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Abstract
Reactor vendors world-wide are examining various advanced light
water reactors (ALWR) options to reach utility goals. The amount &f
information available about each design varies essentially depending
on its maturity. Some advanced reactor designs are the evolutionary
result of combining old structures, systems and components in new
ways, others use innovative solutions.
A summary review is given for better understanding of new ALWR
design trends and approaches in different countries and subsequent
R&D activities.
An attempt was made to describe and assess specific innovative and
passive features implemented in the leading ALWR designs for
further plant design safety improvements. The advantages and disadvantages of these innovations in obtaining reliable systems have
been considered.
Also, this report indicates the importance of uncertainties remaining
and identifies the additional work needed.
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Preface
Studsvik AB has since several years the special task, designated by the
Swedish Ministry of Industry and Commerce to study, analyze and
report the international development within advanced nuclear fission
power technology. Program management is performed within the
subsidiary company Studsvik Eco & Safety AB. The results are
presented in annual summary reports as well as in topical reports in
Swedish. Contacts and collaboration with colleagues abroad and other
institutes and research organisations are of importance in this work.
Since several years, close contacts have been established between the
Russian Research Centre, Kurchatov Institute, in Moscow and
Studsvik. Several joint projects have been completed.
. The present report is a survey of the international efforts to develop
advanced light water reactors and has been edited by Victor Ignatiev,
leading scientist of the RRC, Kurchatov Institute. I would like to thank
him for preparing this comprehensive report and for the many
stimulating technical discussions we have had.
I would also like to thank other contributors, among them
Elisabet Appelgren for the typing and Monica Bowen-Schrire for
correcting the English.
I hope that the report will be of help to those who would like to obtain
an overview of recent advancements in this area.

Lennart Devell
Program Manager
Advanced Nuclear Technology
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Introduction
Of the over 430 currently operating NPP units almost 350 are LWR
designs. The majority of the LWRs are PWR plants.
Like other technologies, LWR technology is continuously evolving.
The difficulties of the past twenty years have not stopped this process.
Reactor designers have held the vision of the future that nuclear power
is a vital element of an environmental and economical future energy
option.
In a number of industrialized and less developed countries significant
efforts are under way to develop and create advanced reactor designs
on the basis of the current LWR technology. The goals mainly focus
on enhancing safety and reliability of the plant designs. Furthermore,
operability and availability, constructability and maintainability, as
well as cost reduction are important goals.
For the next generation of reactor designs two questions are considered to be of significant importance to public acceptability: Which
technical means are used to limit the serious accident consequences
and how are the plant designs able to decrease the sensitivity for
human errors?
The safety of current LWRs is assured by means of a combination of
inherent characteristics (e.g. reactivity feed-backs, thermal margins)
and complex engineered measures, whose functional features may be
active (need external input to operate, e.g. pumps and valves) or,
passive (do not need any external input to operate, e.g. thermal conductivity, natural convection, stored energy). Much emphasis has been
put on the implementation of passive safety systems in some ALWR
designs as an alternative or additional nuclear safety option. Claims
have been made that such new designs could be effective and
competitive to current LWRs.
The main purposes of this report are:
o

To reach a better understanding of the new ALWR design
trends in different countries and subsequent R&D
activities.

o

To describe and assess specific features of different
ALWR plant designs relating to ehnhanced use of
innovative and passive features in designs.
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o

To indicate the importance of the uncertainties remaining
and to identify the additional work needed. The advantages
and disadvantages of these innovations in obtaining reliabl
systems have been identified.

This report provides a brief description of general trends and
approaches for the ALWR development, which covers:
Chapter 1

Main trends in the ALWR activity based on the utility
requirement documents developed throughout the
world (USA, Europe, Asia) and IAEA documents.
The common features and differences among the
number of utility requirement documents for the next
generation of reactor plants are identified, i.e. related to
utility decisions to focus on the evolutionary versus the
passive plant designs.

Chapter 2

Major vendor ways to utility goals, with emphasis on
the following issues:
o Safety, i.e. the trends in safety, accident resistance,
core damage prevention, and accident mitigation.
o Reliability, i.e. the approaches to ensuring high plant
reliability, and the balance between reliability and
incorporation of potentially attractive, but relatively
untested innovative technologies.
The main safety philosophies and design approaches
related to ALWR reactor plants. In order to prepare the
basis for a better technical description, the terms
related to advanced plant designs are also discussed.

Chapters 3-5 • Key safety features and passive safety systems in the
leading ALWR designs mat meet such functional
requirements as core cooling, RCS control inventory
and long term heat removal and containment cooling.
Chapter 6
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implementation of innovative passive features (new
phenomena) in the design. The current status of the
leading testing programmes for ALWR plant designs is
also discussed.
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Our report is not the first in this field. Earlier compilations have been
carried out by the IAEA, NEA and some laboratories world-wide
[1-5]. Most of them, however, were completed some years ago and
since that time there have been a significant progress in the ALWR
design or changes in the conceptual strategies and transformation of
the market situation.
In addition, earlier studies did not take into account the current
situation in a number of Eastern and Far East countries (e.g. Russia,
China, Japan, South Korea).
We are pleased to acknowledge the support of Prof Andrei Gagarinski
from RRC "Kurchatov Institute" and Edward Tschukardine from
Ministry of science and technical policy of Russian Federation. We
also want to thank Tor Pedersen of IAEA, Boris Volkov of OKB
Hydropress and Stanislav Subbotine from RRC "Kurchatov Institute"
for providing necessary information and useful suggestions.
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1

ALWR programs

After the severe accident in 1979 at Three Mile Island Unit 2, authorities in several countries requested urgent measures for enhanced safety
at operating plants. Among these measures, filtered venting of the
containment was installed in many plants in order to mitigate consequences in the event of some severe accident scenarios.
Also, the after-effect of the TMI accident and the ensuing doubts and
fears about conventional LWR technology led to the call for more
forgiving advanced LWR plant designs [6].
1.1

USA

The ALWR program started in the USA in the beginning of the 1980s
on the initiative of EPRI, supported by the utilities, DOE, US reactor
vendors and architect engineering companies.
This program provided a foundation for the Nuclear Power Oversight
Committee (NPOC) comprehensive initiative for revitalising nuclear
power in the USA, as set forth in its "Strategic Plan for Building New
Nuclear Power Plants", published in November 1990 and updated
annually.
In 1982-1984 the ALWR Utility Steering Committee established the
following as key technical principles for the ALWR designs:
o

Highest attention to nuclear safety

o

Simplicity - to enhance safety, constructibility, operations
and maintenance

o

Margin - a rugged, forgiving plant

o

Proven technology - reliance on demonstrated success
paths
Human factors - attention to man-machine interface in
every aspect of the design

o
o
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Work on the Utility Requirement Document (URD), started in 1985
and was completed in 1990 [7, 8]. One of the main goals of the
ALWR URD has been to develop a comprehensive set of design
requirements for the advanced LWR sufficient to accelerate the
licensing and construction processes.
The ALWR URD consists of three volumes: Volume 1 - ALWR
policy statements and a summary of top requirements, Volume 2 Requirements for evolutionary large power designs and
Volume 3 - Requirements for "passive" medium power designs. The
ALWR URD addresses safety performance, cost, availability and
other factors important to the US or possible foreign NPP owners. The
document applies to both PWRs and BWRs. The ALWRs should be
available for order before the turn of the century.
The co-operative efforts, First-of-a-Kind Engineering, (FOAKE)
between the US utilities, the DOE and the vendors started in 1992.
In the USA the licensing process was changed in 1994. An important
feature of this process is the issuing of the US NRC's final design
approval (FDA) [9].
The ALWR programme in the USA comprises in scope the following
three items [9]. The first one is the design certification of the evolutionary plants ABWR of General Electric and System 80+ of ABB/
Combustion Engineering. Design development and design certification
of the simplified "passive" plants SBWR of General Electric and
AP-600 of Westinghouse is the second item. FOAKE to achieve
commercial standardization for the SBWR and the AP-600 comprises
the third task.
The time schedule for safety evaluation, FDA and FOAKE is reproduced from an IAEA document below [9]:
ABWR

System 80+ AP-600

SBWR

7/94

7/94

-8/96

-3/97

Final Design Approval 7/94

7/94

-9/96

-6/97

-

9/96

9/96

Final Safety
Evaluation Report
First-of-a-Kind
Engineering
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As can be seen from the table, ABB/Combustion Engineering's System
80+ (PWR) and General Electric's ABWR plant designs received FDA
from the NRC in summer 1994. The NRC is also reviewing two midsize power ALWR designs: Westinghouse's AP-600 (PWR) and
General Electric's SBWR.
For each project, formal design certification is expected to follow
FDA in 15 - 18 months.
The schedules for mid-sized power AP-600 and SBWR plant designs
are dependent on the timely and successful completion of various
testing programs.
The US DOE has proposed to the congress a 49.7 million USD budget
for ALWR development in FY '96. Most of the money would go to
FOAKE, whose costs are shared by 15 US utilities, DOE, EPRI and
reactor vendors. The congress has decided to provide 40 million USD
for ALWR Programme in FY '96, which began on 1 October [10].
1.2

Europe

.Also, several European countries have recognised the need to specify
the requirements for next generation NPPs and in late 1991 a working
group was set up to develop a set of European Utilities Requirements
(EUR). The organizations involved are:
o
o
o
o
co
o

VDEW, Germany
Nuclear Electric, United Kingdom
UNESA, Spain
Tractebel, Belgium
EDF, France
ENEL, Italy
KEMA, Netherlands

The major benefits of the European utilities are expected to include:

c:\winword\stur95\es95-62b.doc ea
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Improved attitude by the public and authorities (common
technical solutions, common safety approaches and
common enhanced safety targets).

o

Strengthening the competitiveness of nuclear energy.

o

European market consideration (design which could be
built in any of the participating countries with minimal
changes to the basic design).
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Volumes 1 and 2 of the EUR were completed in 1994 [11]. Volume 1
provides overall requirements. As a first step, the EUR document deals
only with large power "evolutionary" type APWRs (Volume 2). Also,
to keep the European market open to other LWR designs, the EURs for
"passive" plants and BWR plant designs will be established in a further
stage of development of the document.
The level of detail in EUR is generally less than in the ALWR URD,
and EUR gives more flexibility to the vendors in the specific features.
An important feature of the EUR is the consideration of different
licensing authorities in different countries. Defining and harmonization of the requirements so they can be utilized by different
regulators is, therefore, an important issue.
To satisfy generic EUR requirements, the nuclear industry and utilities
in Germany and France are developing a new generation of large
power PWR designs. The basic design work for this new design called the European PWR (EPR) - started in early 1995 by NPI and its
two parent companies Framatome and Siemens/KWU. After receiving
an acceptance from both national safety authorities for the safety
approach the partners agreed to invest another 150 million USD to
complete the basic design, [12]. The first orders are expected between
1997 and 2000.
Siemens/KWU is also, together with German utilities, engaged in the
development of advanced BWRs, the SWR-1000 plant design.

1.3

The Far East (Japan, Korea and China)

The Japanese government, acting through the Ministry of International
trade & industry, and the nuclear power industry started the LWR
improvement and standardization program for 10 years in 1975 to
establish Japanese-type LWRs.The final result of the program is
realization of an ABWR and an APWR [13].
In the middle of 1994, a new long-term program for development and
utilization of nuclear energy was formulated. According to this
program ALWRs wi!l continue to be a major nuclear energy source
[13].
The Japanese authorities, utilities and vendors have initiated a program to develop the next generation of BWRs and PWRs which is
expected to come into operation in the 2010s. The Japanese BWR and
PWR utilities have completed extensive discussions and evaluations to
c:\winword\stur95\es95-62b.doc ea
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establish the sets of requirements for next generation PWR and BWR
plant designs. These evaluations considered the future situation of
nuclear power as well as the overall social environments. Considering
the increasing power demand, limited access to reactor sites and
technical limits of components fabrication the unit capacity will be
around 1500 MWe for PWRs and 1500 - 1700 MWe for BWRs.
The four basic targets for next generation designs are the following:
PWR [14]

BWR [15]

0

More economical

0

Economical

0

Safer

0

Benign to human errors

0

More gentle to operation
and maintenance

0

Simple

0

Less burden to environment

0

Flexible

From the safety point of view, the ALWR evolutionary plant should
meet the following requirements:
o

A satisfactory period of grace should be allowed in order
to reduce operator burden in case of accident or transient
conditions.

o

The countermeasures for severe accidents should be
considered from the design stage.

o

Sufficient safety margins should be maintained in the light
of PSA results.

o

The safety function should be enhanced based on
appropriate combination of active and passive systems.

Next generation LWRs will be developed according to the following
steps [14, 15]:
o

Design requirements based on utility needs will be
developed by the end of FY '95.

o

Evaluation and development of detailed design for a
chosen concept will be completed by the end of FY '97.
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o

Confirmation/validation tests of new components and
systems will be started from FY '98.

South Korea is also planning new NPPs by the year 2006 to satisfy the
increased demand for electricity and is also developing the design
requirements for next generation of ALWR plants: Korean ALWR
Design Requirements (KADR) [16]. A first draft covering generic toptier requirements for large power evolutionary PWRs was prepared at
the end of 1994. This document will refer to the ALWR URD. More .
detailed requirements will be developed as Korea proceeds with the
conceptual and detailed design of a Korean ALWR.
South Korea is now developing the large power plant design for a next
generation LWRs (KNGR) planned for operation in 2007. ABB CE's
System 80+ advanced PWR plant design has been chosen as the
technology basis for the KNGR [16].
The development of nuclear power in China has a good beginning. By
the end of this century, China wants to have almost 10 GWe nuclear
generating capacity constructed or under construction [17].
hi China, development activities are under way in the ALWR field.
The Nuclear Power Institute of China is working on the R&D for the
AC-600 Advanced PWR [17]. Westinghouse AP-600 advanced design
has been chosen as the conceptual basis for the 600 MWe AC-600
plant design.
The design targets for AC-600 are
o
o
o
o

An availability of more than 85 %
A construction time of 4 or 5 years
A life time of 60 years
A core-melt frequency of not more than 1.5 • 10"6 per
reactor year

1.4

Russia

Development activities of advanced PWR designs in the Russian
Federation continues. OKB Hydropress, together with other organizations, is working on a 1000 MWe PWR, the V-392 design, and on a
640 MWe PWR, the V-407 design, with a number of passive safety
features. Minatom has decided to develop these two designs for the
near future, which will replace the present WER-440 and
VVER-1000 power plants [18]. Officials from Minatom have declared
c:\winword\stur95\es95-62b.doc ea
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that they are ready to start construction of a lead advanced mid-sized
power reactor project V-407 by the end of 1996 or early in 1997. The
lead station could be operational by 2002. Building of a lead NPP is
planned for the site at Sosnovy Bor, adjacent to the four Leningrad
RBMK-1000 units, which will eventually be phased out, and three
more units are projected for the Kola NPP site in the north-west of
Russia. The mid-sized power advanced WER-500/600 (V-407) plant
design may well take the lead also in the far east of the country.
Parallel development of the large-power WER-1000 (V-392) reactor
plant is still Minatom's main stream effort for most Russian sites.
OKBM, Nizhy Novgorod is also working on mid-sized power PWRs,
the VPBER-600 design, with an integral arrangement of the reactor
coolant system (RCS).
These designs are developed in accordance with the safety regulations
for NPPs (OPB-88), which meet modern world requirements.
1.5

IAEA/INSAG activity

After the Chernobyl accident, the IAEA requested its International
Nuclear Safety Advisory Group (INSAG) to recommend actions to
enhance reactor safety.
In 1988 a balanced and comprehensive approach to reactor safety has
been proposed in INSAG-3 [19]:
o

The three fundamental safety tenets continue to be:
maintain cooling, control the power level, and confine the
radioactive material.

More specific aspects of design should be addressed as follows:
o

- The concept of plant design should be extended to include
the operating and maintenance procedures that are
required.

o

The design should avoid complexity.

o

The plant should be designed to be user-friendly.

o

The design should not make safety dependent on early
operator action.
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o

The design of the system used for the confinement of
fission products should take into account the most severe
pressure and temperature encountered in a severe accident
analysis.

o

Accidents that would be large contributors to risk should
be eliminated in the design or should be reduced in
probability and/or consequences.

o

The plant should be adequately protected by design
against sabotage and conventional armed attack.

o

The design features should reduce the uncertainty in the
results of the PRA.

o

Consideration should be given to passive safety features.

In this context, reference could be made to the last steps of the IAEA
regarding the ALWR development efforts in member states. The International conference on the safety of nuclear power, strategy for the
future (Vienna, September, 1991) recommended efforts to establish a
set of safety principles and design rules to be implemented as an
international basis. Ths Advisory Group Meeting (AGM) in July 1992
agreed on the necessity of establishing guidelines for "future designs"
since the INSAG-3, -5 documents [19,20] reflect safety requirements
applied to plants now in operation.
The Advisory Group Meeting stated that the INSAG-3, -5 documents
should be used for advanced designs as a basis - with supplements to
address specific functions as found necessary.
In June 1995, following INSAG's review and comments from the
member states, the IAEA published a technical document
"Development of safety principles for the design of future nuclear
power plants" (IAEA TEC-DOC-801). The document proposes
updates to existing safety objectives and principles which could be
used as a basis for developing those recommended for the design of
future nuclear power plants. Accordingly, it is intended to be useful to
vendors, utilities and regulators.
The Defence-in-Depth concept remains the fundamental means of
ensuring safety for the ALWRs. It will be strengthened by additional
margins in the design. The next generation of nuclear power plant
designs will consider severe accident scenarios explicitly and
systematically in design. An illustration of these improvements is
c:\winword\stur95\es95-62b.doc ea
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presented in Figure 1, which is reproduced from the 1995 IAEA
technical document (see also [21]).
The containment will play a key role for ALWR plant designs. The
advantages and disadvantages of passive safety systems have to be
fully considered [5].
In 1992 the IAEA recommended pursuing a Russian initiative for
3 years reviewing design approaches and safety features, of various
ALWR concepts [22]. In the status report of this activity it was
concluded that much progress has been made for a number of plant
designs [9]. All ALWRs considered are in conformance with the basic
principles of INSAG-3 for design aspects. But for the other points of
INSAG-3, such as quality of construction, in-service inspection and
maintenance, they can not effectively be reviewed at this stage.
The IAEA programme on 1996 also includes consideration, both
design/utility approaches and regulator response to approaches to
enhance the safety of future NPPs [9, 23].
This activity and these documents, which lead to international consensus, especially in the field of safety issues, should be adopted by
the world community.
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APPROACH PROPOSED
FOR NEXT GEN. PLANTS

APPROACH USED
FOR CURRENT PLANTS

CORE
MELT ACCIDENTS
Prevention of
energetic phenomena
Containment design
Accident management

DEGRADED ACCIDENT
SEQUENCES
Redundancy

I
II

s

c: o

Emergency procedures
etc.

8.2
o

PRESENT DESIGN BASIS EVENTS
(LOCA, SLB, SGTR, etc.)
Design robustness
Redundancy, separation

OPERATIONAL TRANSIENTS
Forgiving design
Automatic controls

NORMAL OPERATION
Design margins
Quality assurance
Adequate operation management

Figure 1
Defence-in-Depth strategies [21].
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2

ALWR design approaches

2.1

Terms describing advanced plant designs

In this section basic terms related to ALWR designs are discussed.
The terms are based on IAEA recommendations [5].
When an inherent LWR hazard (excess reactivity, fission products/decay heat and stored non-nuclear energy) has not been
eliminated, engineered safety systems, structures or components are
incorporated in the design to make it acceptable without undue risk.
Inherent safety (se!f-protectiveness)
o

Achieved by the elimination of a specified hazard by
means of the choice of material and design concept.

Example: temperature coefficient, void coefficient, low excess
reactivity, stainless steel fuel cladding instead of a Zr one.
The concepts of the enhanced use of active or passive safety features
are distinguished by the fact of whether the performance of the
engineered safety features relies on external mechanical or electrical
power, signals or forces, or instead reliance is placed on natural laws,
properties of materials or internally stored energy. Note, however, that
passive devices are not immune from other kinds of failure, such as
mechanical or structural failure, or wilful human actions.
The so-called "passive reactors" being developed in the framework of
the US ALWR program are based on the following definition proposed by EPRI for "passive systems": Systems which employ
primarily passive means (e.g. natural circulation, gravity, stored
energy) for essential safety functions - contrasted with active systems.
The use of active components is related to valves, controls and
instrumentation [1].
The IAEA "passive" safety categorization for each level is
characterized by:
Category A Passive

c:\winword\stur95\es95-62b.doc ea
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No signal or parametric change to initiate action, no
external sources or forces.

o

No moving mechanical parts.
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o

No moving working fluid.

Example: physical barriers against the release of fission products and
hardened structures for protecting a NPP against external events;
emergency heat removal based on radiation or/and thermal conductivity.
Category B Passive
o

Same as category A, except that fluid motion due to
thermal-hydraulic conditions occurring when the safety
functions are activated are admissible.

Example: emergency cooling system based on air or water natural
convection in heat exchangers immersed in the water pool to which
the decay heat is directly transferred.
Category C Passive
o

No signal or parametric change to initiate action, no
external power sources or forces.

o

Fluid motion as in category B.

o

Mechanical motions due to imbalances of forces in the
process when the safety function is activated are
admissible.
Example: the emergency injection system consisting of accumulators
or storage tanks and discharge lines equipped with check valves, and
mechanical relief valves for overpressure protection or emergency
cooling.
Category D Passive/Active
o

Any required energy must be obtained from stored sources
(batteries, compressed air i.a.); continuously rotating or
reciprocating machinery is excluded.

o

Manual initiation is excluded.

o

Active components are limited to control instrumentation
and valves, but valves used to initiate safety system
operation must be single-action, relying on stored energy.
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Example: gravity-driven or compressed nitrogen-driven core cooling/
injection systems, initiated by fail-safe, logic actuating batterypowered electric or electropneumatic valves.
Active means
o

Initiation/execution modes of this category do not belong
to any of the four mentioned above.

Forgivingness
o

Describes the degree to which equipment faults/human
inaction (or erroneous action) can be tolerated.

Grace period
o

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

Simplification
o

Avoid complexity by using a minimum number of
components to achieve the safety function and to rely as
little as possible on support systems.

2.2

Vendor's ways of achieving the utility goals

The main thrust of each set of utility requirement documents (URDs)
considered above (see Section 1) is firmly established technical
control of the ALWR design by the utilities.
To achieve the ALWR utility goals, the following key ways could be
used by the vendors (see Figure 2, where the arrows indicate the
interrelation of one utility goal to another and also the influence of
domestic design and utility factor on vendor way to the acceptable
plant design goal).
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Figure 2
Vendor's ways to utility goals.
First of all, the vendor's ways should be oriented to meet the utility
goals and to implement the lessons learned from previous operating
experience.
Furthermore, one of the fundamental ways to meet the utility goals is
related to increased design margins and simplification of the plant
[24].
Significant design margins will benefit the plant by being forgiving in
the following ways:
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o

Providing a designed-in capability to accommodate
anticipated transients without causing initiation of
engineered safety systems.

o

Providing the operator with a sufficient grace period to
assess and deal with the upset conditions with a minimum
potential for damage.

o

Providing additional assurance that the longer plant life
requirement can be met.

o

Providing a designed-in capability to accommodate single
failures of systems without ensuring the release of radioactive materials.

o

Providing the assurance of feedwater availability.

o

Ensuring accesses for in-service inspection and in-line
component testing.

Areas in which the design margin can be emphasized include core
thermal margin, RCS hot-leg temperature, coolant inventory, RCS
thermohydraulic resistance, and provisions for ensuring the availability of AC power. More design margins in all of these areas help to
ensure higher plant operability and availability.
With significant design margins, principally, some rapid response
functions can be relaxed and some complicated systems can be
simplified. Simplification in design is also closely associated with
standardization and operational improvements (more readily understandable by operators and with simpler operator procedures).
The methods of achieving simplification in design can be categorized
into four groups [24]:
o

Adoption of reliable passive safety features instead of
complicated, active safety features.

o

Use of standardized specifications and components to
facilitate the simplification of construction, operation and
maintenance.

o

Minimization of the number of systems, valves, pumps,
instruments; and consistency with the essential function
requirements.
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o

Consideration of the human factors through simplification
of plant operations and minimum demands on the operator
during various operations.

A key area of each ALWR URD is to improve safety relative to current
designs [25]. In accordance with URDs Ihe ALWR safety design goal
can be achieved through an integrated approach which includes three
overlapping levels of safety protection: accident resistance, core
damage prevention, and accident mitigation. Accident resistance refers
to minimising the frequency of initiating events which could lead to a
demand for engineered safety systems. This is accomplished through
simplicity, increased design margins, improved man-machine interface
and other inherent characteristics to minimize frequency and severity of
initiating events. Core damage prevention refers to engineered systems
which prevent initiating events from progressing to core damage.
Mitigating refers to systems, and structures to contain fission products
released from a damaged core.
The specification of ALWR safety improvements varies among URDs,
but some common features could be discussed:
o

More stringent limits are placed in the core damage frequencies and for the probability of a large release of the
radioactivity from the plant (see Table 1). PRA is used as
an integral part of the design process to ensure these
limits. It must be noted that (see Tables 1 and Figure 3)
INSAG-5 and URDs do not look for steps to be taken to
reduce the estimated probabilty of core melt from single
sequence to below 10"7 for a specified NPP, because
estimates at these levels are unreliable.

o

Improving the management of the severe accidents, a
characteristic trend in ALWR development, is being given
- a lot of emphasis in each URD. However, emphasis needs,
also, to be placed on the effect of such improvements on
capital cost. The results of mitigation improvements are
more uncertain and unpredictable in comparison with
accident prevention [9].
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Table 1
Quantitative requirements for current and future designs (per reactor
year).
Document
(see Section 1)

Core damage
frequency

Severe release
outside NPP

INSAG-3 (operating plants)
INSAG-5 (future plants)
USALWRURD
EUR
Japan UR
KADR
Russian OPB-88

10-4
10-5
<10- 5

<io- 5

10-5
10-6
<10"6
<10-6

10-5
<10"5
10-6

<10"8
<10- 6
10-7

1e-3

s ie-4
D
O

INSAG-S
EPRI-Goal»
NRC Staff
IAEA

Band spread is due to:
• different designs

1e-5 -._-_dJäeieoc is In method

Backfit.
Evolutionary
Improvements

- differenc ss In data

O"
0)

1e-6

Conclusions:

..Evolutionary
Improvements

• CDF decreases substantially with time
due to evolutionary Improvements

£

o
O

1e-7

Innovation

• evolutionary and innovative designs
approach very high safety levels
• distinction between evolution and innovation becomes blurred in terms of CDF

1980
Some Examples:
(not directly comparable)

1990
1 Sizewell B
7 Zon

2 N-4
3 Biblis B 4 Konvol 5 EPR •
6 P-Bottom
BSurry 9AP6O0
10ABWR 11 CANDU 12SysB0+

Figure 3
Trends in reactor safety improvements [26].
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o

The safety systems are significantly simplified, design
margins are increased, known problem areas have been
eliminated through the design.

o

It is important for utilities, designers and regulators to find
a balance between increased design margins,
simplification and cost in future designs.

o

Design for good constructability, ease and flexibility of
operation and maintenance and for good economics are
also important considerations.

Among URDs, improvements in plant availability are considered as
highly important by all of the utility groups and will be a key to
ensuring that the costs for nuclear power will be competitive with
other energy sources. Ambition values for required plant annual
average availability are in the range of 87 - 90 % for different URDs:
ALWR-URD
EUR
Japan UR
KADR

>87 %
>87 %
90%
90%

To improve the plant availability, the following common approaches
have been implemented [25]:
o

Identification of design measures which could reduce
unplanned outages.

o

Use of best proven technologies.

o

Reliability improvements are to be made to individual
systems.
Design reliability assurance program is required to
establish that the availability requirements are met.

o
o
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Whilst the emphasis is on the use of proven technology, the utility
organizations also are calling for the implementation of advanced
technologies, if they could result in drastic advantages. This flexible
approach could lead to varying emphasis by different utilities worldwide and to varying degrees of implementation by vendors (domestic
factor, see Figure 2).
2.3

Description of main approaches

As was noted above in the next generation, the utilities would like to
see plants which will operate with higher capacity factors. In addition,
when operating limits are exceeded, these have inherent properties to
return to safe, stable, undamaged conditions without operator
intervention or external power sources.
In the past decade many advanced LWR plant designs, which differ
from the existing designs, have been proposed. Apart from current
LWR technology three development approaches can be distinguished
mainly from the point of view of power capacity, design margins,
simplification and implementation of passive features* (see Figure 4):
1

Evolutionary designs for large power plants.

2

Evolutionary designs for medium power plants.

3

Innovative designs for small and medium power plants.

The first design approach involves "step by step" modifications of
present-day designs, with emphasis on design proveness. Here, more
traditional designers find shorter ways to modernize the design to meet
more stringent new standards. These plants (mainly large power greater than 1 GWe) provide the improvement of NPP reliability and
operational safety with simultaneous improvement of economic
features. These designs,.which incorporated extra safety features,
require only minor additional testing and do not need large-scale
demonstration. They can be effectively built and at known prices in
the near future with the minimum risk for utilities.

This classification is mainly based on the IAEA references. It is a result of
inherent technical reasons as well as the history of designs.
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The second design approach refers to the evolutionary plant with
significant innovative features, which are, however, within the range
of existing technical knowledge. It makes it possible to improve the
NPP reliability and safety with simultaneous improvement of the
economy and competitiveness due to the simplifying of the plant
design, increased margins and the reduction of the construction period.
Claims have been made that a number of traditional safety system
functions could be eliminated in this category, when 600 - 1000 MWe
units are considered. This design approach requires extra research and
development work and significant experimental verification.
The third approach incorporates the improvement of the mediumpower (mainly < 600 MWe) LWR reliability and safe operation
mainly due to innovative changes in the traditional design arrangement
and performances or in plant responses to the accidents. The major
development goals stated for some of these plants are further simplification and an increased use of passive safety features, based on
advanced design technology. Others have more ambitious development goals that in turn require drastic modifications of design aiming
at a maximum possible utilization of inherent safety features and selfprotection capacity. This way will need large-scale demonstrations, a
prototype may be required and will entail some risks for the utilities,
because this approach departs significantly from current ones.
As can be seen from Table 2, each of the main ALWR vendors worldwide has great interest in at least one large power evolutionary plant
design. Also, each of the utility requirement documents, mentioned
above defines requirements for these plants. The major reasons for the
focus on the first approach from the vendors' and utilities' point of
view are the following:
o

Some countries consider that limited time is available
before a new generation design is needed, and that the
first approach, which has fewer departures from their
predecessors, is most likely to be able to meet the required
schedule.

o

Technical resources and money are limited, so that most
countries desire to focus on a single design approach
- mostly large power design.

o

There are concerns with regulatory acceptance of the plant
designs based on the 2nd and 3rd approaches, and with
the time delays which could be encountered, in gaining
such acceptance.
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o

With limited sites available for new units, there is a desire
to place as large a plant as possible on each site.

o

Many utilities believe that economy of scale favours the
large power designs.

In developed countries, the infrastructure and safety culture of society
are adequate for the safe construction and operation of the
evolutionary large power plants [27]. Besides the engineering
judgements, a lot of testing is needed to demonstrate the reliability of
innovative features. In many cases its FOAKE load creates financial
problems. Therefore, for conditions mostly existing in developed
countries the aim is to eliminate problems and public concerns, related
to the operation of the current LWRs and therefore the evolutionary
approach would be more attractive.
The feature common to the second and third approaches in comparison
with the first one is the decrease in the unit power with increase in the
safety margins and simplification of the design and the introduction of
passive safety features. Some vendors in the USA, Europe, Asia (see
Table 2) and some US and European utilities are also interested in the
medium-power evolutionary plant designs. This interest is driven by a
slow-down in world-wide electrical growth rates - providing an
incentive for smaller capacity additions and shorter construction times.
To penetrate electricity markets, new medium-power designs would
have to be economically competitive with the large power ALWR
designs. Claims were made [28, 29] that the new medium-power
designs will be financially attractive because of the economic benefits
that accrue from factors such as increased design margin, simplicity in
design, extensive use of factory fabrication, lower up-front capital and
earlier start to revenue earning.
The.proponents of large power units argue that many of these benefits,
foreconomics
economics and safety, are applicable on their plant designs
bothLfor
[30].
Coupling the smaller size, improved safety margins and the reduced
need for operator action will allow the design to achieve lower off-site
consequences in the event of a severe accident. It could be important
for countries with high population densities and/or the need to break
off the moratorium on nuclear power.
Also, the second and third approaches are new and different and may
be more likely to achieve public acceptance. But we should be careful
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when using public perception to drive the design and regulatory
processes.
With regard to the questions of evolutionary (first and second
approaches) vs innovative (third approach), it must be noted that
because US utilities are subject to strict economic regulation they are
extremely adverse to risk and consequently strongly prefer evolutionary
designs, for which the risks are considered much smaller than for the
third approach. For this purpose, both the so-called Evolutionary and
Passive designs in the USA fall into the "evolutionary" category [9].
Also, passive features are not an objective in itself but only a means
for accomplishing a desired function, and a choice has to be made by
evaluating the measures case by case (e.g. on the basis of which
solution provides target reliability at lowest cost). It was thought that
passive systems which, in many applications, have inherent size
limitations, would allow sufficient simplification in mid-size power
plant designs so as to counteract the economies of scale in comparison
with the large-size plants (e.g. US ALWR URD). Current association
of passive with mid-size and active with large-size for ALWRs is
perhaps more a result of the history of the design development than
the result of any inherent technical reasons (e.g. see Section 5).
So, if the vendors of the passive mid-size power plant have some
problems with cost of the plant design, they will have the opportunity
to increase the unit power in the framework of this approach (e.g. see
section 5).
Table 2 gives a list of ALWR concepts [5] developed in different
countries to be incorporated in our work for better understanding of
key common features and differences related to safety.
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Table 2
Examples of ALWR plant designs and concepts [5].
Name

Type

Size/MWe

Country

Vendor

Japan/US
US
Germany/France

Mitsubishi/Westinghouse
ABB-CE
Siemens-KWU/Framatome
Hydropress
Hitachi/Toshiba/GE

Evolutionary designs for large power plants
APWR
System 80 Plus
EPR
WER-1000 (V-392)
ABWR

PWR
PWR
PWR
PWR
BWR

1350
1345
1500
1000
1356

RF
Japan/US

Evolutionary designs for medium power plants
AP-600
WER-500/600
MS-600
AC-600
SWR-1000
SBWR
HSBWR
TOSBWR-900P

PWR
PWR
PWR
PWR
BWR
BWR
BWR
BWR

630(1000)
640
630 (1300)
600
1000
600 (1000)
600
310

US
RF
Japan
China
Germany
Japan
Japan

Westinghouse
Hydropress
Mitsubishi
CNNC
Siemens-KWU
General Electric
Hitachi
Toshiba

600
200
200.
300
600
320
600

Sweden
Japan
Italy
US
RF
US/UK
Japan

ABB Atom
JAERI
Ansaldo Spa
Combustion Engineering
OKBM
AB Combustion/Rolls Royce
JAERI

US

Innovative designs and concepts
PIUS-600
ISER
ISIS
MAP
VPBER-600
SIR
SPWR
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2.4

Safety philosophy in different design approaches

The key safety related subfunctions that must be accomplished to limit
the release of radionuclides from the reactor core include, in the
sequence of successive levels of barriers:
o

Maintain core integrity.

o

Control transport of radionuclides from RCS.

o

Control transport of radionuclides from containment.

To ensure safety, it is necessary to achieve a high reliability in terms
of:
o

Reactor control under normal operating conditions,

o

Reactor shutdown in accident situations.

o

Reactor cooldown in normal and, particularly, accident
situations from the nominal values of pressure and
temperatures to the cold ones.

o

Decay heat removal for a long time.

o

Barriers in the paths of radioactivity release.

To meet the first priority need to prevent reactor core overheating and
damage, the following main philosophies for ALWR were proposed in
different countries (see Figure 5).
The required capacity to remove core heat stems from the need to
balance heat generation against the capacity of the core to absorb heat
without reaching temperatures that challenge the integrity of the core
radionuclide barriers.
In most reactor designs the insertion of control and safety rods for
reactor shutdown is used. Also, to prevent accidental overheating in
current LWRs and evolutionary large power plants, coolant is pumped
to the core to ensure adequate coolant inventory over all fuel and
subsequent forced transport of heat to an ultimate sink from the core.
Instead, evolutionary mid-sized power ALWRs to meet these
functional requirements mainly use natural convection, evaporation/
condensation phenomena and gravity-feed water supplies.
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ALWR core protection approaches [4, 27].
A
B
C
1
2
3
4
5
6
7
8
9
10

Evolutionary designs for large power plants
Evolutionary designs for mid-sized power plants
Innovative designs: PlUS-principle
RCS
Instrument leads, cables
Diagnostic equipment
Signal processing logic
Flow rerouting/reactor shut down; valves and CRDMs
Control and safety rods
Diesel generators and coolant pumps
Piping and water tanks
Self-protective thermohydraulic feed-back
Core, self-protective reactivity feed-backs
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Hence, most of the ALWRs depend on an actuation of control rod
insertion initiated by supervising and diagnostic equipment. While the
evolutionary plants rely on safety-grade AC electric power for
pumping and inject coolant to the core, more innovative designs utilize
gravity or stored pressure to move coolant in the core, in some cases
supported by an automatic depressurization system, (see Figure 5 B).
AC power is not used to operate any valves of the safety systems.
Also, the containment could have an additional function, not common
in current designs, of ultimate heat exchangers. This means that the
core cooling can be accomplished more simply with dependence on
fewer and simpler components in the innovative designs.
In present-day reactor designs, both in evolutionary types and in most
of the more innovative types, reactor shut-down is initiated by control
and monitoring systems. As noted above, most reactor designs use
control rods which are inserted into the core due to stored energy or
dropped by gravity with borating systems as back-up.
If the RCS integrity is not lost a reliable way of the reactor shut-down
is core flooding with cold water with a high boron concentration.
Elimination of control rods, both for power control and reactor shutdown, could further simplify the design (e.g. PIUS principle, see
Figure 5 C). Arranging boron supply for reliable and rapid core
flooding in such a way that the process itself can control it, represents
a practical problem that is not easily solved in the normal reactor
design configuration.
Some passive design features which protect the reactor core against
overheating in the ALWRs are summarized below [31]:
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Initiating events

Design feature

LOCA (primary side)

o High water inventory in and near
the reactor core
o Automatic and passive safety
injection
o Increased RCS natural circulation
level
o Easy and reliable core flooding
(e.g. simultaneous hot and cold leg
lower pressure safety injection,
lower core elevation relative to the
cold leg)

LOCA (secondary side)

o Limited transients (cold shocks)
due to the large secondary water
inventory
o Easy SG isolation

LOCA (interfacing)
ATWS

o Strong negative temperature
coefficient
o Boron injection

Secondary transients

Increased RCS inertia

Primary transients

Increased RCS inertia (pressurizer
and SG volume)

Loss of AC and DC power

o Battery backed sources
o Increased secondary water
inventory

Other examples include increased fuel margins (15 % on limiting
power parameters over and above regulatory fuel design requirements,
US ALWR URD), significant margin between normal operating range
and reactor trip set points; sufficient margin to reduce the likelihood of
exceeding operating limits and fault tolerance for balance-of-plant as
well as I & C systems.
Among the implemented favourable characteristics, the reduction in
the specific core power, unit power and hydraulic RCS resistance are
provided with increased system inertia, natural convection for decay
heat removal and, as a result, a significantly increased grace period.
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As mentioned above, the ultimate safety of the mid-sized power
advanced designs depends on their depressurization capability and
natural processes which are independent of external energy supply.
Main drawbacks for such an approach are the following:
o

in some cases lack of data on phenomena

o

sometimes missing operating experience over the wide
range of conditions

o

lower driving heads in fluid systems and as a result less
effective or slower in response and/or necessity for more
size

o

may require active components and operator intervention
can be necessary for start-up and shut-down

o

may degrade traditional operational performance too
much

o

may not obtain general acceptance by licensing bodies
with respect to requirements

Furthermore, special attention has to be paid to the completion of a
phenomenological database, new models and their extensive
validation, demonstration of operability of passive systems and
clarification of regulatory requirements. As to the last question,
existing laws, guidelines and knowledgeable licensing bodies must
ensure high level of safety for a specific technical design. It is obvious
that the use of mainly active systems was a basis for the requirements
mentioned above (see also Section 6).
The main design features which are the result of the core damage
prevention effort in the ALWR development programs are summarized
below [31],
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Prevention

Design feature

LOCA (RCS)

o Improved resistance to embrittlement
inRPV
o Increased RPV diameter (reduced
neutron fluence)
o RCS simplification (e.g. no loop seals,
minimal welds)
o RCS integration (e.g. elimination
of the recirculating piping in BWRs)
o Canned motor RCP
o Pump suppression
o Small piping penetrations

LOCA (secondary circuit)

0

Secondary pressure reduction

LOCA (SG tube rupture)

0
0
0

Secondary side within SG tubes
Easy maintenance
Boron suppression (reduced
corrosion)

ATWS

0

Control rod suppression

Primary transients

0

Boron suppression

As can be seen the prevention effort in the ALWR designs is mainly
directed to the RCS LOCA events.
If core and RCS integrity is lost the control of radionuclide transport
from the containment can be achieved by meeting two key functional
requirements:
o

The maintenance of containment boundary integrity so
that radionuclides will not leak.

o

Trapping the radionuclides within the containment.

The success of the last containment barrier during the TMI-2 accident
and the consequences of the lack of the reliable containment at
Chernobyl Unit 4 has provided a strong support for strengthening the
containment functions. The main activity is addressed to meet the
INSAG-5 trend: "Ultimately, (future) plants would be so safe that
there would be no technical justification for an emergency plan
involving evacuation of the nearby population". The question is "How
to improve the barriers?"
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The containment design philosophy for large power ALWRs is
essentially not drastically different from the existing one. These
ALWRs are designed to prevent early containment failure to eliminate
the need for quick public evacuation and to have enough time for
operators to initiate additional mitigation procedures.
Special attention is given to severe accidents involving e.g. core melt
spreading, strong full pressure double containment, high pressure in-.
containment spray systems to have margins and no need for early heat
removal from the containment (see Table 3).
The stated strategy on the containment design indicates that it should
take the primary responsibility for the defence function for the
mitigation of severe accident consequences. Since a stronger and
larger containment system would only slightly increase the initial
construction cost, it is a very appropriate principle. Further it will not
interfere with or complicate other plant operating systems. Conversely, the defence function of preventing accidents could be
emphasized in the design of fluid and heating systems with the most
operational activity.
The area of difference in positions between some ALWR vendors
concerns the question of whether or not the option of filtered containment venting should be kept open as an ultimate mitigation
measure. For example, severe accidents are considered at the design
stage of ALWRs and the containments are designed for the resulting
challenges without filtered vents, which is more desirable than more
or less controlled release [9].
Other designs, mainly medium power, which belong to evolutionary
and innovative approaches, have involved the use of passive features
(evaporation/condensation, natural convection) to remove decay heat
from the core (undamaged or melted) and to transfer it into the
environment without high pressure spray systems (see Table 3). Also,
some preliminary results suggest that the decay heat can be safely
removed by natural air convection in the composite containment
proposed for large-size ALWRs (see Section 5).
The other innovative alternatives for comparing the above-mentioned
barriers in ALWRs are the following:
o
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o

Core melt spreading in the catcher with generation of a
special HLW-"glass" that does not release significant
radioactive aerosols and gases to the containment building
[1].

Table 3
Examples of main solutions proposed to improve the safety of ALWRs
at mitigation level [41].
Phenomena

Design feature

Heat rejection (pressure
and temperature control)

o Use of multiple active cooling
systems
o Presence of engineered passive
cooling systems

Direct containment heating o Installed automatic depressurization
system
Overpressure protection

o Use oflarge free volume and heat
capacity
o Use of pressure suppression system
o Provision for controlled venting

Hydrogen control

o
o
o
o

Debris cooling

o Promote debris spreading and water
quenching
o Installed core catcher device with
cooling

Fission product control

o Natural deposition processes
o Installed active spray systems
o Filtration of primary containment
leakage

Containment isolation

o Reduce number of penetrations
o Include interfacing systems in
containment
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3

Key features in the leading ALWR designs

About fifty ALWR design descriptions were collected by IAEA and
NEA during recent years [see also STUDS VIK/ES-95/10, Part 1,
1995]. In this chapter, however, only the safety features of some
leading designs (see Tables 4 - 7 and Figures 6 - 17) are discussed.
The main reason to include a design in the present consideration deals
with its maturity and current R&D program status. This section is
mainly based on the last IAEA reviews of design approaches of
advanced LWRs [5, 9].
This section mainly concentrates on features that meet such functional
requirements as core cooling, RCS inventory control, long-term heat
removal and containment cooling. The performance of innovative
safety features and systems will be discussed and the most significant
differences, with regard to the traditional approach to safety systems,
will be shown. We discuss here only main features and conclusions
about these plant designs without their routine descriptions which are
not fully required for comprehension of the general trends.
3.1

Advanced large power PWR designs

3.1.1

System 80+ (ABB/CE, USA)

The main design features are the following (see Figure 6):
o

2 hot/4 cold - train RCS with 2 steam generators

o

Larger steam generators (by 25 %) and pressurizer (by
33 %) and improved materials

o

Lower operating temperature and greater thermal margins

o

New, all-digital control room

o

Larger spherical double wall (inner steel) containment
with hydrogen igniters
Safety depressurization systems with in-containment

o

water storage tank
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Large reactor cavity floor with cavity flooding system
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o

Increased earthquake design and seismic margins

As a result of these measures, safety is improved by a factor of 100,
and a technical justification for simplified emergency planning has
been established. The total estimated core damage frequency is
2.8 • 10"6 per reactor year.
3.1.2

EPR (NPI, France/Germany)

The main design features are the following (see Figure 7):
o

4-train system configuration

o

Larger SG and pressurizer volumes to slow plant response
to upset conditions

o

Initial safety injection system (SIS) line-up (suction from
IRWST and discharge to hot and cold legs) fits long term
cooling needs without realignment

o

Simultaneous.hot and cold leg pressure safety injection to
limit fuel failure risk in case of large break LOCAs

o

Lower core elevation relative to the RPV cold leg nozzles
which limits core uncovery during small break LOCAs

o

A large dedicated spreading area outside the reactor cavity
to prevent the molten core-concrete interaction by
spreading and subsequent cooling of the core debris

o

A large water source in the IRWST located inside the
reactor building, draining by gravity into the reactor
cavity and the core debris spreading area

o

A double-wall containment with a reinforced concrete
outer wall and a prestressed concrete inner wall and an
intermediate space maintained passively under small
subatmospheric pressure

o

No stringent countermeasures to be taken before 24 h

At the present design stage, targets (10*5 per reactor year for core
damage and 10'6 per reactor year for a large release) are specified to
be about 10 times lower than regarding internal events.
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3.1.3

WER-1000/V-392 (Hydropress, Russia)

The main design features are the following (see Figure 8):
o

4-train RCS with horizontal steam generators with large
inventory

o

Subcriticality provision with control rods at any moment
of the lifetime, for a coolant temperature decrease to
120 °C

o

Quick boron supply system

o

Automatic control system of improved reliability with
self-diagnosis and expert system giving advice to the
operator

o

System of passive residual heat removal in case of a
station blackout and loss of emergency power supplies for
24 hours

o

Passive core flooding system designed to remove residual
heat during the last stage of a LOCA for not less than 12
hours

o

Filtered double concrete containment

The estimated probability of accidental radioactive releases should not
exceed 1O7 per reactor year.
3.1.4

APWR (NUPEC/W/M, Japan/USA)

The main design features are the following (see Figure 9):
o

. Four-loop primary circuit design

o

Four independent reactor-protection channels instrumented with automatic check and self-diagnosing system,
and four independent emergency cooling systems (one per
each loop) positioned in different rooms

o

Enhanced (by 3 m) RPV height helps to prevent core
drying under the majority of possible accidents involving
primary circuit leaks of up to 25 cm2 in area
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o

Enhanced pressurizer volume makes it possible to do
without the operation of a relief valve in the RCS even
with a complete NPP blackout

o

Spherical steel inner containment with steam condensation
systems enclosed in a tight reinforced-concrete
containment

o

Tank with water stored for emergency reactor cooldown
of rooms inside the containment

o

Feedwater is supplied to steam generators under
emergency situations by two electric- and two residual
steam turbo-driven pumps

Total estimated probability of core melting due to in-site emergency
situations does not exceed 2 -10-7 per reactor year.
3.2

Advanced mid-sized power PWR designs

3.2.1

AP-600 (Westinghouse, USA)

The main design features are the following (see Figure 10):
o

2 hot/4 cold-train RCS configuration with 2 SGs and 4
canned motor pumps

o

Safety injection systems are integrated with the reactor
coolant make-up and residual heat removal system

o

Decay heat is removed by natural convection system from
RCS utilising a heat exchanger submerged in a large
refuelling water tank within the containment

o

Transients and leaks up to 6" equivalent in diameter can
be handled without system depressurization

o

Automatic depressurization is needed for mid-size leaks
(if charging pumps are not available)

o

The highest peak cladding temperatures occur in the
course of a large pipe break (982 °C), evaluated with
conservative assumptions
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o

Heat removal from the containment is accomplished by a
combination of wetting the outer containment surface and
natural circulation of air through the annulus between the
shield building and containment

o

Batteries are used to energize the isolating valves; dieselgenerators are absent because pumps are not used for
emergency core cooling

o

No operator action is needed for the first 36 hours in the
course of design basis events

Probability of core damage is reduced to 1.8 • 10"6 per reactor year.
3.2.2

WER-500/600 (Hydropress, Russia)

The main design features are the following (see Figure 11):
o

4-train system configuration with horizontal steam
generators

o

Low specific power (65,4 kW/l)

o

Reactor subcriticality to be achieved with control/shutdown rods for coolant temperatures down to 100 °C
Reduced number of pumps, compressors, valves,

o

penetrations etc
o

Passive emergency core cooling system

o

Depressurization system

o

Systems of passive heat removal from the reactor and
from the containment; 2 diesel generators
The estimated probability of considerable fuel damage leading to the
necessity of population evacuation should be less than 10-7 per reactor
year.
3.2.3

MS-600 (Mitsubishi, Japan)

The main design features are the following (see Figure 12):
o
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o

Hybrid safety systems rely on the passive safety systems
to handle LOCAs (leaks more than 1" of the equivalent
diameter)

o

Depressurization system

o

Advanced accumulator is provided with vortex flow
control device

o

Passive core heat removal through secondary circuit

o

Combined with the spherical plate containment vessel, in
the form of a double containment vessel with filtered
venting

At the present design stage, the probability of core damage due to
onsite emergency situations does not exceed 1.5 • 10"8 per reactor
year.
3.2.4

VPBER-600 (OKBM, Russia)

The main design features are the following (see Figure 13):
o

Integral RCS arrangement with 12 section once-through
SGs and 6 reactor coolant pumps located in a guard vessel

o

Elimination of large diameter primary coolant pipelines

o

Large volume of coolant above the core

o

High degree of primary coolant natural convection
providing effective emergency residual heat removal
Reduced neutron fluence to the reactor pressure vessel

o
o
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o

Guard vessel providing the capability to keep the core
covered with coolant and the capability to cool the reactor
down; in addition, the guard vessel provides reliable
confinement of radioactive products after a LOCA event.

At the present design stage, PSA has given a core damage frequency
below 10"7 per reactor year.
3.2.5

PIUS-600 (ABB Atom, Sweden)

The main design features are the following (see Figure 14):
o

RCS portion including the core submerged in a large pool
of borated water

o

The pool is contained in a large prestressed concrete
structure

o

4-train RCS with once-through SGs and RCPs

o

Natural circulation of the coolant through the core in
residual heat removing mode
No control rods. Pasive shutdown without mechanically
moving parts

o
o

Power control by adjusting the boron content (slow) and
by variation of the coolant temperature (rapid) using
secondary side heat removal control

At the present design stage, PSA has given a core damage frequency
of below 10~7 per reactor year.

3.3

Advanced large power BWR designs

3.3.1

ABWR (Hitachi/Toshiba/GE, USA/Japan)

The main design features are the following (see Figure 15):

c:\winword\stur95\es95-62b.doc ea

o

10 internal recirculation pumps of wet motor design at the
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o

Decreased hydraulic resistance of RCS. Lower
recirculating flow pumping power
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o

Reduced (by 10 %) core power density

o

Fine motion control rod drives with diversified scram
actuation (hydraulic piston drive + electric motor drive
back-up)

o

Three (x 75 %) emergency core cooling system (ECCS)
divisions, each with one high and one low pressure
inventory make-up system. The high pressure (HP) system
consists of two HP Core Flooders (HPCF), the Reactor
Core Isolation Cooling (RCIC) system and the Automatic
Depressurization System (ADS)

o

Improved reinforced concrete reactor containment with
horizontal vent pressure suppression system and larger
amounts of water

As a result of these measures, the total core damage estimated
frequency is about 10'7 per reactor year.
3.4

Advanced mid-sized power BWR designs

3.4.1

SWR-1000 (Siemens-KWU, Germany)

The main design features are the following (see Figure 16):
o

A large RPV (7 m diameter) with low core power density
(48 kW/l), large reactor coolant inventory and an increase
in the water inventories stored inside and outside the
containment

o

Six internal recirculation pumps of wet motor design at
the bottom of the core

o

Decreased hydraulic resistance of RCS

o

Combined functions of active non-safety-related systems
and passive safety systems
Passive emergency condenser removes decay heat from
the reactor, requiring neither electric power nor activation
by the instrument and control (I&C) system

o

o
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o

A gravity-driven core flooding system floods the reactor
by gravity flow during RPV pressure drops

o

The containment is a pressure suppression-type design,
allowing a 7 day grace period

At the present design stage, the estimated core damage frequency is
about 10"8 per reactor year.
3.4.2

SBWR (General Electric, USA)

The main design features are the following (see Figure 17):
o

An integral dryer-separator simplifies refuelling

o

A large RPV water inventory increases margins and
enhances safety

o

A low power core density (36.6 kW/l)

o

Recirculat'on system eliminated (natural recirculation)

o

Fine motion control rod drives (CRD) for easy operation
and maintenance
Gravity-driven cooling system (GDCS) operation in the
eventofLOCA

o
o

Long term (72 h) inventory control and decay heat
removal with the passive containment (suppression pool)
cooling system (PCCS)

o

Passive natural circulation air system to serve the control
• room area in the event of station blackout

3.5

General remarks

A number of common features could be identified among the ALWR
design key features considered above [9]. Main parts of the advanced
designs rely on design simplification, incorporation of the operating
NPP's experience and control room improvements with respect to
human factors and digitization. Safety improvements include the
consideration of severe accidents, increased thermal design margins
and water inventories, longer grace periods, double containments
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(except for some mid-sized designs) and enhanced safety in probabilistic terms (see Table 4). All PSAs show low core damage
estimated frequencies, in the range of 10"8 -10" 5 per reactor year. All
designs discussed in this section, except for PIUS-600, make use of
proven technology to a large extent (mostly demonstrated in their
earlier designs).

Safety Injection System
(1 of 2)

Shutdown Cooling &. Containment
Spray System
(1 of 2)

813

"G-

Figure 6
Integrated engineered safety features system of System 80+ plant design.
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Figure 7
Primary side safety systems of EPR plant design.
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1
2
3
4
5
6
7
8
9
10
11
12

Reactor
Steam generator
Main pump
6.0 MPa ECCS accumulator
1.2 MPa ECCS accumulator
Pressurizer
Pressurizer safety valve
Bubbler
SG safety valve
SG emergency feedwater pump
Filter
Boron solution store

13 Service water pump
14 Primary make-up pump
15 ECCS LP pump
16 ECCS HP pump
17 ECCS HP pump
18 Boron solution
19. Boron solution
20 Passive residual heat removal system
21 Rapid boron Introduction system
22 Double containment
23 Diesel-generator
24 Springier pump
25 Main pipe

Figure 3
The V-392 reactor plant safety system concept.
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Spray Header
Spray Header

Core
Reflood
Tank

Core
Reflood
Tank

Spray Header
Spray Header

Emergency Water
Storage Tank

H :High Head SI Pump (4 sets) •
R : RHR/CV Spray Pump (4 sets)

Figure 9
APWR integrated safeguards system layout around containment
vessel.
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PCCS Water
Storage Tank

Air
Inlet

Steel
Containment
Vessel

Concrete
Shield
Building

AP600 Ultimate
Heat Sink

ADS
Stages 1-3
(1 of 2)

CORE MAKEUP
TANK (1 OF 2)

Figure 10
AP-600 plant design components and systems.
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Concrete protective
envelope

ECCS hydraulic
accumulator
Metal
containment

0.000

Reactor /

Figure 11
WER-500/600 reactor building.
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Conventional annulus cleanup system

X
I

Charcoal
filter
Concrete filled steel structure
Secondary containment
(concrete filled steel)

Charcoal
filter

O
Almost atmospheric
pressure

Double containment vessel

7
Steel Plate

(steel + concrete filled steel)
O

Passived annulus system

(Conventional) -Make annulus portion negative pressure by
fan and ventilate throgh charcoal filter
(Passive)

-Make annulus portion leaktight
•Leak gas is ventilated through charcoal filter
without fan

Sleeve

O Short construction schedule
O Reduction of rebars

Figure 12
MS-600 passive annulus filter system by using double containment.
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Guard vessel
Emergency boron
injection system
Passive heat removal
system

Containment

Steam generator
Coolant clean-up and boron
reactivity control system

Reactor
Makeup system
Main circulating pump

Figure 13
VPBER-600 reactor plant flow diagram.
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Passive long-term
RHR system
(one of four loops)
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pool
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Figure 14
PIUS plant design safety-grade structures.
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RCIC

RCICV

Figure 15
ABWR emergency core cooling system.
1 - drywell spray sparger, 2 - suppression pool spray sparger, 3 - condensate storage tank.
FDW
- feedwater piping
HX
- heat exchanger
HPCS - high pressure core spray
HPCF - high pressure core flooder
A, B and C - three divisions of emergency

LPCS - low pressure core spray
LPCF - low pressure core flow
RHR
- residual heat removing
RCIC - reactor core isolation cooling
core cooling system.

A - consists of RCIC plus LPCF/RHR, B EIK) 0 - consist of HPCF plus LPCF/RHR.
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- Containment cooing
:. condHtsar (1 of 4)
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Figure 16
SWR-1000 containment.
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PCCS Pool
Main
Steam
Line

Primary Containment
/ Boundary

PCCS = Passive Containment Cooling System
Figure 17
SBWR safety-grade structures.
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Table 4
Some design characteristics of the current and leading advanced LWR designs.
Reactor

Power

Design
characteristics

Thermal
(M)

Outlet
Inner
temperature diameter

MW

°C

Type

RPV

Core

Fuel

Steam
generator

Pressurizer

Average
linear
rating
W/cm

Water
volume
(2nd side)
m3/MWt

Volume

Gross
volume
(V)

m

Average
power
density
kW/l

m3/MWt

Containment

V-P/M

m3

Designed
pressure
(P)
MPa

Filtered Type
venting
system

m 3 • MPa/MWt

Westinghouse
2 loop PWR
WER-440
AP-600
WER-500/600
VPBER-600
PIUS-600
SBWR

Mid-sized power
1876
324

3.35

107.9

176

0.06

0.015

-

-

*

Yes

b

1375
1812
1800
1800
2000
2000

312
324.5
323.3
325
289.3
288

3.56
4.00
4.07
5.44
12.2
6.0

84
73.9
65.4
69.4
72.0
42.0

126
126
113.4
108.0
119.0
142

0.18
0.07
0.08
0.12
0.016
-

0.027
0.02
0.044
0.044
J0.08
-

50000
60000
60000
90000
9300

0.43
0.5
0.2
0.5
0.48

11.8
16.6
6.7
22.5
2.3

Yes
No
Yes
Yes
No
No

b
c
c
a,b
a,b
a.b

Type
WER-1000
Sizewell B
Convov
N4
System 80+
EPR
BWR-90
ABWR

Large power
3000
322.0
323.4
3411
3782
328.0
4270
329.6
3914
323.9
4250
326
3300
286
3926
287

4.07
4.39
5.00
4.50
4.62
4.62
6.4
7.1

107.5
96.7
106.0
95.5
107.0
52.0
50.6

168.0
178.0
163.0
179.0
168.0
186.0
175
196

0.08
0.08
0.08
0.08
-

0.028
0.015
0.017
0.017
0.017
-

60000
91000
71000
72000
95937
75000
9700
13300

0.5
0.35
0.53
0.53
0.37
0.75
0.60
0.60

10.0
9.34
9.95
9.0
9.1
13.2
1.76
2.03

Yes
Yes
Yes
Yes
No
No
Yes

d
d
d
d
d
d
a,b
a,b

a = pressure suppression, b = steel lined reinforced concrete, c = large steel vessel with concrete shield building
d = double large (1) steel or concrete/(2) concrete
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4

Some common specific features and
differences in the leading plant designs

The idea of performing safety functions by passive safety measures
is not new. All current LWRs successfully use such safety features
like water inventory, natural circulation in the RCS and water
accumulators. The consideration presented below is mostly based on
information presented in [1, 2, 5, 9, 37].
Furthermore, some other important safety technical means for
emergency shutdown and emergency heat removal and reasons for
their choice are briefly discussed below for some leading APWR
plant designs (see Section 3). These analyses, mostly based on the
information presented in [9], are summarized in Tables 5 and 6 for
large power and mid-sized power APWR designs. In this
consideration the emphasis was made on identification of the passive
features in different designs.
4.1

Loop vs integral arrangement

Selection of the reactor arrangement determines core damage prevention, operability and cost of the plant design. Two main types of
ALWR reactor arrangements can be identified: loop and integral (see
Figures 18 - 20). Major parts of the evolutionary APWR designs
have the first type of arrangement. Integral reactor layout is implemented in all BWR designs and some mid-sized power PWR plant
designs.
Location of almost the entire RCS in a single RPV, elimination of
large nozzles and piping allow the LOCA probability to be
drastically diminished. This is an obvious advantage of this arrangement. Due to increased RPV in integral arrangement the possibility
appears to exclude the problem of RPV material embrittlement under
neutron exposure. But for integral arrangement, the access to
equipment located inside the RPV becomes more difficult, which
limits and complicates the maintenance of the reactor plant. Also, the
problem of the thermal insulation of piping with large wall temperature gradients is important. The integral arrangement results in a
substantial enlargement of reactor dimensions and mass.
The advantages of loop arrangement include: simple design layout,
good reparability. Also, a loop arrangement could provide increased
natural convection. RCS system inertia, determined mostly by water
inventory, is independent of the arrangement choice.
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Table 5
Safety functions and systems of advanced large power PWR designs [9, 29, 32].
Safety function

Emergency shutdown

APWR

RCCA + active injection of
absorber

V-392

Emergency core cooling
(LOCA)
4 accumulators +
4 trains of active ECCS

Emergency heat removal

Emergency containment
cooling

Confinement of
radioactivity

4 trains of active EFWS
4 trains of active RHR

4 trains of active ECCS +
containment spray

Double containment.
Filtered venting

RCCA + passive injection of 4 accumulators +
absorber + active injection of 4 tanks LP ECCS +
absorber
2 trains of active ECCS

4 trains of passive ERHRS
toSG +
4 trains of active EFWS

Active ECCS +
containment spray

Double containment.
Filtered venting.
Core catcher

System 80+

RCCA + active injection of
absorber

Partitial depressurization +
4 accumulators +
4 trains of active ECCS

4 trains of active EFWS +
2 trains of active RHR +
2 backup pumps

2 trains of active ECCS +
containment spray +
2 backup pumps

Double containment.
No filtered venting
Core spreading area

EPR

RCCA +
active injection of absorber

4 accumulators +
2 tanks +
4 trains of LP and MP ECCS

2 trains of active RHR +
2 backup pumps, or
4 trains of active EFWS
with LP pumps

Containment spray +
backup pumps +
cooling the corium

Double containment.
No filtered venting
Corium spreading area

Abbreviations:
ECCS
= emergency core cooling system
EFWS
= emergency feedwater supply
ERHRS
= emergency residual heat removal system
RCCA
= rod cluster control assembly
RHR
= residual heat removal
LP, LM
= low and medium pressure
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Table 6
Safety functions and systems of advanced mid-sized power PWR designs [9,29, 32],
Safety function

Emergency shutdown

Emergency core cooling
(LOCA)

Emergency heat removal

Emergency containment
cooling

Confinement of
radioactivity

AP-600

RCCA +
passive injection of absorber
(LOCA)

Primary ADS +
2 HP tanks +
2 accumulators +
1 LP make-up tank

Passive heat exchanger
ERHRtoRCS

Natural circulating waterair cooling

Containment +
shield building

V-407

RCCA +
passive injection of absorber

DS +
4 accumulators +
4 tanks LP ECCS

4 trains of passive ERHRS
to SG, secondary side +
4 trains of active EFWS

2 trains of passive
emergency containment
cooling svstem

Containment +
shield building

MS-600

RCCA +
injection of liquid absorber

Primary & secondary ADS + Active EFWS
2 accumulators +
Passive ERHRS from SG
secondary side,
2 tanks LP ECCS +
vaporization from
2 trains of active LP ECCS
condensate storage tank

VPBER-600

RCCA +
passive injection of absorber +
active injection of absorber

Primary DS +
2 accumulators + GV +
4 trains of passive ERHRS

PIUS

Passive injection of absorber
from reactor pool

Natural circulation from RCS Passive bleed and feed of
to the reactor pool
coolant +
4 trains of passive ERHRS

Abbreviations:
A(DS)
= automatic depressuiization system
cz-r-e
ECCS
= emergency core cooling system
EFWS
= emergency feedwater supply
ERHRS
= emergency residual heat removal system
GV
= guard vessel
RCCA
= rod cluster control assembly
RHR
= residual heat removal
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connected to reactor +
2 trains of active RHR

—
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Guard vessel +
Heat removal from RPV
outer surface at high
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Heat removal from reactor
pool by natural circulation
loop to ultimate heat sink
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Filtered venting
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Table 7
Safety functions and systems of advanced BWR designs [32, 33].
Safety function/unit size
Reactivity control

Depressure protection

Core cooling (high pressure)

Large power
ABWR

Mid-sized power
SBWR
o 2 scram tanks (H2O, N2) (P)
o RPS with hydraulic & electrical drive for
o RPS with hydraulic drive for control
rods (P)
o Fast-acting boron injection system
control rods (P)
o Alternate rod insertion with backup
(2 tanks) (S)
o Alternate rod insertion with backup
hydraulic & electric actuation (P)
o Motor actuated CRD (S)
hydraulic & electric actuation (P)
o Stand-by liquid control via AC motoro Stand-by liquid control via passive
driven pumps (S)
pressurized injection (P)
o SRVs (P)
o SRVs (P)
o Passive DHR heat exchangers that prevent
lifting SRVs for isolation transients (P)
o SRVs (P)
o Feedwater by motor-driven pumps (NS) o 2 trains of CRD systems (S)
o Feedwater by motor-driven pumps (NS)
o Reactor core isolation cooling using
o 4 emergency condensers (P)
o Redundant passive DHR heat exchangers
turbine-driven pumps (S)
(P)
o High pressure injection using motoro Control rod drive with motor-driven
driven pumps (S)
pumps (NS)
o Full pressure decay heat removal (NS+)
SWR-1000

Depressurization

o ADS via air-operated SRVs (S)

oADS(P)
o Solenoid pilot valves (S)
o 8 pressure pulse transmitters for
switching operations (P)
o Rupture discs

Core cooling (low pressure)

o Condensate system via motor-driven
pumps (NS)
o Low pressure injection by the DHR
system via motor-driven pumps (S)
o Shutdown or suppression pool cooling
by DHR system (S)

o Gravity-driven core flooding system (P) o Condensate system via motor-driven
pumps (NS)
o Passive safety injection via gravity (P)
o Low pressure injection (NS+)
o 4 passive containment cooling
o Passive containment cooling system (P)
condenser (P)
o Fuel pool cooling and cleanup system via
motor-driven pumps (NS+)
o 2 DHR systems (S)
o Reactor water cleanup system (NS+)

Containment heat removal

o ADS via nitrogen-operated SRVs (P)
o ADS via explosive-operated valves (P)

RPS = Reactor protection system, SRV = Safety/relief valve, DHR = Decay heat removal, ADS = Automatic depressurization system,
P = passive safety systems, S = active safety systems, NS = non-safety systems, NS+ = non-safety (stand-by on-site power provided)
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It must be noted that for PWR design, difficulties associated with the
realization of the integrated arrangement could sharply increase with
the increase of the unit power.
Typical examples of the integral arrangement for PWR mid-sized
power designs represent ISER (Japan), VPBER-600 (Russia), SIR
(USA, UK), SPWR (Japan) [5]. For more reliable core flooding in
the event of accidents some innovative designs include a guard vessel
of steel (VPBER-600) and of prestressed concrete (PIUS-600 and
NCR) [9, 34], see Figure 19 a,b.
4.2

Natural circulation of water

The core must have water circulation through it to remove the heat
generated during normal operation, to cool down in accident
situations from nominal values of pressure and temperature and to
ensure decay heat removal for long time.
The characteristics that encourage natural circulation in heat transfer
are:
o

Large differences in the density (temperatures) of the hot
water (or high steam content in water/steam mixtures) vs
that of the cold return water

o

Large elevation differences with a heat sink far above the
reactor core

o

Low resistance flow path in the RCS

Several layouts of PWR RCSs are presented in Figures 18 -19,
which show the evolution of designs that encourage natural
circulation flow.
For PWR plant designs the capabilities of natural convection for heat
removal from the core can be written as [36]:

where
QNC
Cp, p
AT
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P
Al
Sred

= expansivity
= difference between core and SG centre heights
=
hydraulic resistance of RCS reduced to typical cross
section F

In each design, SGs are located entirely above the core and siphon
loops are reduced or eliminated. The layout on Figure 18 a is similar
to many current operating western PWRs. The best of advanced
designs (e.g. AP-600, Figure 18 b) results in reactors where natural
circulation heat removal can be as high as 25 % of full reactor power
at nominal coolant heat up and 30 - 50 % can be removed by natural
convection at increased coolant heating. Also the most obvious
difference between AP-600 and current PWR RCS configurations is
the lack of pump loop seal in the AP-600 design.
The unique feature of the Russian current and advanced W E R
designs, as well as of new Japanese advanced MS-600 reactor plant
is the horizontal steam generator (see Figure 18 c). This feature
offers two potential advantages: a lower pressure drop and location
of the entire heat sink (SG) at the high point of the RCS. For vertical
traditional SGs (e.g. Model F), see Figure 18 a,b, highest maximum
of the water density is at the SG bottom.
Integral arrangements could also provide a low resistance flow path
and a high level of natural circulation. For VPBER-600 plant design
(see Figure 18 d) with RPV height 21 m and RPV inner diameter
5.44 m, the natural convection flow rate/nominal flow rate ratio is
about 17 -20 % [9].
Some proposed versions of the innovative PWRs are natural circulation reactors, where all the reactor heat during normal operation is
removed by natural convection. For example, in PIUS-600 (see
Figure 19 a) the coolant circulation through the core and up the riser
always takes place in a natural circulation mode; forced circulation
applies only to the water transport from the top of the riser and back
to the core inlet plenum, via vertical once-through SGs [9].
In BWR plant designs, the core generates a mixture of low density
steam and high density water. The mixture flows up a riser and
separates, the steam is sent to the turbine, and water flows through
the downcomer to the bottom of the reactor core. Because of large
density differences, current BWRs have natural circulation rates
from 30 to 50 % of nominal power [1].

c:\winword\stur95\es9S-62b.doc ea

STUDSVIK ECO & SAFETY AB

STUDSVIK/ES-95/62

64

1995-11-16
Improved natural convection in BWRs is achieved by reduction of
the pressure drops. Early large reactors had external pump loops and
jet pumps that offered significant pressure drops for natural circulation when pumps were shut off (see Figure 20 a). Some current
reactors have internal recirculation pumps with low flow resistance
when the pump is shut off (Figure 20 b). Many advanced [1, 5]
designs (e.g. SBWR, HSBWR) have no pumps and use natural
circulation water flow for normal power operations (Figure 20 c)
As a result of a better understanding of hydraulic instabilities which
now has been achieved, it has been possibly to apply natural convection mode to larger BWR designs. Some designers in Japan and the
USA selected a power level of 1000 - 1300 MWe [34 - 38] for a
natural circulation core that is expected to satisfy utility needs. The
detailed analysis shows that a 1300 MWe class natural circulation core
satisfies the thermal and stability criteria. In Japan, an RPV inner diameter of 7.5 m and chimney height of 8.5 m were selected for largesized simplified BWR [37]. So, the RPV diameter is 1.5 m more than
in mid-sized power SBWR. Also, the power density increased up to
47.8 kW/l in comparison with 36.6 kW/l for mid-sized power SBWR
plant designs.
Also, a 2000 MWe BWR type Natural Circulation Reactor (NCR)
with a prestressed concrete reactor vessel (see Section 5.3) continues
this trend [34].

4.3

Larger water inventory

As noted above, water in and next to the core, is the most reliable
medium of reactor core cooling. Current LWRs have relatively small
inventories of water in the RCS. Advanced LWR designs emphasize
on increasing water inventories as a safety feature.
Increased water inventories extend the time between initiation of an
accident and the possibility of core damage.
The grace period is practically inversely proportional to the nominal
power and directly proportional to the water inventory in the RCS
and cool-down system.
Larger specific inventories imply slower response of the plant to
normal operational transients. This slower response makes the
reactor operator forgiving.
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For PWR plant designs, also larger steam generator and pressurizer
inventories slow reactor system response to upset conditions (see
Table 4).
The table presented below shows specific water inventories and
provided core cooling times after reactor shut-down in some
advanced PWR and BWR designs [1, 9, 39].
Plant design

EPR

AP-600

SIR

PIUS

SBWR

Power output, MWt

4250

1940

1000

2000

2000

RCS arrangement

Loop

Loop

Integral

Integral

Integral

RCS volume . 1
Reactor power
MWt

100

64

400

3650

RCS grace period, hours

12-24

36

72

-200

-10

Unlike large power designs (e.g. EPR) the ultimate safety of AP-600
and PIUS depends on their depressurization capability and natural
processes that provide continuous cooling to the core and remove the
decay heat from the RCS through the containment.
In the table for the PIUS plant design, the net reactor pool water
volume is presented (see Figure 19 a). For AP-600, in addition to the
RCS water inventory presented in the table, the passive core cooling
system shows inventories of core makeup tanks, the accumulators,
and the containment refuelling water storage tank (see Figure 10).
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Figure 18
RCS arrangement and natural convection flow paths in advanced PWR designs,
a-Modern PWR, b-AP-600, c-MS-600, d-VPBER-600
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Figure 19
PIUS-600 (a) and VPBER-600 (b) innovative PWR designs principle arrangements and natural convection flow paths.
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4.4

Emergency shutdown

As can be seen from Tables 5 - 6 shutdown control rods inserted into
the core by gravity (except for PIUS) and injection of the boron
absorber are applied in all advanced PWR plant designs.
Almost all mid-sized APWR plant designs rely on passive injection of
the boron absorber for emergency shutdown. All large power
advanced PWR designs (except for WER-1000 (V-392)) use active
(by borating pumps) injection of absorber.
PIUS plant design uses two possibilities for reactor shutdown by
liquid absorber. A reactor scram is initiated in accident situations by
opening the scram valves which will let borated reactor pool water
into each cold leg at the suction of the main coolant pumps (MCPs);
its successful rapid function depends on continued MCPs operation.
Another possibility, when the MCPs stop operating, is that the borated
pool water ingresses into the core through the lower density lock due
to natural convection (selfprotecting shutdown mechanism).
Independence of the emergency boration system from the normal
control boration system is provided in the large power as well as in the
mid-sized power plant designs (e.g. EPR, System-80+, APWR, PIUS,
MS-600, AP-600).
In some mid-sized power designs, when the normal makeup from the
chemical and volume control system is lost or insufficient, the passive
emergency boration is combined with emergency reactor coolant
system makeup (e.g. AP-600, WER-500/600, VPBER-600).
There are four channel shutdown command systems in the western
large power (System-80+, EPR) and mid-sized power (AP-600, PIUS)
plant designs.
In the Russian VVER-1000, VVER-500/600 and VPBER-600 plant
designs signals for actuation of the reactor emergency protection are
generated using "2 out of 3" coincidence logic in each instrumentation
set.
4.5

Emergency heat removal

Evidently, the emergency heat removal can be realized in different
ways for the conditions with loss of the RCS integrity (LOCA) and
with the intact RCS (non-LOCA).
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LOCA events
For emergency heat removal during LOCA events, the various means
used in the advanced PWR plant designs (see Tables 5-6) are:
o
o
o
o

Pump system
Accumulator systems
Combined accumulator and pump systems
Depressurization and accumulator and/or pump systems

Pressurized accumulator tanks are usually applied at the first high
primary pressure stage of LOCA to cool the reactor core and to inject
boron. Pressurized accumulator tanks are used in all plant designs
except for VPBER-600 and PIUS. An RCS depressurization system
intended to terminate loss of coolant is used in VPBER-600 plant
designs.
At the second stage of a LOCA event, high or medium pressure
injection pumps are used in WER-1000 (V-392), System 80+, EPR,
large power APWR designs. Low pressure and atmospheric
accumulators are used at the second stage of a LOCA event in several
mid-sized power designs, namely AP-600, WER-500/600, MS-600.
A dedicated residual heat removal system evaporating water of storage
tanks is used in VPBER-600.
During an accident, low and atmospheric pressure stage hydrotanks
under atmospheric pressure are used in WER-1000 (V-392), AP-600,
MS-600. Low head pumps are used in System 80+ and EPR.
In System 80+ plant design, a safety depressurization system is added
to provide rapid depressurization for severe accident mitigation and
for backup heat removal.
An in-containment refuelling water storage tank acts as a quench tank
for the depressurization system, avoiding the need for safety injection
recirculation switchover to the containment sump after a LOCA event,
and providing a source of water for cavity flooding.
As a backup to the normal pressure control system and the reactor
coolant gas vent system, the safety depressurization system provides a
safety grade means of RCS depressurization. This system, together
with the safety injection system and shutdown cooling system, is
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capable of providing an alternate means of decay heat removal for the
BDA events in which the steam generators are not available.
Decay heat removal, via the feed and bleed of the reactor coolant
system, can be accomplished using the safety injection system to feed
the rector coolant system, the depressurization system to bleed to the
in-containment refuelling water storage tank (IRWST).
In AP-600, the design provides for safety-related passive primary
coolant makeup. Core makeup tanks accommodate small leaks when
the normal makeup system is unavailable and provide safety injection
for small-break LOCA events. Accumulators provide the high makeup
flow required for a large LOCA and initiate injection when the RCS
pressure is below the static pressure in the accumulators during a
LOCA.
The IRWST, and after containment flooding, the containment
recirculation sump provides the long-term gravity injection to the core
after the RCS is depressurized.
The ADS valves provide the vent path to transfer the core decay heat
to the containment and then to the ultimate heat sink.
The depressurization systems are also intended to be used in the
WER-500/600, VPBER-600 and MS-600 reactor designs.
Non-LOCA events
RCS's operating in mode of natural circulation and steam generators
are intended for heat removal from the core in all APWR plant
designs. In addition, safety injection system to the RCS and
pressurizer safety valves (feed and bleed), or pumps and coolers of the
residual heat removal system are used in some plant designs.
In the AP-600 plant design, a passive core cooling system (PXS) and
passive residual heat removal heat exchangers (PRHR HXs) are used
for this goal. The PRHR HXs are connected through common inlet
and outlet lines to RCS. The PRHR HSs protect the plant against
transients that upset the normal SG feed water and steam systems.
This is accomplished by forced circulation with the reactor coolant
pumps operating or by natural circulation if the pumps do not operate.
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The PRHR HXs heat exchangers are located in the IRWST, which
provide the heat sink for the heat exchangers, in conjunction with the
operation of the passive containment cooling system. The PRHR HSs
are elevated above the RCS loops to provide natural circulation flow
through the heat exchangers when She reactor coolant pumps are not
available.
The functions are independent of AC power supplies. The passive core
cooling system does not need the non-safety related diesel generators
for electrical power to either actuate or operate the various system
components.
For the secondary side heat removal the following systems and
components are used in plant designs:
o

The passive heat removal system operating in natural
circulation mode

o

Active residual heat removal systems with steam- and
motor-driven emergency feedwater pumps feeding water
from storage tanks

o

Natural circulation loops in conjunction with air heat
exchangers or atmospheric steam dump valves are used in
plant designs

The atmosphere is used as a heat sink in all plant designs. Emergency
motor-driven feedwater pumps and atmospheric steam dump valves
are used in all plant designs except for PIUS. Passive residual heat
removal systems operating in natural circulation mode and transferring
heat from the secondary side to the atmosphere through air heat
exchangers are used in VVER-1000, (see Section 5.1.1.1),
VVER-500/600 and PIUS plant designs.
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5

New passive safety systems for large power
ALWRs evaluated at conceptual stage

As considered above, mid-sized advanced power reactor designs
which emphasize the use of passive features for safely function, have
been developed all over the world during the last ten years. In
particular AP-600 and SBWR are being studied with the co-operation
of many countries [5, 9].
The implementation of passive safety features is quite attractive but
from some utilities1 point of view (e.g. in Japan, South Korea, Europe)
mid-sized output is relatively small [15, 38].
Therefore, some vendors started to investigate principal passive
features for possible implementation in the large-size power plant
designs [13, 34 - 38].
Based on current ALWR status three different possibilities can be
distinguished:
o

Limited implementation of the additional passive safety
system for large power evolutionary plant designs (e.g.
VVER-1000 (V-392), EPR and ABWR).

o

Power uprate of a mid-sized evolutionary plant (simplified
and "passive") designs (e.g. AP-600, MS-600 and
SBWR).

o

Development of large-sized innovative plant designs (e.g.
NCR).

Key features which were investigated for some ALWR designs are
summarized below.
5.1

Additional passive safety systems for large power
evolutionary plant designs

5.1.1

Decay heat removal by natural convection steam
condensers

Many engineers are discussing that hybrid systems combining active
and passive features represent an attractive alternative to existing
designs. This is supported by the utilities which contribute to the
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development of large power PWRs. The considered innovations for
large-size power PWR designs (EPR, System 80+ and WER-1000
(V-392)) deal with decay heat removal by natural convection steam
condensers from SG secondary side.
Natural circulation steam condensers can be used to remove decay
heat from a reactor after a postulated loss-of-feedwater transient that
occurs after a station blackout with a loss of emergency power. The
primary function of the steam condensers is to passively cool and
condense the steam from the secondary side of the reactor steam
generators after a reactor transient with a loss of all electrical power.
The steam condensers then feed the condensed coolant back into the
water volume at the base of the steam generators. Core cooling will be
maintained by natural circulation of the reactor coolant.
5.1.1.1
The WER-1000 plant design
The new VVER-1000 (V-392) design (see Figure 8) has a passive heat
removal system (PHRS) which operates under all conditions of design
and beyond-design basis accidents and is intended for heat removal
from the reactor core in the case of loss of active cool-down or all
power supplies [9]. The PHRS consists of four circuits, one for each
steam generator. The PHRS circuit is connected to the steam
generator. Steam discharged from the steam generator is condensed in
the heat exchanger with the condensate returned to the steam
generator.
For the VVER-1000 (V-392) plant design it is suggested to use a
structure made of air-cooled finned tubes as a PHRS heat exchanger.
The heat exchanger is mounted in a 50- 60 m high stack. The
advantage of such a heat exchanger consists in the possibility of
practically continuous removal of the decay heat, if the whole PHRS
is leaktight. However, the great length of the tubes in the air-cooled
heat exchanger increases the probability of leakage during the long
operation time.
But the main shortcoming of the above system is its failure to function
in the loss of the secondary circuit integrity. The probability of
secondary circuit depressurization is high and determined by two
reasons
o
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o

A secondary leak due to a steam line rupture.

A heat removal system in which steam from the steam generators is
released either to the atmosphere or in a receiver with the loss of water
being compensated for from the secondary circuit condensing pool can
prove to be more preferable. Condensing pools for make-up (flooding)
of the steam generators can be installed outside the containment at a
required elevation higher than the steam generators. The secondary
water inventory depends on the probable blackout duration. The cost
of the system with condensing pool capable to cope with a 24-hour
blackout must be comparable with the cost of the PHRS with aircooled heat exchangers.. Such a system will ensure a reliable core
cooling under conditions of secondary leaks.
5.1.1.2

The EPR feasibility study

A list of the principle passive features evaluated at the conceptual EPR
stage is presented below [30].
Primary-side residual heat removal
o

(High pressure) heat exchanger connected to primary side,
passive cooling

Secondary-side residual heat removal
o

Condenser connected to secondary side, water cooling on
tertiary side

o

Passive emergency feedwater system (EFWS)

o
Secondary depressurization and passive feed
Primary-side injection or make-up
o

Medium-head safety injection by accumulators

o

Gravity-driven low-head safety injection from tank by
primary-side depressurization

Containment heat removal
o
o
o
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All of these passive features, starting from the primary side to the
containment, were dropped. The containment condenser coolers might
be reconsidered in order to solve one of the severe accident
challenges: how to remove heat from a building without circulating
any fluid through its walls and without impairing its leaktightness?
[30]. The secondary condensing system (SCS) proposed for the EPR
plant design consists of three in-pool heat exchangers located outside
the containment (see Figure 21).

condensing
pool

Figure 21
Secondary condensing system for EPR plant design.
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Current studies (1995 -1996) focuse on safety system thermal ability
to cool down the primary fluid during black-out sequences, start-up
transients, and degraded steam generator secondary water mass
inventory.
Future work will be focused at first on SCS design optimization as for
heat exchangers and pool dimensions, valves opening, pool elevation
and then, SCS will be coupled with a depressurization system.
In pool heat exchangers, heat transfer coefficient studies are being
defined for two-phase flow three dimensional code calculations of the
heat exchanges in the pool. That includes the development of an
experimental program (Epice mock-up) [30].
5.1.1.3

Korean feasibility study for System 80+ plant design

A feasibility study was carried out for the possible incorporation of
passive residual heat removal systems (PRHRS) into a System 8(H
plant design. Four kinds of system configurations were considered
[40], For each case its performance and impacts on plant safety, cost,
licensing, operation and maintenance were evaluated. The evaluation
came up with a finding of PRHRS with a gravity feed tank as the most
probable design concept (see Figure 22). However, considering the
rearrangement of structure and pipe routing inside and outside
containment, it is concluded that implementation of the PRHRS
concept into well developed active plants is not desirable at present.
5.1.2

Passive containment cooling by natural air convection
for PWR

A high heat conduction reactor containment cooling system can
provide an ultimate heat sink to remove heat from the containment
after a postulated reactor accident. This helps to assure containment
integrity by lowering containment temperatures and by reducing
containment pressure. Containment pressure reduction occurs by both
the condensation of steam and the cooling of non-condensable gases.
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Figure 22
PRHRS with external gravity feed system.
All containments lose heat by heat conduction from the inside of the
containment to the atmosphere. For smaller reactors, it is sufficient to
cool the containment after a postulated reactor accident. As reactor
size increases, the surface area of the containment for typical designs
does not increase as rapidly as the reactor power levels. For larger
reactors, either other methods of reactor containment cooling must be
used or the reactor containment design must be modified to maximize
heat transfer from containment to environment.
Passive containment cooling by natural air convection has already
been proposed in the past for several advanced mid-sized power PWR
plant designs (e.g. AP-600 and WER-500/600) [9, 21, 41].
Experimental and calculation results obtained up to now with the
passive containment cooling program [42 - 44] suggest that in the
composite containment of 1300 MWe PWR plant, the decay heat can
be safely removed by natural air convection. Figure 23 illustrates the
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heat flow rates in the containment calculated with the TPCONT code
[43] for a 4250 MWt PWR plant design. The maximum heat flow
through the containment wall to the air is reached in a 1300 MWe
PWR after 10 days and amounts to ~ 8 MW, with a corresponding incontainment temperature of- 150 °C and steam pressure of ~ 5 bars.
Further, more detailed experimental investigations, with different
boundary conditions are needed to study the physical phenomena and
to provide the database required. As a first step, the PASCO experiment, described in [43], is being performed at FZK (Germany). Also,
performance tests need to be carried out to demonstrate the functional
reliability of the passive air cooling under different conditions.

liter
air outlet

air outlet

inner containment
shell

outer concrete
containment shell

core catcher

Figure 23
Composite containment with passive decay heat removal after a core
meltdown accident (schematic).
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5.1.3

Consideration of passive safety systems for future
ABWR designs

The ABWR evolutionary program [45] which aims at further development and evolution of the ABWR plant design is now considering some
new safety eoÄÉgttffltions to meet utilities requirements (e.g. for longterm containmeiÉ heat removal) based on a combination of active and
passive systems for next generation plants.
Two types of passive safety systems have been proposed for ABWR
evolutionary plants. The first type of the passive safety systems utilises
efficient heat removal performance by the steam condensation. The
Passive Containment Cooling System (PCCS), Isolation Condenser (IC)
and PCCS/residual heat removal - condenser (RHR-CND) as shown in
Figure 24 a,b,c basically consist of condenser tubes, a steam inlet line, a
condensate return line and non-condensable gas venting lines. In a
PCCS, steam and non-condensable gas in the drywell flows into condenser tubes, on the other hand, IC absorbs steam in the RPV directly.
Both systems share a water pool located above the top of the RPV,, As
the heat is transferred through condenser tubes, the secondary bulk pool
water heats up and eventually boils. Steam is then vented to the surroundings. Both PCCS and IC are designed based on those for SBWR
plant design (see 3.4.2) and the PCCS/RHR-CND is a modified version
of the SBWR/PCCS. Through valve manipulation, the unit performs the
dual functions of reactor core cooling during plant transients and
shutdown, and containment cooling during LOCAs and severe
accidents. Because of favourable heat transfer capability accomplished
by the steam condensation, these heat exchangers may not be so large
and the impact on the size and layout of the reactor building is small.
Water Wall system (Figure 24 d) is another concept for passive longterm containment heat removal. This system consists of a containment
steel shell, an outer pool (condenser cooler) surrounding the suppression pool and a rupture disc between the suppression pool and the
upper wetwell in containment space. It is intended to function as an
alternative means to transfer the heat to the ultimate heat sink
(atmosphere) by natural circulation from the suppression pool through
the steel containment wall to the outer pool (condenser cooler).
As a result of ABWR evolutionary program consideration, the
effectiveness of passive safety systems such as PCCS/IC and Water
Wall was confirmed through a special safety study. The effect of
systems introduced in this study and the feature of each plant content
were clarified by performing PSA (levels 1 and 2) evaluations [45].
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Figure 24 a-d
IC(a), PCCS(b), PCCS/RHR-CND (c) and Water Wall (d) systems proposed
for ABWR plant design.
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In the future, safety system configuration will be further improved
based on these evaluation results. Then, after the cost evaluation, the
final safety system for ABWR evolutionary plants will be decided.
5.2

Power uprate of mid-sized power evolutionary plant
designs

5.2.1

Hybrid safety system for the new PWR-21

Mitsubishi has developed a large power simplified PWR, called the
new PWR-21 plant design, which uses a new hybrid safety system
which is an optimum combination of active and passive safety
systems. It was claimed that with this combination, improved safety,
higher reliability and better economy can be obtained [46].
Initially the vendor applied this hybrid system to a mid-sized power
MS-600 2 loop plant and established the conceptual design (see
section 6.2.3). Based on the experience gained from designing the
mid-sized power MS-600 plant design, Mitsubishi started the
development of the 1400 MWe class 4 loop plant design, using the
hybrid safety system.
For New PWR-21, as well as for MS-600, the passive safety systems
comprise the following items (see Figure 25) to handle LOCA
accidents:
o

Automatic depressurization systems (primary/secondary
depressurization valves)

o

Advanced accumulator injection system

In a large break LOCA, the RCS is depressurized rapidly to a pressure
lower than the gravity head. However, for small and intermediate size
breaks, it is necessary to depressurize the RCS so that the passive
gravity injection system can work. The primary depressurization
system is actuated by opening the primary depressurization valves.
The steam generators are effective in cooling the reactor coolant
system and hence in assisting RCS depressurization. The secondary
depressurization system is provided so that feedwater can be supplied
by gravity so as to assure that the steam generators will provide
cooling. The capacity of the depressurization valves can be optimized
by making the accumulator injection period longer so that the start up
of gravity injection occurs later.
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The active safety systems of a hybrid system cope with non-LOCA
events, tube ruptures and very small LOCAs, and they consist of
charging safety injection pumps, auxiliary feedwater pumps and their
power sources. The operating procedures for the systems are the same
as those for conventional plants. However, because the systems have a
more limited set of functions and fewer roles to play than conventional
ones, the systems are simpler than those in conventional plants. For
this reason, unlike present-day reactors, in-containment spray systems,
low-pressure safety injection pumps and recirculation lines are not
required.
It has been confirmed [46] that the hybrid (combustion of pasive and
active) safety system can be applied for large power PWR plants. This
is because SG cooling system has been adopted as a passive decay
heat removal purpose and does not use large or high pressure
components for this purpose.
By implementation the hybrid safety systems, which include the new
passive safety systems, the design has been significantly simplified
and due to increased power, the plant has become more economical.
The conceptual designs have already been completed and the basic
design work is now in progress.

Figure 25
Design safety features of New PWR-21 plant design [46],
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5.2.2

1000 MWe natural circulation BWR

General Electric has developed the uprated SBWR plant design version
(see 3.4.2), suitable for generating an output of about 1000-1200 MWe
based on the natural circulation technology and passive safety features
[38, 47].
Both plants use similar passive safety features (see Figure 17) and for
the reactor building arrangement, comparison of key characteristics is
presented below [47]:
Plant design output

600 MW 1000 MW

Power density, kW/l
RPV (diameter/height, m)
Main steam piping (number/diam, mm)
Feedwater piping (number/diam, mm)

36.6
6.0/24.6
2/700
2/350

42
7.2/25.2
4/600
2/500

For feedwater supply during blackout, the steam injection pumps are
used. These pumps can provide water supply to a reactor even at a
nominal pressure. This makes it possible to eliminate the safety-grade
emergency diesel generators from the uprated SBWR concept.
In case of the loss of feedwater supply and normal decay heat removal
through a turbine condenser because of leaks in the circuit, a rapid
decrease of the RPV pressure is ensured by discharging steam into the
suppression pool through the pressure relief valve. Since the
suppression pool is placed above the core, after ihe pressure is
reduced, water from the suppression pool goes by gravity into the
RPV thus forming a natural circulation loop removing the core heat.
There are no large-diameter tubes above the core, therefore, the core
drying is excluded. The suppression pool walls are cooled by a water
flow which, in a natural circulation regime, transfers this heat to the
containment cooled by natural air convection. The water inventory is
sufficient for 3 days cooling of the shutdown reactor without
containment venting. After this, it is only needed to make up water in
the cooling system which does not violate the integrity of the
containment. In the case of beyond design-basis accidents, it is
envisaged that the drywell housing the reactor vessel will be flooded
with water.
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The new General Electric and Bechtel design effort of the European
simplified boiling water reactor (ESBWR) plant started with the
receipt of the draft European utility requirements (EUR) (see
Section 1). One of the more significant differences between the
European and the US approach is that in Europe greater emphasis is
placed on aircraft crash protection of the reactor building [38].
The resultant cost benefit is that the proposed 1200 MWe ESBWR has
24 % lower initial cost per kilowatt installed when compared with the
600 MWe US design. The ESBWR design is 7 % lower than a
1200 MWe design following the US scheme [38].

5.3

Innovative large power plant designs

5.3.1

2000 MWe natural circulation reactor (NCR)

A 2000 MWe output was selected (GE, the USA and TEPCO, Japan)
for an innovative BWR type natural circulation reactor, with a
prestressed concrete reactor vessel (PCRV) [34].
The reactor design has a 20 kW/l core power density and a 10.3 m
core diameter. The inside diameter of the PCRV is about 13.3 m and
the inside depth of the PCRV is about 33.5 m (see Figure 26).
Advantages of the PCRV are that it can serve as its own containment.
Catastrophic failure of the PCRV is precluded by the multiple tendons
providing pressure retention capability, and the constant compression
which tends to arrest leakage from the PCRV even if local cracking of
concrete should occur.
The PCRV cavity is designed for high pressure and has a large water
inventory. Isolation valves can be placed in series inside canisters
placed within the penetration opening in the PCRV to provide any
solution response during LOCA.
Safety shutdown can be achieved using isolation condenser units only.
In this design there is no need for blowdown to the suppression pool
for a LOCA event and no need for a separate primary containment.
A variation is to provide a gap or second cavity in the concrete structure
separate from the reactor cavity. This gap would provide a space for
locating the inner isolation valves and a volume to collect any leakage
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which might occur. The gap can also be partially filled with water to
provide fission product scrubbing and long-term core flooding functions
in the unlikely event that leakage should occur. Furthermore, this
concept can be extended to provide a leakage collection volume above
the reactor cavity as well. With this approach, any leakage from the
reactor head covering the reactor cavity can also be collected and
scrubbed.
It is evident that significant conceptual and design studies, verification
and testing remain to be carried out before the commercial application
of NCR plants.

Top Head

Steam
Separator

Upper
Chimney

-CRD Plate
Shroud
Support

Figure 26
NCR basic concept [34].
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6

New phenomena in ALWR and data required

As can be seen from Tables 4 - 7 the evolutionary large power designs
show incremental advancements in response to the experience of
current plants and are not expected to exhibit new thermal-hydraulic
phenomena for core damage prevention.
Evolutionary mid-sized power designs (as well as some recent large
power concepts described in Section 5) achieve diversity and defencein-depth through a combination of passive safety systems and active
non-safety systems.
Support systems for safety functions are based on design approaches
comparable to those for the safety systems they support. The support
systems for the safety systems of large power evolutionary designs
follow those of existing plants by providing the necessary complement
of AC and DC powers as well as cooling water. Passive safety systems
for evolutionary mid-sized power designs require minimal support:
DC power for actuation of safety functions and compressed gas for
actuation of the depressurization valves. No pumped emergency core
coolant systems are used. The emergency core coolant delivery
depends on gravity heads, decay heat and a natural circulation process.
Also, in mid-sized power designs, the containment plays an additional
function, not common in large power designs, of the ultimate heat
exchanger. Low pressure phenomena, small driving forces and
decreased heat transfer efficiency tend therefore to be key features of
these designs and a possible source for instabilities and performance
disturbances due to system interaction and two-phase phenomena.
Today there are three main items to be resolved by the vendors of the
advanced mid-sized evolutionary plants and their uprate versions [49]:
o

The performance of the valves at low differential pressure

o

The natural convection heat removal from the core to a
condenser system

o

The heat transfer from the condenser system to the
ultimate heat sink

The main objective in safety studies is to evaluate different systems
with respect to the following key questions [49]:
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o

Will a particular system be initiated correctly and reliably
from a range of different accident conditions?

o

Is there sufficient decay heat removal capacity?

o

Will a complete system operate as intended?

6.1

Main phenomena at accident prevention level

Gravity-driven injection
There are a number of questions and uncertainties associated with the
depressurization of the primary circuit to allow gravity-driven
injection systems to operate. Repressurization following the operation
of ECCS could reduce further coolant injection. The interaction of the
various passive safety systems among themselves also with non-safety
systems may be difficult to predict.
Natural convection
Natural convection, particularly in coupled systems, is a complex
phenomenon which often exhibits unexpected behaviour. It is a design
objective in many advanced plants that systems should be simplified
but in many designs the circuits, which favour improved natural
convection, have a larger size and are still relatively complicated. The
presence of non-condensables will also affect natural circulation.
Natural circulation flows may not initiate or continue as expected if
flow regimes change e.g. due to transients from laminar to turbulent
regime or transformation into two-phase flows.
Small driving forces
Circulation between various parts of the RCS and containment system
depends in many cases on small driving forces, once the pumps are
switched off. Valves may not operate as intended. Failure of valves to
open might prevent coolant injection, failure to close could result in
loss of inventory. The reliability of check valves is an important safety
issue in the design of passive systems.
Condensation
Most condenser pools are dimensioned to provide a large heat sink
and contain large volumes of water. Heat may be supplied to a
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relatively small volume of water and heat transfer may be degraded if
there is poor thermal mixing or stratification. Both condensation
within heat exchanger tubes or direct contact may occur depending on
the design. Both these phenomena could be adversely affected by the
presence of non-condensables.
Non-condensables
Non-condensable gases are important in safety assessments for various
reasons. The primary circuit is closely coupled with the containment
which will be full of gas. Condensing processes in the containment
will depend on the effects of non-condensables in wall heat transfer
and with possible thermal stratification. Non-condensables will also
affect the efficiency of direct contact condensation processes e.g. as in
an isolation condenser.
6.2

Mitigation of severe accidents

For the large power ALWR plant design, emphasis is placed on further
improvement of the mitigation of severe accidents with an assumed
core melt down.
The phenomena which may threaten the integrity of the containment
and/or to an increased fission products release are the following [21,
41, 50]:
o

High pressure RPV failure due to an attack of molten core

o

Energetic molten fuel coolant interaction (in-vessel and
out-side the RPV)

o

Direct containment heating

o

Molten core basement interaction

o

Hydrogen combustion

o

Long-term pressure and temperature increase in the
containment
The physio-chemical phenomena mentioned above will depend, to a
large degree, on physical properties of the core debris and on
interactions with concrete. These phenomena control the temperature
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and the composition of the melt in contact with concrete and thus the
dissolution process of the concrete.
6.3

Status of the leading test programs

For some new designs mentioned above, the status of the design
certification program is presented below.
AP-600 (Westinghouse, USA)
o

Testing completed at a number of facilities. Focus now is
on four remaining programs:

Core makeup tank (CMT)
testing

- Testing underway

SPES integral system testing

- Testing underway

Long term cooling testing

- Preparing for hot functional tests

Automatic depressurization
system (ADS) testing

- Facility modifications in progress

o

Responses provided to about 1300 out of 1400 requests
for additional information

o

Future activities will focus on the analysis of test results
and responses to the draft safety evaluation report (DSER)

SBWR (GE/USA)
o

Replies have been given to over 500 of 824 safety issues
requested for additional information from NRC

Testing completed:
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o

Prototype passive cooling condenser test (PANTHERS)**

o

Vacuum breaker testing

Complete in 1995:

o

Prototype isolation condenser test (PANTHERS)

o

Containment systems tests (PANDA)***

WER-500/600, WER-1000 (Hydropress, Russia)
The passive means for prevention of core damage:
o

o

A heat removal to an ultimate sink
- from the steam generator
- from the depressurized RCS through containment
Flooding the core from hydroaccurmilators and additional
tanks

The beyond-design accident scenario is a complete core melting. It is
suggested that passive means should be developed for:
o

Cooling the melted reactor core within the reactor vessel
at the expense of heat removal to the reactor well

o

Holding and cooling the melted core in the under-reactor
space

o

Retaining radioactivity with the air-tight containment
provided with devices for pressure relief via filters

Many organizations in Russia, Kazakhstan, Europe and the USA
contribute to the scientific and technological development of these
programs.
Future activity will focus on the following tests (organization, town,
start from):
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1.2

Passive heat removal system with injector condenser
(PHRS-IC) (ELEC/VNIIAES, Electrogorsk), 1995.

1.3

Fast boron supply system testing (Hydropress) 1996.

1.4

KMS integral test facility (NITI, scale 1:7) after 2000:

1.4.1

Outer passive containment cooling testing, 1997.

1.4.2

Passive emergency core cooling testing, 2000.

1.4.3

Integral testing with RCS depressunzation and passive
heat removal from core to the ultimate heat sink,
2004 - 2006.

2.1

Rasplav project (OECD/RRC-Kurchatov Institute), 1993.

2.2

Fuel degradation during severe transients
(RRC-KurcKatov Institute, VNIITF), 2000.
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MS-600 (Mitsubishi, Japan)

1. SG cooling system (LOCA condition) tests
(1) Horizontal SG cooling performance test
o Single tube / 7 tubes tests
o Thermal hydraulic behaviour and
performance inside the tube
o Effect of non-condensable gas and
gas separation behaviour in the
channel head

1992

1993

(2) Integrated SG cooling system tests
o Simulating small LOCA, hot leg and
cold leg large LOCA
o Simulating depressurization and
gravity injection,
non condensable gas injection,
natural circulation
o SG natural circulation cooling
performance
2. Advanced accumulator tests
(1) Basic tests
o Basic performance of flow damper
o Flow switching behaviour
o Low pressure condition
(2) Integrated performance phase-1 tests
o Actual pressure condition
o Injection flow performance
o Performance data of the optimized
flow damper (for actual design)
(3) Integrated performance phase-2 tests
o Gas vent systems performance
o N2 gas expansion behaviour
3. Horizontal SG development tests
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EPR (Siemens/KWU, Germany/France)
A severe accident research and testing program for EPR plant design
is under way now (see Figure 27) [50,51].

international agreements/cooperations/information exchange:

Framework Programme 94-98 on Reactor Safety of the EU:

ACIK
(sponsored by BMBF)

Close Cooperation in the Frame of the EPR-Development

generic investigations
for Severe Accidents:
BMBF
Instituts
Institutions
Univtrsitits
Industry

German utilities

EdF

SIEMENS

FRAMATOME

In-Vessel Core
Degradation and
Coolability
Ex-Vessel Conum
Behaviour and
Coolability
Cont Performance and
Energetic Cont.Threais
Source Term
Supp.Activities

FZK

Figure 27
Severe accidents with core meit down: Levels of R&D co-operations.
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7

Some conclusions

A number of different strategies have been proposed for the development of the ALWR plant designs world-wide. There is considerable
debate among experts on how to do even better.
The evolutionary approach offers a course of development that builds
up the wealth of experience already present and retains the unit size
1 000 to 1 500 MWe that has proven to be economical in the past.
The medium-sized power ALWR plant designs which rely mainly on
the passive and inherent safety features represents the second
approach. Claim was made that these designs will be financially
attractive because of the economic benefits that accrue from the
factors such as simplicity in design, extensive use of factory
fabrication, increased design margins e.a.
Innovative ALWR plant designs (third approach) initially profit from
the assumption that a completely new approach will make it possible
to avoid old weaknesses.
Thus, it is argued, innovative reactor designs must be geared exclusively towards inherent safety and passive safety features. The price for
this completely new design approach is that such a new design would
first have to be put to the test by building a prototype power plant, and
only when a series of NPPs have been built and put into commercial
operation will any real experience be gained. If these innovative
systems themselves have any weak points they may not be detected
until the plants have already been in operation for some time. In other
words, the question is: "Can the use of innovative passive features be
applied without losing the safety and cost efficiency levels of the best
representatives of existing LWR designs?"
Therefore, in the short-term perspective the most probable choice will
be the evolutionary plant designs, taken into consideration design
maturity or design completeness, and licensing readiness, whereas
more innovative plant designs will need more time to attain commercial maturity.
After A. Wienberg's publication "Second nuclear era" in 1985 and up
to the beginning of the 90's there was an optimistic period about the
future of the development of innovative design approach for the
ALWR.
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In the meantime some features became obvious:
o

The long period of no planned construction for advanced
designs has been further extended. The situation is further
complicated by the questions of the social and political
attitude to nuclear and strong economical competition
with fossil-fuel power plants.

o

There is no consensus concerning the future directions of
nuclear power yet. The key element of further development remains the experience of existing NPPs. The next
order will be for an evolutionary plant design.

o

Some reactor vendors and countries are developing
multiple reactor options. These R&D programs have also
included a significant effort with regard to passive
technologies as well as for mid-sized and large power
advanced plant designs.

o

The number of medium-sized designs under development
has been reduced due to lack of funds for R&D work and
First-of-a-kind engineering.

o

The international collaboration in the field of the ALWR
development has increased to achieve reasonable risk
sharing.

o

The combination of increased margins, redundancy,
diversification and simplification of system designs which
is expressed in new requirements could be difficult to
combine with cost control without the increase of the unit
power both for large and mid-sized power evolutionary
plant designs.

o

A balanced and comprehensive approach is needed with
regard to the extent to which safety functions should be
achieved by passive systems. The coexistence of active
and passive systems in the hybrid safety system is also an
interesting issue in terms of cost and of safety balance.

o

For passive safety systems of the ALWR designs discussed above, efforts seem to be essentially devoted to
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reducing the frequency and severity for LOCA and to the
loss of power sources accident families (e.g. primary-side
decay heat removal; secondary side decay heat removal;
primary-side injection or makeup; containment heat
removal).
Despite the fact that the ALWR technology for medium
power and innovative designs originates directly from the
existing LWR technology there are sufficient differences
in expected transient behaviour that makes, at present, the
assessment of their safety a very challenging task. The
depressurization capability, small driving forces, natural
convection, condensation phenomena, phase separation,
pool behaviour etc, will require new models, model
extension and extensive validations.
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Abbreviations
ABB/CE
ABWR
AC
AC-600
ADS
AGM
ALARA
ALWR
AP-600
APWR
AST
ATWS

Asea Brown Bovery/Combustion Engineering Company
Advanced boiling water reactor
Alternative current
Advanced China PWR plant design (600 MWe)
Automatic depressurization system
Advisory group meeting
"As low as reasonably achievable" principle (ICRP)
Advanced light water reactor
Advanced passive (Westinghouse 600 MWe plant design)
Advanced pressurized water reactor
Nuclear district heating plant (Russia)
Anticipated transient without scram

BDA
BPR

Beyond design accident
Burnable poison rod

CCF
CF
CHRS
CMT
CR
CRDM
CSS

Common case failure
Capacity factor
Continuous heat removal system
Core make-up tank
Control rod
Control rod drive mechanism
Control and safety system

DBA
DC
DCH
DHR
DNB
DOE
DPV
DS
DSER

Design basis accident
Direct current
Direct containment heating
Decay heat removal
Departure from nuclear boiling
Department of energy (USA)
Depressurising valve
Depressurization system
Draft safety evaluation report

ECCS
EdF
EFWS
EPAFS
EPR
EPRI
ERHRS

Emergency core cooling system
Electricité de France
Emergency feed water supply
Emergency passive air filtration system
European pressurized reactor (NPI)
Electric power research institute (US)
Emergency residual heat removal system
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ESBWR
EUR

European SBWR plant design (GE)
European utilities requirements

FA
FCI

Fuel assembly
Fuel-coolant interaction
Final design approval
Feedwater piping
Fine motion control rod drive mechanism
First-of-a-kind engineering
Fission product

FDA
FDW
FMCRD
FOAKE

FP
GDCS

GE
GV

Gravity driven cooling system
General electric
Guard vessel

High level waste
High pressure
HP
HPCF
High pressure core flooder
High pressure core spray
HPCS
Hitachi simplified BWR plant design
HSBWR
Heat
exchanger
HX
Hydropress Reactor plant design bureau (Russia)
HLW

INSAG
IRWST
ISER

Instrumental & control
International atomic energy agency
Isolation condenser
International nuclear safety advisory group (IAEA)
In-containment refuelling water storage tank
Intrinsically safe and economical reactor (JAERI)

KADR
KfK
KNGR

Korean advanced utility requirements
Kernforschungszentrum Karlsruhe
Korean next generation reactor

I&C
IAEA

IC

LB-LOCAL Large break LOCA
Limitazione intrinseca dei rilasci accidentali (Intrinsic
LIRA
limitation of accidental releases)
Low level waste
LLW
Loss of coolant accident
LOCA
Loss of flow (accident)
LOF
Low pressure
LP
Low pressure cylinder
LPC
LPCF
Low pressure core flooder
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LPCI
LPCS
LWR

Low pressure coolant injection
Low pressure core spray
Light water reactor

M
MAP
MARS
MCCI

Mitsubishi
Minimum attention plant
Multipurpose PWR-type reactor (University of Rome)
Molten core-concrete interaction
Main circulating pump
Ministry of atomic power of Russian Federation
Medium pressure
Mitsubishi simplified (Combustion engineering
600 MWe) PWR plant design

MCP
Minatom
MP
MS-600
NCR
NEA
NNMC
NP
NPI
NPOC
NPP
NS
NUPEC

Natural circulation reactor (GE)
Nuclear energy agency (OECD)
Number of neutron measurement channels
Nuclear power
Nuclear power international (company)
Nuclear power oversight committee
Nuclear power plant
Nonsafety (system)
Nuclear power electric company (Japan)

OKBM
OPB-88
OSU-ISR

Reactor plant design bureau (Russia)
Russian regulatory document for nuclear power plants
Integral safe BWR type reactor (Ohio state university)

P
PCCS
PCRV
PHRS
PIE
PIUS

Passive
Passive containment cooling system
Prestressed concrete reactor vessel
Passive heat removal system
Postulated initiating event
Process inherent ultimate safety (plant design of ABB
Atom)
Poisoning rod
Probabilistic risk assessment
Passive residual heat removal
Probabilistic safety assessment
Passive safety and shutdown system
Mitsubishi large power PWR plant design

PR
PRA
PRHR
PSA
PSSS
PWR-21
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RCCA
RCCV
RCIC
RCP
RCS
RHR
RHR-CND
RHRS
RPV
RRC-Kl
RWCU

Rod cluster control assembly
Reinforced concrete containment vessel
Reactor core isolation cooling
Reactor coolant pump
Reactor coolant system
Residual heat removal
Residual heat removal - condenser
Residual heat removal system
Reactor pressure vessel
Russian Research Center "Kurchatov Institute"
Reactor water clean-up (system)

Simplified boiling water reactor (GE)
Secondary condensing system
scs
Safety depressurizarion system
SDS
Step electromagnetic drive
SEMD
Steam generator
SG
SGTR
Steam generator tube rupture
Safe integral PWR type reactor (UK/US)
SIR
Safety injection system
SIS
Simplified pressurized water reactor (JAERI)
SPWR
Safety relief valve
SRV
Safety valve
sv
SWR-1000 Advanced BWR type reactor (Siemens/KWU)
SBWR

TEPCO
TOSBWR

Tokyo electric power company (Japan)
Toshiba simplified BWR plant design

UR
URD
USNRC

Utility requirements
ALWR utility requirement document (US)
US Nuclear Regulatory Commission

W
VPBER
VVER

Westinghouse
Integral PWR type reactor (Russia)
PWR type reactor (Russia)
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