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FOREWORD

In recent years it has been recognized that the application of passive safety systems (i.e. those whose
operation takes advantage of natural forces such as convection and gravity), can contribute to
simplification and potentially to improved economics of new nuclear power plant designs. Further, the
IAEA Conference on The Safety of Nuclear Power: Strategy for the Future which was convened in
1991 noted that for new plants “the use of passive safety features is a desirable method of achieving
simplification and increasing the reliability of the performance of essential safety functions, and
should be used wherever appropriate”. Considering the weak driving forces of passive systems based
on natural circulation, careful design and analysis methods must be employed to assure that the
systems perform their intended functions.

To support the development of advanced water cooled reactor designs with passive systems,
investigations of natural circulation are an ongoing activity in several IAEA Member States. Some
new designs also utilize natural circulation as a means to remove core power during normal operation.
In response to the motivating factors discussed above, and to foster international collaboration on the
enabling technology of passive systems that utilize natural circulation, an IAEA Coordinated Research
Project (CRP) on Natural Circulation Phenomena, Modelling and Reliability of Passive Systems that
Utilize Natural Circulation was started in early 2004. Building on the shared expertise within the CRP,
this publication presents extensive information on natural circulation phenomena, models, predictive
tools and experiments that currently support design and analyses of natural circulation systems and
highlights areas where additional research is needed. Therefore, this publication serves both to provide
a description of the present state of knowledge on natural circulation in water cooled nuclear power
plants and to guide the planning and conduct of the CRP in order to focus the CRP activities on
advancing the state of knowledge. With the benefit of the results of the CRP, this publication will be
updated in the future to produce a report on the state of the art of natural circulation in water cooled
nuclear power plants.

This publication also contains material from an intensive IAEA training course on Natural Circulation
in Water Cooled Reactors for research scientists and engineers involved in the design, testing or
analysis of natural circulation systems.

The IAEA appreciates the contributions of the following persons in drafting this TECDOC:

N. Aksan and B. Smith from the Paul Scherrer Institute, Switzerland; D. Araneo, B. Bousbia-Salah,
A.L. Costa, F. D’Auria, A. Del Nevo and B. Neykov from the University of Pisa, Italy; N. Muellner
from the University of Vienna, Austria; M. Marques from CEA, France; A.K. Nayak, D. Saha and
P.K. Vijayan from the Bhabha Atomic Research Centre, India.

The TAEA officers responsible for this publication were J. Reyes and J. Cleveland of the Division of
Nuclear Power.
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1. INTRODUCTION

New generations of nuclear power plants are being developed, building upon the background of
nuclear power’s success and applying lessons learned from the experience of operating plants.
Annex | provides an overview of global development of advanced nuclear power plants. Some new
reactor designs rely on active systems of proven high reliability to meet safety requirements. Other
designs rely on passive systems [1] to meet safety requirements, while others rely on combinations of
the two. The use of passive safety systems was addressed in the IAEA Conference on “The Safety of
Nuclear Power: Strategy for the Future” [2]. This subject has been co-operatively reviewed by experts
from several IAEA Member States with their common views presented in a paper entitled “Balancing
passive and active systems for evolutionary water cooled reactors” in Ref. [3]. The experts note that a
designer’s first consideration is to satisfy the required safety function with sufficient reliability.
However, the designer must also consider other aspects such as the impact on plant operation, design
simplicity and costs.

The use of passive safety systems such as accumulators, condensation and evaporative heat
exchangers, and gravity driven safety injection systems eliminate the costs associated with the
installation, maintenance and operation of active safety systems that require multiple pumps with
independent and redundant electric power supplies. As a result, passive safety systems are being
considered for numerous reactor concepts and may potentially find applications in the Generation-IV
reactor concepts, as identified by the Generation IV International Forum (GIF). Another motivation
for the use of passive safety systems is the potential for enhanced safety through increased safety
system reliability.

As part of the IAEA’s overall effort to foster international collaborations that strive to improve the
economics and safety of future water cooled nuclear power plants, a 4-year IAEA Coordinated
Research Project (CRP) was started in early 2004. This CRP, entitled Natural Circulation Phenomena,
Modelling and Reliability of Passive Safety Systems that Utilize Natural Circulation, provides an
international coordination of work currently underway at the national level in several IAEA Member
States. This CRP has been organized within the framework of the IAEA Department of Nuclear
Energy’s Technical Working Groups for Advanced Technologies for Light Water Reactors and Heavy
Water Reactors (the TWG-LWR and the TWG-HWR).

The CRP benefits from earlier IAEA activities that include developing databases on physical
processes of significant importance to water cooled reactor operations and safety [4], [5], technical
information exchange meetings on recent technology advances [6], [7], [8], [9], [10], [11], [12], and
Status Reports on advanced water cooled reactors [13], [14]. In the area of thermal hydraulic
phenomena in advanced water cooled reactors, recent IAEA activities have assimilated data
internationally on heat transfer coefficients and pressure drop [4]; and have shared information on
natural circulation data and analytical methods [6], and on experimental tests and qualification of
analytical methods [7].

The aim of this publication is to document the present knowledge in the following areas as a starting
point for the CRP’s efforts:

Advantages and Challenges of Natural Circulation Systems in Advanced Designs
Local Transport Phenomena and Models

Integral System Phenomena and Models

Natural Circulation Experiments

Advanced Computation Methods

Reliability Assessment Methodology

The following sections provide a brief introduction to the requirements and technology goals for
advanced reactors and serve to illustrate several passive safety systems that use natural circulation.
This background information will be of value in understanding the remaining chapters.



1.1. Overview of requirements and goals for future nuclear plants

Europe, the USA and other countries, and the IAEA have established some basic goals and
requirements for future nuclear power plants. In Europe, the major utilities have worked together to
propose a common set of nuclear safety requirements known as the European Utility Requirements
(EUR). The goal is to establish a common set of utility requirements in Europe to allow the
development of competitive, standardized designs that would be licensable in the respective countries.
Similarly, the U.S. Department of Energy has launched a major international research initiative,
named Generation IV (Gen-IV), to develop and demonstrate new and improved reactor technologies.
A set of goals have been established as part of the Generation-IV effort. User requirements documents
have also been prepared in Japan, the Republic of Korea and China.

To provide some examples of requirements and goals for future plants, this section provides a brief
overview of the EUR, the Gen-IV goals, and the basic principles for future nuclear energy systems that
have been established by IAEA’s International Project on Innovative Nuclear Reactors (INPRO).

A short overview of the EUR is provided in Annex 2. Top-tier requirements have been developed for
the following:

o Plant Characteristics

o Operational Targets

o Standardization

o Economic Objectives

. Core Damage Prevention

o Accident Mitigation

o Release Rates
Table 1 provides a list of some examples of EUR requirements related to plant safety.

The Gen-IV goals serve as a basis for developing criteria to assess and compare systems, are
challenging and stimulate the search for innovative nuclear systems and serve to motivate and guide in
research and development. Table 2 presents these goals.

There are six nuclear power systems being developed by members of GIF. Two systems employ a
thermal neutron spectrum with coolants and temperatures that enable electricity production with high
efficiency: the supercritical water reactor (SCWR) and the very high temperature reactor (VHTR).
Three employ a fast neutron spectrum to enable more effective management of nuclear materials
through recycling of most components in the discharged fuel: the gas cooled fast reactor (GFR), the
lead cooled fast reactor (LFR), and the sodium cooled fast reactor (SFR). One, the molten salt reactor
(MSR) employs a circulating liquid fuel mixture that offers considerable flexibility for recycling
nuclear materials.



Table 1. Some EUR safety requirements

1.1

Application of as low as reasonably achievable (ALARA) principle

1.2

Design to be forgiving and characterized by simplicity and transparency with the use, where
appropriate, of passive safety features.

1.3

Safety classification based on: design basis conditions (DBC) and design extension
conditions (DEC).

1.4

Safety systems performing DBC functions and certain DEC functions are required to have a
degree of redundancy, diversity (e.g. passive versus active), independence, functional
isolation and segregation to ensure prevention from common cause failure

1.5

Design shall ensure autonomy that for DBCs and complex sequences, a safe shutdown state
can be reached, as a goal within 24 hours from accident start and in any case within 72
hours. For DEC a safe shutdown state should be reached within 1 week as a goal and before
30 days in any case.

1.6

EUR requires in addition the consideration of other engineering criteria, such as prevention
of common cause failures, diversity, independence and segregation

1.7

External hazards like earthquake, extreme weather, floods, aircraft crash, adjacent
installations, electromagnetic interference, sabotage and internal hazards like fire, noxious
substances, failure of pressure parts, disruption of rotary equipment, dropped loads and
electromagnetic interference must be addressed

1.8

Requirements on the systems are set in terms of operational performance to ensure the
reactivity control, heat removal and radioactivity confinement. Reactivity coefficients
acceptable values, stable operation and reliability of the shutdown systems are all EUR
requirements

1.9

For the core heat removal, temperature, pressure, flow and inventory control are required
besides depressurization capability and pressure boundary integrity. For the latter, the use of
the leak before break (LBB) methodology is foreseen

1.10

In the very long term after an accident, provisions for the connection of mobile equipment
are required.

Important provisions required by EUR to demonstrate the in vessel corium cooling and
avoidance of base mat perforation by the use of automatic depressurization system and the
core spreading area that allows for solidification of the crust

1.12

Under DECs, a classical environmental qualification is not required; rather, equipment
survival must be demonstrated.




Table 2. Goals for Generation IV nuclear systems

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

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

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

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

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

Economics—1. Generation IV nuclear energy systems will have a clear life cycle cost advantage

over other energy sources.

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

Proliferation Generation IV nuclear energy systems will increase the assurance that they are a
Resistance and very unattractive and the least desirable route for diversion or theft of weapons-
Physical usable materials, and provide increased physical protection against acts of
Protection—1 terrorism.

In an international activity involving 21 IAEA Member States and the European Commission, the
IAEA’s INPRO project has prepared guidance for the evaluation of innovative nuclear reactors and
fuel cycles by establishing basic principles' and user requirements for innovative nuclear energy
systems in the areas of economics, safety, environment, waste management, proliferation resistance
and infrastructure [15]. The INPRO basic principles are presented below and user requirements are
presented in Appendix 1 of Annex 1:

Economics

o Energy and related products and services from Innovative Nuclear Energy Systems shall be
affordable and available.

Safety of nuclear installations
o Installations of an Innovative Nuclear Energy System shall incorporate enhanced defence-in-

depth as a part of their fundamental safety approach and ensure that the levels of protection in
defence-in-depth shall be more independent from each other than in existing installations.

! In the context of INPRO, a basic principle is a statement of a general rule providing guidance for the development of an
innovative nuclear energy system. A user requirement is a condition that should be met to achieve users’ acceptance of an
innovative nuclear energy system.




. Installations of an INS shall excel in safety and reliability by incorporating into their designs,
when appropriate, increased emphasis on inherently safe characteristics and passive systems as
a part of their fundamental safety approach.

o Installations of an INS shall ensure that the risk from radiation exposures to workers, the public
and the environment during construction/commissioning, operation, and decommissioning, are
comparable to the risk from other industrial facilities used for similar purposes.

. The development of INS shall include associated research, development and demonstration
work to bring the knowledge of plant characteristics and the capability of analytical methods
used for design and safety assessment to at least the same confidence level as for existing plants.

Environment

. (Acceptability of expected adverse environmental effects) The expected (best estimate) adverse
environmental effects of the innovative nuclear energy system shall be well within the

performance envelope of current nuclear energy systems delivering similar energy products.

o (Fitness for purpose) The INS shall be capable of contributing to the energy needs in the 21st
century while making efficient use of non-renewable resources

Waste management

. (Waste minimization) Generation of radioactive waste in an INS shall be kept to the minimum
practicable.
o (Protection of human health and the environment) Radioactive waste in an INS shall be

managed in such a way as to secure an acceptable level of protection for human health and the
environment, regardless of the time or place at which impacts may occur.

o (Burden on future generations) Radioactive waste in an INS shall be managed in such a way
that it will not impose undue burdens on future generations.

. (Waste optimization) Interactions and relationships among all waste generation and
management steps shall be accounted for in the design of the INS, such that overall operational
and long term safety is optimized.

Proliferation resistance
o Proliferation resistance features and measures shall be implemented throughout the full life

cycle for innovative nuclear energy systems to help ensure that INSs will continue to be an
unattractive means to acquire fissile material for a nuclear weapons programme.

. Both intrinsic features and extrinsic measures are essential, and neither shall be considered
sufficient by itself.

Infrastructure

o Regional and international arrangements shall provide options that enable any country that so

wishes to adopt INS for the supply of energy and related products without making an excessive
investment in national infrastructure.

It is important to note that some advanced nuclear power plant designs incorporate the use of systems
based on natural circulation to achieve plant safety and economic goals described above. The next
section introduces some of the design concepts for natural circulation systems.



1.2. Examples of natural circulation systems for advanced designs

Various organizations are involved in the development of advanced reactors, including governments,
industries, utilities, universities, national laboratories, and research institutes. Global trends in
advanced reactor designs and technology development are periodically summarized in status reports,
symposia and seminar proceedings prepared by the IAEA [13], [14], [16], [17], [18] to provide all
interested IAEA Member States with balanced and objective information on advances in nuclear plant
technology.

Advanced designs comprise two basic categories. The first category consists of evolutionary designs
and encompasses direct descendants from predecessors (existing plant designs) that feature
improvements and modifications based on feedback of experience and adoption of new technological
achievements, and possibly also introduction of some innovative features, e.g. by incorporating
passive safety systems. Evolutionary designs are characterized by requiring at most engineering and
confirmatory testing prior to commercial deployment. The second category consists of designs that
deviate more significantly from existing designs, and that consequently need substantially more testing
and verification, probably including also construction of a demonstration plant and/or prototype plant,
prior to large-scale commercial deployment. These are generally called innovative designs. Often a
step increase in development cost arises from the need to build a prototype reactor or a demonstration
plant as part of the development programme.

Annex 1 provides a discussion of the advanced water cooled reactors currently being developed
worldwide. This section provides examples of natural circulation systems being incorporated into
advanced water cooled reactor designs. More detailed information can be found in Annex 3, Annex 4,
Annex 12 and Reference [13].

Natural circulation can be used as a means of cooling the core under normal operation (see the
example in Section 1.2.3). Also, several advanced water cooled reactors incorporate passive safety
systems based on natural circulation. Before delving into the details, it is useful to define what is
meant by a passive safety system. A passive safety system provides cooling to the core or the
containment using processes such as natural convection heat transfer, vapour condensation, liquid
evaporation, pressure driven coolant injection, or gravity driven coolant injection. It does not rely on
external mechanical and/or electrical power, signals or forces such as electric pumps following its
initiation. For example, to obtain final Design Approval from the U.S. Nuclear Regulatory
Commission in the United States, a passively safe nuclear plant designer must demonstrate that under
worst-case accident conditions the plant can be passively cooled without external power or operator
actions for a minimum of 3 days [19]. A useful list of terminology related to passive safety is provided
in IAEA-TECDOC-626 [1].

1.2.1.  AP1000 passive safety systems
1.2.1.1. AP1000 passive residual heat removal systems (PRHR)

This section describes the PRHR implemented in the Westinghouse AP1000 design. The PRHR
consists of a C-Tube type heat exchanger in the water-filled In-containment Refueling Water Storage
Tank (IRWST) as shown in the schematic given in Figure 1. The PRHR provides primary coolant heat
removal via a natural circulation loop. Hot water rises through the PRHR inlet line attached to one of
the hot legs. The hot water enters the tubesheet in the top header of the PRHR heat exchanger at full
system pressure and temperature. The IRWST is filled with cold borated water and is open to
containment heat removal from the PRHR heat exchanger occurs by boiling on the outside surface of
the tubes. The cold primary coolant returns to the primary loop via the PRHR outline line that is
connected to the steam generator lower head.
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FIG. 1. AP1000 passive residual heat removal systems (PRHR).

1.2.1.2. API1000 core make-up tank (CMT)

This section describes the CMTs incorporated into the AP1000 design. The Core Make-up Tanks
effectively replace the high-pressure safety injection systems in conventional PWRs. A schematic is
shown in Figure 2. Each CMT consists of a large volume stainless steel tank with an inlet line that
connects one of the cold legs to the top of the CMT and an outlet line that connects the bottom of the
CMT to the Direct Vessel Injection (DVI) line. The DVI line is connected to the reactor vessel
downcomer. Each CMT is filled with cold borated water. The CMT inlet valve is normally open and
hence the CMT is normally at primary system pressure. The CMT outlet valve is normally closed,
preventing natural circulation during normal operation. When the outlet valve is open, a natural
circulation path is established. Cold borated water flows to the reactor vessel and hot primary fluid
flows upward into the top of the CMT.

1.2.1.3. API1000 containment sump recirculation

Figure 2 also shows the containment sump recirculation loop. After the lower containment sump and
the IRWST liquid levels are equalized, the sump valves are opened to establish a natural circulation
path. Primary coolant is boiled in the reactor core by decay heat. This low-density mixture flows
upward through the core and steam and liquid is vented out of the Automatic Depressurization System
4 (ADS-4) lines into containment. Cooler water from the containment sump is drawn in through the
sump screens into the sump lines that connect to the DVI lines.

1.2.14. AP1000 passive containment cooling system (PCCS)

Figure 3 presents a schematic of the AP600/AP1000 containment. It consists of a large steel vessel
that houses the Nuclear Steam Supply System (NSSS) and all of the passive safety injection systems.
The steel containment vessel resides inside of a concrete structure with ducts that allows cool outside
air to come in contact with the outside surface of the containment vessel. When steam is vented into
containment via a primary system break or ADS-4 valve actuation, it rises to the containment dome
where it is condensed into liquid. The energy of the steam is transferred to the air on the outside of
containment via conduction through the containment wall and natural convection to the air. As the air
is heated, it rises through the ducts creating a natural circulation flow path that draws cool air in from
the inlet duct and vents hot air out the top of the concrete structure. The condensate inside containment



is directed back into the IRWST and the containment sump where it becomes a source of cool water in
the sump recirculation process. Early in a LOCA transient, cold water is sprayed by gravity draining
onto the containment vessel head to enhance containment cooling. A large tank of water, located at the
top of the containment structure, serves as the source of water for this operation.
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FIG. 2. Schematic of the AP1000 passive safety systems including the CMTs and sump recirculation
system.
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FIG. 3. AP1000 containment and passive containment cooling system (PCCS).

1.2.2.  SWRI1000 passive safety systems

The cooling of the containment atmosphere by containment condensers installed near the roof is also
proposed for the SWR1000 reactor design. The SWR1000 has a containment-cooling condenser
(CCC) with its secondary system connected to an external pool, as in Figure 5. In the event of failure



of the active residual heat removal systems, four CCCs are designed to remove residual heat from the
containment to the dryer-separator storage pool located above the containment. The CCCs are actuated
by rising temperatures in the containment. They use natural circulation both on the primary and on the
secondary sides. The CCC is a simple heat exchanger mounted about 1 m above the water level of the
core reflooding pool. If the temperature in the drywell atmosphere increases over that in the dryer-
separator storage pool, the water inside the heat exchanger tubes heats up. It flows to the outlet line
due to the slope of the exchanger tubes. The outlet line ends at a higher elevation level than the inlet
line; consequently the lifting forces are increased for the whole system. Depending on the heat transfer
rate and cooling water temperature, secondary-side flow can be single-phase, intermittent, or two-
phase. In the hypothetical case of a core melt accident, a hydrogen-steam mixture would also be
possible. Given nitrogen, steam and mixture thereof, primary flow is downwards due to the densities
of pure gases an a nitrogen-steam mixture increase with decreasing temperature. This results in the
expected downward flow. Condensed steam drops into the core flooding pool. However, the opposite
is true for a hydrogen-steam mixture, as the density of this mixture decreases with decreasing
temperature, resulting in an upward flow through the heat exchanger tube bundle. But this does not
pose any problem for the SWR1000 because both directions of flow on the primary side are
equivalent.

The SWR-1000 implements a passive emergency condenser as shown in Figure 4. The reactor vessel
(RV) is connected, via a feed line and a back line, to a tube heat exchanger that resides in a very large
pool of water at ambient temperature. The feed line, tube bundle and back line, form a loop that acts as
a manometer. Hence the liquid elevation in the loop equals the liquid elevation in the reactor vessel.
During normal operating conditions, the feed line is partially filled with liquid because the reactor
liquid level is high. The high liquid level prevents vapour from the vessel head to enter the tube
bundle. This is shown on the left side of Figure 4.

Accidents that cause the liquid level in the vessel to drop will cause a corresponding drop in the liquid
level in the loop. This is shown on the right side of Figure 4. If the level RV drops such that the feed
line clears, vapour from the RV head will enter the tube bundle and condense. Steam condensation
creates a low-pressure region inside the heat exchanger tubes, drawing in additional steam. The
condensate returns to the RV via the back line. The condensate also fills the loop-seal portion of the
back line to prevent counter-current flow in the back line.
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FIG. 4. SWR-1000 emergency condenser.



1.2.3.  ESBWR passive safety systems

The PCCS is the preferred means of decay heat removal following a LOCA for ESBWR (Figures 5
and 6). The system is a unique ESBWR engineered safety feature (similar to the SBWR PCCS).
Containment heat removal is provided by the PCC system, consisting of four low-pressure loops,
which is a safety related system [20], [21]. Each loop consists of a heat exchanger, which opens to the
containment, a condensate drain line that returns the PCCS condensate to a PCCS condensate tank,
which is connected to the RPV via its own nozzle, and a vent discharge line submerged in the
suppression pool. The four heat exchangers, similar to the ICs, are located in cooling pools external to
the containment. Once PCCS operation is initiated following RPV depressurization, the condensate
return line to the vessel is opened permanently. The PCCS uses natural convection to passively
provide long term containment cooling capability. The PCCS pool is sized to remove post-LOCA
decay heat at least 72 hours without requiring the addition of pool inventory.

The PCCS heat exchangers are extensions of containment. The lines entering and leaving the PCCS
from the drywell do not have containment isolation valves. No sensing, control, logic or power
operated devices are required for the PCCS to initiate. Flow through the PCCS loop is driven by the
pressure difference created between the containment drywell and the suppression pool that exists
following a LOCA and the pressure drop through the PCCS tubes. The PCCS condensate is returned
to the RPV under the force of gravity.
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FIG. 5. Conceptual arrangement of the SWR1000 containment and passive safety cooling systems.
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FIG. 6. The ESBWR passive containment cooling system condenses containment steam and vents the
non-condensable to the suppression pool.

1.2.4.  Natural circulation core cooling

Several advanced reactor designs use natural circulation for core cooling during normal operation.
These systems operate at full reactor power using natural circulation to drive fluid flow through the
core. They tend to be small integral reactors like the Multi-Application Small Light Water Reactor
(MASLWR) described in Annex 11 or the CAREM and SMART reactors described in Reference [13].
Figure 7 presents a schematic that illustrates the salient features. Natural circulation arises because of

the fluid density difference between the heat source (core) and the elevated heat sink (helical coil heat
exchanger).
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FIG. 7. Single-phase natural circulation flow within an integral reactor.
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2. ADVANTAGES AND CHALLENGES OF NATURAL CIRCULATION SYSTEMS IN
ADVANCED DESIGNS

Table 3 highlights some of the advantages and disadvantages of natural circulation systems in
advanced designs. Annex 2 and Annex 3 provide more detailed comparisons.

Table 3. Some advantages and disadvantages of natural circulation systems

Advantages Disadvantages
Reduced Cost through Simplicity Low Driving Head
Pumps Eliminated Lower Maximum Power per Channel
Possibility of Improved Core Flow Distribution Potential Instabilities
Better Two-Phase Characteristics as a Function of | Low Critical Heat Flux
Power
Large Thermal Inertia Specific Start up Procedures Required

2.1. Some advantages

The primary advantage of a natural circulation system is simplicity. The elimination of active power
supplies and pumps can greatly simplify the construction, operation and maintenance of the system.
Furthermore, elimination of the pumps and connecting piping also eliminates accident scenarios
associated with loss of pump flow, pump seal rupture accidents and loop seal manometer effects
during Small Break Loss-of-Coolant-Accidents (SBLOCAsS).

Another advantage is that the flow distribution in parallel channel cores is much more uniform in a
natural circulation system. In addition, the two-phase fluid flow characteristics as a function of power
are also better in a natural circulation system. That is, the flow increases with power, whereas in a
forced circulation two-phase fluid system, the flow decreases with an increase in power.

Because of the low head requirements, natural circulation reactor systems tend to have large volumes
and relatively low power densities compared to forced flow systems of the same power rating. As a
result, the thermal response of natural circulation systems is slow, giving operators ample time to
respond to plant upsets.

2.2. Some disadvantages

The primary disadvantage of a natural circulation system is that the driving head is low. To increase
the flow rate at a fixed power would require either an increase in the loop height or a decrease in the
loop resistance, either of which might increase plant costs.

In general, the mass flux through a natural circulation cooled core is low. As a result, the allowable
maximum channel power is lower leading to a larger core volume compared to a forced circulation
system of the same rating. Furthermore, large core volumes can result in zonal control problems and
stability. While instability is common to both forced and natural circulation systems, the latter is
inherently less stable than forced circulation systems. This is attributable to the nonlinear nature of the
natural circulation phenomenon, where any change in the driving force affects the flow which in turn
affects the driving force that may lead to an oscillatory behavior.

The low mass flux also has an impact on the critical heat flux in BWRs. Since flow in natural
circulation reactors is lower, they tend to use the maximum allowable exit quality to minimize their
size. In the process, their CHF value tends to be significantly lower than that of forced circulation
BWRS. This calls for several measures to increase the CHF.

Natural circulation reactors are to be started up from stagnant low pressure and low temperature

condition. During the pressure and power raising process, passing through an unstable zone shall be
avoided as instability can cause premature CHF occurrence. Under the circumstances, it is essential to
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specify a start up procedure that avoids the instability. Selection of the pressure at which to initiate
boiling and appropriate procedures for raising pressure and power is central to the specification of a
start up procedure. In addition, it may become essential to control the inlet subcooling as a function of
power. For a cold start up (first start up) an external source for pressurization may be required. For
these reasons, the selection of a start up procedure for a natural circulation reactor is not always an
easy task.

2.3. Need for natural circulation system data and analysis methods

Based on the foregoing discussion, it is apparent that implementing natural circulation as a central
mechanism for nuclear core heat removal, either directly or through the use of passive safety systems,
will require a thorough understanding of both local and integral system natural circulation phenomena,
validated benchmark data, accurate predictive tools, and comprehensive reliability analysis methods.

2.3.1.  Local and integral system phenomena

There are three important reasons for identifying the local and integral system phenomena that can
impact the natural circulation behavior of a passive safety system or nuclear plant design. First, some
local and integral system phenomena may have the potential of adversely affecting the reliability of
passive safety systems. Second, some model development may be needed to accurately model these
phenomena using predictive tools. Last, it is important to assure that all of the important phenomena
are faithfully simulated in the test facilities that will be used to assess the safety and operation of an
advanced plant design.

2.3.2. Benchmark data

A predictive tool, such as a computer code, must be assessed against applicable experimental data
before it can be used in the design or analysis of a reactor system. The uncertainty in the code’s
predictions of key safety parameters must be established and its ability to model system operation
during normal and transient conditions must be demonstrated. This is typically required to obtain final
design approval and plant certification. Although numerous natural circulation experiments have been
conducted, finding a database that directly relates to new design may be difficult. It is more likely that
a new, properly scaled, test facility will need to be designed and operated to obtain a sufficiently broad
range of data so that the code is fully exercised and assessed.

2.3.3. Predictive tools

Analysis of single-phase fluid natural circulation systems under steady-state conditions is relatively
straightforward for water cooled reactors. However, the tools for analysing complex two-phase fluid
natural circulation systems may not be readily available for some designs, particularly when
considering operational stability. For example, assessing the stability of a two-phase fluid natural
circulation system under transient conditions may require using a coupled neutron kinetics and thermal
hydraulics computer code. Some model development may be required to address the features of a
particular design.

2.3.4.  Reliability analysis methods

The reliability of passive systems that utilize natural circulation may be influenced by a variety of
phenomena. This includes the effect of non-condensable gases on heat transfer, thermal stratification,
mass stratification, pool heat transfer, moisture carryover, and others. It is important that all the
phenomena that can impact the reliability of a natural circulation based passive system be identified
and addressed in the design. Furthermore, a method that is both auditable and traceable is needed to
assess the reliability of such passive safety systems.

The present knowledge in each of these areas is considered in the sections that follow.
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3. LOCAL TRANSPORT PHENOMENA AND MODELS

This chapter describes some of the local transport phenomena encountered in the natural circulation
systems of an advanced water cooled reactor. Generally speaking, local transport phenomena govern
the mass, momentum, and energy transfers within, and at the boundaries of, the components and
subsystems that comprise the integral system. The types of mathematical models used to describe local
transport phenomena consist of local conservation equations and correlations that have been validated
by experiment.

Some typical passive safety systems and key components are listed in Table 4 and the phenomena
occurring in each are briefly explained. A comprehensive coverage of related thermal hydraulic
relationships and models is provided in Annex 5.

Additional information on thermal hydraulic phenomena of interest in advanced reactors can be found
in OECD/CSNI Report No. 132 on integral test facility, computer code validation matrix [22]. It
includes both local transport and integral system transport phenomena of importance to advanced
reactors.

3.1. Reactor core phenomena

Three categories of local transport phenomena in the core can impact natural circulation behavior in
the system. The first category is core heat transfer since it is the mechanism that provides the buoyant
fluid that drives natural circulation flow. The second is the core pressure drop, which tends to be the
largest source of flow resistance in the natural circulation loop. The last category is core flow stability,
which is of particular importance to boiling water reactors having a large numbers of parallel channels.
Parallel channel flow stability in BWRs is addressed in Annex 10 and will be discussed in the next
chapter of this report.

The ability of the fluid to remove core heat depends on numerous factors such as the fuel geometry
(rod bundle fuel, annular fuel, square array, triangular array, surface area), the fluid properties (thermal
conductivity, specific heat, density, viscosity), the flow properties (fluid velocity, flow distribution),
the fuel materials (conductivity, specific heat, stored energy) and the fuel decay heat. Numerous
convective heat transfer correlations have been developed over the years. These are summarized in
Annex 5.

3.2. Interconnecting piping

The pressure drop in the interconnecting piping will impact the loop natural circulation flow rates. If
two-phase fluid is present, the pressure drop will be strongly influenced by the two-phase fluid flow
regime and density. Some advanced designs implement a tall vertical chimney (i.e. riser) at the exit of
the core. The static pressure in the chimney decreases with increasing height. As the fluid travels
upward through the chimneys, it is possible for hot single-phase liquid to reach its saturation pressure
and flash to vapor. This phenomenon may affect the flow rate (e.g. geysering) and possibly impact
system stability.

3.3. Heat sinks (steam generators)

The primary means of core heat removal during normal operation is either by vapor generation in the
core (direct cycle BWR) or by heat transfer to a steam generator. Two categories of local transport
phenomena in the steam generator can impact natural circulation behavior in the system. The first
phenomenon is steam generator heat transfer since it is the mechanism that provides the negatively
buoyant fluid that helps drive natural circulation flow. The second phenomenon is the steam generator
pressure drop, which tends to be the second largest source of flow resistance in the natural circulation
loop.
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Table 4. Local transport phenomena in a variety of NPP natural circulation systems

Component

Phenomena

Reactor Core (Heat Source)

Fuel Heat Transfer

e Fuel/Cladding Conduction (geometry specific)

e Gap Conductance (fuel specific)

e Stored Energy Release

e (ladding Convective Heat Transfer

o Single-Phase Forced, Mixed or Natural Convection

o Two-Phase Subcooled, Nucleate or Film Boiling

o Critical Heat Flux (DNB or Dryout)

e Decay Heat

Pressure Drop (Single and Two-Phase Fluid)

e Friction, Static, and Acceleration Pressure Drops

e Void Fraction

Parallel Channel Flow Stability

Interconnecting Piping

Pressure Drop (Single and Two-Phase Fluid)

e Friction, Static, and Acceleration Pressure Drops

e Void Fraction

e Single-Phase Fluid Flashing

Heat Sinks (Steam Generators)

Convective Heat Transfer in Horizontal or Vertical Tubes

Pressure Drop

Passive Residual Heat
Removal Heat Exchanger

Natural Circulation Flow Rate

Tube Bundle Internal and External Convective Heat Transfer

Tube Wall Conduction Heat Transfer

Tube Bundle Pressure Drop

Containment Shell (External
Air or Water Cooling)

Internal Wall Heat Transfer

e Non-condensable Gas Mass Fraction

e Vapour Condensation Rates

e Condensate Film

Natural Convection Flow Rates and Patterns

e Containment Shell Heat Capacitance

Wall Heat Conductance

External Heat Transfer

e Natural Convection Heat Transfer

e Natural Convection Flow Patterns

Containment Cooling
Condensers/Heat Exchangers

Tube Heat Transfer

e Non-condensable Gas Mass Fraction

e Vapour Condensation Rates

Counter-Current Flow Limitations

Entrainment/De-entrainment

Flow Resistance

Large Cooling Pools (For Heat
Exchangers, Spargers and as a
Source of Coolant)

Thermal Stratification/Fluid Mixing

Vortex Formation

Direct Contact Condensation
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The ability of the steam generator to remove core heat depends on numerous factors such as the steam
generator tube bundle geometry and orientation (vertical or horizontal), the fluid properties (thermal
conductivity, specific heat, density, viscosity, void fraction), the flow properties (fluid velocity, flow
distribution), and the tube bundle materials (conductivity, specific heat, stored energy). It is important
to note that the integral reactors implement helical coil steam generators that permit boiling inside the
tubes. This presents the potential for some steam side instabilities. Several convective heat transfer
correlations applicable to steam generators are summarized in Annex 5.

3.4. Passive residual heat removal system

As described in Section 1.1.1, some advanced designs implement a passive residual heat removal
(PRHR) system for the purpose of removing core decay heat subsequent to reactor scram. Several
thermal hydraulic phenomena can impact the performance of the PRHR system. The internal
convection heat transfer coefficient is governed by the natural circulation flow rate through the tubes.
The natural circulation flow rate is strongly impacted by the tube and tube sheet pressure drops.
Typical operation is under single-phase fluid conditions inside the tubes. Heat conduction through the
tube walls may also have an impact on heat transfer, particularly if tube fouling occurs.

Convection heat transfer on the outside surface of the tubes is typically two-phase nucleate boiling
which is a very efficient means of heat removal. Heat transfer correlations for heat exchanger tubes are
provided in Annex 5.

3.5. Containment shell (external air or water cooling)

Some advanced reactor designs (e.g. AP600, AP1000, MASLWR) provide either air-cooling or water-
cooling to the exterior surface of the containment shell. In so doing, the containment shell serves as
the ultimate heat sink during a LOCA. The important local transport phenomena include heat transfer
from vapor to the inside surface of the containment shell, thermal conduction through the containment
wall and heat transfer from the exterior surface of the containment shell to the ambient air or liquid.

The capability of the containment shell to act as a heat exchanger is impacted by the amount of non-
condensable gas present inside the containment free space. Non-condensable gases can effectively act
as insulation resulting in reduced heat transfer and vapor condensation rates. The containment
geometry and internal surface area are also important because they can affect the condensate film
thickness, which in turn impacts heat transfer. The natural convection flow rates and flow patterns of
the vapor inside containment will also impact heat transfer from the vapor to the containment shell.

Containment shell heat capacitance plays an important role during the initial part of a LOCA because a
significant amount of energy is transferred from the vapor to the containment structure during its
initial heating. The transport of heat through the containment wall is impacted by the wall
conductance.

Heat transfer from the exterior surface of the containment shell is dictated by the natural convection
heat transfer coefficient and natural convection flow patterns at the exterior surface.

3.6. Containment cooling condensers/heat exchangers

Section 1.2.5 describes the passive containment cooling system for the SWR-1000 and ESBWR.
Several local transport phenomena can impact PCCS tube heat transfer, including the presence of non-
condensable gases, the vapor condensation rate, counter-current flow limitations, entrainment and de-
entrainment and flow resistance. Models for each of these phenomena are needed to model PCCS
behavior.
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3.7. Large cooling pools (for heat exchangers, spargers and as a source of coolant)

Several advanced designs use large pools of water as heat sinks for passive heat exchangers that
provide either core or containment cooling via natural circulation. These large pools also serve as
pressure suppression pools that condense steam by direct contact condensation. A variety of
phenomena can impact their function as serving as a heat sink or suppression pool.

Natural convection flow patterns and thermal stratification of the liquid in the tank will impact the heat
exchanger heat transfer rate. Steam condensation chugging (condensation pressure waves), liquid
subcooling and sparger geometry can impact the pool’s function of pressure suppression. Heat and
mass transfer at the upper interface (e.g. vaporization) may have a minor impact.

Some cooling pools also serve as gravity drain tanks for coolant injection into the primary system or
for containment cooling. The phenomenon of vortex formation at the drain location can impact the
draining rate.

The local transport phenomena identified in this section are representative of many of the advanced

designs that implement natural circulation systems. The paper included as Annex 5 to this report
provides a description of additional local transport phenomena and models.
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4. INTEGRAL SYSTEM PHENOMENA AND MODELS

This chapter describes some of the integral system phenomena encountered in the natural circulation
systems of an advanced water cooled reactor. Integral system behavior can be rather complex because
it arises through the synergy of the many local transport phenomena occurring in components and
subsystems. The predictive tools used to describe integral system phenomena typically consist of
systems analysis computer codes. This chapter has three main sections. The first section provides a
brief overview of the working principles of a natural circulation loop. The second section presents the
governing equations for single and two-phase natural circulation flow. The third section briefly
examines the issue of natural circulation stability. The detailed description of each of these topics can
be found in Annex 6 through Annex 10.

4.1. 'Working principles of a natural circulation loop

Natural circulation in a fluid filled closed loop is established by locating a heat sink in the loop at an
elevation that is higher than the heat source. A simple rectangular loop is illustrated in Figure 8.

4 SINK
SOURCE ¥
! )

FIG. 8. A Rectangular closed natural circulation loop.

The fluid in contact with the heat source is being heated so that its density is decreasing. The fluid in
contact with the heat sink is being cooled so that its density is increasing. Hence, a fluid density
difference is established in the loop. This density difference, acted upon by gravity over the difference
in elevation between the source and the sink, produces a buoyancy force that drives the fluid through
the loop. This behavior is known as natural circulation.

Fluid density differences can be created by changes in temperature or by changes in phase (i.e.
vapor/liquid), as is the case for two-phase fluids. The flow rate through the loop is limited by the sum
of the resistances in the components and interconnecting piping. Because of its simplicity, natural
circulation loops are widely used in energy conversion systems.

The following section presents the governing equations for single and two-phase fluid natural
circulation loops.
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4.2. Governing equations for single and two-phase natural circulation flow

Annex 6, Annex 7 and Annex 11 of this report provide useful descriptions of the governing equations
for single-phase and two-phase natural circulation. This chapter summarizes the results of those
formulations for the loops shown in Figures 8 and 9.

4.2.1.  Governing equations for single-phase natural circulation flow

As shown in this figure, the loop being considered consists of the core, which serves as a heat source,
the riser, the annular downcomer region between the riser and the reactor vessel, and the helical steam
generator coil that serves as the heat sink. A simple sketch is presented in Figure 9. As shown in this
figure, the primary loop is divided into a hot fluid side having an average temperature Ty and a cold
fluid side having an average temperature T.
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FIG. 9. Hot and cold regions of single-phase natural circulation flow within an integral reactor.

Mass, momentum and energy control volume balance equations can be written for each component.
For purposes of the single-phase natural circulation flow analysis, the following assumptions were
made:

1. The flow was one-dimensional along the loop axis, therefore fluid properties were uniform at
every cross-section.

The Boussinesq approximation was applicable.

The fluid was incompressible.

T, is constant

Form losses, primarily in the core and steam generator regions, dominate the loop resistance.

nhwn

By implementing the Boussinesq approximation, all of the fluid densities in the loop were assumed
equal to an average fluid density except for those that comprise the buoyancy term. Ty, is a mixed
mean temperature for the system.
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The fact that the components of the loop remain liquid filled during the natural circulation mode of
operation coupled with the third assumption eliminates the time dependence in the component mass
conservation equation. Applying these assumptions to the component balance equations and
integrating the momentum and energy equations over the entire loop, yielded the following
momentum and energy balance equations for fluid transport around the loop:

Loop Momentum Balance Equation:
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Loop Energy Balance Equation:
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Under steady-state conditions, these equations yield the following simple solution for the fluid
velocity through the core.
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where the dimensionless loop resistance term is given by:
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Annex 11 provides the details and nomenclature for each of the terms in the equations shown above.
4.2.2.  Governing equations for two-phase natural circulation flow

Figure 10 depicts the loop geometry considered for this analysis. The loop is divided into two regions;
a two-phase region with a fluid density prp and a single-phase region with a fluid density p,. The
simplifying assumptions are as follows:

Constant core inlet enthalpy,

Uniform fluid properties at every cross-section,

Homogeneous flow in the two phase region,

Chemical Equilibrium — no chemical reactions,

Thermal Equilibrium — both phases at the same temperature,

The sum of convective accelerations due to vaporization and condensation are negligible,
Viscous effects included in determination of form losses only,

Form losses, primarily in the core and steam generator regions, dominate the loop resistance.

The assumptions listed above were applied to the mass, momentum, and energy equations for each
component in the loop to obtain the conservation equations. The equations were then integrated over
their respective single-phase and two-phase regions to obtain the following loop balance equations.
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Loop Momentum Balance Equation:
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Loop Energy Balance Equation:
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For two-phase flow conditions, the equilibrium vapor quality and the mixture density are defined as
follows:

Equilibrium Vapor Quality at Core Exit:
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Homogeneous Two-Phase Fluid Mixture Density:
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Unlike single-phase natural circulation, a simple analytical expression for the velocity at the core inlet
cannot be readily obtained from the steady-state solution. This is due to the fact that the two-phase
mixture density is dependent on core flow rate. The resulting steady-state expression for the velocity is
a cubic equation as described in Annex 11.

4.3. Instabilities in natural circulation systems

Thermal-hydraulic instabilities represent a very important class of integral system phenomena. It is
particularly important to BWR operations because core power is tightly coupled to the core void
fraction, which is strongly dependent on the flow. In general, a thermal-hydraulic instability is any
periodic time oscillation of flow, flow-pattern, temperature, fluid density, pressure or core power in a
thermal hydraulic system. Such oscillations may arise in multiple parameters simultaneously, may be
in-phase or out-of-phase with each other, and may be present at multiple locations in the system (e.g.,
parallel channels). It is important to note that fuel surfaces may experience temperature excursions as
result of thermal-hydraulic instabilities. This section lists the types of thermal hydraulic instabilities
that can arise in natural circulation loops. Annexes 7 through 10 provide excellent descriptions of the
different types of instabilities and the methods used for their analysis.
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FIG 10. Regions of single-phase and two-phase natural circulation within an integral reactor.

Thermal-hydraulic instabilities can be classified using a variety of methods (Annexes 7, 8 and 10).
Two broad classes of thermal-hydraulic instabilities are generally acknowledged; static instabilities
and dynamic instabilities. Static instabilities are explainable in terms of steady state laws, whereas
dynamic instabilities require the use of time dependent conservation equations. Table 5, taken from
Annex 8, provides a classification and brief description of thermal-hydraulic instabilities in terms of
these two broad classes.

4.3.1.  Analysis tools for thermal hydraulic instabilities

Two classes of computer codes have been developed to evaluate the stability of BWRs and other
boiling channel systems. They are Frequency Domain Codes and Time Domain Codes. Frequency
domain codes are used for linear stability analyses of BWRs or other boiling systems. Examples of
frequency domain codes are presented in Table 6. Time domain codes are used to simulate the
transient behavior of plant systems. These codes have the capability of analyzing the non-linear
behaviors of BWRs. Examples of time domain codes are presented in Table 7.

As seen in these tables, a variety of neutron kinetics models, ranging from point kinetics (P-K) to
three-dimensional models (3-D), are used in the codes. These neutron kinetics models are coupled to a
variety of thermal hydraulic analysis models ranging from three-equation homogeneous equilibrium
models, HEM (3), to non-equilibrium two-fluid models, TFM (6). Descriptions of these codes are
provided in Annexes 9 and 10.
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Table 5. Classification of thermal hydraulic instabilities (Annex 8)

Class Type Mechanism Characteristic
Static Instabilities
Fundamental (or pure) Flow excursion OAp OAp Flow undergoes sudden,
static instabilities or Ledinegg -1 S—== large amplitude excursion
) i oG |, oG :
instabilities int ext to a new, stable operating

condition.

Boiling crisis

Ineffective removal of
heat from heated surface

Wall temperature
excursion and flow

oscillation
Fundamental relaxation Flow pattern Bubbly flow has less Cyclic flow pattern
instability transition void but higher AP than | transitions and flow rate
instability that of annular flow variations
Compound relaxation Bumping, Periodic adjustment of | Period process of super-
instability geysering, or metastable condition, heat and violent
chugging usually due to lack of evaporation with possible

nucleation sites

expulsion and refilling

Dynamic Instabilities

Fundamental (or pure) Acoustic Resonance of pressure High frequencies (10-
dynamic instabilities oscillations waves 100Hz) related to the time
required for pressure
wave propagation in
system
Density wave Delay and feedback Low frequencies (1Hz)
oscillations effects in relationship related to transit time of a
between flow rate, continuity wave
density, and pressure
drop
Compound dynamic Thermal Interaction of variable Occurs in film boiling
instabilities oscillations heat transfer coefficient
with flow dynamics
BWR Interaction of void Strong only for small fuel
instability reactivity coupling with | time constant and under

flow dynamics and heat
transfer

low pressures

Parallel channel

Interaction among small

Various modes of flow

instability number of parallel redistribution
channels
Compound dynamic Pressure drop Flow excursion initiates | Very low frequency

instability as secondary
phenomena

oscillations

dynamic interaction
between channel and
compressible volume

periodic process (0.1Hz)
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Table 6. Commonly used linear stability analysis codes (frequency domain codes)

Name of code Thermal-Hydraulics Neutron Reference
Model Kinetics Model Annex 9 and 10
Channels TPFM (Eq)
NUFREQ NP Multiple DFM (4) Simplified 3-D | Peng (1985)
LAPURS5 1-7 HEM (3) P-K' & M-P-K* | Otaudy (1989)
STAIF 10 DFM (5) 1-D ZerreBBen (1987)
FABLE 24 HEM (3) P-K' Chan (1989)
ODYSY Multiple DFM (5) 1-D D’ Auria (1997)
MATSTAB All DFM (4) 3-D Hanggi (1999)
HIBLE 1-20 SFM (3) P-K Hitachi, Japan
K2 Multiple DFM (3) P-K Toshiba, Japan

' P-K: point kinetics; * M-P-K: modal point kinetics; TPFM: two-phase flow model; DFM: Drift Flux
Model; SFM: Slip Flow Model; TFM: Two-Fluid Model
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Table 7. Commonly used nonlinear stability analysis codes (time domain codes)

Name of code Thermal-Hydraulics Model Neutron Reference
Channels TPFM (Eq) Kinetics Annex 9 and 10
Model

RAMONA-5 All DFM (4 or 7) 3-D RAMONA-5 catalogue

RELAP5/MOD 3.2 Multiple TFM (6) P-K RELAPS (1995)

RETRAN-3D 4 Slip Eq (5) 1-D Paulsen (1991)

TRACG Multiple TFM (6) 3-D Takeuchi (1994)

ATHLET Multiple TFM (6) P-K or 1-D | Lerchl (2000)

CATHARE Multiple TFM(6) P-K Barre (1993)

CATHENA Multiple TFM(6) P-K Hanna (1998)

DYNAS-2 Multiple DFM (5) 3-D Nuclear Fuel Industries Ltd.,
Japan

DYNOBOSS Parallel DFM (4) P-K Instituto de Estudos
Avangados (Brazil), RPI
(USA)

BWR EPA 3 DFM (4) P-K NRC and BNL, USA

PANTHER DFM 3-D Nuclear Electric, United
Kingdom

QUABOX/CUBBOX- DFM 3-D Gesellschaft fur Anlagen-

HYCA und Reaktorsicherheit (GRS)
mbH, (Germany)

SABRE Parallel HEM P-K Pennsylvania Power & Light,
USA

SIMULATE-3K Code | Multiple HEM 3-D Studsvik, Sweden-USA

(Version 2.0)

EUREKA-RELAPS Multiple TFM (5) 3-D Japan Institute of Nuclear
Safety (JINS), Japan

STANDY DFM 3-D TEPCo and Hitachi Ltd.,
Japan, for the full 3D version

TOSDYN-2 Parallel DFM (5) 3-D Toshiba Corp., Japan

TRAB 1-3 DFM (4) 1-D Valtion Teknillinen
Tutkimuskeskus, Finland

' PK : point kinetics; > M-P-K : modal point kinetics; TPFM: two-phase flow model; DFM: Drift Flux

Model; SFM: Slip Flow Model; TFM: Two-Fluid Model
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5. NATURAL CIRCULATION EXPERIMENTS

The advantages of using natural circulation as a means of core heat removal has prompted the
worldwide development of separate effects and integral system test facilities. The data from these
facilities has been used to identify a wide range of thermal hydraulic phenomena important to natural
circulation systems and has also served to assess the predictive capabilities of a variety of thermal
hydraulic analysis codes. This chapter provides a brief overview of international natural circulation
experiments and briefly describes one process for designing such facilities. Detailed information on
these two topics is presented in seven full papers identified as Annex 11 through Annex 17.

5.1. Integral system experiment scaling methodology

Because of the expense of conducting full-scale integral system tests, much of the thermal hydraulic
testing for advanced reactor designs is conducted in “reduced-scale” integral system test facilities. The
design of such facilities requires performing a thorough thermal hydraulic scaling analysis. The
general objective of a scaling analysis is to obtain the physical dimensions and operating conditions of
a reduced scale test facility capable of simulating the important flow and heat transfer behavior of the
system under investigation. To develop a properly scaled test facility, the following objectives must be
met for each operational mode of interest. First, the thermal hydraulic processes that should be
modeled must be identified. Second, the similarity criteria that should be preserved between the test
facility and the full-scale prototype must be obtained. Third, because all of the similarity criteria
cannot be simultaneously preserved in a reduced scale facility, priorities for preserving the similarity
criteria must be established. Fourth, based on satisfying the most important similarity criteria, the
specifications for the test facility design are established. Fifth, biases due to scaling distortions can
then be quantified. Lastly, the critical attributes of the test facility that must be preserved to meet
Quality Assurance requirements must be identified.

The flow chart shown in Figure 11 depicts the general scaling methodology that has been used for the
design of the AP600, AP1000 and MASLWR integral system test facilities. A comprehensive
discussion of the approach is given in Annex 11.

5.2. Integral system test facilities for studies of natural circulation

This section presents a brief description of several integral system test facilities that are investigating
natural circulation phenomena in advanced water cooled nuclear power plants. Most of the
organizations responsible for the facilities described herein are currently participating in the IAEA Co-
ordinated Research Project (CRP) on natural circulation phenomena, modelling and reliability of
passive systems that utilize natural circulation. These facilities are representative of the broad
spectrum of ongoing work in the area of natural circulation and passive safety system testing. It is not
an all-inclusive list of the worldwide testing effort. Refer to the appendices of Annex 21 for a more
comprehensive listing of international test facilities.

It should also be noted that a significant amount of natural circulation and passive safety system data
has been obtained in simple loop experiments and separate effects tests capable of providing detailed
information under well-known and carefully controlled system conditions. The simple loop
experiments of the Bhabha Atomic Research Centre (BARC) described in Annex 13 are an excellent
example. Valuable advanced BWR separate effects tests are being conducted by the
Forschungszentrum (FRZ) Institute of Safety Research using their NOKO and TOPFLOW
experiments located in Rossendorf, Germany. Similarly, useful WWER-1000/V-392 component
testing has been conducted using the Gidropress SPOT and HA-2 facilities in Obninsk, Russia.
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FIG. 11. General scaling methodology.
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Brief descriptions of the following integral system test facilities are provided in this section:

Argentina, CNEA, CAPCN

India, BARC, ITL and PLC

Japan, JAERI, LSTF

Switzerland, PSI, PANDA

United States of America, OSU, APEX-1000 and MASLWR
United State of America, Purdue, PUMA

In addition to the test facilities from organizations participating in the IAEA CRP on natural
circulation phenomena, a brief overview of the NACUSP Project [23], [24] with its four test facilities
(DESIRE, CLOTAIRE, CIRCUS, PANDA) is also provided.

5.2.1.  Argentina, CNEA, CAPCN-Rig experimental facility

The CAPCN experimental facility is located at the Pilcaniyeu Technological Center in Patagonia,
Argentina, approximately 70 km from the city of Bariloche. The facility is operated by the Centro
Atomico of Bariloche-CNEA and the Balseiro Institute. CAPCN was designed to simulate most of the
dynamic phenomena of the CAREM reactor coolant system near nominal operations. It has been used
to study the dynamics of CAREM by means of power imbalances, with and without active control, and
to provide experimental data to assess the codes to be used for CAREM modelling. Several thermo-
hydraulic phenomena have been investigated, including two-phase natural circulation, self-
pressurization, condensation and stratification in the dome, void fraction generation (flashing) and
collapse in the riser, and heat transfer in the steam generator and to surrounding structures.

The test facility is full height relative to CAREM and has a volume scale factor of 1:280. It can
operate at full pressure, 12 MPa, and at a maximum power of 300 kW. Figure 12 presents a process
and instrumentation diagram of the CAPCN test facility.
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FIG. 12. Schematic of CNEA’s CAPCN test facility to simulate CAREM.
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5.2.2.  India, BARC, ITL and PCL test facilities

The Bhabha Atomic Research Centre (BARC) in Trombay, Mumbai, India has commissioned an
integral test loop (ITL) to simulate a variety of natural circulation phenomena in its advanced heavy
water reactor (AHWR). The ITL is a full-height test facility with a volume scaling of 1:452. It has a
design pressure of 100 bar and design temperature of 315°C. Apart from the main heat transport
system (MHTS), it also simulates systems like emergency core cooling system, isolation condenser
system (ICS), start up system, feed water system, break flow simulation system and the associated
controls. Figure 13 presents a schematic of the ITL.
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FIG 13. Schematic of the BARC integral test loop to simulate the AHWR.

Phenomenological investigations on parallel channel natural circulation behaviour are in progress at
BARC in a parallel channel loop (PCL). This includes an investigation of steady state behaviour with
equally and unequally heated channels, a study of out-of-phase and in-phase oscillations, simulation of
coupled neutronic-thermal- hydraulics (Effect of void reactivity on stability behaviour), carryover and
carry-under (using transparent sections and camera at low pressures). The PLC has a design pressure
of 20 bars, a design temperature of 220°C, and is configured to study four parallel channels. It can
operate at a maximum total power of 200kW (max. power per channel: is S0kW). Figure 14 presents a
schematic of the PCL.
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5.2.3.  Japan, JAERI, large scale test facility (LSTF)

The Japan Atomic Energy Research Institute (JAERI) has performed numerous integral system tests
using different configurations of its large scale test facility (LSTF). The LSTF has been configured to
simulate the Tsuruga-2, a four loop PWR that produces 1100 MW(e). The LSTF is a full height
(~30 m) test facility with a volumetric scaling factor of 1:48. It operates at full pressure (16 MPa) and
has a 10 MW electrically heated core consisting of 1008 heater rods. It has approximately 2500
instruments. Figure 15 presents a schematic of the LSTF. Three loops in the plant are simulated by one
loop in the test facility.

FIG. 15. Schematic of JAERI’s large scale test facility (LSTF).
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JAERI has conducted 14 steady-state natural circulation tests in LSTF with step changes in primary
side mass inventory at a fixed steam generator pressure (~0.1 MPa) and core power. These test provide
useful data on single-phase and two-phase natural circulation for use in RELAPS5 validation and
potential modification.

The LSTF will also be used to simulate natural circulation in a reduced moderator water reactor
(RMWR). The RMWR is a natural circulation cooled BWR with a void coefficient one order smaller
than the current BWR and hence a weak coupling between the thermal hydraulics and the neutron
kinetic. The LSTF will be used to investigate RMWR stability during start up and steady state
conditions.

5.2.4. Switzerland, PS1, PANDA test facility

PANDA is a large scale test facility that has been used for a variety of thermal hydraulic test programs
at the Paul Scherrer Institute in Switzerland. It basically consists of six cylindrical pressure vessels,
connecting piping and four pools open to the atmosphere. Figure 16 shows the PANDA configuration
for simulating the full-height ESBWR. The height of the reactor pressure vessel is 20 m and the
installed power is 1.5 MW generated by a bundle of heater rods having a length of 1.3 m. The vessel is
1.25 m in diameter and the riser section above the core simulator is approximately 10 m tall. The
diameter of the riser is about 1 m. PANDA is designed for 10 bar and 200°C maximum operating
conditions.

A detailed description of the PANDA test facility and its test programs is provided in Annex 14.
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FIG 16. Schematic of the PANDA integral test facility to simulate the ESBWR.

5.2.5. United States of America, OSU, APEX-1000 and MASLWR test facilities

The advanced plant experiment (APEX-1000) is a low-pressure integral system test facility used for
certification testing for the Westinghouse Electric AP1000. The test facility was scaled, built and
operated by Oregon State University in Corvallis, Oregon in the United States. As shown in Figure 17,
the APEX-1000 includes a complete 2x4 primary loop with all of the AP1000 passive safety systems
and safety actuation logic. The reactor vessel houses a core consisting of a 1 MW electrically heated
rod bundle and a complete set of prototypic upper plenum internals. The APEX-1000 Passive Safety
systems include 2 core makeup tanks (CMTs), 2 accumulators, a passive residual heat removal
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(PRHR) heat exchanger, an in-containment refueling water storage tank (IRWST), and a 4-Stage
automatic de-pressurization system (ADS).

The facility is one-fourth scale in height and operates at a pressurizer pressure of 25.5 bars and a steam
generator shell side pressure of 20 bars. It has been used to conduct a wide range of hot and cold leg
loss-of-coolant-accidents, main steam line breaks, inadvertent opening of the ADS, double-ended
direct vessel injection (DVI) line breaks, station blackout and long term natural circulation.

The AFEX Testing Facility

ADE 1.3

FIG 17. Schematic of the APEX-1000 integral system test facility to simulate the AP1000.

OSU has also developed and integral system test facility to examine natural circulation phenomena of
importance to integral reactors such as those proposed for IRIS, CAREM and SMART. The OSU
multi-application small light water reactor (MASLWR) test facility simulates the MASLWR integral
reactor design developed by Idaho National Laboratory, OSU and NEXANT-Bechtel. Figure 18
presents a schematic of the MASLWR test facility.
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FIG. 18. Schematic of the MASLWR test facility to simulate integral type LWRs.
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The MASLWR loop is one-third length scale and has a volumetric scale factor of 1:254. It includes a
14-tube helical coil steam generator, an internal pressurizer, and a reactor vessel with an electrically
heated core bundle consisting of 60 heater rods. It operates at full pressure (120 bars) and temperature
(590°K) with a total core power of 700 kW. The helical coil steam generator has an internal tube
pressure of 14 bars. The MASLWR test facility includes a passively cooled high-pressure containment
with a scaled active heat transfer area and volume, an exterior cooling pool, a Steam Vent Valve
System and an Automatic Depressurization System.

Studies being conducted include primary loop flow stability for single and two phase natural
circulation, helical coil heat transfer, assessment of containment performance during ADS and Steam
Vent Valve blowdown and benchmarks of the RELAP5 system code and the GOTHIC containment
code against test data.

5.2.6. United States of America, Purdue, PUMA test facility

The Purdue multi-dimensional integral test assembly (PUMA) is operated by Purdue University in
West Lafayette, Indiana, USA. PUMA is a low-pressure test facility that has been used to simulate a
variety of advanced SBWR thermal hydraulic phenomena. It is a 1:400 volume scale test facility with
a multi-channel core. Current studies are aimed at gaining a greater understanding of BWR
instabilities at low pressure and low flow. This includes investigations of start up transients with
simulated void reactivity feedback, condensation induced geysering, and flashing induced loop
oscillations. PUMA experiments will be used to develop a database to benchmark NRC’s TRACE
computer code. Figure 18 presents a schematic of the PUMA test vessel. PUMA also includes SBWR
passive safety systems.
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FIG 19. Schematic of the PUMA test facility to simulate advanced BWRs.

5.2.7. Euratom’s NACUSP Project

Four integral system test facilities are part of an important project to investigate stability issues in
current and future BWRs. This project, called the natural circulation and stability performance
(NACUSP) [23] of boiling water reactors, is part of the 5" Euratom framework programme of the
European Commission. One of the NACUSP test facilities, PANDA, was already described in Section
5.2.4 as PSI is also a member of the current CRP on natural circulation. The remaining three facilities,
DESIRE, CLOTAIRE, and CIRCUS are briefly described in the paragraphs that follow.
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5.2.7.1. DESIRE test facility

DESIRE [24] is a reduced scale integral system test facility located at the Interfaculty Reactor Institute
(IRI) at the Delft University of Technology in the Netherlands. The facility simulates the Dodewaard
natural-circulation BWR. The working fluid is Freon-12 and it was designed to investigate natural-
circulation and stability characteristics at nominal system pressures. The primary loop of the facility
consists of an electrically heated 6x6 fuel bundle, riser, downcomer and downcomer loops. Separation
of liquid and vapour occurs at the free surface at the top of the riser. A riser-exit restriction has been
added in order to enable the simulation of thermal-hydraulic instabilities. The height of the riser and
core section of the facility is approximately 2.5 m, which is about half the size of the dimensions of
the Dodewaard reactor.

52.7.2.  CLOTAIRE test facility

The CLOTAIRE facility [23] is an integral system test facility operated by the Commissariat a
I’Energie Atomique (CEA) in Cadarache, France. It has been designed to simulate steam-water at a
pressure of 73 bar using Freon-114 as the working fluid. The boiler section of the loop consists of a
7 m tall, electrically heated bundle (184 tubes) inserted in a semi-cylindrical pressure vessel having a
0.6 m diameter. A pressure vessel on top of the boiler section will serve as a riser. It will implement
bi-optical probes for local void-fraction and velocity measurements. The pressure at the outlet of the
mock-up will be fixed at 0.9 MPa, the riser height will be 3 m, and the liquid freon level will be
approximately 10.5 m. A base set of tests will be performed to cover the operating point of the
ESBWR reactor. The CLOTAIRE-facility will provide unique full-scale data.

5.2.7.3. CIRCUS test facility

The CIRCUS test facility [23] is a low-pressure scaled model of the Dodewaard BWR located at the
Interfaculty Reactor Institute (IRI) at the Delft University of Technology in the Netherlands. It was
designed and built to study the thermal-hydraulic stability of a natural-circulation BWR at low-
pressure conditions typical for start-up. The pressure in the facility can be varied between 1 and 5 bar.
The height of the core and riser section is approximately 5 m, which is equivalent to the height of the
core and riser in the Dodewaard reactor. Portions of the CIRCUS facility are transparent, enabling
direct visualisation of the flow and the use of advanced diagnostics, such as a gamma densitometer for
void-fraction measurements, and a Laser Doppler Anemometer for local velocity measurements. The
core is comprised of four electrically heated fuel channel simulators, four bypass channels, and one
common riser section. The facility can be modified to study the effect of parallel risers and the inlet
friction and inlet subcooling can be varied.



6. ADVANCED COMPUTATION AND RELIABILITY ASSESSMENT METHODS

This chapter presents a brief overview of the advanced computation and reliability methods being used
for the analysis of natural circulation systems and passive safety system that use natural circulation.
Annexes 18 through 20 provide detailed information regarding these assessment methods. They also
provide useful examples demonstrating their application to water cooled nuclear power plants.

6.1. Advanced computation methods

A variety of computation methods have been developed to predict thermal hydraulic phenomena
related to natural circulation. Analytical approaches to predict single-phase and two-phase natural
circulation flow rates in simple loops are presented in comparison with experimental data in Annex 13.
Another, novel approach to characterizing natural circulation flow behaviour in reactor systems is the
Natural Circulation Flow Map described in Annex 18.

Modelling more complex natural circulation phenomena requires using detailed systems analysis
codes. The transport equations implemented in typical thermal hydraulic system analysis codes are
described in Annex 6. Figure 20 presents a summary of the many different formulations used in
thermal hydraulic safety analysis codes. They range from very simple 3-equation homogeneous
equilibrium models to advanced full non-equilibrium models using 6 balance equations. New codes,
such as NRC’s TRACE code are also under development.

As demonstrated in Annex 9 and Annex 19, neutron kinetics can have a large impact on the stability of
two-phase natural circulation flows, particularly during BWR operations. Tables 6 and 7 of this report
lists the computer codes used for linear and non-linear stability analysis. These codes have neutron
kinetics models ranging from point kinetics to full 3-D kinetics.

Computational fluid dynamic (CFD) codes can also serve as valuable tools for the analysis of natural
circulation flows. CFD codes are particularly well suited for analysing single-phase fluid flow inside
complex geometries. Annex 20 provides an excellent overview of the use of CFD codes in nuclear
power plant applications. Some examples include thermal fluid stratification in the cold legs as a result
of safety injection and plume formation in the downcomer. Both phenomena are important to the study
of pressurized thermal shock in nuclear power plants.

Lastly, regardless of the method used to predict the various natural circulation thermal hydraulic
phenomena, it is important that the predictive tool be assessed against experimental data. Annex 21
describes internationally agreed upon separate effects test (SET) and integral test facility (ITF)
matrices for the validation of realistic thermal hydraulic system computer codes. These matrices were
established by sub-groups of the task group on thermal hydraulic system behaviour as requested by the
OECD/NEA committee on the safety of nuclear installations (CSNI) principal working group 2 on
coolant system behaviour. These valuable SET and ITF matrices are included as appendices to
Annex 21.
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FIG. 20. Types of two-phase flow models used in nuclear reactor safety analyses.




6.2. Reliability assessment methodology

Several organizations are actively involved in developing reliability assessment methods for advanced
reactor systems that implement natural circulation core cooling or passive safety systems. In
particular, the European Commission’s 5th framework programme included a project on reliability
methods for passive safety functions (RMPS), a project on testing and modelling passive safety
systems for BWR containment cooling, and a project to improve the understanding of natural
circulation and stability of BWRs. A roadmap of this reliability methodology is shown in Figure 21
and briefly explained in the following paragraphs. A detailed explanation is given in Annex 22 of this

report.
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FIG. 21. Roadmap for RMPS reliability assessment methodology.
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The reliability assessment methodology can be categorized into the following three parts:

. Identification and Quantification of the sources of uncertainties in NC systems
o Reliability evaluations of passive systems that utilize NC, and
o Integration of NC system reliability in Probabilistic Safety Analysis

6.2.1.  Identification and quantification of the sources of uncertainties in NC systems

The methodology shown in Figure 21 is applied to a specific accident scenario to which a particular
passive safety system would respond. Having specified the scenario of interest, the first step,
identification of the system, requires fully characterizing the system under investigation. That is,
specifying the goals of the system, the methods by which it can fail, and providing a definition of
system failure, (i.e. success/failure criteria). Modelling the system is also required. This is done using
best-estimate (B-E) computer codes. The numerous sources of uncertainties present in the modelling
process should be documented. This includes approximations in modelling the physical process and
system geometry and uncertainties in the input variables such as initial and boundary conditions.

Identifying the thermal hydraulic phenomena and parameters most important to the system being
investigated is an important part of the methodology. This can be done using an expert panel having a
good understanding of the system functions, B-E code calculations and a method for developing a
relative ranking of the phenomena. The ranking technique implemented in the RMPS project was the
Analytical Hierarchy Process (AHP) as described in Annex 22.

Having identified and ranked the important thermal hydraulic parameters, the next step is to quantify
their uncertainties. This requires expert judgement to identify the range of uncertainty and to select an
appropriate probability density function for a given set of variables. The methodology then
incorporates a sensitivity analysis to guide improvements to the state of knowledge in order to reduce
the output uncertainties most effectively.

6.2.2.  Reliability evaluations of passive systems that utilize NC

The second part of the methodology requires evaluating the uncertainty in the physical response of the
T-H code using a confidence interval or a probability density function. The RMPS study found that
methods giving an uncertainty range of the system performance are not very useful for reliability
estimation. Therefore using a probability density function was the approach that was implemented.

The probability density function of the system performance can be directly used for reliability
estimation once a failure criterion is given. For the evaluation of the probability density function, the
existing methods are generally based on Monte-Carlo simulations. Monte-Carlo simulations require a
large number of calculations. As a result, these calculations can be prohibitively long. To avoid this
problem, two approaches are possible: the variance reduction techniques in Monte-Carlo methods or
the use of response surfaces. It is also possible to use approximate methods such as First and Second
Order Reliability Methods (FORM/SORM).

6.2.3.  Integration of NC system reliability in probabilistic safety analysis

The third and final part of the methodology involves integrating the passive system reliability model
into the whole plant probabilistic safety analysis (PSA) model. There is a number of different ways
this could be done. It could be done directly in the event tree of the relevant accident sequence as a
single basic event, or a separate fault tree could be developed. In the RMPS study, the reliability of the
physical process was represented as a single basic event using the results from the thermal-hydraulic
modelling calculations.

Part of the RMPS study involved applying the methodology to a simplified PSA carried out for a

fictitious reactor equipped with two types of safety passive systems. For this test case, an Event Tree
(ET) representation of the accident scenario was chosen. The failures analyses performed on this

38



reactor allowed the characterisation of the technical failures and the ranges of variation of the
uncertain parameters that influence the physical process. The majority of the sequences that comprise
this event tree were analysed by deterministic evaluations using envelope values of the uncertain
parameters. For some sequences where the definition of envelope cases was impossible, basic events
corresponding to the failure of the physical process were added and uncertainty analyses were
performed to evaluate the corresponding probability of failure.

It was determined that the RMPS reliability assessment methodology can be used for the probabilistic
evaluation of the influence of a passive system on an accident scenario. It could also be used to
support studies that assess the feasibility of replacing an active system by a passive system for specific
situations.

[4]
[3]
(6]

[7]
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ANNEX 1
OVERVIEW OF GLOBAL DEVELOPMENT OF ADVANCED NUCLEAR POWER PLANTS

J. Cleveland
International Atomic Energy Agency, Vienna

Abstract

Nuclear power has proven its viability as an energy source in many countries. Nuclear power technology is
mature, and has achieved tremendous progress in the last decades. Like any other progressing technology, it
continues to pursue improvements. The accumulated experience, which now exceeds 11,000 reactor-years of
operation, is being used to develop advanced nuclear power plant designs. This development is proceeding for
all reactor lines — water cooled reactors, gas cooled reactors, and liquid metal cooled reactors so that nuclear
power can play an important and increasing role in global energy supply in the future. Improved economic
competitiveness and a very high level of safety are common goals for advanced designs. To achieve economic
competitiveness for new plants, proven means for achieving cost efficiency are being applied and new
approaches are being pursued. There is also considerable potential for nuclear energy to expand beyond
production of electricity to other applications such as sea-water desalination and hydrogen production.

1. CURRENT STATUS OF NUCLEAR POWER

In the past 50 years, nuclear power has grown from a new scientific development to become a major
part of the energy mix in many countries. At the end of 2003, there were 439 nuclear power plants
operating in 30 IAEA Member States with a total worldwide installed nuclear capacity of
361.1 GW(e)'. In addition, 29 units were under construction. During 2003 nuclear power plants
produced a total of 2524 billion kW-h of electricity, which was 16.1% of the world’s total electricity
production [1].

The future contribution of nuclear power to meeting global energy demand is difficult to predict.
Some countries have policies to phase out nuclear power while other countries see advantages in
nuclear power to provide energy security. Countries planning to increase their nuclear capacity include
China, India, Japan, the Republic of Korea and Finland.

Based on information provided by its Member States, the IAEA’s projects that nuclear power will
provide about 17-19% of the world’s electricity in 2010; 15 to 17% of the world’s electricity by 2020,
and 13 to 14% by 2030 [1]. Although the IAEA estimates that the percentage of the world’s electricity
produced by nuclear power will decrease in the long term, it estimates that the actual amount of
nuclear generated electricity will increase. Compared to 2003’s nuclear electricity production of
2524 billion kW-h, the IAEA estimates that nuclear power will produce between 3147 and 3241 billion
kW-h annually by 2010, between 3378 and 4032 billion k*Wh annually by 2020, and between 3379
and 4702 billion kW-h annually by the year 2030 [1].

Of course these estimates will change with time, and longer term estimates are even more uncertain
depending on economic growth and environmental constraints. Several important factors will
influence nuclear energy’s future contribution, including:

The degree of global commitment to greenhouse gas reduction;

Continued vigilance in safe operation of nuclear plants and fuel cycle facilities;

Continued vigilance in safeguards;

Technological maturity, economic competitiveness; and financing arrangements for new nuclear
plants;

Implementation of nuclear waste disposal;

e Public perception, information and education.

Clearly the nuclear community should focus on insuring success in each of these areas.

! The data are available from IAEA’s Power Reactor Information System (PRIS). The totals include the nuclear capacity and
nuclear electricity generation in Taiwan, China.
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2. GOALS OF NUCLEAR POWER DEVELOPMENT
2.1. Economic competitiveness

Economic competitiveness with other energy sources is an obvious goal of new plant development.
Many of the world's electricity markets are moving towards greater competition. Both private sector
and state-owned electricity generating organizations carefully examine the costs of their operations,
and focus on supply technologies that are low cost and low risk.

Capital costs for nuclear plants generally account for 45-75% of the total nuclear electricity generation
costs, compared to 25-60% for coal plants and 15-40% for gas plants. This high capital cost presents a
significant challenge to the addition of new nuclear power capacity. Until recently, nuclear power’s
advantage in having a small share of its generating costs in fuel costs could offset the disadvantage of
its high capital costs. Moreover, in protected markets, investment costs could be recovered over
several decades through regulated rates. Now, with increased competition in the electric power
industry, short-term profitability has become a criterion for successful generation along with long-term
economic viability. With deregulation, owners are not guaranteed cost recovery through regulated rates,
and, with privatization, investors seek appropriately rewarded risk, which often translates into seeking
small capital investments and high returns, and the minimization of their economic risks. If nuclear
plants are to form a significant part of the future generating mix in competitive electricity markets,
capital cost reduction through simplified designs must be an important focus. Reductions in operating,
maintenance and fuel costs should also be pursued®.

Design organizations are challenged to develop advanced nuclear power plants with lower capital
costs and shorter construction times (e.g. by simplification, standardization, modularization, etc.) and
sizes suitable for various grid capacities and owner investment capabilities. This includes large sizes
for some markets and small and medium sizes for others.

To meet the competitiveness challenge, construction delays must be avoided, regulatory procedures
and requirements must be stable, plant design must be well in hand before the start of construction,
and construction and operations management personnel need to have high levels of competence. It is
important to fully implement proven means of cost reduction, and to examine, develop and implement
new approaches to reduce costs. To achieve the largest reductions in capital cost, both proven means
and new approaches should be applied. These proven means and new approaches are discussed in
more detail in Section 3.

Studies on projected costs of generating electricity provide results that depend strongly on the
assumptions used. Due to the range of market conditions and generating costs in various countries, and
the wide variety of assumptions used to forecast such costs, no single technology can be declared
optimal in all countries. Importantly, in addition to economics, a country’s national policy issues, such
as diversity and security of its energy supply as well as environmental policies, may affect the decision
on whether or not to construct nuclear power plants.

It is also important to note that the different generating options also have different cost sensitivities.
Because of high capital costs and long construction periods, nuclear power generation costs, and, to a
somewhat lesser extent, coal power generation costs, are highly sensitive to discount rates. Generating
costs for coal-fired plants vary with coal prices and with the level of pollution abatement required.

2Although the economic competitiveness of fossil fuelled plants may be reduced in the future due to, for example,
rising fuel costs and, in some countries, the introduction of taxes on CO, emissions, the nuclear power industry
should not have a reduced incentive for cost reduction. Importantly, technologies for fossil fuelled plants also
progress and one area of current development involves “clean” new plants with carbon capture.
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Generating costs for gas fired power plants are highly sensitive to gas prices, which account for a large
proportion of total costs’.

In examinations of economic competitiveness, the external costs of various energy options should also
be addressed. In idealized markets all costs associated with a technology would be internalised as part
of its economic cost, and decisions based solely on economic costs would automatically properly
reflect all social considerations. Nuclear energy is largely ahead of other energy technologies in
internalising its external costs. The costs of waste disposal, decommissioning and meeting safety
requirements are in most countries already included in the price of nuclear electricity. Progress
towards a more level playing field where external costs of other energy technologies are more
consistently internalised as part of their economic costs would thus result in more balanced
assessments of energy options. As indicated by the results of the ExternE studies in Europe [3],
external costs for fossil-fired plants operated to current standards are well above external costs of
NPPs, also operated to current standards.

2.2.  Achieving very high safety levels

In the course of nuclear power development in the latter part of the twentieth century, there have been
significant developments in technology for reactor safety. These include:

o Advances in the application of PSA;

e Introduction of more rigorous quality assurance programmes for plant design, licensing,
construction and operation;

¢ Increased attention to the effect of internal and external hazards — in particular the seismic design
and qualification of buildings;

e Major advances in fracture mechanics and non-destructive testing and inspection;

¢ Increased emphasis on the man-machine interface including improved control room design, and
plant design for ease of maintenance;

e Rapid progress in the field of control and instrumentation — in particular, the introduction of
micro-processors into the reactor protection system; and

¢ Increased emphasis on prevention and mitigation of severe accidents.

New nuclear plant designs are being developed to meet stringent safety requirements. While there are
differences in safety requirements among countries developing new designs, the stringent
requirements are generally reflected in the IAEA’s Safety Standards Series [see for example 4, 5, 6],
which consists of the following categories:

Safety Fundamentals present basic objectives, concepts and principles of safety and protection in the
development and application of nuclear energy for peaceful purposes;

Safety Requirements establish the requirements that must be met to ensure safety. These
requirements, which are expressed as ‘shall’ statements, are governed by the objectives and principles
presented in the Safety Fundamentals; and

Safety Guides recommend actions, conditions or procedures for meeting safety requirements.
Recommendations in Safety Guides are expressed as ‘should’ statements, with the implication that it is
necessary to take the measures recommended or equivalent alternative measures to comply with the
requirements.

The IAEA’s safety standards are not legally binding on Member States but may be adopted by them, at
their own discretion, for use in their national regulations.

3 In this context it is important to note that liberalized markets do not necessarily favour less capital-intensive energy
conversion systems and penalize capital intensive projects. Under conditions of low power prices and increasing prices for
fossil fuel, the capital investment payback times for nuclear plants can be shorter than those for coal fired plants and CCGT
plants [2].



Technical aspects of safety including principles are discussed in Reference [4] for siting, design and
construction, commissioning, operation and maintenance, and radioactive waste management and
decommissioning.

In 2000 the IAEA published the report “Safety of Nuclear Power Plants: Design” [5] which establishes
nuclear plant safety design requirements applicable to safety functions and associated structures,
systems and components, as well as to procedures important to nuclear plant safety. It recognizes that
technology and scientific knowledge will continue to develop, and that nuclear safety is not a static
entity; however, these requirements reflect the current consensus. They are expressed as ‘shall’
statements, and are governed by the objectives and principles in the Safety Fundamentals report. The
Design Requirements report avoids statements regarding the measures that ‘should’ be taken to
comply with the requirements. Rather, Safety Guides are published from time to time by the IAEA to
recommend measures for meeting the requirements, with the implication that either these measures, or
equivalent alternative measures, ‘should’ be taken to comply with the requirements.

The new nuclear power plant designs currently under development incorporate various technical
features to meet very stringent safety requirements [5]. Specifically, safety objectives for future plants
include reducing the likelihood of accidents as well as mitigating their consequences in the extremely
unlikely event that they occur. The objectives include the practical elimination of accident sequences
that could lead to large early radioactive release, whereas severe accidents that could imply late
containment failure are to be considered in the design process so that their consequences would
necessitate only protective measures limited in area and in time [7], [8].

Discussions of the safety of future plants often involve different types of probabilistic safety criteria
(PSC). PSC can be defined as /imits, not to be exceeded, or as targets, goals or objectives (to strive for,
but without the implication of unacceptability if the criteria are not met). PSC can be related to the
core damage frequency (CDF), which is predicted by performing a level 1 PSA. Another type of PSC
can be related to the large early release frequency (LERF) that would follow from severe core damage
together with a major early failure of the containment. Use of LERF in PSC carries the implication
that a late failure of the containment may be averted by accident management procedures, or mitigated
by emergency response (e.g. evacuation of the public in the vicinity of the plant).

Discussions of PSC targets for CDF and large off-site-release have been provided for more than a
decade in INSAG publications [9-12]. In 1988, INSAG-3 stated “The target for existing nuclear
power plants is a likelihood of occurrence of severe core damage that is below about 10 events per
plant operating year. Implementation of all safety principles at future plants should lead to the
achievement of an improved goal of not more than about 10™ such events per plant operating year.
Severe accident management and mitigation measures should reduce by a factor of at least ten the
probability of large off-site releases requiring short term off-site response.” The more stringent safety
target for future plants was confirmed by INSAG-5 in 1992 with the statement that [evolutionary] light
and heavy water nuclear plants “should meet the long term target of a level of safety ten times higher
than that of existing plants”.

In 1996 INSAG-10 noted that prevention of accidents remains the highest priority among the safety
provisions for future plants and that probabilities for severe core damage below 10” per plant year
ought to be achievable. INSAG-10 noted that values that are much smaller than this would, it is
generally assumed, be difficult to validate by methods and with operating experience currently
available. INSAG-10, therefore, considers improved mitigation to be an essential complementary
means to ensure public safety. INSAG-10 also stated the need to demonstrate that for accidents
without core melt there will be no necessity for protective measures (evacuation or sheltering) for
people living in the vicinity of the plant, and for severe accidents that are considered in the design, that
only protective measures that are very limited in area and time would be needed (including restrictions
in food consumption). In 1999, INSAG-12 (Revision 1 of INSAG-3), confirmed that the target
frequency for CDF for existing nuclear power plants is below about 10* with severe accident
management and mitigation measures reducing by a factor of at least 10 the probability of large off-
site releases requiring short term off-site response. INSAG-12 continued by noting that for future



plants, improved accident prevention (e.g. reduced common mode failures, reduced complexity,
increased inspectability and maintainability, extended use of passive features, optimized human-
machine interface, extended use of information technology) could lead to achievement of an improved
CDF goal of not more than 107 per reactor-year. With regard to off-site release for future plants,
INSAG-12 stated that an objective for future plants is “the practical elimination of accident sequences
that could lead to large early radioactive releases, whereas severe accidents that could imply a late
containment failure would be considered in the design process with realistic assumptions and best
estimate analyses so that their consequences would necessitate only protective measures limited in
area and in time”.

From the IAEA’s Safety Standards Series and INSAG publications, a number of safety goals for future
nuclear plants can be identified:

¢ A reduction in core damage frequency (CDF) relative to current plants;

e Consideration of selected severe accidents in the design of the plants;

e Ensuring that releases to the environment in the event of a severe accident are kept as low as
practicable with the aim of providing a technical basis for simplification of emergency planning;

¢ Reduction of the operator burden during an accident by an improved man-machine interface;

e The adoption of digital instrumentation and control; and

e The introduction of passive components and systems.

Technological advances are being incorporated into advanced designs to meet the stringent safety
goals and objectives. Design features both to improve prevention of severe accidents involving core
damage, as well as for mitigating their consequences are being incorporated. Considerable
development has been carried out worldwide on new systems for heat removal during accidents.
Progress has been made in containment design and in instrumentation and control systems.

To further reduce the probability of accidents and to mitigate their consequences, designers of new
plants are adopting various technical measures. Examples are:

e Larger water inventories (large pressurizers, large steam generators), lower power densities,
negative reactivity coefficients to increase margins and grace periods thereby reducing system
challenges;

e Redundant and diverse safety systems with proven high reliability with improved physical
separation between systems;

o Passive cooling and condensing systems; and

¢ Stronger containments large enough to withstand the pressure and temperatures from design basis
accidents without fast acting pressure reduction systems, and with support systems to assure their
integrity during severe accidents (for example, to control hydrogen concentrations). In some
designs there is an outer second containment that provides protection against external events, and
allows for detection and filtration of activity that potentially would leak from the inner
containment.

Some new designs rely on well-proven and highly reliable active safety systems to remove decay heat
from the primary system and to remove heat from the containment building during accidents. Other
new designs incorporate safety systems that rely on passive means using, for example, gravity, natural
circulation, and compressed gas as driving forces to transfer heat from the reactor system or the
containment to either evaporating water pools or to structures cooled by air convection. Considerable
development and testing of passive safety systems has been and is being carried out in several
countries. In other designs a coupling of active safety systems and passive safety systems is adopted.
For each of the aforementioned approaches, the main requirement is that the proposed safety systems
fulfill the necessary functions with appropriate reliability.
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2.3. Proliferation-resistance

The potential linkage between peaceful use of nuclear energy and the proliferation of nuclear weapons
has been a continuing societal concern. To ensure the absence of un-declared nuclear material and
activities or diversion of nuclear material for weapons purposes, an international non-proliferation
regime has been developed. This regime consists of the following components:

e An international institutional framework for non-proliferation based on the Non-Proliferation
Treaty and comprehensive IAEA safeguards agreements and protocols;

e International verification measures (the IAEA Safeguards system plus regional and bilateral
agreements) to provide credible assurance of the non-diversion of nuclear material and of the
absence of undeclared nuclear material and activities;

e Export controls on nuclear materials, specified facilities, equipment and other materials, including
dual-use technologies and materials; and

o National physical protection measures and material accounting and controls measures, as well as
IAEA recommendations on physical protection.

It is desirable that IAEA safeguards have a minimal impact on plant operations while ensuring
efficient acquisition of safeguards data. With these goals in mind, as designs of nuclear plants and
IAEA safeguards techniques have developed, guidelines for plant design measures have been
identified by the IAEA [13], which, if taken into account in the plant design phase, would help to
ensure efficient acquisition of safeguards data and minimize the impact of the safeguards activities on
plant operations. These guidelines® are based on IAEA experience in implementing safeguards, as
well as on developments in safeguards technology.

Proliferation resistance is defined [14] as that characteristic of a nuclear energy system that impedes
the diversion or undeclared production of nuclear material, or misuse of technology, by States intent
on acquiring nuclear weapons or other nuclear explosive devices. The degree of proliferation
resistance results from a combination of, inter alia, technical design features, operational modalities,
institutional arrangements and safeguards measures. These can be classified as intrinsic proliferation
resistant features and extrinsic proliferation resistant features. Specifically:

1. Intrinsic proliferation resistant features are those features that result from technical design of
nuclear energy systems, including those that facilitate the implementation of extrinsic measures;
and

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

Safeguards is an extrinsic measure comprising legal agreements between the party having authority
over the nuclear energy system and a verification or control authority, binding obligations on both
parties and verification using, inter alia, on-site inspections.

Four general types of intrinsic proliferation resistant features of nuclear energy systems (i.e. nuclear
plants and fuel cycle facilities) have been identified in [14] and are, in summary:

1. Technical features that reduce the attractiveness for nuclear weapons programmes of nuclear
material during production, use, transport, storage and disposal;

2. Technical features that prevent or inhibit the diversion of nuclear material;

. Technical features that prevent or inhibit the undeclared production of direct-use material; and

4. Technical features that facilitate verification, including continuity of knowledge. These features
include those described in [13].

W

* These guidelines address, for example, design of the spent fuel pool area to facilitate viewing of the spent fuel assemblies;
provisions that facilitate the verification of fuel transfers out of the spent fuel pool; provision of appropriate back-up for
power supply outages to avoid interruption of power to safeguards equipment; provision of access to appropriate penetrations
in the containment building for data transfer lines serving remote safeguards equipment; and other design measures.
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Approaches for introducing proliferation resistant features into nuclear energy systems include, but are
not limited to, the following:

a.  Reliance on the once-through fuel cycle would reduce fissile material diversion opportunities
that might be associated with fuel reprocessing and recycling.

b.  Establishment of energy parks with both nuclear power plants and fuel cycle facilities
would avoid the need to transport fissile material between sites.

C. Establishment of a closed fuel cycle with reprocessing that returns minor actinides with
plutonium to the reactor for consumption, could avoid the separation of minor actinides from
fissile material so that the material is not weapons useable.

d.  Operating reactors with long operating cycles (e.g. several years) without refuelling or fuel
shuffling could assure that fissile material in the core is not accessible as long as the reactor
vessel is not opened. Some new design concepts include the measure that the reactor be returned
to the supplier country for refuelling.

e. Incorporating features to increase the difficulty of extracting fissile material from fresh or
spent fuel.

f. Incorporating features that greatly reduce the fraction of plutonium in spent fuel would
require that a very large volume of spent fuel would need to be processed to extract sufficient
plutonium for a nuclear weapon.

g.  Reducing the fuel stored at a site would reduce the amount of material that could potentially
be diverted from that site.

h.  Reducing the fissile material produced in the reactor could reduce the weapons-useable
material in spent fuel.

It is important to note that some approaches are mutually incompatible in the sense that one approach
may not allow, or may be detrimental to, another approach.

Also, there are drawbacks associated with some of the above approaches. For example, the once-
through fuel cycle does not allow nuclear energy to become a long term sustainable source of energy.
Operating reactors with long fuel cycles of several years requires higher fuel enrichment and the
parasitic absorption of neutrons by fission products reduces the fuel utilization efficiency. Features that
greatly increase the difficulty of extracting fissile material from spent fuel can create a cost penalty on
fuel reprocessing.

2.4. Sustainable energy supply

To assure that the long term potential of nuclear energy can be fully exploited, the nuclear community
must not only meet the economic challenge. It must also meet the challenges of achieving acceptance
of nuclear power in international discussions on climate change as a technology compatible with
sustainable energy development, and achieving improved public understanding in all areas. Clearly
nuclear power can put the world’s large uranium resource to productive use, can reduce harmful
emissions associated with burning fossil fuels, and can expand electricity supplies. To be a truly
sustainable energy supply, in addition to being economically competitive, nuclear power must
implement a long-term solution to disposal of high-level radioactive waste, continue to achieve the
highest level of safety for nuclear plants and for fuel cycle facilities, and assure strong vigilance in
security and safeguards of nuclear material.

In the longer term, recycling the fissile content of spent fuel and breeding additional fissile material
from the world’s resources of U** and Th**? can extend the energy resource available from uranium
for centuries. This long-term energy strategy will be supported by fast breeder reactors. Also, thermal
reactors with high conversion ratios are being developed with goals of assuring a long term energy
supply as well as reducing spent fuel accumulation.
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3. MEANS FOR REDUCING COSTS OF NEW PLANTS
3.1. Proven means for reducing plant costs

There is a set of proven means for reducing costs during any construction project, including nuclear
projects [15], [16], [17], [18]. These means can be generally grouped and listed as follows:

Capturing economies of scale;

Streamlining construction methods;

Shortening construction period,

Standardization, and construction in series;

Multiple unit construction;

Simplifying plant design, improving plant arrangement, and use of modeling;
Efficient procurement and contracting;

Cost and quality control;

Efficient project management; and

0. Working closely and cooperating with relevant regulatory authorities.

2S00 NN R WD -

The larger the construction project, and the greater the financing burden, as is the case for nuclear
power plants, the more important these approaches become.

The best combination of approaches depends on market conditions. In some countries, such as the
Republic of Korea and Japan, economies of scale are being pursued for new, large’ evolutionary
LWRs.

However, for some market conditions, and especially for some developing countries, large size plants
are not an appropriate match for the grid capacity, the incremental increase in demand or for the
potential owner’s financial investment capability. For such conditions, small and medium size reactors
(SMRs) offer an alternative choice. SMRs have the potential to capture economies of series
production, if several units are constructed.

Reducing the construction period is important because of the interest and financing charges that
accrue during this period without countervailing revenue. One way to reduce the schedule is to reduce
on-site and tailor-made construction and emphasize instead the manufacture of modular units or
systems. Addressing licensing issues before start of construction is also a key means of achieving a
short construction period. Other measures involve improved construction techniques as well as
efficient management of construction and commissioning activities. Approaches that have resulted in
recent good experience include extensive use of integrated design tools (known as Computer Aided
Design; Computer Aided Design and Drafting; and Computer Aided Engineering). These tools
facilitate the modularization process, planning and sequencing of construction activities and provide
support to procurement planning.

Significant improvements can be made in plant design and layout, and use of computer technology
and modelling. Several simplifications have been made in the last decade including computer control,
process information display, and other areas. Careful planning can result in improvements in plant
arrangement and system accessibility, and in design features to facilitate decommissioning.

Standardization and construction in series offer significant cost savings by spreading fixed costs
over several units built, and from productivity gains in equipment manufacturing, field engineering,
and building construction. First-of-a-kind reactor designs or plant components require detailed safety
cases and licensing procedures, resulting in major expenditures before any revenue is realized.
Standardization of a series is therefore a vitally important component of capital cost reduction.

> The TAEA differentiates nuclear plants of various power levels by classifying them as:
Large size designs: 700 MW(e) and larger
Medium size designs: 300-700 MW(e)
Small size designs: below 300 MW(e)



Standardization and construction in series offer reduced average licensing times and costs over the
series. A detailed account of the lessons from the standardized plant design and construction
programme in France is provided in Ref. [19]. Experience is being established within Japan’s ABWR
activities and the Republic of Korea’s KSNP and KSNP + activities.

Closely related is the cost-saving practice of multiple unit construction at a single site. The average
cost for identical units on the same site can be about 15% or more lower than the cost of a single unit,
with savings coming mostly in siting and licensing costs, site labour and common facilities. A good
example of multiple unit construction are the 58 PWRs that are operating in France, which have been
built as multiple units at 19 sites.

Many of the benefits of technology advances would be lost without some accompanying regulatory
reform to accommodate change. These include greater regulatory certainty, more prioritization of
regulatory requirements, streamlining of regulation to match streamlined engineering and designs, and
more flexibility to accommodate technological innovation.

In developing countries, furthering self-reliance, and enhancing local participation in major
projects are goals pursued by governments for a variety of policy reasons. Cost savings in any of
several areas — materials and construction costs, foreign exchange costs, labor costs — may result.
Reducing the costs of technology transfer and relevant training are areas of emphasis for developing
countries. In China, it is considered very important that favourable conditions for technology transfer
and personnel training are provided with the help of industrialized countries so that a considerable
portion of the work in fabricating the plant equipment and in plant construction can be done by
organizations in the developing country. Because of the low cost of manpower, some materials and
products can be made cheaper, with due assurance of quality. Experience in China is that the
construction cost of the Qinshan-II plant (2 x 600 MW(e) units, the first unit achieving commercial
operation in April, 2002) indicates that the cost of this plant is less than that for imported large-size
plants because of localization of design and provision of a large amount of the equipment by domestic
organizations.

Reference [15] provides further examples of recent and present activities to incorporate the proven
means discussed above. These and other traditional proven approaches should help to achieve cost
competitiveness for new nuclear power plants. However, the nuclear community must continue to
move forward in identifying and implementing new approaches for further reducing the costs of new
nuclear plants.

3.2. New approaches for reducing plant costs

Reference [15] discusses new approaches to reduce capital cost that should be developed and
implemented in order to gain the greatest possible cost reductions. In summary, these are:

e Modularization, factory fabrication, and series production;

e Development of highly reliable components and systems, including “smart” (instrumented and
monitored) components and methods for detecting incipient failures — o improve system reliability
so that dependence on costly redundancy and diversity practices could be reduced. Development is
also required to correlate signals from the “smart” components with reliability, and criteria must be
developed for when to do maintenance and replacement;

o Further development of passive safety systems where the safety function can be met more cheaply
than with active systems. This would include development of reliability models for passive
systems;

e Development of computer based advanced technologies for design, procurement, manufacture,
construction and maintenance with a focus on coordination of activities to reduce costs and
schedules;

e Further development of Probabilistic Safety Analysis (PSA) methods and data bases to support
plant simplification and to support examination of potential risk-informed regulatory requirements
for new plants leading to more economical designs with very high safety levels. PSA assessments
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must (a) be capable of assessing the total risk including full power, low power, shutdown, fires and
external events; (b) be capable of accounting for safety culture and human factors; (c) accurately
account for ageing effects; and (d) include capability to quantify uncertainties. The challenge will
be to establish PSA methods, including understanding of uncertainties in predicted results, to
demonstrate that sufficient defense-in-depth, and sufficient balance among the various levels of
defense-in-depth, can be achieved through simpler and cheaper technical solutions;

e Improvement of the technology base for eliminating over-design (i.e. improved understanding of
thermo-hydraulic phenomena, more accurate data bases of thermo-hydraulic relationships and
thermo-physical properties, better neutronic and thermo-hydraulic codes, and further code
validation). The focus could be on removing the need to incorporate excessively large margins into
the design simply for the purpose of allowing for limitations of calculational methodology and
uncertain data;

e Reduction of number of components and materials requiring nuclear grade standards;

e Design for higher temperature (higher thermal efficiency);

e Design for multiple applications (e.g. co-generation of electricity and heat; sea-water desalination);
and

e Achieving international consensus regarding commonly acceptable safety requirements that would
facilitate development of standardized designs which can be built in many countries without
requiring significant re-design efforts.

4. DEVELOPMENT OF ADVANCED NUCLEAR PLANT DESIGNS

New generations of nuclear power plants are being developed, building upon the background of
nuclear power’s success and applying lessons learned from the experience of operating plants. Various
organizations are involved in this development, including governments, industries, utilities,
universities, national laboratories, and research institutes. Global trends in advanced reactor designs
and technology development are periodically summarized in status reports, symposia and seminar
proceedings prepared by the IAEA [20], [21], [22], [23], [24], [25] to provide all interested IAEA
Member States with balanced and objective information on advances in nuclear plant technology.

Advanced designs comprise two basic categories. The first category is called evolutionary designs and
encompasses direct descendants from predecessors (existing plant designs) that feature improvements
and modifications based on feedback of experience and adoption of new technological achievements,
and possibly also introduction of some innovative features, e.g. by incorporating passive safety
systems. Evolutionary designs are characterized by requiring at most engineering and confirmatory
testing prior to commercial deployment. The second category consists of designs that deviate more
significantly from existing designs, and that consequently need substantially more testing and
verification, probably including also construction of a demonstration plant and/or prototype plant,
prior to large-scale commercial deployment. These are generally called innovative designs. Often a
step increase in development cost arises from the need to build a prototype reactor or a demonstration
plant as part of the development programme (see Figure 1).

In the near term most new nuclear plants will likely be evolutionary designs building on today’s
successful proven systems while incorporating technology advances and often pursuing economies of
scale. In the longer term, development and demonstration of new, innovative designs, including their
promised short construction and start-up times and low capital costs, could help to promote a new era
of nuclear power.

Several innovative designs are in the small-to-medium size range and would be constructed with
factory built structures and components, including complete modular units for fast on-site installation.
Such smaller and easier to finance systems would be particularly attractive for countries with small
electricity grids or remote locations. They could also be used for district heating, sea-water
desalination, hydrogen production, and other non-electric applications.

Advanced nuclear plant designs presently under development comprise the following basic reactor
types:
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Water cooled reactors, utilizing water as coolant and moderator. These are comprised of light water
reactors (LWRs), which use light water as both the coolant and the moderator, and heavy water
reactors (HWRs), which use heavy water as moderator and either light or heavy water as coolant;
Gas cooled reactors, using helium as coolant and graphite as moderator; and

Fast reactors, using liquid metal (e.g. sodium) or gas (helium) as coolant.

Advanced design

Different types of new nuclear plants are
being developed today that are generally
called advanced reactors. In general, an
advanced plant design is 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. The latter
can range from moderate modifications of
existing designs to entirely new design
concepts. The latter differ from evolutionary
designs in that a prototype or a demonstration
plant is required as a part of the development
programme, or that insufficient work has
been done to establish whether such a plant is
required.

Evolutionary design

An evolutionary design is an advanced
design that achieves improvements over
existing designs through small to
moderate modifications, with a strong
emphasis on maintaining proven design
features to minimize technological risks.
The development of an evolutionary
design requires at most engineering and
confirmatory testing.

Innovative design

An innovative design is an advanced
design  that  incorporates  radical
conceptual changes in design approaches
or system configuration in comparison
with existing practice. Substantial R&D,
feasibility tests, and a prototype or
demonstration  plant are  probably
required.
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FIG. 1. Efforts and development costs for advanced designs versus departure from existing designs

(terms are excerpted from Ref. [26]).

51



4.1. Light water reactors

LWRs comprise 80.5% of the total number of nuclear units in operation worldwide. This is reflected in
the considerable activities which are underway to develop advanced LWR designs, as is indicated in
Annex 1 which lists various advanced LWR designs together with the design organizations and the
status of the development.

4.1.1.  Overview of evolutionary LWR development

In France and Germany, Framatome ANP has completed the basic design for the large-size European
Pressurized Water Reactor (EPR) in 1998, which meets European utility requirements. The EPR’s
higher power level relative to the latest series of PWRs operating in France (the N4 series) and
Germany (the Konvoi series) has been selected to capture economies of scale. In December 2003,
Teollisuuden Voima Oy (TVO) of Finland signed a turnkey contract with Framatome ANP and
Siemens AG for an EPR for the Olkiluoto site. Commercial operation is planned for mid-2009. Also,
Electricite de France is planning to construct an EPR at Flamanville (Unit 3). Framatome has received
design approval for the EPR from the French Safety Authority in October 2004. Start of construction is
projected for 2007 with grid connection in 2012.

In Germany, Framatome ANP with international partners from Finland, the Netherlands, Switzerland
and France is developing the basic design of the SWR-1000, an advanced BWR with passive safety
features. In 2002 Framatome submitted the SWR-1000 for a pre-application phase for Design
Certification by the U.S. NRC.

In Japan, benefits of standardization and construction in series are being realized with the ABWR units.
The first two ABWRs in Japan, the 1360 MW(e) Kashiwazaki-Kariwa 6 and 7 units, have been in
commercial operation since 1996 and 1997 respectively. The ABWR, Hamaoka Unit 5, began
commercial operation in January 2005, and an ABWR is under construction at Shika Unit No. 2.
Deployment programmes are underway for 8 more ABWRs. Two ABWRs are under construction in
Taiwan, China.

Expectations in Japan are that future ABWRs will achieve a significant reduction in generation cost
relative to the first ABWRs. The means for achieving this cost reduction include standardization,
design changes and improvement of project management, with all areas building on the experience of
the ABWRs currently in operation. In addition, a development programme was started in 1991 for
ABWR-II, aiming to further improve and evolve the ABWR, with the goal of significant reduction in
power generation costs relative to a standardized ABWR. The power level of ABWR-II has been
increased relative to the ABWR, and benefits of economies-of-scale are expected. Commissioning of
the first ABWR-II is foreseen in the late 2010s. Also in Japan, the basic design of a large advanced
PWR has been completed by Mitsubishi Heavy Industries and Westinghouse for the Japan Atomic
Power Company’s Tsuruga-3 and -4 units, and a larger version, the APWR" is in the design stage.

In the Republic of Korea, the benefits of standardization and construction in series are being realized
with the Korean Standard Nuclear Plants (KSNPs). The first two KSNPs, Ulchin 3 and 4 began
commercial operation in 1998 and 1999. Yonggwang 5 and 6 began commercial operation in 2002.
The Ulchin 5 KSNP began commercial operation in 2004, and the Ulchin 6 KSNP was connected to
the grid in January 2005. The accumulated experience is now being used by Korea Hydro and Nuclear
Power (KHNP) to develop the improved KSNP". The first units of KSNP" are planned for Shin-Kori
Units 1 and 2 with commercial operation planned for 2010 and 2011, respectively. In addition, the
development of the Korean Next Generation Reactor, now named the Advanced Power Reactor 1400
(APR-1400), was started in 1992, building on the experience of the KSNPs. The higher power level of
the APR-1400 relative to the KSNP and the KSNP" has been selected to capture economies of scale.
Recent development of the APR-1400 focused on improving availability and reducing costs. In March
2001, KHNP started the Shin-kori 3,4 project for the APR1400, with completion scheduled for 2012
and 2013.
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In the USA, designs for a large sized advanced PWR (the Combustion Engineering System 80+) and a
large sized BWR (General Electric’s ABWR) were certified in May 1997. Westinghouse’s mid-size
AP-600 design with passive safety systems was certified in December 1999. Westinghouse is
developing the AP-1000 applying the passive safety technology developed for the AP-600 with the
goal of reducing the capital costs through economies-of-scale. Westinghouse received Final Design
Approval for the AP-1000 from the U.S.NRC in September 2004 and Design Certification is expected
in 2005. An adaptation of the AP-1000, called the EP-1000, is being designed by Westinghouse and
Genesi (Italy) applying the passive safety technology to meet European Utility Requirements and
licensing requirements in Europe. A Westinghouse led international team is developing the modular,
integral IRIS design in the small to medium-size range, with a core design capable of operating on a 4-
year fuel cycle’. The IRIS design is in pre-application review during which the NRC will provide
feedback on necessary testing and an assessment of the risk-informed regulation approach. Design
Certification for IRIS is targeted for 2008-2010. General Electric is designing a large ESBWR
applying economies-of-scale together with modular passive safety systems. The design draws on
technology features from General Electric’s ABWR and from their earlier mid-size simplified BWR
with passive systems. The ESBWR is in the pre-application review phase with the U.S.NRC.

The U.S. DOE’s Nuclear Power 2010 programme is conducting cooperative projects with industry to
obtain U.S. NRC approval of three sites for new nuclear plants under the Early Site Permit (ESP)
process, and to develop application preparation guidance for the combined Construction and Operating
License (COL) and to resolve generic COL regulatory issues. The COL process is a “one-step” process
by which safety concerns are resolved prior to start of construction, and NRC issues a license for
construction and operation of a new plant.

In the Russian Federation, efforts continue on evolutionary versions of the currently operating
WWER-1000 (V-320) plants. This includes the WWER-1000 (V-392) design, of which two units are
planned at the Novovoronezh site, and WWER-1000 units under construction in China, India and the
Islamic Republic of Iran. Development of a larger WWER-1500 design has been initiated.

In China, the China National Nuclear Corporation (CNNC) has developed the AC-600 design, and is
currently developing the CNP-1000 for electricity production. CNNC is also developing the QS-600
e/w, which is based on the design of the Qinshan Phase II, for electricity production and sea-water
desalination. China is pursuing self-reliance both in designing the plant to meet Chinese safety
requirements, and in fostering local equipment manufacture with the objective of reducing
construction and operation costs. Experience gained and lessons learned from the design, construction
and operation of the Qinshan and Daya Bay NPPs are being incorporated.

4.1.2.  Overview of innovative LWR development

A trend in the design of small and medium sized light water reactors has been simplified designs with
long core life and modular design for factory production of standardized components and systems.
Several small sized PWR designs are of the integral reactor type in which the steam generator is
housed in the same vessel as the reactor core. This approach eliminates primary system piping. The
Argentinian CAREM reactor (prototype design 27 MW(e)) is cooled by natural circulation, and has
passive safety systems. Designers of CAREM are planning a prototype (27 MW(e)) plant prior to
commercial deployment. The SMART design that has been developed in the Republic of Korea is an
integral PWR and, like CAREM, uses no soluble boron. A decision has been made to build a 1750
scale, 65 MW(th), SMART pilot plant with operation planned in 2008. The Japan Atomic Energy
Research Institute is developing the small passively safe integral PSRD-100 system for electricity

6 IRIS is considered to be an evolutionary LWR in the context of Figure 1. IRIS has innovative features and the integral
design represents a radical change in system configuration from existing loop reactors. However Westinghouse states that
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, but a first of a kind will be, since no other IRIS-type integral
reactors have been built.
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and/or heat supply and sea-water desalination, and Mitsubishi together with other organizations is
developing the IMR design for electricity production.

In Russia, development is on-going at OKBM for both the VBER-300 integral design with the steam
generator system inside the reactor pressure vessel and for the KLT-40, a floating small NPP design for
electricity and heat; at RDIPE for the VK-300 BWR design for electricity and district heating; and at
Atomenergoproject / Gidropress on a mid-size WWER-640 with passive safety systems.

In Japan the Toshiba Corporation and the Tokyo Institute of Technology are developing a long
operating cycle, natural circulation simplified LSBWR with passive safety systems. The LSBWR’s
power level is in the small size range with a target 15-year core life. Hitachi Ltd. is also developing the
mid-size Hitachi Simplified BWR (HSBWR), the mid-size Advanced BWR (HABWR), and the small-
size SSBWR with passive safety systems and a 20-year core life.

Also in Japan, with the goals of ensuring sustainable energy supplies by achieving a high conversion
(conversion ratio equal to or beyond 1.0) of fertile isotopes to fissile isotopes and reducing spent fuel
accumulation, Hitachi Ltd. is also developing the large-size, reduced moderation RBWR and JAERI is
developing the large-size RMWR.

A prototype or a demonstration plant will most likely be required for thermodynamically supercritical
water cooled systems, which have been selected for development by the Generation-IV International
Forum (see the summary discussion of the Generation-IV International Forum (GIF) in Section 5). In
a supercritical system the reactor operates above the critical point of water (22.4 MPa and 374°C)
resulting in higher thermal efficiency than current LWRs. Thermal efficiencies of 40-45% are
projected with simplified plant designs. Core design options include both thermal neutron spectrum
cores and fast neutron spectrum cores for high conversion. The large-size SCPR concept being
developed by Toshiba Hitachi and the University of Tokyo is an example thermodynamically
supercritical LWR. In Europe, the HP-LWR project has been funded by the European Commission to
assess the merit and economic feasibility of an LWR operating thermodynamically in the supercritical
regime. Activities on super-critical water cooled system concepts are also on-going at universities and
research centers in the USA and in the Russian Federation.

Appendix 1 presents summary information on advanced LWR designs and their status of development.
4.2. Heavy water reactors

HWRs account for about 8% of the nuclear power reactors that are currently operating. Two types of
commercial pressurized heavy water cooled reactors have been developed, the pressure tube and the
pressure vessel versions. HWRs with power ratings from a few hundred MW(e) up to approximately
900 MW(e) are available. The heavy water moderation yields a good neutron economy and has made
it possible to utilize natural uranium as fuel. Both the pressure tube and pressure vessel designs use on-
load refuelling.

In Canada, the approach taken by AECL in development of next generation CANDU plants (the ACR-
700) is to essentially retain the present evolutionary CANDU reactor characteristics and power levels
(e.g. the CANDU-6 and CANDU-9 with net electric power levels around 650 MW(e) and 900 MW(e)
respectively) and to improve economics through plant optimization and simplification. The ACR-700
design uses slightly enriched uranium and light water coolant. It is currently undergoing a pre-
application licensing review by the US Nuclear Regulatory Commission. Following that review,
AECL intends to seek a Design Certification in 2005. The ACR-700 is simultaneously undergoing a
licensing review in Canada, and an ACR-1000 plant is being designed.

Also, in Canada in the framework of GIF, AECL is developing an innovative design, the CANDU-X,
which would use supercritical light-water coolant to achieve high thermodynamic efficiency.



In India, a continuing process of evolution of HWR design has been carried out since the Rajasthan 1
and 2 projects. In 2000 construction began on two 540 MW(e) units at Tarapur which incorporate
feedback from the indigenously designed 220 MW(e) units’.

India is also developing the advanced heavy water reactor (AHWR), a heavy water moderated, boiling
light water cooled, vertical pressure tube type reactor, optimized for utilization of thorium for power
generation, with passive safety systems.

Reference [20] provides a detailed discussion of the status and projected development of HWRs.
4.3. Gas cooled reactors

Gas cooled reactors have been in operation for many years. In the United Kingdom (UK), the nuclear
electricity is mostly generated by CO,-cooled Magnox and advanced gas cooled reactors (AGRs).
Development of high temperature reactors (HTGRs) with helium as coolant, and graphite as moderator,
has also been going on for a long period of time. Prototype and demonstration plants with the Rankine
steam cycle for electric power generation have been built and operated.

The inert He coolant and the coated fuel particle design enable HTGRs to operate at temperatures
considerably above those in water-cooled reactors. Development is also conducted for high
temperature heat applications. Currently two helium cooled test reactors are in operation. The High-
Temperature Engineering Test Reactor (HTTR) at the Japan Atomic Energy Research Institute
(JAERI) in Japan and the HTR-10 at the Institute of Nuclear Energy Technology (INET) in China.

Presently, a considerable effort is devoted to the gas-turbine direct cycle, pebble bed small-size
modular HTR (PBMR) that promises high thermal efficiency and low power generation cost. Eskom,
South Africa’s Industrial Development Corporation, and BNFL (United Kingdom) are jointly
developing such a system. Also, the Ministry of the Russian Federation for Atomic Energy, the
Experimental Design Bureau for Machine Building (OKBM), General Atomics, Framatome and Fuji
Electric are jointly developing a small gas turbine modular helium reactor (GT-MHR) for electricity
production and the consumption of weapons grade plutonium.

A helium cooled very high temperature reactor (VHTR) with a focus on hydrogen production is being
developed within the framework of GIF (see Section 5).

4.4. Fastreactors

Liquid metal cooled fast reactors (LMFRs) have been under development for many years in a number
of countries, primarily as breeders. The successful design, construction and operation of several
sodium cooled reactor plants, such as the small size prototype fast reactor in the United Kingdom, the
prototype Phénix fast reactor in France, the BN-350 in Kazakstan (part of its thermal energy was used
for sea-water desalination), both the demonstration BN-600 in the Russian Federation, and the Monju
in Japan, as well as the commercial size Superphénix in France, have provided an extensive
experience base of more than 200 reactor-years for further improvements. In addition, this is a
considerable base of experience with lead-bismuth (eutectic) cooled propulsion (submarine) reactors
built and operated in the former USSR.

Fast reactors use fast neutrons for sustaining the fission process, and they can actually produce fuel, as
well as consuming it. Plutonium breeding allows fast reactors to extract sixty-to-seventy times more
energy from uranium than thermal reactors do. Their capability to produce more fissile material than
they consume may become indispensable in the longer term if the deployment of nuclear power is
increased substantially. Fast reactors may also contribute to reducing plutonium stockpiles, and to the

7 The most recent plants in this series, the 220 MWe Kaiga-1 and the Rajasthan-3 and -4 units, were connected to the grid in
the year 2000.
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reduction of the required isolation time for high-level radioactive waste by utilizing transuranic
radioisotopes and transmuting some of the most cumbersome long-lived fission products.

Examples of current LMFR activities include: the construction in China of the small size Chinese
Experimental Fast Reactor (CEFR) with first criticality scheduled for 2006; the development of the
small-size KALIMER design in the Republic of Korea; the successful operation of the Indian Fast
Breeder Test Reactor (FBTR) and its utilization for fast reactor R&D, especially fuel irradiation and
materials research; the development of the medium size Prototype FBR (PFBR) in India for which
construction has started in 2004; efforts in Japan aimed at restarting MONJU, and the Japan Nuclear
Cycle Development Institute’s “Feasibility Study on a Commercialised Fast Reactor Cycle System”;
efforts in Russia to complete the BN-800 reactor at Beloyarsk by 2010, and design studies of advanced
fast reactors (sodium cooled, lead cooled, and lead-bismuth eutectic cooled) having improved
economics and enhanced safety.

In France, the Phénix plant has restarted in 2003 with the main mission of conducting experiments on
long lived radioactive nuclide incineration and transmutation.

Development activities for a gas (helium) cooled fast reactor (GFR) with an integrated fuel cycle with
full actinide recycle and for lead alloy and sodium cooled systems are being conducted within GIF.

Co operative international research is underway in several countries on fast neutron spectrum hybrid
systems (e.g. accelerator driven systems (ADS)). The potential advantages of ADS systems are low
waste production, high transmutation capability, enhanced safety characteristics and better long-term
utilization of resources (e.g. with thorium fuels). ADS activities include development of the HYPER
concept by the Republic of Korea; design studies in Japan on a lead-bismuth eutectic cooled concept
and R&D at JAERI in the fields of sub-critical core design, spallation target technology, accelerator
development and minor actinide fuel development; and research on basic physical processes in Russia
and in eight countries in the European Union, and in the Advanced Accelerator Applications
programme of the USA (recently merged with the Advanced Fuel Cycles initiative).

5. INTERNATIONAL INITIATIVES FOR INNOVATIVE PLANTS

Many countries believe that nuclear energy must remain or become an integral part of their energy mix
to meet energy supply needs. To help achieve this goal, there are two major international efforts, the
Generation IV International Forum and the IAEA’s International Project on Innovative Nuclear
Reactors and Fuel Cycles (INPRO).

Concerns over energy resource availability, climate change, air quality, and energy security suggest an
important role for nuclear power in future energy supplies. While the current Generation II
(commercial power reactors) and Generation III ([currently available] advanced LWRs) nuclear power
plant designs provide an economically, technically, and publicly acceptable electricity supply in many
markets, further advances in nuclear energy system design can broaden the opportunities for the use of
nuclear energy.

To explore these opportunities, the U.S. Department of Energy's Office of Nuclear Energy, Science
and Technology has engaged governments, industry, and the research community worldwide in a
wide-ranging discussion on the development of next-generation nuclear energy systems known as
"Generation IV". This has resulted in the formation of the Generation-IV International Forum (GIF), a
group whose member countries are interested in jointly defining the future of nuclear energy research
and development. Members are Argentina, Brazil, Canada, Euratom, France, Japan, the Republic of
Korea, South Africa, Switzerland, the United Kingdom and the United States of America. The IAEA
and the OECD/NEA have permanent observer status in the GIF Policy Group, which governs the
project’s overall framework and policies. In short, "Generation IV" refers to the development and
demonstration of one or more Generation IV nuclear energy systems that offer advantages in the areas
of economics, safety and reliability, sustainability, and could be deployed commercially by 2030.
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As stated in [27] the purpose of the GIF and the Vision for Generation IV is “The development of
concepts for one or more Generation IV nuclear energy systems that can be licensed, constructed, and
operated in a manner that will provide a competitively priced and reliable supply of energy to the
country where such systems are deployed, while satisfactorily addressing nuclear safety, waste,
proliferation and public perception concerns.” Following evaluations of many concepts, six systems
have been selected by the GIF Policy Group for future bilateral and multilateral cooperation, and a
Technology Roadmap has been prepared to guide the research and development [28]. The six selected
systems are:

Gas cooled fast reactor systems,

Lead alloy liquid metal-cooled reactor systems,
Molten salt reactor systems,

Sodium liquid metal cooled reactor systems,
Supercritical water cooled reactor systems,
Very high temperature gas reactor systems.

The IAEA’s International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) is based
on an IAEA General Conference resolution in September 2000 inviting all interested Member States,
both technology suppliers and technology users, to consider jointly international and national actions
required to achieve desired innovations in nuclear reactors and fuel cycles. Additional endorsement
came in a UN General Assembly resolution in December 2001 that emphasized “the unique role that
the Agency can play in developing user requirements and in addressing safeguards, safety and
environmental questions for innovative reactors and their fuel cycles” and stressed “the need for
international collaboration in the development of innovative nuclear technology”.

The overall objectives of INPRO are (a) to help to ensure that nuclear energy is available to contribute
to fulfilling energy needs in the 21 century in a sustainable manner; (b) to bring together all interested
Member States, both technology holders and technology users, to consider jointly the international and
national actions required to achieve desired innovations in nuclear reactors and fuel cycles; and (c) to
create a process that involves all relevant stakeholders that will have an impact on, draw from, and
complement the activities of existing institutions, as well as ongoing initiatives at the national and
international level. The INPRO time horizon is 50 years into the future. As of December 2003,
members of INPRO include Argentina, Armenia, Brazil, Bulgaria, Canada, Chile, China, Czech
Republic, France, Germany, India, Indonesia, Morocco, the Netherlands, Pakistan, the Republic of
Korea, the Russian Federation, South Africa, Spain, Switzerland, Turkey, and the European
Commission. In its first Phase, INPRO has prepared basic principles and user requirements® for
innovative energy systems in the areas of economics, safety, environment, waste management,
proliferation resistance and infrastructure. These are presented in Appendix 2. INPRO has published
guidelines for the evaluation of innovative nuclear reactors and fuel cycles addressing economics,
sustainability and environment, safety of nuclear installations, waste management, proliferation
resistance as well as cross-cutting issues [14].

6. NON-ELECTRIC APPLICATIONS OF NUCLEAR ENERGY

As has been discussed in the preceding sections, nuclear energy is playing an important role in
electricity generation, producing about 16% of the world’s electricity. However, only about one-fifth
of the world’s energy consumption is used for electricity generation [29]. Most of the world’s energy
consumption is for heat and transportation. There is currently some use of nuclear energy for
providing heat, and interest in the future use of nuclear energy in the heat market is growing.
Nuclear energy has considerable potential to penetrate into the energy sectors now served by fossil
fuels.

¥ In the context of INPRO, a basic principle is a statement of a general rule providing guidance for the development of an
innovative nuclear energy system. A user requirement is a condition that should be met to achieve users’ acceptance of an
innovative nuclear energy system.
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For heat applications of nuclear energy, the temperature requirements vary greatly. As shown in Figure
2 from [30], for heat applications the temperatures range from around 100°C for hot water and steam
for district heating and seawater desalination, to up to 1000°C for heat for the production of hydrogen
by high temperature thermo-chemical processes. Although various forms of nuclear heat application
are technically feasible and pursued between these temperature ranges, the major applications are
directed to the lower end using water cooled reactors [31] and to the higher end using high
temperature gas cooled reactors [30], [32], [33]. Figure 2 also shows the temperatures produced by the
various reactor types’ and the temperatures necessary for different non-electric applications.

1200
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800 +
600 +

400 +

200 + I I

AGR LWR or NHR Desalination/ Oil Shale Hydrogen
HTGR HWR Heating Production
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FIG. 2. Temperatures of heat produced by different reactor types and temperatures of heat used for
different non-electric applications of nuclear energy. See text for an explanation of terms.

Low temperature heat applications include district heating, seawater desalination and a large variety of
agricultural and industrial processes. Seawater desalination requires temperatures up to about 130°C,
district heating up to about 170°C and low temperature industrial processes up to about 250°C.
Applications involving use of high temperature nuclear heat are not well proven and remain in the
laboratory or in small-scale demonstration phase. For large-scale deployment significant research and
development is still required.

6.1. Nuclear energy for hydrogen production

Hydrogen as an energy carrier is receiving increasing attention in OECD countries, notably in the US
and the European Union. Ref. [35] examines the wide range of activities required to realize hydrogen’s
potential in solving US energy security, diversity, and environmental needs. Ref. [36] provides a vision
outlining the research, deployment and non-technical actions that would be necessary to move from
today's fossil-based energy economy to a future sustainable hydrogen-oriented economy with fuel cell
energy converters.

? It should be noted that reactor and fuel technology development could increase the achievable temperatures. For example,
super-critical water cooled reactors would provide temperatures up to about 500°C; a lead or lead-bismuth cooled fast reactor
system possibly may achieve core outlet temperatures ranging up to 800°C with advanced materials; and a graphite
moderated, helium cooled, very high temperature reactor system would supply heat with core outlet temperature above
1000°C [34].
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Nuclear energy can be used for hydrogen production by using nuclear produced electricity for water
electrolysis or by using nuclear heat from high or very high temperature reactors for indirect thermo-
chemical water-splitting cycles. Production of hydrogen by nuclear electricity and/or high temperature
nuclear heat would open the application of nuclear energy for the transportation sector and reduce the
reliance of the transportation sector on fossil fuel with the associated price volatility, finite supply and
greenhouse gas emissions. Using electricity in electrolyzers to produce hydrogen would allow a near-
term option for distributed hydrogen generation at the point of delivery to the customer, such as at a
fuelling station. Although the efficiency of hydrogen production by electrolyzers is lower than with
high temperature thermo-chemical processes, such distributed production could play an initiating role,
because of the lower capital investment and especially until large networks for hydrogen distribution
become common. In the longer term, production of hydrogen at central nuclear stations with high or
very high temperature reactors connected to extensive distribution networks may become cost efficient,
with distributed production continuing to meet some needs.

Some experience for high temperature applications of nuclear energy is available on the laboratory
scale and from component tests for earlier development programmes for HTGR applications.
Significant research and development is still required before large scale deployment such as steam
reforming of methane and thermo-chemical cycles for production of hydrogen.

Programmes are on-going in Japan and China with the goal of demonstrating the use of heat from
HTGRs for high temperature applications [37] and [38]. In the USA, construction of an advanced
reactor for hydrogen production is under consideration.

6.2. District heating

District heating networks generally have installed capacities in the range of 600 to 1200 MW(th) in
large cities, decreasing to approximately 10 to 50 MW(th) in towns and small communities. For heat
applications with nuclear plants, there are basically two options: Co-generation of electricity and heat,
and dedicated nuclear heating reactors. Co-generation has been widely applied and experienced. In the
co-generation mode, electricity will usually constitute the main product. Large size reactors, therefore,
have to be integrated into the electrical grid system and optimized for base load electricity production.
For reactors in the small to medium-size range, and in particular for small and very small reactors, the
share of process heat generation could be larger, and heat could even be the predominant product.

Experience with nuclear district heating has been gained in Bulgaria, China, Germany, Hungary, the
Russian Federation, Slovakia, Sweden, Switzerland and the Ukraine. A listing of operating nuclear
heating plants is provided in [30]. Obviously, a potential market for the application of nuclear energy
for district heating appears mainly in climatic zones with relatively long and cold winters. In Western
Europe, for example Finland, Sweden, and Denmark are countries where district heating is widely
used.

In the district heating field, the Russian Federation is reflecting its accumulated extensive experience in
the improved design concept of a local district heating source and heat supply system. Restarting of
the construction work of the site of Voronez and Tomsk is expected, both using AST-500 reactors.
Some other cogeneration plants for district heating are also foreseen for replacing existing plants that
are approaching the end of their design lifetime.

6.3. Seawater desalination

Application of nuclear heat for seawater desalination is another field with some operational experience
and good prospects. Freshwater is essential in civilization and development. Its demand is rapidly
growing throughout the world and some regions are already being jeopardized with the shortage of
fresh water. Seawater desalination is a process of separating dissolved saline components from
seawater to obtain fresh water with low salinity, adequate for irrigation, drinking and industrial use.
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Seawater desalination technologies'® have been well established in the middle of the 20" century, with
still further improvement potential. The contracted capacity of desalination plants for desalinated
water now exceeds 32 million m*/d worldwide [39].

Nuclear desalination is the production of potable water from seawater in an integrated facility in
which a nuclear reactor is used as the source of energy (electrical and/or thermal) for the desalination
process on the same site. The facility may be dedicated solely to the production of potable water, or
may be used for the generation of electricity and the production of potable water, in which case only a
portion of the total energy output of the reactor is used for water production.

The experience and future opportunities for nuclear desalination were reviewed at a Symposium on
Nuclear Desalination of Seawater, [40] convened by the IAEA in May 1997. Reference [33]
summarizes global experience in nuclear seawater desalination and provides a list of operating nuclear
desalination plants as of mid-2000.

The technical feasibility of integrated nuclear desalination has been firmly established by successful
operation at several plants. This successful operation has proved the compliance with safety
requirements and the reliability of co-generation nuclear reactors. Operating experience exceeds 150
reactor-years (statistics updated [30]).

Many IAEA Member States are moving forward in preparing nuclear desalination projects [41] and
[42]. Activities are currently ongoing in Argentina, Canada, China, Egypt, France, India, Indonesia,
Pakistan, the Republic of Korea, Morocco, the Russian Federation, and Tunisia.

In 1996 the TAEA, in its Options Identification Programme (OIP) identified practical options [43] of
technical configuration of nuclear and desalination coupling to build near term technical and economic
confidence under specific conditions. They were: (1) desalination in combination with a nuclear power
reactor being constructed or in an advanced design stage with construction expected in the near term;
(2) desalination, as above, in combination with a currently operating reactor with some minor design
modifications as required to the periphery of the existing nuclear system; and (3) desalination in
combination with a small (heating) reactor.

In the Republic of Korea, the design of a nuclear desalination plant with the SMART reactor is
developed to supply 40,000 m’/day of fresh water and 90 MW of electricity to an area with an
approximate population of 100,000 or an industrialized complex. A detailed design and construction
project of a one-fifth scale SMART Pilot plant for demonstration of the relevant technologies, is
currently underway and will be completed by 2008. This is an example of option 1 identified in the
OIP. Also in the Russian Federation efforts continue on a floating power unit based on a KLT-40
reactor for multipurpose use including desalination. A nuclear desalination project is foreseen in the
Russian Arctic Sea coast area (Severodvinsk or Pevec) using an RO and/or MED process.

For option 2, three examples can be mentioned. A small RO facility set up at the KANUPP HWR unit
in Pakistan has been in service since early 2000 producing 450 m’/day of fresh water, and work is

19 These technologies can be classified as:

Multi-Stage Flash (MSF): MSF is a distillation process by which feed saline water (usually seawater) is allowed to flash
along the lower sections of flash chambers (or stages), after the feed water has been heated in a primary vessel called the
brine heater to temperatures in the range of 90-110°C. Water vapor produced in the consecutive flashing stages is condensed
in the upper sections on condensing tubes and collected on collection trays of the different stages as product distilled water.
The concentrate brine reject is typically discharged to the sea.

Multi-Effect Distillation (MED): MED, similarly to MSF, takes place in a series of vessels (effects), where principles of
condensation/evaporation and gradually reduced ambient pressure in down-stream effects permit the seawater feed to
undergo boiling without the need to supply additional heat after the first effect.

Reverse Osmosis (RO): RO is a membrane process in which the water from pressurized saline water feed is separated from
the solutes (the salts) while passing through a semi-permeable membrane. No heating or phase change is necessary in this
process since most of the energy required is for pressurizing the feed saline water.
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progressing on a Desalination Demonstration Plant, to be commissioned in 2005 at KANUPP. A
6300 m’/day Multi-Stage Flash-Reverse Osmosis hybrid desalination plant is in commissioning in
India at the Kalpakkam nuclear power plant. The product water is both for process water for the
nuclear power plant and for drinking water in the neighbouring community. The Reverse Osmosis
plant segment at Kalpakkam has been operating since 2002.

In Europe, the European Commission’s project EURODESAL, coordinated by the French CEA, with
partners in Europe and Canada, has conducted feasibility studies for both option (1) and option (2)
above.

In addition to these activities, preheat Reverse Osmosis desalination experimental facilities are being
set up in Egypt and Canada. Other countries are assessing a possibility of nuclear desalination plant
under different time frame. For example,

o Egypt is continuing its feasibility study for an electricity and desalination plant at El-Dabaa;

e Tunisia is about to collaborate with France on a feasibility study of nuclear desalination for a site
(la Skhira) in the southern part of the country along the Mediterranean coast;

¢ Indonesia is starting a joint feasibility study with Republic of Korea of a nuclear desalination plant
in its Madura Island;

e In China, a nuclear desalination plant, based on the 200 MW(th) nuclear heating reactor with a
capacity of 150,000 m*/d is being studied for YanTai in Shandong province.

As any nuclear reactor can provide energy (low-grade heat and/or electricity), as required by
desalination processes, in principle, a broad option of coupling configurations can be feasible for
future deployment of nuclear desalination.

6.4. Heat for other industrial processes

Within the industrial sector, at temperatures higher than those needed for district heating and seawater
desalination, process heat is used for a variety of applications. Heat applications at temperatures up to
about 200 to 300°C include the pulp and paper industry and the textile industry. Chemical industries,
oil refining, oil shale and oil-sand processing and coal gasification are examples of industries with
temperature requirements up to the 500-600°C level. Refinement of coal and lignite, and hydrogen
production by water splitting, are among applications that require temperatures of 600—1000°C and
above. Unlike district heating, the load factors of industrial users of heat do not depend on climatic
conditions. The demands of large industrial users usually have base load characteristics.

Experience with provision of process steam for industrial purposes with nuclear energy has been
gained in Canada, Germany, Norway and Switzerland. In Canada, steam from the Bruce Nuclear
Power Development (BNPD) was supplied until the mid-to-late 1990s to heavy water production
plants and to an adjacent industrial park at the Bruce Energy Center.

In Germany, since December 1983, the Stade PWR, has supplied steam for a salt refinery that is
located at a distance of 1.5 km. In Norway, the Halden Reactor has supplied steam to a nearby factory
for many years. In Switzerland, since 1979, the Gosgen PWR has provided process steam for a nearby
cardboard factory.

7. CONCLUSIONS

Clearly, nuclear power contributes significantly to the world’s electricity supply and has great potential
to contribute to emerging needs such as sea water desalination and hydrogen production. In the near
term, nuclear power will expand, especially in Asia. Considerable development is on-going for new,
advanced nuclear plant designs for all reactor lines with competitive economics and very high safety
levels as common goals.
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At the same time, nuclear power faces significant challenges, including: continuing to achieve a high
level of safety at current plants; implementing high level waste disposal; achieving further advances in
technology to assure economic competitiveness and very high levels of safety. Success in all of these
areas will establish a sound basis for establishing nuclear power as a sustainable energy source.
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Table 1. Advanced light water reactor designs

Appendix 1

A) Large size advanced LWR designs (700 MW(e) or larger)
Name Type | MW(e) | MW(e) Design Organizations Status
Gross Net
ABWR BWR 1385 1300 General Electric, USA; Operating in Japan.
Hitachi Ltd. and Toshiba Under construction in Japan
Corp., Japan and Taiwan, China
Design certified by the
U.S.NRC in USA
ABWR-II | BWR 1717 1638 Japanese utilities, General | In design phase —
Electric, Hitachi Ltd. and | commercial introduction
Toshiba Corp. foreseen in latter half of
2010s
APWR PWR 1538 | - Mitsubishi, First units planned at the
Japan/Westinghouse, USA Japan Atomic Power
Company’s Tsuruga-3 and 4.
APWR" PWR 1750 |  -—--- Mitsubishi, Japan In design phase — target for
starting construction of a
first unit is the end of the
2010s.
BWR 90+ | BWR — 1575 Westinghouse Atom, Plant design is essentially
Sweden complete
EPR PWR 1650 ~1550 Framatome ANP Detailed design completed
France/Germany
ESBWR BWR 1390 1333 General Electric, USA The Design Certification
Pre-application review by
the U.S.NRC was initiated in
2002
KSNP* PWR 1050 1000 Korea Hydro and Nuclear First units planned at
Power Company, Republic KHNP’s Shin-Kori-1 and 2
of Korea
APR- PWR 1450 1400 Korea Hydro and Nuclear First units planned at
1400 Power Company etc., KHNP’s Shin-Kori-3 and 4
Republic of Korea
AP-1000 | PWR 1200 1117 Westinghouse, USA Under review by the
U.S.NRC for Design
Certification
EP-1000 PWR (see values for AP- | Westinghouse, USA/Genesi, | Programme now merged
1000) Italy with AP-1000 programme.
Design and analyses are
being conducted to
document compliance with
European Utility
Requirements
SWR BWR 1290 1250 Framatome ANP, Germany | Inthe U.S., the Design
1000 Certification Pre-application
review by the U.S.NRC was
initiated in 2002
WWER- PWR 1068 1000 Atomenergoproject/ Design is licensed for
1000 Gidropress, Russian Novovoronezh Phase 2
(V-392) Federation (units 5 & 6) in Russia. The

main design features were
used for the two WWER
units under construction at
Kudankulam in India
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Name Type | MW(e) | MW(e) Design Organizations Status
Gross Net

WWER- | PWR L S I Gidropress, Russian Reactor plant design is

1000 Federation developed for WWER-

(V-466) 91/99, NPP92 and
Balakovo-5 NPPs

WWER- | PWR L Gidropress, Russian Detailed design of reactor

1500 Federation plant is under development

(V-448)

CNP1000 | PWR 1000 |  -—-- China National Nuclear Engineering design

Corporation, China

SCPR SCWR 950 — Toshiba, et al., Japan Representative of Super-
Critical Water-Cooled
Reactor system selected by
the Generation-IV
International Forum

RMWR® | BWR 1356 1300 JAERI, Japan Design studies and
experiments being
performed. Small scale
prototype possible by early
2010s; commercialization by
2020

RBWR BWR — 1356 Hitachi, Japan Design studies

a) Thermal power is 3000 MW
b) Thermal power is 4250 MW

¢) A small scale (300 MW(e) class) RMWR with passive safety features is also being developed by JAERI, JAPC, Hitachi
and Tokyo Institute of Technology under the innovative and viable nuclear energy technology development program
(IVNET) sponsored by the Ministry of Economy, Trade and Industries (METI) of Japan since FY2000
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Table 1. Advanced light water reactor designs

B) Medium size advanced LWR designs (300-700 MW(e))
Name Type | MW(e) MW(e) Design Organizations Status
Gross Net
AC-600 PWR 600 S— China National Nuclear R&D results will be
Corporation, China applied to development of

large advanced PWR

AP-600 PWR 619 600 Westinghouse, USA Design has been certified
by the U.S. Nuclear
Regulatory Commission

HSBWR BWR 600 —— Hitachi, Japan Conceptual design

HABWR BWR 650 —— Hitachi, Japan Conceptual design

WWER- PWR 640 ———- Atomenergoproject, St. Construction of pilot plant

640 Petersburg / Gidropress, at Sosnovy Bor site is

(V-407) Russian Federation under consideration. This
would be followed by units
at the Kola nuclear power
station and other sites.

VK-300 BWR -— 2X250d) RDIPE, Russian Federation Design. Testing of key
systems and components
underway

IRIS PWR —— 335 Westinghouse, USA In Pre-application Review
for Design Certification by
the U.S.NRC.
Westinghouse expects that
IRIS will be submitted to
the U.S. NRC for Design
Certification in 2004/5,
with Design Certification
following in 2008/20009.

Qs- PWR 644 6109 CNNC, China Conceptual design

600e/w

Co-

generation

plant

PAES-600 | PWR - 2x295 OKBM, Russian Federation Conceptual design

with twin

VBER-

300 units

IMR PWR 330 --- Mitsubishi, Japan Conceptual design

NP-300 PWR 334 314 Technicatome, France Basic design

d) A twin unit VK-300 electrical plant would produce 2 x 250 MW(e). The VK-300 may be used for co-generation of district
heat and electricity (at a reduced electrical capacity rating).

e) This is the net electric rating for a plant that produces only electricity with no heat for desalination. A co-generation plant
used for sea-water desalination and electric power production would have a lower net electric power capacity.
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Table 1. Advanced light water reactor designs

Small size advanced LWR designs (below 300 MW(e))

Name

Type

MW(e)
Gross

MW(e)
Net

Design Organizations

Status

LSBWR

BWR

306

Toshiba, Japan

Conceptual design

CAREM

PWR

D

27:‘:’)

CNEA/INVAP, Argentina

Conceptual engineering
for 27 MW(e) prototype,
which is under
consideration, has been
completed

SMART

PWR

90

h)

KAERI, Republic of Korea

Design and construction
project for a 1/5™ scale
pilot plant is under way
with completion planned
by 2008

SSBWR

BWR

150

Hitachi, Japan

Conceptual design

KLT-40

PWR

OKBM, Russian Federation

A first  unit, an
adaptation of a nuclear
propulsion unit used for
the ice-breaker fleet in
Russia, is planned at
Severodvinsk  of  the
Arkhangelsk region in
the Russian Federation.

PSRD-
100

PWR

3 1])

JAERI, Japan

Conceptual design

f) CAREM concepts are in the small size range, utilizing natural circulation for plants below 150 MW(e), or forced flow for
plants with larger ratings.

2) Rating of prototype.

h) The thermal power of the full sized unit is 330 MW, to be used in the co-generation mode for 90 MW(e) (gross) of electric
power and for sea-water desalination to produce 40,000 m® of fresh water per day.

i) Depending on amount of heat used in co-generating mode.

j) The concept reported here is rated 100 MWt. A 300 MWt concept is also being developed.
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Economics

Basic Principle 1.

Safety

Basic Principle 1.

Appendix 2

INPRO BASIC PRINCIPLES AND USER REQUIREMENTS

Energy and related products and services from Innovative Nuclear Energy
Systems shall be affordable and available.

User Requirements:

URI.1

UR1.2

URIL.3

UR1.4

The cost of energy from innovative nuclear energy systems, taking all
relevant costs and credits into account, Cy, should be competitive with
that of alternative energy sources, C,. that are available for a given
application in the same time frame and geographic region.

The total investment required to design, construct, and commission
innovative nuclear energy systems, including interest during
construction, should be such that the necessary investment funds can be
raised.

The risk of investment in innovative nuclear energy systems should be
acceptable to investors taking into account the risk of investment in
other energy projects.

Innovative energy systems should be compatible with meeting the
requirements of different markets.

Installations of an Innovative Nuclear Energy System shall incorporate enhanced
defence-in-depth as a part of their fundamental safety approach and ensure that
the levels of protection in defence-in-depth shall be more independent from each
other than in existing installations.

User Requirements:

URI1.1

UR1.2

UR1.3

UR1.4

UR1.5

Installations of an INS should be more robust relative to existing
designs regarding system and component failures as well as operation.

Installations of an INS should detect and intercept deviations from
normal operational states in order to prevent anticipated operational
occurrences from escalating to accident conditions.

The frequency of occurrence of accidents should be reduced, consistent
with the overall safety objectives. If an accident occurs, engineered
safety features should be able to restore an installation of an INS to a
controlled state, and subsequently (where relevant) to a safe shutdown
state, and ensure the confinement of radioactive material. Reliance on
human intervention should be minimal, and should only be required
after some grace period.

The frequency of a major release of radioactivity into the containment /
confinement of an INS due to internal events should be reduced.
Should a release occur, the consequences should be mitigated.

A major release of radioactivity from an installation of an INS should
be prevented for all practical purposes, so that INS installations would
not need relocation or evacuation measures outside the plant site, apart
from those generic emergency measures developed for any industrial
facility used for similar purpose.
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Basic Principle 2.

Basic Principle 3.

Basic Principle 4.
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UR1.6 An assessment should be performed for an INS to demonstrate that the
different levels of defence-in-depth are met and are more independent
from each other than for existing systems.

URI1.7 Safe operation of installations of an INS should be supported by an
improved Human Machine Interface resulting from systematic
application of human factors requirements to the design, construction,
operation and decommissioning,.

Installations of an INS shall excel in safety and reliability by incorporating into
their designs, when appropriate, increased emphasis on inherently safe
characteristics and passive systems as a part of their fundamental safety approach.

User Requirements:

UR2.1 INS should strive for elimination or minimization of some hazards
relative to existing plants by incorporating inherently safe
characteristics and/or passive systems, when appropriate.

Installations of an INS shall ensure that the risk from radiation exposures to
workers, the public and the environment during construction/commissioning,
operation, and decommissioning, are comparable to the risk from other industrial
facilities used for similar purposes.

User Requirements:

UR3.1 INS installations should ensure an efficient implementation of the
concept of optimization of radiation protection through the use of
automation, remote maintenance and operational experience from
existing designs.

UR3.2 Dose to an individual member of the public from an individual INS
installation during normal operation should reflect an efficient
implementation of the concept of optimization, and for increased
flexibility in siting may be reduced below levels from existing facilities.

The development of INS shall include associated Research, Development and
Demonstration work to bring the knowledge of plant characteristics and the
capability of analytical methods used for design and safety assessment to at least
the same confidence level as for existing plants.

User Requirements:

UR4.1 The safety basis of INS installations should be confidently established
prior to commercial deployment.

UR4.2 Research, Development and Demonstration on the reliability of
components and systems, including passive systems and inherent safety
characteristics, should be performed to achieve a thorough
understanding of all relevant physical and engineering phenomena
required to support the safety assessment.

UR4.3 A reduced-scale pilot plant or large-scale demonstration facility should
be built for reactors and/or fuel cycle processes, which represent a
major departure from existing operating experience.

UR4.4 For the safety analysis, both deterministic and probabilistic methods
should be used, where feasible, to ensure that a thorough and sufficient
safety assessment is made. As the technology matures, “Best Estimate
(plus Uncertainty Analysis)” approaches are useful to determine the
real hazard, especially for limiting severe accidents.



Environment

Basic Principle 1.

Basic Principle 2.

(Acceptability of Expected Adverse Environmental Effects) The expected (best
estimate) adverse environmental effects of the innovative nuclear energy system
shall be well within the performance envelope of current nuclear energy systems
delivering similar energy products.

User Requirements:

URI1.1 The environmental stressors from each part of the INS over the
complete life cycle should be controllable to levels meeting or superior
to current standards.

URI1.2 The likely adverse environmental effects attributable to the INS should
be as low as reasonably practicable, social and economic factors taken
into account.

(Fitness for Purpose) The INS shall be capable of contributing to the energy
needs in the 21st century while making efficient use of non-renewable resources.

User Requirements:

UR2.1 (Consistency with Resource Availability) The INS should be able to
contribute to the world’s energy needs during the 21st century without
running out of fissile/fertile material and other non-renewable materials,
with account taken of reasonably expected uses of these materials
external to the INS. In addition, the INS should make efficient use of
non-renewable resources.

UR2.2 (Adequate Net Energy Output) The energy output of the INS should
exceed the energy required to implement and operate the INS within an
acceptably short period.

Waste Management

Basic Principle 1.

Basic Principle 2.

(Waste minimization) Generation of radioactive waste in an INS shall be kept to
the minimum practicable.

User Requirements:

URI1.1 (Reduction of waste at the source): The INS should be designed to
minimize the generation of waste at all stages, with emphasis on waste
containing long-lived toxic components that would be mobile in a
repository environment.

(Protection of human health and the environment) Radioactive waste in an INS
shall be managed in such a way as to secure an acceptable level of protection for
human health and the environment, regardless of the time or place at which
impacts may occur.

User Requirements:

UR2.1 (Protection of Human Health) Exposure of humans to radiation and
chemicals from INS waste management systems should be below
currently accepted levels and protection of human health from exposure
to radiation and chemically toxic substances should be optimised.

UR2.2 (Adequate Net Energy Output) The energy output of the INS should
exceed the energy required to implement and operate the INS within an
acceptably short period.
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Basic Principle 3.

Basic Principle 4.

(Burden on future generations) Radioactive waste in an INS shall be managed in
such a way that it will not impose undue burdens on future generations.

User Requirements:

UR3.1 (End State): An achievable end state should be specified for each class
of waste, which provides permanent safety without further modification.
The planned energy system should be such that the waste is brought to
this end state as soon as reasonably practicable. The end state should be
such that any release of hazardous materials to the environment will be
below that which is acceptable today.

UR3.2 (Attribution of Waste Management Costs): The costs of managing all
waste in the life cycle should be included in the estimated cost of
energy from the INS, in such a way as to cover the accumulated
liability at any stage of the life cycle.

(Waste optimization) Interactions and relationships among all waste generation
and management steps shall be accounted for in the design of the INS, such that
overall operational and long-term safety is optimized.

User Requirements:

UR4.1 (Waste Classification): The radioactive waste arising from the INS
should be classified to facilitate waste management in all parts of the
INS.

UR4.2 (Pre-disposal Waste Management): Intermediate steps between
generation of the waste and the end state should be taken as early as
reasonably practicable. The design of the steps should ensure that all-
important technical issues (e.g., heat removal, criticality control,
confinement of radioactive material) are addressed. The processes
should not inhibit or complicate the achievement of the end state.

Proliferation resistance

Basic Principle 1.

Basic Principle 2.
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Proliferation resistance features and measures shall be implemented throughout
the full life cycle for innovative nuclear energy systems to help ensure that INSs
will continue to be an unattractive means to acquire fissile material for a nuclear
weapons programme.

User Requirements:

URI1.1 States’ commitments, obligations and policies regarding non-
proliferation should be adequate.

UR1.2 The attractiveness of nuclear material in an INS for a nuclear weapons
programme should be low. This includes the attractiveness of
undeclared nuclear material that could credibly be produced or
processed in the INS.

UR1.3 The diversion of nuclear material should be reasonably difficult and
detectable. Diversion includes the use of an INS facility for the
introduction, production or processing of undeclared nuclear material.

Both intrinsic features and extrinsic measures are essential, and neither shall be
considered sufficient by itself.

User Requirements:



Infrastructure

Basic Principle 1.

UR2.1

UR2.2

Innovative nuclear energy systems should incorporate multiple
proliferation resistance features and measures.

The combination of intrinsic features and extrinsic measures,
compatible with other design considerations, should be optimized (in
the design/engineering phase) to provide cost-efficient proliferation
resistance.

Regional and international arrangements shall provide options that enable any
country that so wishes to adopt INS for the supply of energy and related products
without making an excessive investment in national infrastructure.

User Requirements:

URI1.1

UR1.2

URL.3

UR1.4

(Legal and institutional infrastructure): Prior to deployment of an INS
installation, a national legal framework should be established covering
the issues of nuclear liability, safety and radiation protection, control of
operation and security, and proliferation resistance.

(Economical and industrial infrastructure): The industrial and economic
infrastructure of a country planning to install an INS installation should
be adequate to support the project during construction and operation.

(Socio-political infrastructure): The necessary human resources should
be available to enable an operating organization to maintain a safety
culture to achieve safe operation of the INS installation. The operating
organization should have enough knowledge of the plant to be an
intelligent customer and should keep a stable cadre of trained staff.

(Socio-political infrastructure): The necessary human resources should
be available to enable an operating organization to maintain a safety
culture to achieve safe operation of the INS installation. The operating
organization should have enough knowledge of the plant to be an
intelligent customer and should keep a stable cadre of trained staff.
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ANNEX 2

OVERVIEW ON SOME ASPECTS OF SAFETY REQUIREMENTS AND
CONSIDERATIONS FOR FUTURE NUCLEAR REACTORS

N. Aksan
Paul Scherrer Institute, Switzerland

Abstract

In this paper, an overview of some aspects of the European Utility Requirements (EUR) and also for
Generation IV initiative with the technology goals will be provided. The major objectives of the EUR document
have been to develop requirements addressed to the LWR plant designers and vendors. It is a tool for promoting
the harmonization of the most important plant features that were often too country specific. Generation IV is a
new generation of nuclear energy systems that can be made available to the market by 2030 or earlier, and that
offers significant advances toward challenging technological goals. These goals are defined in the broad areas of
sustainability, safety and reliability, and economics. Use of EUR and Generation IV technology goals for safety
aspects of future reactor designs is also discussed.

1. INTRODUCTION

The major European utilities decide to take a lead role in defining the main features of future plants
and they initiated the development of a common requirements document, the European Ultility
Requirements (EUR). They agreed to propose a common set of safety requirements in an effort to
harmonize the safety requirements between the different European countries. The EUR scope was to
allow development of competitive, standardized designs that would match the conditions in Europe
and be licensable in the respective countries. The utilities provided their practical experience in the
preparation of the EUR document.

In the mean time with the turn of the millennium, the importance of nuclear energy as vital and
strategic resource in the US and world’s energy supply mix has also led to an initiative, termed
Generation IV by the US Department of Energy (DOE), to develop and demonstrate new and
improved reactor technologies. As a result of this initiative, Generation IV technology goals are set
and defined.

The following sections provide overview both for European Utility Requirements and also for
Generation IV initiative with the technology goals (sections 2 and 5, respectively). Section 3 presents
in some detail some of the safety aspects of the EUR, including system and containment safety, and
accident prevention. Use of the EUR and Generation IV technological goals for safety aspects of the
advanced and future nuclear reactor designs are discussed in sections 4 and 6, respectively. The
concluding remarks are presented in section 7.

2. A SHORT OVERVIEW ON EUROPEAN UTILITY REQUIREMENTS

The major European electricity producers have worked on a common requirement document for
future LWR plants since 1992 to get specifications acceptable together by the owners, the public and
the safety authorities. Thus the designers can develop standard LWR designs that could be acceptable
across Europe and the utilities can open their consultations to vendors on a common basis. Public and
regulatory authorities should be improved as well. The EUR promoters are a group of organizations
that represent the major Western Europe electricity producers committed to keeping the nuclear
option open in Europe. Started with five partners in 1992, the group now includes 10 utility
organizations.

The major objectives of the EUR document have been to develop requirements addressed to the LWR
plant designers and vendors. It is a tool for promoting the harmonization of the most important plant
features that were often too country specific. The main items considered in this convergence process
are the safety approaches, targets, criteria and assessment methods, the standardized environmental
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design conditions and design methods, the performance targets, the design features of the main
systems and equipment, and — at a lower level — the equipment specifications and standards. In the
process of putting together the EUR document.

Significant benefits are expected in two fields:

e Better competitiveness vs. alternate electricity generation means;
e Improved public and authorities’ acceptance, thus allowing an easier licensability of a design
developed following the EUR.

The major objectives of the EUR organization are derived from these targets. These objectives are the
foundation of the requirements developed in the EUR document: giving the producers means for
controlling construction costs through standardization, signification, series ordering and consideration
of maintenance at design stage. It also provides establishing a common specification valid in an area
large enough so as to allow vendors to develop standard designs; establishing stable market conditions
for a broader competition between suppliers; making sure that acceptable operation and fuel cycle
costs can be achieved, even in an upset economic environment; prescribing ambitious — but
achievable — availability and lifetime targets; harmonizing safety related requirements: common
safety targets, common safety approaches and common technical solutions to safety problems; setting
“good neighbour” requirements like low impact on the environment, reduction of emergency
planning, consideration of decommissioning at the design stage, etc... On these bases, the main
vendors are developing a number of standard designs that could be built in many countries with
minimum adaptation, that show acceptable economic prospects and that actually meet the needs of the
customer, including safety and licensing aspects.

EUR document is structured in 4 volumes [1], [2], and [3]. The whole document includes about forty
chapters that deal with all topics a utility has to address to have a nuclear power plant developed and
built.

e Volume 1 Main policies and top tier requirements: It is guidance on the safety policies and it
defines the major design objectives that are implemented in the EUR document;

e Volume 2 Generic nuclear island detailed requirements: It contains all the generic requirements
and preferences of the EUR utilities for the nuclear islands. It deals with matters applicable for all
designs such as size, performance, safety approach and objectives, grid requirements, fuel cycle,
component technology and functional requirements for systems. It also specifies the methodology
to be used for safety and performance evaluation, and outline the information required by the
utilities to carry out their own cost and performance assessment;

o Volume 3 Design specific nuclear island requirements: It contains a subset specific to each
nuclear power plant design of interest to the participating utilities. Part 1 of this subset includes a
plant description, Part 2 presents the results of the conformance assessment of the design versus
the generic EUR requirements of Volume 2 and Part 3 contains the specific requirements, if any,
that have been placed by EUR for the particular design. As of present five subsets have been
released that are dedicated to BWR 90, EPR, EPP, ABWR and SWR 1000;

e Volume 4 Power generation plant requirements: It contains the generic detailed requirements for
the Balance of Plant.

Altogether the EUR has some 150 requirements in Volume 1, 5,000 requirements in Volume 2 and
500 requirements in Volume 4. It is to be noted that the EUR promoters keep the final content of the
document under close control and provide the contents of the different volumes in confidence and for
limited use through the utilities, which are involved in the development of the EUR. Volumes 1, 2 and
4 have gone through number of revisions (presently, Volumes 1 and 2 have revision C, and Volume 4
has revision B [3]).
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3. SOME OF THE EUROPEAN UTILITY REQUIREMENTS FOR SAFETY ASPECTS

Since the contents of the different volumes of the EUR was provided in confidence [2], only some of
the requirements which are in open literature, e.g. [4] will be dealt in general terms. Additional
chapters of EUR (e.g. 2.2, 2.4, 2.8, 2.9) are necessary to carry out specific application and compliance
assessment. Some of these EUR safety requirements are:

. Application of “As low as reasonably achievable (ALARA)” principle;

. Forgiving design characterized by simplicity and passive safety features where appropriate;
. Safety classification based on: Design Basis Condition (DBC) and Design Extension
Conditions (DEC);

e Redundancy and independence of safety systems performing DBC and some DEC functions to
ensure prevention of common cause failure;

e For DBC’s reaching a safe shutdown state within 24 hours from the accident initiation and in any
case within 72 hours. For DEC a safe shutdown state should be reached within one week as a goal
and before 30 days in any case; The confinement of fission products and protection against
external events in normal operation, DBC and DEC’s. The containment should not experience
early failure under DEC conditions;

e The containment design has to exclude hydrogen detonation;

e If in-vessel coolability can not be demonstrated, then ex-vessel coolability and non-criticality
features must be provided,;

o The leakage rate from the containment should not exceed 0.5-1.0 V%/day for a pre-stressed
concrete shell without a liner, 0.1-0.5 V%/day with a liner or for a metal shell;

¢ On-line monitoring of containment leak-tightness during operation;

e The containment should not remain at elevated pressure after the accident. The pressure should be
reduced at least to 50% of its peak value in the worst DBC;

e Requirement for a secondary containment, for example by a partial solution of enclosing all
penetrations;

e Secondary bypass leakage should not exceed 10% of the primary containment leakage;

e Next generation of NPPs will be safer by increasing design robustness, better operation and
maintenance (preventive means) rather than through protective actions;

o Ifpossible, public evacuation planning should not be necessary;

e For accident prevention- simplification of the safety systems, elimination of common mode
failures by physical separation and diverse back-up systems, less sensitivity to human errors by
designing components with larger inventories of water, optimized man-machine interface by
digital instrumentation and control systems, use of probabilistic risk assessment to limit the
residual risk due to total loss of safety grade systems.

These safety requirements for the system, EUR requirements for the containment and EUR top tier
requirements including plant characteristics, operational targets, standardization, economic objectives,
core damage prevention and mitigation, and release rates are itemized and given in tables 1 to 3.

4. USE OF EUROPEAN UTILITY REQUIREMENTS FOR SAFETY ASPECTS OF FUTURE
NUCLEAR REACTOR DESIGNS

The EUR promoters are producing evaluations of selected LWR designs and they include the results
of these applications in Vol. 3 of the EUR document. Five such subsets have been published between
1997 and 2002. Presently, five subsets dedicated to the ABWR, BWR90, EPR, EPP, and SWR1000
projects have been published and a sixth one dedicated to the Russian WWER AES92 is being
drafted. The requirements are also being employed for the design of the ESBWR. Consequently, the
EUR is being applied for the design of number of reactor systems.

All these EUR safety requirements have also been considered and taken into account during the
evaluation of the merit and feasibility of the HPLWR concept and the results are provided in table
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form for the primary system and the containment system in reference [5] and the general conclusions
drawn are included in [6].

During applying the EUR to different types of reactor designs, the analyses of compliance, which is
detailed process and application, have been carried to the elementary level. This process have
requested and needed much resources and time both by the EUR utilities and by the interested
vendors. These detailed assessment of compliance to EUR have resulted in a kind of qualification of
the volumes 1 and 2 against actual reactor design projects.

It is to be noted that the EUR document is a reference user’s document for LWR plants to be built in
Europe beyond the turn of the century, but it is not a document for licensing the plants. The plant
designs will always need to duly comply with the national licensing regulations and laws.

5. A SHORT OVERVIEW ON THE GENERATION IV INITIATIVE

The Generation IV project was initiated by the United States Department of Energy’s (USDOE’s)
Office of Nuclear Energy, Science and Technology. Concerns over energy resource availability,
climate change, air quality, and energy security suggest an important role for nuclear power in future
energy supplies. While the current Generation II and III nuclear power plant designs provide an
economically, technically, and publicly acceptable electricity supply in many markets, further
advances in nuclear energy system design can broaden the opportunities for the use of nuclear energy.
To explore these opportunitiecs USDOE has engaged governments, industry, and the research
community worldwide in a wide-ranging discussion on the development of next-generation nuclear
energy systems known as “Generation IV”. This has also resulted in the formation of the
Generation IV International Forum (GIF), a group whose member countries are interested in jointly
defining the future of nuclear energy research and development. The Generation IV project will be
guided by a technology roadmap that will identify research and development pathways for the most
promising technologies. The development of a technology roadmap is completed by the end of 2002.

Generation IV is a new generation of nuclear energy systems that can be made available to the market
by 2030 or earlier, and that offers significant advances toward challenging goals. These goals are
defined in the broad areas of sustainability, safety and reliability, and economics [7]. Sustainability
goals focus on fuel utilization, waste management, and proliferation resistance. Safety and reliability
goals focus on safe and reliable operation, investment protection, and essentially eliminating the need
for emergency response. Economics goals focus on competitive life cycle and energy production costs
and financial risk.

5.1. Generation IV technology goals

The goals have three purposes: First, they define and guide the development and design of Generation
IV systems. Second, they are challenging and will stimulate the search for innovative nuclear energy
systems—both fuel cycles and reactor technologies. Third, they serve as the basis for developing
criteria to assess and compare the systems in a technology roadmap. Eight goals [7] for Generation
IV nuclear energy systems are proposed in three areas: sustainability, safety and reliability, and
economics. The goals are arranged to facilitate the flow of information rather than to recommend an
order of importance. Each goal is stated concisely. Supporting each goal is a discussion that
clarifies the intent of the specific wording and the background from which it evolved. The discussion
cites illustrative examples and suggests potential approaches. It is not meant to direct or constrain
creativity and innovation. Also, much of the discussion is purposely drawn from worldwide
experience that is useful in guiding the development of goals.

A set of guiding principles is used to derive the Generation IV technology goals;

Technology goals for Generation IV systems must be challenging and stimulate innovation;
Generation IV systems must be responsive to energy needs worldwide;

Generation IV concepts must define complete nuclear energy systems, not simply reactor
technologies.
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o All candidates should be evaluated against the goals on the basis of their benefits, costs, risks, and
uncertainties, with no technologies excluded at the outset;

e Since, the Generation IV technology goals are intended to stretch the envelope of current
technologies, some word of caution for clarification need to be noted;

e The goals will guide the development of new nuclear energy systems. The objective of Generation
IV systems is to meet as many goals as possible;

e The goals are not overly specific because the social, regulatory, economic, and technological
conditions of 2030 and beyond are uncertain.

The goals must not be construed as regulatory requirements. The goals for Generation IV nuclear
systems are:

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

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

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

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

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

Economics—1. Generation IV nuclear energy systems will have a clear life cycle cost advantage over
other energy sources.

Economics—2. Generation [V nuclear energy systems will have a level of financial risk comparable to
other energy projects.

Proliferation Resistance and Physical Protection-1. Generation IV nuclear energy systems will
increase the assurance that they are a very unattractive and the least desirable route for diversion or
theft of weapons-useable materials, and provide increased physical protection against acts of
terrorism.

Detailed discussions of the goals are given in [7] and [8]. Only, the safety and reliability related
aspects of the Generation IV technological goals are specifically provided in tables 4 to 5.

6. USE OF GENERATION IV TECHNOLOGY GOALS FOR SAFETY ASPECTS OF
FUTURE NUCLEAR REACTOR DESIGNS

The GIF discussed the R&D necessary to support next-generation nuclear energy systems, from its
beginning (January 2000). From those discussions a technology roadmap to guide the Generation IV
effort began and was completed in two years with the participation of over 100 experts from the GIF
countries. The effort ended in December 2002 with issue of the final Generation IV Technology
Roadmap [8]. This Roadmap evaluated over 100 future systems proposed by researchers around the
world.
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The roadmap identified six most promising systems. Two employ a thermal neutron spectrum with
coolants and temperatures that enable electricity production with high efficiency: The Supercritical
Water Reactor (SCWR), and the Very High temperature Reactor (VHTR). Three employ a fast
neutron spectrum to enable more effective management of nuclear materials through recycling of
most components in the discharged fuel: The Gas-cooled Fast Reactor (GFR), the Lead-cooled Fast
Reactor (LFR), and the Sodium-cooled Fast Reactor (SFR). The last one, the Molten Salt Reactor
(MSR) employs a circulating liquid fuel mixture that offers considerable flexibility for recycling
nuclear materials.

During the R&D phases of above mentioned reactor system designs, it is necessary to review the
application of Generation IV Technology Goals at different stages of the development such that for
the final design of the future reactor systems these goals are fulfilled and satisfied. As an example this
process has already been applied to conceptual HPLWR design (it is European version of SCWR) and
the results are for the preliminary design stage are reported in the literature [5] and [6]. Since many
aspects of conceptual HPLWR design are not known in detail until the completion of the basic design
and the related R&D efforts, the Generation IV technology goals in the safety and reliability area are
applied to HPLWR design in general. This comparison indicates that the present preliminary design of
the HPLWR has the potential to meet most of these goals.

7. CONCLUDING REMARKS

The European Utility Requirements (EUR), which are currently considered to be most advanced and
most complete in Europe, have been applied in the design of advanced LWRs such as the EPR and the
SWR 1000 (detailed designs of which are very advanced). As a general guide, the EUR can also be
taken as basis for design of the future reactor systems. Additionally, the trends of future requirements,
as expressed in the requirements known from the Generation IV initiative, can also be considered in
order to include further advanced ideas.

It is also to be noted that, in general, the Generation IV requirements are generally compatible with
the top tier EUR document [1], [2], and [3]. This is an important observation, since by using the EUR
as a guide for the detailed design of the future reactor systems; it will also insure the conformity of
these designs with Generation IV goals.

NOMENCLATURE
ABWR Advanced Boiling Water Reactor
ALWR Advanced Light Water Reactors
ADS Automatic Depressurization System
ALARA As Low As Reasonably Achievable
BWR Boiling Water Reactor
DBC Design Basis Condition
DEC Design Extension Condition
EPP European Passive Plant
EPR European Pressurized Water Reactor
ESBWR European Simplified BWR
EUR European Utility Requirements
GIF Generation 1V International Forum
HP High Pressure
HPLWR High Performance Light Water Reactor
1&C Instrumentation and Control
LOCA Loss Of Coolant Accident
LP Low Pressure
LPCI Low Pressure Coolant Injection
R&D Research and Development
SWR Siede Wasser Reactor (Framatome ANP, Passive design BWR)
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Table 1. Some EUR safety requirements

1.1

Application of "As Low As Reasonably Achievable (ALARA)" Principle

1.2

Design to be forgiving and characterized by simplicity and transparency with the use,
where appropriate, of passive safety features

1.3

Safety classification based on: design basis conditions (DBC) and design extension
conditions (DEC).

1.4

Safety systems performing DBC functions and certain DEC functions are required to have
a degree of redundancy, diversity (e.g. passive versus active), independence, functional
isolation and segregation to ensure prevention from common cause failure

1.5

Design shall ensure autonomy that for DBCs and Complex Sequences, a Safe Shutdown
State can be reached, as a goal within 24 hours from accident start and anyway within 72
hours. For DEC a safe Shutdown State should be reached within 1 week as a goal and
before 30 days anyway.

1.6

EUR requires in addition the consideration of other engineering criteria, such as
prevention of Common Cause failures, diversity, independence and segregation

1.7

External hazards like earthquake, extreme weather, floods, aircraft crash, adjacent
installations, electromagnetic interference, sabotage and internal hazards like fire, noxious
substances, failure of pressure parts, disruption of rotary equipment, dropped loads and
electromagnetic interference must be addressed

1.8

Requirements on the systems are set in terms of operational performance to ensure the
reactivity control, heat removal and radioactivity confinement. Reactivity coefficients
acceptable values, stable operation and reliability of the shutdown systems are all EUR
requirements

1.9

For the core heat removal, temperature, pressure, flow and inventory control are required
besides depressurization capability and pressure boundary integrity. For the latter, the use
of the Leak Before Break (LBB) methodology is foreseen

1.10

In the very long term after an accident, provisions for the connection of mobile equipment
are required

Important provisions required by EUR to demonstrate the in vessel corium cooling and
avoidance of base mat perforation by the use of automatic depressurization system and the
core spreading area that allows for solidification of the crust

1.12

Under DEC's, not a classical environmental qualification is required, rather the equipment
survival has to be demonstrated

81




Table 2. EUR requirements for the containment system

EUR Requirements on the Containment System

2.1

Aim mainly at strengthening the confinement of the fission products and protection against
external events. The containment shall perform these functions in normal operation (including
shutdown), DBC and DEC's

2.2

Under DEC's conditions early failure of the Containment system has to be ruled out by design (e.g.
for PWR's adoption of a full primary circuit depressurization system). In vessel core debris
interaction with water (steam explosion), high pressure ejection of molten core leading to direct
containment heating; ex-vessel debris interaction with water (subcooled water, steam explosion)
and reactivity accidents (including heterogeneous, boron dilution) have all to be prevented by
design

23

The design of the Containment system has to exclude hydrogen concentrations that can lead to
detonation. As a consequence the effectiveness of a hydrogen recombination system must be
demonstrated. As an alternative inertization is required. The effect of other flammable gases e.g.,
CO must be accounted for

24

If in-vessel coolability cannot be demonstrated ex-vessel coolability and non-criticality features
must be provided. A core catcher or corium spreading room must be provided to drive the corium
into a stable situation

25

For the design of the Containment shell, particular attention has to be given in requiring that also
severe accidents be taken into account, even if not necessarily directly determining the
Containment design pressure. The Designer must demonstrate that, in case the pressure and
temperature exceed the design values, the assumed leak rate is adequately supported. Also the local
effects of hydrogen deflagration and sustained flames have to be considered

2.6

Credible Primary Containment leak rate values are provided by EUR: for a pre-stressed concrete
shell without liner 0.5 to 1.0 V%/d; for a pre-stressed concrete with liner 0.1 to 0.5 V%/d; for a
metal shell 0.1 to 0.5 V%/d

2.7

Means should be provided to ensure on-line monitoring of Containment leak-tightness during
operation

2.8

Containment should not remain at elevated pressure for a long time after the accident. In 24 hours
the pressure has to be reduced at least to 50% of its peak value in the worst DBC

2.9

In addition to the Primary Containment, the EUR requires also a Secondary Containment.
Secondary Containment function can be demonstrated to meet also in the case that the Secondary
Containment is not kept under a negative pressure, provided that the leak tightness is ensured. For
the secondary containment a "partial" solution enclosing all the penetrations is acceptable.

2.10

The Secondary bypass leakage is required not to exceed 10% of the Primary Containment leakage

2.11

Through the combination of the different lines of defense the EUR Requirements aim at achieving
a degree of protection of the population and the environment higher than the one achieved by
previous generation of NPP and by the majority of other industrial hazards. This high degree of
protection is aimed to be reached with very limited or no external mitigation. In the next generation
of NPPs an improvement in safety will be reached through increasing the role of design robustness,
better operation and maintenance (preventive means) rather than through protective actions.

2.12

Public evacuation planning should not be necessary. Eventually nuclear emergency situations
should be managed with those protective measures normally planned in the industrialized countries
for generic public protection
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Table 3. EUR top tier requirements

European Utility Requirements (EUR)

1. Plant Characteristics

1.1 Maximum burnup 60 GWd/t for UO,, 45GWd/t for MOX

1.2 | Refueling interval 12 to 24 months

1.3 | Design life 60 years

1.4 | Digital 1&C technology

1.5 | Optimized role of operator

1.6 | High degree of automation for rapid, complex or frequently repeated actions

1.7 | Redundant operator workstations for main control room

1.8 | Diversified safety- classified actuators

1.9 | Extended autonomy with regard to operator actions (30 minutes) and water and power
supply (24/72 hours)

2. Operational Targets

2.1 | Plant availability greater than 87%

2.2 | Refueling and maintenance outage less than 25 days

2.3 | Refueling possible in less than 17 days

2.4 | Major 10 years outage less than 180 days

2.5 | Less than 1 unplanned scram per year

2.6 | Unplanned outage less than 5 days/year

2.7 | Specified maneuvering capabilities, e.g. 24 hours starting time from cold shutdown to
full load; scheduled/unscheduled load variations- between 20% and 50% rated power:
2.5%/min; between 50% and 100% rated power: 5%/min

2.8 | Capability to withstand specified network faults

3. Standardization

3.1 Standard earthquake design acceleration level 0.25 g

3.2 | Seismic margin assessment for items critical for safety

3.3 | External explosion wave (100 mbar, 300 ms)

3.4 | Probabilistic approach for military aircraft crash, unless deterministic approach is

required by authorities
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Table 3. (Continued)- EUR top tier requirements

4. Economic Objectives

4.1

Competitive with coal fired or combined cycle plants (15% cheaper at base load
operation, same generation costs at 4500 to 5500 full power hours/year) including
capital, operation + maintenance, fuel cycle and decommissioning costs

4.2

Overnight capital costs of 1100 ECU/KW (1995 value)

4.2

60 months from first concrete to commercial operation

5. Core damage prevention

5.1

Core damage cumulative frequency less than 10 per year, considering both operation
and shutdown states and including internal and external events

6. Mitigation

6.1

Cumulative frequency of exceeding the limiting release set for severe accident with core
degradation shall be shown by a PSA to be less than 10°° per reactor year

6.2

Hydrogen control such that the H, concentration in the containment will be less than
10% under dry conditions and considering the amount of H, generated by 100%
oxidation of the active fuel cladding

6.3

Containment as a leak tight structure, and a secondary containment to collect any
releases from the primary containment. Containment is designed for internal and
external events and for severe accidents (including molten core materials)

6.4

High pressure melt ejection during a severe accident is eliminated by RCS
depressurization and the containment shall include measures to decrease pressure to
50% of peak value in 24 hours after the accident

7. Release rates

7.1

Release rates take into account national and international requirements and should
implement the ALARA concept. Release targets for severe accidents are Limiting
Release. The EUR anticipate that these targets will imply: minimal emergency
protection beyond 800 m from the reactor during early releases from the containment;
No delayed action (temporary transfer of people) at any time beyond about 3 km from
the reactor; No long term actions involving permanent (longer than 1 year) resettlement
of the public, at any distance beyond 800 m from the reactor; Restrictions on the
consumption of food and crops shall be limited in terms of time scale and ground area.
Target releases for 1500 MWe LWR are: Liquid discharge: GBg/a, Noble gases TBg/a,
Halogen and aerosols GBg/a.

7.2

Target for low activity solid radwaste: Total volume of the final solid radwaste produced
by one plant should be less than 50 m’ per 1000 MWe per year of normal operation




Table 4.

safety and reliability

Safety and Reliability —1: Gen IV nuclear energy systems operations will excel in

Generation IV Safety and Reliability -1

2.1.1

This goal aims at increasing operational safety by reducing: the number of events,
equipment problems, human performance issues that can initiate accidents or cause
them into more severe accident

It also aims at achieving increased nuclear energy systems reliability that will benefit
their economics. Appropriate requirements and robust designs are needed to advance
such operational objectives and to support the demonstration of safety that enhance
public confidence

During the last two decades, operating nuclear power plants have improved their
safety levels significantly. At the same time, design requirements have been
developed to simplify their design, enhance their defense-in-depth in nuclear safety,
and improve their constructability, operability, maintainability, and economics

Increased emphasis is being put on preventing abnormal events and on improving
human performance by using advanced instrumentation and digital systems

Also, the demonstration of safety is being strengthened through prototype
demonstration that is supported by validated analysis tools and testing, or by showing
that the design relies on proven technology supported by ample analysis, testing, and
research results

Radiation protection is being maintained over the total system lifetime by operating
within the applicable standards and regulations. The concept of keeping radiation
exposure as low as reasonably achievable (ALARA) is being successfully employed
to lower radiation exposure

Gen IV nuclear energy systems must continue to promote the highest levels of safety
and reliability by adopting established principles and best practices developed by the
industry and regulators to enhance public confidence, and by employing future
technological advances

The continued and judicious pursuit of excellence in safety and reliability is important
to improving economics
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Table 5.

Safety and Reliability —2: Gen IV nuclear energy systems will have a very low likelihood
and degree of reactor core damage

Generation IV Safety and Reliability -2

2.2.1

This goal is vital to achieve investment protection for the owner/operators and to
preserve the plant’s ability to return to power.

222

There has been a strong trend over the years to reduce the possibility of reactor core
damage. Probabilistic Risk Assessment (PRA) identifies and helps prevent accident
sequences that could result in core damage and off-site radiation releases and reduces
the uncertainties associated with them. For example the US ALWR Utility
Requirements Document requires the plant designer to demonstrate a core damage
frequency of less than 107 per reactor year by PRA. This is a factor of about 10 lower in
frequency by comparison to the previous generation of LWR energy systems.

223

Additional means, such as passive features to provide cooling of the fuel and reducing
the need for uninterrupted electrical power, have been valuable factors in establishing
this trend.

224

The evaluation of passive safety should be continued and passive safety features
incorporated into Gen IV nuclear energy systems whenever appropriate.

Table 6.
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Safety and Reliability —3: Gen IV nuclear energy systems will eliminate the need for off-
site emergency response

Generation IV Safety and Reliability -3

2.3.1

The intent of this goal is, through design and application of advanced technology, to
eliminate the need for off-site emergency response. Although its demonstration may
eventually prove to be unachievable, this goal is intended to simulate innovation, leading
to the development of designs that could meet it

232

The strategy is to identify severe accidents that lead to offsite radioactive releases, and to
evaluate the effectiveness and impact on economics of design features that eliminate the
need for offsite emergency response

234

Hence, for Gen IV systems a design effort focused on elimination of the need for offsite
emergency response is warranted

235

This effort is in addition to actions, which will be taken to reduce the likelihood and
degree of core damage required by the previous goal




[6]

[7]

[8]
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ANNEX 3
NATURAL CIRCULATION SYSTEMS: ADVANTAGES AND CHALLENGES

P.K. Vijayan, A.K. Nayak
Bhabha Atomic Research Centre, India

Abstract

Natural circulation loops transport heat from a source to a sink without the aid of fluid moving machineries. This
lecture briefly explains the principle of working of a natural circulation system, its various advantages and
applications in nuclear and other industries. The major challenges to be overcome before the wide acceptance of
natural circulation as the normal mode of coolant circulation in nuclear power reactors are briefly described.
Classification of NCSs and the terminologies commonly encountered in natural circulation systems are also
briefly explained.

1. INTRODUCTION

In general, a heat source, a heat sink and the pipes connecting them form the essential hardware of a
natural circulation system. The pipes are connected to the source and sink in such a way that it forms a
continuous circulation path. When the flow path is filled with a working fluid, a natural circulation
system is ready where fluid circulation can set in automatically following the activation of the heat
source under the influence of a body force field like gravity. With both the source and sink conditions
maintained constant, a steady circulation is expected to be achieved, which can continue indefinitely
if, the integrity of the closed loop is maintained. The fluid circulation is the result of buoyancy forces,
which in turn is the result of the density differences thermally induced by the transport of heat from
the source to the sink. Usually, the heat sink is located above the source to promote natural circulation.
Such loops in which the fluid circulation is caused by the thermally induced buoyancy force are also
known as natural circulation loops, thermosyphon loops or natural convection loops.

The primary function of a natural circulation loop (NCL) is to transport heat from a source to a sink.
The main advantage of the natural circulation system is that the heat transport function is achieved
without the aid of any fluid moving machinery. The absence of moving/rotating parts to generate the
motive force for flow makes it less prone to failures reducing the maintenance and operating costs.
The motive force for the flow is generated within the loop simply because of the presence of the heat
source and the heat sink. Due to this natural circulation loops find several engineering applications in
conventional as well as nuclear industries. Notable among these are solar water heaters, transformer
cooling, geothermal power extraction, cooling of internal combustion engines, gas turbine blades, and
nuclear reactor cores. Other novel applications include low velocity corrosion studies where
uninterrupted flow for long periods (of the order of years) is required and for heat dissipation by the so
called ‘liquid fins’ [1]. Emerging new fields of application are computer cooling, and in the study of
deterministic chaos.

2. BRIEF HISTORY OF NC

It is difficult to pinpoint when the commercial utilization of NCSs as heat transport devices began.
First large-scale use of these systems appears to have been in the automobile industry to cool the
engine block. With the advent of internal combustion engines of high compression ratio, their use in
the automobile industry ceased practically in the 1940s. However, NCSs have found other applications
in the chemical and power generation industries. Thermosyphon reboilers are extensively used in the
chemical process industries. Many fossil-fuelled power plants of low and medium capacity use natural
circulation boilers (NCB). To the author’s knowledge NCBs up to 660 MW(e) rating are in operation
today. An example is the Mount Piper plant in Central West Region of New South Wales in Australia.
While deploying NCBs, no concession is given with regard to the thermal performance. At the same
time NCBs have less maintenance and operating cost compared to assisted circulation (forced
circulation) boilers. Due to this, it is not uncommon for plants with ratings greater than 900 MW(e) to
go for 2 or 3 NCBs rather than assisted circulation boilers.
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In the nuclear industry, NC based steam generators are extensively used in PWRs, PHWRs and
VVERs. Natural circulation based steam generators of rating around 1000 MWt or more are in
common use today. Natural circulation systems are also employed in nuclear industry for containment
cooling, reactor building ventilation systems for cooling of HEPA filters for post accident scenarios
(the source of heat is the decay of fission products retained in the filters during an accident) and for
cooling of radioactive waste storage facilities.

Of particular concern to us is the application of NC systems in nuclear reactor core cooling. NC
systems are extensively used in shutdown heat removal and post accident heat removal. Nuclear
reactors continue to generate heat even after shutdown due to the decay of radioactive fission products
and this heat has to be removed to maintain fuel temperatures within safe limits as was demonstrated
by the TMI-2 accident. In view of this almost all designs of nuclear power reactors are designed to
remove decay heat by natural circulation in the event of a complete loss of pumping power (CLOP). A
few small sized nuclear power reactors like Humbholdt Bay, Dodewaard and VK-50 demonstrated
successfully the feasibility of operation with natural circulation as the normal mode of core cooling.
Today natural circulation is beginning to be seriously considered for cooling of core under normal
operating conditions. As a result, many innovative nuclear reactors are being designed with natural
circulation as the normal mode of core cooling. Typical examples are the CAREM reactor, VK-300,
AHWR and ESBWR. Even supercritical water cooled natural circulation reactors are being studied in
several institutes (CANDU-X, etc.).

3. WORKING PRINCIPLE OF NATURAL CIRCULATION SYSTEMS

Before we move further, let us illustrate the working principle of natural circulation with reference to
the simple uniform diameter rectangular loop with adiabatic pipes shown in Fig. 1. At the source, the
fluid absorbs heat becomes lighter and rises. At the sink the fluid rejects heat becomes heavier and
sinks thus establishing a circulation. If the source and sink conditions are maintained constant, a
steady state is expected to be achieved when the heat absorbed at the source is equal to the heat
rejected at the sink. Under steady conditions we assign a density of py to the vertical leg with upward
flow and p, to the other vertical leg with downward flow. Now we can obtain the hydrostatic pressure,
p. and py, at the stations ‘a’ and ‘b’ located at the extremes of the bottom horizontal leg as:

p.=p.gH (1)

Py =P 8H )

T i N

Heat sink

Heat source

bl.— —.ja

FIG. 1. A simple natural circulation system.
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Where H is the loop height and g is the acceleration due to gravity. Clearly, since p. > pn, Pa > Po
leading to a pressure difference between stations ‘a’ and ‘b’ which is the cause of the flow. At steady
state, the driving pressure differential is balanced by the retarding frictional and accelerational forces,
thus providing a basis for the estimation of the induced flow. What is more important to us is that this
induced flow is unidirectional and while it passes through the source it absorbs heat and rejects it
while flowing through the sink thus enabling transfer of heat from the source to the sink. In this
function, it is indistinguishable from forced flow. It is easy to note that the induced pressure
differential and hence the flow is enhanced by the loop height and the density difference between the
two vertical legs.

4. ADVANTAGES OF NATURAL CIRCULATION
4.1. Elimination of pumps

The most apparent economic advantage of NCSs is the elimination of the circulating pumps.
Elimination of the primary circulating pumps not only reduces capital, operating and maintenance
costs but also eliminates all safety issues associated with the failure of the circulating pumps.

4.2. Better flow distribution

Commercial power plants, be it nuclear or fossil-fuelled, use a large number of parallel heated
channels connected between an inlet an outlet header/plenum. All analyses are carried out assuming
the pressure to be uniform in the inlet headers so that the pressure drop across the parallel channels is
constant. However, use of pumps cause maldistribution of pressure in the headers leading to
maldistribution of flow in the parallel channels. Operating experience with fossil-fuelled NCBs
suggest that the problem is eliminated or an order of magnitude less.

4.3. Flow characteristics

In a NCS, the flow increases with power, where as in a forced circulation two-phase system the flow
decreases with increase in power. This has specific advantages in steam generating power plants. In
fossil-fuelled power plants, this is cited as one important aspect for the preference of NCBs over the
assisted (same as forced) circulation boilers. In forced circulation BWRs, the necessity of variable
speed drives essentially arises from this fact. Although, the boiler tubes are designed for a specified
power, the steam production rate of individual boiler tubes are far from uniform due to the
maldistribution of power. In fossil fuelled power plants, the flow characteristic of NCBs also enables
them to operate with nonuniform power distribution without causing CHF. Similar conditions in an
assisted circulation boiler can cause CHF.

4.4. Safety aspects

Since NC is based on a natural physical law, it is not expected to fail like the fluid moving machineries
such as pumps. This aspect of NC has enabled its application in many safety systems. In all current
designs of nuclear power reactors, NC is a backup for the removal of decay heat in the event of a
pumping power failure. Apart from this, the driving force for natural circulation systems is somewhat
low compared to forced circulation systems. As a result, the power ratings of natural circulation
systems are comparatively low. Consequently, systems of same power rating are larger in volume
leading to a lower power density. Large volumes and low power densities make all transients sluggish.

4.5. Simplicity
Because of the necessity to minimize pressure losses to enhance flow rates, designers of NCSs tend to

eliminate all unnecessary pipe bends, elbows, etc. The end result is a system with a simple piping
layout which can be factory fabricated.
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5. CHALLENGES OF NATURAL CIRCULATION

The first natural circulation based power reactor (63 MW(e)) Humbholdt Bay 3 in California, USA,
came into operation in 1963. The second NC based reactor is Dodewaard reactor in Netherlands which
came into operation in 1969 and operated successfully upto 1997. The 50 MW(e) VK-50 reactor is
operational in the Russian Federation since the past 31 years. All these reactors are of the same
vintage. Subsequently, no new power reactor was operated with NC as the normal mode of coolant
circulation although many concepts like the SBWR have been under active development for several
years. In the mean time fossil fuelled power plants have demonstrated the feasibility of operating
NCBs up to 660 MW(e), several units of which are in operation since 1980. In the recent past several
innovative designs are being vigorously pursued the world over. In the backdrop of these activities it is
relevant to examine the challenges being faced in the development of NCRs.

Large scale deployment of NC based reactors and safety systems depend on the successful resolution
of the challenges specific to natural circulation which are described below.

5.1. Low driving force

One of the drawbacks of natural circulation systems is that their driving force is low. The most
straightforward way to increase the driving force is to increase the loop height which may be
uneconomic. In addition, use of tall risers can make natural circulation systems slender in structure
and may raise seismic concerns. Due to these reasons, the incremental height of natural circulation
systems compared to the corresponding forced circulation systems is often limited to a few metres
(usually less than 10 m).

5.2. Low system pressure losses

With low driving force, the only way to obtain reasonably large flow rates is to design for low
pressure losses. There are several measures to achieve low system pressure losses:

a) Use of large diameter components/pipes
b)  Simplified system and
c) Elimination of components

5.2.1. Use of large diameter components/pipes

The most straightforward way to reduce pressure losses is to use large diameter components.
However, this also results in increased cost and enhanced system volume both of which have
economic and safety implications. The large inventory of the passive systems is the direct result of the
enhanced system volume. The advantage of large inventory is that it makes all transients sluggish. In
case of accidents like LOCA, the large system inventory has a mixed effect. On the one hand it delays
core uncover, but on the other hand it makes available large high enthalpy fluid for discharge into the
containment resulting in increased peak containment pressure. Large inventory may also be an
unwelcome outcome in case of costly coolants like heavy water.

5.2.2.  Simplified system

Generally refers to the simplified piping and equipment layout of the NC system. Minimization of U-
bends, elbows, loop seals etc. not only results in simplified system but also results in low pressure
losses and prevents phase separation promoting natural circulation flow. However, from the viewpoint
of piping flexibility the very same features are desirable necessitating a compromise between
flexibility and simplicity.
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5.2.3.  Elimination of components

An example in this case is the possible elimination of mechanical separators. Elimination of
mechanical separators can result in increased carryover and carryunder, both of which are undesirable.
While the former directly affects the natural circulation flow, the latter is detrimental to the turbine
operation. The alternative to mechanical separators is natural gravity separation. While gravity
separation is adopted in several plants with horizontal drums its feasibility is not demonstrated well for
vertical reactor vessels. Several studies carried out earlier found it feasible to eliminate the mechanical
separators even for this case.

5.3. Low mass flux

Low driving force and the consequent use of large diameter components result in low mass flux in NC
systems compared to the forced circulation systems. With low mass flux, the allowable maximum
channel power is lower leading to a larger core volume compared to a forced circulation system of the
same rating. For example, the Russian VK-300, a 250 MW(e) dual purpose NC based reactor uses the
same reactor vessel as that of the 1000 MW(e) VVER [2] making it almost 3.3 times bigger in volume.
In comparison, the 300 MW(e) Indian AHWR uses almost the same size of calandria vessel as that of
the 600 MW(e) PHWR making it almost twice as big.

Large core volumes can result in zonal control problems and stability. Fortunately, these problems are
rather well understood now. Size optimisation results in enhanced exit qualities.

5.4. Instability effects

While instability is common to both forced and natural circulation systems, the latter is inherently less
stable than forced circulation systems. This is attributable to the nonlinear nature of the natural
circulation phenomenon, where any change in the driving force affects the flow which in turn affects
the driving force that may lead to an oscillatory behaviour. In addition, due to the low driving force,
the stabilizing effect of inlet orificing is limited in NCRs. In forced circulation BWRs, a suitable pump
can be selected to achieve stability with inlet orificing without affecting the flow rate. On the other
hand, in NCRs, increasing the loss coefficient of the inlet orifice significantly reduces the flow rate
and the pressure drop across the orifice reducing its effectiveness.

5.5. Low pressure low flow regime

In NCRs, the flow rate is a strong function of power and system pressure. Also, in NCRs the flow is
stagnant when the reactor power is zero during the initial start up. Further, stage-wise power and
pressure raising is relevant to the start up scenarios causing the reactor to operate anywhere between
stagnant (zero power condition) and nominal flow (full power conditions). In other words, the
operating conditions of NCRs can fall in the LPLF regime, where validated thermalhydraulic
relationships are not readily available. Specific reactor designs might need an assessment of the
applicability of the thermalhydraulic relationships in this regime.

5.6. Specification of a start-up and operating procedure

It is well known that most boiling systems exhibit instabilities at low pressure and low qualities. In
many instances instability is observed right from boiling inception which may occur in the tall riser
than in the core. Natural circulation reactors are to be started up from stagnant low pressure and low
temperature condition. During the pressure and power raising process, passing through an unstable
zone shall be avoided as instability can cause premature CHF occurrence. Under the circumstances, it
is essential to specify a start-up procedure that avoids the instability. Selection of the pressure at which
to initiate boiling and appropriate procedures for pressure and power raising is central to the
specification of start-up procedure. In addition, it may become essential to control the inlet subcooling
as a function of power. For a cold start-up (first start-up) an external source for pressurization may be
required. Due to these reasons the selection of a start-up procedure for a NCR is not always an easy
task.
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In addition, the procedure for power step back from the normal full power condition also needs to be
controlled to avoid landing in the unstable zone. In other words specification of the complete operating
procedure is a challenging task for NCBWRs.

5.7. Low CHF

The basis for thermal margin could be the CHF, which depends on the geometric and operating
parameters. The main operating parameters of concern are the pressure, flow, exit quality, inlet
subcooling and heat flux distribution. There is practically no difference in the operating pressure of
NCBWRs and FCBWRs. Since flow in natural circulation reactors is lower, they tend to use the
maximum allowable exit quality to minimize their size. In the process, their CHF value tends to be
significantly lower than that of FCBWRs. This calls for several measures to increase the CHF.

An acceptable design must satisfy both the thermal and stability margin requirements. For stability
there is a lower (Type I instability threshold) and an upper threshold (Type II threshold) between
which the system is stable. The lower threshold of instability is well below the CHF value and the
upper threshold is much above the CHF value. The lower threshold is generally avoided by a validated
start-up procedure and operational procedure. As a result even in the NCRs, the maximum power is
limited by the CHEF. Significant power uprating in these designs may require special fuel assembly
design features to enhance CHF so as to obtain an optimum sized reactor. The problem is compounded
by the fact that some of the parameters like inlet subcooling and strongly bottom peaked axial power
profile have opposing effect on CHF and stability.

6. CLASSIFICATION OF NATURAL CIRCULATION SYSTEMS

Natural circulation systems can be classified depending on:

1)  State of the working fluid,

2)  Interaction with the surroundings
3) Shape of the loop,

4)  Body force field

5) System inventory

6)  Number of heated/cooled channels

6.1. State of the working fluid
Depending on the thermodynamic state of the working fluid, NCSs are classified as:

a) Single-phase NCSs
b)  Two-phase NCSs and
c) Supercritical NCSs

6.1.1.  Single-phase NCS

In a single-phase NCS, the circulating fluid in the entire loop continues to remain in only one state.
Under this category, liquid or gas filled NCSs are possible. However, liquid filled NCSs are more
commonly used for nuclear reactor core cooling. For example, almost all PWRs, PHWRs, VVERs and
FBRs are designed to remove the core decay heat by the single-phase NC in the event of Complete
Loss of Pumping power (CLOP). Most district heating reactors use single-phase NC as the normal
mode of coolant circulation. Typical examples are AST-500 [3] and NHR-200 [4]. An innovative
power reactor design (27 MW(e) CAREM-X reactor being designed in Argentina) based on single-
phase natural circulation as the normal mode of coolant circulation has been proposed.

Single-phase gas filled NC systems are used in the cooling of canisters containing radioactive waste in

solid storage surveillance facilities. Following a LOCA, it is possible that the HEPA filters of the NPP
ventilation system retain the suspended radioactive fission products discharged into the containment.
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The ventilation systems of NPPs are so designed that NC can remove the heat generated by these
fission products in the event of failure of the ventilation fans (Fig. 2).

HEPA filter

FIG. 2. Schematic of the ventilation system.

6.1.2. Two-phase NCS

If a part of the NC system experience two-phase flow conditions, then we refer to it as a two-phase
NCS. Two-phase NCSs either with only boiling or with both boiling and condensation are relevant to
NPPs. However, gas-liquid NCS (also known as adiabatic NCS) is also possible to be constructed and
are used sometimes for experimentation [5]. In certain circumstances, adiabatic NCSs are preferable
for phenomenological investigations due to their low operational cost.

Generally, two-phase NC occurs in a BWR following the failure of circulating pumps. In PWRs,
PHWRSs or VVERSs it is possible to be observed following the partial loss of coolant inventory in case
of a small break LOCA with pump failure. With two-phase systems, it is possible to obtain larger
density differences and hence larger flow rates than in single-phase systems. Due to this, many
innovative BWRs are being studied with two-phase NC as the normal mode of cooling. Typical
examples are AHWR, ESBWR, VK-300, TOSBWR and HSBWR.

6.1.3.  Supercritical NC system

These systems operate at or above the thermodynamic critical state. The main interest in supercritical
systems stems from the fact that near the critical point there is a large change in the volumetric
coefficient of thermal expansion, and hence they are capable of generating driving forces comparable
to that of two-phase NCSs. Supercritical systems are more efficient than conventional LWRs. Besides
since phase change is avoided separators and dryers can be eliminated along with the problems
associated with the occurrence critical heat flux. Another advantage is that the heat transfer
characteristics of supercritical water systems are excellent. Because of these, supercritical natural
circulation systems are beginning to receive attention from nuclear as well as fossil-fuelled power
plant designers. The first fossil fuelled power plant based on NC of supercritical water is operational
in UK since 1999 [6]. Examples of reactor systems based on supercritical NC are B-500 SKDI [7] and
CANDU-X [8].
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6.2. Interaction with the surroundings
According to this NC loops can be classified as

a)  Closed loop and
b)  Open loop systems

6.2.1.  Closed loop NCS

Close loop NC systems exchange only energy with the surroundings. Fig. 1 is an example of a closed
loop NC system. Most nuclear reactor loops relevant to PWRs, PHWRs and VVERSs belong to this
category.

6.2.2.  Open loop NCS

Open loop NC systems exchange both mass and energy with the surroundings. Open-loop NCSs are
used in ship based reactors (Fig.3), swimming pool type research reactors, both pressure tube type
(Fig.4) and pressure vessel type BWRs, NCBs, NC based SGs in PWRs, thermosyphon reboilers,
waste storage systems, geothermal heat extraction, etc. Most NCSs used in the ventilation (Fig.2) and
waste storage surveillance facilities also belong to this category.
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6.3. Shape of the loop

Based on the loop shape, NCSs are classified as toroidal, rectangular, square, figure-of-eight, etc. Such
loops are studied mainly for improving our understanding of the natural circulation phenomenon.
Toroidal loop (Fig. 5) has been extensively studied because of its simplicity. To the author’s
knowledge, this is the only loop where 1-D, 2-D and 3-D numerical simulations are reported in the
literature. Rectangular loops have also been extensively studied for understanding of the steady state,
transient and stability characteristics of NC. Stability characteristics of simple rectangular loops have
been studied extensively theoretically [9], [10], [11], as well as experimentally [12], [13]. The loops
relevant to PWRs and VVERs can be considered to be rectangular for the sake of analysis with
different orientation of the heat sink. Figure-of-eight loop is relevant to pressure tube type heavy water
reactors (PHWRs).
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FIG. 4. A typical open-loop NCS relevant FIG. 5. Toroidal loop with bottom
to a pressure tube type BWR. half heated and top half cooled.

6.4. Body force field

Natural circulation systems function only under the influence of a body force field. Two types of body
force fields are relevant to NC systems. They are gravity and centrifugal force fields. Most loops in
common use work in the gravity force field and are static. However, centrifugal force field can be
advantageously employed in cooling of rotating machineries [14]. Such loops are referred to as
rotating NCS (Fig. 6) to differentiate it from NCSs operating under the influence of gravity force field,
which are stationary. In this case it is possible to have acceleration values several times as big as the
gravity acceleration depending on the rotational speed.
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FIG. 6. A rotating closed loop NCS.
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6.5. System inventory

Depending on the system inventory, one can obtain single-phase NC, two-phase NC or reflux
condensation. Single-phase NC is the mode of circulation without inventory loss in nuclear reactors
following pumping power failure. Two-phase NC is expected at inventory levels lower than that of
single-phase NC. With significant reduction in inventory, the loop circulation breaks down and reflux
condensation sets in. In this case, counter current flow in the U-tubes of the steam generator with the
steam going up in the centre and condensate falling along tube wall is observed. Even this mode is
capable of removing the decay heat although there is no loop circulation.

6.6. Number of heated or cooled channels

Depending on the number of heated or cooled channels, NCSs can be categorized as single channel or
multi-channel systems. Multi-channel systems are often referred to as parallel channel systems or
loops. Most industrial systems belong to the latter category. Typical examples are power reactor
systems like BWR and PWR, NCBs, NC based SGs, etc. However, the average channel behaviour is
often studied with single channel. Parallel channel systems can exhibit considerably different steady
state and stability behaviour and are often referred to as parallel channel effects.

7. TERMINOLOGIES USED IN NCS

A brief understanding of the common terminologies used in natural circulation will be helpful to the
understanding of natural circulation. Typical examples are: hot leg, cold leg, riser, downcomer,
recirculation ratio, inlet subcooling, inlet orificing, decay ratio, etc. Some of these terms are described
in Appendix-1.

8. CLOSURE

This lecture briefly explains the working principle of natural circulation systems which are mainly
employed as heat transport devices in nuclear and other industries. The advantages and the challenges
to be overcome for the adoption of natural circulation as the normal mode of coolant circulation in
nuclear power reactors are briefly described. Commonly used terminologies in natural circulation
systems and the various bases used to classify NCSs are also briefly described.

LIST OF ACRONYMS USED
AHWR - advanced heavy water reactor
BWR - boiling water reactor
CANDU - Canadian deuterium reactor
CAREM - NC based PWR being developed in Argentina
CLOP - complete loss of pumping power
CHF - critical heat flux
ESBWR - European simplified boiling water reactor
FBR - fast breeder reactor
FCBWR - forced circulation boiling water reactor
HEPA - high efficiency particulate filter
HSBWR - Hitachi simplified boiling water reactor
LPLF - low pressure low flow
LOCA - loss of coolant accident
LWR - light water reactor
MW(e) - megawatt electric
MWt - megawatt thermal
NC - natural circulation
NCB - natural circulation boiler
NCBWR - natural circulation boiling water reactor
NCL - natural circulation loop
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NCR

- natural circulation reactor

NCS - natural circulation system

NPP - nuclear power plant

PHWR - pressurized heavy water reactor

PWR - pressurized water reactor

T™I - Three Mile Island

TOSBWR - Toshiba simplified boiling water reactor
SBWR - simplified boiling water reactor

SG - steam generator
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Appendix 1
SOME COMMON TERMINOLOGIES USED IN NCSS

Hot leg: Generally used for single phase NCSs and it refers to the pipe from the heat source to the heat
sink in the direction of flow, so that it always contains the hot fluid.

Cold leg: Commonly used in single-phase NC systems to refer to the pipe carrying cold fluid from the
heat sink to the heat s