of coolant loops

Integral primary system

Primary circulation

Forced circulation, 8 in-vessel fully immersed
pumps

Primary coolant flow rate 4700 kg/s

Reactor operating pressure 15.5 MPa

Core inlet / outlet temperature 292°C /330°C
NUCLEAR STEAM SUPPLY SYSTEM

Cycle type Indirect

Thermodynamic efficiency

34.9% (site dependent)

Steam temperature and pressure

317°C, 5.8 Mpa

Feedwater temperature and pressure

224°C, 6.4 Mpa

FUEL CYCLE

Fuel cycle options

Near-term deployment | Mid-term deployment

(fuel licensable today) | (requires fuel irradiation
testing)
Equilibrium cycle length (period between 30-48 months Up to 96 months

refueling)

Average discharge burnup

Up to 120 GWd/t heavy
metal

e Upto60 GWd/tU
with the current
U.S. limit on lead
rod (62 GWd/t U)

e Upto70 GWd/tU
with increased

limit on lead rod
(75 GWd/t U)

Fuel enrichment

Up to 4.95 weight % ~7-10% fissile content

23 SU

Annual consumption of natural uranium
(t U/ GW(e) year)

169 (based on 60 GWd/t U discharge burn-up)

EcoNoMmICs

Construction time

3 years or less

Capital cost

1030-1240 US $/kW(e) — N™ of a kind plant
(overnight cost, including interest/financing)

Cost of electricity

30-40 US $/MW/h

121



IRIS employs a compact, spherical, steel containment vessel, about ~25 m diameter; its layout
is depicted in Fig. II-2. This relatively small containment size results in a reduced cost, small
plant footprint, and a high maximum allowed design pressure (not operational pressure).

PRESSURE CONTAINMENT
VESSEL

FIG. II-2. IRIS containment vessel layout.

IRIS uses an integral primary circuit, which is contained within the integral reactor vessel, as
shown in Fig. II-3. The IRIS integral reactor vessel [1I-4] includes all the major primary circuit
components: the nuclear fuel and control rods (core); internal control rod drive mechanisms
[[I-5], eight small, fully immersed reactor coolant pumps [II-6], eight modular, helical-coil,
once-through steam generators [1I-7], neutron reflector; and, a pressurizer [1I-8] located in the
upper vessel head. As is shown in Fig. II-3, coolant flows upward through the core and then
riser region, formed by the extended core barrel. Near the top of the riser, the coolant is
directed laterally into the upper plenum where the suction of the pumps is located. The flow of
each pump is directed downward through a corresponding steam generator module. The flow
path continues downward through the annular downcomer region, reaching the lower plenum,
where it is redirected back into the core, completing the circuit.

The core is composed of 89 fuel assemblies, each with a standard 17x17 lattice, as detailed in
section II-2. Reactivity control is achieved by standard PWR means, i.e., a combination of
soluble boron, control rods and burnable absorbers. Soluble boron concentration is kept
limited to below about 1000 ppm, to maintain negative moderator coefficient and improve
response in transients.

Another important design feature is the cold vessel because of the internal shielding (thick
water annulus downcomer), intrinsically provided by the integral configuration. Its positive
impact is described in more detail in section II-1.6.2.
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FIG. II-3. IRIS integral reactor vessel (integral primary circuit).
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II-1.5. Outline of fuel cycle options

IRIS employs oxide fuel, UO, or MOX, with the associated once through or reprocessing,
depending on specific market preferences.

IRIS targets near-term deployment and therefore it is not practical or feasible to immediately
implement all the foreseen innovative features. This refers in particular to fuel cycle, where
the long-term objective for infrequent refuelling (not more frequently than each 8 years)
requires fuel irradiation testing to demonstrate high burn-up capability. Such testing takes
time, the fuel must be licensed, and is thus not compatible with the near-term deployment
schedule.

Therefore, the following phased approach is used to accomplish the fuel cycle objectives.

Near Term. Initial IRIS deployment is targeting the period 2012-2015. All the current
licensing activities are focused on this deployment and rely on the current, proven and
licensable fuel technology. This means that UO, fuel enrichment is limited to below
5% wt% *°U, with additional limit on the maximum discharge burn-up (62 GWd/t U for the
lead rod in the USA). This naturally limits the achievable cycle length. Nevertheless, IRIS has
been designed to achieve up to a 4-year refuelling period, a significant extension of the current
PWR cycle (12-24 months) that has positive economic and proliferation resistance
implications. This extension may prove adequate for effective proliferation resistance, but
even if further extension is eventually desired, it will provide a bridge while more advanced
and distant technologies are being developed.

Mid Term. IRIS fuel cycle objective for the 2020s is to further extend the cycle length,
resulting in refuelling each 8 years (or even less frequently). The corresponding fuel/core
design is not part of the current licensing efforts, but it is pursued as part of separate, longer-
term R&D. Beside the already mentioned irradiation testing, it would require increasing fissile
content to ~8% for UO, fuel, and to ~10% for MOX fuel. The variable moderation approach
is introduced to enhance Pu utilization in this case.

Long Term. Beyond 2030, even more innovative solutions are envisioned, including
epithermal lattice and exotic fuel forms to further extend the refuelling period.

Out-of-core fuel cycle activities

An option is considered to provide front-end and back-end fuel cycle activities, as well as the
ultimate SNF disposal, by the IRIS consortium, either on a regional or centralized basis. As
the consortium includes members from 10 countries, it is ideally positioned to implement such
approach, should it prove to be economically beneficial and supported by the international
community.

II-1.6. Technical features and technological approaches that are definitive for IRIS
performance in particular areas

1I-1.6.1. Economics and maintainability

IRIS targets electricity markets in both developed and developing countries; therefore it needs
to be competitive in all world market segments. Economic analyses performed so far have
confirmed its economic viability worldwide [II-9]. Additionally, with its simple design,
medium size and moderate cost of each unit, IRIS offers an acceptable option for smaller
markets, electric grids, or countries with limited financial resources, where introduction of
large power plants is not feasible due to technical or financial reasons.
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IRIS offers several provisions for reduced capital, construction and O&M costs, including:
e Simplified design reduces construction costs.

e Production in series enables standardization and pre-fabrication of building modules
and subsystems, with accompanying cost reduction.

e Relatively short construction time (3 years or less) reduces financing costs.

e (ash flow is improved (i.e. debit level is reduced) due to possible staggered build of
multiple modules.

e Potential for licensing with reduced emergency planning zone offers prospects for
reduced infrastructure costs, i.e. reduced capital investment, as well as reduced
operating costs.

e Simplified design, infrequent refuelling, and optimized maintenance lead to reduced
O&M costs, as well as reduced staffing level.

e Significantly reduced activation of reactor vessel leads to reduced doses to personnel
in operation, maintenance, and decommissioning, with associated cost reduction.

e The approach to initially use fuel of the current PWR type (UO, with enrichment
below 5%) provides a readily available, low cost solution, with already established
fuel performance, and no ad hoc testing or licensing costs. More advanced fuel and
fuel cycle may be introduced when fully developed, licensed, and if justified by market
conditions, however IRIS deployment does not depend on these developments.

1I-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

In the near-term option, using current fuel technology, IRIS improves fuel utilization by
enhanced moderation, and thus extends refuelling to up to 4 years. The mid-term option with
infrequent-refuelling (each 8§ years), further reduces the volume of high-level waste.

A significant advancement is achieved in the area of dose reduction. The IRIS integral
configuration and integral reactor vessel include a wide downcomer region (~1.7 m radially),
which, together with the radial neutron reflector, provides significant shielding and results in a
very large neutron flux attenuation. Thus, neutron flux at the reactor vessel and in the cavity,
together with the corresponding activation of materials (vessel, cavity liner, concrete), is
reduced by over 5 orders of magnitude, compared to a typical loop-type PWR reactor and over
3 orders of magnitude compared to a typical BWR. As a result, the vessel outer surface and
structures outside the vessel are practically “cold”, thus reducing the dose in operation,
maintenance, as well as the final decommissioning activities. Infrequent refuelling
additionally contributes to the dose reduction during O&M activities.

Additionally, reactor vessel embrittlement due to irradiation is for all practical purposes
eliminated. This not only extends the vessel lifetime (not limited by irradiation), but also
eliminates the need for a surveillance program, further reducing the dose to personnel and the
associated costs.

11-1.6.3. Safety and reliability

The overall approach to safety, which is a uniquely, defining characteristic of IRIS [II-10] may
be represented by the following three-tier approach:
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1. The first tier is the safety-by-design™, which aims at eliminating by design the
possibility for an accident to occur, rather than dealing with its consequences. By
eliminating some accidents, the corresponding safety systems (passive or active)
become unnecessary as well.

2. The second tier is provided by simplified passive safety systems, which protect against
the still remaining accidents and mitigate their consequences.

3. The third tier is provided by active systems, which are not required to perform safety
functions and are not considered in deterministic safety analyses, but will contribute to
reducing the core damage frequency (CDF).

First Tier. Nuclear power plants consider a range of hypothetical accident scenarios. The
IRIS “safety-by-design”™ philosophy is a systematic approach that aims—by design—at
eliminating altogether the possibility for an accident to occur, i.e., to eliminate accident
initiators, rather than having to design and implement systems to deal with the consequences
of the accident. It should be noted that the integral configuration is inherently more amenable
to this approach than a loop-type configuration, thus enabling safety improvements not
possible in a loop reactor. To give only the most obvious example, loss of coolant accidents
caused by a large break of external primary piping (LBLOCA) are eliminated by design since
no large external piping exists in IRIS. Additionally, in cases where it is not possible or
practical to completely eliminate potential initiators of an accident, safety-by-design™ aims at
reducing the severity of the accident’s consequences and the probability of its occurrence. As
a result of this systematic approach, the eight Class IV design basis events (potentially leading
to most severe accidents) that are usually considered in LWRs, are reduced to only one in
IRIS, with the remaining seven either completely eliminated by design, or their consequences
(as well as probability) reduced to a degree that they are no longer considered Class IV events.
Further discussion (with a description of specific design solutions) may be found in [II-10].

Second Tier. Elimination of the possibility for some accidents to occur enables
simplifications of IRIS design and passive safety systems, resulting simultaneously in
enhanced safety, reliability, as well as economics. In other words, the increased safety and
improved economics support each other in the IRIS design.

Third Tier. The third tier has been addressed within the PRA/PSA (Probabilistic Risk
Assessment/Probabilistic Safety Assessment) framework. In fact, PRA was initiated early in
the IRIS design, and was used iteratively to guide and improve the design safety and reliability
(thus adding “reliability by design”). The PRA has suggested modifications to the reactor
system layout, resulting in reduction of the predicted CDF. After these modifications, the
preliminary PRA level 1 analysis [II-11] estimated the CDF due to internal events (including
anticipated transients without scram, ATWS) to be about 2x10®, more than one order of
magnitude lower than in advanced LWRs. A subsequent evaluation [II-12] of the LERF
(Large Early Release Frequency) also produced a very low value, of the order of 6x107,
which is more than one order of magnitude lower than in advanced loop LWRs, and several
orders of magnitude lower than in present LWRs.

Specific features of the design that resulted from implementing the safety-by-design™
philosophy are summarized in Table II-4, while Table II-5 provides an overview of how these
safety-by-design™ features will impact the typical design basis events. A detailed description
of IRIS response to each of the eight Class IV events is provided in reference [1I-10].

126



TABLE II-4. IMPLICATIONS OF SAFETY-BY-DESIGN™ RIS PHILOSOPHY

IRIS DESIGN

SAFETY IMPLICATION ACCIDENTS AFFECTED
CHARACTERISTIC
Integral Layout No large primary piping LOCA
Increased water inventory LOCA

Large, tall vessel

Increased natural circulation

Can accommodate internal CRDMs

Decrease in heat removal

Various events

RCCA ejection, eliminate
head penetrations

Heat removal
from inside the
vessel

Depressurizes primary system by
condensation and not by loss of mass

Effective heat removal by SG/EHRS

LOCA

LOCA

All events for which
effective cool down is
required

Reduced size,
higher design-
pressure
containment

Reduced driving force through primary
opening

LOCA

Multiple coolant
pumps

Decreased importance of single pump
failure

Locked rotor, shaft
seizure/break

High design-
pressure steam
generator system

No SG safety valves

Primary system cannot over-pressure
secondary system

Feed/steam system piping designed for full

RCS pressure reduces piping failure
probability

Steam generator tube
rupture

Steam line break

Feed line break

Once-through
steam generator

Limited water inventory

Steam line break

{Feed line break}*

Integral
pressurizer

Large pressurizer volume/reactor power

Overheating events,
including feed line break

ATWS

* The only accident, which is potentially affected in a negative way.
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TABLE II-5. IRIS RESPONSE TO PWR CLASS IV EVENTS

CLASS IV DESIGN RESULTS OF
IRIS DESIGN CHARACTERISTIC SAFETY-BY-DESIGN™
BASIS EVENT
IRIS PHILOSOPHY
Large break . . .
1 Integral RV layout — no loop piping | Eliminated by design
LOCA
) Steam generator | High design pressure once-through |Reduced consequences,

tube rupture SGs, piping, and isolation valves simplified mitigation

Reduced probability, reduced

Steam system High design pressure SGs, piping, | (limited containment effect,

3 ivine failure and isolation valves. SGs have limited cooldown) or eliminated
PIpIng small water inventory (no potential for return to critical
power) consequences
High design pressure SGs, piping, | Reduced probability, reduced
4 Feedwater system | and isolation valves. Integral RV consequences (no high pressure
pipe break has large primary water heat relief from reactor coolant
capacity. system)
5 Reactor coolant Spool pumps have no shaft Eliminated by design
pump shaft break poot pump Y &
Reactor coolant | No DNB for failure of 1 out of 8
6 . Reduced consequences
pump seizure RCPs
Spectrum of With internal CRDMs there is no
7 | RCCA ejection . .. Eliminated by design
. ejection driving force
accidents
Design basis fuel
8 | handling No IRIS specific design feature No impact

accidents

To complement its safety-by-design™, IRIS features limited and simplified passive systems
as shown in Fig. II-4. They include:

¢ A passive emergency heat removal system (EHRS) made of four independent subsystems,
each of which has a horizontal, U-tube heat exchanger connected to a separate steam
generator (SG) feed/steam line. These heat exchangers are immersed in the refuelling
water storage tank (RWST) located outside the containment structure. The RWST water
provides the heat sink to the environment for the EHRS heat exchangers. The EHRS is
sized so that a single subsystem can provide core decay heat removal in the case of a loss
of secondary system heat removal capability. The EHRS operates in natural circulation,
removing heat from the primary system through the steam generators heat transfer surface,
condensing the steam produced in the EHRS heat exchanger, transferring the heat to the
RWST water, and returning the condensate back to the SG. The EHRS provides both the
main post-LOCA depressurization (depressurization without loss of mass) of the primary
system and the core cooling functions. It performs these functions by condensing the
steam produced by the core directly inside the reactor vessel. This minimizes the break
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decay heat to the environment.

Two full-system pressure emergency boration tanks (EBTs) to provide a diverse means of
reactor shutdown by delivering borated water to the RV through the direct vessel injection
(DVI) lines. By their operation these tanks also provide limited gravity feed makeup water
to the primary system.
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FIG. II-4. IRIS passive safety system schematic.

A small automatic depressurization system (ADS) from the pressurizer steam space,
which assists the EHRS in depressurizing the reactor vessel when/if the reactor vessel
coolant inventory drops below a specific level. This ADS has one stage and consist of two
parallel 4 in. lines, each with two normally closed valves. The single ADS line
downstream of the closed valves discharges into the pressure suppression system pool
tanks through a sparger. This ADS function ensures that the reactor vessel and
containment pressures are equalized in a timely manner, limiting the loss of coolant and
thus preventing core uncovering following postulated LOCAs even at low RV elevations.

A containment pressure suppression system (PSS), which consists of six water tanks and a
common tank for non-condensable gas storage. Each suppression water tank is connected
to the containment atmosphere through a vent pipe connected to a submerged sparger so
that steam released in the containment following a loss of coolant or steam/feed line break
accident is condensed. The suppression system limits the peak containment pressure,
following the most limiting blowdown event, to less than 1.0 MPa, which is much lower
than the containment design pressure. The suppression system water tanks also provide an
elevated source of water that is available for gravity injection into the reactor vessel
through the DVI lines in the event of a LOCA.
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¢ A specially constructed lower containment volume that collects the liquid break flow, as
well as any condensate from the containment, in a cavity where the reactor vessel is
located. Following a LOCA, the cavity floods above the core level, creating a gravity head
of water sufficient to provide coolant makeup to the reactor vessel through the DVI lines.
This cavity also assures that the lower outside portion of the RV surface is or can be
wetted following postulated core damage events.

As in the AP600/AP1000, the IRIS safety system design uses gravitational forces instead of
active components such as pumps, fan coolers or sprays and their supporting systems.

The safety strategy of IRIS provides a diverse means of core shutdown by makeup of borated
water from the EBT in addition to the control rods; also, the EHRS provides a means of core
cooling and heat removal to the environment in the event that normally available active
systems are not available. In the event of a significant loss of primary-side water inventory,
the primary line of defence for IRIS is represented by the large coolant inventory in the reactor
vessel and the fact that EHRS operation limits the loss of mass, thus maintaining a sufficient
inventory in the primary system and guaranteeing that the core will remain covered for all
postulated events. The EBT is actually capable of providing some primary system injection at
high pressure, but this is not necessary, since the IRIS strategy relies on “maintaining” coolant
inventory, rather than “injecting” makeup water. This strategy is sufficient to ensure that the
core remains covered with water for an extended period of time (days and possibly weeks).
Thus, IRIS does not require and does not have the high capacity, safety grade, high-pressure
safety injection system characteristic of loop reactors.

Of course, when the reactor vessel is depressurized to near containment pressure, gravity flow
from the suppression system and from the flooded reactor cavity will maintain the RV coolant
inventory for an unlimited period of time. However, this function would not be strictly
necessary for any reasonable recovery period since the core decay heat is removed directly by
condensing steam inside the pressure vessel, thus preventing any primary water from leaving
the pressure vessel.

The IRIS design also includes a second means of core cooling via containment cooling, since
the vessel and containment become thermodynamically coupled once a break occurs. Should
cooling via the EHRS be defeated, direct cooling of the containment outer surface is provided
and containment pressurization is limited to less than its design pressure. This cooling plus
multiple means of providing gravity driven makeup to the core provide a means of preventing
core damage and ensuring containment integrity and heat removal to the environment that is
diverse from the EHRS operation.

IRIS is designed to provide in-vessel retention of core debris following severe accidents by
assuring that the vessel is depressurized, and by cooling the outside vessel surface. The reactor
vessel is cooled by containing the lower part of the vessel within a cavity that always will be
flooded following any event that jeopardizes core cooling. Also, like in AP1000, the vessel is
covered with standoff insulation that forms an annular flow path between the insulation and
the vessel outer surface. Following an accident, water from the flooded cavity fills the annular
space and submerges and cools the bottom head and lower sidewalls of the vessel [II-13]. A
natural circulation flow path is established, with heated water and steam flowing upwards
along the vessel surface, and single-phase water returning downward along the outside of the
vessel insulation, to the bottom of the flood-up cavity. AP1000 testing has demonstrated that
this natural circulation flow is sufficient to prevent corium melt-through. Application of
AP1000 conditions to IRIS is conservative, due to the IRIS much lower core power to vessel
surface ratio. The design features of the containment ensure flooding of the vessel cavity
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region during accidents and submerging the reactor vessel lower head in water since the liquid
effluent released through the break during a LOCA event is directed to the reactor cavity. The
IRIS design also includes a provision for draining part of the water present in the PSS water
tanks directly into the reactor cavity.

The superb safety characteristics of IRIS summarized in Table II-6 can conceivably lead to
more “relaxed” licensing regulations with significant socio-economic advantages. In fact, the
defence-in-depth provided by the safety-by-design™ as the first step, which results in the
elimination or lessening of Class IV events (only one left out of the eight typically
considered), combined with the orders of magnitude improvement in CDF and LERF, and
risk-informed licensing could allow IRIS to attain ambitious licensing objectives, such as
licensing with no requirements for off-site emergency response planning (i.e. emergency
planning zone equal to the site exclusion zone).

This objective, also declared by the IAEA’s international project on innovative nuclear
reactors and fuel cycle (INPRO) as one of the top-level goals for advanced reactors [II-14]
would have quite a significant positive impact. Economically, the utility/plant operator will
not be required to plan for emergency evacuation, allowing a larger choice of sites, and
avoiding the expenses of physically preparing the site and conducting planning for emergency
response. The possibility of siting the plant closer to urban developments allows better
implementation of co-generation (district heating, industrial steam, desalination) and
reduction of transmission costs. Public acceptance will be greatly improved, because
essentially IRIS is declared to be no different from other power producing plants and
industrial facilities.

TABLE II-6. SAFETY FEATURES OF IRIS

CRITERION ADVANCED PRESENT LWRS IRIS
Defence-in-depth (DID) Traditional barriers; One additional safety layer
emergency response BEFORE the traditional DID

layers enables elimination of
accidents’ initiators; possibly
could be substituted for the

emergency response
Class IV design basis 8 typically considered Only 1 remains Class IV
events (fuel handling accident)
Core damage frequency ~10°—10" ~107®

(CDF)

Large early release ~10°—10" ~107

frequency (LERF)

Licensing without the off-site emergency response requires elaboration of a new licensing
framework, which the IRIS project will explore with the U.S. NRC during the currently on-
going pre-application licensing process scheduled to be completed by spring 2006, as well as
through a collaboration with the IAEA, as it shares this top-level objective with the INPRO
goals [1I-14].
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1I-1.6.4. Proliferation resistance

The infrequent refuelling supports proliferation resistance in IRIS. Initially, with the current
PWR fuel (enriched below 5%), IRIS achieves cycle length of up to 4 years, at least doubling
the interval encountered in present PWRs. The foreseen mid-term fuel and core upgrade aims
to further extend the refuelling interval to 8 years [II-15].

Moreover, fuel isotopic content is well within the LEU boundary (still only ~10% for 8-year
refuelling). In the MOX fuel option, IRIS uses highly degraded reactor-grade plutonium.
Increased moderation achieved through the increased moderator-to-fuel volume softens the
spectrum, ensuring that fuel isotopic evolution promotes proliferation resistance. In fact, IRIS
is a good plutonium burner, better than advanced LWRs, and may be used for plutonium
disposition, if desired. The long cycle option facilitates the nuclear material inspection,
accounting and verification.

1I-1.6.5. Technical features and technological approaches used to facilitate physical
protection of IRIS

IRIS has a compact, spherical containment with a 25 m diameter. Only half of the containment
vessel is located above the ground, thus leaving exposed only a relatively small area
(compared to large present LWRs) that may be additionally protected, if desired, fairly easily
and at an acceptable cost.

The safety-by design™ inherently improves IRIS response to accidents, whether due to
technical causes or external impacts, thus facilitating its physical protection.

II-1.7. Non-technical factors and arrangements that could facilitate effective development
and deployment of IRIS

IRIS is ideally positioned for deployment worldwide [II-16] through the resources of the IRIS
consortium that includes members from 10 countries. All consortium members are equal
partners, and provide inputs regarding specific market requirements, that are ultimately
reflected in the IRIS design. About half of the countries represented in the consortium are
developing countries; therefore, IRIS is well aware of and responsive to specific needs of the
developing countries. Issues related to specific needs, such as co-generation with desalination
or district heating, are addressed by member countries having first-hand experience in those
areas, i.e. Brazil and Mexico for desalination, and Lithuania for district heating. Also, regional
collaboration (e.g., in Central Europe and Latin America) may strongly promote prospects for
IRIS deployment.

Option for full scope of fuel cycle services is one possibility that may be effectively
implemented within the international IRIS consortium, certainly easier than by any single
organization, but its actual realization would first require political agreements of all involved
entities and the international community. This is an area where active involvement of the
IAEA would be especially beneficial.

1I-1.8. List of enabling technologies relevant to IRIS and status of their development

No major technology development is required for IRIS, in particular for the initial near-term
deployment. However, certain components or systems designs need to be developed,
improved, or qualified, including:
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e Improved instrumentation is needed for the integral reactor vessel layout, where all
primary components are located within the vessel. This work is in progress, and no
showstoppers are expected.

e Advanced diagnostics and prognostics are needed due to the integral configuration and
to support the 4-year maintenance cycle [II-17, II-18] and the 4-year refuelling cycle.
This work is in progress, and no showstoppers have been identified.

e Development and qualification of internal control rod drive mechanisms (CRDMs) is
required [II-5]. Significant progress has been achieved both within the consortium and
outside (e.g. several Japanese organizations), and it is expected that this development
will be completed in time for the first IRIS deployment. However, if this CRDM
development is for some reason delayed, there is a fall back position, employing
standard external CRDMs.

The mid-term deployment (in the 2020s) where the refuelling interval would be increased
from 4 to 8 years, requires irradiation testing, qualification and licensing of fuel that would
support the corresponding fuel residence time and discharge burn-up. This will not be an
isolated IRIS effort, but is related to similar activities by many organizations worldwide.

1I-1.9. Status of R&D and planned schedule

The IRIS development was initiated with U.S. DOE support through the Nuclear Energy
Research Initiative (NERI). Currently, IRIS is identified as a member of the International
Near-Term Deployment (INTD) group, within the Generation-IV International Forum (GIF).

Institutions involved in IRIS R&D are members of the IRIS consortium (listed in Table 1I-1)
and include: Westinghouse Electric Co. (USA), BNFL (UK), Ansaldo Energia (Italy),
Ansaldo Camozzi (Italy), ENSA (Spain), NUCLEP (Brazil), Bechtel (USA), OKBM (Russia),
ORNL (USA), CNEN (Brazil), ININ (Mexico), LEI (Lithuania), Polytechnic of Milan (Italy),
MIT (USA), Tokyo Institute of Technology (Japan), University of Zagreb (Croatia),
University of Pisa (Italy), Polytechnic of Turin (Italy), University of Rome (Italy), TVA
(USA), Eletronuclear (Brazil).

It is expected that the FOAK IRIS will be deployed in the 2012-2015 timeframe [II-16]. A
more detailed schedule with development and licensing stages is given in Table II-7. It is
worth mentioning that so far all the milestones were reached on or ahead of schedule.

TABLE II-7. IRIS PROJECT SCHEDULE AND MILESTONES

MILESTONE TARGET DATE
Assess key technical and economic feasibility (completed) End 2000
Perform conceptual design (completed) End 2001
Preliminary cost estimate (completed) End 2001
Initiate licensing pre-application (completed) Fall 2002
Develop licensing plan (completed) Fall 2002
Outline path to commercialization (completed) Early 2003
Perform preliminary design 2002-2005
Complete licensing pre-application Spring 2006
Obtain final design approval 2010
First-of-a-kind deployment 2012-2015
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1I-1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed

IRIS introduces significant innovative features and the integral design represents a radical
change in system configuration from existing loop reactors that justify its classification as an
innovative SMR. However, while it is innovative engineering, it relies on proven LWR
technology and thus it only requires engineering and confirmatory testing. A prototype or
demonstration plant is not required for obtaining final design approval and design
certification, a project position which has not been objected by NRC.

II-1.11. List of other similar or relevant SMRs for which the design activities are ongoing

Several other organizations are considering SMRs of integral type that share some design
features with IRIS, within the IPSR group (Integral Primary System Reactors) of the
INTD/GIF.

IRIS shares with INPRO [II-14] the goal of revising the emergency planning requirements.

I1-2. Design description and data for IRIS

1I-2.1. Description of the nuclear systems

The IRIS core and fuel assemblies (Fig. II-5 and II-6; Table II-8) are similar to those of a loop
type Westinghouse PWR design. Specifically, the IRIS fuel assembly design is similar to the
Westinghouse 17x17 XL Robust Fuel Assembly design and AP1000 fuel assembly design. An
IRIS fuel assembly consists of 264 fuel rods with a 0.374 inches outer diameter in a 17x17
square array. The central position is reserved for in-core instrumentation, and 24 positions
have guide thimbles for the control rodlets. Low-power density is achieved by employing a
core configuration consisting of 89 fuel assemblies with a 14-ft (4.267 m) active fuel height,
and a nominal thermal power of 1000 MW. The resulting average linear power density is
about 75% of the AP600 value. The improved thermal margin provides increased operational
flexibility, while enabling longer fuel cycles and thus increased overall plant capacity factors.

GT GT GT
GT GT
GT GT GT GT GT
GT GT T GT GT
GT GT GT GT GT
GT GT
GT GT GT
FIG. II-5. IRIS core configuration. FIG. II-6. IRIS fuel assembly, 17 %17 lattice.
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TABLE II-8. IRIS CORE MAIN PARAMETERS

Equivalent diameter 241 m
Active core height 4.267 m
Fuel inventory 48.5tU
Average linear heat rate 10.0 kW/m
Number of fuel assemblies 89
Number of fuel rods/assembly 264

Outer diameter of fuel rods 9.5 mm

The initial, reference IRIS core [II-19] will use UO, fuel, enriched to 4.95 w/o in 235U, with
lower enrichment in the axial blankets and at the core periphery. The fission gas plenum
length is increased (roughly doubled) compared to current PWRs, thus eliminating potential
concerns with internal overpressure. The integral RV design permits this increase in the gas
plenum length with practically no penalty, because the steam generators mainly determine the
vessel height.

Reactivity control is accomplished through solid burnable absorbers, control rods, and the use
of a limited amount of soluble boron in the reactor coolant. The reduced use of soluble boron
makes the moderator temperature coefficient more negative, thus increasing inherent safety.
The initial core is designed for a three- to three-and-half-year cycle with half-core reload to
optimize the overall fuel economics while maximizing the discharge burn-up. In addition, a
four-year straight burn fuel cycle can also be implemented to improve the overall plant
availability, but at the expense of a somewhat reduced discharge burn-up.

Also, IRIS core designs capable of 8-year refuelling period have been developed using UO, or
MOX fuel with fissile content increased to 7-10% [II-15]. This is facilitated by the “variable
moderation approach”, whereas the moderator-to-fuel ratio is increased with the increased
fissile content, to achieve adequate neutron thermalization.

Main parameters of the IRIS steam generators and reactor coolant pumps are given in
Table II-9.

TABLE II-9. IRIS STEAM GENERATORS AND COOLANT PUMPS MAIN

PARAMETERS
STEAM GENERATOR
Type Once-through with superheated steam
Tubes Helical coil tube bundle, primary outside the tubes
Number 8
Thermal capacity (each SG) 125 MW
REACTOR COOLANT PUMPS
Type Axial (propeller) type pumps, fully immersed
Number 8
Pump head 19.8 m

Description of the Emergency Heat Removal System (EHRS) is provided in section II-1.6.3.
A simplified scheme of heat removal paths in normal operation and accident conditions is
given in Fig. II-7.
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HEAT REMOVAL PATHS

NORMAL OPERATION ACCIDENT CONDITIONS
(active systems) (passive systems§)
|
PUMPED
CIRCULATION NATURAL
CIRCULATION
MAIN FEEDWATER/
STEAM GENERATORS STEAM GENERATORS /

EMERGENCY HEAT
REMOVAL SYSTEM

TURBINE |

REACTOR CAVITY
COOLING
| CONDENSER |
CONTAINMENT
CIRC. WATER COOLING
COOLING
TOWER . . . )
3 Except for in-vessel natural circulation that is always present,

heat removal paths depend on the accident considered

FIG. II-7. Simplified heat removal paths (details omitted because of proprietary considerations).

11-2.2. Description of the turbine generator plant and systems
Use of conventional equipment is planned in the turbine generator plant and systems.
11-2.3. Systems for non-electric applications

Desalination, district heating and industrial steam co-generation designs are being developed
at this time [II-20]. Detailed description will be included in a future edition of this document.

11-2.4. Plant layout

A nuclear installation with IRIS may employ either a single IRIS module, or multiple single
modules, or multiple twin modules, thus providing great flexibility regarding the range of the
generating capacity (from 335 MW(e) to several thousand MW(e)).

Based on interest in IRIS expressed by several electric power utilities, IRIS has developed
two alternative site layouts with corresponding site requirements. The first option shown in
Fig. II-8 presents a multiple single-unit site layout, while the second option shown in Fig. II-9
presents a multiple twin-unit site layout.

In the first option, shared systems and structures are minimized. Units are constructed in a
“slide-along” manner, with the first unit put into operation while subsequent units are under
construction. Such arrangement minimizes construction time and provides generating capacity
(and revenue) as soon as possible, thus minimizing the required financial resources. It also
maximizes workforce efficiency and significantly shortens construction time of subsequent
units.
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FIG. II-9. IRIS multiple twin-unit site layout.

In the second option, shared systems and structures (including fuel handling and spent fuel
pool, support systems in auxiliary building) are maximized. Twin-units share control rooms,
but have separate safety and protection systems. Twin-units are also constructed in
“slide-along” manner, with the same advantage as for the first option, plus maximization of
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shared equipment and workforce, but they require adding generating capacity in 670 MW(e)
increments. A perspective view of the site arrangement with two twin units is shown in
Figure 1I-10.

[1-1]

[11-2]

[11-3]

[11-4]

[11-5]

[11-6]

[11-7]
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FIG. II-10. Perspective view of IRIS multiple twin-unit site layout.
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ANNEX III

CENTRAL ARGENTINA DE ELEMENTOS MODULARES (CAREM)
CNEA, Argentina

III-1. General information, technical features and operating characteristics
III-1.1. Introduction

CAREM (Central ARgentina de Elementos Modulares) is an Argentine project to develop,
design and construct an innovative, simple and small nuclear power plant (NPP). This plant
has an indirect cycle reactor with distinctive and characteristic features that greatly simplify
the design and contribute to a high safety level. Some of the high-level design characteristics
of the plant are: an integrated primary cooling system; self-pressurized primary system and
safety systems relying on passive features. CAREM is a CNEA (Comision Nacional de
Energia Atomica) project, which has been jointly developed with INVAP, an Argentine
company.

The CAREM concept was first presented in March 1984, in Lima, Peru, during the IAEA’s
conference on small and medium sized reactors. Chronologically CAREM was one of the first
of the present new generation of reactor designs. The first step of this project is the
construction of the prototype of about 27 MW (e) (CAREM-25). This project allows Argentina
to sustain activities in nuclear power plant design, assuring the availability of updated
technology in the mid-term [III-1]. The design basis is supported by the cumulative experience
acquired in research reactor design, construction and operation and pressurized heavy water
reactor (PHWR) operation, as well as development of advanced design solutions [III-2].

The Generation IV International Forum (GIF) [III-3] recognized CAREM as an international
near term deployment (INTD) reactor.

1I1-1.2. Applications

The CAREM concept is designed for competitive electric power production with low power
modules.

The CAREM power plant has a potential use for non-electric applications such as nuclear
desalination. In this application, this plant could be used either as a heat source or electrical
energy supply. Several studies were performed to analyze the potential use of CAREM as the
energy supply for seawater desalination plants [III-4] and it appears to be an appropriate
option. This reactor has many inherent safety features: no large loss-of-coolant accidents
(LOCA) and long characteristic times in the event of transient or severe accidents, due to the
large coolant inventory and use of passive safety systems. These factors plus simple operation
make CAREM a realistic option in countries with limited nuclear development. For economic
reasons, it is convenient to locate the reactor and desalination plant near cities. However, this
is only possible with a high level of nuclear safety. On the other hand, to minimize specialized
labour on the construction site, complex operations associated with reactor assembly should
be reduced. In this field, CAREM has advantages over traditional designs in quality control,
construction schedules and costs (less difficult welding on the construction site, off-site
assembly of systems, etc.) [1II-5].
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II1-1.3. Special features
The power range of CAREM modules allows sequencing of additional capacity to more
closely match the demand.

The use of passive safety systems facilitates deployment as an autonomous system, like
floating NPP.

The CAREM nuclear power plant is small and has such advantages as a potential for design
standardization, series production and shop fabrication of equipment.

II1-1.4. Summary of major design and operating characteristics

Mode of operation

CAREM is designed to be operated in base load, but it also has some load-follow capability.
Load factor/ Availability

CAREM is designed to have an availability factor of 90% or higher.

Some major design characteristics of CAREM are given in Table III-1.

TABLE III-1. SUMMARY OF MAJOR DESIGN CHARACTERISTICS

CHARACTERISTIC DESIGN PARTICULARS

Type of fuel PWR type fuel assembly with low enriched UO,
Fuel enrichment About 3.5%

Moderator Light water

Coolant Light water

Structural materials Barrel: SS-304L

Core grids and envelope: SS-304
Steam generator shell: SS-304L
Steam generator tubes: Inconel 690 (SB 163 N06690)

Core Fuel assemblies of hexagonal cross section. Each fuel
assembly contains 108 fuel rods of 9 mm outer diameter,
18 guide thimbles and 1 instrumentation thimble.

The core of CAREM-300 has 199 fuel assemblies having
about 2.85 m active length.

The core of CAREM-25 has 61 fuel assemblies having
about 1.40 m active length.

Reactor vessel Vessel material: SAS08 Grade 3 Class 1

Lining material: SS-304L

For CAREM-25 vessel the main dimensions are
Height: 11 m

Inner diameter: 3.16 m

Wall thickness: 0.135 m
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Installed capacity

Different CAREM concept power modules are available;

CAREM-300, is designed to produce 900 MW(th), generating 300 MW(e).

For power modules below 150 MW(e), the flow rate in the primary reactor system is achieved
by natural circulation; a 100 MW(th) and 27 MW(e) prototype will be constructed for

demonstration purposes.

Simplified schematic diagram of CAREM plant

the higher power module,

The CAREM nuclear power plant design is based on a light water integrated reactor. The
whole primary system (core, steam generators, primary coolant and steam dome) is contained

in a single pressure vessel, Fig. III-1.

In Figure III-2, a simplified schematic diagram of CAREM reactor is shown.

STEAM
DOME

RISER =

“Down-
commer”

A

CORE «

HYDRAULIC
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5 STEAM
GENERATOR

FUEL ELEMENT

FIG. IlI-1. Reactor prototype pressure vessel.

The main neutron-physical characteristics of CAREM-25 are given in Table III-2.
TABLE III-2. NEUTRON-PHYSICAL CHARACTERISTICS OF CAREM

CHARACTERISTIC

VALUE

Fuel temperature reactivity coefficient

<-2.1 pem/°C

Coolant temperature reactivity coefficient

< -40 pcm/°C in normal operation

<-4 pcm/°C in cold shutdown

Coolant void coefficient

< -147 pcm/% in normal operation

<-43 pcm/% in cold shutdown

Burn-up reactivity swing

3600 pcm

Maximum Peaking Factor

2.7
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FIG. III-2. Simplified schematic diagram of CAREM NPP.

Reactivity control mechanism

The fuel is enriched UO,. Core reactivity is controlled by the use of Gd,0O3 as burnable poison
in specific fuel rods and movable absorbing elements belonging to the adjust and control
system. Liquid chemical compounds are not used for reactivity control during normal
operation.

Each absorbing element (AE) consists of a cluster of rods linked by a structural element
(namely, “spider”), so the cluster moves as a single unit. Absorber rods fit into the guide
tubes. The absorber material is the commonly used Ag-In-Cd alloy. Absorbing elements (AE)
are used for reactivity control during normal operation (adjust and control system) and to
produce a sudden interruption of the nuclear chain reaction when required (fast shutdown
system).

The shutdown system is diversified to fulfil Argentine regulatory-body requirements.

The first shutdown system (FSS): this system consists of gravity driven neutron-absorbing
elements. In CAREM-25, this system provides a total negative reactivity at cold shutdown of
6880 pcm, with all rods inserted.

Many of the elements are for the fast shutdown system; during normal operation they are kept
in the upper position. They are designed to obtain a minimal dropping time, so that it takes
only a few seconds to completely insert absorbing rods inside the core. In CAREM-25, this
system has a minimum worth of 3500 pcm, with one rod unavailable.

The second shutdown system (SSS) is a gravity-driven injection device of borated water at
high pressure. In CAREM-25, this system provides a total negative reactivity at cold
shutdown of 5980 pcm, assuming single failure.
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Cycle type and thermodynamic efficiency

CAREM is an indirect cycle reactor with a standard steam cycle of simple design.
A thermodynamic efficiency of 33% is estimated for CAREM-300.

The main thermal-hydraulic characteristics of CAREM are given in Table III-3.

TABLE III- 3. THERMAL-HYDRAULIC CHARACTERISTICS OF CAREM

PARAMETER CHARACTERISTICS

Primary system configuration Integrated

Circulation type Natural circulation for normal operation as well
as hot shutdown for low power modules (below
150 MWe).

Forced circulation for full power operation and
natural circulation for hot shutdown for high
power modules (over 150 MW(e)).

Coolant conditions Self-pressurization of the primary system in the
steam dome is the result of the liquid-vapour
equilibrium. Due to self-pressurization, bulk
temperature at core outlet corresponds to
saturation temperature at primary pressure.

For CAREM-25 the core outlet temperature is
326°C and the core inlet temperature is 284°C.

Primary flow rate and pressure For CAREM-25 the coolant mass flow through
the core is 410 kg/s and the operating coolant
pressure is 12.25 MPa.

Steam conditions For CAREM-25 the steam mass flow to the
turbine is 175.32 t/hr and the steam pressure and
temperature are 4.7 MPa and 290°C.

Fuel temperature For CAREM-25 the maximum fuel centre line
temperature is 950°C.
MDNBR For CAREM-25 is larger than 1.7.

For CAREM-300, the average discharge burn-up is about 35 000 MW-d/Mt U and the
maximum discharge burn-up is about 45 000 MW-d/Mt U.

The fuel cycle can be tailored to customer requirements, with a reference design of 330
full-power days. In CAREM-300, 1/3 of the core is refuelled and 1/2 is refuelled in
CAREM-25.

CAREM-300 has about 200 tones of natural U (feed)/GW(e) per year based on a 3.5% initial
enrichment, 35,000 MW-d/Mt U of average discharge burn-up, 33% thermodynamic
efficiency, 0.25% of enrichment tail and 90% of load factor.

The design life for the pressure vessel is 40 years. Steam generators and reactor internals are
easily replaceable during shutdown.

The CAREM power plant has a potential use for non-electric applications such as nuclear
desalination. This plant can be used either as a heat source or electrical energy supply for a
Reverse-Osmosis-based desalination plant.
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Economics

The CAREM concept economy was analyzed using IREP code [III-6, III-7]. Below
150 MW(e), the natural convection option is preferred because the estimated costs are similar
and the present version of IREP results more representative for this configuration. Over that
power level, the size and cost of the RPV are outside the acceptable range so the forced
convection option is preferable [III-8]. The capital cost for a natural convection module of
125 MW(e) is US $1700/kWe and for CAREM-300 is US $1050/kWe. The estimated O&M +
fuel costs for CAREM-300 are US $12.5/MW(e)-hr.

The estimated construction period is four years.

The construction cost of the prototype of about 27 MW(e), CAREM-25, is US $85 million.
II1-1.5. Outline of fuel cycle options

CAREM is designed for a once-through (OT) fuel cycle. For this standard fuel cycle, a deep
geological repository for final disposal of high level waste after surface intermediate storage
in horizontal natural convection silos is considered [III-9].

CAREM can be adapted to use MOX fuel as an alternative fuel cycle option. In this case,
advanced PUREX methods could be used to obtain higher purity levels, to avoid fissile
material contamination and to have more time for material utilization.

III-1.6. Technical features and technological approaches that are definitive for CAREM
performance in particular areas

1I1-1.6.1. Economics and maintainability

There is a significant need for small nuclear power plants suitable for developing countries
and for the utilities of small or medium-developed countries. The CAREM concept is
conceived to offer nuclear options to this market, with a US $1000 /KW h overnight cost for a
300 MW(e) nuclear power plant.

Technical and economic advantages are achieved with the CAREM design compared to
traditional design:

e To simplify the design, the whole high-energy primary system (core, steam generators,
primary coolant and steam dome) is contained in a single pressure vessel. This reduces
considerably the number of pressure vessels needed and simplifies the layout.

e Due to the absence of large diameter piping associated with the primary system, no large
LOCA needs to be handled by the safety systems. The elimination of large LOCA
considerably reduces the needs for ECCS components, AC supply systems, etc.

e Due to self-pressurization, the elimination of an active pressurizer (heaters and sprinklers)
results in lower costs and advantages in maintenance and availability.

e Eliminating primary pumps in low power modules results in lower costs, added safety, and
advantages in maintenance and availability.

e The development of an innovative hydraulic mechanism located completely inside the
reactor pressure vessel eliminates the possibility of control rod ejection accidents.
Furthermore, the hydraulic control rod drive mechanism has a significantly lower cost
compared with current PWR control rod drive mechanisms.
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A large coolant inventory in the primary circuit results in greater thermal inertia and
longer response time in case of transients or accidents.

e The large water volume between the core and the wall leads to a very low fast-neutron dose
over the RPV wall.

e The design and fabrication is based on modularity. Reactor modules can be fabricated in a
factory and readily transported to the site, reducing expensive on-site assembling/welding
and ultimately, construction time.

e Shielding requirements are reduced by the elimination of gamma sources from dispersed
primary piping and parts.

e The ergonomic design and layout make maintenance easier. Maintenance, like steam
generator tube inspection, does not compete with refuelling because it is conducted from
outside the vessel.

e The use of less active components increases both plant availability and load factor.

e The reduction of staff and maintenance reduce the cost of power generation.

1Il-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

CAREM design is within the boundaries of current requirements in relevant areas. However,
the use of borated water as a long-term reactivity control is eliminated, resulting in less waste.

111-1.6.3. Safety and reliability

Safety requirements and design philosophy

Since genesis of the design, emphasis has been on the prevention of core degradation
accidents by using passive safety features, thus obviating the necessity for active systems or
operator actions for a period of several days. By design, a proper balance is assured to avoid
jeopardizing economic competitiveness of the reactor.

The CAREM project uses an innovative method for reactor design by balancing safety and
economics at the conceptual engineering stage. The key is to consider safety aspects in design
optimization, where the variables are balanced to obtain a better figure of merit relative to
economic performance of the reactor. The design-parameter effect on characteristic or critical
safety variables, chosen from known reactor behaviour during accidents (safety performance
indicators), is synthesised in Design Maps. These maps allow the comparison of observations
with limits determined by design criteria or regulations and transfer of those limits to the
design variables or parameters. Therefore, dynamic responses of the reactor during transients
or accidents and safety aspects are integrated using additional rules to those necessary for
steady state dimensioning, to the neutronic, thermal-hydraulic and mechanical areas, in the
conceptual engineering stage of the design. With this method, the design can be simplified at
an early stage, avoiding complexities resulting when these concepts are introduced in a later
engineering stage or as a “patch”.

This method allows balance and optimization of the reactor and the safety system at an early
engineering stage, to cost-efficiently internalize safety issues based on the defence in depth
approach and considering appropriate conservative assumptions and safety margins. This
achieves a balance between inherent capability of the reactor and the safety systems to cope
with the postulated initiating events.
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Finally, this balanced design avoids the problem where the search for economic performance
causes less safe reactors and assures design competitiveness in spite of unavoidable safety
costs.

Active and passive systems and inherent safety features

CAREM safety systems are based on passive features obviating the need for actions to
mitigate accidents during a long period (Fig. III-3). They are duplicated to fulfil redundancy
criteria. The shutdown system should be diversified to fulfil Argentine regulations.

: e e
DRYfWI‘ELL ‘
WET-WELL [ )
® ®
1: First shutdown system 2: Second shutdown system
3: Residual heat removal system 4: Emergency injection system
5: Pressure suppression pool 6: Containment
7: Safety valves
A: Core B: Steam generators C: Reactor building

FIG. 1II-3. Containment and safety systems.
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The first shutdown system (FSS) is designed to shut down the core when an abnormality or a
deviation from normal operation occurs and to maintain the core as subcritical during all
shutdown states. This is achieved by dropping neutron-absorbing elements into the core
through gravity. Each neutron-absorbing element is a cluster composed of a maximum of 18
individual rods together in a single unit. Each unit fits well into the guide tubes of each fuel
assembly.

The hydraulic control rod drive (CRD) avoids passing mechanical shafts through RPV or the
extension of the primary pressure boundary and since the whole device is located inside the
RPV, eliminates any possibility of large loss of coolant accidents (LOCA). This design is an
important element in the CAREM concept [III-10]. Many CRD (simplified operating
diagrams are shown in Fig. IlI-4) are in the fast shutdown system. During normal operation,
they are kept in the upper position, where the piston partially closes the outlet orifice and
reduces water flow to a leakage into the RPV dome. The CRD of the adjust and control
system is a hinged device controlled in steps and fixed in position by pulses over a base flow,
designed so that each pulse produces only one step.
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FIG. III- 4. Simplified operating diagram of a hydraulic control rod drive
(Fast shutdown system).

Both types of devices perform the SCRAM function by the same principle: “rod drops by
gravity when flow is interrupted”, so malfunction of any powered part of the hydraulic circuit
(i.e., valve or pump failures) causes immediate shutdown of the reactor. CRD of the fast
shutdown system is designed with a large gap between piston and cylinder to obtain a
minimum dropping time of a few seconds to insert absorbing rods completely in the core. The
CRD manufacturing and assembling allowances are stricter and clearances are narrower for
the adjust and control system, but there is no stringent requirement on dropping time.
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The second shutdown system (SSS) is a gravity-driven injection device of borated water at
high pressure. It acts automatically when the reactor protection system detects failure of the
FSS or in case of LOCA. This system consists of two tanks located in the upper part of the
containment. Each of them is connected to the reactor vessel by two piping lines; one is from
the steam dome to the upper part of the tank and the other is from a position below the reactor
water level to the lower part of the tank. When the system is triggered, the valves open
automatically and the borated water drains into the primary system by gravity. The discharge
of a single tank produces the complete shutdown of the reactor.

The residual heat removal system (RHRS) has been designed to reduce pressure on the
primary system and to remove the decay heat in case of loss of heat sink. It is a simple and
reliable system that operates by condensing steam from the primary system in emergency
condensers. The emergency condensers are heat exchangers consisting of an arrangement of
parallel, horizontal U-tubes between two common headers. The top header is connected to the
reactor vessel steam dome, while the lower header is connected to the reactor vessel at a
position below the reactor water level. These condensers are located in a pool filled with cold
water inside the containment building. The inlet valves in the steam line are always open,
while the outlet valves are normally closed and therefore, the tube bundles are filled with
condensate. When the system is triggered, the outlet valves open automatically; water drains
from the tubes and steam from the primary system enters the tube bundles and condenses on
the cold surface of the tubes. The condensate is returned to the reactor vessel forming a
natural circulation circuit. In this way, heat is removed from the reactor coolant. During the
condensation process the heat is transferred to the water of the pool by a boiling process. This
evaporated water is then condensed in the suppression pool of the containment.

The emergency injection system prevents core exposure in case of LOCA. The system consists
of two redundant accumulators with borated water connected to the RPV. The tanks are
pressurized, so that during a LOCA, when the pressure in the reactor vessel becomes
relatively low, rupture disks break and the flooding of the RPV starts, preventing uncovering
of the core for a long period. The RHRS is also triggered to help depressurize the primary
system when the area of breakage is small.

Three safety relief valves protect the reactor pressure vessel against over-pressurization in case
of strong differences between the core power and the power removed from the RPV. Each
valve is capable of 100% of the necessary relief. The blow-down pipes from the safety valves
are routed to the suppression pool.

The primary system, the reactor coolant pressure boundary, the safety systems and the high-
pressure components of the reactor auxiliary systems are enclosed in the primary containment,
a cylindrical concrete structure with an embedded steel liner. The primary containment is a
pressure-suppression type with two major compartments: a drywell and wet well. The drywell
includes the volume that surrounds the reactor pressure vessel and the second shutdown
system rooms. A partition-floor and cylindrical wall separate the drywell from the wet well.
The lower part of the wet well is filled with water that acts as the condensation pool and the
upper part is a gas compression chamber.

A summary of functions to cover and the available safety systems is shown in Table I1I-4.
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TABLE III-4. SAFETY FUNCTIONS AND SAFETY SYSTEMS

SAFETY FUNCTION SAFETY SYSTEM

Reactivity control First shutdown system: Safety control rods
Second shutdown system: Boron injection
Primary pressure limitation Safety relief valves
Residual heat removal system
Primary depressurization Residual heat removal system
Primary water injection High pressure: Second shutdown system
Low pressure: Emergency injection system
Secondary pressure limitation Relief valves

Residual heat removal Residual heat removal system

Structure of the defence-in-depth

The first line of defence-in-depth in the CAREM approach is elimination of initiators that
could lead to core damage.

Level 1: Prevention of abnormal operation and failures:

Due to the absence of large diameter piping in the primary system, large LOCAs are
eliminated.

Natural circulation core cooling in low-power modules eliminates loss-of-flow accidents.

Innovative hydraulic mechanisms completely inside the reactor pressure vessel eliminate
control rod ejection accidents.

Level 2: Control of abnormal operation and detection of failures:

Improvements in the reliability of control and protection systems with "real time"
computerized systems of distributed design.

A large coolant inventory in the primary circuit results in greater thermal inertia and
longer response time in case of transients or accidents.

Level 3: Control of accidents beyond the design basis:

The reactor protection system was designed with the most advanced technology for nuclear
power plants, the defence-in-depth principle and early failure detection, with the objective
of avoiding the occurrence of accidents beyond the design basis.

The reactor protection system has two independent subsystems: the first, responsible for
generation of the first shutdown system trip signal, consists of a combination of hard logic
and digital processing modules. The second subsystem, responsible for the generation of
the second shutdown system trip signal, is based on hard logic technology to fulfil the
principle of diversity for the first and second shutdown systems.

The reactor protection system has four independent and redundant channels with voting
and protective logic of a dynamic type. This results in high reliability and availability.

The CAREM safety systems are based on passive features and obviate the necessity for
actions to mitigate accidents during an extended period.
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Level 4: Control of severe plant conditions:

e The CAREM reactor prototype core melt frequency is 9.2x107/year. This value is based on
a level III PSA of CAREM-25 NPP and an expert judgement of changes introduced in the
design to increase safety.

Level 5: Mitigation of radiological consequences of significant release of radioactive
materials.

The following features contribute to mitigation of the severe consequences of accidents:

. Provisions for injection of water into the reactor cavity from the refuelling water storage
tank to cool the RPV from the outside and enhance cooling of the core debris, taking
advantage of the high relationship between RPV lower bottom head area to core mass,
characteristic of integral type reactors.

. When core exposure is supposed, only for analytic proposes, low fuel elements heat-up
rates in the exposed part are predicted when the geometry is still intact. Therefore, core-
melt characteristic time is long, eventually preventing temperature excursion due the
metal water reaction, which in turns limits hydrogen generation rate.

. Reduction of the hydrogen concentration in the containment by catalytic recombiners
and if necessary, selectively located igniters.

. Sufficient floor space for molten debris cooling.
. Extra layers of concrete to avoid containment basement exposure directly to debris.

. The suppression pool type containment provides a good physical mechanism for
retention of fission products by water.

Design basis accidents and beyond design basis accidents

For CAREM-25, accident analysis of several initiating events was performed [III-11],
Fig. I1I-5-8:
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Reactivity insertion accident (RIA): since the innovative hydraulic control drive for the FSS and
the adjust and control system is located inside the RPV, the control rod ejection accident is
avoided; only inadvertent control rod withdrawal transients are postulated. Two scenarios
considering FSS success and FSS failure with SSS actuation were modelled, assuming a
conservative hypothesis. The results of simulation show that safety margins are well above critical
values (DNBR and CPR - critical power ratio) and no core damage is expected. Moreover, as there
is no boron in the coolant, boron dilution as a reactivity-initiating event is precluded.

Loss of heat sink: in case of a total loss of feedwater to the steam generators, the RHRS is
demanded, cooling the primary system, reducing reactor pressure to values lower than those of hot
shutdown. In case of the hypothetical failure of FSS, reactor power is reduced due to the negative
reactivity coefficients, without compromising the fuel elements. The SSS will guarantee medium
and long-term reactor shutdown.
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FIG. IlI-7. LOHS long-term: pressure evolution.

Total loss of flow: In natural circulation modules, with power lower than 150 MW(e), there are no
primary pumps, therefore this initiating event is excluded. In high power modules with forced
circulation, natural circulation is enhanced intrinsically by the integral-type reactor layout.

Loss of coolant accident: RPV penetration of a maximum diameter is limited by design. Therefore,
no large LOCA is possible and there is no need for a high-pressure injection system. In case of
LOCA the FSS, SSS, RHRS are demanded and when pressure decreases, the emergency injection
system discharges water to keep the core covered for several days. Since the design obviates active
systems, the secondary system is not considered to cool and depressurize the primary system in
safety evaluations. However, if it is available and in case of need, it could be used as part of the
accident management strategy. Moreover, by design a broken pipe is not considered as an injection
line (steam coming into the RPV from the containment in case of high depressurization of the
primary system due to the use of the steam generators). Examples of a collapsed water level inside
the RPV are shown in Figure 8 for the different break diameters analyzed.
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FIG. III-8. RPV collapsed water level (without operator actions nor active systems actuation).

The inherent response of the reactor to LOCA was also analyzed, considering FSS success and
failure of all safety systems related to core cooling. Due to a large water inventory over the core
and small penetration diameters through the RPV, the core is uncovered only after several hours.

Steam generator tube rupture: this accident is mitigated by isolating the group of steam generators
affected, closing both steam and feedwater lines. The secondary side of the steam generators
reaches thermal equilibrium with the primary circuit, equalizing pressure with this system.
Eventually the reactor could continue operating at 50% of power.

Steam line break accident: sudden depressurization of the secondary side of the steam generators
increases heat removal from the primary system with the consequent core overpower. Reactor
shutdown (FSS and SSS) and the residual heat removal system are demanded and the reactor
reaches a safe condition. In case of an hypothetical failure of both shutdown systems, reactor
overpower does not compromise critical safety values (DNB and CPR) because primary total heat
removal by the steam generators is intrinsically limited by the reduced tube-side water inventory.

Blackout: This is an event with a major contribution to core meltdown probability in a
conventional light water reactor. In CAREM, extinction and cooling of the core and decay heat
removal are guaranteed without electricity, by the passive safety systems. Loss of electrical power
causes the interruption of feedwater supply to the hydraulically driven CRDs and results in the
insertion of absorbing elements into the core. Nevertheless, in the case of failure of the first and
second shutdown systems (both passive) in CAREM, feedback coefficients cause self-shutdown of
the fission reaction without compromising safety related variables. The decay heat is removed by
the RHRS with autonomy of several days.

As a general conclusion, it can be said that due to the large coolant inventory in the primary
circuit, the system has great thermal inertia and a long response time in case of transients or
accidents.

The CAREM concept greatly enhances accident prevention and mitigation by simplicity,
reliability, redundancy and passivity. Nevertheless, in case of the extremely low probability of
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failure of the passive safety systems (both redundancies) or no recovery actions after the design
period to be covered by the safety systems (grace period, several days), a severe accident could be
postulated to occur. Several features are considered to protect the confinement and address
hypothetical severe accidents, also allowing optimum use of all process systems for the primary
system cooling and containment recovery after the grace period. The severe accident prevention
and mitigation features were mentioned above, when discussing Level 5 of the defence-in-depth.

Probability of unacceptable radioactivity release beyond the plant boundaries: The large
release probability of the CAREM reactor prototype is 5.2x10™/year, which may make it possible
to simplify or abandon off-site emergency planning requirements.

11I-1.6.4. Proliferation resistance

The CAREM design includes several features facilitating and reducing the costs of safeguard
implementation. For example, all refuelling will progress in a unique reactor hall, where storage
space is allotted for removal of various components, while the RPV internals will be allocated in
the auxiliary pool. The reactor hall was designed for remote monitoring of nuclear material
handling. The entrance-exit and interfaces allow counting items during their movement [III-12].
The fuel assemblies’ pool can be sealed and remote seismic monitoring included to detect
perimeter violation.

Additionally, the small size means a small fissile material inventory and reduced proliferation risk.
This is similar to the small-source term that reduces the overall risk in the safety analysis.

1II-1.6.5. Technical features and technological approaches used to facilitate physical protection of
CAREM

The CAREM nuclear island is located inside a pressure suppression containment system. The
building surrounding the containment is in a single reinforced concrete foundation mat. It supports
all structures with the same seismic classification in one block, allowing the integration of the
RPV, the safety and reactor auxiliary systems, the fuel elements pool and other related systems.
This building acts as a secondary containment.

The CAREM also provide somewhat better resistance to sabotage because it makes extensive use
of multiple and independent passive safety systems. Most of these systems are difficult to hinder
or disable from outside the containment building.

III-1.7. Non-technical factors and arrangements that could facilitate effective development and
deployment of CAREM

Options for CAREM deployment could include purchase of a turnkey plant with standardized
acceptance criteria and maintenance and operational requirements, leasing the plant with ongoing
operation and maintenance or a power purchase contract with plant operation by a multilateral
generating company.

Fuel supply or fuel manufacturing facilities leasing and full scope fuel cycle service agreements
can be arranged according to the needs of individual customers.
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1I1-1.8. List of enabling technologies relevant to CAREM and status of their development

Hydraulic control rod drives avoid passing mechanical shafts through RPV or extension of the
primary pressure boundary and, since the whole device is located inside the RPV, eliminate any
possibilities of large (LOCA). Their design is an important development in the CAREM concept.
An important experimental plan is underway; the first series of tests have been conducted in the

cold low pressure rig (CEM); a second series of qualification tests are planned in the high pressure
rig for CRD test (CAPEM).

Natural circulation and self-pressurization are also important enabling technologies for CAREM.
A high pressure natural convection loop (CAPCN) was constructed and operated to produce data
to verify the thermal hydraulic tools used in design of the CAREM reactor, mainly its dynamic
response. This was accomplished by validation of the calculation procedures and codes for the rig
working in states very close to the operating states of the CAREM-25 reactor.

Passive safety systems are also very important in CAREM design; many well established
technologies for PWR or BWR are used. Design tools were validated against other proven tools or
available experimental data.

A cost effective safety approach is considered in the CAREM concept. An innovative method has
been developed in reactor design to balance safety and economics at the conceptual engineering
stage.

1I1-1.9. Status of R&D and planned schedule

The CAREM is a CNEA project and is supported by national R&D.

The CAREM research, development and design activities already performed, underway or planned
in the near future are:

e Related to the Reactor Core Coolant System, modeling and qualification are boosted by the
testing performed in a high pressure natural circulation rig (CAPCN), covering thermal
hydraulics, reactor control and operating techniques. Several sets of experiments were
conducted at nominal and ex-nominal conditions. The CAPCN facility may also test the
second shutdown system and some in-vessel instrumentation probes.

e Related to core design, neutronic modelling needs have been covered by benchmark data
available worldwide.

e Related to fuel assembly design, hydrodynamic and structural tests are planned at two (low and
high) pressure rigs. The fuel assembly, the low-pressure test section and the pressure drop tests
have been completed.

e Related to mechanical design (structural, dynamic, seismic, etc.) of the core and other RPV
internals, different mock-up facilities are under construction. They represent sections of the
core and include one vertical full-scale model of a control rod drive with supporting barrel and
kinematics chain, to test the design and integration with structures and core. Evaluation of
manufacturing and assembly processes for SGs was done using a mock-up.

e An experimental plan is underway for the first shutdown system and more specifically, the
control rod drive mechanism (CRD). The first series of tests have been conducted in the cold
low pressure rig (CEM) and second series of qualification tests are planned in the high
pressure rig for CRD test (CAPEM).

156



The CAREM RD&D costs necessary for safety acceptance are US $95 million, including
construction of a 100 MW(th) prototype (US $85 million) and other specific tests
(US $10 million).

1II-1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed

Integral primary system reactors used classical PWR or BWR technologies but this configuration
is a new approach that needs demonstration. Demonstration is the final step in the RD&D and
system verification strategy and it should be performed unless other strategies are possible and
convenient due to, for example, economic reasons. RD&D costs for safety acceptance of different
options should be compared. A CAREM reactor prototype will be constructed because it is the
cheaper strategy in the context of CAREM.

The next step of this project is the construction of a prototype of about 27 MW(e) (CAREM-25).
The conceptual engineering of this prototype reactor was completed.

1II-1.11. List of other similar or relevant SMRs for which the design activities are ongoing

There are other integral primary system reactors under development. Three of them are IMR
(Mitsubishi, Japan), IRIS (Westinghouse, USA) and SMART (KAERI, Rep. of Korea) [1II-13].

I11-2. Design description and data for CAREM
1I1-2.1. Description of the nuclear systems

The CAREM is an indirect cycle reactor with some distinctive features greatly simplifying the
design and contributing to a high safety level. Some of the high-level design characteristics are:

o Integrated primary cooling system;
o Self-pressurization;
o Safety systems relying on passive features; and

o Balanced and optimized design with a cost-effective internalization of safety.

Primary circuit and its main characteristics

The CAREM nuclear power plant design is based on a light water integrated reactor. Figure I11-9
shows a diagram of the natural circulation of the coolant in the primary system of CAREM-25.
Water enters the core from the lower plenum, after heating, the coolant exits the core and flows up
through the riser to the upper dome. In the upper part, water leaves the riser through lateral
windows to the external region. Then it flows down through modular steam generators, decreasing
its enthalpy. Finally, the coolant exits the steam generators and flows down through the
downcomer to the lower plenum, closing the circuit. The driving forces obtained by the differences
in the density along the circuit are balanced by the friction and form losses, producing adequate
flow rate in the core to bring a sufficient thermal margin to critical phenomena. Natural circulation
of the reactor coolant results from location of the steam generators above the core. The coolant
also acts as a neutron moderator.
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For power modules over 150 MW (e) pumps achieve flow rates needed to operate at full power.

For low power modules, the natural circulation of coolant produces different flow rates in the
primary system according to the power generated (and removed). Under different power transients,
a self-correcting response in the flow rate is achieved [1II-14].
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Due to self-pressurizing of the RPV (steam dome), the system maintains the pressure very close to
saturation. At all operating conditions this has proved sufficient to guarantee a remarkable stability
in the RPV pressure response. The control system is capable of keeping the reactor pressure
practically at the operating set point through different transients, even in case of power ramps. The
negative reactivity feedback coefficients and large water inventory of the primary circuit combined
with the self-pressurization features make this possible with minimum control rod motion. It
concludes that the reactor has an excellent behaviour under operational transients.

Reactor core and fuel design

The core has fuel assemblies (FA) of a hexagonal cross section shown in Fig. IlI-10. This design is
typical of PWR fuel assemblies.

Primary components

Twelve identical ‘mini-helical’ vertical steam generators, of the once-through type are placed
equidistant from each other along the inner surface of the reactor pressure vessel (RPV), see
Fig. IlI-11. They are used to transfer heat from the primary to the secondary circuit, producing
superheated dry steam at 47 bar.

The secondary system circulates upwards within the tubes, while the primary is in counter-current
flow. An external shell surrounding the outer coil layer and adequate seal form the flow separation
system. It guarantees that the entire stream of the primary system flows through the steam
generators.

Barrel Steam generator

Z\F /5

Condensate inlet

Steam outlet

Control rods bars guide
structure

FIG. IlI-11. Steam generation layout.

To achieve a rather uniform pressure-loss and superheating on the secondary side, the length of all
tubes is equalized. For safety reasons, steam generators are designed to withstand the primary
pressure without pressure in the secondary side and the live steam system is designed to withstand
primary pressure up to isolation valves (including the steam outlet / water inlet headers) in case of
SG tube breakage.
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Main heat removal paths

The heat removal paths of CAREM-25 under various operational states and LOHS are shown in
Figure I1I-12.
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FIG. IlI-12. CAREM-25 heat removal paths.

1I1-2.2. Description of the turbine generator plant and systems

The CAREM commercial plants will use a two-stage turbine with re-heater and exhaust steam at
low pressure is condensed in a water-cooled surface condenser. The CAREM prototype uses a
single turbine.

111.2.3. Systems for non-electric applications

The CAREM can be used either as a heat source or electrical energy supply for water desalination.

A technology selection was made according to the special characteristics of the Puerto Deseado
site, world tendencies and technological advances in desalination processes and economic data.

According to that, reverse osmosis is the technology considered the most convenient for this site
[111-4].

1I1-2.4. Plant layout
Buildings and structures

The CAREM nuclear island is inside a pressure suppression containment system, which contains
the energy and prevents fission product release in the event of accidents.
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The building surrounding the containment is in a single reinforced concrete foundation mat. It
supports all structures with the same seismic classification, allowing the integration of the RPV,
the safety and reactor auxiliary systems, the fuel elements pool and related systems in one block.

The plant building (Fig. I1I-13), is divided in three main areas:
e Nuclear module;
e Turbine module;
e Control module.

More detailed data of CAREM prototype (CAREM-25) are presented in [III-13].
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REFERENCES

[lI-1]  MUTSUMI, V., FUKAMI, 1., Development of new nuclear power plant in Argentina,
Improving Economics and Safety of Water-Cooled Reactors: Proven Means and New
Approaches IAEA-TECDOC-1290, Vienna (2002).

[TI1-2] GOMEZ, S., Development activities on advanced LWR designs in Argentina,
Performance of Operating and Advanced Light Water Reactor Designs (Proc. Int. Conf.
Munich, 2000), IAEA-TECDOC 1245, Vienna (2001).

161



[T11-3]

[T11-4]

[111-5]

[111-6]

[11I-7]

[111-8]

[111-9]

[T1-10]

[MI-11]

[M1-12]

[1I-13]

[1T1-14]

162

U.S. DOE Nuclear Energy Research Advisory Committee and Generation IV
International Forum: A Technology Roadmap for Generation IV Nuclear Energy
Systems. GIF-002-00 available at http://www.inel.gov/initiatives/generation.shtml,
accessed January 2004.

DE SOLER, S. M. G., RAMILO, L. B, COPPARI, N.R., CORCUERA, R. Nuclear
desalination: A possible solution to Latin American region's ongoing water scarcity,
Innovative Technologies for Nuclear Fuel Cycles and Nuclear Power (Proc. Int. Conf.
June 2003), IAEA-CN-108-55P, Vienna (2003).

RUBIOLO, P., FLORIDO, P., ORDONEZ, J., GUIDO LAVALLE, G., MASRIERA,
N., Evaluation of the conceptual design of integrated PWRs and the CAREM 25 project,
Desalination of Seawater using Nuclear Energy (Proc. Int. Symposium, Taejon, Korea,
1997), IAEA Series STI/PUB/1025, Vienna (1998).

DELMASTRO, D., et al., CAREM-300: un reactor competitivo, LAS-ANS 2003 (Proc.
Int. Conf. Santiago de Chile, 2003), LAS-ANS.

FLORIDO, P., BERGALLO, J., ISHIDA, M, Argentinean integrated small reactor
design and scale economy analysis of integrated, Nuclear Option in Countries with
Small and Medium Electricity Grids (Proc. Int. Conf. Dubrovnik, Croatia, 2000),
Croatian Nuclear Society, Zagreb (2000).

DELMASTRO, D., et al., CAREM concept: A competitive SMR, ICONE-12 (Proc. Int.
Conf. on Nuclear Engineering, Arlington, Virginia, USA), ASME (2004).

FLORIDO, P., DELMASTRO, D., BRASNAROF, D. AZPITARTE, O., CAREM X
INPRO case study,. ICONE-12 (Proc. Int. Conf. on Nuclear Engineering, Arlington,
Virginia, USA) ASME (2004).

ISHIDA, M., et al., CAREM project development activities, Status and Prospects for
Small and Medium Size Reactors (Proc. Int. Seminar, Cairo, May 2001),
IAEA-CSP-14/P, Vienna (2002).

GIMENEZ, M., et al., CAREM-25 accident analysis, Status and Prospects for Small and
Medium Size Reactors (Proc. Int. Seminar, Cairo, May 2001), IAEA-CSP-14/P, Vienna
(2002).

D. Delmastro, M. Giménez, M. Schlamp, P. Florido, J. Bergallo, CAREM concept: A
cost effective innovative LWR for small and medium utilities, Innovative Technologies
for Nuclear Fuel Cycles and Nuclear Power (Proc. Int. Conf. June 2003),
IAEA-CN-108, Vienna, (2003).

INTERNATIONAL ATOMIC ENERGY AGENCY, Status of Advanced Light Water
Reactor Designs, IAEA-TECDOC-1391, Vienna (2004).

DELMASTRO, D., Thermal-hydraulic aspects of CAREM reactor, Natural Circulation
Data and Methods for Innovative Nuclear Power Plant Design, IAEA-TECDOC-1281,
Vienna (2002).



ANNEX IV

MULTIPURPOSE ADVANCED REACTOR, INHERENTLY SAFE (MARS),

University of Rome “La Sapienza”, Italy

IV-1. General information, technical features and operating characteristics
IV-1.1. Introduction

The MARS (Multipurpose Advanced Reactor, inherently Safe) is a 600 MW(th), single loop,
pressurized light water reactor (PWR). The design was developed at the Department of
Nuclear Engineering and Energy Conversion of the University of Rome “La Sapienza”
[IV-1].

Design of the plant began in 1983 and was originally focused on a multipurpose reactor for
high population density areas, for industrial heat production and especially, for water
desalination and district heating. These uses were the main reason for an emphasis on safety
requirements, to avoid subjecting the population to radiological hazards. At the same time, for
commercial appeal, the new plant had to be economically competitive with traditional nuclear
and fossil fuel power plants.

The compromise between exacting safety levels and economic competitiveness was a
challenge to the plant design team, which had the support of experts from ENEA (the Italian
Governmental Agency for Energy and Environment) and ENEL (the Italian Board for Electric
Energy Production).

The MARS nuclear power plant (NPP) design uses well-established technology and the
operational experience of PWRs but also incorporates innovative features that keep the cost
per KWh competitive without sacrificing a high level of safety. Extensive use of passive
safety, in-depth plant simplification and decommissioning-oriented design were the main
guidelines for design development.

Dedicated experimental test facilities were built, as listed in the next paragraphs.

IV-1.2. Applications

The MARS NPP is designed to produce electric energy and/or industrial heat; the most
efficient utilization of such a plant is definitively cogeneration.

Heat produced in a MARS NPP is typically for low temperature uses of hot water or low
pressure steam; among these, the following utilizations were analyzed:

e Water desalination using low temperature processes (as thermo-compression or
multiple effects).

¢ District heating.
e Food industry (conservation industry).

IV-1.3. Special features

The MARS NPP:
e Provides for incremental capacity increases through a modular approach.

e Can benefit from extended factory production and from assembling main piping
bolted-segments to provide fast construction, easy component substitution, system
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modification following new technological achievements, special plant life extension,
easy and “clean” decommissioning and production cost cutting.

1V-1.4. Summary of major design and operating characteristics

Installed capacity
The capacity characteristics of NPPs with the MARS modules are summarized in Table IV-1.
TABLE IV-1. CAPACITY CHARACTERISTICS OF MARS NPPs

Reactor rated thermal power, MW 600
Rated electric power (one module), MW 150
Rated electric power (suggested cluster of 3 modules), MW 450
Suggested rated electric power in co-generation configuration |300
(electricity + desalinated water/district heating)

The MARS reactor is moderated and cooled by pressurized light water (PWR). The reference
rated core thermal power is 600 MW. In case of only electric energy production, 150 MW(e)
of gross power (146 MW(e) net power) are produced in a 600 MW(th) plant, with 25% gross
efficiency (24.5% net). In case of cogeneration, electric energy production strongly depends
on the thermodynamic requirements of the hot water or steam produced. Cogeneration cycles
are designed to produce electric power between 80 and 100 MW(e) and hot water or steam at
temperature around 100°C.

Mode of operation

For the nuclear core described herein, the suggested mode of operation is base load; load
following is possible with limited power variation rates.

Load factor/ Availability

With the nuclear design referred to in this chapter (further improvement is definitely
possible), an availability factor of 95% is quite realistic and for the base load operation mode,
the load factor could be 95% as well.

Summary of major design characteristics

The fuel is low-enrichment uranium dioxide (in the fuel loading strategy described here, the
23U enrichment is 2.8%); the core includes 89 “standard” PWR fuel assemblies. The
assemblies are Zircaloy-cladded with a rod array 17x17, including 264 fuel rods and 25
positions for zircaloy guide tubes for control rods (black, Ag-In-Cd; grey, stainless steel)
or for burnable poisons (borosilicates). The fuel rod pitch is 1.26 cm and the active length is
260 cm.

Light water acts as the coolant/moderator, flowing in a single cooling loop. The average core
coolant temperature is 234°C.

The reactor internals are AISI 304 made.

The reactor vessel internal diameter is 3000 mm; the overall height of the assembled vessel is
11091 mm.

Simplified schematic diagram

The reactor cooling system and some of its components are shown in Figures IV-1, IV-2 and
IV-3. The scheme of steam-turbine circuit is presented in Figure IV-18.
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FIG. IV-1. Reactor cooling system (RCS) and main auxiliaries.
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FIG. IV-2. Pressurized containment for primary loop protection (CPP).
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FIG. IV-3. Scheme of the safety core cooling system (SCCS).

Some characteristics of the MARS design are similar to well-known PWRs (primary loop
type, core geometry and materials, reactor control type, etc.). Along with them, the MARS
design incorporates the following innovative solutions:

e A passive-type, quasi-static emergency core cooling system, based only on natural
circulation of cooling fluids and using external air as the ultimate heat sink.

e An additional passive-type scram system based on a two-metal core temperature
sensor and operated by gravity.

e Full enclosure of the primary-coolant boundary in a pressurized containment filled
with low enthalpy water (primary loop jacket).

The primary cooling system (Figure IV-1) includes only one loop, with 25" L.D. pipes, one
vertical-axis U-tube steam generator and one canned rotor pump connected to the steam
generator outlet nozzle.

The safety core cooling system (SCCS) is connected to the reactor vessel. A vapour-bubble
pressurizer controls the pressure inside the primary cooling system.

On/off valves in the primary loop main isolation system (MIS) are installed in the primary
cooling loop, to isolate if necessary, the steam generator (SG) and primary pump (i.e., in the
event of an SG tube rupture).

The primary cooling system and the SCCS are inside a pressurized containment, which is
filled with water at the same pressure as the primary coolant but at a lower temperature
(70°C). This is called the CPP (pressurized containment for primary loop protection,
Figure IV-2), which allows reduction (or even the elimination) of primary stresses on the
primary coolant boundary and provides an intrinsic defence to loss of coolant.

Cooling of the MARS core in emergency conditions is provided by the SCCS, Figure IV-3. It
is designed to transfer the core decay heat directly from the reactor pressure vessel to the
external air, without the intervention of any energized system or component.
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The system operating principle relies on fluid density differences, due to temperature
differences between vertical fluid columns, causing the fluid circulation.

The presence of multiple circuits (primary safety cooling loop [PSC], the intermediate safety
cooling loop [ISC], and pool and condenser loop [third safety cooling loop or TSC]) in a
cascading operation chain provides redundant barriers between the activated reactor coolant
and the external environment.

The SCCS includes two trains; each train may remove 100% of the core decay power. In an
accident causing the reduction of the core coolant flow (such as station black-out or primary
pump trip), activation is automatic (without intervention either by the operator or by the
control and supervision system, because the PSC interception valves are kept in a closed
position by forces from the primary coolant flow and start opening when this flow decreases
below a set-point value); the operation of the system is completely passive.

The SCCS operation relies on special check valves that open automatically without operator
intervention and without the need for energized systems, when conditions require additional
core cooling. These valves have a completely innovative design (Figure IV-16). They are kept
in a closed position by pressure differences between the reactor vessel inlet and outlet (that is
roughly proportional to the square of the coolant flow-rate); when flow-rate through the core
goes to zero, the pressure difference decreases and when it is no longer sufficient to sustain
the weight of the valve plug, this falls and a complete flow area is opened with a very low
hydraulic resistance. Two valves, each with 100% capacity, are inserted in each SCCS train
and, to increase the system availability to values that make failure incredible, the two
additional valves (in each loop, the second valve is of traditional design) are different in
typology and mechanical construction.

When any of the four check valves is opened, after a short transient phase the flow in the PSC
is assured by a difference in level of about 7 m between the vessel outlet nozzle and the
primary heat exchanger and by the difference between inlet and outlet vessel temperatures. A
horizontal-axis, U-tube heat exchanger (Figure IV-17) transfers heat from the PSC to the ISC.

Pressure in the ISC loop is slightly higher than 75 bar (thanks to a dedicated pressurizer); this
value guarantees sub-cooled water conditions of the fluid during any accidental situation or
transient; the difference in level for natural circulation in the ISC loop is about 10 m. A
second heat exchanger transfers the heat from the ISC circuit to the water of a reservoir.

The steam produced in the reservoir is mixed with air initially present in the dome over the
pool; pressure in the dome rises and this causes a flow of the air-steam mixture towards a
small connection path with the atmosphere. An inclined-tube heat exchanger is placed
between the pool dome and the connection path with the atmosphere, where steam is partially
condensed thanks to the action of external air drawn by a chimney.

The above mentioned choices introduced some constraints in the plant design; the first limit in
particular, imposed by the functional requirements of the special emergency core cooling
system regarding the rated thermal power, that cannot exceed approximately 1000 thermal
MW and in the solution herein described, has been chosen equal to 600 MW(th). Another
characterizing parameter is the pressure in the primary system, chosen equal to 75 bar, which
is different from the pressure values usually adopted in PWRs for the production of electric
power (150-170 bar). This choice leading to a loss in thermodynamic efficiency of the plant
because of the limitation of the higher isotherm in the steam cycle, has nevertheless allowed
the adoption of the pressurized containment for primary loop protection (CPP, the pressurized
boundary that envelopes the primary cooling system and the emergency core cooling system),
substantially eliminating the possibility of any type of loss-of-coolant accidents, including
control rod ejection.
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Inclusion of the primary coolant system (average operating temperature: 234°C) inside the
low-enthalpy water filled pressurized containment (CPP, at a temperature of 70°C) requires
thermal insulation to reduce heat losses from the primary coolant system. An insulating
system has been designed on the external side of the primary coolant boundary (only the
lower head of the reactor vessel is thermally insulated in the internal part) through matrices of
stainless steel wiring that cause the presence of semi-stagnant water which resists high
pressure and fast pressure gradients, with acceptable shape modifications. The system limits
heat losses to about 0.3% of the reactor thermal power.

Neutron-physical characteristics

At full power, the inlet temperature reactivity coefficient (pcm/°C) is -7.6, BOC and -20,
EOC. The coolant density reactivity coefficient (pcm/ % density variation) is +40.1 BOC and
+117.5 EOC.

The average fuel burn-up per cycle (3 irradiation cycles; 5 assemblies are irradiated for 4
cycles) is about 11,300 MW-d/t.

The peak factor changes on increase of the fuel burn-up are shown in Figure IV-4.

Peak factor
2

1.8+ T~~~ Hot spot

~ .

Hot channel

0 100 200 300 400 500 600
Time (days)

FIG. IV-4. Peak factors vs. irradiation time.

Reactivity control mechanism

The core is cooled and moderated by pressurized light water containing a boron solution.
Boron (Figure IV-5) and burnable poisons compensate the excess reactivity during the
irradiation cycle.

The core is equipped with two different control rod systems. The first is an active type, quite
similar to classic PWR control rod systems and is divided into four different banks. At the
beginning of cycle (BOC), with maximum boron concentration (711 ppm), with all active
control rod clusters in, the multiplication factor is 0.90435. This figure changes to 0.99335
without boron.

The second control rod system foreseen in the MARS reactor is a passive type and causes
control rods insertion into the core when the core coolant temperature reaches a selected set
value. The operation of this system (called ATSS, Figure IV-6) is based on the differential
thermal expansion of a bimetallic sensor located inside the fuel assembly; the differential
displacement, due to coolant temperature increase, causes the release of a traditional-type
control rod cluster.

At the BOC, Keff with 711 ppm boron in the core coolant becomes 0.84920 if all control
rods, active plus passive type, are in the core.
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The control rod drive mechanisms of the first control rod system (traditional, active type) are
placed on the vessel top head; the passive control rod system is within the reactor vessel. A
core map with the indication of control rod positions is shown in Figure IV-7, the worth of
control rods is given in Table IV-2.

Boron concentration (ppm)

0 100 200 300 400 500 600
Time (days)

FIG. IV-5. Critical boron concentration vs. time.
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FIG. IV-6. Operating scheme and self-releasing head of ATSS.
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A Passive rods
B Blue rods

G Green rods
P Purple rods
R Red rods

FIG. IV-7. Control rod cluster distribution.

TABLE IV-2. ROD CLUSTER WORTH, BOC (IN BRACKETS, BORON

CONCENTRATION)
CLUSTERS K (711 ppm) K (0 ppm)
4 blue clusters 0.99615 1.10460
8 red clusters 0.98100 1.08735
8 green clusters 0.99185 1.10700
16 purple clusters 0.99360 1.10915
9 yellow clusters (passive) 0.97360 1.08010

Cycle type

The thermodynamic cycle is indirect (as in traditional PWRs). The thermodynamic efficiency
is only 25%, due to constraints imposed by the possibility of relying only on unalterable,
totally passive safety systems.

Thermal-hydraulic characteristics
The thermal-hydraulic characteristics of MARS are summarized in Table IV-3.
TABLE IV-3. THERMAL-HYDRAULIC CHARACTERISTICS

Primary coolant flow rate (forced flow) (kg/s) 3227
Total RCS internal volume (m?) 130
Pressurizer heaters power (kW) 800
Steam flow rate (kg/s) 277
SG steam pressure (bar) 18.8
Temperatures (°C)
e Reactor vessel outlet 254
e Reactor vessel inlet 214
e Steam generator steam outlet 209
e Steam generator feed-water inlet 150

Among basic thermal-hydraulic core design criteria, fully satisfied in the safety analyses is:
the minimum departure from nucleate boiling ratio (DNBR) must be always higher than 3.0,
for Level 1 (normal events), Level 2 (unplanned events; probability higher than 3.107
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events/year) and Level 3 (rare events; probability between 3.107 and 1.10” events/year) plant
conditions; it must be higher than 2.0 for all Level 4 (unexpected events; probability between
1.10° and 1.10™ events/year) plant conditions.

Average discharge burn-up of fuel: 35 000 MW-d/t.
Period between refuellings: 600 effective full power days.
Mass balances/flows of fuel materials

The fuel loading strategy reported here envisions loading 28 fresh fuel assemblies per
irradiation cycle, for 3 cycles and 33 fresh fuel assemblies in the 4 cycle. Each fuel assembly
contains 439.4 kg of UO,. Since each irradiation cycle lasts 600 days and 28x3 assemblies are
irradiated for 3 cycles and 5 assemblies irradiated for 4 cycles, allowing 30 days for
refuelling, each fuel assembly is “blocked” in the reactor for an average of 2068 days. One
fuel assembly produces 13 556 MW-day of thermal energy. The 89 fuel bundles in the reactor
produce 1251 GW-h of electric energy per year; as an average value, every year 6.90 t of UO,
are loaded, 1.e. 6.08 t of 2.8% enriched U. The corresponding natural U consumption is
24 t/year. The specific natural uranium consumption is 172 000 kg/(GW(e) year).

Design basis lifetime for reactor core, vessel and structures

Fuel has a reference permanence time in the core of 5.5 years (average value); the lifetime for
the reactor vessel is 50 years; the lifetime for most plant systems, that can be removed, is in
the range of 50 years (technology improvement suggesting substitution); the structures have a
lifetime higher than 100 years (as in hydroelectric plants, long-term maintenance may lead to
a lifetime of centuries); due to its quick substitution feasibility, no component limits the
lifetime of the plant.

Design and operating characteristics of systems for non-electric applications

Non-electric applications studied, possibly proposed in a cogeneration scheme, include
desalinated water and district heating.

No limitation exists for application, provided the user requires heat below some 190°C.
Economics

The provisional total investment cost for a 3-module prototype NPP of 450 MW(e) is
€978 million (€829 million for direct costs and €149 million for indirect costs), i.e.
€2173/kW(e).

The construction period is between 3 and 4 years.

The total provisional O&M costs are €47 million/year, i.e. €0.014/kW-h (referred
conservatively to a load factor of 85%).

With an interest rate for debt service of 5%/year, the investment cost at the beginning of
operation is €1,061 million; if repayment of the debt service in 20 years is assumed, a
production cost of €0.039/kW-h results, in the first 20 years. After that period, the value of
€0.014 /kWh applies.

A series-production MARS NPP would allow cost savings in the range of 10-15%.
IV-1.5. Outline of fuel cycle options

The MARS fuel cycle is a standard, once-through cycle, typical of PWRs. Innovative fuels are
compatible for use in the MARS NPP.
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IV-1.6. Technical features and technological approaches that are definitive for MARS
performance in particular areas

1V-1.6.1. Economics and maintainability

The main characteristics of the MARS design with high impact on economic features of the
plant are:

e Extensive plant simplification.
e Extensive use of proven technologies.

e Extensive in-shop pre-manufacturing of components (including main, large
components of the primary coolant loop).

e Wide adoption of metallic instead of concrete structures.It should be noted that the
whole design of the MARS NPP is aimed at strongly simplifying the plant layout, the
component construction and their assemblage on the site to reduce construction time and costs
(to make the plant competitive with larger, traditional ones) and to make plant
decommissioning easy, fast and cheap.

In particular, the following aspects are relevant for circuit simplification:

e The selected plant characteristics (specific power, temperature, pressure, thermal
inertia, etc.) make it possible to simplify all non safety-related auxiliary systems,
thanks to the reduced performances required.

e The extensive use of passive systems to assure plant safety eliminate some traditional
safety-related auxiliary systems (e.g. injection systems) or strongly simplify others,
reducing the number of redundant components (e.g. boron emergency shutdown).

e The selected plant power reduces the size of the main components, making them easy
to construct, to transport, to assemble and to disassemble.

e The low boron content in the primary coolant simplifies boron systems.

e The adoption of an innovative design for all large components (SG, Pressure Vessel)
allow easy, fast construction, assembling and disassembling, and even substitution
during reactor operating life.

e The adoption of flanged connections for components and piping, also in the primary
loop, simplifies plant erection, shop fabrication, and achieves construction time
reduction; a large amount of work is removed from the site with a part transferred to
factories, an important change in the approach of the nuclear industry.

e The adoption of metal structures to support components, for working floors and the
biological shield, limits the amount of concrete in the plant, simplifying and making
the construction phase faster and obviously, speeding the final decommissioning as
well.

In nuclear plants, construction cost is strongly dependent on the technology selected, on the
seismic characteristics of the site and on the local rules and regulations affecting the type and
cost of active safeguard systems and passive protection systems. For these reasons, every
attempt at cost evaluation when not aimed at a specific design solution is rather approximate.
As a result of this effort, the number of main components (pumps, valves, tanks, etc.) in the
MARS plant is reduced to about 50%, with respect to traditional PWRs of the same rated
power.
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The plant construction time is reduced to less than 4 years.

An evaluation of construction, operation and maintenance costs has been performed with
reference to a site with ”standard” characteristics, to Italian laws and regulations and to the
production of electric energy [[V-2].

With reference to a 450 MW(e) power station equipped with three MARS units, the direct
construction costs listed in Table 4 are expected. The total direct investment cost is
€753 429 000, including a 10% overestimation to account for contingencies during
construction, €828 772 000 has been considered, corresponding to a unit direct cost of
€1841 /kW(e).

The total indirect construction cost (for the same power station equipped with three
150 MW(e) MARS reactors) has been assessed as €149 179 000 (18% of direct cost),
corresponding to €331 /kW(e) installed.

The fixed costs of operation and maintenance for the three-units plant, including personnel
and other fixed costs, has been estimated as €17 756 000 /year (€39.4 /kW(e)-year).

The variable operation cost, in case of operation of the plant for base service (rated power
without operation in load-following, with a yearly production of 3 942 000 000 kW-h), has
been evaluated as €4 444 000, corresponding to €0.0011 /kW-h.

Some uncertainty margins exist in the fuel costs mainly because available references apply to
plants operating in countries different from Italy and conditions vary from one plant to
another. A full core for each of the three reactors of the reference power station has a cost that
may be assumed to range between some 39 000 000 and some €51 000 000.

TABLE IV-4. COST OF A 450 MW(e) POWER STATION WITH 3 MARS UNITS

SYSTEM CosT (€1000)
Buildings 68 638
HVAC systems 11528
Closed circuit water cooling system and main condenser 40 826
Control rod systems 9144
Fuel handling and storage system 8 869
Reactor coolant system (RCS) 125 502
Pressurized containment for primary loop protection (CPP) 66 232
Safety core cooling system (SCCS) 13216
Main RCS auxiliaries 10 272
CPP auxiliaries 4 808
Reactor auxiliaries 9 889
Containment building safeguards 929
Radwaste system 2 653
Turbine 110313
Condensate system 30 820
Feedwater system 14 389
Main steam system 13 837
Electric power station 53 527
Protection systems 1 962
Control systems 9636
Plant supervising system 10 221
Environmental monitoring system 522
Plant monitoring system 2 047
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SYSTEM CosT (€1000)

Electric boards and panels 7176
Neutron monitoring system 2278
Demineralized water system 359
Auxiliary steam system 286
Instrumentation air system 889
BOP fire protection system 137
Elevators and lighting system 6 956
Common services common buildings 14273
Condenser cooling water system 48 461
Minor RCS auxiliaries 15912
Turbo-alternator lubricating system 162
Plant electrical system 20 252
Other plant auxiliaries 16 510

TOTAL 753 429

This core can produce more than 6 200 000 000 kW-h but conservatively we assume, for each
equilibrium core, a production of 5 913 000 000 kW-h (corresponding to the hypothesis that
only three irradiation cycles are applicable for all the elements). In this conservative
hypothesis, the specific cost of the electric energy produced, defined by the nuclear fuel only,
ranges between 0.0066 and €0.0087 kW-h. Just as a reference and considering all items
contributing to the definition of the fuel cost, as well as its limited incidence on the overall
cost of produced kW-h, in this analysis, we refer to a cost of kW-h for fuel, intermediate
between the two preceding values and equal to €0.0074 kW-h.

The overall production cost for electric energy is affected by the investment financing
conditions and the load factor.

Assuming the realistic hypothesis of an interest rate equal to 5% and a repayment period of
20 years, with the conservative hypothesis of a load factor of 85%, the cost of kW-h produced
by the plant with MARS reactors is, therefore, globally, €0.039 kW-h during the first 20 years
of operation and €0.014 kW-h during the following years.

IV-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

The quite good neutron economy allows use of low initial enrichment in comparison with
traditional water-cooled reactors, guaranteeing better utilization of the primary energy source.

The MARS plant is designed to guarantee very low radioactive contamination of the primary
coolant and an extremely low production of radioactive wastes.

In fact, the low temperature of the fuel rods in the MARS core allows strong retention of
fission products within the rods themselves (thanks to the huge reduction in fission products
diffusion inside the fuel matrix); furthermore, the low operating temperature of the primary
coolant limits stress on fuel cladding and eventual damage is highly reduced, in comparison to
traditional PWRs.

The selected structural materials (extensive use of stainless steel, elimination of cobalt alloys,
etc.) limit coolant contamination; in addition, the lower coolant operating temperature also
reduces the oxidation of all materials that physically interface with the reactor coolant.

Finally, the physical impossibility of fast thermal transients limits thermal stresses on
materials and their oxide coating, so that crud detachment is strongly reduced.
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The MARS plant has been developed with the main design criteria of minimizing radiological
risks at the site due to accidents, radiological releases to the site during normal operation and
minimizing nuclear waste production; other relevant design criteria concern minimizing the
impact of the plant on the environment for other reasons including land use requirements and
visual impact.

The quantity of radioactive streams treated in the MARS plant is reduced to 80% of the
corresponding value in traditional PWRs (with equal thermal power), while the average
contamination of fluid streams is reduced to only 5% of the value in traditional PWRs (at
equal thermal power).

Solid wastes produced in the plant have a volume reduced by a factor 10 with respect to
traditional PWRs (obviously, referred to the same thermal power).

Regarding land use, the MARS nuclear island requires an area covered by buildings of about
1500 m* for a 600 MW(th) unit, corresponding to a land use density of 2.5 m*MW(th),
against traditional values of 4.5 m*MW(th); referring to electric power production, the
land utilization density is of 8.5 m*/MW(e) for the MARS plant, against a reference value of
12.5 m*/MW(e) for other plants (see Figure IV-8).

Contrarily, due to the lower thermal efficiency of the steam cycle achievable with a MARS
plant dedicated to electric energy production, the thermal impact on the cooling water is
higher for the MARS plant: 3.0 MW(th) released/MW(e), against 1.8 MW(th) released/
MW(e) for traditional PWRs.

= Z
5 B ..
v | LHK " |

7
EEETS o ] L 27w

60 m

(@]

N

Traditional 1000 MW(e) PWR Evolutionary 600 MW(e) PWR MARS
Total volume = 130 000 m® Total volume =74 000 m’ Total volume =24 500 m’

FIG. IV-8. Comparison between reactor buildings of MARS and other PWRs.

The design effort addressing simplification of plant construction and erection produces as a
parallel but absolutely not secondary result, a huge simplification for decommissioning.

The most relevant feature of the MARS plant affecting decommissioning concerns the “easy”
disassembling of components, thanks to the adoption of flanged connections in the primary
loop. Each component (even SG and pressure vessel) may be disassembled for maintenance
or substitution in an operation basically the reverse of the assembly. Normal precautions
regarding dose limits to personnel are the main differences.

In the MARS plant decommissioning, use of special, complicated techniques or special
equipment is unnecessary; in particular, cutting very thick, highly activated or contaminated
components is not required, hugely simplifying disassembly operations and reducing wastes.
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In addition, the reduced size of all components (the largest may be also disassembled into
transportable sub-components) makes them easily removable. The follow-on conditioning
operation in a dedicated area of the power station is much simplified and definitely “cleaner”.

General plant simplification causes a great reduction in the number of contaminated or
activated components (up to 50%, compared with a same size traditional plant), and a
corresponding reduction in quantity of radioactive materials. In addition, the selected
structural materials, together with use of a cleaner primary coolant, reduces total and specific
radioactivity of contaminated materials.

Last, but not least, the sole use inside the MARS containment building of steel structures
(working floors, shields, etc., made with steel frames) allows dismantling the plant completely
within the reactor building by removing steel components, leaving a “clean” building to be
demolished or reused. Most of the metal pieces would be radiologically clean and their free
release will be possible.

In Figure IV-9, the disassembling of the steam generator is shown; the possibility of a sub-
disassembly of the SG can be noted. First the upper shell is removed and transferred outside
the reactor building and then the lower shell and the tube bundle may be removed.

FIG. IV-9.

FIG. IV-10. Pressure vessel disassembling.
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Figure IV-10 shows the dismantling phases for the pressure vessel and other components
within the reactor building.

A detailed analysis of MARS decommissioning costs is in progress but preliminary results
indicate the possibility of keeping direct costs of decommissioning lower than 10% of direct
construction cost, instead of 15-20% computed by OECD for traditional nuclear power
plants.

1V-1.6.3. Safety and Reliability

Safety concept and design philosophy
The principal features of the MARS safety design are:

(1) The use of passive components (most of them, static) to perform safety functions.

(2) Adoption of low fuel temperatures and temperature gradients (both operationally
and as maximum conceivable values).

(3) Adoption of low core heat fluxes and of high values for minimum DNBR (both in
operation and as expected values in the most drastic design accident scenarios).

(4) A drastic reduction in the number of physical connections between the primary
coolant loop and auxiliary circuits.

(5) A drastic reduction of maximum conceivable pressurization of the reactor building.
(6) A reduction of human factors affecting safety systems.
(7) Easy testing of all safety systems.

Provisions for simplicity and robustness of the design

The design of the MARS was fully simplified to utilize few components in simple circuits.
The design itself is quite simple and no uncertainties exist regarding possible unknowns
arising in the future.

Active and passive systems and inherent safety features

The inherent safety features are: negative reactivity coefficients in all power and coolant
temperature ranges; decay heat removal relying on natural fluid circulation only; additional
scram system relying on gravity and on thermal elongation of metallic bars.

The passive safety systems are: emergency core cooling system totally passive, with only one
non-static component (400% redundant, 200% + 200% in two independent trains, each having
two redundant components [each with 100% capacity] manufactured under different
conceptual designs).

The active safety systems are: traditional scram system.

Emergency safety functions are conducted only by passive components. Only one non-static
component is relevant to plant safety, the check valve (passive component) of the SCCS,
which operates with 200% component redundancy in each of the two redundant trains.

Structure of the defence-in-depth

The traditional PWR design approach has been adopted but higher barriers are provided by
design (lower fuel temperature; higher resistance margins of fuel cladding and of the primary
coolant pressure boundary) to radioactivity release. The primary coolant pressure boundary is
enclosed in a pressurized, low-temperature containment, filled with water (CPP).
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Design basis accidents and beyond design basis accidents

A complete safety analysis of the MARS nuclear plant has been performed to verify the
capability of the plant to guarantee fulfilment of safety objectives and to confront any
accidental condition with a frequency of occurrence higher than 1x107 year™ [IV-3].

This analysis was extended to ascertain the ability of the plant to handle accidental conditions
with an even lower frequency but involving severe consequences (severe accidents).

This design is intended to prevent the harmful release of radioactive products into the
environment from fuel assemblies; since such a release is possible only if fuel is damaged and
fuel damage is possible only if core cooling is jeopardized, all possible situations (accidental
sequences) leading to the failure of core cooling were identified.

An analysis was performed of possible transients of thermal-hydraulic parameters in the
reactor core by first identifying initiating events leading to variations from standard operating
values and then analyzing possible sequences of events resulting from the initiating events, up
to identification of combinations of those events finally leading to fuel damage.

This approach considered the unique aspects of the MARS reactor plant with respect to
traditional PWRs. So, the HAZOP method was used to identify initiating events, the “fault
tree” technique was used to evaluate the probability of failure of non-traditional components
or systems and the “event tree” method was used to identify possible evolutions of accidental
sequences. Twenty-eight different initiating events, grouped in 8 main categories, were
identified and their evolutions were analyzed. The results of the probabilistic safety analysis
are summarized in Figure IV-11.

The highest probability of core damage is 2.1x10°. This figure is lower than the
probability of ultra-catastrophic natural events such as, for example, the impact of a meteorite
on a large city (such as New York) causing 1 million deaths, was evaluated as 1x107 yr'. For
this reason, since a common mode failure depending on ultra-catastrophic natural events may
be recognized, the core damage probability for the MARS plant should be assumed to be
13107 yr' [IV-4].

The sequence group regarding the loss of electric supply to primary pumps causing core
damage has a probability of 3.65x10™'? yr'! provided the initiating event is followed by failure
of both the automatic and the additional scram systems.

The sequence group regarding LOCAs through the pressurizer safety/relief valves causing
core damage has a probability of 2.73x10™ yr'' provided the initiating event is followed by
failure of the safety core cooling system through failure of the primary loop interception and
the primary pump stop.

The sequence group mainly regarding the loss of steam generator feedwater as the initiating
event and causing core damage has a probability of 2.1x10® yr’', if the initiating event is
followed by the failure of the safety core cooling system through failure of the primary loop
interception and the primary pump stop.

The sequence group regarding the loss of on/off site power causing core damage has a
maximum probability of 6.67x107"* yr'! if the initiating event is followed by failure of the
safety core cooling system through a failure of check valves or by simultaneous failure of the
automatic and the additional scram systems.

The sequence group regarding the loss of coolant from connections with auxiliary systems
causing core damage has a probability of 1.46x107' yr'!, if the initiating event is followed by
failure of the primary loop isolation valves and the primary loop interception system.

178



The sequence group regarding a steam generator tube rupture causing core damage has a
probability of 5x10° yr' if the initiating event is followed by failure of the safety core
cooling system, through failure of the special check valves.

The sequence group regarding the primary pump trip causing core damage has a probability
of 3.65x10™ yr'1 if the initiating event is followed by the failure of both the automatic and the
additional scram systems.
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FIG. IV-11. Results of probabilistic analysis.

Provisions for safety under seismic conditions

Safety-related components will resist seismic loads under the reference site design. Initiating
events for accident scenarios in the area include the crash of military aircraft at the site.

Probability of unacceptable radioactivity release beyond the plant boundaries

Results of the PRA analysis are described above (core fuel melting probability lower than
1x107).

Measures planned in response to severe accidents

Even if the probabilistic safety assessment of the MARS plant shows a core damage
probability lower than the probability of ultra-catastrophic natural events, core melting has
been considered to evaluate the capability of the plant to confront it.

In particular, thermal-mechanical analyses show that the reactor vessel of the MARS plant
can guarantee the in-vessel retention and cooling of corium produced by the melting of 60%
of core and vessel internals if the following conditions are met:
- Water is present in the CPP with pressure equal to 1 bar and temperatures lower than
100°C.

- The heat transfer coefficient between the external wall of the vessel and the water in the
CPP is higher than 1800 W/m’ K (to avoid partial melting of the vessel wall itself).
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The first condition may be met simply by a depressurizing system for the containment for
primary loop protection that, on the other hand, is already foreseen to follow the primary loop
pressure in case of depressurization.

The second condition is guaranteed if boiling conditions are reached because heat transfer
coefficients on the order of 10 000 W/m® K may be reached. Boiling conditions are surely
reached if the pressure is reduced to 1 bar, with an acceptable temperature of the external
vessel wall.

Therefore, the two requirements above are actually reduced to the first one and fulfilling it
requires the adoption of a reliable, possibly passive, depressurization system for the CPP.

As a consequence of the extremely low probability of core damage and the capability of the
MARS concept to confront even severe accidents while maintaining the reactor vessel
integrity, licensing of a MARS NPP does not require any off-site emergency planning.

1V-1.6.4. Proliferation resistance

A MARS NPP equipped with traditional PWR fuel as described above has no special feature
for proliferation resistance. The low enrichment of UO, fresh fuel, the residual fissile
enrichment of the spent fuel and the total quantity of fuel stored in the plant are aspects that
discourage the use of MARS fissile materials for military aims.

Nevertheless, the MARS NPP may easily accept an innovative fuel identified but not
described in this paper and characterized by longer irradiation times, that could permit plant
management by a skilled contractual vendor who brings the fuel to the site for energy
production and then takes it back at the end of the irradiation.

1V-1.6.5. Technical features and technological approaches used to facilitate physical
protection of MARS

The MARS plant has been designed to face external natural and human-originated events.
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FIG. IV-12. MARS reactor building.

According to Italian and European regulations, a containment building (reactor building) to
protect the nuclear island is envisioned; in the case of MARS (see Figure IV-12), a large
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portion (about one half the height) of the reactor building is located under the ground level,
thus minimizing the surface over the ground level and improving resistance.

The reactor building can face all external natural events such as earthquakes or tornadoes and
impacts generated from them (mainly missiles caused by a tornado).

The following human events potentially interacting with the reactor building have been
considered:

e A plane pressure wave due to external explosions.
e Aircraft impact.

In the MARS plant, an additional barrier is envisioned between the core and the external
environment: it is the CPP, the metallic enclosure of the primary loop. It is constructed of
thick steel to improve physical protection of the primary loop.

Regarding protection against internal events, the entire plant is designed to protect personnel
and the external environment against radiological hazard. To summarize, the main technical
features to protect the plant are:

e Effective in-depth defence against radiological hazard for personnel and population.

e (apability of the plant to manage any kind of accident, including severe accidents.

e Reliance on physical laws to not only detect failures but perform safety actions, which
means extensive use of “inherent” and “passive” safety features.

e “Insensibility” of plant safety design to human errors and faulty actions.

e Extremely low doses to personnel.

e Very low production of nuclear wastes.

IV-1.7. Non-technical factors and arrangements that could facilitate effective development
and deployment of MARS

The following consequences may be recognized, that could facilitate the deployment of
MARS:

e No requirements for special, sophisticated manufacturing technology: the technology
for the nuclear design is available in many industrial organizations; the technologies
for plant systems are widely disseminated.

e The manufacturing capability of industries involved in a MARS NPP construction is
already available in thousands of companies through the world; many industries in
developing countries may have access to the business of plant construction.

e The energy produced is cheap; operation of the plant is easy and safe: it is “human-
error-resistant”.

e The load factor is quite high; the plant life is long; the plant can accommodate
continuous nuclear technology development over the years.

e Plant behaviour in accidental conditions is easy to understand; the proposed prototype
provides a record of the behaviour of the plant safety systems; licensing authorities
may easily acquire a complete confidence with the plant. No emergency plan is
needed.

e Component behaviour certification may be obtained in shop, under optimal operating
conditions.

e The plant minimizes waste production and personnel doses.

e The final decommissioning of the plant is easy, with a “green field” obtained in a short
time.
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IV-1.8. List of enabling technologies relevant to MARS and status of their development

MARS plants undoubtedly belong to the “generation III+” family for the market niche of
small electric networks and cogeneration. The technologies utilized are basically proven and
refer to NPPs widely used in the world (PWRs). The technological aspects of the innovative
solutions should be analysed “hand-in-hand” with industrial companies to identify the best
economic manufacture of plant components.

The innovations consist mainly of new component coupling and utilization of simple, passive-
type circuits. For all of these, special experimental testing was conducted or is in progress.

Dedicated experimental facilities were built to check:

The innovative, passive-type, quasi-static emergency core cooling system, based on
natural circulation of cooling fluids and using external air as the ultimate heat sink.

The innovative, additional, passive-type scram system based on a two-metal core
temperature sensor and operated by gravity.

Complete enclosure of the primary-coolant boundary in a pressurized containment
filled with low enthalpy water (primary loop jacket); this experimental activity is
being carried out at the date of the issue of this report.

The systematic utilization of inherent and passive safety features had made it possible to
greatly simplify the MARS NPP design, bringing the following consequences:

Drastic reduction in the number of physical connections between the primary coolant
loop and auxiliary circuits (the large number of ECCS trains typical of traditional
PWRs was eliminated).

Drastic reduction of the reactor building maximum conceivable pressurization (apart
from the reduction in the probability of core melt, the quantity of cold water in the
CPP limits reactor building pressurization to vanishing values).

Reduction of human factors affecting safety systems (a few components are involved
in plant operation and safety management; safety-related component performance
cannot be jeopardized by human error).

IV-1.9. Status of R&D and planned schedule

A summary of activities already performed and to be completed in the overall design of the
MARS plant follows: The nuclear design of the core and of the reactivity control systems has

182

been completed.

The design of the primary coolant system has been completed.
The design of the passive-type emergency core cooling system has been completed.

The mechanical design of the additional, passive-type scram system has been
completed.

The design of main NSS auxiliary systems has been completed.

The mechanical design of the advanced solutions proposed for traditional components
has been completed.

The design and verification of the reactor building and internal supporting structures
have been completed.

The analysis of wastes produced has been completed.



e The HAZOP analysis and the probabilistic safety assessment of the plant have been
completed.

e The safety analysis regarding any type of nuclear accidents has been completed.

e The cost analysis of the produced energy has been completed.

e The study of coupling of the NSS system to a cogeneration system including
desalination has been completed.

e The decommissioning program of the plant will be completed.

e A preliminary safety assessment report (PSAR) was officially submitted to the Italian
Nuclear Safety Authority.

e The seismic qualification of the innovative mechanical solutions will be completed in
a couple of years.

e The design of minor components or systems (such as the biological shield) will be
completed by the end of 2005.

By the end of 2006, the MARS basic design, the detailed design of the main innovative
mechanical components and the technical specifications for most of the fluid systems will be
completed on the basis of the only work forces of the Department of Nuclear Engineering and
Energy Conversion of the University of Rome “La Sapienza”.

Furthermore, under favourable financing and with the cooperation of a suitable industrial
entity, the final design for a prototype could be completed in two years.

The construction of a prototype plant will require less than four additional years.

IV-1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed

The MARS concept relies to a high degree on experimentally and analytically proven design
solutions and may not require a substantial amount of further R&D.

Many experimental facilities, both small and large, have been used to validate behaviour and
performance of the components assuring passive safety or involving innovative features.

Most experimental facilities even at the research laboratories were designed, manufactured
and operated according to “industrial promotion program procedures”, making them
applicable as industrial tests.

Among them, the following deserve mention:

e MORIS facility, built at the ENEA research centre at Casaccia at the start of the plant
design to simulate the general thermal-hydraulic behaviour of the MARS primary
cooling system and of the emergency core cooling system.

e CIVAP facility, built at the ENEA research centre of Casaccia to validate a half-scale
prototype of the SCCS innovative check valve.

e QUSCOS facility, built at the Department of Nuclear Engineering and Energy
Conversion, University of Rome “La Sapienza” to evaluate the effect of the shape and
material characteristics on the performance of the innovative heat exchanger located
inside the SCCS pool.

e COTINCO facility, built at the same Department to evaluate the effect of non-
condensables on the performance of the atmospheric condenser of the SCCS.

e ITASCO facility, built at the same Department to evaluate the effect of tube
characteristics on the performance of the atmospheric condenser of the SCCS.
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e NICOLE plant, a large-scale (about 15 m height) facility built at the ENEA research
centre of Casaccia to analyse phenomena related to natural circulation in the primary
loop and boiling and condensation in the pool loop and to validate the design
computer codes.

An experimental facility to qualify innovative mechanical solutions of the MARS plant from
a dynamic, and in particular seismic, point of view is being built at the Department of Nuclear
Engineering and Energy Conversion.

Though the authors do not deem construction of a prototype as necessary, it should be noted
that because of innovations in the MARS concept related to strong reliance on the inherent
and passive safety design options, there actually may be a need to construct a prototype to
demonstrate reliability of a MARS NPP operation before licensing it as a commercial project.

IV-1.11. List of other similar or relevant SMRs for which the design activities are ongoing
No information was provided.

IV-2. Design description and data for MARS

1V-2.1. Description of the nuclear systems

Reactor core and fuel design

Proven technological features of the most widely operated PWRs (geometry and materials of
fuel rods and assemblies; layout of the primary cooling system; geometry and materials of
control rods and drive mechanisms; core internals; etc.) were chosen for the basic design of
the (primary) reactor coolant system (RCS). The core and fuel design data are presented in
Table IV-5 and Figure IV-13.

TABLE IV-5. MARS REACTOR CHARACTERISTIC DATA

Fuel bundles 89
Fuel rod array 17x17
Fuel rods per fuel bundle 264
Fuel rod external diameter (cm) 0.95
Fuel rod active length (cm) 260
Fuel rod cladding thickness (mm) 0.63
Fuel rod pitch (cm) 1.26
Control rod guide tube diameter (cm) 1.224
Control rod guide tube thickness (mm) 0.4
Control rod diameter (cm) 0.978
Core heat transfer surface (m?) 1823
Core average linear power density (W/cm) 98.2
Core average heat flux (W/cm?) 329
Core average volumetric power density (kW/litre) 56.5

A 1/3 core loading strategy for more than 18 months is compatible with fresh fuel enrichment
with #°U lower than 2.8% (20 and 24 burnable poison locations) with a maximum boron
concentration (without xenon) lower than 711 ppm.
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A 1.6 % (0 burnable poisons)

B 2.2 % (0 burnable poisons)

C Recovery 1.6 % (8 burnable poisons)
D 2.8 % (20 burnable poisons)

E 2.8 % (24 burnable poisons)
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FIG. IV-13. Fuel loading strategy.
Primary coolant system

The innovative steam generator of the MARS NPP is shown in Figure IV-14. The special
design allows the easy substitution of the full tube bundle.

FIG. IV-14. Steam generator design.

Detailed indications of materials selected and specifications of reactor pressure vessel, steam
generator and pressurizer parameters are listed in Table IV-6 through IV-9.
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TABLE IV-6. REACTOR VESSEL DATA

Vessel material
Cladding material

Low alloy carbon steel
Stainless steel

Design temperature 290°C
Internal diameter of the shell 3000 mm
Internal radius of the bottom head 1500 mm
Internal radius of the upper head 1410 mm
Internal design pressure 83 bar
Length of the cylindrical shell 8056 mm
Upper head thickness 80 mm
Bottom head thickness 80 mm
Nominal cladding thickness 5 mm
Operating pressure 75 bar
Operating temperature 254°C
Overall length of the assembled vessel 11091 mm
Shell thickness 120 mm
Total weight (approximate; dry) 88 000 kg
TABLE IV-7. STEAM GENERATOR DATA (PRIMARY SIDE)
Overall height 20 800 mm
Upper shell outer diameter 4235 mm
Lower shell outer diameter 3400 mm
Operating pressure, tube side 75 bar
Design pressure, tube side 83 bar
Design temperature, tube side 280 °C
Full load pressure, shell side 18.8 bar
Design pressure, shell side 83 bar
Reactor coolant flow rate 3227 kg/s
Reactor coolant inlet temperature 254 °C
Reactor coolant outlet temperature 214 °C

Tube type
Number of tubes

U-TUBES 3/4" BWG 18
5800

Tube bundle total height 11 720 mm

Tube bundle diameter 3000 mm

Tube material INCONEL 600
TABLE IV-8. PRESSURIZER DATA

Overall height 11 968 mm

Inside diameter 1688 mm

Shell thickness 65 mm

Total internal volume 25m’

Water volume 15m’

Steam volume 10 m®
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TABLE IV-9. MATERIALS USED IN THE MARS PRIMARY COOLANT SYSTEM
COMPONENTS

Cladding

Core barrel
Baffle

Pressure plates

Bolts and nuts
Tube bundle

Pressure plates
Nozzles
Bolts and nuts

Pressure forgings
Pressure castings
Bolts

Tubes
Flanges

Nozzles and tube sheet

ITEM

Reactor vessel
Upper head, shell plates and lower head
Flanges and nozzle forgings
Closure studs, nuts, washers, inserts

Lower and upper core plate
Neutron and thermal shields

Steam generator

Pressurizer

Reactor coolant pump

Reactor coolant piping

MATERIAL

SA 533 Grade B Class 1
SA 508 Class 2

SA 540 B23 Class 3
AISI 308/309

AISI 304

AISI 304

AISI 304

AISI304

SA533 Grade A Class 2
SAS508 Class 2

SA540 B23 Class 3
Inconel 600

SA533 Grade A Class 2
SAS508 Class 2
SA540 B23 Class 3

SA182 F316
SA351 Grade CF8A
SA540 B23 Class 3

SA351 Grade CF8A
SA 508 Class 2

Safety core cooling system

Figures IV-15 and IV-16 show the innovative check valve designed and patented for the
MARS SCCS and the SCCS primary heat exchanger.

FIG. IV-15. SCCS special check valve.
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FIG. IV-16. SCCS primary heat exchanger.

Main heat transport system, with specification of heat removal path in normal operation and
in accidents

The main heat transport system in normal operation includes the primary coolant system and
the secondary coolant system. In emergency conditions, the main heat transport system
includes the primary coolant system and the safety core cooling system (SCCS). Figure IV-17
shows the heat path in normal and emergency conditions.

HEAT REMOVAL PATHS
NORMAL OPERATION ANY OTHER SITUATION
I |
NATURAL
FORCED FLOW CIRCULATION
ATMOSPHERIC
STEAM CYCLE PRESSURE
CONDENSER CONDENSER
UHS UHS
ACTIVE PASSIVE, MAINLY STATIC

Ultimate Heat Sink - UHS

FIG. IV-17. Heat removal paths in the MARS NPP.

Auxiliary systems
The main auxiliaries of the nuclear steam supply system irrelevant to safety are:

e The volumetric control system (VCS), which allows volumetric control of the
primary coolant.

e The primary coolant cleaning system (CCS) and the chemical additive control
system (ACS), which allow control of the chemical characteristics of the primary
coolant.

e The residual heat removal system (RHR), which allows cooling of the primary
coolant during shutdown conditions.
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These systems are greatly simplified due to the typical parameters of the primary coolant and
the core. In fact, the large amount of primary coolant inventory, together with the large
volume of the pressurizer, strongly limits the requirement for the VCS, while the RHR
operation is required only during refuelling.

In addition, the absence of the possibility of fast nuclear transients, together with the
considerable thermal inertia of the reactor coolant system makes thermal transients slow, thus

limiting thermal stresses both on structural materials and on oxide coatings.

These features allow a drastic reduction of the chemical and radioactive contamination of
primary coolant, leading to a simplification of the CCS and of the ACS.

IV-2.2. Description of the turbine generator plant and systems

The characteristics of steam produced in the MARS steam generator are listed in Table IV-10.

TABLE IV-10. STEAM GENERATOR DATA (SECONDARY SIDE)

Steam pressure
Steam temperature
Steam moisture
Steam enthalpy
Steam flow

18.5 bar
209.5°C

0.25 %
27898.7 kl/kg
277.6 kg/s

The thermal cycle of the MARS NPP is shown schematically in Figure IV-18. In
Figure IV-19, the expansion line of steam in the turbine is shown. Overall cycle data are
reported in Table IV-11.
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FIG. IV-19. Steam expansion line.

TABLE IV-11. OVERALL CYCLE DATA

Steam generator thermal power 597 181 kW
Condenser thermal power 444 576 kW
Gross power 149 070 kW
Mechanical losses 752 kW
Electric losses 2236 kW
Electric power 146 100 kW
Heat rate 14 718 kJ/kWh
Efficiency 24.5 %

The characteristics of saturated steam produced by the steam generator (in particular the low
pressure) require intermediate dehumidification and superheating to obtain an acceptable
value of cycle efficiency. The intermediate dehumidification and superheating allow a low
steam pressure at the turbine exhaust with humidity within the limit of 9.8%. The preheating
line for the regenerative heating of the steam generator feedwater by steam draining includes
a high pressure preheater and two low-pressure preheaters.

The turbine is a tandem-compound type, with a high pressure, double-flow multistage drum
and a low-pressure double-flow multistage drum. The low-pressure section is equipped with
two steam spillages.

Design criteria for electric power system

Safety features of the MARS nuclear reactor do not require the intervention of energized
components to perform safety actions; therefore the electric power system has no role in
safety as in traditional nuclear power plants. In the MARS plant, very few electric users are
considered relevant to safety; they do not require big power loads and include only
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instrumentation systems. For these users, the electric supply is also guaranteed in case of
accidents, as in the loss of on-off site power accidents.

The electric supply and distribution system will be designed according to the following main
criteria:

— To assure operation of all users relevant to general plant safety in all plant conditions.

— To implement protective actions with selective criteria, in case of faulty events;
protection shall be designed to be actuated upstream of faulted components.

The electric supply system is divided into separate systems guaranteeing different levels of
electrical continuity (see Figure IV-20). In the MARS project, three main user categories are
foreseen:

— “A” class plant users (such as the protection system), for which an emergency electrical
supply is required.

— “B” class plant users, which represent the whole of the electric users of the nuclear
steam supply system (NSSS) and of its auxiliaries, with the exception of the "A" class
users.

— Plant service users, which represent plant services and auxiliaries not relevant to nuclear
safety, for which electrical supply interruptions do not compromise plant safety
management.

380 kY
135-150 K¥

WY SHY
TRAHSFORMERS

kAN
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TRANSFORMER

SERVICES

I80Y

W CPEM SWITCH
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FIG. IV-20. Electric power system scheme.

1V-2.3. Systems for non-electric applications

The cogeneration schemes examined included a steam turbine cycle fed by steam generated in
the SG of the MARS NSSS, operating in counter-pressure mode, and a pressurized-condenser
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feeding either a multi-effect distillation (MED) desalination system or a district heating
system. Since no special safety aspect is involved, traditional plant schemes may be applied.

1V-2.4. Plant layout

The MARS reactor has been designed for plant modularity, using several reactor modules and
a unique balance of the plant (see Figure IV-21).

1-2-3 Reactor building 22-25-24 Dressing and decontamination
4 Turbine building 25 Backup diesel electric

5 Fuel way supply system

6 Spent fuel building 26 Workshop for activated

7 Laboratories components

9-10-11 Auxiliary building 27 Chimney

12=13-14  Control room 28 Offices

15 Power station 29 Workshop

16—17-18 Motor power center 30 Medical center

19-20-21 Wastes building 31 Wastes storage

FIG. IV-21. Three reactor-modules plant layout.
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ANNEX V

SIMPLE COMPACT REACTOR (SCOR)
CEA, France

V-1. General information, technical features and operating characteristics
V-1.1. Introduction

Since 2000 the Simple Compact Reactor (SCOR) concept has been developed in line with the
European utility requirements for enhanced reliability and safety and improved economics for
next generation reactors. The advanced SCOR concept relies on proven light water reactor
technology.

The SCOR design is based on a compact reactor vessel that contains all the reactor coolant
system components, including the pressurizer, reactor coolant pumps, control rod drive
mechanism and dedicated heat exchangers of the passive decay heat removal systems. The
single steam generator is located above the reactor vessel.

This compact reactor configuration uses a small, inert pressure suppression containment
resulting in a high level of safety and economic attractiveness. The SCOR reactor
development has applied a “safety by design” approach to reduce or eliminate the
consequences of most accident sequences. Fuel assemblies have standard French PWR
features. To take advantage of the small power density and improve plant availability, a
simplified concept of the safety systems was developed, enabling an extension of the interval
between maintenance shutdowns to 24 months or more.

The SCOR is a 2000 MW(th) integrated pressurized light water reactor (PWR); the design for
the reactor was developed at the Nuclear Energy Division of Commissariat & 1’Energie
Atomique at Cadarache, France.

V-1.2. Applications

The SCOR is mainly developed for electricity generation, providing competitive costs
compared with large sized reactors through system simplification and compactness in plant
layout. However, the SCOR may be used in cogeneration schemes like seawater desalination
using low temperature processes, such as thermo-compression or multi-effect distillation.

V-1.3. Special features

The SCOR is an integrated reactor with new features with respect to the design of standard
integrated reactors, which usually contain several modular steam generators inside the vessel.
This architecture generally leads to the design of a large vessel limiting the size of the reactor
to a maximum 1000 MW(th). In the SCOR concept, the steam generator is located above the
vessel and acts as the vessel head. This component layout gives space inside the vessel to
increase the core size and therefore, with the same safety advantages (elimination of large
LOCA) the SCOR power is twice as high as the maximum power of a standard integrated
reactor.

Passive safety characteristics allow the SCOR to respond safely to all incidents within the
design basis with few operator actions. Except LOCA, where low electric power is needed at
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mid-term, no alternative current power is required to manage the other incidents. Most of the
design extension conditions are eliminated or passively managed as accidents within the
design basis. This simplifies the scope of operator training, equipment qualification and
surveillance to meet safety requirements.

V-1.4. Summary of major design and operating characteristics

Installed capacity
Power plant output, net 630 MW(e)
Reactor thermal output 2000 MW(th)
Mode of operation

The plant control scheme will be specifically designed for operation with the single steam
generator and will be based on the "reactor follows plant load" strategy. The SCOR design is
similar to French standard PWRs and can withstand the following operational occurrences
without generation of a reactor trip:

e +5%/minute ramp load change within 30% and 100% power;

o +10% step load change within 30% and 100% power;

e 100% generator load rejection;

e 100-50-100% power level daily load follow over 90% of the fuel cycle life;

e (Grid frequency changes equivalent to 10% peak-to-peak power changes at 2%/minute
rate;

e Loss of a single feedwater pump.
Load factor/ Availability

With this simple plant layout, reductions in the safety systems and the long fuel cycle
duration, the expected availability is higher than 91%.

Summary of major design characteristics

Active core height 3.66 m
Equivalent core diameter 3.04 m

Fuel material Uo,

Fuel inventory 82.2tUO,
Average linear heat rate 12.9 kW/m
Average fuel power density 24 kW/kg UO,
Average core power density (volumetric) 75.3 kW/1
Thermal heat flux 430 kW/m?
Heat transfer surface in the core 4528 m?

Simplified schematic diagram

The SCOR is a pressurized water reactor featuring a compact circuit layout typical of the
integrated reactor instead of the standard PWR type loop configuration [V-1]. The main
primary system components (core, pressurizer, reactor coolant pumps, control rod drive
mechanism (CRDM) and the heat exchangers of the decay heat removal system) are located
inside the reactor pressure vessel. The single steam generator acts as the reactor vessel head as
shown in Fig. V-1. Water flows upward through the core and the riser region (defined by the
extended core barrel) and through the centre of the pressurizer. At the top of the vessel, the
fluid flows upward and downward through the U-tubes of the steam generator. At the outlet of
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the steam generator, the coolant is collected in an annular plenum where the suction of the
reactor coolant pumps is located.

The coolant is directed downward through a venturi and through heat exchangers devoted to
decay heat removal. The flow path continues down through the annular downcomer region to
the lower plenum and then back to the core.

Steam generator
—>
_—
Reactor coolant

pumps  ———> Venturi

Pressurizer

Integrated

Decay heat removal control rods

system with integrated
heat exchanger:

Core

FIG. V-1. Primary coolant system.

The integrated primary circuit layout eliminates large primary vessel penetrations thus
excluding the possibility of large breaks and associated large-break loss of coolant events. The
number of other pipes is also reduced limiting the probability of occurrence of small breaks
and small-break loss of coolant events. The integrated reactor coolant system pressure
boundary acts as a barrier against the release of radioactivity generated within the reactor and
is designed to provide a high degree of integrity throughout the operation of the plant.

A simplified schematic diagram of the SCOR plant is shown in Fig. V-2.

According to the results from low-pressure PWR studies [V-2], the SCOR operates at a
pressure of 8.8 MPa. The main reasons for this selection are:

e A considerable reduction in the pressurized component thickness (reactor vessel,
steam generator (SG), etc.);
e A potential increase in fuel burn-up (less cladding corrosion); and

e Simplification of the safety systems.
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1 Core 8 Residual heat removal system on primary circuit (RRP)
2 Reactor vessel 9 Air-cooling tower of the RRP
3 Steam generator 10 Heat sink pool of the RRP
4 Turbine 11 Low pressure safety injection system
5 Condenser 12 Pool of the wetwell
6 Generator 13 Primary containment (drywell)
7 Steam dump pool 14 Containment building

FIG V-2. Schematic diagram of the SCOR plant.

In the secondary circuit, the pressure at the turbine inlet is 3.0 MPa, which is lower than in
standard PWRs; the net thermodynamic efficiency is also slightly lower.

The SCOR design is based on well-proven nuclear reactor technologies; major innovations
concern safety and auxiliary systems. The innovative solutions of SCOR are the following:

¢ Elimination of large diameter connections on the reactor pressure vessel.

e Passive and integrated emergency core cooling systems based only on natural
circulation and using external air as the ultimate heat sink.

e Operation with a soluble-boron-free core and with control rod mechanisms integrated
in the vessel.

e A low power density, enabling a large operating margin (i.e. DNBR) in core power
parameters.

e Reduction of the reactor building maximum pressurization.
e Reduction of human factors affecting the safety systems.
e Easy testing and maintenance of all safety systems.
Neutron-physical characteristics
No information was provided.

Reactivity control mechanism

Reactivity control is achieved through the use of control rods with in vessel drives; no soluble
boron system is foreseen. To reduce the reactivity at the beginning of the cycle, the loaded
portion of fuel contains burnable poison. As in standard PWRs, the rod clusters are moved in
guide thimbles but since the steam generator acts as a vessel head, there is no possibility of
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using an external mechanism to move the rod clusters. The control rod drive mechanism
(CRDM) appears as an integrated hydraulic system. There is around one control rod cluster
per two assemblies; this choice is sufficient to control the reactivity from full power to cold
shutdown. In accident conditions, redundancy is achieved by another device, called the MP98
system; this system enables movement of a liquid neutron absorber in dedicated tubes in the
guide thimbles of the assemblies without rod clusters. Main characteristics of the reactivity
control systems are as follows:

Burnable absorbers Yes

Number of control rods 78

Absorber rods per control assembly 24

Drive mechanism Hydraulic

Soluble neutron absorber No

ond system for accidental conditions Liquid neutron absorber (MP98)
Cycle type

SCOR is an indirect cycle PWR with the following thermodynamic cycle parameters:
Absolute turbine inlet pressure 3.0 MPa

Absolute pressure at the condenser 5.0 kPa

Power plant efficiency, net 31.5%

Thermal-hydraulic characteristics

Main thermal-hydraulic characteristics of the SCOR are the following:

Primary coolant flow rate 10465 kg/s
Reactor operating pressure 8.8 MPa
Coolant inlet temperature, at core inlet 246.4°C
Coolant outlet temperature, at riser outlet 285.4°C

Mean temperature rise across core 39.5°C

Primary circuit volume, including pressurizer 278 m’

Number of coolant loops 0 (Compact reactor coolant system)
Steam flow rate at nominal conditions 987 kg/s
Feedwater flow rate at nominal conditions 987 kg/s

Steam temperature/pressure 237/3.2 °C/MPa
Feedwater temperature 183 °C

Maximum/average discharge burn-up of fuel

The average discharge burn-up of fuel is 45 000 MW-d/t.

Fuel lifetime/period between refuellings

The operating cycle length (fuel cycle length) is 24 effective full power months.

Design basis lifetime

The plant has a design life of at least 60 years with no replacement of the reactor vessel.
Economics

The capital cost is 10% below the specific capital cost of a standard large loop-type PWR; the
reduction of the cost of the kW-h is about 13% against the classical PWRs.
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V-1.5. Outline of fuel cycle options

The reference fuel characteristics are similar to those of conventional French PWRs. The
reduction of the average linear power density (by about 25 percent compared with current
PWRs) improves the thermal margin and provides operational flexibility, enabling longer fuel
cycles and increases in overall plant capacity. The low core power density may allow use of
alternative fuel cycles, e.g. MOX fuel, advanced fuels with increased burn-up, etc.

The SCOR reactor design can also accommodate alternative fuel cycles with an adapted
external infrastructure. For example, fuel reprocessing could be similar to that of current
French PWRs.

V-1.6. Technical features and technological approaches that are definitive for SCOR
performance in particular areas

V-1.6.1. Economics and maintainability

The SCOR design enables improvements in economic features through the following:

e Extensive plant simplification.
e Extensive use of proven technologies.

e Extensive use of pre-manufactured components (including large components of the
primary coolant loop).

e Refuelling and maintenance outages significantly less frequent than current outages.
e A plant design life of at least 60 years with no replacement of the reactor vessel.

e A short construction schedule.

It is widely accepted that for a given technology, the investment cost diminishes with reactor
power according to the exponent law:

C(P1)= C(Py) x (P1/Py)",

where n, a design dependent coefficient, is between 0.4 and 0.7. But, for small or medium
sized reactors, it may be possible to simplify the design architecture to achieve a threshold
effect as shown in Fig. V-3. For the integrated standard reactor, there is a threshold at around
one thousand megawatts thermal. At this power, the gain of the change from a loop-type to an
integrated reactor is not sufficient to get an overnight cost lower than for a loop-type reactor.
The technical point limiting the size of a standard integrated reactor is mass of the reactor
vessel, which reaches 1000 tons.

To increase the gain, increased reactor power is needed while maintaining the safety
advantages of the integrated reactor. This is achieved in the SCOR concept with a thermal
power of two thousand megawatts thermal. Clearing the standard integrated limit is achieved
by localization of the steam generator above the vessel. Low pressure and low temperature
operating points ease reactor design. The low efficiency is offset by a lower component
specific mass, less corrosion and the possibility of integration of the pressurizer. The soluble-
boron-free core associated with the integrated design and the low pressure operating point lead
to a radical simplification of auxiliary systems. Moreover, the medium sized power, the lower
core power density and the large reactor vessel diameter lead to the possibility of in-vessel
core retention in case of a hypothetical severe accident. A strategy of retention is another
threshold effect of the medium sized reactor.
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FIG. V-3. Visualization of a threshold effect on the overnight cost.

Table V-1 presents the calculations of costs performed with the CEA SEMER code developed
for the economic evaluation of nuclear plants [V-3]. A comparison of calculations is made
between two sites with the same electrical power: the first, with large classical PWRs, the
second, with SCOR reactors. This cost assessment is performed with nomenclature

recommended by the IAEA.

TABLE V-1. ECONOMIC ASSESSMENT — COMPARISON BETWEEN A LARGE LOOP-
TYPE REACTOR AND SCOR (RELATIVE UNITS)

REACTOR TYPE CLASSICAL PWR SCOR
Thermal power (MW) 4250 2000
Electrical power (MW) 1450 630
Number of units on site 2 4.6*
Plant life time (years) 30 30%*
Interest rate (%) 8 8
Discount rate (%) 8 8
Availability (%) 85 91
Results in per cent of classical PWR (%)

Direct costs (%) 100 94.1
Indirect costs and dismantling (%) 16.2 21.7
Construction lead delay (years) 6 6 3
Interest during construction 30.9 30.8 14.3
Capital costs (investment) 147.1 146.6 130.1
Cost of kW-h(% of classical PWR cost)

Base investment 63.6 59.1 52.5
Operation & maintenance 15.8 14.8 14.0
Fuel cycle 20.6 20.6 20.6
Total (%) 100 94.5 87.1

*The power of a PWR and a SCOR site is assumed to be equal
** Plant lifetime is 60 years for SCOR, but the economic assessment is performed with 30 years.

The extent of simplification inherent in the SCOR design reduces the direct costs by nearly 6
points compared to a traditional PWR. The main reasons are:

e The specific mass of the primary system, ~2 t/MW(e), is slightly less than in large

loop-type PWRs.
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e The elimination of soluble boron leads to removal of a number of systems, allows a
reduction in the dose rates associated with the auxiliary systems and tritium waste,
leading to a reduction in operation and maintenance costs.

e The reactor vessel life is prolonged since neutron fluence onto the vessel is reduced by
the increase in width of the annular space.

e An integrated design and low operating pressure reduce the number of safety systems
and maintenance costs.

e The use of a compact pressure suppression containment reduces the number of
buildings.

e The absence of an external core catcher and easier management of hydrogen risk with
simple systems.

e The essential reduction of electrical equipment because of the reduction of auxiliary
systems.

In spite of unfavourable indirect costs, the overnight cost is similar; this point constitutes a
good performance for a medium sized reactor like SCOR compared to a large sized PWR.

The simplification of the nuclear buildings, reduction in components and the elimination of
welding between large components reduces the construction duration to 3 years instead of 6
years, for a classical large loop-type reactor. This leads to a gain of 17 points compared to a
reactor (classical PWR or SCOR) with 6-year construction duration.

With a prolonged refuelling interval, design simplification and reactor maintenance provided
in power operation, the SCOR is expected to exceed 91% availability. The reduction of the
dose rate due to a reduction in the number of radioactive circuits, the smaller amount of
radioactive wastes (especially tritium), the essential reduction in the number of systems and
the simplification of their maintenance can lead to reduced operation and maintenance costs.
These advantages of the compact reactor make it possible to reach a 13% lower kW-h cost
than that of a classical PWR.

V-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

Due to an integrated configuration and infrequent reloading/outages, the SCOR design
reduces occupational radiation exposure compared with the standard PWR. The soluble-
boron-free core lowers radiation exposure by reducing the auxiliary radioactive circuits and at
the same time, by reducing the production of tritium.

V-1.6.3. Safety and reliability

Safety concept and design philosophy

The SCOR design philosophy is as follows. The first line in the SCOR defence-in-depth
approach is to eliminate initiators that could realistically lead to core damage. This concept is
implemented through “safety by design”, which can be simply described as designing the
plant in such a way as to eliminate the accidents from occurring, rather than cope with their
consequences. If it is not possible to eliminate accidents entirely, then the design should be
such that it inherently reduces the consequences and/or decreases the probability of
recurrence. The key difference from previous practice is that the compact reactor design is
intrinsically conducive to eliminate accidents, to a degree impossible in conventional loop-
type reactors.
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The “safety by design approach” results in the following major implications:

e Since there are no large primary penetrations of the reactor vessel or large loop piping,
large-break LOCAs are essentially eliminated.

e The integrated control rod drive mechanisms eliminate the risk of rapid reactivity
insertion through control rod ejection.

e The residual heat removal system on primary circuit (RRP) with heat exchangers
located in the vessel very close to the core eliminates the loop with primary water
typical of a standard residual heat removal system.

Provisions for simplicity and robustness of the design

In SCOR, the number and complexity of the safety systems and required operator actions are
minimized compared to standard loop-type PWRs. The net result is a design with significantly
reduced complexity, improved operability and extensive plant simplifications.

The SCOR design is built on the proven technology provided by 40 years of PWR operating
experience and on the established use of passive safety systems studied at CEA over the last
ten years.

The low primary operating pressure enables a reduction in wall thickness of the pressure-
resistant components and reduces the pressurizer volume.

The absence of AC powered safety systems (except for the low pressure safety injection
system that operates at low flow rate) reduces the need for complex active systems with
sensors, actuators, etc. that must be qualified for reliable operation over the full range of
conditions (e.g. fire, seismic events) that might be encountered. Another important
implication of the design simplification might be related to improved human reliability, as
discussed in more detail below.

Design simplicity and human factors

Most human reliability assessment (HRA) models acknowledge the fact that the human
performance in operating a system (especially in performing cognitive, demanding tasks) is
largely influenced by complex characteristics. Although this notion of complexity may appear
somewhat subjective at a certain level (the perceived complexity of a system is highly
dependent on the knowledge and skills the operators have developed), it still exhibits an
objective component directly correlated to the intrinsic complexity of features of the system.

Thus, minimizing the intrinsic complexity of the system, even in the early phases of its design,
appears to be an attractive way of improving the system operation with an account of human
factors.

This is the basis of the approach [V-4] proposed by the CEA to assess the relevance of human
factors in advanced nuclear reactor concepts, particularly during the very early phases of the
design, that is, when it is still possible to propose alternative solutions at a limited cost.

This method consists of characterizing the design features, especially in the safety system
architecture, that are likely to pose problems in the operation, notably during the degraded
situations in which the plant safety strongly depends on human reliability. The
characterization of the intrinsic physical behaviour of the plant processes (safety functions), of
the operating constraints of the safety systems and finally of the interrelations between these
entities (most complexity theories consider these interrelations to be the main contributors to
the complexity of a system), lead to the definition of an operational complexity index and to
the identification of the sources of the operational constraints bearing on the operation crews.
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Figure V-4 illustrates characterization of the complexity features as defined by the
relationships between safety functions and safety systems [V-4].

Physical dependency

.
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FIG V-4. Characterization of the complexity features (illustration).

On this basis, comparative studies between various designs are possible, showing a new
approach to design optimization which considers human factors at a very early phase in the
conceptual design, whereas customary approaches only consider these aspects during
instrumentation and control (I&C) and man-machine interface (MMI) design phases.

Even though the design of SCOR is still in an early conceptual phase, the knowledge of safety
design options is sufficient for a preliminary assessment of the operational complexity. Figure
V-5 hereafter presents the first results of such assessment performed in comparison with a
standard loop-type PWR.
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FIG. V-5. Operational complexity vs. safety functions for SCOR and standard PWR.
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These results acknowledge a potential considerable decrease in the operational complexity of
the SCOR, compared to a standard loop-type PWR. The origins of this simplification are
twofold:

e First, it may originate from a modification of the physical processes of the plant, as
defined by specific selected design options. For example, this is the case for the SCOR
coolant inventory function (INV), where the choice of integrated design of the primary
system limits the flow rate in possible LOCAs and increases the grace period for
managing such events. This is also true for steam generator integrity management
(SGINT), where the absence of direct evacuation of the steam to the atmosphere in
SCOR obviates the need to explicitly manage the steam generator tube rupture, while
it appears to be a major source of operational complexity in standard PWRs;

e Second, this simplification may originate from the performance features of the
engineered safety systems. This is the case for systems dedicated to reactor cooling
(RCO) which, in the SCOR — use of passive and closed loop cooling systems instead
of active and open loop systems - exhibit much fewer operating constraints than in
standard PWRs. This is also true for sub-criticality (S/K) management - elimination of
soluble boron in SCOR - and for the coolant inventory control (INV) systems —
simplification of the configurations of the low-pressure safety injection.

Even though the assessment of aspects of the human factor in SCOR is preliminary (it focuses
on degraded operation but similar analysis is required for normal operation, maintenance and
testing), the results confirm that design options for the SCOR concept may lead to a
considerable simplification of operation and to a possible improvement in human reliability in
operation. This result appears particularly valuable since probabilistic safety assessments
(PSA) point to the major contribution of human failures to the global risk in existing nuclear
plants.

Active and passive systems and inherent safety features

The consequences of a significant number of accidents are either eliminated outright or
reduced by the SCOR concept at the design level. The major safety systems are passive; they
require no operator action or off-site assistance for a long period after an accident. Moreover,
core and containment cooling is provided during a long time without AC power.

The inherent safety features provided by the SCOR design are:

e No large break in the primary circuit; the maximum is double rupture of the
pressurizer line (50 mm).

e Large thermal inertia of the primary circuit.

e A core low power density that results in large thermo-hydraulic margins.

e No reactivity insertion accidents by rod ejection since the CRDMs are integrated.

e No reactivity insertion in case of water dilution since reactivity control is achieved
without liquid boron.

e A strong negative temperature coefficient in the duration of the whole cycle.
SCOR design incorporates the following passive safety systems:

e Passive decay heat removal by the RRP system. The passivity of the system is ensured
simultaneously in the primary circuit, in the RRP loop and in the final heat sink.

¢ An RRP system with two types of heat sinks: pool and air-cooling tower.
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e A dedicated steam dump pool to prevent radioactivity release into the atmosphere in
case of steam generator tube rupture.

e Passive control of the containment pressure by pressure-suppression in case of a
LOCA.

e In-vessel core retention with corium cooling by pit flooding in case of an hypothetical
severe accident.

¢ Infinite autonomy with the air-cooling tower heat sink.

e Prevention of hydrogen combustion by an inert atmosphere in the reactor vessel
compartment.

The active safety systems are:

e Low pressure safety injection (required at the earliest one hour after the start of the
most penalizing transients with a low mass flow rate). Due to the small required
operating time, the power may be provided by batteries.

Structure of the defence-in-depth

As it was already mentioned, level 1 of the SCOR defence-in-depth strongly relies on the
intrinsic design features that eliminate initiators that could realistically lead to core damage.
The “safety by design” features are complemented by the passive safety systems.

The barriers for radioactivity confinement are as follows:

First barrier
The first barrier is the fuel cladding, as in current PWRs.

Second barrier

When the reactor vessel is closed, i.e. under normal operation or accidental conditions, the
second barrier is provided by the reactor vessel, the tube bundle of the steam generator and the
integrated exchangers of the RRP loop, Fig. V-6.

When the reactor vessel is open, i.e. during refuelling operations, the second barrier is
provided by water of the refuelling cavity, as in current PWRs.

~
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FIG. V-6. Barriers for radioactivity confinement.

Third barrier

When the reactor vessel is closed, the third barrier is provided by the compartment of the
primary side, the steam generator, and the external heat exchanger of the RRP loop, Fig. V-6.
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When the reactor vessel is open, the compartment of the primary side and the compartment of
the secondary side provide the third barrier.

The isolating valves of the RRP loops inside the compartment of the primary side are only
used to provide the third barrier in case of an external break in the RRP loop. These valves are
not used in start-up of the RRP.

Design basis accidents

The main design basis accidents (NPP blackout, steam line rupture, SG tube rupture, and
LOCA) were studied with the CEA’s CATHARE code. All calculations were performed with
4 out of 16 available RRP loops. The scenarios of design basis accidents are summarized
below.

NPP blackout

For this transient, the power is first removed by the SG and then by the RRP system. The RRP
system reaches full operation at about one thousand seconds. After one hour and a half, the
power removed by the RRP is enough to correctly cool the reactor.

Steam line rupture

In a steam line rupture, the amplitude of the cold shock is 22°C at the core inlet. The number
of control rods is sufficient to stop the reactivity until the cold shutdown. After the trip,
residual power is first removed by the released steam of the SG and then stored through the
large thermal inertia of the primary circuit. The RRP loops reach their full power in one
thousand seconds. One hour after the beginning of the transient, the RRPs remove all residual
power. In this transient no water is released through the safety valve of the pressurizer.

Loss of coolant

The largest LOCA considered is a break in the line between the vessel and the boiler of the
pressurizer (2x50 mm). At the beginning, power is removed through the break and by the
steam generator. As for blackout, the RRPs reach their full power in one thousand seconds.
After stabilization at the pressure of the secondary safety valve, the primary pressure reaches
the threshold pressure of the safety injection system at 4000 s.

Steam generator tube rupture

During the first thousand seconds, residual power is removed by the SG and by the RRP
system. To prevent steam release to the atmosphere, the steam is condensed in a dedicated
pool. With 4 RRP loops and 5 SG tubes ruptured, the mass of released steam is about 40 to 50
tons, depending on the RRP heat sink capacity; with 8 RRP loops the mass of released steam
is 20 tons. After six thousand seconds, the RRP system is sufficient to adequately cool the
reactor and the steam release from the SG is stopped.

Summary of performance in design basis accidents

A comparison of the progress of typical design basis accidents between standard PWRs and
SCOR is summarized in Table V-2.

The calculations performed for SCOR show that all transients could be adequately managed in
a passive way (in the vessel, in the RRP loop, and in the heat sink) with only 4 out of 16 RRP
loops, whatever the heat sink: pool or air-cooling tower. This represents a redundancy of 16
times 25%. The RRP operation is compatible with an active or passive mode whatever the
primary pressure or temperature. Since the in-vessel heat exchangers of the RRP loop are
located very close to the core, and thanks to the flow bypass of the venturi, the RRPs are
operational in a two-phase flow mode in case of a small primary water inventory. Long term
cooling may be ensured in a totally passive mode thanks to the RRP with air-cooling tower.
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Only a safety injection at 2.0 MPa with a small flow rate is needed one hour after the
beginning of the most penalizing LOCA, that is, a double break of the pressurizer line
(2x50 mm). In the event of SG tube rupture, the steam released from the safety valves of the
secondary circuit is condensed in a dedicated pool. No steam is released into the atmosphere.

TABLE V-2. STANDARD PWR AND SCOR RESPONSE TO ACCIDENTAL

CONDITIONS
INITIATING TRANSIENT PROGRESS TRANSIENT PROGRESS
EVENT IN STANDARD PWRS IN SCOR
NPP e Natural convection in the primary Natural convection in the primary
blackout circuit; circuit;

¢ Need for an external electric source Very few systems in support
(diesel) for systems in support (seal (reduced power of the diesels or
pump, safety injection, etc.); battery);

e Heat sink covers few hours. Infinite autonomy of RRP systems

with air heat sink.
Steam e Risk of return criticality; No return criticality;
line e High pressure safety injection Not need for safety injection.
rupture (HPSI) with borated water required.
LOCA e Possible fast core dewatering No fast core dewatering (at least 1.5
depending on break size; hours after the transient start with no

e Need for three types of safety RRP operation);
injection systems: HPSI, Only one type of safety injection -
accumulators, low pressure safety LPSI with small flow rate is needed;
injection (LPSI); No fast request of LPSI,

Fast request for safety injection
(according to break size); Long term cooling by the RRP
Long term cooling by LPSI (active systems in passive mode.
system).
SG tube|e Risk of primary water release No steam release to the atmosphere
rupture through the broken SG; (steam is condensed in a pool);

e Request for safety injection Cooling by the RRP systems; no
disturbing the transient need for safety injection;
management; Primary coolant has no soluble

e Delicate management of the boron; hence, no risk of dilution by
decreasing pressure to prevent secondary coolant.
secondary water without boron
from flowing into the primary
circuit through the steam generator
broken tubes.

Beyond design basis accidents

For the SCOR, transients in the design extension conditions are essentially eliminated:

e HI (total loss of the heat sink): the SCOR concept is based on several independent
decay heat removal (RRP) loops ready to operate in a passive mode with a heat sink
either in pools with a limited autonomy of several hours or in an air cooling tower in
which the autonomy is infinite.
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e H2 (total loss of feed water supply to the SG): decay heat is removed by systems of the
primary circuit with redundancy (16%25%). There is no need for a safety auxiliary
feedwater system.

e H3 (total loss of the power supplies): natural convection is possible in all the decay
heat removal systems with the integrated exchangers, from the primary circuit to the
heat sink.

e H4 (loss of the containment spray or loss of the low pressure safety injection): the
SCOR has no containment spray, because it has a pressure suppression type
containment. The low pressure safety injection has a less significant role than in
standard PWRs because of the large primary circuit inertia, the elimination of large
LOCAs and the effectiveness of the decay heat removal systems.

e ATWS (anticipated transient without SCRAM): the SCOR has two independent
shutdown systems so that these transients will be treated individually as for standard
PWRs. The management would be eased due to the constantly negative and higher
moderator temperature coefficient than in standard PWRs.

e Multiple rupture of steam generator tubes and non-isolable containment: the discharge
of the SG is carried out in a dedicated pool.

e Failure of HPSI: no HPSI is foreseen in SCOR.
The hypothetical case of a core meltdown is manageable through the following measures:

e Core meltdown: corium cooling can be ensured by reactor vessel pit flooding because the
core power density is small and the large grace period before an hypothetical core
meltdown reduces the decay heat when the corium enters the lower plenum.

e Hydrogen risk: the reactor vessel compartment atmosphere is inert to prevent hydrogen
combustion (as in BWRs).

V-1.6.4. Proliferation resistance
No features different from those of standard PWRs are foreseen at the moment.

V-1.6.5. Technical features and technological approaches used to facilitate physical
protection of SCOR

The inherent and passive safety features provide a strong defence against internal and external
threats to the nuclear plant. All safety components and all buildings containing radioactive
components (like the spent fuel area) are located inside the containment building. This
building is constructed of thick reinforced concrete and can withstand the impact of an aircraft
while maintaining the integrity of components within the cavity.

The chimneys of the RRP air-cooling tower are located outside, around and in the upper part
of the containment building, Fig. V-16. The segregation of the air-cooling tower around the
building makes certain that all chimneys will not fail due to impact. The high performance of
the RRP systems (only 4 out of 16 RRP loops are needed to remove the decay heat) makes
certain that the core will be adequately cooled. In case of a hypothetical failure of all RRPs
with an air-cooling tower, the four RRP loops with immersed heat exchangers inside the
building would back up the decay heat removal function. Their autonomy is ten hours before
refilling the pools.

The absence of dependence on AC powered active safety systems (omit the LPSI system
which needs low energy for a few hours), the inherent safety features of the SCOR, the
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passivity of the decay heat removal systems and the selected safety component layout reduce
the potential consequences of internal sabotage or external attacks, including aircraft crashes.

V-1.7. Non-technical factors and arrangements that could facilitate effective development
and deployment of SCOR

No information was provided.
V-1.8. List of enabling technologies relevant to SCOR and status of their development

The list of enabling technologies relevant for the innovative features of SCOR is presented in
Table V-3, complete with identification of the needs in R&D.

TABLE V-3. LIST OF ENABLING TECHNOLOGIES FOR SCOR

INNOVATIVE FEATURES OF SCOR REQUIRED SUBSTANTIAL R&D

Fully integrated primary pumps Confirmation of the possibility to
build such pumps for operation at
primary temperature conditions

A single steam generator acting as vessel head

Low operating temperature

Low operating pressure Substantial R&D
Boron free core Substantial R&D
Dedicated and integrated decay heat removal

exchangers

From a decay heat removal point of view, use of the
SG as a thermal buffer

Integrated and annular pressurizer

Integrated hydraulic CRDMs Assessment of the performance of the
new drives

Backup of the main control rods by integrated fluidic | Confirmation and assessment of the

neutron absorbers (MP98) reliability of MP98 system

Use of a venturi to reduce primary circuits inside the | Assessment of the venture
vessel in case of a failure of the SG, pumps, and for | performance and the primary circuit
low water mass inventory hydraulic behaviour

Spent fuel area inside the containment building

Containment with a pressure suppression device and
inert atmosphere

In-vessel cooling of corium Substantial R&D

The SCOR design is built on technology proven by 40 years of PWR operating experience
with new components introduced in the architecture. Some of these components are operating
but not under the SCOR conditions.

This is the case for the primary pumps: spool type pumps with immerged coils operate in cold
conditions and electromagnetic pumps for sodium operate in hot conditions. The SCOR needs
R&D to develop spool type pumps with immerged coils that operate in hot conditions.

The proposed hydraulic CRDM for SCOR was derived from hydraulic systems developed for
the BWR. The proposed adaptation needs R&D to confirm this option.

A private company is developing the backup liquid neutron absorber (MP98 system).
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Many studies were done on the thermal valve; they confirm potential interest in this device to
control the heat flux in a decay heat removal system. Nevertheless, R&D is needed to apply
this component to the RRP loops.

The water flow path in the vessel with the venturi bypass is different from that used in
standard PWRs. A mock-up test will be necessary to validate the hydraulic performance.

The needs of R&D for SCOR are essentially to confirm the performance of the innovative
devices, but they do not constitute high technological efforts.

V-1.9. Status of R&D and planned schedule

The SCOR is a conceptual design developed in the framework of the French programme on
innovation for light water reactors (LWRs). The SCOR 1is developed by the Nuclear Energy
Division of Commissariat a I’Energie Atomique at Cadarache in France. The work was
partially supported by the AREVA / FRAMATOME-ANP.

The current stage is a conceptual design. Due to the low level of R&D required, SCOR could
be deployed in the next fifteen years.

V-1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed

The SCOR concept is based on an integrated design of the primary circuit, which represents a
radical change in system configuration against the operating PWRs. SCOR also incorporates
innovative design features that make it possible to increase the reactor power up to
2000 MW(th), i.e. nearly twice against the power of other integrated PWRs under
development. The SCOR design also includes other innovative features with several of them
requiring a substantial amount of R&D, as outlined in Table V-3.

V-1.11. List of other similar or relevant SMRs for which the design activities are ongoing

The list of SMR designs having certain similarities to the SCOR is given in Table V-4.
TABLE V-4. SMR DESIGNS OF RELEVANCE TO SCOR

ITEM SCOR | IRIS [V-5] | CAREM [V-5] | MARS [V-6]
Primary operating pressure Low Low
Number of steam generators One One
Fully integrated primary pumps Yes Yes
Hydraulic CRDMs Yes Yes

V-2. Design description and data for SCOR
V-2.1. Description of the nuclear systems

Reactor core and fuel design

The core is similar to the core of French 900 MW(e) PWRs, and consists of 157 assemblies of
264 fuel rods in a 17x17 square array. The central position may be used for in-core
instrumentation, while the remaining 24 positions have guide tubes. The active fuel height is
3667 m. The core thermal power is 2000 MW, and the specific power is lowered by 28%
compared to a standard French PWR.
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The advantages of low power density are:

e Longer cycle duration.

e The core power and power density are a priori compatible with an in-vessel corium
retention strategy achieved by reactor vessel pit flooding; therefore, an external core

catcher is not required.

e The increased thermal margin provides improved operational flexibility, including
increased overall plant capacity factors.

The fuel has burnable poisons to compensate reactivity changes during burn-up. The discharge
burn-up is the same as in a French standard PWR ~45 000 MWd/t-U. The fuel assembly of

SCOR is shown in Fig. V-7.

SPIDER
CONTROL ROD

HOLD DOWN SPRING

TOP NOZZLE

TOP GRID

GUIDE THIMBLE

BOTTOM GRID

BOTTOM NOZZLE

FIG V-7. SCOR fuel assembly.

Main design characteristics of the fuel assembly are:

Fuel assembly total length
Arrangement of rods

Number of fuel assemblies
Number of fuel rods/assembly
Number of control rod guide tubes
Number of grids per assembly
Cladding tube material

Cladding tube wall thickness

212

4058 mm
17x17, square
157

264

25

9

Zircaloy

0.57 mm



Outer diameter of fuel rods 9.5 mm
Overall weight of fuel assembly 664 kg
Active length of fuel rods 3660 mm

Reactivity control systems

Control rods

The use of integrated drives is necessary, because standard control rod drives (CRDs) are
incompatible with an SG located above the reactor vessel. This system leads to the elimination
of the risk of rod ejection (rupture of the CRD nozzle on the reactor vessel head) and removes
constraints associated with reactivity insertion accidents for the determination of the
maximum discharge burn-up.

The hydraulic drives, which were developed for the BWR [V-7], are adapted to the SCOR
design. They consist of a cylinder and a mobile piston as shown in Fig. V-8.

Cylinder —_

Piston /ﬁ}!

Control rod 1
. —
drive shaft

Feed line—>

Upper contr(/ | -
rod plate “:
T~ -

\
Control rod T T
T

guide tube

Upper core plate

I
s [ ]

FIG. V-8. Hydraulic drive adjustment to the SCOR design.

The cylinder is attached to the upper control rod plate and the piston is connected to the
control rod drive shaft. The entire height of the cylinder is grooved. The piston and cylinder
groove geometries are similar. The piston position is maintained by introducing a given
primary fluid flow rate into the interior of the cylinder. The piston is designed to rise or
descend along a distance equal to the groove pitch by temporarily increasing or decreasing the
primary fluid flow rate. The displacement piston acts as the drive rod moving the absorbing
rod clusters (similar to those used in standard PWRs). In accident conditions the reactivity
control is backed-up by the original MP98 system [V-8].
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Soluble-boron-free core

The choice of a soluble-boron-free core is based on studies conducted by the CEA in the
1980s [V-9]. The SCOR features allow adapting the boron-free core due to:

e A 10% increase in the moderation ratio due to an increase in the moderator density.

e The accommodation of local power peaks slightly more intense than in standard
PWRs, due to the low power density.

e The possibility of using one control cluster for two assemblies or even one per
assembly due to the compact integrated hydraulic drives.

e The elimination of the potential blocking of several CRDs in case of a large primary
break, due to the integrated design.

e Elimination of local power excursions by using integrated CRDs and removing the
risk of rod ejection accidents.

e Significantly decreased reactivity control requirements due to the low power density
(reduced power and Doppler effects), and the low operating point (reduction of the
absolute value of the moderator coefficient).

The choice of the soluble-boron-free core leads to simplification of the auxiliary systems
related to boron management, resulting in a significant reduction in the investment and
maintenance costs. It also simplifies the chemical control system and reduces personnel
exposure.

Safety injection

Since large LOCAs are eliminated by design and since the primary system thermal inertia is
larger than in loop-type PWRs, the safety injection system requires devices with a smaller
flow rate. Given the intrinsic low-pressure option for the reactor, there is only one type of
safety injection with a pressure of about 2.0 MPa. The pump power needed for the safety
injection is very small, about 35 kW(e).

Decay heat removal systems
Since the reactor has only one steam generator, the decay heat removal systems are diversified
in both the primary and secondary circuits, Fig. V-9.

Residual heat removal system on the primary circuit

The decay heat from the primary system is removed by heat exchangers located in the
downcomer. Each exchanger has a dedicated heat sink so there are sixteen independent loops,
called the RRP system (Residual heat Removal system on the Primary circuit). There are two
types of heat sinks:

e Four RRPs are cooled by the heat exchangers immerged in a pool (RRPp).

e The other twelve are cooled by heat exchangers in the air-cooling tower (RRPa).
All RRPs can operate in a natural convection mode provided both in the loop and in the heat
sink.

The design of the circuits is very simple. The RRP loops are designed to resist the primary
pressure. Isolating valves on the circuit are to avoid the risk of primary water passage outside
the containment in the event of heat exchanger tube rupture. A surge tank to compensate for
the water expansion from cold shutdown to the full power operating state provides the
pressure control of the RRP circuit.
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The control valves are placed on the level of the heat sink: thermal valves [V-10] or air leaves
function so that the temperature of the RRP loop remains high when the reactor is in power. In
this manner, the RRP operates passively, by the opening of the air leaves on the RRP air
coolers or by the opening of the thermal valve on the RRP pools.

Forced convection is only required when cooling is needed for core refuelling. The twelve
RRPs cool the primary system to a cold shutdown state. They replace the conventional reactor
heat removal system.

The maximum power removed by each RRP loop is 5 to 7 MW(th) according to operating
conditions. This small quantity of removed power, in whatever the reactor power state, makes
it possible to test the heat removal system without significantly disturbing the operation. The
procedure of testing constitutes a significant element in securing the reliability of these
systems.

The RRPp are safety grade. The RRPa are safety grade, chilled water loop and pumps
excepted.

3 . Air
Turbine bypassé t&mﬂ& leaves
Thermal valve /
/ A A
)|

RRPa loop

— Isolating valve

RRPp loop \\ |
ki 12

£
X<t
o ﬁ — Compressed gas
\S

Containment —— v
Surge tank

FIG. V-9. Schematic diagram of the decay heat removal systems.

Chilled water
for refuelling

The thermal valve concept can be illustrated in a very simple way (Fig. V-10). It consists of a
bell-shaped compartment submerged in the pool surrounding the in-pool heat exchanger and
is provided with one or more mechanical valves (depending on the need for the flow area) on
the upper part of the bell (called the pilot valve). The compartment is open in its lower part.

With this device, fluid circulation within the in-pool heat exchanger is controlled by actuation
of the pilot valve.
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Opened pilot valve

Pilot valve closing
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W

(a) Closed pilot valve (b) Pilot valve opening

FIG V-10. Thermal valve diagram.

During normal operation of the reactor the pilot valve is closed, Fig. V-10(a). The steam
produced is confined under the compartment and the natural circulation is drastically reduced
as is the power exchanged.

When the pilot valve is opened, Fig. V-10(b), steam is released from the compartment and
condensed; cold water flows from the opening in the lower part of the compartment and
natural circulation is re-established, Fig. V-10(c), allowing passive removal of decay heat.

The pilot valve closing, Fig. V-10(d), leads to the confinement of the steam produced under
the compartment until the heat exchanger becomes isolated again.

Residual heat removal in the secondary circuit

The steam generator is not considered the main system for decay heat removal, it acts as a
thermal buffer until safety systems on the primary side are fully operational.

Modes of residual heat removal

In hot conditions, residual heat is removed through the steam generator. The steam is
discharged to the atmosphere and the SG is fed by the start-up shutdown system (SSS). The
system is not safety grade. Then, at low temperatures, the RRP with the air-cooling tower
(RRPa) removes the decay heat.

When the vessel is opened, especially during refuelling, decay heat is removed by the twelve
RRPa cooled by chilled water to obtain a very low primary temperature compatible with the
conditions of maintenance. The primary circuit operates in a natural convection mode and the
RRPa loops operate with a forced circulation.

Chilled water is only used during refuelling. In case of a chilled water circuit or an RRPa
pump failure, the heat sink is backed up by the air-cooling tower of the RRPa. In these
conditions, the maintenance (refuelling) in the primary circuit is stopped and the temperature
goes slightly higher, to around 100°C.

The design of the RRP is sufficient to ensure core cooling from the hot to cold temperature,
whatever the primary pressure. The RRP system replaces the normal residual heat removal
system with an external loop like in standard PWRs.
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Primary components

Reactor pressure vessel

The SCOR primary circuit is integrated. The reactor vessel (RV) houses not only the nuclear
fuel and control rods with their mechanisms but all the major reactor coolant system (RCS)
components (Fig. V-1). This includes sixteen modules, each one holding a spool type reactor
coolant pump (RCP) and a heat exchanger for decay heat removal; a steel reflector surrounds
the core in the RV downcomer to improve neutron economy and to reduce neutron fluence on
the RV; and a pressurizer located in the RV. This simplified integral arrangement eliminates
the individual component pressure vessels and large connecting loop piping, resulting in a
compact configuration and in the elimination of the large loss-of-coolant accidents as a design
basis event. Because the SCOR vessel contains all the RCS components except the steam
generator, it is larger than a traditional RV. Main characteristics of the reactor vessel are the

following:

Cylindrical shell inner diameter
Wall thickness of cylindrical shell

Total height
RPV head

Base material: cylindrical shell

Liner

Design pressure/temperature
Transport weight (lower part), and

The heat exchanger-pump modules

14813 mm
No (steam generator)
Carbon steel

Stainless steel
9.78/309 MPa/°C

Pressurizer
shell

Upper control
rod plate

Flow path in case of
passive decay heat §
removal with bayonet
tubes heat exchanger

Core barrel shell ——

Bayonet tubes_—— |

heat exchanger

Motor power supply &
heat exchanger nozzle

Reactor motor-
driven pump

Vessel shell ring

—

FIG. V-11. Decay heat exchanger-pump module.
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The large annular space between the core barrel shell and the reactor vessel contains the heat
exchanger-pump modules. Each of the sixteen modules (Fig. V-11) comprises a primary pump
and a heat exchanger to remove residual heat.

The spool type pump, located in the upper part, is supplied with water from the steam
generator. The submerged coil-type motor is located downstream of the impeller. The motor
and pump consist of two concentric cylinders, in which the outer ring is the stationary stator
and the inner ring is the rotor carrying high specific speed impellers; only small penetrations
are needed for the electrical power cables. The primary water flowing around the outer ring
cools the coils and therefore, associated piping penetrations through the RV for cooling water
are eliminated. The spool pump needs an additional external motor to provide high inertia
during a coastdown to mitigate the consequences of loss-of-flow accidents (LOFAs). This
additional inertia is provided by an external motor with a flywheel, electrically linked to the
spool type pump.

At the outlet of the pump, water is accelerated by a venturi, passes into a diffuser and then
through the decay heat exchanger tube bundles.

The decay heat exchanger of the RRP system consists of bayonet tubes in which the outside
surface is wetted by the primary fluid. The secondary water flows first in the internal tube and
then upward through the annular space bound by the two tubes. The water box is located in a
dead zone, behind the venturi. This type of heat exchanger was selected, since it does not
require a water box at the exit of the heat exchanger. This reduces the primary pressure drop
and allows free expansion of the tubes. Thermal loads are reduced leading to an increased
mechanical resistance and an enhanced reliability.

A flow bypass is installed where the venturi is located, between the core exit and the cold leg.
It allows natural convection of the primary fluid during pump shutdown. During normal
operation, high flow velocity at the venturi throat leads to a decrease in the local pressure. The
cross sectional area of the venturi throat is designed to balance the pressure between the hot
leg (core exit) and the cold leg (heat exchanger-pump module) to prevent bypass flow under
normal conditions.

The decay heat exchanger-pump module can easily be extracted from the reactor vessel once
the steam generator has been removed. The pump power supply and the heat exchanger
secondary feed-lines are set in the vessel via a removable opening in the upper part of the
reactor vessel. Main characteristics of the reactor coolant pump are as follows:

TYPE SPOOL TYPE
Number 16

Design pressure/temperature 9.78 /310 MPa/°C
Design flow rate (at operating conditions) 654 kg/s

Pump head 44 m

Power demand at hot coupling 450 kW

Pump speed 3000 rpm
Pressurizer

The SCOR pressurizer is integrated into the upper part of the riser, just below the steam
generator. The pressurizer region is designed in an annular shape in the form of an inverted U
(Fig.V-12). The coolant flows through the central part of the pressurizer. The bottom portion
of the inverted U contains the opening to allow water insurge and outsurge to/from the
pressurizer.
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Electric heaters are located in a small volume tank outside the reactor vessel and act as a
steam source. The cold water supply is tapped off just downstream of the pumps and the two-
phase mixture is reinjected at the top of the pressurizer.

Due to the low pressure and low temperature operating point leading to smaller variations of
water density versus temperature, the volume of the pressurizer is smaller than those used in
plants with a classical, separate pressurizer vessel. The SCOR pressurizer has a total volume
of ~21 m’. This volume is large enough to manage a blackout without steam release through

the safety valve of the pressurizer.

/'m
Pressuriser /‘I/ ’ /

Core barrel shell/\ /

Vessel shell ring

FIG V-12. Pressurizer diagram.

The pressurizer data is as follows:

Total volume

Steam volume: full power
Design pressure/temperature
Inner/outer diameter

Total height

Material

Steam generator

The SG data is as follows:
Type

Number

Heat transfer surface
Number of heat exchanger tubes
Tube dimensions

Shroud outer diameter
Total height

Transport weight

Tube material

213 m’

10 m’

9.78/309 MPa/°C
1.66/3.20 m

42 m

Stainless steel

Axisymmetric, boiling, vertical, U tubes
1

10 707 m?

11 000

19.5/17.9 mm

5265 mm

16 000 mm

568t

Inconel 690
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There is only one U-tube boiler type steam generator. Like in propulsion reactors, the SG is
placed above the core. In contrast to standard SGs, the present generator has an axial
symmetry. The hot leg is located in the centre and the cold leg is located around the centre.

Main heat transport system
A scheme of the SCOR main heat transport system with specification of heat removal paths

in normal operation and in accidents is shown in Fig. V-13.

Heat removal path

Normal operation

Steam line rupture
Black out
SG pipe rupture

LOCA

Full power
|

Primary forced
convection

E@

Primary forced
convection

Hot| shutdown

Turbine
+ condenser

SG
+ Steam supply system

Primary natural

Primary natural

ACTIVE

cold | shutdown

RRPa
+ chilled water
+air cooling tower

ACTIVE

SG : Steam Generator

LOCA :Loss Of Coolant Accident

LPSI  :Low Pressure Safety Injection

RRP : Residual heat Removal on Primary Circuit
RRPa : RRP with air cooling tower

RRPp : RRP with in pool heat exchanger

V-2.2. Description of the turbine generator plant and systems

convection convection
Pool Pool
30 min 30 min

LPSI
At one hour
for one day

RRPa or RRPp

Minimum : 4 out of 16

RRPa or RRPp
Minimum : 4 out of 16

Pool
10h

Pool
10 h

Air cooling tower
(infinite autonomy)

Air cooling tower

(infinite autonomy)

PASSIVE

PASSIVE

FIG V-13. Heat removal paths of SCOR.

ACTIVE

The turbine generator plant and systems are similar to the conventional islands of standard
reactors. In spite of the low inlet turbine pressure, improvements in the EPR turbine design

[V-11] lead to a SCOR efficiency of 31.5%.

V-2.3. Systems for non-electric applications

No information was provided.

V-2.4. Plant layout

The SCOR plant layout has been developed with criteria of minimizing radiological risks in
case of accidents and minimizing radiological releases to the site. Other relevant design
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criteria concern minimizing the impact of the plant on the environment through minimal land
use requirements.

To minimize radiological releases in normal operation or in accidents the volume and number
of buildings with radioactive fluids are reduced through effectively merging them within a
single containment building. A re-enforced containment is designed to protect safety systems
against external events.

The turbine plant building is similar to those of standard nuclear power plants. The
containment houses the primary circuit, which is located in the lower part of the containment
building. All the safety systems (low pressure safety injection system, decay heat removal
system, etc.) are located inside the containment building.

The compactness of the primary circuit of SCOR (Fig. V-14) makes it possible to use the
design of pressure suppression containments typical of BWRs.

This feature of the SCOR design is used to minimize the volume of the containment.

The containment building consists of two physically separate compartments; the lower is the
reactor containment; the upper building is mainly to protect the secondary circuit against
external hazards, e.g. missiles (Fig. V-15).

All primary pipe connections are located under the reactor vessel-SG mating surface
(Fig. V-16).

Y

Standard integrated SCOR 630 MWe Standard loop type
reactor 300 MWe reactor 1200 MWe

FIG. V-14. Relative size of the SCOR primary system.

The two compartments of the containment building are:

e The compartment of the primary side (or primary containment) is located under the
reactor vessel-SG mating surface. It contains the vessel and primary pipe connections.
The volume is small. A pressure suppression device, as in BWRs, controls the
pressure. This compartment has an inert atmosphere to manage the hydrogen risk.

e The compartment of the secondary side (or secondary containment) houses the steam
generator. It has no inert atmosphere since there is no contact with the primary circuit
when the vessel is closed.
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FIG. V-15. Compartments of the containment building.

The primary containment data are as follows:

Type Pressure suppression
Overall shape Cylindrical
Dimensions (diameter/height) 30.4/14 m

Drywell: free volume 3500 m’

Wet well: free volume + water volume 4800 m’

The containment building layout is shown in Fig. V-16.

The compartment of the primary circuit contains: the reactor vessel, the drywell, the wet well
with water pools, the safety injection system and the surge tanks of the RRP loops.

The compartment of the secondary circuit comprises the refuelling cavity with space to store
the internal equipment and to store and inspect the SG; a compartment acting as the fuel
building, the RRP pools; the steam dump pool for the SG discharge; the zone containing the
ventilation devices and the engines with mechanical inertia of the primary pumps.

Around the building containment, there are sixteen areas in the upper part of the building.
Twelve areas with air leaves are the chimneys of the RRP air-coolers. Three areas are the
chimneys of the passive loops for the reactor containment cooling. The last one is the space
for the equipment hatch.
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FIG V-16. Containment building layout.
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ANNEX VI

INTEGRATED MODULAR WATER REACTOR (IMR)
Mitsubishi Heavy Industries, Japan

VI-1. General information, technical features and operating characteristics
VI-1.1. Introduction

The Integrated Modular Water Reactor (IMR) is a type of integrated primary system reactor
(IPSR) with a reference output of 1000 MW(th) (350 MW(e)). The design targets of the IMR
are to attain electricity generation costs comparable to a large-scale nuclear reactor and a high-
level safety by removing the sources causing fuel failures by design. To achieve these targets,
IMR employs an integrated design with in-vessel control rod drive mechanisms (CRDM), a
hybrid heat transport system (HHTS) employing two-phase natural circulation for primary
heat transportation and a stand-alone direct heat removal system (SDHS) for heat removal
from the primary system in accidents.

IMR started its conceptual design study in 1999 at Mitsubishi Heavy Industries (MHI),
reflecting changes in the business environment such as lower economic growth and electricity
demand and deregulation of electricity markets in Japan. An industry-university group led by
MHI, including Kyoto University, Central Research Institute of Electric Power Industries
(CRIEPI), the Japan Atomic Power Company (JAPC), and MHI is currently developing
related key technologies, funded by the Japan Ministry of Economy, Trade and Industry from
2001 to 2004. In this project, the feasibility of HHTS and SDHS concepts has been tested
through three series of experiments. They are: (1) air-water scale tests to confirm void
distribution and void behaviour in the reactor, (2) high temperature natural circulation tests to
study two-phase natural circulation in the reactor with the actual temperature, pressure, and
axial dimensions of the IMR and (3) SDHS tests to study passive heat transport with the
actual temperature, pressure and axial dimensions of the SDHS. The test facilities were built
and operated at the MHI Takasago R&D centre. In-vessel CRDM technology is based on
marine reactor (MRX) development by Japan Atomic Energy Research Institute (JAERI) and
MHL

After these conceptual design efforts, basic design and validation tests are required before
making an application for IMR licensing. Specific construction plans for the IMR have not yet
been fixed.

VI-1.2. Applications

The IMR is primarily designed to generate electricity. Because of its modular characteristics,
it is suitable for large-scale power stations consisting of several modules and also suitable for
small distributed-power stations, especially when the capacity of grids is small.

The IMR also has the capability for district heating, seawater desalination, process steam
production, etc., but design work for these applications has not yet been accomplished.

VI-1.3. Special features

The IMR is a land-based power station module. The capacity of the power station can easily
be increased and adjusted to the demand by constructing additional modules.
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Each module is constructed by installing integrated sub-modules of buildings containing pre-
fabricated equipment. Such construction methods are expected to reduce construction time to
two years.

VI-1.4. Summary of major design and operating characteristics [VI1-1, VI-2, VI-3, VI-4]

The IMR is a small-to-medium sized power reactor to be built after 2010. The cross-section of

the

IMR reactor is shown in Figure VI-1 and the plant concept of IMR is in Figure VI-2.

The IMR design goals are as follows:

Economics competitive with other electric power sources including large-scale reactors.

A high degree of reliance on intrinsic safety features, unachievable in large-capacity
LWRs, i.e. elimination of initiating events that might cause fuel failure, operator-free
management of accidents, no need in external water and power during accidents, etc.

To achieve these goals, the IMR employs the following design features:

An integrated primary system design. The reactor vessel contains the whole primary
circuit including steam generators (SGs) and control rod drive mechanisms (CRDMs). The
design achieves a compact primary system and containment. It also eliminates initiating
events for loss of coolant (LOCA) and control rod ejection accidents, which makes it
possible to realize a simple safety design without safety injection and containment spray
systems, Fig. VI-1.

The hybrid heat transport system (HHTS). The IMR employs natural circulation and a
self-pressurized primary coolant system, altogether resulting in a simple primary system
design without reactor coolant pumps and pressurizer; it also reduces maintenance
requirements. In addition, the use of HHTS concept makes it possible to reduce the size of
the reactor vessel. The HHTS is a kind of two-phase natural circulation system. The
coolant starts boiling in the upper part of the core; two-phase coolant flows up in the riser
and is condensed and cooled by SGs. Such design approach increases coolant flow rate
and thus, reduces the required height of the reactor vessel (RV) to transport the heat from
the core, Fig. VI-2.

Stand-alone direct heat removal system (SDHS), Fig. VI-2. The SDHS is a passive safety
system that directly removes decay heat to the atmosphere through SGs and depressurizes
the primary system without opening the primary pressure boundary. The safety design is
greatly simplified because the safety injection system (SIS), containment spray system
(CSS) and safety grade support systems such as the component cooling water system
(CCWS), essential service water system (ESWS) and emergency AC power system are not
required. SDHS works continuously from early stages of the accident to long term cooling
by automatically changing the cooling mode from water-cooling to air-cooling without
external supports such as cooling water, power, etc. [VI-5].

Installed capacity

Thermal power: 1000 MW
Electrical power: 350 MW
Mode of operation

The IMR is capable of both base-load and load-follow operation.
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_ CRDM; Control Rod Drive Mechanism

{é_GV; Steam Generator in Vapour

FIG. VI-1 Cross section of IMR reactor.
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FIG. VI-2 Schematic diagram of IMR.
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Load factor/ Availability

Load factor target 95% (in case of base-load operation)
Availability factor target 95%
Major design characteristics of the IMR are summarized in Table VI-1.

TABLE VI-1. MAJOR DESIGN CHARACTERISTICS

TYPE OF FUEL SINTERED UQO,, UO,+Gd,05
<5 weight %
. 4.6 weight % on average in the
Fuel enrichment Eeferencg 26 effective fﬁll power months
(EFPM) design)
Type of coolant/moderator Light water
Core type Open lattice, square
Equivalent diameter 3.0m
Active height 3.7m
Reactor vessel type Cylindrical
Structural material Low alloy steel
Total height 18 m
Maximum inner diameter 6 m
Thermodynamic cycle type Indirect cycle
SG type U type (SGL); C type (SGV)
Tube material TT 690 alloy
Number of loops Integrated system

Neutron-physical characteristics [VI1-6, VI-7]

The IMR fuel assemblies use square type open lattices, like in conventional PWRs. The major
differences are as follows:

- The IMR has no liquid boron system. Therefore, the IMR has a large negative reactivity
feedback for coolant temperature and void fraction.

- The hydrogen-to-uranium ratio is set to 5, which are larger than in conventional PWRs, to
reduce the pressure drop in the primary circuit. This design feature is facilitated by the
absence of liquid boron system.

- The burn-up reactivity swing is around 1% Ap, which is achieved by Gd integrated in fuel
and separate burnable absorber rods (Fig. VI-3).

- The coolant boils in the upper part of the core and the core outlet void fraction is around
20%. To reduce axial power peaking caused by coolant boiling, the fuel consists of two
parts, the upper part with higher enrichment and the lower part with lower enrichment.
Additionally, hollow annular pellets are used in the upper part fuel.

Reactivity control mechanism [VI-5, VI-6, VI-7]

Control rods perform the reactivity control; a soluble boron chemical shim system is not used
in the IMR except for the backup shutdown system.

A neutron absorber of the control rods is 90% enriched B4C, which is the design solution to
increase the reactivity worth of control rods and reduce the number of Rod Cluster Controls
(RCCs).
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The RCCs are separated into two groups: the control group (32 clusters) and the shutdown
group (60 clusters). The control RCCs govern reactivity changes with burn-up and power
level; the shutdown RCCs govern reactivity changes between the cold zero power state and
the hot zero power state. Only 12 control RCCs are inserted in the core during full power
operation. Either of these groups can move the reactor from a hot full power to a hot
shutdown state.

For redundancy of the shutdown systems, a boric acid injection system is used as the backup
to control rods.

Control rod drive mechanisms (CRDMs) are located inside the reactor vessel. Rotating motors
and separable ball-nuts, which open to scram, drive the RCCs.

To reduce the burn-up reactivity swing and the number of control rods required, all fuel
assemblies contain integrated Gd-fuel rods. Separate burnable absorber rods are also used to
reduce the reactivity swing. The RCC data is summarized in Table VI-2.

0.0 0.2 0.4 0.6 0.8 1.0
Burnup period (1.0:End of cycle)

FIG.VI-3. K change with burn-up.

TABLE VI-2. REACTIVITY CONTROL SYSTEM

Burnable absorber
Fuel 9 weight % Gd,0;
Burnable poison rod Pyrex including natural boron
Control rod
Absorber material 90 weight % enriched B4C
Number of rods 32
Number of RCCs 92
Shutdown margin for scram >1% Ap, including 1 rod stuck
Shutdown margin for refuelling >5% Ap

Cycle type and thermodynamic efficiency

Cycle type: Indirect cycle
Plant thermal efficiency: 35%
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Thermal-hydraulic characteristics

The thermal-hydraulic characteristics are summarized in Table VI-3.

TABLE VI-3. THERMAL-HYDRAULIC CHARACTERISTICS

CIRCULATION TYPE TWO-PHASE FLOW NATURAL
CIRCULATION

Primary circuit volume Approximately 25 Om’

Core inlet temperature 307°C

Core outlet temperature 345°C

Primary coolant flow rate 3000 kg/s

Reactor operating pressure 15.5 MPa

Core outlet average void fraction 20%

Maximum/average discharge burn-up of fuel

In the reference 3 batch core, corresponding to 26 EFPM operation cycle:

49 000 MW-d/t U
45 000MW-d/t U

Maximum discharge burn-up:
Average discharge burn-up:

Fuel lifetime/period between refuellings

In the reference core design:

Fuel lifetime:
Period between refuellings

6 years (3 batch refuelling)
790 EFPD (26EFPM)

Mass balances/flows of fuel and non-fuel materials

The mass flows of materials are summarized in Table VI-4.

TABLE VI-4. MASS FLOWS OF MATERIALS

Nozzles

TYPE MATERIAL WEIGHT
Fuel Pellet UO,, Gd,03| 8.6 t/y/MW(th)
Cladding tubes, .
Structural Thimble Tubes, Grids| 2% | 2.9 ty/MW(th)
materials Inconel

For the reference 26 EFPM / 3batch core with 95% load factor

Design basis lifetime for reactor core, vessel and structures

The design basis lifetime for main structures is 60 years.

Design and operating characteristics of systems for non-electric applications

The design for such applications has not yet been performed.
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Economics

Capital costs: Equivalent to large scale reactors (target);

Estimated construction period: ~ 2.5 years from 1% concrete pour to commercial operation;

O & M costs: Reduced by the simplicity of installation but not yet
estimated.

VI-1.5. Outline of fuel cycle options

Basically, the fuel cycle option of the IMR is the same as with conventional LWRs. The
reference IMR design study has been done assuming the use of low-enriched uranium dioxide
fuel (less than 5 weight % U-235); the capability of partially or fully loading MOX fuel will
be studied later.

Additionally, the properties of the spent fuel of the IMR are similar to conventional LWRs; it
can be reprocessed at existing reprocessing plants. The applicability of MOX fuel reprocessed
by methods such as the pyro-metallurgical process, with low decontamination factors, will be
studied later.

VI-1.6. Technical features and technological approaches that are definitive for IMR
performance in particular areas

VL6.1. Economics and maintainability

The capital costs per MW(e) are expected to be similar to large-size LWRs. The low total
capital cost is due to the small size, reduction of site construction labour, easy normal and
post-accident operation and reduction of maintenance to facilitate construction of the IMR in
many countries, including developing countries.

The main features of the IMR to achieve low capital and construction costs are:
- Elimination of heavy components such as reactor coolant pumps, pressurizer and main
coolant pipelines.

- The small containment vessel and reactor building achieved by the integrated primary
system design and simplified systems.

- A simplified chemical and volume control system (CVCS) and waste disposal system
(WDS) achieved by the boric-acid free design.

- Elimination of the emergency core cooling system (ECCS) and containment cooling
system, such as a containment spray system (CSS).

- Simplification of supporting systems, such as the component cooling water system
(CCWS), the essential service water system (ESWS) and the emergency AC power
system. These are designed as non-safety grade systems, possible by use of the stand-alone
direct heat removal system (SDHS).

- Rationalization of design, manufacture and construction, is achieved by modular and
standardized design.

- A short construction period achieved by modular construction and use of pre-fabricated
equipment.

The main features of the IMR to reduce O&M costs are:

- Reduced operating manpower through the reactor being capable of self-adjustment to the
load and a essentially operator-free performance during accidents.
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- Reduced maintenance by simplification and elimination of certain equipment items, such
as the reactor coolant pumps and some safety systems, the 2-year long operation cycle.

The low-power density core design enables an efficient 3-batch refuelling strategy even for a
two-year long cycle operation and results in lower fuel cycle costs. The fuel type is almost the
same as in conventional PWRs and the enrichment is less than 5 weight %.

VI-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

The fuel design and core neutron-physical characteristics are equivalent to conventional
LWRs but the power density is lower. This makes it possible to increase the average fuel
burn-up especially for long cycle operation and therefore, fuel utilization is similar but a little
better than in conventional LWRs.

The amount of solid, liquid and gas waste from the equipment and systems is reduced by a
boron-free design, and simplification of the primary system helps reduce waste generated
during maintenance.

The radiation exposure of workers is reduced by using less primary system equipment and by
the integrated reactor vessel, which limits the boundary of the primary coolant circulation.

The reduction of the amount of spent fuel and waste is advantageous for waste management
Ccosts.

VI-1.6.3. Safety and reliability [V1-4, VI-§]
Safety concept and design philosophy

The basic principles of the IMR safety design are as follows:

- By design, eliminate initiating events that might cause fuel failure.

- During accidents, require no operator actions or external support such as water, power,
etc.

By adopting the integrated primary system design and the HHTS without reactor coolant
pumps and main coolant pipelines, the possibility of accidents that may cause fuel failure,
such as a large-break loss of coolant accident (LOCA), rod ejection (R/E), loss-of-flow (LOF)
and locked rotor (L/R), is essentially eliminated. During the normal operation, the water level
in the reactor vessel is controlled by injection from the charging pumps. However, since the
diameter of the pipes connected to the primary system (reactor vessel) is less than 10 mm,
water level can be maintained to submerge the top of the core without any injection.

The IMR employs the stand-alone direct heat removal system (SDHS) as a safety system.
Figure VI-4 shows the concept of SDHS; it is a closed natural circulation system supplying
cooling water to the secondary side of the SGs by gravity. The cooling water is evaporated at
the SGs and condensed in the passive steam generator coolers (PSGCs) of the SDHS.

In this system, decay heat is removed directly from inside the reactor vessel to the atmosphere.
Therefore, even if water leakage occurred and the charging pumps did not work, water leakage
would be terminated automatically when the pressures inside and outside the reactor vessel
are equalized and the core is maintained being submerged. In the PSGC, decay heat is
removed by water-cooling in early stages of an accident, with air-cooling replacing it at later
stages. Therefore, since the SDHS has an infinite grace period, an external support such as
water, power and human intervention become unnecessary.
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A significant risk reduction is achieved in the IMR as follows:

- Fuel failure does not occur in design basis accidents.
- No external support is required to maintain the plant in a safe condition after accidents;
- A passive safety system with an infinite grace period is adopted.

- The reactor vessel integrity will be retained by core cooling through the reactor vessel
wall, even if severe accidents occur.

- The containment vessel integrity will be maintained by submerging the containment vessel
head in water for refuelling, even if severe accidents occur.

Exhaust Vent for
air-cooling

Uro

F.&] Intake Vent for

LS air-cooling

Passive SG cooler

Feedwater System ‘

} Main Steam System

Reactor Vessel

FIG. VI-4. Stand-alone direct heat removal system (SDHS).

Provisions for simplicity and robustness of the design

The ECCS and CSS installed in conventional PWRs are eliminated. The residual heat removal
system (RHRS), CCWS, ESWS, emergency AC power system, and heating, ventilating, and
air conditioning (HVAC) system of the main control room are designed as non-safety grade,
since the SDHS directly removes decay heat from core to the atmosphere through the SGs
without operator actions or external supports such as power, water, etc.

Structure of the defence-in-depth

The IMR will be designed, manufactured, constructed, and operated with the same quality,
reliability, and safety margins, including negative reactivity feedback characteristics, and
based on the same philosophy as conventional LWRs. Additionally, as the design basis, the
IMR eliminates causes of initiating events which might result in fuel failure such as, loss of
coolant accident, control rod ejection, loss of flow, and locked rotor, by employing integrated
primary system design, the hybrid heat transport system (HHTS) and in-vessel control drive
mechanisms.
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In case of design basis accidents, the IMR detects abnormal condition and trips the control
rods. Since the IMR has no soluble boron system as a chemical shim, control rod worth is
enough to maintain cold shutdown conditions. Additionally, in case of a trip failure, stand-by
shutdown systems inject borated water to shutdown the reactor. Residual heat is removed by a
passive stand-alone direct heat removal system (SDHS). The SDHS works without operator
action and external supports and keeps core conditions within the safety criteria.

The IMR design could remarkably decrease the possibility of radiological release. In addition,
the containment vessel would work as a barrier even if a large radiological release from the
reactor vessel were hypothesized.

Active and passive systems and inherent safety features

The active and passive safety systems and inherent safety features are summarized in
Table VI-5.

TABLE VI-5. SAFETY FEATURES AND SYSTEMS OF IMR

CATEGORY SYSTEM NOTE
Passive Primary shutdown system Rod insertion by gravity
system (Control rods) Enough reactivity worth to move the
reactor from power operation to a cold
shut-down

Backup shutdown system Boron injection by accumulated pressure

(Boric acid injection system)

SDHS Closed natural circulation system with
infinite grace period for emergency heat
removal

Emergency DC Power System Batteries are required at the early stage of

(Batteries) accidents to operate plant protection
system including valves of SDHS

Active None -
system
Inherent Integrated primary system Eliminates large-break LOCA by design
safety HHTS Eliminates LOF, L/R by design
features
In-vessel CRDM Eliminates R/E by design

Design basis accidents and beyond design basis accidents

Design basis accidents of the IMR are supposed to cause no fuel failure with the functions of
reactor shutdown and residual heat removal being shouldered by the SDHS.

In case of beyond-design-basis accidents (BDBA) such that the SDHS is not available, normal
cooling systems, such as the component cooling water system (CCWS), residual heat removal
system (RHRS), etc. are used if possible. In case normal cooling systems are unavailable, the
reactor vessel integrity is retained by core cooling through the reactor vessel wall, and
submerging the containment vessel head, using the water for refuelling, retains the
containment vessel integrity.
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Figure VI-5 and Figure VI-8 show the measures for severe accidents. When decay heat
removal through the SGs is not applicable, water leaking out of the reactor vessel will fall to
the bottom of the reactor vessel cavity. Since decay heat can be removed through the reactor
vessel wall, molten core debris could be retained inside the reactor vessel. In addition, decay
heat in the containment vessel could be removed through the containment head, which will be
immersed in water supplied by the operators.

Passive SG cooler Passive SG cooler
CV Head Cover

OV

FIG. VI-5. Heat removal in BDBA.

Provisions for safety under seismic conditions

The IMR is designed for seismic conditions of Japan, an earthquake country. Seismic isolation
devices could be installed in case of a site with severe seismic conditions.

VI-1.6.4. Proliferation resistance

The IMR is an LWR with moderation ratios similar to conventional LWRs, so that properties
of fresh and spent fuel are also similar. Therefore, proliferation resistance is expected to be
similar to conventional LWRs, i.e., the initial enrichment required is less than 5 weight % and
spent fuel is hard to convert to a weapons-usable material. The low power density core of the
IMR enables extending the refuelling interval to two to five years.

VI-1.6.5. Technical features and technological approaches used to facilitate physical
protection of IMR

The IMR plant safety is supposed to be maintained by the SDHS, with no or little reliance on
external support such as water, power and operators. This enhances protection against external
impacts and sabotage.

VI-1.7. Non-technical factors and arrangements that could facilitate effective development
and deployment of IMR

The IMR is a small to medium sized reactor, and lower initial costs must be favourable to

reduce the risk and burden of investment. Simple and essential safety features of the IMR
could also help gain public acceptance around the construction sites.
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VI-1.8. List of enabling technologies relevant to IMR and status of their development

The major enabling technologies are:

(1) Technologies related to the HHTS and two-phase natural circulation. The water-steam
two-phase flow under high temperature and pressure such as in the IMR is a technology with
little practical experience, therefore, research, development and validation is needed in the
following areas [VI-9 toVI-12, VI-13 to VI-15]:

- Two-phase fluid behaviour. The basic feasibility of the HHTS and the two-phase flow
behaviour in the IMR have been tested in one-dimensional high temperature, pressure
experiments. Analytical methods have also been validated through simulation analyses
of the experiments. However, to understand actual (three-dimensional) behaviour of a
two-phase flow, larger scale tests and analysis are required.

- Coupling analysis of nuclear physics and thermal hydraulics. The methods for such
analysis have been developed and are applicable to the reactor design.

- Physical and chemical conditions and durability of the materials in the IMR. More data
are required to validate the integrity of fuel cladding under boiling conditions. A
strategy of water chemistry must be developed. Flow induced vibration (FIV) related
issues could be neglected because of low coolant velocity (less than 1m/s in the riser).

(2) Integrated reactor vessel. There are no manufacturing issues but some plant facilities may
need to expand their capacity.

(3) In-vessel CRDMs and their rod position indicators (RPIs). The technologies of in-vessel
CRDM and RPI in the IMR are based on a design experience of the MRX marine reactor
MRX developed by JAERI and MHI. The basic feasibility has been tested but in addition to
the development programme, more data are required to confirm the durability of motors,
bearings, and ball-nuts under the IMR high temperature operating condition. Specifically, high
temperature RPI testing under the IMR design conditions is necessary. Methods of CRDM
and RPI maintenance should be improved [VI-16 to VI-18].

(4) In-vessel SG. There are no manufacturing issues for the SGs. Tube inspection is available
from the secondary side of the SG, and inspection devices should be improved [VI-6].

(5) Safety system (SDHS). The basic feasibility of the SDHS, such as heat removal capability,
natural circulation, and the effect of non-condensable gases has been confirmed through the
on-going development programme [VI-8].

VI-1.9. Status of R&D and planned schedule [VI-4]

The IMR is an IPSR categorized under international near term deployment (INTD) in the
Generation IV International Forum. The Japan Ministry of Economy, Trade and Industry has
been supporting its conceptual design study and feasibility testing of key technologies such as
the HHTS and SDHS from 2001 to 2004.

Currently, the development team led by Mitsubishi Heavy Industries (MHI) consists of Kyoto
University, Central Research Institute of Electric Power Industries (CRIEPI), the Japan
Atomic Power Company (JAPC), and MHI.

The IMR is now at the conceptual design stage, to be completed in 2005. Validation testing,
R&D for components and design methods, and basic design development are required before
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licensing. The time required for development and deployment of the IMR depends on the
financial situation and the extent of construction requirements. The target year to start
licensing is 2011 at the earliest.

VI-1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed

The IMR is an IPSR and employs innovative technologies such as the HHTS, in-vessel
CRDM, and SDHS to downsize the system and improve its economy and safety. Each
elemental technology requires validation testing but construction of a prototype reactor is not
considered to be necessary because the IMR is based on well-developed LWR technologies.
Demonstration of the HHTS will require a large-scale thermal hydraulic test because there is
little experience with a two-phase flow under high temperatures and pressures such as in the
IMR.

VI-1.11. List of other similar or relevant SMRs for which the design activities are ongoing

No information was provided.

VI-2. Design description and data for IMR
VI-2.1. Description of the nuclear systems

Reactor core and fuel design (V1-6, VI-7)

A cross section of the IMR fuel assembly and a core map of the IMR are given in Fig. VI-6
and Fig. VI-7 respectively. Design specifications for the IMR fuel and core are given in
Table VI-6.
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FIG. VI-6. Cross section of fuel assembly. FIG. VI-7. Core map.
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TABLE VI-6. FUEL AND CORE DESIGN SPECIFICATIONS

ITEM SPECIFICATION
Fuel rod
Outer diameter (mm) 9.0
Effective height (mm) 3650
Cladding material Zircaloy
U-235 enrichment (weight %) 4.55 and 4.95 for the reference core
(26 EFPM / 3 batches)
Fuel assembly
Rod arrangement 21x21
Rod pitch (mm) 12.6
Number of RCC thimbles 32
Number of burnable poison thimbles | 24
Core
Number of fuel assemblies 97
Average linear heat rate (kW/m) 7.2
Average power density (kW/1) 40
Number of RCCs 92
Main heat transport system
Core Core Core Core
SGs SGs B SGs ] RV
u i
SDHS . Leak water |
TB “oooee- [ !
u RHRS PSGC CV head
o ]| I
Condenser " Water for |
u _ refuelling
| Seawater i | Seawater i | | Atmosphere i_ \ Atmosphere i
Power operation ~ Start-up and shutdown Severe accident
Normal operation Accident without SDHS

= . Natural circulation SGs:
== Pumped circulation TB:

RHRS:

SDHS:
PSGC:
RV:
CV:

FIG. VI-8. Heat removal paths of IMR.
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The scheme of main heat transport system with specification of heat removal path in normal
operation and in accidents is presented in Fig. VI-8.

Design options
Several design options are being considered for the IMR, among them:

e Simplified SG design. To simplify the reactor design, the possibility of integrating
SGL and SGV into a single SG has been studied. The final SG design will be built
based on natural circulation experiments and analyses.

e 100 MW(e) output option. The output of the reference IMR design is 350 MW(e)
(1000 MW(th)), which is selected as the maximum capacity under current
manufacturing capabilities. To show the adaptability of the IMR for smaller
applications, a 100 MW(e) (290 MW(th)) reactor has been designed for trial. Figure
VI-9 shows a cross section and major dimensions of such reactor.
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FIG. VI-9. 100MW(e) (290MW(th)) IMR.

VI-2.2. Description of the turbine generator plant and systems

The turbine generator plant and systems of the IMR are basically the same as in conventional
PWRs, in which the power rate is similar to the IMR.

VI-2.3. Systems for non-electric applications

No information was provided.
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VI-2.4. Plant layout

The plant layout of the IMR is optimized to satisfy various needs, such as safety, radiation,
etc, with the same philosophy as applied to conventional PWRs. The important point of the
IMR plant layout is the downsizing of building volumes to reduce construction costs. For this,
the IMR adopts a small containment vessel and a small reactor building, including a
containment vessel and a fuel handling building.

[VI-1]

[VI-2]

[VI-3]
[VI-4]
[VI-5]
[VI-6]
[VI-7]
[VI-8]
[VI-9]

[VI-10]

[VI-11]

[VI-12]

[VI-13]

[VI-14]

[VI-15]
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ANNEX VII

WATER COOLED MODULAR POWER REACTOR (VBER-300)
OKBM, Russian Federation

VII-1. General information, technical features and operating characteristics
VII-1.1. Introduction

VBER-300 is the Russian abbreviation for a nuclear power plant (NPP) with a light water
cooled modular power reactor of 300 MW(e).

The VBER-300 is a NPP with a modular pressurized water reactor developed on the basis of
shipboard reactor technologies. The Russian Federation has a solid experience in the design
and technology development, as well as in the construction and operation of such reactors.

The high quality of shipboard modular design reactors is guaranteed by the long-term
accident-free operation of Russian nuclear-powered icebreakers “Arktika”, “Sibir”, “Rossia”
and others, under more exacting conditions than those of land-based nuclear power plants

(NPPs).

Modular pressurized water reactors are based on the most highly developed reactor
technologies, examined and proven by the successful operating experiences of shipboard
nuclear power plants. The operating experience of shipboard reactors exceeds 6000 reactor-
years. This experience is comparable to that of the nuclear power industries in such
industrialized countries as France and Japan.

Long-term experience in the design, construction and operation of shipboard reactors and the
results of R&D for their design validation, the technological base and the personnel potential
of Russian enterprises are the background to create highly-reliable nuclear power sources for
NPPs.

The VBER-300 plant design is a result of the evolution of shipboard modular reactors. The
thermal power increase is due to an increase in mass and overall dimensions keeping a reactor
plant pattern and the main design solutions as close as possible to those of shipboard reactors.
The design was developed using operating experience with the VVER-type reactors and
achievements in the field of nuclear power plant safety.

The principal stakeholders are Russian research and design organizations: OKB Mechanical
Engineering (OKBM, Nizhny Novgorod), Russian Research Centre “Kurchatov Institute”
(RRC “Kurchatov Institute”, Moscow), Scientific-Research and Design Institute
“Atomenergoproekt” (NIAEP, Nizhny Novgorod), and Public Company “Lazurit”, Nizhny
Novgorod

VII-1.2. Applications

The VBER-300 reactor is a small-to-medium power source for land-based NPPs and
cogeneration plants as well as for floating NPPs and desalination complexes. The applications
are:

- Electricity generation;

- Cogeneration of electricity and heat for district heating; or

- Seawater desalination.
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VII-1.3. Special features

Special features of the VBER-300 are [VII-1 to VII-3]:
- An option of building both land-based and floating NPPs;
- A variety of cogeneration options;

- The possibility to enlarge or reduce the VBER module power using unified equipment
only, i.e. the use of the two- or three-loop NPP layout.

The VBER-300 is well suited for autonomous operation and for operation in small power
networks in immediate proximity to the customer.

VII-1.4. Summary of major design and operating characteristics

The principle scheme of a land-based cogeneration plant with the VBER-300 is given in
Fig. VII-1.

A standard two-circuit system is used for heat removal from the core. Light water acts as a
primary coolant and moderator. The hot primary coolant is cooled in a once-through steam
generator. A slightly superheated steam is supplied to the turbine in the secondary circuit. Part
of the steam is taken off from the turbine and directed to the heat exchanger of a district
heating circuit.

TABLE VII-1. SUMMARY TABLE OF MAJOR DESIGN AND OPERATING

CHARACTERISTICS
PARAMETER VALUE
Design characteristics

Reactor power, MW

- Thermal; 850

- Electric 295

Operation mode Base load operation; load follow
modes, e.g., to track daily load
changes, or a dispatcher mode with
maintaining the frequency are
possible

Capacity factor 0.85-0.9

Fuel

Fuel type Pellets of sintered uranium dioxide

Fuel element Rod-type fuel element similar to
standard fuel elements of the VVER-
1000 reactor

Fuel assembly Ductless skeleton-structure fuel
assemblies of AFA type

Fuel enrichment Not more than 5%

Coolant Water (H,O)

Moderator Water (H,O)

Core

Number of fuel assemblies 85

Circumscribed diameter, mm 2420

Height, mm 2900
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TABLE VII-1 (cont.)

Reactor vessel and internals

Overall height, mm 14 750
Circumscribed diameter, m 10
Operating mass, t 988
Reactor core barrel diameter, inner/outer, mm 3300 /3700

STRUCTURAL MATERIALS

Core

Fuel element cladding Zirconium alloy
Fuel assembly structural elements Zirconium alloy

Reactor vessel and internals

Reactor vessel Heat-resistant pearlite steel with

anticorrosive facing

Steam generator vessel As above

Vessel of the hydraulic chamber of a circulating | As above
pump

Steam generator piping Titanium alloy
Reactor internals Stainless steel 08Cr18Nil10Ti
NPP
Thermodynamic cycle Steam-turbine cycle on slightly
superheated steam
Number of circuits 2
Reactor type Modular pressurized water reactor on

thermal neutrons

NEUTRON-PHYSICAL CHARACTERISTICS

Reactivity coefficients Rated value
Coolant temperature reactivity coefficient (taking into account coolant 5
. o -78.6x10
density changes), 1/°C
Coolant density reactivity coefficient (without taking into account coolant
3 0.33
temperature), 1/(g/cm”)
Fuel temperature reactivity coefficient, 1/°C -1.7x107
Boron reactivity coefficient, % / (g/kg) -1.38
REACTIVITY BALANCE
Parameter* BOC EOC
Samarium-149 poisoning in cold state, % -0.80 -0.74
Worth of operating-concentration boron acid in cold state, % -11.3 ~0
Temperature reactivity effect, % -2.60 -7.20
Doppler effect, % -1.36 -1.38
Effect of irregular distribution of coolant temperature and density
. -0.20 -0.30
over core volume at power increase from zero to N=Nyued, %
Stationary xenon-135 poisoning, % -2.50 -2.60
Reactivity margin for fuel burn-up (between refuellings), % 5.5-9.5
Reactivity effect at complete drainage of the core, % -60

* For the core option of 2700 mm height; at a height increase of 200 mm the presented

parameters are practically not changed.
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TABLE VII-1 (cont.)

PEAKING FACTORS

Fuel assembly

1.36

Core volume

1.58

Approaches used to reduce power peaking

Fuel assembly reshuffling scheme; use
of boric acid to compensate for
reactivity margin

REACTIVITY CONTROL

Reactivity margin for fuel burn-up

Fuel elements with gadolinium oxide
integrated in fuel pellets; boric acid

Compensation of thermal and power effects of
reactivity; reactivity margin for core poisoning by
xenon-135 and samarium-149; operating margin for
reactivity changes under reactor power changes and
for maintaining core subcriticality in the cold
unpoisoned state

Control rod clusters: bundles of 18
absorber rods joined by a common
traverse and travelling inside the fuel
assembly guide tubes. Separate
actuator for each cluster.

Control and protection system (CPS)

All CPS rods (72 clusters/control rod
drives) enter the core driven by
gravity at de-energization of their
drives according to an emergency
signal.

System of boric acid emergency
injection using makeup pumps.

THERMAL-HYDRAULIC CHARACTERISTICS

Primary circuit parameters

Circulation type Forced circulation using canned
MCPs with fly-wheels
Coolant flow rate, t/h 13610
Coolant temperature at core outlet, °C 332
Coolant temperature at core inlet, °C 294
Coolant velocity in the core, m/s 2.5
Primary circuit coolant pressure, MPa 15.7
Maximum fuel temperature, °C 1000
Average fuel temperature in the core, °C 600
Maximum temperature of fuel element cladding, °C 352
Average temperature of fuel element cladding, °C 340
Maximum acceptable fuel temperature, °C 2500
Maximum acceptable temperature of fuel element
cladding, °C 700
Minimum margin to heat exchange crisis (DNBR) 1.56
Secondary circuit parameters
Steam pressure after steam generator, MPa 6.38
Steam output, t/h 4%365
Steam temperature at steam generator outlet, °C 305
Feedwater temperature, °C 185
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TABLE VII-1 (cont.)

BURN-UP CYCLE AND MATERIAL BALANCES

Flexible, with operating period

Cycle length between refuellings from one to
two years

Cycle characteristics (for operation mode with one partial refuelling per a year and half *)

Number of fuel assemblies in a batch 22

Partial refuelling repetition factor 3.68

Uranium inventory in a batch, t 7.94

Cycle length, effective days 485

Fuel burn-up 64.2 MW-d/kg U in the mode with
15 fuel assemblies in a refuelling
batch

Specific consumption of natural uranium, g/ (MW-d) 213

* Cycle characteristics for other operation modes (refuelling once in one or two years) are presented in
Table VII-2.

DESIGN SERVICE LIFE
Reactor vessel and internals, yr. 60
Steam generator piping, yr. 25-30
Main circulating pump, yr. 25-30
Nuclear Floating
Economic characteristics cogeneration | NPP, PAES-

plant 600
Plant construction cost*, million US $ 640 484
Capital investments, US $/kW(e) 1084 ** 820
Costs for operation and maintenance, thousand US $/year ~91 -
Fuel cost (initial fuel inventory), thousand US $§ ~31 ~ 31
Projected initial cost of generated electric power 29 18
(condensation mode), cent/kW-h ) )
Pay-back period, yr. 12-14 7

* For the central part of European territory of Russia

** For VVER-1000 (V-392 design) this value is ~US $920 /kW as per the paper “Technical and Economical
Analysis of NPP Designs with VVER-1000 (V-428), VVER-1000 (392), BN-800, MKER-1000, VVER-
640, VVER-1500, UVR-1500 reactors” — paper of a working group of the Ministry for Atomic Energy of
the Russian Federation, Moscow 1999

VII-1.5. Outline of fuel cycle options

The basic fuel cycle option for the VBER-300 is a once-through fuel cycle with enriched
uranium dioxide fuel, similar to that used in the standard Russian VVER reactors. The major
characteristics of the considered refuelling modes of the VBER-300 are given in Table VII-2.

Like standard VVER-1000 reactors, the VBER-300 could also operate with MOX fuel in a
closed fuel cycle.
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TABLE VII-2. VBER-300 REFUELLING OPTIONS

PARAMETER VALUE
I?Oevréghda(l)}’fscycle between refuellings, effective full 360 485 543 629
Number of fuel assemblies in a batch
- With 2.4% uranium enrichment; - 1 1 -
- With 5.0% uranium enrichment. 15 21 24 30
Partial refuelling repetition factor 5.66 3.86 3.40 2.83
Uranium enrichment in a refuelling batch, % 541 7.94 9.02 10.82
Uranium-235 load in a refuelling batch, kg 270 386 440 539
Specific consumption of natural uranium, g/(MW-d) 199 213 216 229
Discharged fuel burn-up, (MW-d)/kg U:
- Average for fuel assemblies; 56.7 53.6 52.6 49.4
- Maximum for fuel assemblies; 59.4 58.5 54.1 57.2
- Maximum for fuel elements in fuel assemblies 64.2 63.2 58.4 61.8

The fuel cycle using thorium based on A. Radkowsky’s RTR (Radkowsky Thorium Reactor)
concept [VII-4], which has been studied in the RRC “Kurchatov Institute” for some years, is
considered the prospective development of the VBER-300 to increase cost efficiency,
enhance safety and protection of the environment. As a result of investigations performed by
the RRC “Kurchatov Institute”, the concept of the VVER-T reactor has been developed,
making maximum use of the existing VVER-1000 technology, equipment and engineering
solutions [VII-5]. This concept is also supposed to be usable in the VBER-300.

N

FIG. VII-2. The diagram of fuel arrangement in fuel assembly with thorium fuel.

plutonium based fuel

Central (seed) zone including fuel
elements that contain uranium or

Periphery (blanket) zone including
fuel elements that contain thorium
based fuel
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As per the concept, the fuel assembly with thorium fuel consists of two demountable parts
(Fig. VII-2):

- Fuel assembly’s central zone (the seed zone) arranged of the fuel elements containing
fuel based on uranium or plutonium;

- Fuel assembly’s peripheral zone (the blanket zone) that consists of the fuel elements
containing fuel based on thorium.

The application of the RTR fuel concept provides the following benefits:

- A solution to the proliferation issue: neither fuel loaded nor that discharged from the
reactor can be used for nuclear weapons production;

- Enlargement of the fuel base as a result of the involvement of thorium, with the
generation of a large part of the power due to U*** burn-up without recycle;

- Savings in natural uranium consumption and the associated fuel cost reduction;

- Decreases of highly active and highly toxic wastes including plutonium and minor
actinides, compared to reactors under operation; and

- An option to dispose of weapon grade plutonium.

Based on engineering requirements developed by the RRC “Kurchatov Institute”, OKBM 1is
performing design studies of the RTR type fuel assemblies for the VVER-T reactor using the
AFA design. These studies are applicable in full to the VBER-300.

As provided by the RTR concept, in the central (seed) part of the fuel assembly, the fuel
elements based on shipboard reactor technologies are used. These include bimetallic (U-Zr)
fuel elements or cermet fuel (UO, in metal matrix). Fuel elements of the peripheral (blanket)
zone are similar in design to those of the VVER-1000, with a pellet fuel based on the mixture
of thorium dioxide (~90%) and uranium dioxide (~10%).

There are 108 fuel elements in the seed zone at the fuel element pitch in a regular triangular
lattice is 12.75 mm; the fuel element pitch in the blanket zone is 11.73 mm. Uranium
enrichment in the seed zone and blanket zone does not exceed 20%. Maximum fuel burn-up
in the blanket zone is 90 MW-d/ (kg heavy atoms), in the seed zone >100 MW-d/kg U. The
design parameters of the seed and blanket zones ensure that about 30% of the generated
power comes from fission of **U, produced and incinerated in-situ. Therefore, the natural
uranium consumption is decreased by ~20%.

The VBER-300 design based on the RTR type fuel assemblies developed by the RRC
«Kurchatov Institute», decreases the generation of actinides and plutonium, which determine
the long-term radiation waste hazard. The specific annual plutonium production is about 4
times less than that in the reactor with purely uranium fuel [VII-6].

Considerable advantages are also provided in the volume of fuel enrichment, fuel element
manufacturing and in the size of spent fuel storage. The plutonium-thorium fuel cycle (with
plutonium fuel arranged in the seed zone) is also being considered as a prospective trend of
the RTR concept application to the VBER-300, with a specific goal of the excess weapon
grade and reactor grade plutonium utilization.

VII-1.6. Technical features and technological approaches that are definitive for VBER-300
performance in particular areas

VII-1.6.1. Economics and maintainability

To enhance the technical and economic characteristics of an NPP with the VBER-300, the
following solutions and approaches are accomplished in the design:
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- A compact modular layout of the reactor unit, including primary circuit and the main
primary equipment, providing a reduction of the metal intensity of the reactor unit and
accordingly, reduction in the construction scope of a reactor compartment;

- Increase of the reactor plant service life to 60 years;

- Increases in plant efficiency due to the combined use of installed capacity for
cogeneration;

- NPP location in immediate proximity to cities results in a corresponding minimization
of the expenses for heat transport to the customers and in reduction of the energy losses
to the environment;

- The simplified requirements to safety systems (as comes to their scope, capability,
operation speed, power supply, and control and monitoring requirements) due to a
strong reliance on inherent safety features and the principles of passive actuation and
systems operation;

- Improvements in fuel cycle characteristics, decreasing the annual requirements for fresh
fuel and for spent fuel management;

- The adoption of proven designs for fuel assemblies and structures, based on the
established technologies of nuclear reactors for icebreakers (including the experiences
of serial production), as well as the VVER-1000, the AST-500, and the KLT-40S
reactors;

- The optimized parameters of the thermodynamic cycle, resulting in improvements of the
plant efficiency (generation of steam with economically optimal parameters);

- A reduction of waste management costs through the reduction of liquid and solid
radioactive wastes by the use of leak-tight equipment and systems and by increases in
the service life of the main replaceable equipment (steam generators, pipe systems,
removable parts of the main circulating pumps, etc.); and

- Reduction of the refuelling period and an option to perform scheduled maintenance and
repair works during a refuelling.

The use of a well known and mastered design scheme with a compact modular layout of the
primary circuit in which short nozzles connect the main plant equipment (reactor, steam
generator, MCP), is the main factor contributing to improvement of the technical and
economic characteristics of the VBER-300. Such a design provides minimal mass and overall
dimensions of the primary circuit, reduces the primary piping, minimizes the construction
scope of the reactor compartment and consequently, reduces the capital construction
investment per unit.

The corresponding values specific for a nuclear cogeneration plant with the VBER-300 are
given in Table VII-3.

TABLE VII-3. SPECIFIC INTENSITY, CONSUMPTION AND CONSTRUCTION
VOLUME DATA FOR A NUCLEAR COGENERATION PLANT WITH

VBER-300
PARAMETER VALUE
Specific metal intensity of primary circuit equipment (tMW) 3.17
Specific construction volume for main reactor vessel (m*>/MW) 633
Specific consumption of concrete and reinforced concrete (m*/MW) 110.1
Specific consumption of metal structures taking into account the protective 9.3
enclosure made of steel (t/MW)
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The PAES-300 floating plant with the VBER-300 possesses practically all the characteristics
of a land-based plant and has the following additional advantages:

- Floating plants can be serially manufactured under shipyard conditions, and then
delivered to a customer fully assembled, tested and ready for operation.

- The minimum scope and cost of capital construction is required for a floating plant
location in a water area (4.5 ha), compared to large areas of alienable territory (up to 30
ha) required for land-based NPPs.

- There is no need to create transportation links and energy communications or
preparatory infrastructure to realize the PAES-300 project.

- A high degree of freedom in selecting the location of a floating NPP; the possibility of
mooring in many coastal regions of the world independent of their seismicity.

- Considerable reduction in the construction period (down to 4-5 years) and
consequently, reduction in the repayment period of construction credit.

- The infrastructure for nuclear ship maintenance available in Russia would make it
possible to minimize maintenance costs in operation of the plants as well as reduce the
requirements for local labour skills, which could be especially important when
exporting such plants to developing countries.

- The adoption of the available technologies for the utilization of ships with nuclear
reactors, which would make it possible to realize the “green lawn” concept at the site of
a floating NPP operation or, if necessary, to replace the amortized floating plant with a
new one.

VII-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

The improved fuel utilization efficiency and the reduced natural uranium consumption are
secured by the following conceptual and engineering solutions of the VBER-300:

- All improvements of the nuclear fuel and fuel cycles of the VVER-1000 reactors are
directly applicable to the VBER-300, including the transition to a closed fuel cycle.

- Specifically, there is a possibility to enlarge the fuel base by involving thorium for
generation of a large part of the power by **°U production and fission without recycle.

- There is also a possibility to use MOX fuel.

- Increases in the fuel burn-up are provided by geometrical stability and operational
reliability of the skeleton-design ductless fuel assemblies.

The following design features of the VBER-300 contribute to minimization of the radioactive
wastes:

- The leak-tight primary circuit, which is standard for shipboard reactors.
- A closed-loop system of primary coolant purification and boron removal.
- The use of waste less technologies in coolant management.

- The reprocessing of radioactive wastes using the state-of-the-art low waste
technologies.
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The use of the design features and technologies proven by multi-year operation experience of
icebreaker reactors secures that the quantity of radioactive waste from the VBER-300 plant
will not exceed: for solidified liquids ~ 40 m’, and for solid wastes ~ 20 m’.

The radiation safety of a NPP with the VBER-300 reactor is achieved by meeting the
requirements for limiting the irradiation impacts on personnel, population and the
environment during all operation regimes, including abnormal operation occurrences and
accidents up to those with severe fuel damage.

The design provides for a set of technical features and organizational measures to minimize
the possible level of personnel and population irradiation, among them:

- Effective biological shielding.

- A modular layout of the main equipment, including the reactor, steam generator, leak-
tight circulating pumps, and the connections of vessels and equipment with short
nozzles to replace lengthy pipelines that permit depressurization accidents with the
rupture in a large section.

- A closed-loop system of primary coolant purification and boron removal that excludes
the leakage of the radioactive medium in the primary circuit and prevents the
corresponding activity from entering the atmosphere during plant operation.

- Use of the intermediate water loops, including those between the primary and district
heating circuits.

- A containment sharing the tasks of protection against natural and human-induced
external impacts and resistance to the internal emergency impacts.

- Radiation control measures.

- A division of the plant production area into two zones: the controlled access zone and
the free access zone.

- Establishment of a control area and a radiation-control area near the NPP.
VII-1.6.3. Safety and reliability

Safety concept and design philosophy

The principal decisions on safety of the power unit with the VBER-300 reactor are made
based on a systems approach integrating the experience and achievement of safety in nuclear
stations and shipboard nuclear plants and the requirements defined by locating a nuclear
source near large populated areas and providing resistance against human actions of
malevolent character.

The engineering solutions incorporated in the design correspond to worldwide trends
followed by all state-of-the-art advanced NPPs:

- The priority is given to measures preventing accidents from occurrence.

- The plant design is simplified.

- The design incorporates inherent safety features and passive safety systems.

- The defence in depth approach is used to assure a high level of safety.

- An effort is made to increase protection against the impacts of the external events.

- Measures are foreseen to limit the consequences of severe accidents.
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Active and passive systems and inherent safety features
Self-protection properties

Principal attention in the VBER-300 design is paid to the provision of self-protection
properties intended to activate energy release self-limitations and reactor self-shutdown, the
limitations of pressure and temperature, coolant heating rate, as well as to limit the scope of
the primary circuit depressurization and outflow rate; all to maintain the reactor vessel
integrity in severe accidents.

The self-protection properties are stipulated by the inherent and passive safety features of the
reactor, ensuring stability to all possible disturbances including mistakes of the personnel and
human actions of malevolent character. The inherent and passive safety features of the
VBER-300 are:

- Negative fuel and coolant temperature reactivity coefficients, negative reactivity
coefficient on coolant specific volume, as well as negative steam and integral power
reactivity coefficients.

- Decreased core power density, compared with shipboard reactors and the VVER-1000
type reactors (less than 72 kW/1).

- A stable natural circulation in all heat transfer circuits, providing heat removal from the
shut down reactor.

- Connecting most parts of the primary circuit pipelines to “hot” parts of the circuit with
the location of nozzles on the reactor vessel above the core, that ensures a steam
outflow to take place during transients and decreases requirements for the emergency
core cooling system (ECCS) flow rate characteristics.

- The use of a reactor unit with short load-bearing nozzles between the main equipment
units with no lengthy large-diameter pipelines in the primary circuit.

- The use of narrowing devices of small diameters in nozzles of the primary circuit
auxiliary systems that, in combination with modular layout of the main equipment,
excludes accidents with large and medium leaks from the primary circuit.

- Provision of such material properties and stress-strained state of the vessel structures
that, in combination with the high requirements for production quality and diagnostic
systems, practically exclude the loss of operability.

- The use of leak-tight main circulating pumps.

- The use of once through steam generators, limiting the increase of heat removal rate
from the secondary circuit (the overcooling of the primary circuit coolant) at a steam
line rupture.

Safety systems

The following main safety systems are incorporated in the VBER-300 design (Fig. VII-3):
- A reactor emergency shutdown system.
- An emergency heat removal system.
- An emergency core cooling system (ECCS).

- Emergency localization systems, including a double protective enclosure and locking
valves on the primary circuit auxiliary systems and systems adjoining them.

- The system of reactor vessel cooling.
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The following design features and engineering solutions ensure high reliability of the safety
systems:

- Passive functioning of the systems without exceeding the prescribed design limits over
the entire range of design basis accidents, including losses of coolant (LOCAs) and loss
of all alternate current (AC) sources, during not less than 72 hours.

- Redundancy and diversity of the reactor shutdown, core cooling and residual heat
removal systems.

- Radioactive products release localization using a double protective enclosure and
passive systems and redundant fast-acting valves.

- Separation of the safety systems channels to exclude common cause failures, the use of
elements meeting the principle of a safe failure.

- Redundancy and diversity of control systems achieved through the use of self-actuated
devices.

- The use of diagnostic means and periodic inspections to exclude failures in the safety
system elements not revealed during operation.

Using a two-channel scheme of the safety systems, the regulatory requirements for safety are
met by both deterministic and probabilistic characteristics due to redundancy of the elements
inside channels and redundancy of the safety systems themselves.

The control safety systems provide an automated and remote control of the safety systems
equipment from independent control panels (located in the main control room and in a
standby control room).

Protective enclosure

To provide personnel and population protection against the consequences of the design basis
and beyond design basis accidents, the following engineering solutions for the protective
enclosure are used in the design of the land-based and floating VBER-300 units:

- The system of passive heat removal from the protective enclosure, designed to limit
pressure in the protective enclosure in LOCAs.

- The system of fuel retention in the reactor vessel in accidents with severe core damage.

- Separation of the protection functions against external natural and human-induced
impacts and internal emergency impacts.

- The system of iodine and aerosol purification of the air of the inter-enclosure space (the
space between the protective enclosure and the containment) from radioactive leaks
coming from the protective enclosure in accidents involving a pressure increase in it.

The protective enclosure of the reactor compartment of a land-based nuclear cogeneration
plant is double, consisting of an internal steel protective enclosure and a containment made of
reinforced concrete without pre-stressing (Fig. VII-4).

The steel protective enclosure is cylindrical with a 28.0 m diameter and a height of 34 m. The
containment is monolithic reinforced concrete with a 34 m outer diameter and a height of
42.2 m, without pre-stressing.
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Containment
Steel protective enclosure

e Internal pressure of 0.5 MPa

® [ecak-tightness of 0.2 % volume/day

e 20 tairplane crash;
e Air blast wave of 50 kPa
e Leak-tightness of 10% volume/day

Transportation lock ’/

e

A

FIG.VII- 4. Containment of a nuclear cogeneration plant with VBER-300.

Design basis accidents and beyond design basis accidents

A systematic approach is realized in the design to analyze and validate safety based on both
deterministic and probabilistic methods.

The deterministic safety analysis is performed using a set of calculation codes developed in
OKBM and proven in calculations of stationary and non-stationary modes of NPP operation.
The codes take into account specific features of the plant design, circulation circuits, steam
generators, cooldown systems, control systems etc., and are based on the experimentally
proven methods of calculation and correlations, with long-term experience in application.

The codes were verified on the results of studies of several separate effects and phenomena
and on the results of the integral experiments performed at thermo-physical test facilities-
mock-ups of modular reactors, as well as on the experimental data available from the
validation and testing experiences of full-scale nuclear installations.

The codes used for safety analysis underwent the procedure of examination by the Council on
Software Certification of the Gosatomnadzor of Russia (Russian regulatory authority) and
have been certified.

Along with design basis events, a wide range of beyond design basis accidents, including
failures of safety systems coupled with various initiating events and/or mistakes of personnel,
were analyzed.

Specifically, the list of beyond design basis accidents includes:

- Overpower transients with control safety system failure (Fig. VII-5).
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Reactor pressure, MPa

- Total NPP blackout with a failure of control safety system (see Fig. VII-7), or a failure of
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- Primary circuit pipeline rupture with a total NPP blackout (see Fig. VII-6) or a failure of
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FIG. VII-5. Uncontrolled withdrawal of a control
rod group with control safety system failure.
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Probabilistic safety analysis was used to support the deterministic analysis with regard to the
elimination of weak points of the design and an effectiveness assessment of decisions on the
perfection of safety features and measures, i.e., to ensure a more balanced defence-in-depth
approach.

Mitigation of severe accident consequences

The evaluated core meltdown probability for the VBER-300 is low. Nevertheless, in
accordance with the regulations and considering the design experience of similar domestic
and foreign new-generation reactors, the problems of safety in postulated severe accidents
were considered in the VBER-300 design.

In accordance with regulations, not exceeding the allowable emergency doses to population
should be ensured in accidents with severe core damage [VII-7, VII-8], and the necessity of
population evacuation should be excluded. These requirements conform to the current
internationally established norms and the IAEA recommendations [VII-9, VII-10].

The standard approach to a severe accident is based on the combination of design solutions
and accident management of the following two types:

- Directed at the prevention of core damages (decrease of core damage probability). and
- Directed at the limitation of severe accident consequences.

Retaining the melted core in the reactor vessel is considered a priority in limiting the
consequences of severe accidents in the VBER-300, since the consequences are determined to
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a great extent by the reactor vessel failure and relevant initiation of the additional loads on the
protective enclosure when core melt exits the vessel.

The VBER-300 features that facilitate the retention of melted core in the reactor vessel are:
- A decreased core power density compared with large power reactors (VVER, PWR).

- A relatively low level of residual heat at the stage of core degradation and melt
displacement to the bottom.

- No penetrations in the reactor vessel bottom, which are potential ‘weak spots’ under
core melt impact on the bottom. and

- Smooth outer surfaces of the reactor vessel bottom creating more favourable conditions
for steam evacuation under core cooling by boiling water.

The VBER-300 design provides a special system of emergency vessel cooling to solve the
problem of retaining the melt inside the reactor vessel in severe accidents. This system
functions in a passive mode: the reactor vessel is cooled by boiling water, the generated steam
is condensed in the protective enclosure and the generated condensate is again involved in the
reactor vessel cooling through the system of condensate gathering tanks.

The performed design evaluations show that the task of melt retention in the VBER-300
reactor vessel can be successfully solved.

Calculations also show that in a severe accident the limits of the allowable emergency doses
to population are met and, therefore, measures on obligatory population evacuation are not
needed. The boundary of the area of protection is not more than 1 km distant from the NPP.
These results meet in full the safety requirements for new-generation reactors that are set by
the NRC, the US industry, and the NPI consortium (EPR reactor) and also match the IAEA
recommendations on safety of advanced reactors [VII-9].

Plant protection against the impacts of natural and human-induced external events

The structures, systems and equipment of a nuclear cogeneration plant with the VBER-300
are developed considering natural and human-induced external impacts and provide for a
variety of siting options in line with the current regulations on NPP siting.

The external events considered in the VBER-300 design include: earthquakes, extreme wind
loads, low and high temperatures, the fall of an aircraft or its parts, a shock wave, as well as
other impacts.

For a floating NPP with the VBER-300, the following additional protection measures /
features are provided:

- Water area protection against unauthorized access by floating objects.
- The design of vessel structures and seawater systems meets the floodability
requirements of the sea shipping register of Russia.
VII-1.6.4. Proliferation resistance
The following technical features and conditions facilitate proliferation resistance of the
VBER-300:

- The enrichment of uranium dioxide fuel by **°U is less than 5%, which meets the IAEA
recommendations.

- A standard once-through fuel cycle of the present-day VVER reactors is used, for which
a well-established infrastructure and proliferation resistance measures are in place.
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- Regarding a floating NPP, the infrastructure of nuclear ship service and maintenance is
available in Russia. and

- The use of thorium fuel based on the RTR concept can ensure that neither fuel loaded in
the reactor nor fuel discharged from the reactor could be used for nuclear weapons
production; the plutonium recovery could be decreased by 4 to 5 times.

VII-1.6.5. Technical features and technological approaches used to facilitate physical
protection of VBER-300

Technical features and technological approaches used to support physical protection of a NPP
with the VBER-300 are similar to conventional approaches used for NPPs with the VVER-
and PWR-type reactors.

The system of physical protection (SPP) of the plant includes a complex of the following
engineering measures:

- Alarm systems, monitoring systems, and operative communication systems.

- The system of access control.

- The system of engineering safeguards.

- A subsystem of organizational measures.
The zoned principle of SPP arrangement is applied. For floating NPPs, a water area zone
(limited by protective breakwaters and protective dams) and a coastal zone are provided along

with a coastal technological site and a floating power unit (FPU) zone, which is a zone of
increased control.

The following technical features contribute to protection of the VBER-300 against external
impacts:

- A double protective enclosure providing separation of the functions of protection
against external natural and human-induced impacts and internal emergency impacts.
and

- Protection of the water area against unauthorized access by floating structures or
floating objects (for a floating NPP).

VII-1.7. Non-technical factors and arrangements that could facilitate effective development
and deployment of VBER-300

Non-technical factors and measures to facilitate effective development and deployment of the
VBER-300 are better clarified for the floating NPP. They include:

- A decision on the construction of a pilot floating NPP with the reactor of the same type
in Severodvinsk has been adopted, to demonstrate the advantages of this technology.

- Floating NPPs can be configured as power sources for desalination complexes, that
considerably enlarges the number of potential customers-states as the shortage of
potable water becomes more acute in many regions of the world. and

- Floating NPPs can be a powerful emergency cogeneration source in regions of natural
disasters.

- Floating NPPs can be located in any coastal region of the world irrespective of its
seismicity and proximity to cities; alternatively, they also can be located in remote
areas.
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- Floating NPPs can be leased under ‘build-operate-transfer’ conditions, considerably
decreasing the present political and economical restrictions on the use of nuclear
technologies in developing countries. and

- Russian plants-manufacturers of shipboard reactors have a proven capability of

fabricating the main equipment of reactor units using the available production
technology; these plants have appreciable equipment and highly skilled personnel
specially trained to manufacture the equipment of such a type.

The possibility of involving a wide range of countries with shipbuilding facilities sufficient to
build large-capacity barges and with industrial capacities capable of power machinery
production is considered an important advantage of the proposed technology.

In this, namely the nuclear technology including the supply of NPPs and fuel, the operation
and maintenance, and spent fuel management could be controlled by the Russian Federation.

The proposed NPPs could be of interest for foreign investors and customers, including a wide

range of developing countries.

VII-1.8. List of enabling technologies relevant to VBER-300 and status of their
development

The list of basic enabling technologies with status of their development for the VBER-300 is
presented in Table VII-4.

TABLE VII-4. LIST OF BASIC ENABLING TECHNOLOGIES FOR VBER-300

ENABLING TECHNOLOGY

DEVELOPMENT STATUS

Technologies of pressurized water reactors
with modular equipment layout used in
shipboard reactors of the Russian nuclear fleet.

A well established reactor technology;
the operation experience with shipboard
reactors of different destination exceeds
6000 reactor-years.

Technologies of VVER-1000 power reactors
(reactor core, control rod drives)

A well established reactor technology (20
reactors are under operation)

Technologies of reactors of the AST-500
nuclear cogeneration plant (safety design)

Under construction; safety review by the
IAEA has been performed.

Technologies of the KLT-40S icebreaker-type
reactor for a pilot floating NPP (location of a

The reactor and FPU designs have been
developed, a regulatory body

floating NPP) (Gosatomnadzor of Russia) license for
the FPU construction in Severodvisnk

(Russia) has been awarded

The specific enabling technologies behind the main engineering solutions of the VBER-300
are as follows [VII-1-VII-3]:

- A modular layout of the main equipment: reactor, steam generator, and main circulating
pumps. Welding, using short nozzles without lengthy pipelines directly join the
equipment vessels. The primary coolant circulation through connection nozzles of the
main coolant path is performed according to a “co-axial” piping scheme.

- The use of a vessel-type pressurized water reactor, the one that is most proven through
worldwide experience.
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- The leak-tight design of the primary circuit using welded joints, leak-tight packless
pumps, and leak-tight bellows valves.

- A four-loop path with forced and natural coolant circulation in the steam generating unit
providing a high degree of redundancy and reliability of heat removal from the core in
normal operation and emergency modes.

- The use of once-through coil type steam generators.

- A leak-tight MCP of the type used in shipboard reactors, with the required increase of
its run-out.

- A cassette type core with VVER-type fuel with a decreased power density, meeting the
requirements of the existing VVER nuclear fuel cycle.

- Electromechanical control rod drives are exactly the same as used in the VVER-1000
reactor.

- The use of passive safety systems for the emergency reactor shutdown, core cooling and
reactor after-cooling.

- The vessel system service life is 60 years; proven technologies of the metallurgical,
press-forging and machine-assembly production available at the shipboard reactor
fabrication plants are used.

- Highly reliable systems of the nuclear propulsion reactors and of the state-of-the-art
NPPs are used.

- The use of proven technologies for mounting, repair and replacement of the equipment;
the use of diagnostics and monitoring systems and devices to control the equipment
status.

The basic technologies for equipment fabrication, already mastered in the commercial
production, are:

- Welding technologies of the unit of vessels.

- Production processes for the titanium alloy piping system of the steam generator.

- The technology of manufacturing and mounting of the ‘coaxial-type’ internals
providing coolant circulation.

- The design and fabrication technology of canned MCPs.

- Production processes for the skeleton AFA-type fuel assemblies of the VVER-1000.

- The manufacturing technologies for elements of the systems of normal operation and of
the safety systems (self-actuated devices, pressurizer, tanks, heat exchangers, pumps,
filters).

VII-1.9. Status of R&D and planned schedule

The development of NPP designs with the VBER-300 reactor is performed at the initiative of
several Nizhny Novgorod region companies having the unique experience of design,
construction and operation of shipboard nuclear reactors. The list of stakeholders identifying
their responsibilities within the project is given in Table VII-5.
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TABLE VII-5. RUSSIAN ENTERPRISES INVOLVED IN VBER-300 PROJECT

ENTERPRISE AREA OF RESPONSIBILITY
OKB Mechanical Engineering (OKBM), Chief designer of VBER-300 reactor
Nizhny Novgorod

RRC «Kurchatov Institute», Moscow Scientific adviser of the reactor project

Scientific-Research and Design Institute

«Atomenergoproekt» (NIAEP), Nizhny General designer of nuclear cogeneration

Novgorod plant
Public Company «Lazurit», Nizhny General designer of floating nuclear power
Novgorod plant

The design development of nuclear power sources with the VBER-300 is performed at the
expense of the financial assets of Russian enterprises and is partially supported by the Federal
Agency of Russia on Atomic Energy (the Rosatom of Russia) within the framework of the
national programme “The use of nuclear power sources for district heating and cogeneration
purposes”.

The VBER-300 design incorporates the results of R&D on reliability, safety and production
processes previously achieved during the design development of similar reactors and power
units, including the results of inter-industry programmes on the development of new-
generation nuclear power plants.

Specifically, the VBER-300 design development:

- Makes a full use of the calculation methods, codes and databases validated and certified
during the previous design development activities.

- Eliminates the necessity for development and certification of new materials.

- Incorporates proven designs of fuel assemblies and structures, as well as production
processes already proven in serial production.

Based on the above and considering the factor of increased power compared with operating
modular shipboard reactors, the research, design and demonstration (production and testing of
prototypes) is required only for separate equipment items of the VBER-300.

The preliminary design of the VBER-300 reactor was completed in 2002. “The technical and
commercial proposal” on the nuclear cogeneration plant and the floating NPP with the
VBER-300 (a brief version of the technical and economic assessment) has been produced.

The VBER-300 preliminary design and the technical and commercial proposal on the NPPs
were reviewed by the RRC “Kurchatov Institute”, which recommended the VBER-300 as a
basic project to support export potential increase and conversion in Russia.

At present, the design is undergoing an expertise of the Rosatom of Russia to be submitted for
consideration at its Scientific-Technical Council. The phase of optimization of individual
design features and schemes is near completion, and development of the detailed design
documentation for the VBER-300 reactor is underway.

The timetable for development and deployment of the NPPs with the VBER-300 is given in
Table VII-6.
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TABLE VII-6. TIMETABLE FOR DEVELOPMENT AND DEPLOYMENT OF NPPs
WITH VBER-300

STAGE DURATION

Detailed design development, including licensing 3 years
Plant construction (including licensing
and major demonstrations)
Nuclear cogeneration plant 5 years
Floating NPP 4 years

VII-1.10. Justification of why a demonstration prototype or a significant amount of
demonstrations will be needed

The VBER-300 is a scaled analogue of the icebreaker-type KLT-40 reactor, providing for
thermal power increase from 180 to 850 MW. The scaling factors are not expected to
influence the practicality of the engineering solutions for the reactors of this type.

There is no necessity to perform wide-scale R&D; experimental validation of individual
equipment is necessary, such as: aerodynamic testing of the reactor setting; validation of the
production processes for main units of the steam generator; development, fabrication and
testing of a pilot model of the MCP; design, fabrication and testing of a refuelling machine.

It is necessary to construct a floating NPP prototype to solve general problems associated with
floating NPPs intended to supply power and energy products for coastal areas. The use of
floating NPPs for seawater desalination and electricity cogeneration is an innovation. The use
of a unified reactor unit design for both land-based and floating NPPs appears to be an
innovation too.

VII-1.11. List of other similar or relevant SMRs for which the design activities are ongoing
No information was provided.

VII-2. Design description and data for floating nuclear power plant with VBER-300
VII-2.1. Description of the nuclear systems

Reactor core and fuel design

In the VBER-300 design, priorities were directed toward ensuring the reliability and safety of
the core and NPP as a whole, while improving economic indices for the fuel cycle.

In line with this, the design incorporates the core of a cassette structure, for which the
reliability is validated by the long-term successful operating experience of PWR-type reactor
cores.

The fuel element design is similar to that used in the VVER reactors. The fuel element
cladding has a 9.1 mm outer diameter and a 7.73 mm inner diameter. The fuel cladding
material is E-110 or E-635 zirconium alloy.

The uranium dioxide pellets of 7.6 mm diameter are used as fuel; the uranium enrichment is
up to 5% (maximum licensed enrichment).

The fuel assembly design is that based on casing-free skeleton-structure fuel assemblies of the
AFA-type, originally developed by OKBM for the VVER-1000 reactor [VII-11], Fig. VII-8.
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1: Head 2: Stiffening angle 3: Spacer grid 4: Stem

FIG. VII-8. VBER-300 fuel assembly.
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The results of testing performed within the VVER-1000 reactor core of the Kalinin NPP
Unit 1 have confirmed serviceability, high load-carrying capacity and high resistance to
deformation of the AFA type fuel assemblies [VII-12].

The AFA fuel assembly design used in the VBER-300 provides the following:
- A flexible fuel cycle.
- The possibility of load-follow operating modes.

- Vibration strength and geometrical stability of the assembly ensured by a load-carrying
skeleton with the enhanced stiffness.

- Core demountability and an option to repair fuel assemblies at the site.

Main characteristics of the AFA design fuel assemblies and the VBER-300 reactor core are
given in Table VII-7.

Some fuel elements within the core contain gadolinium in the uranium dioxide fuel pellets
and are used as burnable poisons. The geometric characteristics of such gadolinium fuel
elements are similar to those of the core fuel elements. The gadolinium content in the fuel
elements is identical with that in the VVER reactors.

TABLE VII-7. MAIN CHARACTERISTICS OF VBER-300 REACTOR CORE

PARAMETERS VALUE
Rated thermal capacity, MW 850
Number of fuel assemblies 85
Circumscribed diameter, mm 2420
Equivalent diameter, mm 2285
Height, mm 2900
Volume, m’ 11.89
Power density, MW/m’ 71.5
Number of control rod drives 72
Pitch of fuel assemblies, mm 236
Fuel assembly dimensions on a turnkey basis, mm 234
Pitch of fuel elements in a fuel assembly, mm 12.75
Number of fuel elements and gadolinium fuel elements 26 520
Area of core heat transfer surface, m’ 2198.7
Average heat flow from the surface of fuel elements and
gadolinium fuel elements, MW/m’ 0.375
Average linear heat rate of fuel elements and gadolin- 107.2
ium fuel elements, W/cm

The core reactivity margin for fuel burn-up is compensated by a boric acid solution together
with the gadolinium fuel elements. For that purpose, the boric acid is gradually discharged
from the coolant by special filters during the reactor operation.

The cluster system of reactivity compensation is used to compensate for temperature and
power reactivity effects, reactivity margins for core poisoning by xenon-135 and
samarium-149, operating margins to change reactivity during reactor power changes, and to
provide core sub criticality under reactor shutdown.
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A diagram of the fuel assembly arrangement is shown in Fig. VII-9.
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FIG. VII-9. Fuel assembly map.

Clusters are in the form of a bundle of 18 absorber rods joined by a common traverse, moving
inside the E-635 zirconium-alloy guide tubes of a 12.6 mm outer diameter and a 0.6 mm wall
thickness. Each cluster has its own drive. On the total, there are 72 control rod clusters of the
reactor control and protection system (CPS). The core map is shown in Fig. VII-10.

- Fuel assembly with control rod guide tubes
FIG. VII-10. Core map indicating the positions of control rods.

All CPS control rods simultaneously shoulder the functions of reactivity compensation and
emergency protection. In this, the emergency protection function is executed by passive
sinking of the CPS control rods through gravity, in case of a control rod drive de-energization
according to a signal of the control system.
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The adopted CPS scheme can provide core subcriticality under all operating conditions
including reactor cooldown and de-poisoning, with account of a ‘one-rod-stuck’ event.

Primary circuit
The primary circuit is a leak-tight closed system intended for heat removal from the reactor
core and heat transfer to the secondary water-steam circuit through the steam generator.

The primary circuit includes:

- A reactor unit.
- A pressurizer system.
- A purification and shutdown cooling system.

Water with a content of 6.0-7.0 g H;BOs/kg H,O at the beginning of the cycle and not more
than 0.1 H3BO3/kg H,O at the end of the cycle is used as a coolant.

Reactor unit
The reactor unit is intended to generate steam of required parameters. The following are parts
of the reactor (Fig. VII-11 and Fig. VII-12):

- A vessel system.

- A reactor core.

- Once-through steam generators.

- The main circulating pumps.

- CPS control rod drives.

The main technical characteristics of the reactor unit are given in Table VII-1 in the beginning
of this Annex.

The vessel system consists of a reactor vessel and four “steam generator and main circulating
pump” units connected to the reactor vessel by powered nozzles, designed according to a “co-
axial” scheme.

The reactor vessel is a welded cylindrical vessel with an elliptical bottom, four main nozzles
and a flanged part. The reactor vessel accommodates an in-vessel unit.

The “steam generator and main circulating pump” unit consists of a steam generator vessel,
connected with the hydraulic chamber of a main circulating pump by a powered nozzle.

A modular design minimizes mass and overall dimensions of the reactor unit and the scope of
construction of the reactor, consequently decreasing capital outlay per unit. It also excludes
main circulation pipelines and the associated large and medium break LOCAs. The maximum
scope of the primary pipeline depressurization with account of narrowing devices does not
exceed DN 42 mm.

The main mass and overall dimension characteristics of the reactor unit are as follows:

Overall height of the steam generator unit, mm 14 750
Total mass of the steam generator (without remote 988
pressurizer)

Reactor core barrel diameter, inner/ outer, mm 3300/3700
Reactor core barrel diameter, inner/ outer, mm 988
Circumscribed diameter of the unit, mm ~10 000
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FIG. VII-11. Reactor unit.

Steam generator

The pipe system of the steam generator together with the casing is a modular coil-type
vertical-cylindrical surface-type heat exchanger in which the steam exchange between the
primary coolant circulating in tube space and the secondary working medium circulating in
the inter-tube space is achieved.
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1: Reactor 2: Steam generator 3: Main circulating pump

FIG. VII-12. VBER-300 reactor unit (view from above).

The pipe system heat exchange surface consists of 37 unified coil-type steam generating
modules (Fig. VII-13) covered by a box-like casing on their periphery. By feedwater and
steam, the steam generating modules are consequently integrated into two independent
sections of 18 and 19 modules.

The module heat exchange surface consists of seven rows of cylindrical multiple-thread coils
wound on the central tube of the module. Coils are spaced in longitudinal and lateral
directions using spacing combs and supporting strips.

4500 ¢

FIG. VII-13. Steam generator unit.
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Main circulating pump

The main circulating pump is a unit consisting of a diagonal flow pump and a canned electric
motor both in a singular module.

The pump setting consists of a guide flange, a diagonal-type console wheel and a guide
device. The guide flange, along with the guide device, is intended to form the flow at the
wheel inlet and to discharge a pumped coolant from the wheel to a pressure cavity.

The electric motor is asynchronous consisting of a stator, a rotor, bearings and a cover. A
magnetic conductor and stator windings are separated from a rotor cavity by a thin-wall
partition, welded to a stator casing.

The electric motor rotor is rotated in two slide bearings. A thrust bearing and a journal
mounting at the rotor top take the thrust load forcing on the rotor. A flywheel is located on the
top end of the rotor.

Pressurizer system

An external steam pressurizer system with a two-zone steam pressurizer is used in the
VBER-300. Electric heaters are used as a steam source.

In the steam volume of the pressurizer, two zones are structurally organized: the steam zone
9.75 m’ in volume and the steam-gas zone 0.25 m® in volume.

The pressurizer steam zone is intended to compensate pressure; the steam-gas zone is
intended to keep a stable concentration of gases dissolved in the primary circuit coolant.

The design of the two-zone steam pressurizer provides a self-sustaining water-gas mode in the
primary circuit coolant under operating regimes of a NPP with a leak-tight primary circuit,
without relief of the steam-gas medium from the pressurizer.

Purification and shutdown cooling system

The purification and shutdown cooling system is intended to maintain the primary circuit
coolant of a required quality, to decrease the boric acid concentration in the primary coolant,
to provide normal and emergency reactor cooldown and to inject chemical reagents
compensating for chemical conditions into the primary circuit.

In addition, primary circuit filling, make-up, drainage, and sampling, as well as the injection
of chemical agents to correct the water chemistry are carried out through this system.

The system consists of the following components (see Fig. VII-3):

- A recuperative heat exchanger.
- Two cooling heat exchangers.
- Two circulating pumps (operational and standby).

- An ion-exchange filter with a combined principle of operation, three anion-exchange
filters and cation-exchange filters.

- A filter-trap.
- Piping and valves.
- Transducers.

To limit coolant loss in case of a pipeline or system depressurization the nozzles connecting
the system with the reactor unit are equipped with restriction inserts.
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Main heat transport system

The scheme of the VBER-300 main heat transport system with specification of heat removal
paths in normal operation and in accidents is shown in Fig. VII-14.

VII-2.2. Description of the turbine generator plant and systems
Secondary circuit
The secondary circuit is the steam and feedwater circuit, which is intended:
- To supply feedwater to the steam generators and to discharge steam.
- To generate steam with the required parameters in the steam generators.

The secondary circuit system consists of steam generators, feedwater and steam piping with
valves.

Feedwater is supplied from a condensate-feed system of the steam turbine plant to the steam
generators through feed piping. Each pipeline has double pneumatically actuated valves. The
first valves by medium flow are the stop valves.

Steam is removed from the steam generators by four pipelines equipped by double
pneumatically actuated stop valves and then enters the steam generator unit.

The emergency heat removal system is connected to steam and feedwater pipelines.
Turbine-generator unit

The floating nuclear power plant design provides for a turbine-generator unit based on the
“LMZ” T-275/200-60/50 design modified in accordance with barge-mounting requirements.

The turbine will have the following approximate characteristics:
- The turbine-generator unit is structurally arranged as a double cylinder (high pressure
and low pressure cylinder [double flow cylinder]).
- The turbine length without the generator is about 20 m.
- The maximum width is about 11 m.
- The height measured from turbine island floor is 6 m.

- The condenser is cellar-cross type; an overall height of the condenser group is about
15 m.

- The total area occupied by the turbine plant equipment is about 1450 m?.

Main characteristics of the turbine-generator unit are given in Table VII-S8.

TABLE VII-8. MAIN CHARACTERISTICS OF THE TURBINE-GENERATOR PLANT

CHARACTERISTIC VALUE

Live steam pressure before high-pressure cylinder valves, MPa 6.03
Live steam temperature before high-pressure cylinder valves, °C 300
Feedwater temperature, °C 185
Rated electric power, MW 295
Speed of rotation, revolutions per minute 3000
Installed capacity utilization per year, not less than, hr. 8000
Lifetime, yr. 60
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The condensation unit consists of a surface condenser, condensate pumps of the modular
desalinating plant, air-ejectors, special valves, fittings and piping.

The feedwater system includes three electric feedwater pumps (one operative and two standby
pumps). Each pump has a recirculation line to the deaerator providing pump testing and
operability in transients.

Power output system

Each power unit includes a reactor unit, a steam turbine, a generator and a modular step-up
transformer. It is proposed to use a 300 MW power generator of the TZV-320-2UZ type with
complete water cooling developed by the “Elektrosila” (Sankt-Peterburg).

A power output scheme is used in which electric power of the floating power unit is supplied
to the distribution station bus lines through the high voltage power lines; the voltage is
220 kV. The units are connected to existing supply lines by the “generator-transformer unit-
line” scheme. Besides two power units, standby transformers are connected to the existing
supply lines.

To supply power to consumers, while securing safety of expensive major equipment under the
conditions of a NPP blackout, there are two redundant diesel generators (one operative and
one standby). These generators are designed to compensate operating loads of consumers
under a failure of one diesel generator.

DC loads are distributed through the boards such that, the power unit will still be operable in
case of a failure of one accumulator or a DC board.

VII-2.3. Systems for non-electric applications

NI
o

2|

1
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1 — Reactor 11 — High pressure pump

2 — Main circulating pump 12 — Reverse osmosis membranes
3 — Steam generator 13 — Brine discharge

4 — Turbine generator 14 — Potable water storage tank

5 — Condenser 15 — Potable water discharge pump
6 — Preliminary filter 16 — Chemical additions injection
7 — Medium-pressure pump 17 — Ultra-filtration tank

8 — Recirculation pump 18 — Seawater supply pump

9 — Ultra-filtration membranes 19 — Condensate pump

10 — Energy recovery system 20 — Circulating pump

FIG. VII-15. Principal flow diagram of the power-desalination complex with a
condensing turbine and a reverse osmosis desalination plant.
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It is possible to use floating power units with the VBER-300 as a power source for seawater
desalination coupled with electricity cogeneration.

A power-desalination complex includes the reactor, the condensing turbine, the condenser and
a reverse osmosis plant (Fig. VII-15). Electric coupling is used between the reactor and the
reverse osmosis plant. Electric power generated at the complex is partially supplied to the
reverse osmosis plant and the excess power is supplied to coastal consumers.

VII-2.4. Plant layout

General philosophy governing plant layout

A two-reactor floating power unit (FPU; Fig. VII-16) is a non-self-propelled autonomous
floating structure classified as a harbour ship, per classification by the Sea Shipping Register
of Russia. The FPU is on a platform supported by three pontoons (one central and two sides).

The two-reactor FPU has been functionally divided into three parts (central part, bow and
stern). Reactor units are mounted in the central part and the turbine generators (TGs) on the
bow and stern.

The main power equipment (reactor unit and TG) is installed in the longitudinal center plane
of the central vessel (Fig. VII-16). Compartments for the auxiliary systems and mechanisms,
power distribution systems, ventilation plant, ship systems, control systems, etc. are located in
the hull compartments and in the superstructure.

The central pontoon carries two independent reactor units. Each consists of a reactor
compartment, power unit control panel compartments and an electric equipment
compartment. There is also a refuelling and repair compartment.

The main reactor unit equipment with auxiliary systems is located inside the steel
containment. Fuel assembly storage is located on the central pontoon between the reactor
plants.

The turbine generators together with the turbine generator auxiliary equipment and systems
are mounted on the bow and in the stern of the central pontoon.

The port side pontoon carries the equipment intended for conversion, distribution and supply
of electricity with a voltage of up to 220 kV to coastal objects and for the own needs of a
floating NPP.

The starboard side pontoon carries the auxiliary equipment such as standby and emergency
electric power sources and pumps.

The philosophy governing the FPU layout is as follows. The starboard side (“clean side”)
facing the coast has been equipped with facilities for coupling to a floating dock, providing
continuous plant communication and high-voltage terminals for electric power transmission to
the coast.

The port side (“dirty side”) is intended for the logistics of ship mooring and providing transfer
facilities for fresh and spent fuel casks and radioactive waste casks.

Each pontoon has the following dimensions:

Length, m 170
Width, m 19
Board depth, m 12
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The total displacement of a two-reactor FPU is 49 000 tons. Due to the power unit composite
vessel using both steel and reinforced concrete, there is no need for scheduled maintenance
docking during the entire floating NPP lifetime. The service life of the floating NPP is
60 years.

The possibility of FPU construction at Russian shipbuilding facilities, first of all at Far East
region facilities which are located not far from probable plant operating regions and have
sufficient experience and infrastructure to create nuclear power vessels, is a foreground task
of FPU designing. Based on the above information it was determined to construct the FPU
vessel in the form of a trimaran, consisting of three right-angled steel vessels joined at an
outfitting yard, using special coupling facilities afloat.

A priority task in the design of the floating NPP was to ensure the possibility of its
construction at Russian shipbuilding enterprises with the sufficient experience and
infrastructure, first of all those located in the Far East region of Russia, not far from the
targeted regions of plant operation. A trimaran layout of the ship has been adopted, consisting
of three rectangular steel vessels joined at an outfitting yard, using special coupling facilities
afloat.

The dimensions of a floating NPP are given in Table VII-9.
TABLE VII-9. BASIC DIMENSIONS OF A FLOATING NPP WITH TWO VBER-300

REACTORS
Length, m 170
Width, m 62
Board depth, m 10
Draught, m 5.5
Overall height, m 35
Displacement, t 49 000

1: Reactor unit 1 2: Radioactive waste storage  3: Storage of fresh and spent fuel assemblies
4: Reactor unit 2 5: Electric generator 6: Condenser 7: Steam turbine 8: Deaerator

FIG. VII-16. Floating power unit with two VBER-300 reactors (PAES-600).
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Reactor building and containment layout

Reactor compartment:
In the central part of the floating NPP there is a reactor compartment, in which two stand-
alone VBER-300 reactors are placed.

Each reactor has its own steel, leak-tight containment. The reactor compartment is closed by a
protective enclosure consisting of the multi-layered ceilings of a superstructure roof, walls of
the stern and bow machine rooms and the superstructure boardrooms.

This construction constitutes the external protection of a reactor compartment and is capable
of withstanding the extreme external impacts including aircraft falling on the floating NPP.

Turbine Island:

The floating NPP has two autonomous machine rooms intended for mounting turbine-
generator units and auxiliary systems. The machine rooms are located to the bow and stern of
the reactor compartment and separated by the cross walls of the reactor compartment
protective enclosure.

The machine room of each power unit has dimensions of 54x36 m and a height (from the
double bottom) of 33 m. This height is due to the installation of a bridge crane for turbine-
generator unit maintenance.

One turbine-generator unit is mounted in each machine room in a longitudinal arrangement.

To provide the floating NPP construction according to an accepted construction layout, the
main equipment of the turbine-generator unit is mounted in the central vessel of a floating
NPP.

Plant plot

A specific arrangement of water space and creation of coastal infrastructure are needed for
normal operation of the floating NPP.

The coastal infrastructure includes the following objects (Fig. VII-17):
- Protective waterworks (jetties, beacons, boom barriers).
- A waterfront structure (sea-walls, piers, etc.).
- Anchor links.
- Power line supports intended for the transmission of generated electricity to consumers.

- Facilities to provide security of the external plant perimeter from the land and from the
sea (fence, watch-houses, supervision and control system, etc.). and

- Communications and connections (roads, telephone and secure communication lines).
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VII-3. Design description and data for nuclear cogeneration plant with VBER-300

The design of a nuclear cogeneration plant is developed based on the unified VBER-300
reactor design. Design unification (ensuring that the VBER-300 can be used both in land-
based and floating NPPs) reduces costs and increases quality of the design development.

In this section, descriptions of the turbine-generator unit and systems as well as design and
architectural solutions for a land-based nuclear cogeneration plant with the VBER-300
reactors are presented, with a focus on elements that are different from those used in a floating
NPP design.

VII-3.1. Description of the nuclear systems
Description of the VBER-300 nuclear systems is given in the previous section.
VII-3.2. Description of the turbine generator plant and systems

The design of a nuclear cogeneration power plant with the VBER-300 includes a turbine-
generator unit of the “LMZ” T-275/200-60/50 type. The turbine-generator unit includes a
heating unit of 420 GCal/h output (two units generate 920 GCal/h). The structural
arrangement of the turbine-generator unit is one high-pressure and one low-pressure cylinder.
Such turbine design solutions have been proven in present-day NPPs with the VVER reactors.

Main characteristics of the turbine-generator unit are given in Table VII-10.

TABLE VII-10. MAIN CHARACTERISTICS OF TURBINE-GENERATOR UNIT

PARAMETER VALUE
Live steam pressure before high-pressure cylinder valves, MPa 6.2
Live steam temperature before high-pressure cylinder valves, °C 300
Feedwater temperature, °C 185
Feedwater pressure, MPa 9.5
Condensation. mode: 295
- Rated electric power, MW
Heat-extraction mode: 200
- Electric power, MW, not less than
- Heat output, GCal/h 460
Speed of rotation, revolutions per minute 3000
Installed capacity utilization per year, not less than, h 8000
Lifetime, yr. 60

VII-3.3. Systems for non-electrical applications

A nuclear cogeneration plant with the VBER-300 reactor(s) is considered to generate electric
and heat power with maximum heat output.
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The heat supply system from a nuclear cogeneration plant includes:
- Delivery water heaters.
- Supply-line pumps.
- Transit pipelines of delivery water at the nuclear cogeneration plant site.
- Stop valves.

The heat supply is realized through a double-circuit, double-stage scheme using a temperature
chart of 150/70°C.

Two supply-line pumps of 50% capacity each supply the delivery water, separately mounted
on each unit.

Hot delivery water is supplied from the locking gate valves to the transit heat network from
the nuclear cogeneration plant to the city. The delivery water is returned through a return
pipeline.

VII-3.4. Plant Layout

General philosophy governing plant layout

The basic engineering solution for nuclear cogeneration plants is to provide independent main
buildings for the two power units, each of which consists of a reactor compartment, main
control room building and a turbine island, which includes a turbine compartment, auxiliary
systems compartment, deaerator compartment, and electric equipment compartment,
Fig. VII-18.
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FIG. 18. Main building of VBER-300 power unit.

Reactor building and containment layout

From the side of the turbine islands, buildings of the “free access” zone are arranged as
follows: turbine islands of units 1 and 2 with compartments for electrical equipment;
deaerator compartments; buildings and structures for outdoor switchgear; the integrated
auxiliary building with a makeup water demineralizer unit and sewage disposal structures;
and a heating system makeup unit.
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From the side of the reactor compartments, “strict control” zones are arranged as follows: the
reactor compartments (RC 1 and RC 2); a special building for two units, which is placed
symmetrically between RC 1 and RC 2; the integrated auxiliary building, which includes
fresh fuel storage and a unit of reprocessing and storage of solid radioactive wastes.

Reactor compartment

The reactor compartment consists of a cylindrical protective shell with a spherical dome and
two independent blocks attached to the protective shell from opposite sides, see Fig. VII-19.

A protective shell houses the reactor unit with auxiliary systems, spent fuel storage pool, and
transport and process equipment.

The attached blocks of the reactor compartment contain the equipment of the normal
operation and safety systems, electrical and control systems, and the equipment of ventilation
systems of the protective shell and the attached blocks.

The attached blocks of the reactor compartment are box-type structures of reinforced
monolithic concrete 0.9 m in thickness in the outer walls and a cover inflexibly joined to the
reinforced concrete containment from the two opposing sides, containing channels of the
process safety systems, control safety systems, and normal operation systems.

A separation of the safety system channels from opposite sides of the containment is provided
to avoid simultaneous damage of safety systems under an airplane crash.

Turbine island
The turbine island adjoins by the face to the reactor compartment.

The skeleton the turbine island with a deaerator compartment is metal in the form of a two-
span framing of 36 m and 12 m spans. The spacing of the cross framings is 12 m. Building
stability in the transverse direction is formed by rigid framing joints of the skeleton of the
deaerator compartment and rigid coupling of the columns with basements.

The standard-type turbine island is provided. The diameter of the turbine island is 36.0 m; the
height to the bottom part of the framework is 33.6 m.
The turbine island is a two-span construction with an annex from the “A” line side:
- The main span — turbine compartment - with dimensions of 36x54 m.
- The auxiliary span — deaerator compartment - with dimensions of 12x54 m.
- The annex from the “A” line side, auxiliary systems compartment with dimensions of
12x24 m.

The turbine is installed in the turbine compartment longitudinally.

282



12 13 14

1: Reactor unit 7: Water supply tank 13: Containment
2: Storage pool 8: Make up pump 14: leak-tight protective 19: Emergency core
enclosure cooling system tank
3: Refuelling machine  9: Ventilation installation 15: Polar crane 20: Boron solution tank
room
4: Recirculation pump  10: control safety system 16: Pressurizer 21: Intermediate circuit
room heat exchanger
5: Intermediate circuit ~ 11: Hydraulic accumulator ~ 17: Heat exchanger of 22: Recirculation system
pump of core emergency pressure drop system in heat exchanger
cooling system leak-tight enclosure
6: Storage pool cooling 12: Core emergency 18: Emergency heat 23: Lock
pump cooling system tank removal system tank

FIG. VII-19. Reactor compartment of VBER-600 nuclear cogeneration plant.

Plant plot

The scheme of the general layout (Fig. VII-20) provides for the placement of buildings and
structures in accordance with process requirements and maintains sanitary and fire-prevention
guidelines.

In the center of the site, there are main buildings of the first and the second power units. From
the side of the turbine compartments there are pumping plants with cooling towers of the
turbine compartment cooling system. Between power units there is a special building for both
units with a vent stack. This special building is connected with the main buildings by a
pedestrian and transport overpass. On different sides of the reactor compartments, there are
cooling water buildings with a standby diesel power station. For each unit there are two
buildings.
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The power line output from the power unit is made toward the cooling towers. For the
electrical supply of the standby transformer of unit 1 and the construction substation,
provision is made to construct a 110 kV outdoor switchgear and a main control panel with the
unit of auxiliary structures, which is also placed from the side of the cooling towers.
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ANNEX VIII

WATER COOLED AND MODERATED NATURAL CIRCULATION BOILING
WATER REACTOR (VK-300)

RDIPE, Russian Federation
VIII-1. General information, technical features and operating characteristics
VIII-1.1. Introduction

The VK-300 is a 250 MW(e) simplified water cooled and water moderated boiling water
reactor with natural circulation of coolant and passive systems.

The major technological principles of the concept are: the simplicity in design resulting from
a single circuit scheme and natural circulation of coolant in the core; the use of water as a
coolant and moderator the production of steam of required parameters directly in the reactor
due to an integral arrangement; and strong reliance on passive features and systems to achieve
a high level of safety.

The VK-300 is a direct successor of the VK-50, — one of the simplified boiling water
reactors developed in Russia The VK-50 has been successfully operated for decades at the
Research Institute for Nuclear Reactors (RIAR) in Dimitrovgrad, the Russian Federation.

In 2001, the design of the VK-300 of 750 MW(th), 250 MW(e) was developed to supply
electricity and heat of up to 400 GCal/h within a nuclear co-generation plant to be built at the
Krasnoyarsk Mining and Chemical Combine. This design was developed by Russian research
and design organizations: the Research and Development Institute of Power Engineering
(RDIPE) named after N.A. Dollezhal and also known as NIKIET, the Russian Research
Centre “Kurchatov Institute”, and the Institute of Physics and Power Engineering (Obninsk),
also involving the RIAR, VNIINM, VNIIPIET, VNIIPIPT and others.

During project development, maximum use was made of the experience in design, production
and operation of the following equipment used in the following operating reactors:

e VVER-1000 — reactor vessel, cap, internals, fuel assemblies, fuel elements, steam
separators, structural materials [VIII-1].

e RBMK — in core power detectors, pulse current fission chambers, analogue level
gauges and level indicators.

e VK-50 — core cooling by natural circulation of boiling water coolant.
e SM.3, IVV.10 research reactors — control and protection system (CPS) actuator drives.

Several options were considered in the core arrangement and reactor design at the
developmental stage of the VK-300 project to enhance safety and economic efficiency.
Specifically, of all options considered the principle of passive operation of main safety
systems was retained to achieve an optimum balance between the enhanced safety and
improved economic characteristics.

As of 2004, the project documentation on the VK-300 was developed for a four-unit nuclear
cogeneration plant to be built in the Arkhangelsk region of the Russian Federation.

VIII-1.2. Applications
The VK-300 reactor is designed to operate within a cogeneration plant to produce electricity

and heat for district heating. The idea of using the VK-300 reactor for fresh water production
in countries experiencing a deficit of potable water and having decentralized and relatively
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small electricity grids could also be exploited. There is also a potential for the VK-300 use
within a floating nuclear cogeneration plant, possibly, under leasing arrangements.

VIII-1.3. Special features
The VK-300 is a land based cogeneration plant.
VIII-1.4. Summary of major design and operating characteristics

A schematic diagram of a power-and-heat supply unit with the VK-300 reactor is shown in
Fig. VIII-1. This unit features direct steam feed from the reactor to the turbine. After passing a
number of stages, a portion of the steam is removed from the turbine and fed to the primary
circuit of the heating plant. Heat is supplied to the consumers from the second circuit of the
district heating plant; pressure in this circuit is chosen to exclude radioactivity ingress from
the primary circuit.

3
1 — VK-300 reactor 2 — Steam feed to the turbine 3 — Turbine unit
4 — Feedwater supply to the reactor 5 — District heating plant 6 — Heat consumers

FIG. VIII-1. Schematic diagram of a cogeneration unit with VK-300.

Major design and neutron-physical characteristics of the VK-300 are summarized in
Tables VIII-1 and VIII-2 respectively.
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TABLE VIII-1. SUMMARY OF MAJOR DESIGN CHARACTERISTICS

CHARACTERISTIC VALUE/ DESCRIPTION
Installed capacity, 750 MW(th)
Thermal 250 MW (e) - in condensation mode
Electric 150 MW (e) - in heating mode
Heating unit capacity 400 GCal/h
Fuel type Cylindrical fuel elements with fuel pellets of sintered uranium

dioxide, a density of 10.4-10.7 g/cm’ and cladding of the E110
zirconium alloy

Fuel enrichment

23U content - 4%

Coolant

Boiling water

Moderator

Boiling water

Structural materials

Fuel element cladding - E110 zirconium alloy
Reactor vessel- steel

Core

Cylindrical, made up of 313 hexagonal fuel assemblies, equivalent
diameter - 3.16 m, height of active part of the fuel assemblies
-242m

Core height, m 2.42
Core volume, m’ 8.79
Number of fuel assemblies 313
Number of fuel elements per

fuel assembly 107
“Turn-key” size of a fuel
assembly, m 0.160
Pitch of fuel assemblies in the

core, m 0.170

Reactor vessel

The VVER-1000 vessel with necessary back fitting.
Outer diameter - 4535 mm;

Wall thickness - 200 mm;

Height of the vessel (cap inclusive) - about 13100 mm.

Number of circuits, thermal
cycle type

Single circuit scheme with saturated steam at the reactor outlet

Nuclear steam supply facility

Once-through steam supply facility with integral arrangement of
the primary circuit within a water cooled and water moderated
boiling water reactor

Mode of operation

Basic, in the mode of electric power and heat production,
permitting a load follow operations schedule

Thermodynamic efficiency 33%
Design capacity factor 0.913
Design service life, years 60

TABLE VIII-2. NEUTRON-PHYSICAL CHARACTERISTICS

CHARACTERISTIC VALUE
Reactivity effects, % AK/K:
Heating from 20°C to saturation line t;, Ap -(0.3-0.0)
Steam fraction, Ap, -(6.2-44)
Doppler effect from t, to the nominal temperature, Apy -0.7
Full temperature reactivity effect, Ap, -(7.0-5.1)
Xenon poisoning, Apx. -(2.6-24)
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CHARACTERISTIC VALUE

Reactivity margins, %AK/K:

In cold state, Apcow 9.7-11.8

For fuel burn-up, Apyor 0.15-3.5
Reactivity coefficients’, AK/K:

ay, 10°/°C -(2.1-1.9)

oy, 107/%¢ -(11.0-10.4)

an, 10°/%Nom -(23.0-22.4)
Effective fraction of delayed neutrons Bes, % 0.56 - 0.61
Peaking factors” :

Axial (cumulative), K, 1.65-1.18

Radial, K, 1.54-1.34

Axial (fuel burn-up), K, 1.37-1.32

* oy - reactivity coefficient in on fuel temperature, a,, - reactivity coefficient on steam quality, related to change in the
average volumetric steam content per 1 absolute %, o - power reactivity coefficient related to power change by 1% of the
nominal value.

** Average factors for all fuel assemblies per the irradiation cycle.

The reactor has two independent mechanically driven control and protection systems (CPSs),
each consisting of 135 absorber assemblies, three in a control member of the reactor CPS. The
reactor also has a liquid boron shutdown system, based on injection of the sodium pentaborate
water solution (NaBsOg 3 g/kg). Each of the systems can scram the reactor and maintain it in
a sub-critical state, as illustrated by the data of Table VIII-3.

TABLE VIII-3. REACTIVITY CONTROL AND PROTECTION SYSTEM

REACTIVITY IN VARIOUS STATES AFTER ACTUATION OF THE MECHANICAL PROTECTION SYSTEM OR

LIQUID BORON SHUTDOWN SYSTEM, %AK/K

REACTOR STATE/ PARAMETERS FOR 90/ 89™ OPERATION OF LIQUID
ACTUATED BORON SHUTDOWN
MEMBERS OF THE SYSTEM (NAB5Og)(B)
CPS

Nominal

Xegieady; P=7 MPa; y9=530 kg/m’; Ty=540°C -31/-24

Residual heat release, 5% Npom ;

Xesteadys =710 kg/m’; Ty=310°C -22.5/-19

Residual heat release up to 1% Nyom ;

Xegeaty; 0'9=0; y=760 kg/m’; T,;=284°C -21.5/-15 -4.9

Cooled down to 200°C;

Xe=0; ¢=0; y=870 kg/m’; Ty=200°C -14.6/-8.4 -44

Cooled down to 20°C;

Xe=0; y=1000 kg/m’; T;=20°C -83/-3.6 =52

(a) Allowance is made for failure of the actuator of a most effective member the protection system.
(b) With all members of the control and protection system withdrawn from the core.

(c) y - core averaged coolant density

(d) ¢ - volumetric steam quality averaged over the core fuel element-to-fuel element space
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Table VIII-4 presents main thermal-hydraulic characteristics of the VK300; the design limits

for the VK-300 are given in Table VIII-5.

TABLE VIII-4. THERMAL-HYDRAULIC CHARACTERISTICS

CHARACTERISTIC VALUE/ DESCRIPTION
Circulation type Natural circulation
Feedwater temperature, °C 190
Steam parameters at the reactor outlet:
- Pressure, MPa 6.86
- Temperature, °C 284.5
- Maximum moisture content, % by weight 0.1
Steam output of the reactor, t/h 1360
Hydraulic diameter of a fuel assembly, m 0.0121
Heat exchange surface for a fuel assembly, m” 7.4025
Coolant velocity in a fuel assembly, m/s 0.8-1.1
Average linear heat rate, W/cm 92.5
Maximum operating linear heat rate, W/cm 284
Outlet steam quality for average power fuel assembly, % 15.5
Outlet steam quality for maximum power fuel assembly, % 26.9
Outlet volume fraction of steam for average power fuel assembly, % 68.4
Outlet volume fraction of steam for maximum power fuel assembly, % 76.9
Minimal dry out margin 1.27
TABLE VIII-5. DESIGN LIMITS FOR VK-300
CATEGORY OF LIMITS DESCRIPTION VALUE
Operation limits Fuel element damage limit in terms of the number and size of
defects:
Gas leaks due to micro cracking, % 0.02
Direct fuel - coolant contact, % 0.002
Fuel cladding temperature:
External surface, °C 400
Internal surface, °C 500
Safe operation limits | Fuel element damage limit in terms of the number and size of
defects:
Gas leaks due to micro-cracking, % 0.1
Direct fuel - coolant contact, % 0.01
Accident limits Fuel cladding temperature, °C 1200
Local depth of fuel cladding oxidation, % of the initial
cladding thickness 18
Portion of reacted zirconium, % of its weight within fuel
claddings 1
Maximum fuel temperature, °C 2800

The lifetime maximum fuel and fuel cladding temperatures for the VK-300 reactor are shown

in Fig. VIII-2 and VIII-3.
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During the entire service life of a fuel element, the maximum temperature of the cladding
external surface does not exceed 295°C; the internal surface temperature does not exceed

343°C.

350
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FIG. VIII-2. Lifetime variation of the maximum temperature of outer and inner cladding
surface for a maximum power fuel element.
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FIG.VIII-3. Lifetime variation of the maximum temperature of outer and inner cladding
surface for a maximum burn-up fuel element.

The maximum fuel temperature does not exceed 1230°C during the entire lifetime of a
maximum power fuel element, and 1050°C for a maximum burn-up fuel element.

The burn-up cycle and material balance data are given in Table VIII-9.
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TABLE VIII-9. BURN-UP CYCLE AND MATERIAL BALANCE DATA

CHARACTERISTIC VALUE

Full lifetime, effective days (years) 1748 (6)
Irradiation cycle duration, effective days (calendar months) 437 (18)
Fraction of reloaded assemblies Ya
Number of reloaded assemblies 78
Uranium loading, t 31.8
Fuel enrichment, % by weight 4
Average burn-up of discharged fuel, MW-d/kg 41.4
Contents of selected isotopes in discharged fuel, kg/t:

Uranium-235 6.68

Uranium-236 5.23

Uranium-238 936.0

Plutonium-239 3.95

Plutonium-240 2.19

Plutonium-241 1.06

Economic estimates for the VK-300 were performed in conformity with the current rules,
regulations and methodical recommendations on the definition of construction costs for NPPs
on the territory of the Russian Federation. The assessments were performed for a project of
the 500 MW(e) (2x250 MW) heat and power plant linked to a specific site in the North of
Russia. The results of these assessments are summarized in Table VIII-10.

TABLE VIII-10. RESULTS OF ECONOMIC ASSESSMENTS

ITEM

VALUE/ DESCRIPTION

REMARKS

Specific cost of
equipment

450 US $/ kW(e)

Specific capital costs
for construction

US $330/ kW(e)

This assessment made an allowance for the

site being partially developed. The scope of
the available development was estimated at
US $0.5 million

Other specific capital
investments

USS$ 85/ kW(e)

The operation assets are defined by the cost
of 313 fuel assemblies and fuel reserve
(10%)

Operation assets

US$ 10 million

Design net cost of:
- Electric power
- Heat

USS$ 0.01/kW-h
USS$ 3.33 /GCal

VIII-1.5. Outline of fuel cycle options

Since VVER-1000 type fuel elements are used in the VK-300, the fuel cycle for the VK-300
reactor is assumed to be similar to that of other water cooled and water moderated reactors.
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VIII-1.6. Technical features and technological approaches that are definitive for VK-300
performance in particular areas

VIII-1.6.1. Economics and maintainability

For the VK-300, improvement of the economic characteristics is attained through the
following design philosophy and features:

e Some expensive primary circuit equipment items (main circulation pumps, steam
generators, remote separators, etc.) are eliminated through use of the vessel-type boiling
reactor with an integral arrangement of the primary circuit inside the vessel and natural
circulation of the coolant;

e Maximum simplicity of the plant design based on a single circuit scheme of the power
unit to reduce construction and operating costs; in this, an additional barrier to
radioactive substance propagation is provided by application of a special scheme for the
separation of phases inside the reactor;

¢ Elimination of some expensive safety-related equipment through the application of
passive principles of systems operation and employment of a primary containment;

e Maximum possible use of time-proven equipment, structural materials and processes;
and

e Provision of an option for basic equipment manufacture and testing under factory
conditions.

VIII-1.6.2. Provisions for sustainability, waste management, and minimum adverse
environmental impacts

The VK-300 is a nuclear cogeneration plant designed to shoulder certain functions in the
structure of integrated large-scale nuclear power, where each element would play its own role.
Specifically, the VK-300 could replace fossil-fuelled heat and power plants located nearby or
within cities or settlements. The factors contributing to this are as follows.

An insignificant dose burden on the personnel and population is provided for in the VK-300.
For normal operating conditions, the dose burden for populations on the control area
boundary will make up pro mille versus the sanitary norm.

In design-basis accidents with the most severe consequences, the effective dose of population
radiation exposure at a distance of 1 km or more will not be in excess of 5% of the regulated
value.

Analyses of radiation impacts in beyond design basis accidents define the control area around
the nuclear cogeneration plant as coinciding with the site territory, while the planning area for
post-accident measures was defined as 3 km. No post-accident measures planning the
mandatory evacuation of population is required.

The values of heat emissions per unit of power for fossil-fuelled heat and power plants and
nuclear cogeneration plants are similar so that heat pollution induced by nuclear cogeneration
plants can be considered inconsequential.

Waste produced during the operation of a nuclear cogeneration plant, liquid, solid and
gaseous, both radioactive and non-radioactive, is subject to processing in a way similar to that
applied in present-day LWRs. Liquid radioactive waste is processed by specialized water
treatment facilities with subsequent solidification and compaction. Solid radioactive waste is
treated and compacted. The processed waste in containers is removed to centralized storage;
gaseous radioactive waste is trapped by filters.
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Spent fuel management for the VK-300 is similar to that used in standard PWRs and BWRs.
Any advancements in spent fuel management for LWRs would also be applicable to the
VK-300.

VIII-1.6.3. Safety and reliability

Safety concept and design philosophy

The objective of the VK-300 safety design is to assure radio nuclide confinement in the fuel
under normal operating and emergency conditions so that radiation exposure of personnel and
radiation in the area of the nuclear power plant site are maintained within the limits prescribed
by regulations.

The safety design principles of the VK-300 are:

e Consistent implementation of the defence-in-depth concept;
¢ Enhancement of the reactor inherent and passive safety features (self-protection features);
e Implementation of approaches to assure reliable functioning of safety systems, such as:

- Redundancy;

- Spatial and functional independence;

- Diversification,;

- Maximum reliance on passive principles of operation.

Provisions for simplicity and robustness of the design

The VK-300 relies on natural circulation of light water coolant for core heat removal in
normal operation and in accidents. The VK-300 design was optimized to find an effective and
efficient combination between inherent and passive safety features and engineered (active and
passive) systems.

Structure of the defence-in-depth

The basic principle of the VK-300 safety design is consistent implementation of the defence-
in-depth concept based on a system of physical barriers to ionizing radiation and radioactive
substance propagation to the environment. The system of barriers incorporates:

o A fuel matrix;

e Fuel element claddings;

e The reactor vessel and adjoining pipelines;

e Pipelines of residual heat removal system,;

e A primary containment and emergency cooling water tanks;

e [eak-tight reactor compartment rooms; and

e Secondary containment.

Different levels of the defence-in-depth incorporate the following features and measures of
power level control:

e Automatic power level control;

e Preventive power reduction;

e Emergency protection; and

e Power level self-control via stabilizing negative feedbacks.
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Active and passive systems and inherent safety features

Inherent safety features and passive systems

Table VIII-11 summarizes self-protection properties (inherent and passive safety features) of

the VK-300.

TABLE VIII-11. SELF-PROTECTION PROPERTIES OF VK-300 IN RELATION TO

SAFETY FUNCTIONS
POWER LEVEL HEAT REMOVAL FROM PRESSURE CONFINEMENT OF
CONTROL NUCLEAR FUEL MAINTENANCE IN RADIOACTIVITY
PRIMARY CIRCUIT

Power level
self-restriction
achieved via
stabilizing
negative
feedbacks.

Fuel element cooling by the
all-mode natural circulation
based system.

Low linear power of fuel
elements.

Water supply in the reactor
vessel assuring the core
flooding.

Natural circulation based
residual heat removal system.

Emergency cooling of the
reactor provided by water
supply tanks passively
operated due to differential
head.

Water supply in the
emergency cooling water
tanks, providing passive
absorption of the reactor heat
and the core flooding
maintained for a long period.

Self-restriction of
pressure change
rate in the
primary circuit
due to damping
features of the
steam blanket in
the reactor vessel,
supported by
properties of a
boiling coolant.

Low temperature of
nuclear fuel
facilitating
confinement of
fission products
within fuel matrix.

Restricted
entrainment of
radioactive
substances from the
primary circuit by
steam, owing to their
different
concentration in
water and steam, and
also due to the
separator unit being
located within the
reactor vessel.

Leak-tight
compartments of the
nuclear cogeneration
plant.

Active systems

Two independent mechanical systems of reactivity control and a liquid boron shutdown
system are the active safety systems of the VK-300.

More details on safety systems are given in the second part of this design description.

Design basis accidents and beyond design basis accidents

At the detailed design phase, a preliminary safety analysis report for the nuclear cogeneration
plant with the VK-300 reactor was developed, providing a list of accidents considered. The
list of accidents was developed on the basis of failure analysis of the nuclear cogeneration
plant elements, taking into account possible human errors and external impacts.
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The experience gained in design and operation of existing nuclear cogeneration plants was
also taken into consideration when compiling the list of accidents.

The following groups (classes) of initiating events were considered:

Changes in reactivity and/or power distribution due to erroneous operation of active
reactivity control systems;

Reduction or termination of normal heat removal from the reactor as a result of
equipment failures, including loss of in-house power;

Termination of normal heat removal from the reactor as a result of a loss of tightness
of the steam line or feedwater pipeline beyond the primary containment shell;

Termination of normal heat removal from the reactor as a result of a loss of tightness
beyond the primary containment shell of the actuating mechanisms of cooling system
of the CPS, system of primary circuit coolant purification and system of maintenance
cooling;

Loss of the primary circuit tightness inside the primary containment;

Increase in heat removal from the reactor due to failures or spurious actuation of
systems; and

Errors in nuclear fuel handling.

An NPP blackout was rated as the most probable accident. The results of analysis of an NPP
blackout accompanied by the concurrent failure of the emergency protection actuation signal
are shown in Fig. VIII-4 (the emergency protection system is actuated by a signal of the
reduction of steam flow to the turbine unit). No core damage hazard is observed.
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Fig. VIII-4. NPP blackout with failure of emergency protection system.

An accident involving a pipeline rupture in the primary circuit coolant cleaning system, where
the fuel cladding temperature is up to 660°C (Fig. VIII-5), is likely to pose the highest risk of
a loss of cladding integrity, although the temperature value reached is below the safe
operation limit for a fuel element.
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