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GLOBAL ENERGY DEMAND OUTLOOK
keynote address by XAqcj4Q8Q6

Dr. Stanley R. Hatcher XA9949896
American Nuclear Society

Hatcher and Associates
Ontario, Canada

Perhaps the most compelling issue the world will face in the next century is quality of life in
the poorer regions of the world. Dealing with this issue will be made difficult by the fact that
it will require enormous economic growth to cope with the rapid population growth in these
regions, as well as to improve the quality of life of the people there. Energy will be an
integral part of this complex picture. Energy is the key to overcoming the scourges of hunger,
disease and poverty - it is essential to generating wealth and it is essential to protecting the
environment in a heavily populated world. Balancing economic development with
environmental considerations, particularly the emission of carbon dioxide, will be a major
challenge for the next century.

Today, most of the world's energy comes from the fossil fuels, and within the time-frame of
the next half century there should be enough for an increase in consumption. Marchetti has
shown that historically there has been a common pattern for energy sources to grow in market
share until new sources displace them [1]. The market shares held by coal and oil are now
declining, while those of natural gas and nuclear are rising. Naki_enovi_ et al (1997) point
out that, at the global level, the "time constant" for fundamental energy transitions has been of
the order of 50 years [1].

However, the "business as usual" scenario is likely to be impacted by the Kyoto Protocol on
carbon dioxide emissions [1]. While still far behind the countries of the Organization for
Economic Cooperation and Development (OECD), the Emerging Market Economies (EMEs)
are expanding their energy consumption rapidly, from 12% of the world total in 1967 to 30%
in 1997. Because of their stronger dependence upon coal as a principal energy source, their
carbon dioxide emissions now amount to over one third of the global total.

A number of approaches yield similar conclusions regarding the quantity of energy likely to
be needed by the middle of the 21st Century. One of the most comprehensive and
sophisticated studies of energy scenarios has been done by the World Energy Council (WEC)
and the International Institute of Applied Systems Analysis (IIASA)[1]. It starts from earlier
work by WEC, using projections made by its individual member countries, for energy supply
and demand to the year 2020 [1], and extends this through detailed modeling to 2050 and
2100. The range of global energy demand for 2050 in these scenarios is from 1065 EJ to 600
EJ, and the "middle course", which the authors consider more pragmatic, has a value of 850
EJ.

More recently, the International Energy Agency (IEA) concluded that a "Business-As-Usual"
forecast for global energy consumption gives a virtually linear increase to 615 EJ in the year
2020 [1]. If this were continued to 2050, the resulting global energy demand would be 855
EJ. The results of these and other approaches are shown in the Table.



Table 1. GLOBAL ENERGY PROJECTIONS, EJ/yr

Year

WEC/IIASA (1995)

EEA "Business-as-Usual"

Historical Growth Rate

lOOGJ/capita

A

B

C

2020

700

600

500

585

585

2050

1065

850

600

1075

1000

Thus, regardless of how one examines the future prospects, and how the energy is distributed,
it seems that the global demand by the mid-21st Century will most likely be of the order of
850-1070 EJ. That is nearly three times as much as the world uses today.

Concern about changing the global environment has emerged in the last decade as the major
factor that now challenges the "business-as-usual" economic development of the world.
However, as the both WEC/IIASA and the IEA studies show, unless there is a major thrust by
governments to create incentives and/or levy heavy taxes, there will be a major increase in
carbon dioxide emissions globally. The problem is even more challenging than appears on
the surface, since most of the increase in energy demand and related carbon dioxide emissions
will come from the newly industrializing countries. These simply do not have the technology
or financial resources to install non-carbon energy sources such as nuclear power, and the new
renewable energy technologies.

The real issue for the nuclear industry is capital cost. Developing countries, in particular, will
have difficulties in raising the capital for energy projects with a high installed cost ($/kW).
They will also have difficulties in raising large blocks of capital. Thus, if nuclear power is to
compete and contribute significantly to energy supply and to the reduction of global carbon
dioxide emissions, the capital cost must be reduced significantly. A reduction of 50% in
capital cost is the right order, combined with a short construction schedule. Such a reduction
would put nuclear power into a competitive position with pipeline natural gas and would
make nuclear power the economic imperative for electricity producers world-wide.

Current nuclear plant designs and methods are simply not suited to production of plants that
will compete in this situation. We need mass production designs that production engineers
will take into the factories, where large modules are fabricated that can be assembled quickly
on site. We need mass production lines to produce one or two plants per week - a steam
generator a day, a pressure vessel per week. Then we can get the benefits of cost reduction
from mass production. The industry must move from a building mode to a manufacturing
mode. Nuclear power is still at the stage in its evolution that the automotive industry was at
the beginning of this century, when automobiles were hand-built. The nuclear industry now



needs visionaries to do what Henry Ford did for the automobile when he introduced mass
production manufacturing. And it needs to start now if there is to be any hope of nuclear
power supplying 30%, or even 10%, of the global energy supply by 2050.

The water-cooled reactors are well demonstrated and are positioned to achieve the cost
reduction necessary. However, it will require some radical thinking on the part of the
designers to break away from the current system of design, procure, construct to a new
paradigm of design, manufacture, assemble. The reactors of the next century may well be
smaller units with higher levels of built-in safety. Whatever the reactors are, the key will be
mass production to achieve capital costs of half today's levels.
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THE ROLE OF NUCLEAR POWER IN SUSTAINABLE DEVELOPMENT

V. MOUROGOV
International Atomic Energy Agency
Wagramer Strasse 5, P.O. Box 100, A-1400 Vienna, Austria

1. INTRODUCTION.

The substantial increase in global energy consumption in coming decades will be driven
principally by the developing world. Today's developing countries, with some three-quarters of the
world's inhabitants, consume only one-fourth of global energy.

A 1995 study by the World Energy Council (WEC) and the International Institute for Applied
Systems Analysis (IIASA) projects by mid-century a range of energy demand increase of some 50% for
the low economic growth case to more than 150% for the high growth case, with the latter showing a
50% increase before 2020.

To limit environmental pollution and to slow the rate of increase of CO2 concentration,
responsive long-term energy strategies exploiting the maximum potential of non-greenhouse gas emitting
energy sources need to be developed and implemented as rapidly as possible. The future energy mix that
evolves will depend not only on environmental considerations, but also on economic, technological,
supply and political factors.

It is generally accepted that for many decades fossil fuels will continue to be the major energy
source with natural gas, the lowest fossil fuel greenhouse gas emitter, likely becoming the major
component.

On the global level, difficult policy decisions lie ahead to foster a shift away from fossil fuel
dominance. There is little consensus on how to proceed.

There is general support for cost-effective energy efficiency techniques to somewhat slow
demand, and on the supply side, an endorsement of increased use of renewables. Both efforts are
necessary, but with limited potential over the near term.

2. THE NUCLEAR POWER POTENTIAL

Today, nuclear power is a mature and highly developed technology. The 6% contribution of
nuclear power to global primary energy supply is almost entirely in the rapidly increasing electricity
sector where 17% of global electricity is generated by 442 nuclear power reactors in 31 countries.

Although nuclear power is currently a significant source of global electricity supply, there is no
consensus concerning its future role. While nuclear power stagnates in much of Europe and in North
America, it continues as a strong option in a number of Asian countries. Economy and security of
supply have been principal considerations in the choice of nuclear power along with an awareness of its
environmental benefits - from mining to waste disposal and decommissioning. These three factors -
economics, security of supply and the environment will determine the long-term role of nuclear power in
a sustainable energy future.



3. COMPARATIVE ASSESSMENTS

Full energy chain analyses that consider elements beyond the direct power generation stage
reveal a wide variety of significant environmental issues and impacts linked to energy options.

Fuel and land requirements. Generally, the quantity of fuel used to produce a given amount of
energy - the energy density - determines in a large measure the magnitude of environmental impacts as it
influences the fuel extraction activities, transport requirements, and the quantities of environmental
releases and waste. The extraordinarily high energy density of nuclear fuel compared to fossil fuels is an
advantageous physical characteristic.

Environmental Pollutants. Due to the vast fuel requirements, the quantity of toxic pollutants
and waste generated from fossil fuel plants dwarfs the quantities from other energy options. A 1000
MWe nuclear power plant does not release noxious gases or other pollutants and produces only some 30
t of discharged high level radioactive spent fuel annually, along with 800 t of low and intermediate level
radioactive waste.

Confinement vs. Dispersion of Waste. There is continuous public concern that nuclear waste
cannot be safely managed. However, nuclear waste has distinct advantages as quantities are remarkably
small relative to the energy produced. The small quantities permit a confinement strategy with the
radioactive material beginning with the nuclear fission process through waste disposal essentially
isolated from the environment. Disposal techniques exist and the hazard decreases with time due to
radioactive decay. In sharp contrast, disposal of the large quantities of fossil fuel waste follows an
alternative dispersion strategy.

Greenhouse Gas Emissions Countries with significant nuclear power and hydroelectric
capacity have markedly lower CO2 emissions per unit of energy produced than countries with high fossil
fuel shares. Today nuclear power and hydroelectric each avoid some 8% of global CO2 emissions
annually from energy production.

Efforts to reduce greenhouse gas emissions require attention to the full energy chain emissions
as significant fuel extraction, transport, manufacturing and construction activities can be involved. Full
chain analyses require identifying all emission sources. Burning natural gas with a low carbon content
produces less CO2 than burning coal or oil. But leakage's during extraction and pipeline transport,
which are more than 5% in some areas, can offset much of this advantage since the escaping methane is
a more effective greenhouse gas.

Natural resources Depletion of natural resources is an environmental issue. There are proven
reserves of coal sufficient for more than 200 years, of natural gas for 60 years and of oil for 40 years at
current levels of use. Efforts are underway to increase oil and gas resources through improved recovery
techniques and oil-shale and tar-sand processing that are estimated to be capable of at least doubling the
resource base.
Known uranium reserves with reactors operating primarily on a once through cycle without
reprocessing spent fuel, assure a sufficient fuel supply for at least 50 years at current levels of use, the
same order of magnitude as today's proven resources of natural gas and oil. Over the long term,
recycling plutonium from reprocessed spent fuel in thermal reactors as mixed oxide fuel and
introduction of fast breeder reactors also to convert non-fissionable uranium into plutonium would
increase the energy potential of today's known uranium reserves by up to 70 times, enough for more
than 3,000 years at today's usage.



External Costs. While environmental and energy supply considerations show significant
advantages to nuclear power, economic justification is a central factor. As a capital intensive
undertaking with relatively long construction periods, the competitiveness of nuclear power depends on
investment conditions, particularly interest and payback period of loans. In today's liberalized electricity
markets and radically changing financial environment, initial capital investments involving high discount
rates must be recovered in excessively short time periods. For discount rates in the order of 5%, nuclear
power is competitive with fossil fuels. At higher rates it is difficult to be competitive with gas -
particularly with combined cycle - and at 10% not with coal. The economic competitiveness of large
hydroelectric projects and capital intensive renewables such as solar have also been adversely affected.

In the long term, nuclear power's economic competitiveness could significantly increase if
externalities - the considerable indirect and external environmental costs of energy generation and use
not usually included in the market price of energy - were weighed. Indirect costs, such as for waste
management and decommissioning are already components of nuclear generation costs. For fossil fuels,
these costs are not yet fully included and could become significant under more stringent environmental
policies.

Carbon Tax With international commitments in place to reduce global greenhouse gas
emissions, economic instruments could be considered. Such instruments could include so called carbon
trading that in essence allows emission reductions to be accomplished by a third party at a price - a
difficult mechanism at the global level - or a more direct carbon value tax. A carbon value would favour
less carbon intensive fossil fuels, particularly natural gas but nuclear, hydroelectric and some renewable
systems would be unaffected.

4. CONCLUSION

For over 40 years nuclear power has contributed significantly to world energy needs, by
providing more than 6% of primary energy and 17% of global electricity.

Low environmental impacts and a vast fuel resource potential should allow it to contribute
substantially to meeting the sustainable energy challenge.

Today's energy planners are confronted by public apprehension about nuclear power and
unrealistic expectations for new energy sources.

Comparative assessments of energy options will help to clarify the issues limiting its full use.

Bibliography
[1] INTERNATIONAL ATOMIC ENERGY AGENCY. Nuclear Power & Sustainable Development.
Vienna, 1997
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NUCLEAR POWER IN ASIA: EXPERIENCE AND PLANS

Chang Kun Lee
Commissioner, Atomic Energy Commission
The Republic of Korea XA9949898

SYNOPSIS

Asian countries have developed ambitious energy supply programs to support their skyrocketing

economies, and most of their energy needs, in particular, that for power generation, have been met by

fossil fuel. The fossil fuel is expected to take up lion's share in Asian energy market for many years to

come. However, the consideration of growing energy demand, its security, environmental

conservation concerns and technology enhancement is inducing more Asian countries toward the

pursuit of nuclear power development.

Despite economic and financial difficulties from the latter part of 1997, the fundamentals for long-

term economic growth in the region are known to be healthy and are, therefore, forecasted to result in

substantial energy demand growth in the future.

The International Energy Agency (IEA), for example, assumes that roughly 7580 percent of the

energy needs in Asia will be met by an approximate doubling of coal, oil and gas use. Electricity

consumption is projected to grow by a factor of two to three, with nuclear energy making a significant

contribution to meeting the needs for power in a number of countries.

APERC (Asia-Pacific Energy Research Center) forecasted that the energy consumption in APEC

region would increase at an annual average rate of 2.6% from 1995 to 2010 reaching 6.35 billion TOE

by then. The dependence on Middle East oil will be more accelerated than ever, and these days most

of coal-exporting countries in the region will be turned around to be importers before 2010.

As of 1995, the energy structure in APEC region was constituted as 39.3% oil and 30.6% coal

followed by 17.7% natural gas. It is presumed to remain unchanged by and large in 2010 except

38.4% oil and 19.7% natural gas. The fast-growing countries will enjoy annual increase rate above

5%, being 6.9% in Thailand, 6.3% in the Philippines and 6.1% in Indonesia. Taiwan, Korea and Hong

Kong will achieve 4.8%, 4.3% and 4.3% of annual growth rate up to the year 2010, while the matured

economics will maintain 12% of annual growth rate, being 2% in Japan, 1.4% in the U.S, and 1.3% in

Canada.

At present, nuclear power accounts for approximately 30 percent of electricity in Japan and

Taiwan, and about 36 percent in Korea. These and other Asian countries are presumed to significantly

increase their nuclear power generation capacities in the future (see Table 1). The installed capacity

of nuclear-generating machines in Korea is projected to increase from 10.2 gigawatts in 1996 to more

than 16 gigawatts by 2004. On the other hand, China and India have now installed nuclear capacities

of about 2 gigawatts each, which will increase by a factor of two or more by 2004.



The installed nuclear capacity in the Asian countries totaled 64 gigawatts in 1996, representing

about sixteen percent of world capacity of 368 gigawatts. Looking to the year 2010, it is anticipated

that most of the nuclear capacity increase in the world will occur in Asia.

TABLE I. AN OVERVIEW OF NUCLEAR POWER IN ASIA

Country

Japan

South Korea

Taiwan

China

India

Pakistan

North Korea

Total

Nuclear share out of
total electricity in 1996

(%)

33.4

36.1

28.8

12

1.9

0.9

0

Installed units and
capacity in 1996

(GWe)

53(45.5)

12(9.6)

6(5.1)

3(23)

10(1.8)

1(0.1)

0

85(64.4)

Forthcoming units
and capacity
(net GWe)

5(4.9)

8(7.0)

2(2.6)

8(6.57)

6(1.75)

1(03)

2(1.9)

32(25)

Capacity
projected

for2004(GWe)

523

16.7

7.1

2.0

4.0

0.4

03

82.8

Capacity
projected

for 2010 (Gwe)

70.5

24.7

7.8

20.0

7.6

1.9

2.0

134.5

Source : Journal of Nuclear Engineering International (1997). Capacities for 2010 in Japan, China and S. Korea
are from Energy Supply Outlook by MITI of Japan (1996), China's Nuclear Energy Outlook by NEI (1997), and
KEPCO's internal energy plan (1998), respectively, and other countries' data are from Journal of Nuclear
Engineering International (1997). Forthcoming units and capacity are quoted from American Nuclear Society's
Nuclear News, March 1998.

Nuclear power is of particular interest to a number of newly emerging Asian countries in view of

environmental conservation, economics and energy security, and its high technology contents. It is

regarded as a vehicle to expand and deepen the reservoir of high-caliber manpower.

Currently approximately 90% of operating nuclear power reactors in the world are water-cooled

type, mostly light water reactors, and the design of advanced light water reactors is becoming to

receive keen attention from the nuclear community and energy sector in the world. The future reactor

types in the world will be greatly influenced by the reactor strategy of the Asian countries,

considering the fact that the emerging countries in the Asian region will certainly spearhead the global

reactor market in terms of reactor deployment in the upcoming few decades, while the rest of the

world will remain almost dominant in power reactor market. Among the nuclear power countries,

China will play the dominant role in its capacity increase and the selection of future reactor types,

because China plans to construct 18 gigawatts of additional nuclear power by the year 2010.

Japan, South Korea, Taiwan, China, India, Pakistan and North Korea will all continue to stress the

important role of nuclear power in their energy development plans. To varying degrees, these plans

emphasize the need of increasing the level of self-sufficiency in their energy supply systems. Self-

sufficiency entails the necessity of getting rid of the sheikh's oil grip in the Middle East and high-

handedness of nuclear suppliers' club.
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Indonesia and Thailand have developed plans to launch into nuclear power deployment and have

already started site selection. The Philippines is considering the revitalization of its nuclear program.

Bangladesh and Vietnam started to pay attention to fission energy.
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Technological Readiness of Evolutionary Water Cooled Reactors

P.E. Juhn, Director

Division of Nuclear Power XA9949899

International Atomic Energy Agency

During the last 50 years, nuclear energy has evolved from the research and development
environment to an industry that supplies over 16% of the world's electricity, and provides an
opportunity to strongly contribute to the global energy demands of the coming century in an
environmentally acceptable manner. At the end of 1997, according to data reported in the
Power Reactor Information System, PRIS, of the IAEA, there were 437 nuclear power plants
in operation and 36 under construction. Over eight thousand five hundred reactor-years of
operating experience had been accumulated. Of the operating plants, 346 are LWRs totalling
306 GWe and 30 are HWRs totalling 16.4 GWe. The considerable experience and lessons
learned from these plants are being incorporated into new water cooled reactor designs.

New nuclear power plant designs or concepts can be considered in two categories:
evolutionary designs, and innovative designs that require substantial development efforts [1].
In the early years of nuclear energy utilization, various design concepts were developed and
implemented. Subsequently, a pattern of evolutionary development led to the successful
designs of today. Now, most of the efforts in water cooled reactor development are on
evolutionary designs. This arises from conservatism in licensing new developments, from the
conservatism of utilities which recognise that financial risks can be minimised if new
developments build on proven technologies, and from the reluctance of governments to
contribute to the financing of new prototypes.

Technology readiness relates to many of the factors that influence the success of new designs.
Currently-operating plants must continue to operate safely and reliably, and new designs must
be able to economically meet increasingly stringent safety targets. Economic competitiveness
is a key to the introduction of any new product. Technologies must be available for reducing
capital cost, fuel cycle costs and operating costs. Readiness is not only based on what has been
designed, fabricated and tested, but on the continuing presence and vigour of the institutional
framework and technological base, including R&D and design organizations, manufacturing
and construction resources, strong yet balanced and responsive regulatory organizations, and
the infrastructure that trains and maintains the necessary human resources. During this
Symposium these factors will be addressed in detail, and the design organizations will describe
their most significant technological developments, the status of their validation and how these
developments meet regulatory and utility requirements. This Symposium is a major activity
within the IAEA's nuclear power programme which promotes information exchange and co-
operative research in reactor development, and provides a source of balanced, objective
information for all Member States on the current status and recent advances in reactor design
and technology [2,3,4,5,6,7,8].

For water cooled reactors, utility requirements documents have been formulated to guide the
design and development activities by incorporating experience from current plants with the aim
of reducing costs and licensing uncertainties by establishing a technical foundation for the
advanced designs. Large evolutionary designs are being developed with power outputs up to
the 1500 MWe range which incorporate mainly proven, active engineered systems to
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accomplish safety functions, and mid-size evolutionary designs are being developed which
place more emphasis on utilization of passive safety systems. The experience base on which
these developments are building is over 6100 reactor years for LWRs and over 600 reactor
years for HWRs.

As the number of nuclear plants world wide increases, safety targets are becoming more
stringent. Operational safety records are good and steadily improving as shown by the low
number of either unanticipated trips or spurious actuation of engineered safety systems. Thus
the focus of the increasingly stringent safety targets for new designs is on the very low
probability accident scenarios involving severe core damage. INSAG-3 [9] notes that "The
target for existing nuclear power plants is a likelihood of occurrence of severe core damage
that is below about 10"4 events per plant operating year. Implementation of all safety principles
at future plants should lead to the achievement of an improved goal of not more than about
10"5 such events per plant operating year. Severe accident management and mitigation
measures should reduce by a factor of at least ten the probability of large off-site releases
requiring short term off-site response." The more stringent target for future plants was
confirmed by INSAG-5 [10] which notes that [evolutionary] light and heavy water nuclear
plants should meet the long term target of a level of safety ten times higher than that of existing
plants. INSAG-10 [11] notes that prevention of accidents remains the highest priority among
the safety provisions for future plants and that probabilities for severe core damage below 10'5

per plant year ought to be achievable. However, values that are much smaller than this would,
it is generally assumed, be difficult to validate by methods and with operating experience
currently available. Improved mitigation is therefore an essential complementary means to
ensure public safety.

Evolutionary water-cooled nuclear power plants incorporate various technical solutions to
meet the safety targets. In many cases, these features have been tested to demonstrate
technological readiness. Examples are:

increased margins to limit system challenges;

redundant and diverse safety systems to perform simplified tasks, improved physical
separation between systems, and utilization of components of proven high reliability;

provision for corium containment and cooling;

containments large enough to withstand the pressure and temperature from design basis
accidents without fast acting pressure reduction systems, sometimes surrounded by a
second containment which provides protection against external missiles and allows for
detection and filtration of activity leaking from the first containment;

systems to control the hydrogen concentration during accidents.

Design measures for increased prevention as well as for accident mitigation tend to increase
capital cost, although preventive measures may provide higher plant availability and therefore
have a positive cost component. This is however, not the case for measures to mitigate
accidents. These added costs must be overcome by other savings.

Achieving high availability and reliability are essential factors for achieving good economics
and require attention to both the nuclear island and to the balance of plant. Integrated
programmes have been implemented which include personnel training, quality assurance,
improved maintenance planning, and application of technological advances in plant
components and systems, and in inspection and maintenance techniques. Nuclear power plants
world-wide are showing a steady increase in the average energy availability factor from
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approximately 70 percent in 1989 to 77.4 percent in 1997, with some utilities achieving
significantly higher values. International co-operation including the various programmes of
WANO and the IAEA is playing a key role in this success.

Improved performance at current plants is supported by better application of existing
technologies, for example, for processing information regarding the condition of components,
and performing surveillance and diagnostics. New technologies are also being developed with
the aim of improving performance. Examples include high burnup fuel which supports longer
cycle length, computer aided systems to provide early indication of sensor or component
degradation, and simpler systems for control of hydrogen during accident conditions (these
require considerably less testing and maintenance thereby reducing outage duration).

Significant improvements are also being achieved in primary system components which will
contribute to high availability. As an example, large efforts in several countries have been and
are being carried out to extend the service life of steam generator tubes. New materials which
have been shown to have superior corrosion resistance are now used for new and replacement
PWR steam generators.

User requirements documents for future plants specify plant availabilities of 87% and above.
For new plants, the basis for achieving high performance is being laid down during the design
phase. For example, design for short outages, design for on-line maintenance, and design for
increased margins, along with an overall goal of simplicity should contribute to the improved
level of availability requested by user requirements documents. Also, advances such as better
man-machine interface using computers and improved information displays, greater plant
standardization, improved maintainability, and better operator qualification and simulator
training which have been applied at current plants will contribute to high performance of future
plants.

In summary, evolutionary designs are being developed with the objectives of reduced costs,
and higher availability while meeting increasingly stringent safety targets. The designs
incorporate evolutionary improvements, and features which are well supported by operating
experience and/or research, development and confirmatory testing. These new designs are
ready to ensure that nuclear energy can continue to play an important and increasing role in
global energy supply.
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Economic Competitiveness Requirements for Evolutionary Water Cooled Reactors
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Veronique Tort

Although decisions on technologies and energy mixes for electricity generation have to take
into account a variety of non-economic issues, including social, environmental and health
impacts, economic competitiveness remains a key factor. Therefore, cost is an important
attribute for designers and operators of evolutionary water cooled reactors. This paper
addresses the cost economics necessary for evolutionary water cooled reactors to be
competitive. Utilising recent submissions of cost data on fossil-fired base load plants
expected to be commissioned by 2005-2010 [drawing upon the outcomes from the 1996-1997
study carried out by OECD in co-operation with IAEA], target costs for nuclear plants will be
discussed. Factors necessary for evolutionary plants to achieve these targets will be
addressed. The paper will address briefly issues related to external cost estimation, valuation
and internalisation. It will investigate the impacts on nuclear power competitiveness of:
market globalisation; deregulation and privatisation in the electricity sector; and policy
measures aiming at alleviating environmental impacts (e.g., carbon taxes and atmospheric
emission regulation). As a result of the changing policy making framework of the electricity
sector, new challenges and opportunities may be created for advanced nuclear power plant
concepts.

A recent study carried out by the OECD in co-operation with the IAEA collected, from
nineteen participating countries, projected costs of various types of baseload generation
which could be commissioned in the 2005-2010 timeframe. While it was determined in the
study that relative costs of baseload generation are specific to each county, the data indicate a
range of costs that can be used as a broad measure of the economic competitiveness of
evolutionary water cooled reactors. In general terms, coal and gas-fired plants, for the most
part, fall into a range of total generation costs (busbar cost) between 30 mills/kWh and 42
mills/kWh (USmill of 1.7.1996) when the assumed interest rate is 5% real. When the interest
rate is assumed to be 10% real, the range grows to roughly 32 mills/kWh to 52 mills/kWh.
The ranges have been selected by the authors based on the statistics of the data to capture the
majority of the responses but do not include all reported values. As indicated, the ranges are
quite broad, underscoring the observation that relative costs are highly country-specific.
Nevertheless, the data has some utility for evolutionary water cooled reactor designers in that
the closer the reactor plant generation (busbar) costs are to the low end of the range, the more
locations that the reactor plant will be economically competitive.

In order to achieve economic competitiveness, certain conditions will need to be met.
Drawing upon the earlier light water reactor experience in the United States, several factors
must be present for a future plant to be economically viable:

• Protracted construction durations need to be avoided;
• Plant licensing/regulatory requirements need to be stable;
• Design of the plant needs to be well in hand before starting construction;
• Construction/operations management personnel need to have prior nuclear experience.

Technology Insight (USA)
OECD Nuclear Energy Agency
Kepco (Korea, Rep. of)
Kepco (Korea, Rep. of)
CEPN (France)
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In the current environment, deregulation of the electricity market and privatisation of the
sector are changing the criteria upon which assessments of competitiveness are based. Private
investors will tend to prefer low capital intensive technologies that offer a rapid return on
investments. Market deregulation poses challenges for capital intensive technologies, such as
nuclear power, because the resulting open competition for supplying electricity will introduce
a higher uncertainty on the level of sales by each producer. In order to reduce financial risks,
producers will tend to seek more flexible generation strategies that are based upon small size
power plants with relatively low investment costs and short pay-back times. In order to retain
a competitive position in such a market, designers of nuclear power plants should aim
towards streamlined concepts, requiring less sophisticated industrial and R&D
infrastructures, smaller size modular units more adapted to uncertainties on future demand.
However, the reduction of barriers to electricity exchange via extended networks offers new
market opportunities for large units that have stable long term generation costs, such as the
advanced evolutionary light water reactors.

Direct cost comparisons are a key element in comparative assessment of different electricity
generation sources. However, as long as the full costs to society of any given option are not
entirely reflected in the direct costs as described above, there is a need to take into account
other parameters and factors in order to assess and compare alternative options in a
comprehensive way. Costs and benefits to society that are generally not incorporated in direct
costs of electricity generation include: macroeconomic impacts, such as job creation and
price stability; strategic factors, such as security of supply and energy resource management;
and externalities that are not borne directly by consumers but by society at large, such as
health and environmental impacts of residual emissions. The increasing awareness of global
impacts, in particular on the environment, and the overall objective of sustainable
development are leading decision makers to incorporate these last parameters, explicitly or
implicitly, in the comparative assessment process.

Internalising externalities might enhance the competitiveness of nuclear power versus coal-
and gas-fired power plants. The nuclear power plants of the current generation already have
very low external costs related to both normal operation and accident risks, as they provide a
high level of safety. Advanced reactors designed to meet increasingly stringent safety
requirements aim at reducing the probabilistic risk of accident as well as the on-site and
off-site impacts of a potential accident. Thereby, they will reduce even further the external
costs associated with severe accident risks.
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Social-Political Factors Influencing the Expansion of Nuclear Power
Alan E. Walter, Texas A&M University, USA

Pat Upson, President, European Nuclear Society, U.K.

As humanity marches closer to entering a new millennium, it is crucial that we nuclear
professionals take renewed stock in the importance of our role in public interactions.
Given the need for our fellow citizens to make proper decisions regarding the energy
sources that will be so desperately needed for a greatly expanded population, it is up to us
to help them get over the hurdles that have placed our technology in gridlock. The once
robust nuclear power construction program in America, Europe and Russia has come to a
grinding halt. Even the once flourishing construction program around the Pacific Rim
has slowed dramatically. Souring public opinion has been at the heart of the bulk of this
slowdown. It is essential, therefore, for nuclear professionals to rededicate themselves to
the enormous but essential task of helping to rebuild public support for this vitally needed
technology.

Understanding the key forces that shape public opinion on technologies such as ours
represents our first task. Whereas there are undoubtedly several factors involved in
forging public impressions of major scientific endeavors, there is one force that far
outshadows other influences; namely, the media. We are all too aware of the enormous
damage that the media has often caused for the nuclear enterprise. In an attempt to
understand why this is the case, we need to compare the basic driving forces behind
successful media with the basic drivers behind successful science. When we do this, we
quickly come to the realization that the media are fundamentally in the entertainment
business. As such, capturing instant attention and holding it are the principal ingredients
of success for newspapers, radio, and television. Careful topic selection, clever
packaging, and rapid turnaround are paramount. Recognizing that these success drivers
are diametrically opposite of those governing good science, we can readily understand
why the antinuclear movement has been so successful. Simply put, nuclear opponents
have been able to orchestrate their message in a package ideally suited for wide-scale
leveraging by a receptive media enterprise.

However, before blaming all our woes on the media, we need to assess at least four
technical areas where additional professional work could be of substantial help. These
include determining the real health effects of low-level radiation, further developing
intrinsic robustness to enhance reactor safety, refining and articulating the environmental
ethic associated with the recycling of nuclear waste, and exposing the myth that burying
plutonium solves our nuclear non-proliferation problems. Perhaps the first is the most
important. Insisting that radiation at any level is harmful by definition is causing
substantial societal harm. It not only causes the unnecessary expenditure of billions of
dollars per year for unwarranted "protection," but it even more seriously instills
unfounded fear—thereby seriously threatening the survival of a technology that may be of
crucial importance is sustaining life on earth.
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We suggest six key ingredients as necessary (though probably not sufficient) steps that
merit strong consideration in regaining public support for nuclear power. These include
1) seriously addressing the four technical issues summarized above; 2) expressing our key
issues and results in language understandable at the high school (or lower) level; 3)
continually striving for an open and honest management of the Industry; 4) articulating
the BENEFITS of nuclear science and technology as a whole; 5) adopting Decision
Analysis techniques wherever possible; and 6) recognizing and taking advantage of
appropriate "band-wagons" of public interest issues. A key example of the latter category
is to recognize the global discussions that will be ensuing over the greenhouse effects.
Without having to take a stand, per se, regarding whether or not a climate change
catastrophe is in the makings, we nuclear professionals have an ideal forum to present our
story—in an atmosphere where the public is looking for solutions.

Taking substantially greater responsibility for entering the public arena may not be easy
for most of us. But the consequences of failing to try are too severe to contemplate. We
have a powerful story message that MUST be told. We need to find ways to share it with
our fellow citizens in a language and setting conducive to real communication.
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REQUIREMENTS AND INTERNATIONAL CO-OPERATION IN NUCLEAR SAFETY FOR
EVOLUTIONARY LIGHT WATER REACTORS

A. Camino
Director, Division of Nuclear Installation Safety
International Atomic Energy Agency
Vienna, Austria

The principles of safety are now quite well known and are implemented worldwide. It leads to a
situation where harmonization is being achieved as indicated by the entry into force of the Convention
on Nuclear Safety. To go beyond the present nuclear safety levels on existing installations, management
of safety and safety culture will be the means for achieving progress. Future reactors such as
evolutionary light water reactors have to demonstrate that their safety not only meet the current
requirements but in feet go beyond the safety level presently accepted.

To achieve this a number of key factors have to be met:

- technical safety requirements in design ;
- demonstration of decrease in risk to the workers and public and of environmentally friendly

operation;
- clear and stable regulatory licensing process;
- gaining public acceptance on the merits of the new design; and
- operating and maintenance costs well contained in order to meet competitive conditions.

But it will not be possible without the prerequisite of having a good safety
performance record and no accident on existing installations.

Technical safety requirements in design

The IAEA document Safety Fundamentals defines the principles for design as

1. The design shall ensure that the nuclear installation is suited for reliable, stable and easily
manageable operation. The prime goal shall be the prevention of accidents.

2. The design shall include the appropriate application of the defence in depth principle so that there
are several levels of protection and multiple barriers to prevent releases of radioactive materials,
and to ensure that failures or combinations of failures that might lead to significant radiological
consequences are of very low probability.

3. Technologies incorporated in a design shall be proven or qualified by experience or testing or
both.

4. The systematic consideration of the man-machine interface and human factors shall be included
in all stages of design and in the associated development of operational requirements.

5. The exposure to radiation of site personnel and releases of radioactive materials to the
environment shall be made by design as low as reasonably achievable.
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6. A comprehensive safety assessment and independent verification shall be carried out to confirm
that the design of the installation will fulfil the safety objectives and requirements, before the
operating organization completes its submission to the regulatory body.

They of course all apply to the new evolutionary reactors. In fact the new designs considered have
built on some of them such as better prevention of accidents including severe accidents, more robust
defence-in depth, increased prevention of human errors, reduction of exposure to radiation of site
personnel and reduced releases of radioactive materials to the environment. Demonstration of systematic
implementation of defence in-depth is then essential. International reviews can play an important role in
this area.

The operating experience of existing installations was essential in developing the new
evolutionary reactors which means including from the design stage a number of improvements leading
to less demands to be put on the operators and easing the operational procedures.

1. Decrease in risk to workers and population

A well designed and tested containment should decrease the frequency of large radioactive
releases to negligible levels. This needs to be fully demonstrated both based on deterministic and best
estimate probabilistic analysis as well as through defence in-depth.

On site and off site protection to workers and to the population in general should be clearly
elaborated through the design features and in the frame of emergency plans and environmental impact
assessments.

2. Regulatory process

Of utmost importance is a stable regulatory system. This requires an efficient, independent and
technically competent regulatory body and a well established safety approach which ensures
harmonization in the safety decision making process.

The licensing process needs to be transparent and objective. Predictability and stability of
judgement are important aspects to limit the total duration of the process to no more than some five
years. The interface between the regulatory body and its licensees should also provide the means for the
required quick responses from both sides.

A well established self assessment process leading to efficiently needs to be in place at the
regulatory body to ensure that all aspects of nuclear safety, technical and managerial, are being properly
addressed. Periodic international peer reviews are an appropriate instrument to provide upper
management with an independent assessment and a comparative perspective to similar work going on
worldwide. Harmonization of regulatory decisions concerning licensability of the new reactors would
also be desirable for increasing public understanding of nuclear safety.

3. Gaining public acceptance

Gaining public confidence will require the nuclear industry to perform well on existing
installations. The first implies no accidents, the latter involves unquestionable results from safety
performance indicators, a recognized international harmonization of nuclear safety, and compliance with
legally binding international instruments such as the Convention on Nuclear Safety.
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4. Operator and maintenance costs

In the competitive environment and to face deregulation, longer fuel cycles and life extension are
most appealing but with safety being an overriding priority. Periodic safety reassessment, risk informed
decisions and modern I&C to support human factors requirements are essential.

In this scenario, the Agency can play a most important role. This involves provision of a wide
range of safety systems based on peer reviews by teams of international experts and assistance to
Member States on the utilization of IAEA's safety standards which are to be fully revised by the year
2000.
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Preparing for the Future by Improving Performance of Today's Nuclear Stations
- The WANO Perspective

Ryosuke Tsutsumi
Director

World Association of Nuclear Operators (WANO) Tokyo Centre

World Association of Nuclear Operators, WANO in short, was established in 1989 after the
Chernobyl accident with the mission of maximizing safety and reliability of nuclear power plant
operation by information exchange, comparison, emulation and communication among members.
Currently all the nuclear power plants in commercial operation in the world from 35 countries and
areas belong to WANO and work together to fulfil this mission. Actual WANO activities are based on
Regional Centres located in Atlanta, Moscow, Paris and Tokyo under the integrated leadership of
WANO Governing Board consisting of representatives of these Regional Centres.

Eight years has passed since WANO was inaugurated. During this time, WANO has made Nuclear
Network available as a handy tool of communication among members and Centres, and constructed
various programmes to serve to improvement of plant performance such as Event Reporting,
Exchange Visit, Workshop/Seminar, Performance Indicators, Good Practices and Peer Reviews.

It was last May at 1997 WANO Biennial General Meeting in Prague where the implementation of
Internal Review was announced as a joint idea of Mr Remy Carle, outgoing WANO Chairman, and
Dr Zack Pate, new WANO Chairman, to review current status of WANO to be reflected to the future
development. The review team was Mr Bob Franklin and Mr Ray Hall were appointed to engage in
this mission. They vigorously visited members all over the world and ended up with 189 interviews
with individuals and groups of WANO members. The report was issued in January this year.

Internal Review Report outlined various areas still to be improved and indicated possibilities for
reinforcing individual programmes. Consequently prioritisation of programmes was introduced to
increase effectiveness and the existed WANO programmes were realigned. As described in the new
programme realignment, now WANO has four programme areas as listed under which some
individual programmes are located.

The new WANO programme realignment is as follows:

Operating Experience
Peer Review
Professional & Technical Development

Workshops/Seminars/Courses
Technical Support & Exchange

1. Good Practices
2. Operator Exchanges
3. Performance Indicators
4. Technical Support Missions
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It is a well-known fact that the contribution of Institute of Nuclear Power Operation (INPO) in the US
was substantial in establishing and maintaining WANO programmes since that start of WANO. As
the result of Internal Review, it was an unanimous opinion that INPO programmes and INPO
approach of solving problems were so good that WANO should try to adopt INPO way wherever
possible.

Operating Experience, as it is listed on top of the list, is deemed as the most essential of the WANO
programmes. WANO has various improvement plans to increase effectiveness of this programme by
revising reporting criteria, adopting coding system common with IAEA and IRS, establishing Central
WANO Operating Experience team, etc.

Peer Review is currently the most highlighted programme in WANO. Peer review is an on-site review
using peer knowledge and credibility to offer valuable information to a host plant. Strengths identified
by the team may be useful to other member utilities. Areas for improvements identifies where in plant
operation improvements are possible to achieve excellence at a host plant.

Professional & Technical Development includes workshops, seminars and various courses. They aim
to exchange specific experiences among members in more depth. Workshop/seminar is one of the
initial WANO programmes and has been appreciated as an effective programme while courses are
rather new as INPO courses are made available through WANO channel to reinforce weakness of
members.

Technical Support & Exchange area includes four programmes; Good Practices, Operator Exchanges,
Performance Indicators and Technical Support Missions. Good Practices are collected and
disseminated among members, which enable members to learn from each other's best practices and
improve their own operational safety and reliability. Operator Exchanges enable members to directly
share best methodologies and high standards as a means to promoting improvements in plant
operation. Performance Indicators support exchange of operating experience information by
collecting, trending and disseminating nuclear power plant performance data, which provide a
common standard and a quantitative indication of plant performance for self-assessment and
comparison with other plans for improvement and are intended for use as a management tool.
Technical Support Missions is a new programme to establish within WANO the capability to provide
technical service to meet members' needs and requests.

To facilitate these WANO programmes, WANO has its secured network called WANO Network used
as a tool for direct contact among members and Centres. As all nuclear power plants in the world are
WANO members, they can learn each other from other member's experiences. The aim of members
is common, that is to improve operational safety in their power plants. Real improvements can be
made by spontaneous efforts of members rather than by government regulations because complacency
makes safety culture decay. Nuclear operators have to be humble to make unfailing efforts for the
safe operation of their plants. WANO as it is a private organization, mutual cooperation and voluntary
participation of members are essential. Very often, members' contribution without expecting any
reward is required because nuclear business is inter-reliant in the present world tightly bound by real-
time information. When a weaker member becomes stronger, the whole WANO can be stronger
aiming always for maximizing safety and reliability of nuclear power plant operation.
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"Technical and Institutional Preparedness for Introduction
of Evolutionary Water Cooled Reactors"
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Since 1982, U.S. utilities have been leading an industry-wide effort to establish a technical
foundation for the design of the next generation of light water reactors in the United States.
Since 1985, the utility initiative has been conducted for the utilities through a major technical
program managed by the Electric Power Research Institute (EPRI) ~ the U.S. Advanced Light
Water Reactor (ALWR) Program. In addition to the U.S. utility leadership and sponsorship, the
ALWR Program also has the participation and sponsorship of the U.S. Department of Energy
(DOE), international utilities, and NSSS vendors. International utilities include KEPCO (Korea),
Taipower (ROC), ENEL (Italy), GKN (The Netherlands), JAPC (representing the Japanese
utilities), EdF (France), UNESA (representing the Spanish utilities), VDEW (representing the
German utilities), UAK (representing the Swiss utilities), Tractabel (Belgium) and British
Energy. NSSS vendors include ABB-CE, General Electric, and Westinghouse.

The main goal of the ALWR Program has been to develop a comprehensive set of design
requirements for the ALWR, and to use those requirements as the technical basis for achieving
standardization and regulatory stability in new plant design, construction and operation. The
ALWR Utility Requirements Document defines the technical basis for improved future LWR
designs, and has become an international standard and has been used for bid specifications for
new plant orders.

The ALWR program provided a foundation for a comprehensive initiative for revitalizing
Nuclear Power in the U.S., as set forth in the Nuclear Energy Industry's "Strategic Plan for
Building New Nuclear Power Plants", published in November 1990 and updated annually.
Before 1994, this initiative and its Strategic Plan were co-ordinated by the Nuclear Power
Oversight Committee (NPOC); after 1994, they were co-ordinated by the Nuclear Energy
Institute (NEI). The Final Report of the Strategic Plan was issued in May 1998. The Strategic
Plan contains fourteen building blocks, each of which is considered essential to building new
nuclear plants. EPRI's responsibilities under the Strategic Plan were the Utility Requirements
Document, the First-of-a-Kind Engineering (FOAKE) program, Siting, and support to the
Advanced Reactor Corporation for other project-specific building blocks. NEI's responsibilities
under the Plan included all the institutional building blocks. The Institute of Nuclear Power
Operations (INPO) was responsible for life-cycle standardization.

The next nuclear plants ordered in the U.S. will be Advanced Light Water Reactors (ALWRs).
Two types have been developed: large units (about 1300 MWe) called "evolutionary" ALWRs
and mid-size units (about 600 MWe) called "passive" ALWRs. The term "passive" refers to the
safety features that depend more on natural processes such as gravity and buoyancy than on
powered equipment such as pumps. Based on the IAEA convention for the term "evolutionary
designs" (as contrasted to "revolutionary designs"), the US considers the mid-size passive
ALWR to be an evolutionary plant in the context of this symposium, since it is based on proven
technology and will not require a prototype.
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The conclusion that new nuclear plants in the U.S. will be ALWRs is based on many factors:

• the extensive operating experience with today's light water reactors (LWRs);
• the extensive infrastructure and regulatory basis that has been established for LWRs
• the major reliance on nuclear energy today (—100 GWe of U.S. capacity — 2 0 % of total);
• the imposing challenge of duplicating this infrastructure and regulatory basis for non-LWRs;
• the major improvements over LWRs achieved in ALWRs (safety, simplicity,

maintainability);
• the known, favourable economics of ALWRs compared to non-ALWR nuclear options;
• the achievement of Design Certification by NRC for the AB WR and System 80+ in 1997;
• the confidence that the AP600 mid-size passive design will achieve Certification after having

received the Final Design Approval in 1998.

At its inception, the ALWR Program envisioned new plant orders in the US shortly after the turn
of the century, and geared its milestones and deliverables to enabling ALWRs as an option for
utilities by about 2000. The project-specific milestones for this objective have largely been met,
and remaining milestones will be met before or shortly after the turn of the century. What was
not anticipated at the inception of the ALWR program were all the institutional challenges to new
plant construction in the U.S. The dominant challenge today to new construction of large base-
loaded power generating stations in the U.S. is the deregulation of the generation sector of the
electricity business. This deregulation process will take many years, and is sufficiently
unpredictable at this point that most decisions on new baseload generation are being deferred.
Where essential, lower capital cost capacity additions (e.g., gas-fired combustion turbines) are
being made, even if their fuel costs are higher.

As the U.S. looks to the first decade or two of the next century, a very promising picture emerges
for expanded reliance on nuclear energy:

• Most current plants continue to operate economically, with all objective indicators of plant
safety and performance continuing to improve, a trend that is likely to continue;

• Increasing appreciation among energy policy and political leaders that nuclear energy is an
essential part of a balanced energy supply and environmental protection strategy for the next
century - a strategy that exploits the low life-cycle cost of nuclear and its clean air benefits;

• The costs of nuclear generation are likely to remain constant or continue the historical
decline of the last decade, due to continued efforts to improve efficiency, increase capacity
factors, reduce outage times, control O&M costs, etc. By comparison, fossil generation may
face increased capital and operating costs associated with increased environmental controls
over SO2, NOx, particulates, CO2, etc;

• Continued positive trends in public acceptance of the need for nuclear energy as part of the
energy mix;

• Likely progress on reducing regulatory uncertainty and barriers to new construction;
• Likely progress on spent fuel storage and disposal issues.

However, in the U.S., new orders for nuclear plants are not imminent. There are three primary
reasons for this - the lack of demand today for major new construction of baseload capacity, the
economic and structural uncertainty associated with deregulation, and the lack of an assured
resolution to public concerns over long term management of nuclear waste. These issues are
inter-related and will take years to resolve. Moreover, the life extension of current plants, via
U.S. regulations that enable a 20-year license renewal, is the more urgent issue, from both an
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industry perspective and a national energy strategy perspective. The fact that most utilities will
address the license renewal of their current plants first, before building new ones, has other
benefits as well, such as providing a clearer picture of the regulatory environment for new plants.

Deregulation will likely drive further consolidation of the electricity business, as evidenced in
recent nuclear utility mergers, acquisitions, and plant purchases by the larger utilities intent on
remaining in the generation business. Deregulation has focused attention on some of the
inefficiencies in the current regulatory regime for nuclear energy, and is likely to drive the U.S.
government to find more effective ways of providing adequate protection of public health and
safety. Deregulation has also focused the industry on the significant variations in production
costs among plants, fueling the belief that the industry as a whole can make further
improvements in this area to match the stable, low cost performance of the top ten plants. These
lowest cost plants are also high performance plants from a safety and regulatory perspective.

Finally, deregulation has focused the nuclear industry on the imperative for ensuring that total
busbar costs for ALWRs are competitive with non-nuclear options. Industry can anticipate some
increases in future fossil generation costs from environment regulations, but cannot rely on such
potential future cost increases as a panacea for off-setting the high up-front capital costs for
nuclear energy. Industry in the U.S. is looking at the possibility of further cost-saving
enhancements to ALWR designs and construction methods, as well as life-cycle cost savings
from standardized practices, regulatory efficiencies, and shared infrastructure support (e.g.,
common training, engineering, maintenance facilities and personnel).
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ADVANCES IN TECHNOLOGIES FOR DECAY HEAT REMOVAL
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ETH-Zentrum, CLT, CH-8092 Zurich, Switzerland

Various water-cooled reactor concepts are at different R&D and design phases today. These
include evolutionary plants as well as a number of plants where certain safety functions, and in
particular long-term decay heat removal from the core, are achieved by passive systems. Typical
examples in these new generations of plants are the ABWR, EPR, System 80+, BWR 90, KNGR,
APWR, EP 1000, ESBWR, SWR-1000, WWER-1000, CANDU-9, AC-600, AP-600, WWER-640,
CANDU-6, AHWR, etc [1].

After the first phase of most Loss of Coolant Accidents (LOCA) in water reactors, core and
system temperatures get stabilized and the main concern is the evacuation of decay heat from the
primary system and finally from the containment. In the "classical" water reactor systems, these
functions have been assigned to redundant and diverse active Emergency Core Cooling Systems
(ECCS). A high degree of reliability and safety of such systems can be achieved by increasing their
redundancy, separation, diversity, etc. Since active systems need fairly large electric power supplies to
operate, the availability of such electricity sources must also be improved. Such improvements also
bring, however, added complexity to the systems. The most recent designs take advantage of
accumulated experience and combine the best characteristics of existing reactor systems in an optimal
way to achieve even higher reliability and safety in active core and containment decay heat removal.

In certain other new-generation evolutionary plants, this safety function is satisfied via increased
use of passive systems. Passive systems use only natural forces such as gravity, natural circulation and
compressed gas to operate. The heat sinks needed to dispose of the decay heat are provided by water
pools or the atmosphere. There are no active components such as pumps, fans, diesels, water chillers,
etc. Passive systems may require, however, the alignment and actuation of a few valves.

This paper reviews design approaches taken to improve the safety of long-term decay heat
removal from the core and the containment in these new plants. Certain advances achieved by further
improving active systems and their configurations are mentioned, but the main emphasis is on reviewing
the various passive approaches proposed and in identifying common features and trends. The paper does
not consider the so-called innovative plants where the design deviates significantly from that of existing
plants and where more radical approaches have been proposed [1]).

EVACUATION OF THE DECAY HEAT FROM THE PRIMARY SYSTEM

Long-term cooling of the core requires that it be kept covered with water and that the decay heat
be evacuated from the primary system. In case of a LOCA, the core water inventory is replenished by
low- or high-pressure safety injection systems. In pressurized systems and for small leaks the Steam
Generators (SG) also evacuate decay heat. Design improvements in relation to this function include:

— Provision of a larger initial water inventory in the RPV (or in the SG secondary side) leading to
longer core uncovery (or SG dryout) times.
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— Elimination of primary system piping.

— Relocation of emergency cooling water sources inside the containment.

— Flooding of the reactor cavity to a level above the top of the fuel.

— Automatic depressurization of the primary system followed by low-pressure safety injection or
gravity-driven emergency coolant injection.

— Addition of passive high-pressure passive core inventory make-up systems (core make-up tanks).

— Use of "isolation condensers" (typically immersed in pools) to condense primary-system or
secondary SG steam, etc.

EVACUATION OF THE DECAY HEAT FROM THE CONTAINMENT

In the classical water-cooled reactors the evacuation of the decay heat from the containment is
accomplished by power-driven, forced-circulation coolers, sprays, heat exchangers, etc. Passive means
for evacuation of the decay heat must rely on natural circulation. The atmosphere is usually the ultimate
heat sink. Since the available temperature differences and the natural-circulation heat transfer
coefficients are small, passive containment cooling often relies on the evaporation or/and condensation
of water. Condensation often takes place in the presence of non-condensibles. Techniques that have been
used for long-term containment cooling include:

— Condensation on the inside surface of the containment, conduction of heat through the containment
(metallic) wall to the atmosphere enhanced by dousing of its external surface.

— Condensation on (possibly finned) water-cooled condenser tubes located near the roof of the
containment building. The secondary-side water transfers its heat to a pool located on the
containment building; the pool water ultimately evaporates providing a heat sink for a sufficiently
long time.

— Schemes for cooling the pressure-suppression pool in that type of containment.

— Schemes for cooling water in the reactor cavity, etc.

REFERENCES

[1] INTERNATIONAL ATOMIC ENERGY AGENCY, Status of Advanced Light Water Cooled
Reactor Designs 1996, IAEA-TECDOC-968, Vienna (1997).
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Containment is a key component of the mitigation parts of the defense in depth philosophy of a nuclear
power plant since it is the last barrier designed to prevent large radioactive material release into the
environment in the event of an accident. In addition, because the containment is contributing a significant
part of the entire station cost, considerable efforts have been devoted to reduce the costs associated with
construction and maintenance.

While the current containments meet the objective they have designed for and provide a substantial
contribution to the defense in depth approach, many design improvements are proposed for future plants
to further enhance safety and economic aspect.
The safety for currently operating reactors is categorized by three level of design approaches, based on the
current licensing and design basis requirements:
D Accident resistance is ensured by design margins, redundancy and diversity of safety systems, and in-

service inspection and testing to assure reactor coolant pressure boundary integrity
C Core damage prevention is ensured by dedicated safety systems to meet regulatory requirements
• Mitigation is provided by the containment and associated systems

During the last decade, in the aftermath of the TMI and Chernobyl accidents, the problems related to
severe accidents - accidents beyond design basis events - have been discussed. Owing to the inherent
phenomenological uncertainties limiting a complete understanding of the extremely complex severe
accident scenarios, the two ultimate conclusions related with the containment system design are:
• Nuclear plant designs must incorporate engineered safety features intended to prevent the occurrence

of a severe accident and to mitigate its consequences if one were to occur
3 The containment structure must be robust to safely withstand the consequences of a severe accident

with ample design margins
Therefore, the design bases for the ALWR are extended so that the containment integrity shall be

warranted for all the accidents including the postulated severe accidents involving core damage.
To cope with severe accidents, the ALWR adopts new system design measures such as reactor cavity
flooding system, improved RCS depressurization system, hydrogen control system, and enlargement of
reactor cavity area, etc. Furthermore, the containment shall be designed robust to withstand the
consequences of a severe accident with ample design margins, and large containment free volumes are an
absolute requirement for the ALWR because of the severe accident concern with the generation of
hydrogen.

A containment can be designed in many ways to meet safety and economic goals. Because a
containment is one of significant contributors for the plant economy, design optimization efforts to arrive
at the most economical containment for the particular conditions are necessary. Therefore, major factors
affecting containment design such as, the nuclear steam supply system, the size of containment, the
volume-pressure relationship for the design basis accident, the containment performance during a
postulated severe accident, the intensity of the earthquake, the dynamic and static soil characteristics, the
soil bearing capacities, state of the art of design and construction, target date of completion, etc. are
discussed considering both the current and extended design bases due to the postulated severe accidents.

An overview of advances for the PWRs, BWRs, and HWRs such as ABWR, APWR, EP 1000, EPR,
ESBWR, KNGR, System 80+, WWER-640, AP-600, CANDU-9 is also surveyed and addressed.
Especially, containment system design features are surveyed in the areas of concern such as containment
type including single vs. double containment, containment heat removal, hydrogen control, fission product
control, containment isolation and leakage rates, containment overpressure protection, RCS
depressurization, reactor cavity configuration, and other features, if any.
Most of the proposed containment designs appear to be in compliance with the existing and newly
emerging safety, technical and economic objectives, even though the approaches are slightly different
from country to the plant. Concerns for severe accident protection and mitigation appear to be well
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integrated in the design, which are intended to provide a step forward in safety and technology.
The major advanced features adopted in the ALWR are as follows:
D large volume of robust containment
Q double containment with an annulus filtered ventilation system
D a large reactor cavity for retention and cooling of core debris or a special design feature

considering containment melt-through
D a reactor cavity flooding system
D adoption of IRWST for a PWR containment

Passive safety system has been applied for the medium size reactor, however, the concept may be
extended to the large size units because of the inherent benefits utilizing the natural phenomena with
design features simplifying the safety systems.

REFERENCES
U, DInternational Atomic Energy Agency, "Status of advanced light water cooled reactor designs 1996",

IAEA-TECDOC-968, Vienna (1997)
Q_v_DInternational Atomic Energy Agency, "Advanced in heavy water reactor technology", IAEA-

TECDOC-984, Vienna (1997)
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All the organisations involved in nuclear power development and generation continue to give
increasing attention to the safety and economics of the current and future nuclear power plants. In
particular, enormous efforts are being devoted to this subject world-wide by designers, utilities and
regulatory bodies as applied to advanced water-cooled reactors. In many future reactor concepts a
reasonable coupling of traditional safety systems and new passive means is adopted as the possible way
to improve the safety, economics, and the public acceptability of the nuclear power.

Strictly speaking, a reactor system cannot, in general, be rigidly classified only by the two terms
"active" and "passive" - we often find both passive and active features existing together in a single
system occuring in an existing plant or in an advanced concept. In several IAEA Technical Committee
meetings the general definitions, descriptions and explanations of passive/active systems were given.
Usually a system should be classified as passive one if no external input is needed to perform its
functions; this definition allows the use of instrumentation and the one-time repositioning of valves if
adequate passive power supplies (e.g., batteries) are available. One may also ascribe the "degree of
passivity" to the system depending on the existence and necessity of the moving fluids, moving
mechanical parts and external initiating signals. Otherwise a system is considered as the active one and
again the "degree of activity" varies depending on the necessity of human actions and external input to
initiate or to operate the system.

A reasonable balance between the passive and active systems is to be established on the basis of a
detailed consideration of their advantages and disadvantages as applied to their effect on the overall
plant safety and total cost. One of the most essential advantages of a passive system is the independence
from external energy supply. The passive systems may be more reliable than the active ones for some
design functions. Besides, the use of passive systems decreases the possibility of human errors and
makes the plant less sensitive to the plant equipment malfunctions and erroneous operator actions. The
main drawbacks of passive systems include the lower driving forces and less possibility to alter the
course of an accident if something undesirable happens (i.e., less operational flexibility). The lower
driving forces might lead to quite large equipment, and this factor may reduce the cost savings projected
from elimination or downsizing of active components. In many cases, there are neither reliable
analytical tools nor sufficient operating experience of the passive systems to evaluate their performance
under the real plant conditions. So, time- and money-consuming research and development works may
be needed individually for each advanced reactor concept. The design decisions in relation of the
balancing active/passive features may also depend upon the functions assigned to the given system. In
particular, the system having an important role in the mitigation of severe accident consequences in
potentially polluted areas (e.g., the part of the containment cooling system which is located inside the
containment) could be designed as passive as reasonably achievable. This is because of the difficulty or
even impossibility of access to such areas and because of highly reduced or even zero requirement for
maintenance of passive components even during long term operation.

Both novel and more or less proven passive systems and features are proposed in many advanced
water cooled reactor designs. Some designs have only implemented a few passive features to the
traditional systems, and some other designs make widely use of the passive systems to ensure or to back
up a number of safety functions, such as reactor shutdown, core cooling, residual heat removal, and
confinement of radioactive substances. The Russian advanced WWER-1000/W-392 reactor has the
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increased number of gravity-driven scram rods to maintain shutdown margin even in the absence of
boron supply. Besides, special quick boron supply system driven by the main coolant pump coastdown
has been designed and tested as a diverse system to the gravity-driven scram system for this reactor. A
rapid emergency boration system is also implemented in the Sizewell PWR for diverse reactor shutdown
(it is operated by the inertia of the main coolant pumps as well). The emergency core cooling in the most
of the water cooled reactors (both current and future ones) is ensured by a combination of passive
(hydroaccumulators) and active (pumps) features. The tendency for some advanced designs in
comparison with the existing plants is to widen the primary pressure range for passive injection and to
make it more controllable. American AP-600, Russian W-392 and W-407, Mitsubishi APWR designs
could be mentioned as the examples of this tendency. In particular, Mitsubishi APWR designs make use
of the advanced accumulator system to ensure the safety functions of core cooling. It has function both
the accumulator tank and low pressure injection pump of the conventional plant. So the low pressure
injection pumps are eliminated and the safety injection system configuration is simplified. All the
advanced concepts imply substantial improvement of the containment functions with respect to the
radioactivity confinement in case of a core melt accident. Such functions as containment heat removal,
hydrogen management, core debris cooldown and prevention of basemate melt-through are probably
among the most proper areas for passive systems usage. Many advanced water cooled reactor concepts
have implemented or considered different passive means to ensure these functions. For example, the
EPR concept with large power while preferring mainly active means for the prevention of core melt
accidents also makes largely use of passive systems and components to ensure the containment of
radioactivity after such an accident.

The utilisation of passive systems in a reasonable combination with or instead of traditional
active systems is being considered as the important measure to enhance the safety in many concepts of
the next generation plants. The right balance of active and passive systems can be found only for each
advanced concept separately, but the basic criteria for decision-making are the same for the most of the
concepts. These criteria are mainly based on the weighing of passive and active system's advantages
and disadvantages with regard to the designated functions, overall plant safety and cost. There are some
aspects in this area which are very plant specific, e.g. the validation of passive systems for plant
conditions, integration of passive features in the overall safety systems, in-service inspection of passive
components, etc. These problems have to be addressed by each plant designer to propose the optimal
combination of active and passive systems and components. Nevertheless, one can conclude that passive
systems/components have clear potential advantages in some applications. This conclusion is
particularly true for beyond design basis accidents, and the passive means (systems) are being designed
in many advanced reactors for severe accident mitigation. The design basis for these passive means
(systems) is to be established with account for probabilistic safety criteria.
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Over the last two decades, we have experienced a very rapid development in the fields of
electronics, computers and software; new generations of equipment with much improved
capacity and performance over their predecessors are introduced to the market at a high rate.
This is also reflected in the development of new and improved systems for instrumentation and
control in industrial plants as well as in power plants. The new systems take advantage of the
technological achievements to accommodate more sophisticated and efficient treatment of
measurement and control signals, for high speed and reliability but also for high flexibility and
versatility.

The new technology has made its way into the major industries, including conventional power
plants. The nuclear industry has been slow in its adoption, however, in spite of the advantages
that the new technology may bring compared with the systems currently installed at the
operating nuclear power plants. A main reason for this under-representation is probably that
only few new plants have been ordered during the eighties when the new technology matured.
The traditional conservatism within the industry calls for proven designs, and this means that
any new technology must attain maturity before it becomes acceptable for nuclear power plant
applications. Today, the situation is changing; the equipment of the currently installed systems,
which were typically designed in the late sixties and early seventies, is becoming obsolete and
need to be replaced by modern equipment. Such modernisation efforts are now underway in
quite a number of nuclear power plants in the world. And for the new, advanced water cooled
reactor designs that have been developed, or are under development, the modern I&C
equipment represents a fully integrated feature.

A new I&C system typically consists of three major components: hardware, software and an
information network. The hardware can be configured in many different ways to yield
solutions, which are both efficient and reliable. The software is typically divided into systems
and application software. The information network is connecting the various nodes in the
system to each other. For a simple plant function, the system may comprise only one unit for
converting a process measurement to a digital signal that is fed into an information network
from which it may be picked up by a process computer. In more complex configurations, there
will be a larger number of process interface units connected by information network(s) to
higher hierarchy processors, which in turn may interact with Man-Machine-Interfaces in the
control room and/or a process computer. The configuration will have to be adapted to the
conditions of the specific plant, in particular when modernisation projects are being discussed.

As compared with the mainly analogue systems, which were installed in the sixties and
seventies, the new systems bring a number of benefits. The functions of the analogue systems
were restricted for both physical and economic reasons, while the new systems are more

1 Technical Research Centre of Finland, VTT Automation, POB 1301, FIN-02044 VTT, Finland

2 ABB Atom, SE-72163 Vasteras, Sweden

3 International Atomic Energy Agency, Div. Nuclear Power, POB 100, A-1400 Vienna, Austria
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flexible and in practice, without limitations with respect to the number of functions included.
Furthermore, there is no drift in the new systems, and signal storage is not limited by any
physical restrictions. It has also been shown that the functionality of a control room built with
an extensive use of visual display units (VDU) is far better than the old conventional control
rooms of the sixties and seventies. Another advantage with the new I&C systems is that
advanced diagnostics and automatic back-up of important functions for safety improvement are
easily included.

In spite of the general advantages of the new I&C systems, there are also some new problems
emerging. A very rapid technical development renders the new systems with a considerably
shorter lifetime than the old analogue systems, even though a future exchange to a new gene-
ration should be possible without too many complications, as long as the basic configuration
structure can be maintained. The new systems with their mixture of standard software for
different hardware units and application software are far more complex, and this poses pro-
blems with respect to their verification and validation (V&V). The new electronic components
are more sensitive to electromagnetic interference, and therefore, environmental compatibility
has become a far more important issue than earlier. Another problem is associated with the
V&V of commercial off-the-shelf software that is used extensively in the new systems. As a
consequence of these problems, the licensing process of digital programmable I&C systems for
safety applications has become more untraceable.

The paper will discuss the benefits and difficulties associated with the use of the new systems
for nuclear applications, using modernisation efforts in nuclear power plants, as well as appli-
cations in modern advanced water cooled reactor designs, as examples. It will also give refe-
rence to activities at various international organisations, and to research that is ongoing as an
effort to solve the problems.
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The currently operating nuclear power plants have, in general, achieved a high level of
safety, as a result of design philosophies that have emphasized concepts such as defense-in-
depth. Typically, this has involved designing plants to withstand the challenges due to a range of
design-basis accidents and selected external events. Concepts involving single failure were
incorporated into the design basis of the plant and conservative analysis approaches were used
in the evaluation of accidents. This type of an approach has resulted in plants that had robust
designs and strong containments, and which were later found to have capabilities to protect the
public from severe accidents, or accidents beyond the traditional design basis accidents.

In spite of the high level of safety achieved by current plants, it has also been recognized
that future plants need to be designed to achieve an enhanced level of safety, in particular with
respect to severe accidents. This has lead both regulatory authorities and utilities to develop
guidance and/or requirements to guide plant designers in achieving improved severe accident
performance through prevention and/or mitigation. A recent proposal in this regard is that severe
accidents beyond the existing design basis should be systematically considered and explicitly
addressed during the design process1. For currently operating plants, increased use of
probabalistic safety assessments and improvements in the understanding of severe accident
phenomena have identified a number of severe accidents challenges that have been addressed
through plant modifications or accident management strategies. For future plants, a recent
review of trends in the development of water cooled reactors has resulted in a similar set of
severe accident challenges that are commonly being considered in new plant designs2. Among
these are challenges from high pressure melt ejection and direct containment heating, hydrogen
combustion, steam explosions, and core-concrete interactions.

As a result of the extensive severe accident research programs that have been
conducted in a number of countries, considerable progress has been made in recent years in
understanding these issues. This research has provided a large body of technical data,
improved analytical methods, and the expertise necessary to allow plant designers to develop
strategies to prevent or mitigate the more important severe accident challenges for their designs.
The advances in the understanding of some of the more important severe accident challenges
are often leading to common approaches being employed by designers to deal with the more
important challenges.

For example, a common design feature being employed to prevent early containment
failure from high pressure melt ejection and direct containment heating is through incorporation
of means to reliably depressurize the primary system prior to melt-though of the vessel. In
addition, several designs are taking advantage of the insights gained from recent severe accident
research to provide for containment structures that minimize the amount of molten core debris
that is dispersed from the reactor cavity, thereby further minimizing the challenges imposed by
direct containment heating. Another area where there are common strategies to mitigate the
challenges from severe accidents is in the area of hydrogen combustion. Typically, this involves
use of large volume containments to limit hydrogen concentrations and installation of hydrogen
igniters and/or passive autocatalytic recombiners to further limit the likelihood of hydrogen
combustion. Alternately, inerting the containment is employed by at least one design to prevent
hydrogen combustion.
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In other areas, such as steam explosion and debris coolability, severe accident research has
improved the understanding of these phenomena but has not resulted in a consensus on means
to prevent or mitigate the challenge to the containment. As a result, alternate strategies have
been employed to respond to these threats. For ex-vessel steam explosions, strategies
employed range from designs to maintain the reactor cavity dry prior during melt relocation to the
reactor cavity, designing capabilities for ex-vessel cooling to prevent vessel failure, or
demonstrating that the reactor cavity design will withstand the potential steam explosion without
failing the containment.

Another area where there is not a definitive strategy to mitigate the challenge to the containment
is in the area of ex-vessel debris coolability to prevent core concrete interactions. One concept
pursued in certain evolutionary designs is to provide a large spreading area and an overlying
water pool to enhance debris cooling, thereby arresting core concrete interaction. An alternate
proposal being pursued in at least one design is to provide for a core catcher concept with
cooling by water ingression from below.

In summary, as a result of the considerable progress made as a result of the severe accident
research worldwide, designers of future plants are able to utilize the improved knowledge, data
and analytical techniques to incorporate features into their designs that will prevent or mitigate
many of the severe accident challenges present in current plants.

1. International Atomic Energy Agency, Development of Safety Principles for the Design of
Future Nuclear Power Plants, IAEA-TECDOC-801, Vienna(1995)

2. International Atomic Energy Agency, Design Measures for Prevention and Mitigation of
Severe Accidents at Advanced Water Cooled Reactors, IAEA-TECDOC-1020, Vienna
(1998)
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Synopsis

NPI, Siemens and Framatome, in cooperation with EDF and the
major German Utilities, started the development of the European
Pressurized Water Reactor (EPR) as an evolutionary approach. After
a careful evaluation of the potential of passive safety features, this
way was concluded to be superior compared to a revolutionary
approach. Generally the development of revolutionary designs
started at a time when passive safety features were assumed to be
helpful in public acceptance discussions where slogans like "small is
beautiful" and "walk away reactor" were created. Many of these
revolutionary designs disappeared from conferences and from the
market in the meantime. The vast majority of advanced reactor
designs being developed today is of the evolutionary type. The
advantages to base an advanced design on the feedback of operation
experience of the more than 100 nuclear power plants designed and
constructed by Siemens and Framatome are outstanding.

This view is shared by the German and French safety authorities
which defined their preference for an evolutionary design early at
the beginning of their cooperation for the definition of a common
safety approach for future nuclear power plants to be built in
Germany and France.
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In their first common set of recommendations, they gave a clear
guideline regarding their point of view for requirements posed to the
next generation of nuclear power plants:

• Preference for an evolutionary design in order to derive a
maximum benefit from experience.

• Significant safety improvements by reduction of core meltdown
probability and improvement of the confinement function of the
containment under accident conditions.

• Improvement of operating conditions regarding radiation
protection, maintenance and human errors.

Besides the French-German cooperation of vendors, utilities and
authorities, the European utilities cooperate on a much broader basis
for the establishment of the European Utilities' Requirements (EUR).
During the development process of basic design, the EPR was
continuously assessed against these EUR and it was concluded that
the EPR complies with these requirements.

At the end of the basic design phase at the end of 1997, all
information necessary to file a preliminary safety analysis report and
a reliable bill of quantities was elaborated. With this information EPR
is ready to be offered on the international market.

The major design features of EPR with regard to the two particular
development targets, enhancement of safety level and competitive
power generation costs can be summarized under the following
headlines:

• Simplification of safety systems and elimination of common mode
failures by physical separation of redundant safety system trains
and diverse backup functions for safety functions. This design
enhances the safety level and allows in parallel for preventive
maintenance measures during operation that provide cost savings
in the field of operation and maintenance.

• Increased grace periods for operator actions by designing
components with larger water inventories and reduced sensitivity
to human errors. This design enhances the safety level by
smoothening transients and avoiding their propagation to
accident sequences. In parallel the economic performance of the
plant is improved by a reduction of the forced shutdown
frequency.
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• Although the severe accident frequency has been further reduced
by deterministic design criteria and probabilistic verification of
design choices, design measures have been taken to limit the
consequences of severe accidents including core melt scenarios to
the plant itself. Relocation or evacuation in the plant vicinity is
ruled out and the restrictions to the use of foodstuff are limited to
the first year harvest.

• The economic competitiveness of the EPR is ensured by a number
of measures that address all components of the power generation
cost i.e. a preventive maintenance concept, improved plant
availability, improved efficiency, optimized design to reduce
investment cost and construction time and a design lifetime of 60
years. The most outstanding feature, however, is a significant
reduction of fuel cycle cost mainly by the design of high burnup
cores with excellent neutron economy. The large unit size grants
favorable specific investment cost.

After the finalization of the basic design, the EPR is ready for the
international market. During the year 1998 a further optimization is
going on to reach outstanding low generation costs, which ensure
competitiveness even against combined cycle plants. All information
necessary for preparing a preliminary safety analysis report and for
applying for a construction license are available. It is developed in an
evolutionary way on the basis of operating experience of more than
100 nuclear power plants built worldwide. The most recent nuclear
power plants built in Europe, the French N4 and the German
KONVOI serve as its reference plant by proving outstanding
performance records. In addition to its enhanced level of safety it
ensures the competitiveness of nuclear power with alternative energy
sources.
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The international nuclear power plant market has created demands of increased safety and
reliability, cost competitiveness, and compliance with design and licensing criteria. While
some design improvements can lead to increased safety with decreased costs, frequently
increased safety leads to increased costs - resulting in the dilemma of choosing between
improved safety and increased cost.

ABB believes that a significant part of the answer to this dilemma is the use of
"evolutionary" improvement and implementation (construction) processes. In this context, an
evolutionary design process means that improvements are made in relatively small steps
using proven components in order to maintain high confidence in the design itself, in the
ability to quantify safety benefits and readily license the design change, and in the
performance of the components themselves when actually installed. The following sections
describe (1) design improvements in the System 80+ Standard Plant Design and the
evolutionary implementation of those changes in the construction program in Korea, (2)
System 80+ advanced design features being included in the Korean Next Generation Reactor
(KNGR) program, and (3) the impact of design improvements on plant safety, as determined
through a Probabilistic Safety Assessment.

Emergency Feedwater System (EFWS)

The EFWS consists of two divisions, each with two emergency feedwater pumps and one
storage tank. Each pump has the capacity for full decay heat removal. Each seismically-
designed storage tank has enough water volume to provide accident mitigation and plant
cooldown to cold shutdown conditions. A cavitating venturi is included in each division to
limit the maximum flow to a ruptured steam generator. The EFWS is started automatically by
a low steam generator water level signal.

Features to Increase Redundancy:
• a 100 percent increase in the EFWS pump redundancy, achieved by increasing the

number of pumps from 2 to 4, which eliminates the need for cross connection piping
between EFWS divisions

• two dedicated EFWS tanks, located inside the seismically designed Nuclear Annex
building, eliminating the reliance on an external shared condensate storage, which may
be exposed to external hazards such as tornadoes and typhoons

• increased EFWS tank capacity
• two division separation of the EFWS, and four quadrant separation of the EFWS pumps

and piping, for protection from hazards such as fire, flooding, and pipe whip

Features to Increase Diversity:
• addition of piping connections to permit gravity feed from a water source, the condensate

storage tank, which is diverse from the EFWS tanks
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• addition of a diverse alternate AC power source, a combustion turbine generator, which
can supply power to either EFWS division

Features for Simplification:
• cavitating Venturis, which limit flow to steam generator pipe breaks and eliminate the

need for automatic flow isolation controls
• elimination of automatically controlled valves in the cross connection piping between

divisions
• elimination of safety related function for the condensate system
• addition of capability to test EFWS pumps at rated flow while the plant is operating

The improved EFWS is included in the Korean Standard Nuclear Power Plant (KSNPP) units
as well as the KNGR program.

Nuplex 80+™ Advanced Control Complex

The Nuplex 80+ Advanced Control Complex is a computer-based, evolutionary design
implemented with proven technologies. Plant-wide integration of digital I&C and man-
machine interfaces is achieved while retaining the information presentation, control access,
and spatial dedication formats present in existing control room designs. Prudent application
of modern I&C display and control technology provides an economical, user-friendly and
highly reliable advanced control complex for the System 80+ design.

The evolutionary implementation of Nuplex 80+ advanced I&C technology is clearly
demonstrated through its application to the KSNPPs being built in the Republic of Korea.
Currently there are three in operation and five in various stages of design, construction, and
start-up. Though each unit has a relatively unchanged conventional control room, the I&C
systems have become progressively more advanced as illustrated in Table 1.

Table 1
Implementation of Advanced I&C Features for the KSNPP Units

Design Feature

• Programmable Logic
Controllerss (Diverse Protection;
Rod Drive Control)
• Digital Balance of Plant Control
System

• Video Display Unit Monitoring

• Non-Safety Field Multiplexing

• Redundant Digital NSSS
Controls

• UNIX Advanced Workstations

• Digital Plant Protection System

• Digital Engineered Safety
Features Actuation System

Yonggwang 3&4
(1987)

X

/ X

. x

Ulchin 3&4
(1991)

X

X

X

X

Yonggwang
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(1995)
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X
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X

Ulchin 5&6
(1996)

X

X

X

X

X

X

X
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Figure 1 demonstrates the simplification of information presented to the operator and
reduced cabling costs. Similar benefits and lower costs are expected for the KNGR design.

Figure 1
Reductions in Control Room Instrumentation and Cable
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Reduced Core Damage Frequency and Reduced Offsite Radiological Impacts

Design advancements incorporated into the System 80 and System 80+ plant designs have
resulted in lower core damage frequencies, higher containment reliability, and
correspondingly lower large release frequencies and offsite doses. The evolutionary
improvement process, begun with ABB's 1300 MWe System 80 plant, is being continued in
the KSNPP program, and is being further enhanced in the System 80+ and KNGR programs.
The analytical results are shown in Table 2.

Table 2
Reduced Radiological Impacts for System 80 and System 80+ Designs

Criteria

Core Damage
Frequency

(events/year)

Large Offsite
Release

Frequency

System 80
(1300 MWe)

Internal Events:< 8E-5
External Events <5E-5
Shutdown Risk: <4E-5
•Total CDF: <1.7E-4

For 0.25 Sv/24 hr:
< 1.1E-5 events/year
@ 900m

System 80
(1050 MWe)

Internal Events: <7.7E-6
External Events <2.5E-5
Shutdown Risk: <1.5E-6
• Total CDF: <3.4E-5

<8E-6 events/year @
300m (dose not
available)

System 80+
(1400 MWe)

Internal Events: <1.7E-6
to1E-7
External Events: <1E-6
Shutdown Risk: O.8E-6
•Total CDF: <1.9E-6to
3.5E-6

For 0.25 Sv/24 hr:
<5E-8 events/year
@ 800m and <6E-8
events/year @ 300m
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A review of dose as a function of distance from the plant shows that for the System 80+
design the potential dose to an individual is reduced by more than two orders of magnitude at
all distances from the plant relative to the plant analyzed when the current US emergency
planning regulations were developed. The improvement relative to a typical currently
operating plant is more than one order of magnitude at all distances.

1.0E+01

Figure 2
Mean Individual Dose vs. Distance
(given a severely damaged core)
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In Japan, twenty-three PWRs are currently in operation. Experience in operating the early

PWRs has dictated future plants might be improved, particularly in the areas of plant availability,

safety, and occupational radiation exposure. So, since the mid 1970s, the Japanese government and

industrial group have worked together towards these objectives and started the Improvement and

Standardization Program for Light Water Reactors. The fruits of these efforts can be seen in the

APWR which is an advanced standardized plant design with higher reliability and safety

characteristics. APWR design was executed by the joint program of the PWR utilities (Hokkaido,

Kansai, Shikoku, Kyushu Electric Power Companies and the Japan Atomic Power Company) and

manufacturers (Mitsubishi Heavy Industries and Westinghouse Electric). The APWR is now a plant

which incorporates outstanding improvement in safety, reliability, operation, maintenance and

economy.

One of the important concepts of the APWR is the large power rating which decreases the

construction cost per electric generation capacity. Though the electric output was planned as

approximately. 1420MWe at the early stage of basic design, it was uprated to approximately.

1530MWe as a result of design progress, with efficiency improvement of the steam turbine and

reactor coolant pumps, and without any change in the system configuration or main components.

The APWR core consists of 257 fuel assemblies of an advanced 17x17 type and incorporates
flexibility to meet future requirements such as operation with mixed oxide fuel (MOX) more than
1/3 core and high burn-up fuel of more than 55GWd/t. The inner diameter of the reactor vessel is
approximately 5.2 m in order to accommodate 257 fuel assemblies.

Major components such as reactor internals and steam generators are designed to achieve high
reliability taking into account actual operating experience of current PWR plants, including
consideration of aging degradation mechanisms. One of the most outstanding features of the APWR
is the adoption of the radial reflector, which is made of stainless steel ring blocks and contributes to
simplification of the reactor internal structures.

Enhanced safety systems appropriate for an advanced LWR coming into operation early in the
21st century are introduced. The enhanced features of these systems increase redundancy and
diversity through the adoption of four mechanical subsystems in the safety injection system and
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containment spray system. They also require less operator action in case of abnormal events due to

the emergency water storage tanks located inside containment. In addition, the APWR adopts the

original passive technology in the accumulator design called "advanced accumulator". It can

compensate the role of conventional low head injection system composed of active components such

as pumps and valves with only passive components, thereby it contributes to reliability enhancement

and simplification of the ECCS design.

State of the art electronics, including digital protection and control systems and an advanced

control board are used to improve man-machine interface (MMI). Additional advanced technologies

have been incorporated to facilitate operation and maintenance of the plant and to reduce

occupational radiation exposure (ORE), especially during the periodic refueling and maintenance

outages.

Severe accident measures for APWR are also planned based on accident management plans

for existing PWR plants and the latest R&D information in the world.

We focus on the following two key specific features which characterize APWR design and

accommodate to Japanese PWR utilities' requirement to enhance safety and reliability and to

improve economic aspects.

• Radial reflector, which enhances reliability of reactor internal structures as well as
neutron economy in the core region.

• Advanced accumulator, which enhances ECCS reliability and contributes to system
simplification due to passive low pressure injection function.
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In order to meet national needs for increasing electric power generation in Korea in the
2000s, the Korean nuclear development group is developing a standardized evolutionary
advanced light water reactor, the Korean Next Generation Reactor(KNGR). It is an advanced
version of the successful Korean Standard Nuclear Power Plant(KSNP) design[l] which meets
utility needs for safety enhancement, performance improvement, and ease of operation and
maintenance. The KNGR design draws mainly on the proven concepts of the currently
operating KSNPs with uprated power and advanced design features required by the utility[2].

The KNGR development is a national long-term R&D program consisting of four
phases. The reactor type was selected and utility requirements were developed during the first
phase. Basic design of the KNGR is being completed in the second phase, and a design
optimization process will be followed to further optimize the KNGR design in the third phase.
Construction of the first KNGR unit as a final product of the fourth phase through the detailed
design work is planned to be completed in 2010.

Development of the nuclear steam supply system(NSSS) design of the KNGR has
focused on reducing the hot-leg temperature to improve the safety margins in the reactor core,
increasing the pressurizer volume to accommodate transients and reduce unnecessary
challenges to the plant safety systems, and using improved material to reduce stress corrosion
cracking of steam generator tubes and the associated inspection and plugging as a consequence,
etc. The KNGR safeguards system is configured to improve operability and
maintainability(Fig.l). Redundancy of the safety injection system(SIS) is increased by having
four independent mechanical trains. The SIS takes suction from the incontainment refueling
water storage tank (IRWST) and discharges directly into the downcomer of the reactor vessel.
The injected coolant flows directly into the reactor vessel to provide a simpler and more
reliable system that avoids the potential of coolant loss in case of a cold-leg break accident
inherent in the previous cold-leg injection schemes. The common headers and associated valves
are eliminated, and the low-pressure safety injection function and switchover from the external
water supply to the containment sump are also eliminated. A flow regulating device, fluidic
device, is being considered to be installed in the SITs. It takes an advantage of utilizing water
inventory in the SITs by controlling the injected flow rate. Another design improvement is the
inter-connection of shutdown cooling system(SCS) and containment spray system(CSS), which
allows each system's pumps to serve as a backup for the other. Operation of the SCS is now
simplified by eliminating the need to shift alignment from low-pressure safety injection to
shutdown cooling. The I&C systems of the KNGR have been designed to meet all the relevant
requirements which emphasizes the human factors in designing the advanced man-machine
interface systems (MMIS). The I&C systems fully support the advanced control room design
and, are characterized by state-of-the-art technologies. They utilize a top-down design concept
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in design-ing to achieve full integration with the various MMIS of the main control room. The
advanced features replace the conventional display and controls used in the KSNP design and
therefore, enhance operability of the KNGR. The integrated head assembly(IHA) is a new
feature in the KNGR upper head area. It is to simplify the complicated upper head region
structure and to contribute to the reduction in radiation exposures to the installers, as well as
the reduction in refueling outage duration.

With the current KNGR design, more safety margin is expected and the results of
preliminary PRA show one order of magnitude reduction in core damage frequency compared
with those of the KSNP. This low risk of core damage compares favorably with the value
suggested by the IAEA[3] for "Good Plants" in the year of 2000. Such high degree of the
KNGR design improvement assures a high degree of certainty in its successful application to
the future plants required by Korea and moreover by the world.

Fig. 1 KNGR Safeguards System

Fluidic
Device

SIT 2
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Extended Synopsis
In 1994, a group of European utilities initiated, together with Westinghouse and its industrial

partner GENESI (an Italian consortium including ANSALDO and FIAT), a program designated EPP
(European Passive Plant) to evaluate Westinghouse passive nuclear plant technology for application in
Europe. The European utility group consists of the following organizations:

• Agrupacion electrica para el Desarrollo Tecnologico Nuclear (DTN), Spain
• Electricite de France, France
• ENEL, SpA., Italy
• Imatran Voima Oy, Finland
• Scottish Nuclear Limited (acting for itself and on behalf of Nuclear Electric pic), U.K.
• Tractebel Energy Engineering, Belgium
• UAK (Represented by NOK-Beznau), Switzerland
• Vattenfall AB, Ringhals, Sweden
The Phase 1 of the European Passive Plant program involved the evaluation of the Westinghouse

600 MWe AP600 and 1000 MWe Simplified Pressurized Water Reactor (SPWR) [1] designs against the
European Utility Requirements (EUR)[2], and when necessary, to investigate possible modifications to
achieve compliance with the EUR. In Phase 1 of the program which has been completed, the following
major tasks were accomplished:

1) The impacts of the European Utility Requirements (EUR) on the Westinghouse nuclear island
design were evaluated.

2) A 1000 MWe passive plant reference design (EP 1000) was established which conforms to the
EUR and is expected to be licensable in Europe.

The base design for these passive plant programs is the AP600. The passive PWR approach to
design is to strike a balance between the use of proven technology and new concepts - the advantage of
the traditional Westinghouse two-loop PWR combined with natural, passive safety systems. The result
is a greatly streamlined plant that can meet advanced safety and reliability requirements, be economically
competitive and promote broader public confidence in nuclear energy.

With respect to NSSS and containment, the reference plant design closely follows that of the
Westinghouse SPWR design, while the AP600 has been taken as the basis for the EP1000 in the
auxiliary system design areas. However, the EP1000 design also includes features required to meet the
EUR [3].

The ultimate objective of Phase 2 of the program is to develop design details and perform
supporting analyses to produce a Safety Case Report for submittal to European Safety Authorities.
The first part of Phase 2, hereafter referred as Phase 2A, started at the beginning of 1997 and will be
completed at the end of 1998. Scope of this phase of the program is to focus on improving the design
of important systems and structures and to produce a preliminary cost estimate.

Extensive design and analysis efforts have been completed for the AP600 and SPWR passive
plant designs during respective multi-year programs. While the results of these programs have been
and will continue to be utilized, at the maximum extent, to minimize the work to be performed on the
EP1000 design [4, 5], the compliance with EUR is a key design requirement for the EP1000.

49



In parallel to the Phase 2A effort, a group of European Utilities are sponsoring the activities for
the preparation of the EP1000 subset of EUR Volume 3. Volume 3 will be the EP1000 plant example
and compliance assessment against the EUR. The EP1000 EUR Volume 3 program began in June 1997
and will be concluded at the end of 1998.

The EP 1000 has a well defined design basis that is confirmed through engineering analyses and
testing and is in conformance with the EUR. Some of the high level design characteristics of the plant
are [6]:

• The standard design will be applicable to European sites.
• The net electrical power is 1000 MWe and the thermal power 2910 MWt.
• The average coolant temperature at the reactor vessel exit does not exceed 617 °F (325 °C)

during normal operation even with 10% of the steam generator tubes plugged.
• The reactor core is a low power density core that uses the Westinghouse 12 ft. (3658 mm),

17x17 fuel assembly.
• Short lead time and construction schedule are expected.
• No plant prototype is needed since proven power generating system components are used
• Safety systems are passive; they require no operator action for more than 24 hours after an

accident, and maintain core and containment cooling for a protracted period of time without
AC power.

• Predicted core damage frequency is below 10E-5 /yr., and frequency of significant release is
below 10E-6/yr.

• Occupational radiation exposure is expected to be below 0.5 man-Sv/yr. (50 man-rem/yr.)
• The core is designed for a 18-24 month fuel cycle assuming 85% capacity factor (15.3

EFPM)
• A preliminary 24 month Low Boron Core and a conceptual 18 month 50% MOX Core have

been designed to cope with the Low Boron Capability and MOX core requirements of the
EUR.

• Refueling outages without major problems or major maintenance will be conducted in 17
days or less.

• Plant design aims at a lifetime of 60 years without replacement of the reactor vessel.
• The design aims at an overall plant reliability greater than 90%, including forced and planned

outages; the goal for unplanned reactor trips is less than one per year.

REFERENCES

[1] Hiroaki Tabata, Ryokichi Yamazaki, Mototaka Yoshimura (The Japan Atomic Power Company,
JAPAN), R.A. Bruce (Westinghouse, USA), "Conceptual Design of Simplified PWR",ICONE-4

[2] European Utility Requirements, Volumes 1 and 2, Rev. B, November 1995
[3]G. Saiu (ANSALDO, ITALY), D. Adomaitis, K. King (Westinghouse, USA), "Impact of

European Utility Requirements on the Development of EP 1000 Systems Design" , ICONE 6
[4] M. Oyarzabal (Westinghouse, SPAIN), L. Noviello (ENEL, ITALY), "The European Passive

Plant (EPP): A Competitive Design for the 90's and Beyond", TOPNUX 96
[5] L. Noviello (ENEL, ITALY), M. Oyarzabal (Westinghouse, SPAIN), "The European Passive

Plant (EPP) Design: Compliance with the European Utilities Requirements (EUR)", TOPNUX 96
[6]D. Adomaitis (Westinghouse, USA), G. Saiu (ANSALDO, ITALY), M. Oyarzabal

(WESTINGHOUSE, SPAIN), "European Passive Plant Program - A Design for 21st Century",
Nuclear Engineering and Design 179 (1998) 17-29

50



IAEA-SM-353-22

BWR 90 - THE ABB ADVANCED BWR DESIGN

S. Haukeland, B. Ivung, T. Pedersen, I. Tiren
ABB Atom AB, Nuclear Systems Division, SE-72163 Vasteras, Sweden

XA9949915

ABB has developed two evolutionary advanced light water reactors - the BWR 90 boiling water reactor
and the System 80+ pressurised water reactor. Both designs are based on the experience from successful
operation of the previous BWR 75 and System 80 designs, respectively.

Up to now, the average annual energy availability for the BWR 75 generation, built in Sweden and
Finland, amounts to 91%, over almost 100 reactor-years of operation. The two Finnish BWRs, Olkiluoto 1 and
2, are among the best performing nuclear power plants in the world with an average capacity factor over the
last ten years of 93,2%. As a result of the favourable operating experience, the total electricity generation costs
have been low in the ABB Atom plants, as demonstrated by the published production costs for the Forsmark 1,
2, and 3 plants during a ten years period, see figure below.

The BWR 90 is based on the design,
construction, commissioning and operation
of the BWR 75 plants. Specific changes
were introduced to the reference design, to
adapt to technological progress, new safety
requirements and to achieve cost savings.

The thermal power rating of BWR 90
is 3800 MWth (providing a nominal 1374
MWe net), slightly higher than the 3300
MWth of the Forsmark 3 reference plant.
ABB Atom has taken advantage of margins
gained using a new generation of its SVEA
fuel to attain this power rating without major
design modifications.
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The primary system is mainly the same
as in the previous design. The cylindrical
portion of the reactor pressure vessel is made

up of cylindrical forgings in the same way as in the reference plants, while the bottom portion is redesigned in
such a way that large sections can be made by forging; the number of welds is reduced significantly, yielding a
reduction in the amount of in-service inspection to be carried out during the refuelling outage. The steam
separator units have been improved - and the steam dryers as well - in order to ensure low moisture content in
the steam at the increased power output; the basic arrangement is just the same as in previous plants.

The recirculation system of BWR 90 is based on the use of internal glandless pumps driven by wet
asynchronous motors. This type of pump has been operating reliably for more than four million operational
hours since 1978 in ABB BWR plants. The internal pumps provide means for rapid and accurate power
control and are advantageous for load following purposes.

The design is also charac-
terised by the use of fine-motion
control rod drives, and a safety
system configuration compris-
ing four consistently physically
separated trains. No more than
two of the four trains are needed
to accomplish the required
safety function in any design
basis condition. The configura-
tion of the emergency cooling
systems is shown in the figure to
the left.

The BWR 90 design was
completed and offered to the

1: LPCI System
2: Containment Vessel Spray System
3: Auxiliary Feedwater System
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TVO utility in Finland in 1991, as one of the contenders for the fifth Finnish nuclear power plant project. Thus,
the design is available today for deployment in new plant projects.

In 1997, the BWR 90 design was selected by the European Utility Requirement (EUR) Steering
Committee to be the first boiling water reactor to be evaluated against the EUR documents. The work is
scheduled to be completed in 1998. It will be the subject of an "EUR Volume 3 Subset for BWR 90" document.

ABB is continuing its BWR development work with the "evolutionary" design BWR 90+. The reactor
primary containment of BWR90+ includes means to minimise the risk of drywell-wetwell leakage and incor-
porates a core catcher located below the reactor pressure vessel and submerged into the containment pool.
Thereby, the severe accident mitigation means have been improved significantly.

The main features of the new containment design are:
- Reduced construction time and costs.
- Core remains covered by water if loss of coolant accident

occurs during refuelling.
- Passive core melt retention and cooling inside containment;

no releases within one day in the event of a core melt
accident.

- Containment structure is not primary barrier for a core melt.
- A dry core catcher reduces the risk for steam explosions.
- Core concrete interaction is negligible.
- Increased volumes cope with pressure build-up from hydro-

gen generation at core melt accident.
- Nitrogen gas inertion allows pressure reduction by water

spraying without risk for hydrogen explosions.
- Ultimate overpressure protection by filtered containment

venting.
The work is performed by ABB Atom and the Finnish utility TVO - owner and operator of two BWR 75

units (cf above). Recently, Swedish BWR operators have also joined the project. The aim is to develop the
BWR as a competitive option for the anticipated revival of the market for new nuclear plants beyond the turn
of the century, as well as feeding ideas and inputs to the continuous modernisation efforts at operating plants.
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Development and Construction of the First ABWR
Naoya Nishimura: Hitachi, Ltd., Japan XA9949916

Masao Niwano : Toshiba Corporation, Japan

Monty A. Ross : General Electric, USA

The development of the Advanced Boiling Water Reactor (ABWR) started in 1970s to

meet the Japanese utilities' growing need for the high performance BWR - improved

safety and reliability, reduced occupational exposure and radioactive waste, improved

operability and maneuverability, and economics. To meet these requirements not only

the BWR suppliers - GE, Hitachi, and Toshiba but also Japanese government authority

and electric utilities joined together for the development of the ABWR. The government

authority "Nuclear Power Engineering Corporation" conducted verification tests of

1350MW class Reactor Internal Pump (RIP), and the electric utility - BWR suppliers

Joint Study was the key driving vehicle for the development.

When the development study concluded that ABWR is feasible, Tokyo Electric Power

Company (TEPCO) announced the adoption of the ABWR as their Units No.6 & 7 of

Kashiwazaki Kariwa Nuclear Power Station. The construction of these units by

international Joint Venture consisting of GE, Hitachi and Toshiba made very steady

progress, and finally Units No.6 & 7 started commercial operation in November 1996

and July 1997 respectively.

From the technical view point, the development was a integration of many new features

called "First of a Kind" (FOAK) into total ABWR concept. FOAKs includes Reactor

Internal Pump (RIP), Fine motion Control Rod Drive (FMCRD), Reinforced Concrete

Containment Vessel, Main Control Panels, Reactor Pressure Vessel (RPV) and Reactor

Internals, three division Emergency Core Cooling System, and high efficiency Turbine

Plant with Moisture Separator Reheater. Some of them are shown below.

Ten (10) RIPs are directly attached to the RPV replacing two (2) large size external

pumps and ten (10) jet pumps inside the RPV. With the application of the RIP, core

flow and hence core thermal output change became faster than before, arrangement

around the RPV became simpler, higher safety is achieved, and occupational exposure is

minimized. The RIP adopted wet motor to minimize potential leakage from the RPV,

and anti-reverse-rotation device to enable pump restart under back flow condition.

In place of the conventional hydraulic controlled Control Rod Drive (CRD), stepping

motor operated FMCRD is adopted. With the combination of the DC driven stepping

motor and the ball screw & nut, the FMCRD can position the Control Rod (CR) with

minimum interval. This FMCRD enabled simultaneous multiple CR withdrawal during
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the start-up operation, and hence faster arrival to the criticality. FMCRD used hydraulic

power for the scram just like the previous CRD, and redundant insertion method gave

more reliability for this system.

The third key feature of the ABWR is the full digital control system and the operator

friendly main control room panels. Multiplex signal transmission through fiber optical

cable is widely adopted. The main control panel is equipped with touch operable CRTs

and Flat Displays (FD). Key plant parameters are displayed on the Large Display Panel

so that all the operators in the room can share the important information. The main

control system is supported by the process computer which enables the operation

through guidance and automatic operation. One example is the automated operation

after plant scram. In the conventional system, operators must make essential operation

to make the plant condition stable, but ABWR control system handles the operation

automatically, therefore the operators can focus on the identification and the analysis of

the condition.

From the development and verification view point, ABWR took the course which was

developed through Japanese BWR development history. BWR was originally developed

by GE, but it made unique development in each licensee's own country. The

development of the ABWR started with the consolidation of these existing BWR

technology at that time around the world. FOAK was developed and tested through

utility-supplier joint study and/or supplier internal development. This "Test before Use"

concept was the key factor throughout the ABWR development, and it was the major

driving vehicle for the ABWR success.

When the development stage for these FOAK equipment and system is over, design

phase studies and tests followed. In this phase, TEPCO and JV joint design review

called "Juten Sekkei Review", and supplier internal design review were conducted.

During these design review, all new design points were listed and the verification

method and its schedule were discussed. From the previous experience, it is well known

among TEPCO and JV that new design is vulnerable to the problem. Therefore it is very

important to verify the adequacy of the new design by analysis or tests. Finally by the

time of the plant commercial operation, every new design was confirmed, and

anticipated performance as the ABWR was confirmed.

The first ABWRs started commercial operation in Japan, and the design certification for

ABWR from U.S. Nuclear Regulatory Committee was issued in May 1997. Some

Japanese utilities are now licensing ABWR for their next unit, and two units are under

construction in Taiwan. ABWR is now ready for the construction all over the world.
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SWR 1000: The Boiling Water Reactor with Passive Safety Features

Werner Brettschuh, Power Generation Group (KWU) of Siemens AG , Germany XA9949917

The SWR 1000, an advanced boiling water reactor concept, is being developed by Siemens under
contract from and in close cooperation with Germany's electric utilities and with the support of European
partners in Finland (TVO), the Netherlands (KEMA), Switzerland (PSI) and Italy (ENEL). This
development project is currently in its Basic Design Phase, which will be concluded in mid-1999 with the
release of a site-independent safety report and a costing analysis of projected erection costs.

The following development goals were specified for the project:

- Competitive construction and electrical generating costs given a generating capacity of approximately
1000 MW

- Use of passive safety systems to achieve further significant reduction in the probabilities of
occurrence for severe accidents

- Assured control of postulated severe accidents, the effects of which on the plant itself remain limited,
and no emergency response actions for evacuation or relocation of the local population are needed

- Simplification of plant systems on the basis of operating experience
- Planning and design based on German codes, standards and specifications and recommendations put

forward by the Franco-German Reactor Safety Commission for future nuclear power plants equipped
with pressurized water reactors, as well as IAEA specifications and the European Utility
Requirements (EUR).

These development goals have led to a plant concept characterized by the following features:

The core has been designed with a low power density of approximately 47 kW/1, and the number of fuel
assemblies reduced by enlarging the tube bundles to a 13x13 configuration. To ensure retention of energy
under accident conditions, large water inventories are stored above the core inside the reactor pressure
vessel, in the pressure suppression pool and core flooding pool of the containment and above the
containment in the dryer-separator storage pool. In addition to reducing the number of active residual
heat removal systems, passive equipment has been designed to fulfill all safety functions, with each
component performing its intended function without electrical power supply or actuation by
instrumentation & control systems. All accident conditions arising out of power operation can be
controlled by these passive safety features without any resultant rise in core temperature and with a grace
period of more than 3 days before active intervention by staff becomes necessary. In view of the fact that
these passive safety systems consist of simple heat exchangers, self-actuating safety valves and flooding
lines equipped with check valves, the costs for erection and maintenance are significantly lower than
those for the standard active coolant injection and residual heat removal systems implemented to date.

A postulated core melt is controlled as well by passive safety equipment: in the event of insufficient
coolant, passively-activated flooding of the drywell ensures RPV cooling from the outside and the core
melt is retained inside the RPV. Heat removal from the containment is likewise achieved via passive
containment cooling condensers. Containment design is based on the extremely conservative assumption
of the hydrogen quantity originating from complete, 100% oxidation of the zirconium present in the core
(i.e. from the fuel assemblies and fuel channels), and the containment is inerted with nitrogen to prevent
any combustion of hydrogen from occurring.

Owing to the combination of diverse passive safety equipment with a reduced number of active safety
systems, the probability of core damage due to internal events during power operation is significantly
reduced to < 10'8/a. All new passive systems have been successfully tested for function and performance
using large-scale components in experimental testing facilities at PSI in Switzerland and at Germany's
Jiilich Research Center.
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In addition to the clear improvement in the safety concept, which also includes assurance of design
integrity in the event of natural and external man-made hazards such as earthquakes, aircraft crash and
explosion pressure wave as per German codes, standards and specifications, the plant's operating systems
have been simplified as well based on extensive operating experience. For example, the SWR 1000 uses
no feedwater tank or reheaters, and the feed heating system consists of a single train. There are only three
main steam lines and two feedwater lines, and the design will use two combined condensate and
feedwater pump units. The fuel pool cooling systems are replaced with fuel pool coolers mounted to the
inside walls of the pool, and modern digital programmable instrumentation & control systems are used
both plant operating and plant safety I&C. The requirements of the ALARA principle are also taken into
consideration in plant engineering and selection of materials, e.g. through strict cobalt reduction.

The project has been aided by consulting with the German Reactor Safety Commission, and selected
topics of the safety concept such as accident control using passive safety systems and control of severe
accidents ensuring core retention within the RPV are being investigated within the framework of a
review conducted in accordance with Paragraph 7c of the German Atomic Energy Act. Furthermore,
application has been made for review for compliance with the European Utility Requirements (EUR)
Vol. 3. Compliance with the requirements set forth in Finland's applicable guidelines (YVL) has already
been demonstrated.

The features which characterize the design's safety engineering, the simplified plant operating systems
and the short time of 48 months required for plant construction result in very favorable specific costs for
plant erection - specific costs which are no higher than those for a new designed nuclear power plant of
1500 MWe generating capacity.

The current status of planning and the completed successful experimental verification of the new passive
safety systems provide assurance that the level of concept maturity required to begin offering the SWR
1000 on the power generation market will be achieved, as scheduled, in the year 2000.

Power plant
Thermal power
Gross power output
Net power output
Net power efficiency

Reactor core
Number of fuel assemblies
Number of controls rods
Length of active core
Average power density
Average enrichment
Discharge burnup

Reactor pressure vessel
Inner height
Inner diameter
Design pressure
No, of recirculation pumps

Containment
Inner diameter
Inner height

MW
MW
MW
%

m
kW/1

%
GWd/t

m
m
bar

m
m

SWR 1000

2778
1017
982
35.4

568(13x13)
137

2.80
47
5.4
65

22.70
7.00

88
6

32
28.7

Containment of the SWR 1000 Main data of the SWR 1000
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"Key developments in the advanced NPP with WER-640/V-407 reactor

plant design"
HIM mm

XA9949918
Authors: Fedorov V.G., Afrov A.M., Mokhov V.A., Nikitenko M.P.

Russian Federation

(Paper presented by Y. Dragunov, Russian Federation)

Designing of the improved WWER in Russia is performed keeping the

enhanced requirements for safety of nuclear power plants. Hereat the experience

and knowledge are used, gained in designing, fabrication and operation of all

preceding power units with WWER type reactors, including the operating ones. The

operation experience of NPP with reactors of other types, including foreign power

units, is analysed also.

Designing of NPP with reactor plant V-407 is performed in accordance with

the regulatory documents valid in Russia with regard for the requirements of

standards and guides on safety assurance, developed by IAEA. As a result, the

following is provided in the design:

- using of technologies approved by practice;

- increase in the number and reliability of barriers in the defence-in-depth

structure with examination of the barrier state by the modern methods of diagnostics;

- application of passive safety principles;

- improvement of inherent safety properties.

Proceeding from the above-mentioned tasks the following key features of the

design could be picked out:

1. The important feature of the design is using of double containment. The

inner steel protective envelope ensures confinement of radioactive medium. The

outer concrete envelope protects against external hazards (aircraft crash, etc).

2. To assure safety under design basis accidents the collections of passive

and active systems are provided, the passive systems can fulfil all safety functions

without active systems and without operator's intervention for at least 24 hours.
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To cooldown the reactor plant and to remove residual heat in case of

accidents, except for accidents of "large" leak type, the systems of passive heat

removal from steam generators are provided.

In case of "large" leaks and long-term accidents of LOCA type the special

valves are passively open, which connect the "hot" and "cold' legs of loops to the fuel

pond. As a result, the coolant and boron solution from ECCS tanks, outflowing from

the place of break in the primary circuit, are collected into special sealed enclosure

round the reactor and primary loops forming the emergency pool. So, practically the

whole volume of water available in the containment is involved into the process of

the core cooling, except for water remaining in ECCS tanks not actuated. Hereat the

process of heat removal from the reactor is stabilized and may continue passively

depending on the system of cooling the steel protective envelope, which is designed

for 24 hours in this project.

3. Proceeding from deterministic assumptions the technical measures are

provided in the design for keeping the corium within the reactor vessel in case of

occurrence of severe stage of beyond design basis accident. In this case the heat

removal is accomplished at the expense of natural circulation of coolant.

In addition to this a special device is provided under the reactor vessel for

catching the corium outside the reactor.

From the viewpoint of licensing and implementation the state of the project is

the following;

- at present the RF GAN developed and introduced into force the

requirements for NPP licensing , which, as a whole, are close to the requirements of

American regulatory documents. The requirements include the procedure and stages

of licensing the NPP design up to NPP commissioning;

- practical application of the requirements of the licensing procedure

introduced is realised at present for the site in Sosnovy Bor (Leningrad region) and

for Kola-2 NPP (Murmansk region).
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The Next Generation CANDU 6 - The CANDU 6E

XA9949919
J. M. Hopwood.
Atomic Energy of Canada Limited. Mississauga. Canada.

Introduction.
AECL's product line of CANDU 6 nuclear power plants are adapted to respond to
changing market conditions, experience feedback and technological development by a
continuous improvement process of design evolution. The CANDU 6 Nuclear Power
Plant design is a successful family of nuclear units, with the first four units entering service
in 1983, and the most recent entering service this year. A further four CANDU 6 units are
under construction. More recently, a focused development program is under way at AECL
to incorporate forward-looking development comprehensively throughout the CANDU 6
design, leading to a basic design of the next-generation Enhanced CANDU 6. The
development program includes all aspects of an NPP project, including engineering tools
improvements, design for improved constructability, scheduling for faster, more
streamlined commissioning, and improved operating performance. The Enhanced
CANDU 6 combines the benefits of design provenness (drawing on the more than 70
reactor-years experience of the seven operating CANDU 6 units), with the advantages of
an evolutionary next-generation design.

Features of the Enhanced CANDU 6 design include:

Advanced Human Machine Interface

The Enhanced CANDU 6 incorporates the advanced CANDU Control Centre. This
control centre has been developed using the experience from CANDU 6 operation, and
building on internationally-recognized Human Factors principles. The control centre
includes the following features:

==> Operation from a single VDT-served console, with no requirement to use
standup panels for normal plant maneuvering.

=> Advanced alarm message recognition and interpretation system, to minimize
alarm flooding.

=> Control by touch-screen displays.

=> Large overview mural display screen to assist operation "whole-plant"
perspective.

Passive Design Features

The Enhanced CANDU 6 design includes an integrated series of passive heat sink design
features, developed and proof-tested at AECL's Chalk River thermal-hydraulic facilities.
The passive heat sinks are designed with capability for both design basis accidents and
severe accidents. They use the familiar concepts of gravity-based natural circulation
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applied to the distinctive CANDU configuration to provide effective reliable heat removal
without needing long-term services or operator control, and include: passive emergency
secondary-side condenser; passive containment air coolers; and passive moderator heat
removal.

Advanced Fuel Design

The Enhanced CANDU 6 design is optimized for the next-generation CANFLEX fuel.
CANFLEX uses optimized fuel bundle subdivision for lower fuel element rating and
improved thermal margin. CANFLEX fuel allows customer benefits from increased plant
output, for the same configuration, and also allows the customer the option of alternate
high burnup fuel products such as the currently available Recovered Uranium (RU) fuel.

Improved Efficiency

The Enhanced CANDU 6 offers improved overall plant thermal efficiency, hence higher
electrical output, through design optimization to improve turbine cycle efficiency, reduced
house load electrical requirements, and recycle of moderator heat absorption.

Streamlined System Design

The Enhanced CANDU 6 design includes system design simplifications to reduce the
number of components, simplify control; improve equipment access and maintainability;
and improve plant reliability. Examples include improvements to coolant system chemistry
control and sampling; simplified reactor building ventilation and air drying; simplified
heavy water upgrading using catalytic exchange; large dry containment concept.

Advanced Engineering Tools

The recent series of CANDU 6 projects have established a state-of-the-art application of
advanced engineering tools. For example, the complete plant design is configured in a
series of 3D-CADDS intelligent databases, linked to the equipment specification database,
materials management database, and project scheduling and document management tools.

The Enhanced CANDU 6 will build upon this design database and expand further by
working cooperatively with suppliers to establish integrated CAD/CAM information
transfer, use electronic tools to generate module assembly information, and automate the
preparation of construction equipment and materials packages.

Advanced Construction Techniques

The current CANDU 6 project in China expands the use of open-top construction for
CANDU. The Enhanced CANDU 6 will further extend open-top and pre-fabricated
construction techniques, based on extensive use of small, pre-fabricated skid-mounted
modules. AECL's experience in developing high-performance concrete will be applied in
simplifying and speeding up construction of structural and shielding components.
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EVOLUTIONARY CANDU 9 PLANT DESIGN
XA9949920

Stephen K.W. Yu,
Atomic Energy of Canada Limited, Mississauga, Canada

Introduction
The evolution of the CANDU® family of heavy water reactors (HWR) is based on a continuous product
improvement approach. Proven equipment and systems from operating stations are standardized and used
in new products. As a result of the flexibility of the technology, evolution of the current design will ensure
that any new requirements can be met, and there is no need to change the basic concept. CANDU reactors
have evolved along two general product lines that have led to the 700 MW(e) class CANDU 6 and the 900
MW(e) class CANDU 9. [1]
The CANDU 9 continues the basic approach adopted for the CANDU 6. The CANDU 9 is a 935 MW(e)
reactor based on the multi-unit Darlington and Bruce B designs with some additional enhancements from
our ongoing engineering and research programs [2]. Since one of the major risks associated with nuclear
power projects is delays due to licensing activities, AECL has submitted the CANDU 9 design to the
Canadian nuclear regulator (AECB) for review, and it has been confirmed that there are no conceptual
barriers to licensing the CANDU 9 in Canada [3].
Added to the advantages of using proven systems and components, CANDU 9 offers improvement features
with enhanced safety, a control centre with better operability and improved project delivery in both
engineering and construction.

Benefits of CANDU 9 Improvements
Safety Enhancements
CANDU reactors contain large reservoirs of water that are effective in passively removing heat from the
core in the event of severe accidents. The fuel channels are surrounded by normally cooled moderator in
the calandria vessel and in addition, the moderator is surrounded by a shield tank containing light water for
biological and thermal shielding. In severe core damage accident scenarios, where moderator cooling has
also failed, the shield tank can absorb decay heat either from the moderator or from debris inside the
calandria vessel, and would prevent the core from melting through to containment for tens of hours, until
the water had boiled away. For the CANDU 9 design, a large reserve water tank is located high in the
reactor building and supplies water by gravity to both the moderator system and the shield tank which will
further extend the passive heat sink capability.
The CANDU 9 emergency core cooling (ECC) system has been simplified to improve the reliability and
performance of the system, which includes the use of one-way rupture discs, a reduction in isolation valves
and a more direct injection by optimizing ECC tanks' location and piping design.
Automatic isolation of the ventilation lines penetrating the containment structure has been enhanced and is
provided by two separate and independent systems for increased reliability. The containment ventilation
system provides enhanced atmospheric mixing within the reactor building following a postulated loss-of-
coolant-accident (LOCA). Higher ventilation air flow rates promote better mixing, backed up by hydrogen
igniters/recombiners carefully located at strategic possible accumulation locations for CANDU 9.

Control Centre with Better Operability
Recent statistics show that high numbers of plant significant events have been directly attributable to
human errors. Consequently, special attention has been given to human factors engineering (HFE) during
the design of the CANDU 9 nuclear power plant, establishing an HFE design process basis and integrating
this HFE process into the project design to interface all designers from all disciplines.
CANDU plants have employed computerized control systems since the 1960s, and each new plant has been
provided with state-of-the-art systems for optimum performance. AECL's strategy for advanced control
center design is to extend the proven features of operating CANDU reactors by combining this experience
base with operations enhancements and design improvements.
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The CANDU 9 Control Centre [4] provides plant staff with improved operability and maintainability
capabilities due to the combination of provenness, systematic design with HFE and enhanced operating and
diagnostics features. A major evolutionary change from previous CANDUs is the separation of the
Control and Display/Annunciation features formerly provided by the digital control computers. This
CANDU 9 function separation provides control in the distributed control system and display/ annunciation
in the plant display system. This permits extensive control, display or annunciation enhancements within
an open architecture.
An advanced annunciation feature in CANDU 9 is the provision of special safety system impairment levels
and potential operating policy violation alarms (i.e. which could occur, for example, in a maintenance
mode) with a display/report capability which details the resultant system unavailability or margin
encroachment under the prevailing failure or configuration changes. The utilization of a flexible navigation
system for the VDU-based plant display system allows custom information displays to be accessed in a
simple, direct, convenient and logical manner by operations or maintenance staff. A computerized system
is also provided for automated safety system testing
A physical, full-scale mock-up of the control centre panels and consoles is being used for conceptual
evaluation, rapid prototyping, design decision-making, and then for the verification and validation of the
design features, displays and operator interactions.

Improved Delivery
CANDU designs utilize advanced engineering tools, such as 3-Dimensional (3-D) Computer Aided Design
and Drafting System (CADDS) tools and advanced construction methods, for better economics and reduced
risks to future owners. The 3-D CADDS model is used to establish the layout configuration, optimization
of the fabrication sequence and construction, and the choice of pre-fabricated structural assemblies
depending on the layout and complexities of systems. AECL has developed additional tools to extract
component properties directly from the model to carry out necessary analyses. Data are also used to carry
out further design detail work such as locating electrical cable runs, specifying pipe hangers as well as
conducting stress and seismic analyses.
The computerized engineering tools are modified to access a common project database. For example, the
design is progressed using a standardized material database catalogue so that a correctly qualified
component is easily specified in a traceable manner for an application. This use of integrated database will
enhance standardization, reduce inventory stocking costs as well as eliminate costly incorrect specifications
requiring rework while providing a tool for the utility for on-going configuration management. Parts lists
can be taken directly from the model at procurement time for a given project.
Construction, installation, and layout design considerations have resulted in a shorter construction schedule
for the CANDU 9 NPP. The ability to reduce the construction schedule was possible due to the adoption
of sequence efficient 'open-top' reactor building construction technology utilizing a very heavy lift crane.
Other techniques employed to reduce the construction schedule includes parallel fabrication and
construction activities, eliminating or reducing construction congestion, providing adequate access and
transportation corridors, providing flexible equipment installation sequences as well as reducing material
handling requirements.
In addition to these layout improvements for construction improvements, the building layout of the
CANDU 9 design results in a narrow 110 meter wide "footprint" that allows several units to be constructed
adjacent to each other to form a very compact multi-unit station for better site utilization.
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Advanced Passive PWR AC-600: Development Orientation of
Nuclear Power Reactor in China for the Next Century

Huang Xuequing, Zhang Senru,
Nuclear Power Institute of China, Chengdu, China XA9949921

The nuclear power plant in the world will replace with new one in
the beginning of the next century. What advanced reactor types will be
utilized by nuclear power plant concerns very much for the public. In
addition, the rapid development of advanced technology for coal and
gas power plant also brings challenge and opportunity to the nuclear
power industry. In order to search new generation nuclear power plant
which is more safe, more economic and more reliable, nuclear power
suppliers in the world have already offered a lot of man-power and
investment for several years and got many research results, in which
innovatory advanced PWR using passive safety system is the focus of
world attention because of the safety and economy. Based on Qin Shan-
II Nuclear Power Plant which is designed and constructed by China, we
have developed passive advanced PWR AC600.

The design concept of AC600 advanced PWR NPP not only takes
the real situation of China into consideration but also follows the
developing trend of nuclear power in the world. The design of AC600
has the following technical characteristics:

1) Advanced reactor: 18-24 month fuel cycle, low leakage, low
power density of the core, no any penetration on the RPV
bottom head and integral reactor top structure.

2) Passive safety system: passive emergency residual heat
removeal system, passive-active safety injection system,
passive containment cooling system and main control room
habitability system.

3) System simplified and the number of components reduced.
4) Digital instrumentation and control system: data display,

operation and control centers, protection, special monitoring,
plant control and in core instrumentation systems connected
through communication networks.

5) Modular construction, equipment quality enhanced and
construction period reduced.
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See in table 1 the finished experiment and research items of AC600

Table 1 The finished experimental and research items of AC600

Designation

Critical heat flux
(CHF) test at low
flow rate

Make-up test for
make-up tanks at full
pressure
Wind tunnel test for
passive containment
cooling system

Test for the passive
emergency core
residual heat
removal system on
the secondary side

Flow characteristics
test of the baffle
plate in the exit
plenum of SG

Digital I&C systems

Contents

The coolant flow per unit area of
AC600 core is relatively low. On
this low-flow-rate condition,
measure test data at departure
from nucleate boiling on element
surface and draw up a formula.
Research on the passive
characteristics of the make-up by a
makeup tank at full pressure.
Research on the correlation
between flow resistance, flow duct
shape and flow rate of the passive
containment cooling system, and
research on natural convection
cooling characteristics
research on the capability of the
emergency core residual heat
removal system on the secondary
side, on the flow characteristic of
the natural circulation and on the
supporting means
research on the flow
characteristics of the baffle plate in
the exit plenum of the AC600 SG
and the entrance plenum of the
main pump
Research on the control,
adjustment and in-core
measurement (pnumatically-driven
balls measurement)

Finish time

In 1993

In 1997

In 1994

In 1995

In 1995

In 1995

Moreover, the Ferro-water reflector test and the nuetron irradiation

research of Gd2O3 burnable poison element will be conducted very

soon.
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AC600 not only inherit the proven technology which China has had,
but also possess bright features brought forth new ideas by ourselves.
Therefore, AC600 are hoped to act as development direction of nuclear
power type of China in the next century. This paper mainly introduces
the background, technical and economic behaviors, research results
and application prospect of AC600.
Key words: Passive safety, evolutionary and innovatory advanced PWR,
Digital instrumentation and control system, Modular construction.
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Bhabha Atomic Research Centre,
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1. Introduction

The Indian Advanced Heavy Water Reactor (AHWR) is being designed as a vertical, pressure tube
type reactor utilising thorium and plutonium based fuel.

The three key specific features of design of the Indian Advanced Heavy Water Reactor (AHWR),
having a large impact on its viability, safety and economics are:

• Reactor physics design tuned for using thorium based fuel, with negative void
coefficient of reactivity

• Advanced coolant channel design features, with easily replaceable pressure tubes
• Passive systems for core heat removal, containment cooling and containment isolation

2. Reactor Physics Design

The AHWR is being developed with the objective of achieving an early transition to the final phase
of the Indian nuclear power programme which is to be based on thorium. The reactor physics
design of this reactor has been based on the following main criteria:

i) Reactor power: 750 MWt
ii) Fraction of power to be generated in thorium: 75 percent

iii) Plutonium inventory in the core: 300 kg, maximum,
iv) Slightly negative void coefficient of reactivity:
v) Boiling light water cooled vertical pressure tube type design
vi) Bum up of fuel: 20,000 MWD/Te

The fulfilment of these requirements has been possible through use of PuO2-ThO2 MOX, and
ThO2-U233O2 MOX in different pins of the same fuel cluster, and use of a heterogeneous moderator
consisting of amorphous carbon and heavy water in 80%-20% volume ratio. As compared to a
Pressurised Heavy Water Reactor (PHWR) the total heavy water inventory in AHWR is
considerably reduced, and since the moderator heavy water operates under low pressure and
temperature, loss of heavy water through leakages is practically zero, reducing spread of tritium
based radioactivity. No special systems are needed for the minimisation of heavy water losses and
the recovery of such losses. The negative void coefficient of reactivity considerably simplifies the
burden on the reactor regulating system. Use of boiling light water coolant enables doing away
with steam generator, and its substitution with steam drums of simple construction.
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3. Coolant Channel

On account of lower values of neutron flux and maximum operating temperature in AHWR, as
compared to those in PHWRs, the rate of in-service degradation of the pressure tubes in the former
will be lower than that in the latter. Even then, most of the Zr-2.5 Wt.% Nb pressure tubes of the
reactor will need to be replaced twice during the ninety year design life of the reactor. The coolant
channels are designed to facilitate carrying out quick replacement of pressure tubes, during normal
maintenance shutdowns.

The removal of pressure tube along with bottom end-fitting, using rolled joint detachment
technology, can be done in AHWR coolant channels without disturbing the top end-fitting, tail pipe
and feeder connections, and all other appendages of the coolant channel. This considerably
simplifies the task of pressure tube replacement and enables a substantial saving in the cost of
tooling, replacement components and downtime. The channel design has been simplified by
eliminating channel annulus bellows, and having tail pipes welded to the top end-fitting. The closed
annulus gas monitoring system of PHWRs has been substituted by a system connected to a sniffer
tube joining the top of each channel annulus, with the bottom of the annulus open to reactor cavity
environment. These features are expected to make a significant positive impact on the safety and
economics of this reactor.

4. Passive Safety Features

Apart from establishing a slightly negative void coefficient of reactivity, the AHWR incorporates
several other passive safety features. These include the following:

i) Heat removal through thermosyphon driven natural circulation under both normal operation
and hot shutdown conditions.

ii) Direct injection of ECCS water in fuel.
iii) Passive systems for containment cooling and isolation

iv) Availability of a large inventory of borated water in overhead Gravity Driven Water Pool
(GDWP) to facilitate sustenance of core decay heat removal, ECCS injection, and containment
cooling for three days without invoking any active systems or operator action.

Incorporation of these features has been done together with considerable design simplifications.
Apart from the main coolant pump, major components and equipment such as outlet header,
secondary steam generator, steam separator, separate vapour suppression pool etc. have been
eliminated. All safety systems consist of four identical loops, with 50 percent standby capacity.

5. Conclusion

A rigorous evaluation of feasibility of AHWR design concept has just been concluded, and its
detailed design, along with a programme for conducting supporting experimental and analytical
studies is underway. A detailed quantification of the economics of AHWR operation will be done
when some of this work is completed. However, the economy enhancing aspects of its key design
features relating to reactor physics, coolant channels and passive safety are expected to compensate
for relative complexity of the thorium fuel cycle activities required to support the operation of this
reactor.
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WESTINGHOUSE AP600 ADVANCED NUCLEAR PLANT DESIGN
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Westinghouse Energy Systems XA9949923
P.O. Box 355
Pittsburgh, Pennsylvania 15230, USA
(412)374-4211

As part of the cooperative U.S. Department of Energy (DOE) Advanced Light Water Reactor (ALWR)
Program and the Electric Power Research Institute (EPRI), the Westinghouse AP600 team has developed a
simplified, safe, and economic 600-megawatt plant to enter into a new era of nuclear power generation.
Designed to satisfy the standards set by DOE and defined in the ALWR Utility Requirements Document (URD),
the Westinghouse AP600 is an elegant combination of innovative safety systems that rely on dependable natural
forces and proven technologies. The Westinghouse AP600 design simplifies plant systems and significant
operation, inspections, maintenance, and quality assurance requirements by greatly reducing the amount of
valves, pumps, piping, HVAC ducting, and other complex components. The AP600 safety systems are
predominantly passive, depending on the reliable natural forces of gravity, circulation, convection, evaporation,
and condensation, instead of AC power supplies and motor-driven components. The AP600 provides a high
degree of public safety and licensing certainty. It draws upon 40 years of experience in light water reactor
components and technology, so no demonstration plant is required. During the AP600 design program, a
comprehensive test program was carried out to verify plant components, passive safety systems components,
and containment behavior. When the test program was completed at the end of 1994, the AP600 became the
most thoroughly tested advanced reactor design ever reviewed by the U.S. Nuclear Regulatory Commission
(NRC). The test results confirmed the exceptional behavior of the passive systems and have been instrumental
in facilitating code validations. Westinghouse received Final Design Approval from the NRC in September
1998.
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General Manager of SEPTEN
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1/ The context of the French nuclear programme

At the end of the sixties, France operated six gas cooled reactors (Chinon 1-2, St Laurent
1-2, Marcoule G2-G3) and one heavy water reactor (Brennilis). All these reactors had
been designed by the French Atomic Energy Commission (CEA) and EDF and no unit
was similar to the others. One pressurized water reactor (Chooz A) was also operated in
cooperation with Belgium. The PWR's seems to appear the best choice for the future for
economical as well as industrial reasons).

The dramatic increase of oil prices after the Kippur war (1973) lead the French
Government and EDF to launch a large nuclear program. PWRs were chosen instead of
BWRs, and a strong industrial structure was organized in France around Framatome, with
Westinghouse patents.

The choice of standardization was made to drive costsat a reasonably low level.

2/ The industrial organization

2.1/ E D_F,. an. experienced customer

The general organization adopted for the nuclear program resulted from some EDF
specifics:

a strong engineering and construction division, having accumulated industrial experience
during the large hydraulic program launched in France in the fifties and at the beginning of
the sixties and during the construction of coal-fire plants at the end of the sixties and in
the early seventies,

The choice of allotments for bidding, (except for the Nuclear Steam Supply System where
FRAMATOME was the sole contractor) which implies competition among suppliers and
strong technical in-house expertise for EDF,

At last, EDF's intended scope i.e. appropriation of conceptual design, carrying out of
detailed design studies with or without subcontractors help, monitoring of construction
work , liability for safety in front of regulatory authorities.

2.2/ Framatome and other suppliers

On the supplier side, the cxhoice was twofold:

A strong French industrial group for the Nuclear Steam Supply System (Framatome)

High quality suppliers competing for all other components or systems.
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3/ Standardization : definition, extent and limits

3.1/ Defi njt i9p. apd extent:

At the very beginning of the program, standardizing the following were found appropriate in
order to limit design and investment costs

general design (same safety features)

components

technical specifications for components and systems

safety reports

fuel management

operating procedures

training

modifications (batch)

3.2/ The.limits

During the definition of the attributes of a standardized program, it clearly appeared that it
would be more cost-effective to factor some site specifics in the design, (e.g. sea side or
river side - seismic level, quality and quantity of heat sink, ...), and that technical progress as
well as the economical context had to be factored in the development of the program.

Beyond the adaptation to site characteristics, six different types of unit do exist:

Three for three-loop, 900 Mwe units, CPO, CP1, CP2

Two for Four-loop , 1300 Mwe units, P4, P'4,

One for four-loop, 1450 Mwe units, N4.

At last, it must be recognized that other factors differ from unit to unit, and might influence
our perception of standardization:

The history of stresses in components is not the same in all reactors as operating
conditions and transients are not identical,

The detailed fuel management of reactors varies : several suppliers, different load
factors.

The detailed design and exact materials chemical composition is not the same for all
units due to technical progress, or small variations in components fabrication
procedures.

Though enveloping approaches might allow to maintain all essential attributes of
standardization, mosts units do differ at a lower scale of analysis.

4/ Benefits and drawbacks of standardization :

Benefits are obvious : cost reduction during construction (long series for fabrication of
components, increase competition....) during operations (easier training, reduction of
spare parts stockpiles, increased flexibility of labour force transfers...).

Some drawbacks may appears : in case of problems on a component or a system, all
power-units might be affected. Fortunately as explained in paragraph 3.2, all units are
not exactly the same and operating experience shows that in case of problems on one
unit, all others are not necessarily affected in the same time-frame.
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5/ Standardization and Advanced Reactors

The experience gained in standardization in EDF enables to say that, for utilities willing to
develop a consistent nuclear program, it remains a powerful option to limit investment costs.
Operating experience also shows that, though units might differ after a few years in
operation, most essential attributes of a standardized design can be maintained. For utilities
with a less ambitious program, the question which might arise when making decisions, is the
cost- effectiveness of customization compared to adopting a standardized design optimized
for other site conditions or contemplated use. This will have to be done on a case by case
basis after consideration of local conditions.
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Since TMI-2 incident, the added regulatory burden and complexity to the plants have undermined the
economic viability of nuclear power. To remedy the situation, nuclear utilities worldwide have examined
the requirement for the future light water reactors. In U.S., Electric Power Research Institute developed
ALWR Utility Requirement Document [1]. European countries have developed European Utility
Requirement for ALWR [2]. In Korea, KEPCO is currently developing the ALWR requirement for
Korean utility. AECL has worked closely with CANDU utilities to establish improvement requirements
for the evolutionary development of the heavy water reactors [3]. All these efforts recognize the
importance of economic viability and have proposed :

Simplification and increased margin
Standard design with repeated construction
Integration of operating plant insights as well as the consideration of safety, operability and
constructibility during the design stage.

The actual ALWR design has progressed worldwide too. Examples are ABWR, AP600, CANDU9,
EPR, KNGR, SBWR, and System 80+ among others. All of these plants were developed with the
consideration of the utility requirement. In this paper, we will review the design improvement
consideration for economic viability. More specifically, we will examine the design improvement for the
three points described above.

Simplification and increased margin
We have observed the substantial increase in complexity of nuclear power plants. Stahlkopf &

Chapin [4] have compared the U.S. nuclear plants built in late 60s with those built in late 70s. The
increase in complexity results in the increase in the maintenance and construction cost as well as in the
difficulty of operating the plants.

The various effort by the ALWR developers in simplification can be summarized by the ALWR
simplification requirements [5].

Use a minimum number of systems, valves, pumps, instruments and other mechanical and electrical
equipment
Provide a man-machine interface which will simplify plant operation and reflect operator needs and
capabilities[6];
Provide system and component designs which assure that plant evolution minimizes demands on the
operator;
Design equipment and arrangements which simplify and facilitate maintenance;
Provide simplified protective logic and actuation systems, and provide automation to reduce operator
testing tasks;
Use standardized components to facilitate operation and maintenance;

Most of the evolutionary designs such as System 80+, KNGR, and EPR have adopted four train
configuration for important safety and their support systems. The four-train redundancy has significant
advantages in performing optimized preventive maintenance during operation. Also in System 80+ and
KNGR, LPSI has been removed and the long-term decay removal is handled by shutdown cooling system.
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CANDU 9 has improved the emergency core cooling system reliability by improving configuration and
reducing the number of valves. KNGR has adopted an integrated reactor vessel head package to expedite
the refueling outage. Furthermore, the use of multiplexing reduces the cables. All of the ALWR designs
have adopted advanced control room concepts, such as large wall display panel with workstations.

To improve the operating margins, evolutionary PWR designs incorporate larger pressurizer volume
and steam generator inventory. All the evolutionary design is designed with minimum operator action
time of 30 minutes.

These simplifications and improved operating margins in ALWR would yield economic benefits such
as high availability, outage reduction, reduced staffing level, and spare parts reduction.

Standard design with repeated construction.
It has been shown that the repeated construction of the standard design saves the construction

cost greatly. Based on the estimation made by Electricite de France [7], the repeated construction reduces
capital cost ratio per kw by 25 to 30 % by the second unit. Further repeated construction would reduce
this by 40% based on the first unit cost. KEPCO has experienced similar reduction in equipment and
engineering service expenses. To maximize the economic benefit as well as to reduce the licensing
uncertainty, most of the evolutionary design is proceeding with the standard plant design concept.

U.S. has legislated one-step licensing process through 10 CFR 52. This will eliminate the
licensing unstability that has been the mode of operation since TMI-2. Similar licensing process is being
pursued in Korea. Currently, two evolutionary LWRs, ABWR and System 80+, have been certified as a
standard design in U.S. which will remain effective for 15 years. A passive PWR, AP600, is currently in
the process of design certification. With the requirement that the CANDU 9 design should be licensable
for both domestic and foreign potential users, the pre-project Basic Design Engineering program included
a two-year formal extensive review by the Canadian regulatory Agency. The licensing review has been
successfully completed and the final report from the AECB was issued in January 1997 [8].

To benefit further from the standard design, the modular construction approach has been adopted
in varying degrees by all ALWR developers to improve the construction schedule. Modularization has
been used sometime in the area such as water treatment, demineralizer package, air compressors, and T/G
subassemblies. This has been extended to structural modules as well as more wide range of equipment
modules. ABWR has utilized the modular construction approach to meet the EPRIURD required
schedule of 48 month from first concrete to fuel loading. In CANDU 9, special features related to
constructability are incorporated, which will result in the reduction of the construction costs and schedule.
The CANDU9 design includes a site and building layout that promotes efficient construction and
incorporates the increased use of prefabrication - ranging from skid mounted packages to large structural
assemblies. Though it is a passive ALWR design, AP600 has adopted the modularization extensively,
over several hundred modules. Also, KNGR, an evolutionary plant currently under development in Korea,
is considering the modularization as an option.

Integration of operating plant insights, Consideration of safety, operability and constructibility
during the design stage.

Unlike previous nuclear plant design, the aspect of safety, operability, constructibility, and
operating plant insight has been systematically considered from the beginning of the design, during the
design process. For example, both ABB/CE and GE performed the PSA during the design stage and
reflected in their design improvement [9]. Furthermore, ABWR has performed constructibility review,
construction schedule development as well cost estimate as the part of the first-of-kind-engineering
program. It is our understanding that similar activities are being performed in AP600, CANDU 9 as well
as EPR program. As a part of the KNGR design development, KEPCO systematically reviews the design
periodically on safety, constructability, operability, ORE, and cost impact The result of this review is
used in the optimization of the KNGR design.
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1. Introduction
Construction of a nuclear power plant in Japan used to take about five years from bedrock

inspection to the start of full commercial operation. Kashiwazaki-Kariwa Units #6 and #7
(K-6/7), the world first ABWRs, reduced the construction period by nearly one year. This
reduction was realized by
(1) design features of the ABWR such as Reinforced Concrete Containment Vessel (RCCV),
(2) advanced construction method,
(3) detailed engineering at very early stages of the project, and • .. ••
(4) good construction management

2. Design Improvement for Short Construction Period
The ABWR was developed for enhanced safety and reliability, good operability, reduced

occupational radiation exposure and radioactive waste, and enhanced economy. Those
features which have a significant bearing on the construction scheme include the use of RCCV
structurally integrated with R/B and reduction of the building volume through rationalization
of layout design. While the installation of traditional steel containment vessels is critical on
any construction schedule, RCCV installation can be performed concurrently with erection of
R/B, thus providing a merit of a shorter construction period Building volume was
significantly reduced in ABWR. Total building volume of K-6/7, with a capacity of
1356MWe each, is smaller than that of Units #3 and #4, with a capacity of 1 lOOMWe each,
by more than 20%. This ledto the reduction in the building material, piping and cable volume,
and HVAC capacity, which also contributed to the short installation schedule.

3. Advanced Construction Method
The principal construction methods adopted for K-6/7 were as follows.

(1) all-weather construction method and improved construction tools for the efficiency and
accuracy of site work.
(2) large block construction method and deck plate construction method for the concurrent
progress in parallel construction.
(3) in-factory assembly of reactor internals and prefabricated module units for the work load
reduction at site.

All-weather construction method was adopted for K-6. In this method, steel structure
for the entire R7B is assembled earlier than ordinary schedule requires, and the building is
covered with a temporary roof and sheet to provide a better indoor condition for the site work.
This was very effective in the area of heavy snowfalls and seasonal winds like Kashiwazaki-
Kariwa.

Large block construction method was used at K-7. Components and structures were
assembled into large modules while buildings were erected, then after the completion of the
floor, these modules were brought into the place. A big crawler crane, with maximum lifting
capacity of 93Ot at operating radius of 30m, made this method real and effective.

4. Detailed Engineering at Very Early Stages of the Project
In a short construction schedule, well-coordinated scheme of building construction and

equipment installation is a key, thus design for equipment, layout and building structure was
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required to be detailed at very early stages. This was especially important when applying
modularization, because components were brought into site earlier than conventional
construction methods for pre-assembly, and because modularization required more accuracy.
Three dimensional CAD systems were fully utilized for this purpose. The CAD systems were
not only powerful in design work, but also used for the simulation of construction work to
prevent interference during installation of large modules.

There has been no forced automatic shutdown for both First-Of-A-Kind- ABWR up until
now, which also contributed to the short schedule in the startup testing phase. This is partly
because the test-before-use principle we kept in the development stage worked, and partly
because the plant transient behavior was well predicted by a sophisticated 3D analysis code.

5. Construction Management
Construction management was essential for the careful preparation of construction plan

and execution of work on schedule. Joint committee and subcommittees were established
among TEP CO and plant contractors to coordinate various activities including engineering,
licensing, scheduling, quality assurance and so on. Owner's initiative is most important in the
coordination. Our principal management functions were as follows.
(1) Design related function including design change control, design review and its verification.
(2) Construction scheduling function. -
(3) Quality assurance and quality control function.
(4) On-the-job safety related function.

6. Future Prospect
Judging from the experience at K-6/7, TEPCO considers that the next ABWR can be

constructed less than 45 months using advanced construction technologies including module
construction method as a core technique.

Construction management can be enhanced and streamlined with the latest information
technology which makes the best use the data and knowledge accumulated through the
construction of the first ABWRs.

Table 1 Comparison of Construction Period
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The economical success of the European Pressurized Water Reactor EPR strongly depends on
high availability, combined with low operation and maintenance costs. These targets must be in a
sound balance with the investment costs. The generation costs of the EPR must be competitive
compared to fossil fired plants. In this context the feedback of operating experience from
Electricite de France (EDF) and German utilities plays an important role during the Basic Design
of the Nuclear Island of the EPR.

There is a large number of PWR plants in operation around the world and considerable resources
have been devoted by utilities, constructors and regulatory bodies to gather information
concerning operating experience and to derive lessons and improvements from this experience,
particularly from incidents. In the "evolutionary" way, operating experience is an essential driving
force to actually improve the "defence-in-depth" of the plants. This basic choice was also
supported by the French and German Safety Authorities in their common recommendation for the
safety approach for the next generation of nuclear power plants (1).

The design of the EPR is based on an evolutionary concept developed from the most recent
French (N4) and German (Convoy) plants. Two N4-plants are in operation (Chooz Bl, B2). The
operating results of the first cycle of Chooz Bl and 2 are in line but it is too early to obtain
significant results. Two N4-plants are in commissioning (Civaux 1, 2). Civaux 1 was connected
to the grid in December 1997 and Civaux 2 will be connected to the grid in November 1998.

In Germany, the three Convoy plants are nearly ten years in operation now. Their performance
indicators achieved are excellent compared to international ratings availability 92%, collective
radiation exposure 0.2 man-Sv/a, unplanned automatic scrams 0.4/a. But altogether EDF and
German utilities have operating experience with PWRs of about 1000 reactor years.

The existing EPR project structures further the integration of the lessons learnt from the past
projects. This is the first, accomplished by the designers, i.e. EDF-CNEN, Framatome and
Siemens. Then, due to the deep involvement of the utilities i.e. EDF-SEPTEN and EDF-EPN, as
well as the German utilities, the experience gained in designing, constructing and operating the
existing units, is made available for the benefit of the EPR design. The feedback of experience of
other European utilities operating PWRs can also be used due to the European Utilities
Requirements for future ALWRs.

In general terms, the EPR studies are shared among the designers. The results of these studies are
then reviewed by the other designers and approved by the utilities. For facilitating the. exchange
of opinions and the harmonisation, technical working groups are organized. It is the responsibility
of each designer to take into account its experience when performing a given task. It is also the
responsibility of each partner, when commenting the result of this task, to react in accordance
with its own experience. This ensures that all important technical knowledge is taken into
account.
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In addition transverse studies between EDF and German utilities have been carried out to
integrate in the EPR-design availability and maintainability over the lifetime of the plant from the
operators point of view. These studies have been completed in the framework of the EDF-
CIDEM project together with German maintenance specialists and outage managers.

The results of the Basic Design, especially the improvements for operating and maintaining the
EPR, were presented in the, EPR-Conference in October 1997 in Cologne (2).

Some key features which are considered in the Basic Design shall be explained in detail:

• Simplified and Redundant Safety System Configuration
The chosen simplified system design combines the advantages of a system configuration using
diverse backup safety functions with the concept of providing a high degree of redundancy
with separation of functions. The '4 trains in 4 division' - concept enables on power
maintenance during power operation, because of a near physical separation of the 4 safeguard
buildings.

• High availability during cycles
The average availability shall be of 90 %. To ensure low automatic scram frequency, special
I+C-functions (limitation) are implemented to avoid reactor scram after certain transients. This
partial trip-concept reduces the power level rapidly until the operating parameters have
returned to the control range and power can be raised again.

• Man machine interface
The EPR will be equipped with an advanced digital I+C-system. The screen based control
room supports the tasks of operators and minimizes human errors. Grace periods are
optimized.

• Performance of outage
French and German experience was taken into account for system design regarding plant cool
down and start up. For safe mid-loop operation reliable measurement, level control and
automatic isolation in case of loss of inventory are implemented.
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The process of feeding back operation and maintenance information into the CANDU
plant design has been in constant evolution since the beginning of the CANDU
program. The commissioning and operational experience from the first commercial
reactors at Pickering A and Bruce A was used extensively in the design of the first
generation CANDU 6 plants. These units have been in operation for 15 years now,
operating at an average lifetime capacity factors about 85%. The strategy adopted by
AECL has been to progressively evolve the CANDU 6 design based on lessons learned
from the operating CANDU's worldwide. The utilities have continued to play an
important role in CANDU 6 evolution. Specifically, the Korea Utility, KEPCO has one
of the original four CANDU 6 plants and three of the most modern. Their feedback to
the designers has been very helpful. Design enhancements in the control center, the
annunciation system, equipment access and provisions for major component
maintenance and/or replacement are some specific examples where the design was
enhanced to improve the man-machine interface and performance. The units being
built and recently placed in service in Wolsong, Cernavoda and Qinshan are benefiting
from these improvements.

Today, customers are seeking a safe and reliable technology which can generate
electricity at a competitive price during the entire plant design life. Provisions for life
attainment and extension are also extremely important to maximize the return on initial
investment. The focus is on both the initial installation cost and the long term
production cost. In further advancing the CANDU 6 & 9 design, greater emphasis is
placed on enhancements that can reduce operation costs and further improve plant
performance by reducing planned outage times. Input from CANDU operators has
been used extensively to identify the potential opportunities. These enhancements
include more extensive use of information technology linked with the plant control
computer systems to monitor and record thousands of plant parameters. The
information is organized and presented to the users using plant schematics. This
reduces the effort required to track and record plant data and improves the system
surveillance carried out by system engineers. Early detection and diagnosis of
equipment deficiencies also lead to reduced forced outages. This also proves to be an
invaluable tool for the plant life management program and facilitates the
implementation of condition based maintenance programs. Another area of focus is on
maintainability. The plant design has been improved to facilitate maintenance

79



scheduling, equipment isolation, maintenance and post maintenance testing. Individual
tasks have been analyzed as well as the interaction between tasks during outages to
reduce the down time required and simplify the execution of the work. This results in
shorter outages, reduced radioactive dose and reduced costs. In recent years, plant
configuration management and plant life management have become areas of attention
for plant operators worldwide. These can be costly programs if they are not managed
early in plant life through effective processes. AECL is analyzing the needs of plant
operators and developing better tools and programs taking advantage of its experience
with 3D CADD and other engineering tools used for plant designs.

Operation and maintenance feedback is now being used to enhance much more than
just the technology. AECL is using a number of methods and processes to obtain
feedback. Close cooperation with the CANDU operators has been instrumental. One
of the most important process is through the CANDU Owners Group which provides
information exchange between members. AECL also has its own internal operating
experience feedback process which ensures that the lessons are systematically
considered. AECL uses experienced utility staff in design reviews and in developing
new products and services. AECL staff are also gaining valuable plant experience in
servicing operating CANDU plants. This ensures that the benefits from the feedback
are realized for both existing plant operators as well as future customers. The
CANDU design has long been recognized for its robust and reliable technology. The
design continues to evolve and is a very competitive alternative for electricity
generation into the twenty first century.

KEPCO is aware of the value of providing operational feedback to the designer in
order to ensure gainful evolution of the design takes place. For this reason, KEPCO
has always cooperated with AECL to provide information related to operability,
maintainability, and costs of all elements of the plant.

When KEPCO made the decision to build three more CANDU units (Wolsong-2/3/4),
they gave serious thought to how they could make use of the experience gained through
their years of operation of their first CANDU 6 to gain even further advantage from
the proven robust design. After considerable discussion with AECL, agreement was
reached on the incorporation of 74 design changes in the Process & Equipment,
Instrumentation & Control, and Fuel Handling areas. These changes were achieved
while maintaining the concept that the operational interfaces for Wolsong-2/3/4 should
be maintained as close as possible to those of Wolsong-1.

In India eight PHWRs of 220 MWe capacity are in operation. Four reactors, also of
220 MWe capacity are in advanced stages of construction. Site construction work of
two units of 500 MWe PHWRs at Tarapur will be started shortly.

Over the years, during construction and operation of these power stations, a large
amount of experience has been accumulated. Operation and maintenance experience is
shared with operating stations by intensive participation of design engineers in Station
Operation Review meetings, trouble shooting and root cause analysis of problems.
Experience is also gained while participating in meetings of Safety Review Committee
for Operating Plants (SARCOP), Project Design Safety Committee (PDSC) and IAEA
sponsored specialists' meeting/programmes. Feedback from COG and WANO reports
are also available. All this experience has been appropriately ploughed back into
design of the 500 MWe PHWR.

This paper discusses the feedback process and some specific features of the current
CANDU and other PHWR designs.
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The nuclear fuel cycle can be optimized subject to a wide range of criteria.
Prime amongst these are economics, sustainability of resources, environmental
aspects, and proliferation-resistance of the fuel cycle. Other specific national
objectives will also be important. These criteria, and their relative importance, will
vary from country to country, and with time. There is no single fuel cycle strategy
that is optimal for all countries.

Given the historical difficulty in predicting the availability and cost of energy
resources and fuel cycle technologies, and the large uncertainties and variability in
many of the factors, a superior nuclear energy strategy must include fuel cycle
flexibility. This will enable a country, or utility, to optimize its fuel cycle strategy
based on its own unique circumstances, and to change that strategy when those
change.

It is also important to note that the fuel cycle must be seen as a whole in the
discussion of optimization. It is possible to seek best solutions for each stage or
element in isolation, without considering the effect on the whole. This is poor
practice, given the important inter-relationships between the stages, where the
knock-on effects of choices have to be evaluated. This "whole" includes
consideration of not only the entire fuel cycle, but also of the entire national, or even
regional energy environment.

Within the short term, the industry is attached to dominant thermal reactor
technologies, which themselves have two main variants, a cycle closed by
reprocessing of spent fuel and subsequent recycling and a once through one where
spent fuel is stored in advance of geological disposal. However, even with current
technologies, much can be done to optimize the fuel cycles to meet the relevant
criteria.

For the electricity utility today operating an existing nuclear power plant,
economic optimization means minimizing the costs of producing electricity, based
on a high degree of plant reliability, operational flexibility and maximum fuel
utilization. This will include the costs of spent fuel management and eventual plant
decommissioning. The restructuring of electricity markets which is taking place
throughout the world means that nuclear plants must compete directly with other
modes of generation. Only if plants can prove cost effectiveness will they survive.

The position is now that for many countries, there is a direct conflict between
the economic and sustainability concepts of optimization. The pressures to constrain
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costs of generation in increasingly competitive electricity markets imply that fuel
cycle options which contradict the sustainability criterion will be selected. There are,
however, exceptions to this, including countries where greater value is placed upon
the value of raw materials on account of potential shortages or fear of the foreign
exchange costs of importation.

Over the longer term, the possibilities for optimizing the fuel cycle are
potentially more extensive. Most of these options involve a much greater use of the
resource base for nuclear power and typically involve fast breeder reactors and the
introduction of new reactor fuels such as thorium. However, the caveat is that fuel
cycle decisions taken today can impact the options available in the longer term.
There is a finite resource of fissile material that can be used to initiate fast reactors or
thorium fuel cycles. The rate of introduction of these new fuel cycles, and their
ability to meet energy requirements in the future, will depend on the extent and
availability of fissile material when it is needed. Fuel cycle decisions taken today, can
either open or close doors in the future.

In the long term, resource sustainability can be assured for centuries through
the use of fast breeder reactors, supporting high-conversion thermal reactors,
possibly also utilizing the thorium cycle. These must, however, meet the other key
criteria by being both economic and safe.
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The currently operating power plants in Argentina are both heavy water cooled and
moderated, designed for natural uranium (NU) fuel and on power refuelling. Atucha-1 (360Mwe)
is a Siemens design, pressure vessel type with vertical channels and full-length fuel elements,
while Embalse (648Mwe) is a Candu-6 NPP with short bundles in its horizontal channels.

The original fuel is natural uranium in both cases but since long ago the use of slightly
enriched uranium fuel (SEU) has been considered a very interesting option in order to improve
significantly the exit burnup and correspondingly to reduce the fuelling cost.

In January 1995 the Utility, Nucleoelectrica Argentina S.A, initiated the SEU (0.85%
enriched) fuel loading in Atucha-1 and in the middle of this year around 100 of the 252 fuel
channels have been loaded with the new fuel. The irradiation program has proceeded
satisfactorily, and the goal of 11000 Mwd/ton has been already achieved as exit burnup of the
enriched fuel. This represents a remarkable increase with respect to the previous 6000 Mwd/ton
of the natural uranium core. This program is being accomplished by the Utility in close
cooperation with CNEA. Only minor modifications of the fuel design were introduced and no
plant hardware had to be modified . The PCI criteria were re-analyzed and translated to practical
operating procedures for the in-core fuel management.

A series of studies and engineering activities related to the described enrichment program
were carried on related to the mentioned operating plants and also with reference to the Atucha-2
plant, also of Siemens design, which is still under construction.

Plant start-up: SEV or NU fuel?
Many different studies have been performed in Argentina regarding the use of slightly

enriched uranium in the PHWR nuclear plants. These referred mainly to operating plants so that a
transition had to be considered from the present natural uranium fuel cycle to the slightly
enriched one. Little has been said about the start-up core of a new plant.

In this analysis, technical and economical arguments are presented which favour the use
of a natural uranium initial core.

From a technical point of view, we can say that for a PHWR, with on power refuelling,
the initial core is a singularity in the plant's life. During the long start-up period a very high excess
reactivity has to be controlled and this situation is never repeated.

The plant is thus operated during a long period with high poison content which of course
produces a reduced mean exit burnup of the first core. In the SEU case (0.85% enriched), the
poisoned start-up core lasts a longer period because the fuel must achieve approximately twice
the burnup of the NU case before the reactivity excess reaches the standard equilibrium value.
This reactivity excess is roughly the same for both cases because the operational transients are
almost equivalent in this regard.

From a licencing point of view, the NU initial core solution is preferred because the
reactor is much less reactive during the long transition from the start-up to the equilibrium
situation.

Moreover, the economical side of the problem does not favour an initial SEU core. The
levelized fuel costs are shown to be practically insensitive to the first core and a fast transition is
more influential than an initially enriched core.

In our case where the sources of investment are scarce, the different cost between a NU
and SEU initial core is relevant.
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A more flexible fuel design plays an important role in speeding-up this transition and also
in reaching high load factors which are of mayor importance in the economy of the plant.

Fuel element optimization.
Step 1:

An improved fuel element design for a PHWR using SEU fuel is studied . It mantains the
general geometric disposition of the currently used in the argentine NPPs' reactors, replacing the
outer ring of rods by rods containing annular pellets. Power density reduction is achieved with
modest burnup losses and the void volume in the pellets can be used to balance these two
opposite effects. The results show that this new fuel can be operated at higher powers without
violating thermalhydraulic limits and this means an improvement in fuel management flexibility
during in-core fuel shuffling as well as in the transition from NU to SEU cycle.

With respect to the void coefficient of the PHWR cell, it can be reduced and even reversed
in sign by means of an adequate combination of enrichment and some specific absorber
distribution. It was demonstrated that using 2% enrichment in the outer rings of rods and a
combination of depleted uranium with 1% Dy in the inner rods of the standard 37 rod Candu-
type bundle, the same performance of the slightly enriched uranium (0.85% U235) can be
achieved. The cell presents an interesting negative void coefficient but the internal power
distribution is of course worsened with respect to the standard cell. This difficulty could be
circumvented using a zirconium liner. There is margin for analyzing different solutions reconciling
these two conflicting requirements: low void coefficient and a good power distribution in the
bundle.

Spatial effects have been studied in this highly inhomogeneous cell, concluding that even if
there are differences in the prediction of important parameters using a simplified or a more
precise spatial model in the new cell, the ring homogenization is very reasonable and can be used
for design purposes.

Step 2 :
A redesign of the PHWR fuel element CARA(3) to be used in all argentine NPPs, has been

proposed. The goal is to combine economical benefits with an improved core-performance. The
main features of this new bundle are an increased subdivision of the fuel material: 52 rods, and a
100cm long bundle. The neutronic aspects of CARA have been studied (5), showing that the in-
core performance is similar to the standard fuel in Embalse reactor, whereas it improves
considerably in Atucha-1, due mainly to the increase in uranium inventory. Of course in both
cases linear power densities are significantly reduced. A variant of the design, with 48 rods instead
of 52, is proposed. No burnup losses are involved in the change and costs are reduced.

These rod-dense clusters are also interesting when considering the void coefficient because
the graded enrichment necessary to rum it negative is no longer conflicting with the internal
power peaking factor due precisely to the diminishing in mean linear power density.

Core reactor calculations for 0.85% enrichment in Atucha-1 show that similar fuel
management strategies can be used with the original CARA bundles, its variant of 48 rods, or the
present standard fuel, and the exit burnup is 10% higher in the first two cases. Figure 1 shows a
cross section of the Atucha-1 core and Figure 2 a radial distribution of maximum channel powers
in the cases studied. The natural uranium curve is shown as reference. All other cases are 0.85%
enriched.
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Atucha I: maximum channel powers
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Nowadays nuclear energy is facing an increasingly stiff competition
with other energy sources. Particularly, in places where gas is available at
low prices, combined cycle gas turbine (CCGT) plants appear as formidable
competitors against nuclear power plants. The relative cost composition of
electric power is different in gas and nuclear generation. In the nuclear
industry, operation and maintenance (O&M) and fuel costs are relatively low,
while construction costs represent the major component of investment. On
the contrary, for the CCGT, fuel costs are significatively higher than capital
costs. Therefore, the economic competition between both technologies is
mostly determined by the existing relation between the price of gas and the
capital cost of nuclear plants, which varies from region to region.

Considering the most favorable scenarios, the cost of the nuclear
power results at least 36 mills/KWh, whereas gas power generation ranges
between 29 and 45 mills/GJ in Europe, and between 20 to 29 mills/GJ in
Argentina, where the gas is abundant and very inexpensive. Clearly, in
regions where gas is available at low prices, the electricity generation by
means of CCGT represents a formidable competitor against nuclear energy.
One of the major obstacles to the profitability of nuclear power plants is the
relative low efficiencies of their thermal conversion cycles. In effect, water
cooled reactors performance is limited by the primary coolant temperature,
which cannot exceed 300 °C due to materials constrains.

During the 60's, when the thermal efficiency and reliability of LWR
were still low, a few nuclear power plants with secondary overheating by
means of fuel oil were constructed (i.e., Indian Point 1 in USA, Garigliano in
Italy and Lingen in Germany). However the performance of the combined
cycle was questionable, due to low load factors and material failures.
Presently the technology of thermal power plants, nuclear and conventional,
is much reliable (90% load factors). Consequently, it is reasonable to
reconsider the feasibility of combined advanced cycles that produce vapor by
means of nuclear power —taking advantage of the lower thermal costs— and
superheat the secondary flow by means of the exhaust gases coming from
gas turbines [1]. The concept combines the lower costs of nuclear fuels with
the higher thermal efficiency of CCGT.

An assessment of the economy of combined nuclear-gas power
plants was performed, viewing the merging as a convenient "strategic
alliance" between both types of fuels (nuclear and natural gas), which offers
an alternative of electric power generation at lower costs. An interesting
conclusion of this analysis is that the gas price is the parameter which
determines the competitivity between both energy sources. Wherever the gas



is very expensive, nuclear power plants would be recommended; whereas in
regions where the gas is available at low prices, CCGTs are preferential. In
this scenario, the combined nuclear-gas cycle appears as the most
convenient alternative in the range of moderate gas prices.

Figure 1 shows the position of different countries in a map of
competitivity regions. The map plot gas prices and construction costs of
nuclear plants in a two dimensional plane where the best alternative for
power generation can be visualized by zones. Interestingly most of the
countries fall in the region where the combined nuclear-gas cycle is more
competitive. The dashed line indicates the competitivity boundary without
taking into account the combined option, that is comparing nuclear against
gas separately. It can be seen that many countries are located close to this
boundary. Presently, countries like UK and Argentina are constructing CCGT
since it is the best option if compared with nuclear alone. It is worth to note
that the scenario may change completely if the combined nuclear-gas cycle is
seriously considered as a feasible power generator.

Figure 2. Competitivity map showing the most convenient aiternativ

4000

3000

NPP
Capital Cost
($/KWe)

2000

1000

GAS

CiAS
NUCLE

2 3

Gas price ($/GJ)

Contrary to the trends followed from classical assessments of nuclear
and gas power generation taken separately, the maximization of the
superheated temperature was not found to be a good design criterion. In
dealing with situations where gas prices are high, the optimum superheating
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can result lower than the technically achievable. Moreover, within rather wide
cost ranges, the combination of nuclear and gas presents interesting
possibilities to successfully compete in the near future electric market.
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The Belarus takes one of the last places as to the supply of fuel and energy resources even
among the countries of Central and Eastern Europe. In 1990 it supplied a little bit more than 10% of
all energy needs of the Republic. The cost of fuel and electric energy annually purchased (mainly
from Russia) according to nowadays prices at the CIS market is about 1.5 Bill USD, what exceeds the
sum of a total state budget of the Republic. Electricity generation facilities in Belarus include very
old units. If this equipment is operated in accordance with the existing rules for operation, 2005-2009
will retire about 60% of it. Most of the electric power units either have exhausted their operating life
(300,000 hours operating life for a turbine) or will reach it by 2005. Changes in the installed capacity
of the Belarus electricity generating system including retired is shown in Figure 1. Here the forecast
of peak demand is from the World Bank Report. The retirement schedule assumes that units are taken
out of operation 300000 hours after their startup.

12000

fmmsm Natural gas

• • • F u e l oi!

Forecast

1999 2004 2009 2014 2019

Year

FIG. 1 Installed capacities of the Belarus electricity generation system

The scenarios for the electricity system expansion plan included only conventional
technologies. Presently, the works connected with the preparedness for NPP construction in the
Republic site survey for NPP are being carried out. The result of the preliminary studies had shown
that there are at least three sites for construction of the NPP. It allows including nuclear power option
in the list of possible technologies for electricity generation.

Using WASP III Plus computer code the optimal expansion plan of the electricity generation
system based on installation new combine cycle units and nuclear power plants has been developed.
Optimal least cost expansion plan has been chosen as a result of comparative analysis of the three
scenarios. Technology and fuel types considered for each case are summarized below: Technical and
economical parameters are typical for technologies that are expected to be available during the
planning period.

Characteristic Scenario 1 Scenario 2 Scenario 3
Technology

Fuel type

Steam turbine,
Combined cycle, Gas

turbine
Natural gas

Steam turbine,
Combined cycle,

Gas turbine
Natural gas, Coal

Steam turbine, Combined
cycle, Gas turbine

Natural gas, Nuclear
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Using WASP III plus computer code optimal electricity generation system expansion plan for
each scenario had been found. Calculations had been carried out for discount rate equaled 8 %.
Electricity generation cost for scenarios is shown below.

Scenario 1 3.60 cents/kWh
Scenario 2 3.62 cents/kWh
Scenario 3 3.26 cents/kWh

The results of calculation are shown that electricity system expansion plan based on
utilization of coal as a fuel has highest generation cost. Otherwise, implementation on nuclear power
will allow decreasing generation cost up to 3.26 cents/kWh. In accordance with calculation optimal
solution includes construction four nuclear units and first unit has to start up in 2010 year.
Comparative analysis the different scenarios are presented on Figure 2. For Scenario 3 based on
natural gas and nuclear fuel mix is expected to be least total electricity generation cost and it is most
economically attractive option. Realization of the Scenario 3 first of all allow decreasing of the
annual natural gas purchasing and save up to 259 Mill dollars per year. For all scenarios annual
capital cost is not very different. It means that irrespective of scenario to be chosen money
requirement for electricity system expansion is approximately the same. Thus, there is no reason to
turn down nuclear option on the bases of high cost of the nuclear power plant construction.

Optimal structure of the electricity generation system by technology type use to depend on the
historical hourly load and available fuel resources. Two peaks characterize the hourly load curve. The
morning peak is at 10 am and the afternoon peak is at 6 p.m. Both peaks are close to each other, the
morning peak is slightly higher. To cover peak load demand only 15-20% of the installed capacities
use to be needed. Most of the units Belarus electricity generation system works in a base load regime.
Therefore, the optimal structure of the technologies for electricity generation includes units which
traditionally are considered as a most attractive for covering base load.

I Capital cost
EZZ3O&M cost

Fuel cost
Total

Scenario 1 Scenario 2 Scenario 3

FIG. 2 Total Cost of Electricity Generation during 25 Years

In accordance with results of the WASP runs only 4-5% of the total capacity can meet of the
gas turbines. Optimal share of nuclear energy doesn't exceed 22% and approximately equals the
share steam turbines. As it has been calculated combine cycle technology can provide about 55% of
capacity to be required.
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No single fuel-cycle path is appropriate for all countries. Many local and global factors will
affect the best strategy for an individual country. Fuel-cycle flexibility is an important factor in
an ever-changing, and unpredictable world. CANDU is an evolutionary reactor, offering a
custom fuel cycle to fit local requirements. Its unsurpassed fuel-cycle flexibility can
accommodate the widest range of fuel-cycle options in existing CANDU stations.

In the short term, the CANFLEX® bundle is nearing power reactor implementation. The
demonstration irradiation of 26 bundles in the Pt. Lepreau power station in New Brunswick,
Canada, started this September, and a water-CHF test will take place later this year that will
confirm the improvement in thermalhydraulic performance. CANFLEX provides enhanced
operating and safety performance through a reduction in peak linear element ratings, and a
significant increase in critical channel power. CANFLEX will be the near-term carrier of
advanced fuel cycles.

While natural uranium fuel provides outstanding advantages, the use of slightly enriched uranium
(SEU) in CANDU offers even lower fuel cycle costs and other potential benefits, such as uprating
capability through flattening the radial channel power distribution. Recycled uranium (RU) from
reprocessing spent PWR fuel is a subset of SEU that has significant economic promise. The use
of SEU/RU is the first logical step from natural uranium in CANDU.

For countries having LWR reactors, the ability to use low-fissile material in CANDU reactors
offers a range of unique synergistic fuel cycle opportunities. At one end of the spectrum is
conventional reprocessing. The recycled uranium can be used directly in CANDU without re-
enrichment. The plutonium can be utilized in conventional MOX fuel. Finally, the actinide
waste can be mixed with some of the plutonium, and incinerated in an existing CANDU reactor
using an inert-matrix carrier, such as SiC, burning most of the fissile plutonium, and a significant
fraction of the actinide waste. At the other end of the spectrum is the DUPIC cycle, employing
only dry thermal/mechanical processes to convert spent PWR fuel into CANDU fuel. With no
purposeful separation of isotopes from the fuel, the DUPIC process has a high degree of
proliferation resistance. This option is potentially simpler and more economical than
conventional reprocessing. The first DUPIC elements have been fabricated by AECL and KAERI
staff for a demonstration irradiation in the NRU reactor, to begin later this year. Between these
two extremes of recycling options are a multitude of other advanced options that offer particular
advantages in exploiting CANDU's high neutron economy to reuse spent LWR fuel without need
of separating, and enriching the contained fissile material.

CANDU® and CANFLEX® are registered trademarks of Atomic Energy of Canada Limited (AECL)
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Thorium is a nuclear fuel in which there is potential widespread interest in the longer term, and
short-term interest in those countries possessing extensive thorium resources, but lacking
indigenous uranium supplies. Recycling in a CANDU reactor the 233U produced by irradiating
ThC>2 can reduce mined uranium requirements by up to 90%. Complete independence from
uranium is theoretically possible with the self-sufficient-equilibrium thorium fuel cycle in a
CANDU reactor, which in equilibrium, produces as much 233U as is consumed. The full
exploitation of the energy potential from thorium requires recycling, which will not be
economically justified for many years. Since commercial thorium fuel recycling facilities have
not been built, there is an opportunity to develop a new, cheaper, proliferation-resistant
technology for recycling.

In the long term, the CANDU reactor is synergistic with FBRs, with a few expensive FBRs
supplying the fissile requirements of cheaper, high conversion-ratio CANDU reactors, operating
on the thorium cycle. Direct recycle of fuel between the two reactor types is feasible.

The once-through thorium (OTT) cycle provides a bridge between current uranium-based fuel
cycles, and a thorium fuel cycle based on recycle of 233U. The optimal OTT cycle is economical
today, in terms both of money and uranium resources. This cycle creates a mine of valuable 233U,
safeguarded in the spent fuel, for future recovery predicated by economic or resource
considerations. AECL has recently devised practical OTT strategies.

The fuel cycle path chosen by a particular country will depend on many local and global factors.
The CANDU reactor has the fuel cycle flexibility to enable any country to optimize its fuel cycle
strategy to suit its own needs.
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There is increasing pressure to bring nuclear plants into production as soon as possible once the
decision to build has been made. Many tools and techniques are available to the constructor to allow
selection of an optimum combination of schedule and cost.

This paper deals with three major construction methods that are being utilized in the construction
of CANDU products, and the tools that are facilitating the detailed planning that is required to meet the
shortened schedule. These tools are also improving the quality of the engineered product to ensure
construction is done right the first time.

CANDU 9 has been designed with ease and speed of construction as a requirement and modern
tools and methods are being utilized to give confidence in an optimized schedule.

An overall construction strategy was developed leading to a target construction period of 56
months from the Limited Work Authorization to commercial operation for the first CANDU 9 unit in
Korea.

• "Open Top Construction" means direct installation of most material and equipment into the Reactor
Building utilizing external cranes prior to installation of the dome.

• "Prefabrication" can take many forms, from civil structures to mechanical/electrical skid mounted
packages and may be of many different sizes.

• "Parallel Construction" techniques are those that redirect the sequence of events for Reactor Building
construction from activities in series to activities in pararrel. With parallel construction techniques
the mechanical construction program can be integrated into concurrent work areas with the civil
program.

3D CADDs has been used by AECL for 10 years as a design tool. For the last few years this has
been carried further utilizing advanced computer modeling systems which are used as both design tools,
and for developing construction sequences and detailed planning. This allows the constructor to visualize
multiple construction scenarios for the project in order to evaluate conflicts and risk. The development of
PRIMAVERA schedules is an iterative process in combination with the planning sequences.

The paper specifically looks at an example of detailed planning, utilizing 3D CADD produced
construction sequences. The example is for the prefabrication and installation of a major assembly, the
Feeder Header/Pipe Whip modules. This module is assembled on site, in an area adjacent to the Reactor
Building. This work is conducted off the critical path and it is not until the final installation, taking only a
few days, that the work impacts the critical path. If this work had been constructed in the traditional piece
by piece manner, the duration for these critical path activities would have been extended by several
months increasing overall project duration.

95



The Construction sequences allowed an iterative scheduling process to be conducted leading to
optimization of the schedule.

The example clearly demonstrates that to ensure the success of a short construction schedule there
must be very detailed construction planning. The project schedule will be 'construction driven' and, in
particular, material deliveries must meet construction requirements.

Well proven techniquies such as 'open top', prefabrication and parallel construction, combined
with new technologies such as 3D CADD sequences allow detailed planning to increase confidence in
meeting compressed schedules and reducing project risk.
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Using 3D CADD to develop construction sequences and optimize the project schedule
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1- BACKGROUND OF THE CIDEM PROJECT

To minimize the kWh cost EDF has decided to implement the CIDEM project (French
acronym for Design Integrating Availability, Operating Experience and Maintenance), an
analytic and systematic process for studying new projects, aiming at a design optimization
including investment, maintenance and availability objectives [1].

The first CIDEM application is centered on the future French nuclear unit construction
program, known as the REP 2000 Program, particularly in the framework of the design
studies of the new French-German Nuclear Island (European Pressurized Reactor, EPR) but
the approach could be applied to other Reactor type or fossil-fired units in particular for its
methodological aspect.

Directly based on EPRI/Utilities Requirements Document and on European Utilities
Requirements, a number of goals intended to maintain the overall costs of the future
generating units at a competitive level relative to the other generating modes were set for the
REP 2000/EPR project. These goals are :

-availability of at least 87%
-maintenance costs equal or less than those of current units.

2- FIRST STUDIES COMPLETED DURING THE BASIC DESIGN PHASE

The CIDEM studies for the REP 2000 Program were started at the beginning of 1993. A
number of results have already been obtained in the various fields covered by CIDEM. The
most significant results have been obtained in the availability field.

At the end of the Basic Design in August 97, the first studies carried out by The German
Utilities and EDF tend to prove that from a technical standpoint, the initial availability
objective of 87% has been raised to 90% (for a fuel cycle length of 18 months).

3- POSSIBLE IMPROVEMENTS

Within the framework of the Basic Design Optimization Phase of the EPR Project, some
complementary studies are engaged by the CIDEM project after analysis of remaining
margins in the project.

The main possible improvements presently identified are as follows:

• to decrease the outages duration and to define a better positioning of these outages,
• to take advantage of the EPR design to perform on-line maintenance,
• to propose a batch modifications policy.

The present allocation for forced outages could be also improved :. The present value, set to
2% per year, could be reduced to 1.4% (as required by EUR and URD). But large studies
are needed on Structures Systems and Components, with a possible impact on investment
costs. So these studies are not presently planned.
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3.1 Duration and positioning of the outages

Two different kinds of outages are needed to operate a nuclear power plant:

• the normal outages, which can be broken down into :
=> NRO, or Normal Refueling Outages including the core unloading-reloading

activities and most of the preventive maintenance tasks,
=> ROO, or Refueling-Only Outages, including only the core unloading-reloading

activities,

• the long outages, which can be broken down into :
=> TGO, or Turbine-Generator Overhaul, which, in addition to the Normal Refueling

activities, includes the general inspection of the turbine and of the main
generator,

=> ISI, or In-Service Inspection (or 8-years inspection in Germany and 10-years
inspection in France), which in addition to the Turbine-Generator outage
activities includes most of the regulatory inspections (vessel inspection, RCS
hydrotest, containment pressure test).

3.1.1 Normal refueling outages

The Normal Refueling Outage schedule has been studied in details with the German Utilities
during the EPR Basic Design phase. The related requirements have been transmitted to NPI
and the design options yet defined for the EPR project allow to reach the initial objective of a
normal refueling outage in 19 days (from breaker to breaker).

The shutdown and startup phases are optimized, and to keep some margins, it is not
presently careful to reduce their duration.

In the other hand, the duration of the works phase, including the steam generators
inspection and the safety trains maintenance can be reduced, for 2 main reasons :

• some provisions are existing in the EPR layout. They allow the use of robots for the SG
inspection : for an inspection of 20% of the tubes bundles during each outage (French
practice), an allocation of 92 hrs (instead of 168 for the previous schedule) seems realistic
if the 4 SGs are controlled in parallel.

• the 4-safety trains design allows to perform a large part of the preventive maintenance
activities unit in operation. Only works not feasible during plant operation would be
performed during normal refueling outages. For each safety train, an allocation of 60 hrs
is proposed.

Considering these new assumptions, the theoretical duration of a normal refueling outage is
reduced to 382 hrs (16 days). This value can be compared to some German Konvoi outages
performed in 15 days.

3.1.2 Refuelino-Onlv outages

The "Refueling-Only" outages are not systematically yet used by EDF, but the first ones
have been recently implemented alternately with Normal Refueling Outages, into the
outages policy for current plants. But considering both maintenance and inspection
constraints (particularly the regulatory ones), this outage policy can be only used for fuel
cycle no longer than 12 months.
For the EPR project, the duration of a Refueling-Only Outage has been assessed from the
Normal Refueling Outage schedule, by suppressing all the maintenance works. This
achieved a theoretical duration of 275 hrs (-12 days). However, this result is determined to
the capability to perform RCCA reshuffling in less than 8 hrs on the critical path. This
assumption has to be checked.
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3.1.3 T/G Overhaul

Two strategies can be considered :

• either to group all the maintenance activities on the T/G in only one long outage,
• or to split the overhaul into several Normal Refueling Outages (HP cylinders, LP cylinders,

Generator).

Considering easier the batch modifications policy proposed in §2.2 and the duration of
Refueling-Only Outages (12 days) and Normal Refueling Outages (16 days), it is quite
impossible in practice, to perform the maintenance, for example of HP cylinders, during a
short outage.
Then, CIDEM proposes to group all the maintenance works on the Turbine-Generator during
long outages (TGO and ISI).

On this assumption, the duration of a TG Outage is set to 31 days.

3.1.4 In-Service Inspection

The previous assessment of the In-Service Inspection duration for the EPR, has been
performed taking the same duration of the shutdown, the core unloading and reloading and
the startup phases than for the Normal Refueling Outage schedule. The duration of the
regulatory inspections was directly issued from the reference schedule of current 1300MW
units (EDF reference UTO 93). The duration obtained was 49 days.

The analysis of the last updated schedule (EDF reference UTO 96) of the 10-year In-Service
Inspection for the current units shows a significant reduction of the duration of the different
regulatory inspections. The total duration of the outage decrease from 93 to 68 days.

Considering these new data, and taking into account an higher pressure for the containment
pressure test (6 bars instead of 4), the new assessment of the In-Service Inspection duration
for the EPR will be set to 312 hrs (38 days).

3.1.5 Positioning of the outages

The figure given in Appendix presents the positioning of the outages for different fuel cycle
lengths, on a reference period of 10 years, in order to take into account all kind of outages.

It can be summarized on the table below

Number of outages

Refueling Only Outage

Normal Refueling Outage

Turbine-Generator Overhaul

In-Service Inspection

Fuel Cycle Length

12 months

4

3

1

1

18 months

0

4

1

1

22 months

0

3

1

1
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3.2 Outage extensions for modifications and miscellaneous works
Proposal of a policy for modifications

An analysis of the impact of modifications on the outages duration of current plants
emphasizes two kinds of modifications :

• simple modifications
• batch modifications

For the EPR, CIDEM proposes to perform simple modifications during NRO ; these
modifications induce outage extensions for works no longer than 9 days.
The batch modifications, more complex and heavy, are made during long outages, TGO and
ISI. The extensions for works are set to 19 days for ISI and 9 days for TGO.
For the ROO, a small provision for works of 3 days is proposed.

3.3 Outage extensions for unplanned events

The realization of modifications and miscellaneous works induce extensions due to
unplanned events no longer than :

• 5 days for ROO and NRO,
• 10 days for TGO and ISI.

3.4 Other unavailabilities
The assumptions concerning the other unavailabilities are the same than those fixed during
the previous studies:

• yearly forced outages : 175 hrs (i.e 2%),
• yearly unavailability for tests : 20 hrs,
• power increasing (from breaker to 100% NP): 24 hrs.

4- CONCLUSION

Considering these results, the availability values to keep for cost assessments are :

• 90.2% for a 12 months fuel cycle,
• 91.4% for a 18 months fuel cycle,
• 92.2% for a 22 months fuel cycle,
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APPENDIX

EPR PROJECT - POSITIONING OF THE PLANNED OUTAGES

7 Normal Refueling Outages 12 months cycle

First synchronization Limit for the general Limit for the
turbine inspection 10-year inspection

ISI NRO NRO NRO NRO TGO

L. I - I • I • I • I - I - I . I - I

NRO NRO NRO ISI

I
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

4 Refueling-Only Outages
3 Normal Refueling Outages

First synchronization

12 months cycle
with ROO

Limit for the general Limit for the
turbine inspection 10-year inspection

ISI ROO NRO ROO NRO TGO

U I - I • I • I • I -
ROO NRO ROO ISI

-I . I .I ± I

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

4 Normal Refueling Outages 18 months cycle

First synchronization Limit for the general Limit for the
turbine inspection 10-year inspection

ISI NRO NRO TGO

- I ! • I J
NRO NRO ISI

I - I - I I -

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

3 normal refueling outages 22 months cycle

First synchronization

ISI

Limit for the general Limit for the
turbine inspection 10-year inspection

NRO NRO TGO NRO ISI

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

NRO : Normal Refueling Outage TGO : Turbine-Generator Overhaul
ROO : Refueling-Only Outage ISI: In-Service Inspection

102



XA9949936

IAEA-SM-353-13P

Safety-Related Innovative Nuclear Reactor Technology Elements R&D
- SINTER Network -

W. VON LENSA (Forschungszentrum Juelich GmbH, D-52425 Juelich, Germany);
P. RAYMOND (CEA/DRN, St. Paul lez Durance); F. ALOMAR (DTN, Madrid); H. VAN RIJ (ECN, Petten);

F. VETTRAINO (ENEA, Bologna); I. TRIPPUTI (ENEL, Roma);
L. DEBARBERIS (JRC, Petten); K. FOSKOLOS (PSI, Villingen); M. KLEIN (SCK-CEN, Mol);

R. SAIRANEN (VTT, Espoo), F. SCHMIDT (IKE-Stuttgart) and J. FOEHL (MPA Stuttgart)

As any other applied technique, nuclear reactor technology still possesses an important
innovation potential to respond to the steady evolution of requirements with regard to, e.g.,
safety, economics, waste reduction, operational characteristics, complementary applications
etc. This potential has to be included into judgements on the 'Nuclear Option' within
sustainable future energy supply scenarios and social environments.

The technical improvement process itself is characterised by research & development
(R&D) efforts dealing with a multiplicity of technologies as well as scientific and technical
disciplines covering the complexity of the nuclear island and the related infrastructure. Each
of these 'Technology Elements' has it's own development scopes and time frames that may
sometimes collide with the tough schedules and budget limitations of commercial projects
although they might open up new ways of coping with existing or arising challenges. Future
reactor concepts will make use of these innovations by combining these new 'Elements' with
proven technologies and systems thus creating the base for innovative reactor concepts that
can respond to the evolution of public and industrial requirements in a flexible / effective way.

A sustainable R&D strategy for nuclear reactor technologies should therefore involve a
coexistence of short-/ medium and long-term R&D goals in a balanced mix as is the case in
other commercial or competing areas, too. Technological evolution always comprises many
short-, medium- and longer term steps as well as the feedback of experience to explore the
viability of new technical 'mutations' in an effective manner.

Key actions towards a consistent and sustainable R&D strategy - replacing or
interconnecting national programmes - are required on a European level to ensure and shape
the future of nuclear power as an active reaction on the evolution of public and industrial
requirements [1&2]. Under this background the SINTER Partners proposed how the R&D on
innovative nuclear reactor technologies could be incorporated into the ongoing R&D
programmes in Europe and how this field interacts with R&D on existing reactors and
commercial projects. The result of this discussion was to characterise the area of R&D in
nuclear reactor technologies by three levels with regard to the different objects, time horizons
and main players:

1. Level: R&D on Existing Reactors
2. Level: R&D for Commercial Projects
3. Level: R&D on Innovative Nuclear Reactor Technologies

The third level incorporates the pre-competitive medium- to long-term R&D aspects that
may open up new technological options for future nuclear reactors with improved safety
characteristics, for waste reduction or for improved and economic operation of the NPPs. In
this sense, this R&D level is complementarily interconnected to the previous and it does not
interfere with commercial activities. On the contrary, for a long-term sustainable use of
nuclear power it is essential to demonstrate that nuclear technology is not restricted to today's
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technical status but is capable of keeping pace with the general evolution of technologies and
requirements even in the long run. Innovative technologies may also contribute to reconciling
nuclear energy with public and political opinions and offering new arguments for those
countries that have not yet opted for nuclear power.

The objective of this CEC-funded 'Concerted Action' is to conduct a survey of R&D
activities primarily on safety-related innovative technology elements for future nuclear reactors,
components and systems at a European level as a response to the evolution of public and
industrial requirements. Modern telecommunication and telecollaboration techniques will be
assessed and used to set up a database and new information channels in order to stimulate a
broader cooperative network by these tools. The SINTER Network is closely linked to the
industrial MICHELANGELO Initiative [2] which also aims to the definition of a European
R&D strategy towards improved safety and economics of the next generation of nuclear reactors.

The work program of the 'SINTER Network' relies mainly on the available information
about national, international and industrial on-going and/or planned R&D programmes and will
generate actual bottom-up input on the base of a specific questionnaire on potential R&D Items
following a classification system that covers the main innovation areas for safety improvement,
waste and cost reduction within the following work packages:

1. Assessment of Innovative Reactor Concepts and Future Requirements.
2. R&D on Innovative Safety Features.
3. Improvements of Fuel Characteristics and Efficiency.
4. New Reactor Designs with Emphasis on the Reduction of Waste and Exposure.
5. Enhanced Safety by New Technologies, Methods and Materials.
6. Conclusions and Database.

Another questionnaire action is used to collect the necessary information on medium- to long-
term R&D needs of 'end-users' such as supplier industries, utilities, licensing and governmental
bodies in a top-down approach as a complement to short-term industrial R&D activities.

hi this context, a workshop on 'Risk perception as initiator and steering instrument of
innovative R&D' was held on April 1-3, 1998, in Ascona, Switzerland, dealing with the
question how the perception of technical risks triggered and still triggers or influences
technological developments and corresponding R&D. The results show that the evolution and
mechanisms in social awareness do not accept a purely probabilistic view but need an active
technological response e.g., in limiting the maximum releases, minimising the production of
radiotoxic wastes and in reducing the timeframes for potential dangers from waste disposal.
The workshop came to the conclusion that nuclear energy has to comply with the general set
criteria of sustainability for being an 'acceptable' candidate of future energy supply systems.
'Mental' and 'environmental' acceptance together with economic competitiveness is seen as a
precondition for a broader commercial use of nuclear energy.

A registration procedure and an interactive questionnaire is now available via Internet
http://www-is. ike. uni-stuttgart de/sinter

for up-to-date and flexible data acquisition and handling for actors within the European
nuclear community. Further information services will be offered to the contributors and
implemented step-by-step during the course of the project according to the response of the
users.
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It is foreseen to use the same methodology also for other R&D areas and programmes for
harmonising and exchanging selected data in the frame of future developments of nuclear
reactor technologies on a broader international basis.
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Increasing energy supply is necessary condition that must be full fill in supporting
national development to improve its quality of live and standard of living. Up to before
1998 monetary crisis, Indonesia has a rate of electrical energy demand more than 15% per
year. For a developing country like Indonesia with low gross national product per capita
and limited energy resources, this condition in the long run would pose serious problems.
For that reason and as an integral part of our Long Term National Development Plan, it is
necessary for Indonesia to include nuclear energy as an option for energy diversification.
This is in accordance to the national energy policy, which stipulates among others:
environmental concerns, diversification and conservation in support for sustainable
development ^

In order to justify the introduction of the first nuclear power plant (NPP), a
comprehensive and deep feasibility had already been done. One of the main results of the
study is that the nuclear energy would contribute to primary energy supply scenario in the
year 2004. However there are still some strategic issues related to development of NPP
which are in the area of technology, economic and politics. Those three issues are
interrelated each other leading to the safety related problem.

In technology, special concern is in the safety aspect of NPP, those mainly are a
severe accident, some safety related problems, and radioactive waste and environment.
For a country which just has started in introducing the NPP program like Indonesia, those
three area are basically very important in providing convincing proof to the public about
the safety of NPP, leading to the public acceptance. In a severe accident especially one
with major core degradation, not only the decrease of the probability of an accident to a
very small number, but also should the accident happen the radioactivity could be
detained in the containment to such an extent, that no serious consequences must be
expected for the environment in the neighborhood of the plant 2\

The safety aspect of the NPP, either nuclear or non-nuclear, is very fragile issue in
the light of public acceptance. Indonesian public are very sensitive in the accident happen
in the nuclear power station, that due to the fact that for them nuclear energy is something
new. Thus any of a safety-related problem, either nuclear or non-nuclear should be
suppress to very small probability. This, as consequences, the design organization has to
show that the safety performance of the nuclear power station is at very high level. The
last issues concerning technology is radioactive waste disposal. The radwaste disposal
issue related to the site availability, giving the archipelago and volcanic nature of
Indonesia.

In the area of economic, issues come in the cost of remedial action in the case of
accident, and the liability of accident. The Indonesian new act in nuclear energy, which
was invoked in 1997, Act No. 10/1997 includes some articles related to the liability of
nuclear accident (Art. 28-40)3). In the case of nuclear accident, no other person than the
operator shall be liable to provide compensation to the damage suffered by the third party.
The maximum amount of the liability is limited up to Rp.900 billion per incident. This
new act concerning the liability would give influence in the economic of the nuclear
power plans, which in the end will influence the price of the energy produced.

106



Facing those issues both in the area of technology and economic, which in the one
side should give a good and sound safety performance, which sometime would be costly,
but in the other side still economically competitive compare to other energy sources.
Those two opposing forces would result in the third issues, which is politics in nature,
that is the difficulty of the decision making, especially with the current monetary
problem.

Having those several heavy issues in the process of developing its first NPP,
however, BATAN still endorse the development of the evolutionary water-cooled reactor
with the requirement of closing those technological and economical issues. Due to the
fact, that up to now the water cooled reactor is still the leading reactor with the longest
reactor year operating experiences without showing any significance failure in an active
system. However some additional requirement would apply, that are providing
convincing proof that even in the case of the severest accident, the accident management
could maintained such away that the radioactive release could be detained inside
containment so no serious consequence to the environment.
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A major, about 55...60 %, share of power resources spent for heating industry,
social and housing & every day spheres is a power feature of Kazakstan. It is caused
by the natural-climatic conditions of the country. Now the power source basis in
large cities are combined heat power plants and boiler plants. 60.. .70% of them use
coal as the basic design fuel, almost all the rest - black oil, and only a few are
natural gas-operated. A large amount of poor fuel combusted every year result in
major releases of hazardous substances, and, undoubtedly, impact negatively on the
environmental in populated localities supplied with heating. It's more typical for
small CHPP and boiler plants, tens and hundreds of MW. They is a basis for the
heat-generating power park in the Republic.
The existing structure of the Branch, construction backlog we have, large coal stock
are the conditions for providing (for the nearest 40...50 years) a predominant role
of the coal heat & power plants and boiler plants in generating electric and heat
energy in Kazakstan. Under the formed conditions the power engineering
development and operating, in the nearest decades, will require to solve a set of
problems and, first of all, environmental problems.
The situation is complicated because very often such heating sources are located in
cities and towns the basis of which are minerals, metallurgical and chemical
industries, which, in their turn, are characterized by major energy intensity and
large hazardous substances releases into the atmosphere. Such a combination creates
a very difficult environmental situation in many cities and industrial centers of
Kazakstan, by the fact that in these populated localities there is a large shortage of
heat.
In particularly, the following cities for which IAE NNC RK preavaluated the
capability to use nuclear power installations for their heating are Almaty and
Leninogorsk. The Institute of Atomic Energy was also involved in the development of
materials for «The validation of investments for constructing a pilot-industrial
demonstration atomic plant of low power (PID AP LP), the construction of which is
expected on «Baikal-l» bed complex site of IAE NNC RK.
The computation-analytical results performed have confirmed the proposals
perspectiveness.
So in Almaty the construction of a nuclear heat-generating plant included in four
units with reactor facilities NHGP-500, in combination with application of Balkhash
APP to supply the city with the power, allows to decommission Almaty CHPP-1
outfitted with
physically and morally old equipment, and using coal as a basic fuel and giving the
most
contribution, among power enterprises, into the city environmental pollution.
When developing the options for nuclear power plants application the followings
were taken into consideration:

1. Fuel flow rate, its reduction and price for the existing sources were
specified basing on the data from POE&E «Almatyenergo» Report.
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2. First of all, power-generating equipment of the sources, located in the
district-heating cogeneration zone, should be changed, because a very
complicated environmental situation and many industrial enterprises are
situated close to the residential area in the city's center. It's too important
because basic power-sources located in the district-cogeneration zone,
particularly CHPP-1, outfitted with old equipment.

3. The specified heat and electric powers of the substantiation nuclear
sources, should be not less than the corresponding parameters of the
substituted power generating equipment.

4. The existing technological vapor sources have not to be changed by
nuclear power sources.

5. The alternative nuclear sources are expected to locate in that position to
require minimum additional works of the heat networks when they are
included in the heating system.

6. The heating systems are developed and improved in the scope and terms
specified in the city heating system development plans prepared before.

Major parameters featuring the proposed options for nuclear power sources
application in Almaty heating system are presented in Table 2.

Table 2.
MAJOR INDICATIONS OF ALTERNATIVE OPTIONS FOR

SUBSTITUTION OF THE EXISTING POWER SOURCES BY NUCLEAR ONES

Indication

Number of atomic plant units

Specified nuclear source power
heat, Gcal/hour
electric, MW

Substituted power
heat, Gcal/hour
electric, MW

Additional power,
directly in Almaty

heat, Gcal/hour
electric, MW

Construction price,
ml. $US

Fuel saving, thous. t.sp.f.

Price of the saved fuel, ml. tenge

Reduction of hazardous substances release,
thous. t

Option 1

4xANO500

2064
0

1800
0

264
0

760

471

487,45

10,203

Option 2

4xAOYO200

1500
720

1500
318

0
402

1 100

748

594,9

19,267

Option 3

4xAOYd200

1500
720

1255
655

95
245

1 100

999,4

640,57

23,356

Option 4

4xANO500

6xfl'500

2064
3810

1955
828

109
0

760 + 4 950

1208,4

813,3

28,546

Option 5

4xAN0500

4xfl'iOOO

2064
4400

1955
828

109
0

760 + 5 700

1208,4

813,3

28,546

From the presented data it follows that the most acceptable options are 3 and 5.
They provide, in comparison with others, the largest saving of fuel and the
reduction of the hazardous substances release. Additionally it should be taken into
consideration that when realizing options 4 and 5 and, respectively, when rejecting
the construction of South-Kazakstan HPP, yearly spending of 16,25 ml.t of coal
(93,19 ml. US$ for the price of 1991) is eliminated. Whereas the fact that the price
of the construction only basic industrial HPP objects is 2 475,72 ml. US$ (in prices
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for 1991), and its specified power is equal to 3240 MW, and it is less than APP
power, according to options 4 and 5, by 570 and 1160 MW respectively.
Option 5 is the most perspective one. In the case of its realization the CHPP-1
outfitted with old equipment and located in the center of the city, a share of the
equipment of the Western local boiler plant, Almaty HPP and CHPP-2 will be
decommissioned, the construction of Almaty HPP-3 doesn't need, and the
possibility to reject a part of imported fuel from the Central Asia, and to have the
capability to export a large margin of power generated due to application of the
surplus power in comparison with SK HPP power in 1160 MW. The construction
price of nuclear sources according to this option is 6 460 ml. US$. The terms for
the proposed option realization are 8... 10 years.
For nuclear power units proposed to construct close to Almaty the drafts have been
developed within the current safety concept providing high atomic plant operation
safety with the severe accidents probability not more than 10"7 reactor/year. Under
the normal operation mode the total radiation impact from the atomic plant to the
population and environment doesn't exceed 0.1 % from the phone values /4,5/.
Whereas the fact that the Almaty region is a very seismic area (9... 10 MSK
number) it's expected to construct the atomic plants with the reactor facilities of
new generation, with high safety type «AHP», «AHP and «NG-500» /4.. .11/, which
can be constructed in the option of high sesmicity. The increasing of the nuclear
units seismic resistance up to 10 number is possible due to the application of low-
frequiency seismo-insulated devices reducing seismic loading by 10...30 times

In Leninogorsk-city, basing on the estimation made, the construction of a small dual
purpose nuclear plant included in two units with reactor KTL-40 facilities is
perspective for heat & power generating of the city and Multimetal Plant. Basic
advantage for the proposed reactor installations is a great, positive experience in
their safety operation as power facilities of atomic ice-breaking ships. It should be
emphasized that nuclear reactors operation as ship power installations is
characterized with high complicity and intensity of RF operation modes and high
requirements to their reliability and safety. KLT-40 reactors operating time for
hundreds reactor-years on ships confirms in practice that these reactor facilities are
completely meeting the requirements and have high reliability and operational
safety, and the required safety level as well.
The outcomes obtained when developing «Validation of the investements for
constructing AHPP LP in Leninogorsk-City» illustrated that in spite of large capital
expenditures, the construction of the plant like this is effective from the economic
view point and authorized. According to preliminary estimations the design NPV
becomes positive and varies from some tens to 700 ml. US$, if the charge for
electric power is within 5... 15 cents/kWhour, and the AHPP LP payback time
doesn't exceed 25 years, if the operation time is 50 years.
We consider, the construction and operation of the above nuclear power
installations, and a small experimental-industrial demonstration nuclear plant on
«Baikal-l» stand complex of IAE NNC RK will justify the efficiency, ecological
cleanness, safety and complete acceptance for nuclear facilities as local heat
sources.
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Korea Advanced Institute of Science and Technology
373-1 Kusong-dong, Yusong-gu, Taejon, 305-701, Republic of Korea XA9949939

Design Direction of CP-1300

According to the government's current plan, Korea is to construct PWR and CANDU-
PHWR power plants until when fast reactors are introduced. The PWRs include the 1,000
MWe KSNP (Korean Standard Nuclear Power Plant) up to around 2010, and the 1300 MWe
KNGR (Korean Next Generation Reactor) after 2010. Considering the fast progress of
technology, it is thought that a third-generation reactor, a passive PWR or an improved
version of the KNGR, will be needed in late 2010s.

The Center for Advanced Reactor Research (CARR) is investigating the feasibility of large
passive PWR concept, CP-1300, to fill this role. The KNGR and KSNP are used as reference
designs for the CP-1300 to take maximal advantage of domestic technologies. The CP-1300
plant will have a concrete containment and the final safety functions will be achieved through
passive systems.

The main features distinguishing the CP-1300 include:
an increased number of fuel assemblies to reduce the power density,
new core make-up tanks (CMTs) for smooth safety injection.
decay heat removal by steam generator secondary side natural circulation,
passive containment cooling with internal or external condensers.

Since the CP-1300 program was initiated in 1992, the reactor concept has been established,
some preliminary safety analyses completed, and small-scale verification experiments for key
design features are underway. As a result, the conceptual design and the preliminary design
parameters of the plant have been determined.

Overall Concept

The NSSS design of the KNGR (similar to that of System 80+) is adopted with some
modification for enhancement of safety and operational margins. The passive safety systems
are derived mainly from Westinghouse's AP600 and GE's SBWR (now superseded by the
ESBWR) with appropriate modifications. A double concrete containment system is adopted
in consideration of safety, construction experience, and costs.

The reactor coolant system (RCS) consists of the reactor, two steam generators, four
reactor coolant pumps, a pressurizer, two hot legs and four cold legs. Instead of the canned
motor pumps used in AP600, centrifugal sealed pumps having large inertia are adopted. The
sealed pump has the characteristic of slow flow coast-down compared with the canned motor
pump.
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Fig. 1 Schematic of the CP-1300 Safety Systems

The CP-1300 adopts the KNGR-type reactor core. However, the number of fuel
assemblies is increased from 241 to 249 to reduce the power density. Therefore, core thermal
parameters, such as the average heat flux on fuel rods, the average core power density, etc.,
are generally reduced and the operational margin increased.

To achieve passive residual heat removal system (PRHRS) "two-phase natural circulation
of the steam generator secondary water through secondary condensers (SCs) submerged in a
condensing pool located outside the containment" was adopted. It shows outstanding
capability for depressurizing the primary system for loss-of-feedwater accidents according to
the preliminary safety analysis. Compared with other types of PRHRS, it provides a simpler
arrangement of components inside the containment and thereby facilities maintenance work,
and there is a smaller possibility of radioactivity release during a steam generator tube rupture
accident.

In the CP-1300, to achieve passive safety injection system an automatic depressurization
system similar to that of AP600 is provided for effective injection of IRWST water into the
reactor at low pressure. Two direct vessel injection (DVI) lines are used for safety injection.
Two core makeup tanks (CMTs) with spargers are to be used for the high-pressure injection.
To solve the boron dilution problem the cold leg pressure balancing line is eliminated, and to
assure an adequate driving force spargers are attached to the pressurizer balancing lines in the
upper part of the CMT. For long-term containment cooling, the internal condenser concept
utilizing the natural circulation of the passive containment cooling system (PCCS) pool water
through the condenser tubes inside containment has been adopted as the basic option.
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As an alternative to the internal condenser concept, an external condenser concept, similar to
the isolation condenser system in the SBWR, is also being investigated.

Future Work

In the future, a more detailed design will be developed and a comprehensive safety
analysis, probabilistic safety assessment and economic assessment will be performed, along
with separate validation tests on the new systems.
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H.S. CHANG
Ministry of Science and Technology, Kwoachon, Republic of Korea

1. Introduction

Over the last two decades under a comprehensive program to construct nuclear power
plants, Korea has carried out and gained valuable knowledge regarding utilization and
regulation technology related to nuclear power plants. Based on these experiences, Korea has
developed its own regulatory infrastructure, which consists of a licensing system, regulatory
requirements, and necessary procedures.

Several Korean Standard Type Nuclear Power Plants have been constructed to date.
Recently, both evolutionary water-cooled reactors and also advanced reactors are under
development in accordance with the National Long-term Development Program for nuclear
power plants. In consideration of this industrial situation, the Korean Government, the Ministry
of Science and Technology (MOST), and the Korea Institute of Nuclear Safety (KINS) have
recognized the necessity for improvement of licensing systems in order to minimize complexity
and uncertainty of future reactor regulations.

With an aim to develop a new licensing system, the current licensing process based on
a two-step approach such as Construction Permit (CP) and Operational License (OL) has been
reviewed and re-assessed to enhance the effectiveness and efficiency of safety regulations for
future nuclear power plants. The new licensing system under development consists of three
processes: Pre-application Safety Review, Standard Design Approval and Improved Combined
Licensing for construction and operation. These three processes will be adequately
incorporated into the existing licensing system as complementary measures in consideration of
reactor types such as the Korean Next Generation Reactor (KNGR), the Korean optimized
Standard Nuclear Power Plant (KSNP), Liquid Metal Reactor (LMR), Small and Medium
Reactor (SMR), etc.

2. Pre-application Safety Review

In the development stage of evolutionary water-cooled reactors, the utility desires to
secure, as early as possible, the licensibility of proposed design with advanced design features
such as passive safety features, digitalized instrumentation and control system, etc., so that the
development of advanced reactors can progress under a stabilized environment. In this regard,
the Government, MOST and KINS have introduced the Pre-application Safety Review (PSR)
system to nuclear industries, so as to encourage an advanced interaction of applicants with the
regulatory body not only to provide for early identification of regulatory requirements, but also
to provide for more timely and effective regulation. In addition, the PSR system enables the
process to reflect comments of related parties, including the public, from the view point of the
regulatory body concerning the desired characteristics of advanced reactor designs. Such
licensing interaction and guidance in the early design stage will contribute toward minimizing
complexity and enhancing stability in the licensing process.
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In the PSR, the applicable existing regulations, and Codes and Standards developed for
conventional nuclear power plants would be basically applied first to future advanced reactors.
However, when necessary to address the development of regulatory requirements for
application to the new characteristics of design, additional regulatory criteria will be developed
and be applied to future reactors thereafter. Consequently, it is expected that the pre-application
safety review process could be conducted prior to the formal licensing process of a future
advanced reactor.

3. Standard Design Approval

The standardization of nuclear power plant designs is an important initiative for utility,
which significantly enables the nuclear power plants to enhance their safety, reliability,
availability, and economy. The use of approved standard designs can benefit public health and
safety by concentrating resources on specific design approaches, by stimulating standardized
programs of construction practice and quality assurance, and by fostering more effective
maintenance and improved operation. Accordingly, it is expected that a standardization of
nuclear power plants could further improve the safety performance of future plants, and
promote the development of a more efficient review process. A standard design approval could
be performed prior to the construction of a nuclear power plant in accordance with an improved
licensing process to be introduced later.

The objectives of the standard design approval system are twofold as follows:
- Encourage the use of standard plant designs to enhance plant safety and to improve

effectiveness of the regulatory process.
- Improve the efficiency of licensing review by early resolution of safety issues for the timely

construction of nuclear power plants.

4. Improved Licensing Process

At present, the Korean regulatory system employs a two-step licensing approach based
on the prescriptive regulation and is similar to the practice of the U.S. However, future nuclear
power plants, such as the KNGR, will be designed through the concept of standardization in
such a way as to continuously construct succeeding units. Under the circumstances, currently
being considered in Korea is the introduction of a new licensing system which includes
Standard Design Approval aforementioned, and an Improved Combined License, which are
applicable to standardized plants. This is a modified and improved system developed from the
existing two-step licensing system, in order to establish a one-step license for construction and
operation, and including a fuel loading permit.

Much care, however, should be taken in the introduction of such a standardized licensing
system because it may have an adverse impact on the Korean regulatory environment. In-depth
evaluation of the merits and drawbacks will be performed before its introduction into Korea. It
is expected that the new licensing system, when introduced, will be applied to the licensing of
future nuclear power plants.

5. Future Prospects

The Government, MOST and KINS believe that the new licensing systems, namely Pre-
application Safety Review, Standard Design Approval, and improved combine licensing, should
enhance nuclear safety, and encourage and promote further standardization of nuclear power
plants. Currently, These three systems are under review to be possibly incorporated into the
soon to be finalized Atomic Energy Law.
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These new licensing systems would give licensees greater assurance for developing
standard designs as well as for contributing toward increased stability and predictability of
regulation for future nuclear power plants. In addition, when the new licensing system is
introduced, we believe, it will benefit both the regulatory body and utility in terms of time and
resource economy; thus, it will enable both sides to exert increased efforts towards assuring
safety while simultaneously enhancing their efficiency.
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The Korean Next Generation Reactor (KNGR) program is developing a standard Advanced Light Water
Reactor (ALWR) design for operation after the year 2007. This cooperative development effort between the
Korean nuclear design organizations has completed the Planning and Conceptual Design phase and is
currently in the Basic Design phase. The KNGR design is an evolutionary advancement from the current
generation Korean Standard Nuclear Plant (KSNP) design. Some of the most evident changes are in the
KNGR Man-Machine Interface Systems (M-MIS), where state-of-the-art technologies are replacing
conventional control rooms and Instrumentation and Control (I&C) systems.

The KNGR MMIS distinguishes itself from current designs by employing all digital I&C systems and data
communications, and primarily video-based Man-Machine Interfaces (MM) which incorporate modern
human factors principles. The MMI maintains well-proven KSNP features, such as critical function
monitoring, while adding advanced design features addressing the Electric Power Research Institute's
ALWR Utility Requirements Document. Advanced design features being incorporated include: (1) a
compact workstation-type control room layout, (2) a large display panel, (3) computerized operating
procedures, (4) soft controls, (5) a reduced number of fixed location displays and alarms.

A structured MMI design process is being coordinated with the overall KNGR Program design phases. In
late 1997, a Joint Design Development team was convened at the initiation of the Phase II Basic Design
effort. An experienced team of Korean and ABB-CE control complex designers and I&C engineers was
assembled, complemented by experienced PWR operators. The charter of the Joint Design Development
team was to determine the design features to be incorporated in the MMI conceptual design. The team spent
three months performing an intensive evaluation of proposed MMI design features with respect to their
impact on operability, the I&C system designs and licensing. Of particular importance was maintaining the
existing licensing basis that was established for an advanced control complex of a U.S. ALWR design. The
Joint Design Development resulted in selection of conceptual design features to serve as the point of
departure for the KNGR control room layout, man-machine interfaces and I&C systems, including updated
design and licensing documentation.

The KNGR MMI design effort is continuing in 1998 with formal documentation and design details being
developed for each MMI feature. Systematic evaluations of the design features are also being conducted.
Dynamic prototypes of all design features are being developed for initial evaluation. Actual man-machine
interfaces are then being developed for a selected set of plant systems. These will be incorporated into a
dynamic mockup, which represents a major part of the control room, to allow operator-in-the-loop
evaluations. The mockup is being driven by plant simulator models, which will allow continued evaluation
of the individual design features through suitability verification. It will also provide an opportunity for
initial evaluation of the KNGR MMI ensemble through pre-validation transient exercises.
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The results of the Phase II will support formal submittal of the MMI licensing documentation by the end of
the year and provide high confidence reference designs for beginning the Phase HI Detailed Design. In
parallel to the design efforts, the formal human factors design process has also begun. Initial activities
include the operating experience review and a functional requirements analysis and functional allocation.
This process will continue throughout the year.

The primary control and monitoring facilities for KNGR control room operators are full-function compact
workstations, which provide unprecedented operational flexibility and integration. Each of three redundant
workstations features paired sets of monitoring CRTs and soft control flat panels, allowing access to, and
effect of, both safety and non-safety controls. Complimenting these soft interface devices, computerized
operating procedures reduce operator response time variability and operator error probabilities. This full
complement of soft devices accommodates varied task requirements and operator preferences, and permits
incremental MMI refinements with minimal impact throughout the plant design process and operating life.
A Large Display Panel is located in the front of the control room. It provides fixed-location indication of
high priority alarms, parameters and component status otherwise unavailable in the compact workstation
environment. It also provides continuous display of critical safety function status per regulatory
requirements. A minimum set of fixed-position component controls and operator modules are located on a
safety console, designed to complement the workstations during post-trip conditions. The KNGR control
facilities support control room operator staff reductions, compared to conventional designs, while offering
unprecedented expansion and reconfiguration potential.

This paper discusses the results of the KNGR MMIS Joint Design Development effort, including the MMI
conceptual design features. It also describes the continuing Phase II design and evaluation activities. Brief
descriptions of the design features, the evaluation process and the evaluation results are provided. The
paper concludes with a look to future KNGR MMI development and licensing activities as Korea's next
generation control room takes shape.
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The reason for the transition to digital I&C systems lies in their important advantages over existing analog
systems. Digital electronics are essentially free of drift that afflicts analog electronics, so they maintain their
calibration better, they have improved system performance in terms of accuracy and computational capabilities.
They have higher data handling and storage capacities so operating conditions can be more fully measured and
displayed. Properly designed, they can be easier to use and more flexible in application. Indeed, digital systems
have the potential for improved capabilities (e.g., fault tolerance, self-testing, signal validation, process system
diagnostics) that could form the basis for entirely new approaches to achieve the required reliabilities [1].

With these potential advantages, general shift to the digital systems, and waning vendor support for analog
systems, the standard design for the Korea Next Generation Reactor (KNGR) has been done since 1995, which
was based on the conceptual design previously conducted during 1992-1994. The preliminary design
documents has been issued and standard documents including both system design documents and design reports
will be completed by 1999.

The KNGR Instrumentation and Control (I&C) system has been designed with some new design features such
as the adoption of proven digital computers and networks, more advanced from those of the nuclear power plants
in operation in Korea.

The use of advanced data communication technology for I&C system necessitates not only the design integrity
of the whole I&C system but also harmonious communications between interfaced intra-systems.

The network-based complex system design also demands close cooperative interaction among several design
teams such as MCR (Main Control Room) design team, fluid design team, etc. The I&C structures of the
Korean Standard Nuclear Plant (KSNP), ABB-CE Nuplex 80+, Edf N4, and Westinghouse AP-600 were
reviewed and referenced for designing the generic KNGR I&C system architecture. Moreover, the EPRIURD
(Utility Requirement Document) was used for design bases.

The KNGR I&C system is composed of four quadrants. The first quadrant is the information systems
important to safety such as QIAS (Qualified Indication & Alarm System) and PAMS (Post Accident Monitoring
System) that are necessary for monitoring plant conditions and safety system performance, and deciding
preplanned operator actions in response to events. The second comprises non-safety information system such as
IPS (Information Processing System) that has a high reliable client-server structure equipped with graphic-based
workstations and servers to improve the operability of the plant. The third is the plant protection systems such as
Core Protection Calculator(CPC), Reactor Protection, and Engineered Safety Features Actuation
Systems(ESFAS). The fourth includes the control systems that provide necessary function for manual and
automatic controls to maintain process variables within prescribed normal operating limits.

This paper illustrates the license requirements such as defense against potential common-mode failures,
software verification and validation, hardware qualification, and I&C reliability[2].

In this respect, this paper shows some experience obtained from I&C prototype which is composed of ten-
system prototype. This paper also shows design improvement that was made over the Power Control
System(PCS), Plant Protection System(PPS), ESFAS, and other systems.
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CHARACTERISTICS OF KNGR I&C

The main control room(MCR) of the KNGR adopts compact workstations with large display panel in front
which provides key plant operating status with critical function and success path monitoring capabilities, a
computerized operation procedure, and one common soft controller which is cooperated with IPS information
and gateway database from safety and nonsafety control networks and controlled by operator through FPD(Flat
Panel Display) in MCB[3].

In accordance to this new MCR design concept, I&C design has the following characteristics :
Application of full digital technology to the protective system as well as the control and monitoring systems,

which enable to perform in service auto-test, self-diagnosis, and many flexible applications.
Network-based structure which makes possible the integrated common I&C architecture between

NSSS(Nuclear Steam Supply System) and BOP(Balance Of Plant). The architecture is composed of four
segregated quadrants that are safety control and information networks and nonsafety control and
information networks

Functional segmentation to avoid a loss of control or monitoring of the intra function segments provided by the
mechanical portion of the system. A multiloop controller takes charge in one functional segment instead of
several single loop controllers for as many control loops.

Use of high fidelity multiplexed fiber optic/coaxial cable data transmission including signals from sensors,
operator consoles, switches, etc., and for signals to actuators, relays, displays, etc., which minimize
cabling cost and enables electric isolation.

Standardized modular design with design flexibility to get cost-benefit and to accommodate design changes
and the ability to replace equipment easily.

Some changes in implementing technology compared with the existing nuclear plants in Korea such as the
adoption of a combined single processor which performs bistable functions and local coincidence logic in
PPS(Plant Protection System), the full two-out-of-four logic instead of selective two-out-of-four logic in
ESFAS(Engineered Safety Feature Actuation System), and in PCS more compact advanced design which
can resolve inner noise problem in power cabinet using microcomputer and addition of Frequency load
following capability.

Resolution of Obsolescence Problems in CPC System with the design change of 2 CEAC(Control Element
Assembly Calculator) into 4 CEACs and ICCMS(Inadequate Core Cooling Monitoring System). For
upgrade of these systems, the processes of software verification and validation as well as hardware
qualification are under way.

I&C Diversity Accident Analyses(Qualitative analyses of 28 design bases events using Best-Estimate
Evaluation Methodology and additional quantitative analyses using computer code) have been done to
show adequate diverse mitigation capability when common mode failure of protection system is assumed.

The 9 quantitative analyses events considering up to now are increase in feedwater flow, steam line break,
(non-LOCA), loss of flow, seized/sheared shaft, CEA ejection, letdown line break, steam generator tube rupture,
feedwater line break, and small break LOCA.

CONCLUSION

With digital potential advantages, the standard design for the Korea Next Generation Reactor (KNGR) has
been done since 1995, which was based on the conceptual design previously conducted during 1992-1994 which
are the adoption of proven digital computers and networks for protective systems as well as non-safety systems,
use of multiloop controller based on the functional segmentation for more reliable and economic aspects instead
of use of several single loop controllers for one functional segment, use of high fidelity multiplexed fiber
optic/coaxial cable data transmission for reducing cabling cost and for electric isolation, standardized modular
design with design flexibility and for easy replacement of equipments, up-grade of existing systems such as the
adoption of a combined single processor for bistable functions and local coincidence logic in PPS, the fall two-
out-of-four logic instead of selective two-out-of-four logic in ESFAS, addition of frequency load following
capability and more compact advanced design which can resolve inner noise problem in power cabinet in PCS,
and the design change of 2 CEAC(Control Element Assembly Calculator) into 4 CEACs in CPC System etc.
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For resolution of license problems arising from the adoption of digital technology, I&C Diversity Accident
Analyses(Qualitative analyses of 28 design bases events using Best-Estimate Evaluation Methodology and
additional quantitative analyses using computer code) have been done to show adequate diverse mitigation
capability when common mode failure of protection system is assumed.

For the validation of functions for new design features in PPS, ESFAS, CPCS, PCS, network architecture,
IPS, QIAS, and ICCMS, prototyping has been performed for these systems since 1996 and will be continued
before detail I&C system design. Through detail system design, I&C detail design specification is to be
determined and detail I&C function/logic drawings including interconnection diagrams issued.
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This paper describes the development of an operator task simulation analyzer and human factors
evaluation techniques performed recently at Korea Atomic Energy Research Institute. The former is the
development of SACOM (Simulation Analyzer with a Cognitive Operator Model) for the assessment
task performance by using the simulation of control room operation. The latter has two objectives; one is
to establish a human factors experiment facility named Integrated Test Facility (ITF), and another is to
establish the techniques for human factors experiments

1. DEVELOPMENT OF ITF AND EXPERIMENTAL TECHNIQUES

Our researches have been performed in two themes. One is to establish an environment with which
we can perform experiments for the human factors evaluation of human-machine interface (HMI)
designs in nuclear power plants. Another one is to accomplish techniques for performing the
experiments.

Advanced control room designs in other countries were reviewed to find common features. The
following features were found as common in those designs; compact workstations using visual display
units (VDUs), large overview displays, computerized alarm systems, reduced number of operators,
intelligent operating support systems, more automation than conventional ones, and information
multiplicity. The requirements described in various documents for advanced man machine interface
system (MMIS) designs were analyzed to derive experimental evaluation items. Considering these items
together with the common features, design factors were derived for the experimental evaluation of large
overview displays and operator workstations. We surveyed the cases of experimental evaluation in
nuclear fields and general human factors experiments to classify the measurement methods used. Then,
experimental data that could be collected by using the methods were categorized into system data,
performance data, physiological data, and subjective data. The type of data and measurement devices
that are effective for the evaluation of design factors were identified and related to each design factor.
Also, three types of experimental facilities, which are a full scope training simulator, a desk top system,
and an integrated human factors test facility, were evaluated with their advantages, disadvantages, and
suitability for the experiments on the selected evaluation items. Based on these analyses, we defined
basic components of ITF and their requirements to include a full-scope simulator with experiment
control and data acquisition functions, VDU-based operator workstations with a large display, and
operator performance measuring systems. The details of ITF have been designed since 1995, and the test
of ITF was completed in March of 1997.

ITF consists of KAERI-HMS (Human Machine Simulator) and experimental measurement systems.
The KAERI-HMS includes a full-scope PWR type nuclear power plant simulator with many VDU-based
workstations. ITF has three rooms; main test room (MTR), supporting test room (STR), and
experimenter control room (ECR). Figure 1 shows the configuration of ITF. In the MTR, there is a
VDT-based operator station, shift supervisor station, a large scale display panel(LSDP) and
experimental measurement equipment. The reactor and turbine operator at the operator station obtain
necessary information from hierarchical plant schematics, alarm screens, trend graphs provided by HMI
of the terminals. Operators can use touch screens, keyboards, mouse and trackballs in order to navigate
among displays and to control components. The LSDP is located in front of the operator station to give
overall information of pant status to the operators. The shift supervisor station has same features as
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operator station without component control functions. The STR can be used for subjects training and
pilot experiments can be performed independently to and simultaneously with the experiments being
carried out in MTR. Even more, operations with a new plant model or a new HMI design developed at
the engineer station in the ECR are possible.

In the ECR, there is a host computer with plant simulation and other necessary software and
peripherals, an instructor station(IS), an engineer station(ES), a DAEXESS(Data Analysis and
Experiment Evaluation Support System) workstation, and audio/video control system. Most of the
experimenter's functions are integrated in IS so that the experimenter is able to activate desired
functions and monitor experiment status through graphic user interfaces in IS. Menu-driven popup
windows make it very easy for the experimenter to select initial conditions, malfunctions and plant
parameters to be monitored, set simulation speed, change plant parameters directly, catch snapshot of
current status, backtrack, freeze, restart, replay or reset simulation, keep track of simulation status, report
on-line logs and etc. IS can access all displays of the operator station of MTR during experiments. The
ES has functions to maintain KAERI-HMS or design new human machine interfaces to be implemented
later in MTR. Only ES can access all the modules of simulation model, database, and graphic user
interfaces and manage all simulation source code changes. In addition, for the purpose of keeping
KAERI-HMS safe and reliable, the ES has a duplication of all the functions that the IS has. The
DAEXESS workstation is a system for experimental data analysis. As shown in figure 2, the operator
action log, alarm event log, and plant parameter history are produced by the HMI software, simulation
model, and instructor software of the host computer. Then, SCADA(Supervisory Control and Data
Acquisition) collects and stores the data and synchronize physiological measurements data, eye
movement records with them. The DAEXESS station receives all the data from the SCADA and
integrates with audio /video record data. With the integrated data, experimenters can perform various
analyses, such as debriefing analysis, statistical analysis, operator performance analysis, etc.

2. DEVELOPMENT OF SACOM

It was intended to develop a simulation tool of the operators' task for the dynamic human
performance assessment of the operations in the main control room of a nuclear power plant. The
operators' performance in the main control room operation is important to maintain the safety of nuclear
power plants, especially during abnormal and emergency situations. To investigate the characteristics
and frames of operator tasks, we first analyzed operators' performance at a full-scope training simulator
running several selected emergency operation scenarios. Before the simulator experiments, we
investigated the requirements of tasks that operators should perform in accordance with the scenarios
based on mainly procedures. Then, the operators' performance in the simulator experiments was
captured through audio- and video- protocol, and reviewed in comparison with the requirements and
frames of the tasks. This review was performed together with the operators who participated in the
simulator operations and other operation experts (we call it "debriefing "). Based on the general
cognitive mechanisms from literatures and the results from the simulator experiments, the base cognitive
model of SACOM was established initially, and modified gradually with some plausible evidences
obtained from the succeeding performance investigations.

Figure 3 shows the functional structure of SACOM. SACOM has three major modules: an operator
model, an interaction analyzer, and a situation generator. The operator model simulates operator
responses upon given situations. According to the perceived situation, it retrieves knowledge from the
domain knowledge base, evaluates the knowledge retrieved, then issues responses to the interaction
analyzer. The interaction analyzer transfers information between the operator model and the situation
generator. This module displays the operating status of SACOM, performs the intended assessments, and
displays the results. The situation generator generates plant situation changes and handles events in the
scenarios. Situation tables are used for this purpose at present. There are three kinds of user interfaces
on SACOM for setup and data input, run control, and result processing, respectively. A prototype of
SACOM for emergency operation scenarios was implemented on a black-board architecture and G2
which is amenable to update the knowledge base for other operational situations and the operator model
through the more sophisticated cognitive theory.
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For development of the framework of SACOM, we focused on human factors evaluation of HMI
designs in both conventional and VDU-based types. With the SACOM, we can estimate information
requirements of tasks as primary measures and the cognitive workload as well as the physical workload.
We developed a new cognitive task analysis method for the derivation of task requirements and the
assessment of cognitive workloads based on the concepts of cognitive span, working memory relief
point, and working memory load. Therefore, SACOM includes the assessment functions to evaluate the
arrangement and layout of control panels and devices, the quality of the information structure compared
to task requirements, the suitability of function allocation and procedures, and error potential. Figure 4 is
an example user screen when comparing the design alternatives for panel layout, or finding human
factors problems in a conventional main control room design.
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1 The History

Romania started, in the 70's, an ambitious nuclear power program with the view to
build five nuclear power units at Cernavoda. In December 1978 the CANDU technology
procurement contract was signed with AECL as well as other contracts by which, the
Canadian party provided engineering and technical assistance services, equipment and
materials procurement from'import, necessary for the nuclear part of the Unit 1. The
services, engineering and procurement contracts were extended in 1981 for Unit 2. The site
works started in 1 980. The nuclear power program initially consisted of four power units of
700 MWe each, later on it was extended, in 1982, to five units.

After 1989, the concept of the project development has essentially changed. A new
contract was signed between the Romanian Electricity Authority (RENEL) and AECL -
ANSALDO Consortium (AAC) to speed up and complete works on Unit 1. The object of the
contract consisted of taking over the management of works of Unit 1 from RENEL by the
Consortium (AAC) in order to complete commission and to operate the Unit under foreign
experts' authority, for an 1 8 month period.

Unit 1 has been successfully put into commercial operation on December 2nd, 1996, and at
September 30th, after 1 years and 10 month of operation it has an availability of about 85%.

2. Unit 2 status in 1991

Unit 2 status in 1991 was as follows:
a) The design was complete and all approvals required at the 1991 construction status

from the regulatory authority obtained.
b) About 70% of the equipment and materials, worth about 545 millions US $ were

procured: as follows:
• 206 mill. US dollars import (mainly from Canada and Italy for NSP and Turbine

Building)
• 49 mill. US dollars import General Electric - USA (for turbine generators);
• 290 mill. US dollar local supply

c) construction erection progress: 25%

3. Economic justification of the decision to complete Unit 2.

In order to support the decision to complete Unit 2 - Cernavoda a re-evaluation of the
project was initiated:

a detailed assessment of the Unit 2 safety design guides, design requirements and
engineering design solution in the light of changes in codes/guides/standards/actual
regulatory requirements;
Identification of the set of changes - possible to implement - in order to meet the actual
technological and regulatory requirements;

- Unit 2 cost/benefit analysis to demonstrate the economic efficiency of the project.
Inputting costs for all electricity generation alternatives (nuclear, coal, hydro-carbon,
hydro), versus forecast electricity demand into the "Least cost power and heat
generation capacity development study" to select the best development plan for the
Romanian utility;
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4. The challenge for an advanced financing scheme

In the light of the extremely difficult conditions which have prevailed in the financing
markets during the past few months to develop viable financing alternatives for the Project is a
real challenge.

4.1 Risk analysis

One of the key issues to a successful financing plan is the risk allocation. The technology,
construction, operation, fuel & heavy water supply, safety & licensing regulation and power sales
risks have been considered. Different options to share each of these risks and the impact over
the cost is being analyzed

4.2 Potential financing schemes

To develop a viable financing structure, different alternatives are being assessed: public
markets, banks (syndicated loan), export credit agency (ECA), private placement, contertrading
and strategic partner.

Most likely the final financing scheme will combine these alternatives in order to minimize,
as much as possible in the actual framework, the State sovereign guaranty and the financing
costs.

5. Conclusions

The completion of CERNAVODA Unit 2 is no doubt, an ambitious and challenging
undertaking. The viability of the Project, under certain circumstances, has been analyzed and is
strengthened by the following remarks:

- The Project is grounded on a very positive background and environment, considering the
important effort of the Romanian Government to develop a comprehensive nuclear power
program, the work already carried out and the infrastructures effectively in place. The best
utilization of the above infrastructures, with Unit 2 completion, will have a substantial positive
economic impact on the operating costs of CERNAVODA NPP.

- The Project, viable in the light of Romania's Least-Cost criteria, might assume a more
general importance, for the enlarged geographical area, considering the well recognized urgency to
shut down, as soon as possible, some older and un-safe nuclear power plants operating in
neighboring countries.
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The Minatom enterprises carry out the work to ensure the creation of the Russian

large power PWR. It is performed according to the "Strategy of Russia nuclear power

development" and oriented toward a wide application of the large power unit after 2010.

The power use prognosis has shown that even based on the conservative scenario the

power we in Russia will increase 1.29 times by the year 2010 and 1.93 times by 2030

compared to the level of 1995.

The real tendency during the hist years in Russia is a double-triple lead of the fossil

fuel cost increase rate compared to the nuclear fuel cost increase rate. The NPPs with large

power watts arc more effective than the perspective fossil-fueled power plants in any

European region of Russia.

The basis factors reducing the prime cost of the electric power to be generated and

increasing the comparative competitiveness of huge power units, are the reduction of

specific capital cost on the unit of the power to be generated at all stages of the plant

lifetime, reduction of the specific oueratiunul cost, also due tu the reduction in the staff

quantity.

The bask portion of demand in additional electric power is concentrated in the

economic systems of the Center and the Urals (75-80%) during 2011-2030, at the same

time it is most effective to use the NPPs with large power PWR in these regions (np to 20

units by 2030). These systems can be oriented towards large power units with account of

their todays capabilities and perspectives of their further development.

The design approaches of the designers of Russian and European large power PWR

in the atta Of safety are practically identical: both designs can be qualified as evolutional

basing oa the developed solutions, systems and equipment which are safely-related. At the

same time additional measures have been taken tu increase the reliability of safety barriers

incMiag the application of double concrete containment.
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List of work performed

Stage

1. The conceptual design of the unit with

the power of about 1300 MWe

1994

2. Technical requirements to the large

power PWR (EUR analog)

1995

3. Calculation and design developments

and technical and economic assessments

on the unit with the power

of 1370-1500 MW(el)

1995-1996

4. Analysis of design solutions and

requirements to ensure correspondence

to the requirements of EUR and western

regulations (1st stage) ,

1996

5. Development of Reactor Island and

Reactor Plant main equipment since

1996

6. Development of alternative FA for

W E R and large power unit since

1996

7. Development of typical service

equipment for VVER units and large

power unit since

1996

8. RP main equipment technical design

(1st stage)
1997

9. Research work: Analysis of

competitiveness of large power atomic

power units and possible scales of their

construction ou the European territory

of Russia after 2010"
1997

Work participants

General Designers:

GN1PKTIAEP, N1AEP,

St-PeterburgAEP.

Chief designers:

OKBM, OKB "Hydropress",

Scientific Supervisor of: RRC KT
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BASIC DATA FOR NPP WITH UVR-1500 UNITS

Unit «kctrical output, MW
gross 1500
net 1425

Number of units 2
Unit technical service life, yr. 60
Number of installed power operation hours,
estimated by availability factor 7500
Design number (for competitiveness
analysis) of installed power operation hours 6500
House load, % from unit power output 5
Staff number per GW(e) 350
Decommissioning cost, % from capital ones <40
Specific estimation capital cost relatively to
that for PGU-CES 2.6
Owner's expenditures + uncertainties, % of
capital cost 30
Refueling strategy, yr. 1x5
Average fuel discharge burnup, MWd/t 55,800
First core enrichment (average), % 2.4
Average equilibrium fuel enrichment, % 4.7
Average annual loading of new fuel
assemblies 54
Specific natural uranium consumption per
year, g/MW»d (once-through cycle, 0.1%
U-235 content in depleted uranium)
Capacity factor
Availability factor
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When creating the large power PWR the following priority problems are solved:

- increase in unit power up to 1300 MW(cl) to 1500 MW(el);

- exclusion of premises and conditions fur the typical operation failures that took

place (Incliding SG issues, FA deformation, CPS seizure, main circulating pump failures,

etc.);

- increase in equipment and service life;

- application of technical solutions in the area of safety ensuring a reliable

licensability of the units up lo 2010 and later on concentrating on Increased self-

protectiveness and resistance to common cause failures: (including external and internal

impacts, personnel errors and inaction) and on measures to prevent aud limit heavy

accidents consequencies;

- simplification of design and operation*

- redaction of costs for construction and operation.

Hie RF Ministry of Atomic Energy is interested in developing the international

industria] cooperation in nuclear Geld and supports the aspiration of the Russian enterprises

and institutes to participate in international projects on the development of new safer

reactors.
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Basic target parameters of nuclear power industry development in Russia [1]:

NPPs total installed capacity ,GWe

Year

Capacity

NPPs being
commissioned

1998

21,2

1999

23,2

2000

24,2

Completion of construction

Rostov NPP (UnitJfol)
Kalinin NPP (Unit.^3)
Kursk NPP (Unit>f25)

2001-2005

26,9

Rostov NPP (Unit.X°2)
Novovoroneg NPP-2

(Unit.X°6)*
Sosnoviy Bor (Unit.Xsl)*
* - new designs projects

13,6%.
The share of nuclear power for period 2000-2005 will be 14%, present time -

Economic aspect [1]:

Parameters

1. Specific capital
investments
(SAW)
2.Fuel price
($/t.c.f)
3.Specific expenses
for service life
(cents/kW*h)

NPPs

1290-1470

55-83

5,3-6,3

Gas -fired Power
Plants

570-730

66-130

4,4-6,6

Coal-fired Power
Plants (ecologically
clean)
940-1140

38-71

5,9-7,1

t.c.f- ton of conventional fuel.
Nowadays, new safety requirements are being brought into practice by the Russian

Regulatory which raise the role of a Utility. At the same time the evolution of the
Regulatory Body requirements for operating NPPs takes place resulting in generating of a
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series of normative documents for operating NPPs. These and other factors cause the
necessity of elaboration and implementation of safety improvement programs with due
regard for the international practice.

Some measures for modernization of Kalinin NPP (Unit N3) are given below:
• implementation of a new program of RPV surveillance-specimens and development

of monitoring system for built-up fluence to define the RPV residual life;
• scram rods insertion time reduction;
• implementation of the new refueling strategy (in/out) with neutron low outflow;
• development and implementation of a system for monitoring steam-gas under the

reactor top head,
• containment hydrogen detection and recombination system implementation;
• water from ECCS heating-up;
• making "rigid" fixating of steam lines and feedwater pipelines at reactor compartment

outlet;
• development and implementation of measures compensating ECCS heat exchangers

loss due to their obstruction with thermal insulation during LOCA;
• diagnostics systems development and implementation;
• increase of batteries discharge time to 1 hour.

As it follows from the Table, construction of new design NPPs is planned for the
coming years: VVER-1000 (design V-392) - Novovoroneg NPP-2; VVER-640 (design
V-407) - Head unit NP-500, town of Sosnoviy Bor.

The main principle of design is the approach which keeps technical solutions
confirmed by positive experience of NPP operation, including modernization actions.

Besides, researches on high-power reactors ( ~ 1500 MWe) of WER-type and
researches on fast reactors are under way. With this, allocation of about 100 millions $
per year is intended for the entire scope of R&D for the period till 2000.

For nuclear steam supply system with high-power W E R reactor following of some
main parameters are determined:

Parameters
Reactor power, MWt
Reactor vessel service life,
years
Fluence of fast-neutron
(E>0.5Mev) to reactor
vessel for service life,.
neutron/cm2

Pressure above core, Mpa
Coolant temperature, 0C:
Reactor inlet
Reactor outlet
Reactor coolant flowrate,
m3/h

WER-1500
4250
60

l,7*1019

15,7

294,6
323,8
126760

VVER-1000
3000
40

5,7*1019

15,7

289,7
320,0
84800
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Steamgenerator outlet
pressure, Mpa
Number of fuel assemblies
Total number of fuel rods
Fuel rod outer diameter,
mm
Core lifetime, years
Maximum fuel
enrichment,%

7,06

211
93684
6-7

4-5
4,4

6,27

163
47759
9,1

3
4,4

Reference:
1. L.D.Riabev. "Condition, goals and prospect of nuclear energy development in Russia
on nearest -till 2000 year and far - till 2010 year". Minatom issue "Power" N12/97.
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This paper presents some highlights from the ongoing Swiss project on comprehensive assessment
of energy systems, carried out by the Paul Scherrer Institute (PSI) in cooperation with the Swiss Federal
Institute of Technology, Zurich (ETHZ). Its objective is to develop, implement and use a comprehensive
methodology for the consistent and detailed assessment of energy sources and thus provide scientific
support to the decision-making process concerning the future configuration of the Swiss energy system.
The types of energy sources covered include fossil fuels, nuclear and renewables.

The approaches used in this analysis include [1]:
• Life Cycle Assessment (LCA), primarily for the detailed analysis of environmental inventories;

the results cover a large spectrum of gaseous and liquid emissions, wastes, as well as energetic
and non-energetic resources (e.g. raw materials).

• Environmental and health impact assessment based on simulation of the transport, chemical
conversion and deposition of major pollutants.

• Direct use of historical accident experience and applications of Probabilistic Safety Assessment
(PSA) for the analysis of severe accident potential of the systems of interest. In this context a
database having a superior coverage of energy-related accidents has been developed.

• Modeling of the economic impacts of environmental policies through application of a large scale
"bottom-up" energy-economy model.

• Multi-criteria framework allowing to simultaneously address the often conflicting socioeconomic
and ecological criteria.

In this paper the scope is limited to electricity generating systems; results examples are provided
comparing LCA-based environmental inventories and risks associated with severe accidents. In both cases
the assessment is based on the consideration of full energy chains. The LCA results (primarily based on
[2]) reflect the impact of anticipated technical advancements in a 20 to 30 years perspective.

An example, illustrating the application of LCA to the advanced nuclear systems (ABWR and
AP600 were used as the reference power plant technologies), is shown in Figure 1.
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FIG. 1. LCA-based radioactive emissions to air from normal operation of future nuclear system.
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Figure 2 shows a comparison of normalised Greenhouse Gas (GHG) emissions for current
systems operating in Western Europe or in Switzerland, and for future systems operated under Swiss
conditions. Minimum and maximum values are indicated whenever applicable; the percentages represent
range of reductions due to expected technology advancements, taking the present situation as the
reference.

1400

Present: min. IB max. I Future: min. • max.

FIG. 2. Comparison of current and future LCA-based Greenhouse Gas emissions - impact of technology
improvements.

Advanced systems feature considerably lower specific emission levels than today's systems. In the
case of Greenhouse Gas emissions reductions by up to a factor of two will be feasible for natural gas
systems, and by a factor of between two and five for photovoltaic (PV) integrated slanted roof panels. For
non-fossil energy chains, direct emissions from power plants make a negligible contribution to the total
quantity. For atmospheric pollutants such as nitrogen and sulphur oxides, the LCA approach emphasises
the increased relative significance of other stages in the energy chain (e.g., transport), and of indirect
emissions (particularly in connection with the manufacture of materials).

For the purpose of comparison the risks of severe accidents associated with various energy chains
can be expressed in terms of damage (e.g. number of fatalities) normalised by the electrical output (either
direct or equivalent to the thermal energy). For extensive presentation and discussion of the comparative
analysis, and the database behind it, we refer to [3]. Figure 3 shows the historically based estimated
number of immediate fatalities per unit of energy for six energy chains. The considered evaluation period
is in this case 1969-1996.

Distinction is made here between OECD- and non-OECD-countries. In the case of fossil sources
the occurrence of severe accidents is concentrated to energy chain stages other than power plants (mainly
extraction and transportation). Allocation of accidents was carried out utilising weighting based on import
and export balances for specific energy carriers. It should be noted that delayed fatalities, particularly
relevant for the Chernobyl accident, are treated separately in [3]. The same reference provides an
extensive probabilistic treatment of hypothetical nuclear accidents, including the analysis of the
corresponding external costs.

The differences between OECD- and non-OECD-countries are significant but not dramatic for the
fossil systems. On the other hand, for hydro and nuclear systems, where the risks are concentrated to the
power generating plants, the differences correspond to two orders of magnitude. In fact, the hydro
estimate for the OECD-countries is comparable with the PSA-based estimate of 2.0* 10"2 latent fatalities
per GWe-year obtained for the Swiss nuclear power plant Miihleberg (there are no immediate fatalities for
this plant).
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FIG. 3. Immediate fatality rates (number of fatalities per GWe-year) for different energy chains for the
time period 1969-1996.
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There are fourteen power water cooled reactors in operation (11 WER-1000, 2 W E R -
440, 1 RBMK-1000 ) with total installed capacity 12800 MWe, that is about 25% of total
installed capacity of the electric power station in Ukraine. Four units WER-1000 are under
construction. In 1997 NPPs produced 44,9 percent of total electric power production in the
country. For the last 15 years the preference in power plants construction in Ukraine was given to
NPP construction. The amount of electric power production by NPPs constantly is increasing in
conditions of the economic crisis and cheaper electric power production of the NPPs. Fig 1.

Electric power production and consumption in Ukraine
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The experience of WER-1000 NPPs operation (120 reactor-years) has revealed up the
following problems:

•Insufficient reliability of steam generator integrity (SG) work . At 16 operating W E R -
1000 steam generators cracks have developed in cold collectors during operation. In three cases,
ligament integrity damages were indicated by increase of the steam generator water activity. In all
other cases the damages were detected during the course of annual scheduled in-service
inspection. 15 SG were replaced. One was repaired at the plant, not replaced.

The effective compensatory and interim measures (Collector modifications- for example -
thermal heat treatment (approximately 450° C) of all cold and hot collectors was performed
before or after plant startup e.c. Feedwater, blowdown and steam separation modification) have
been implemented at all SG of operating plants and those under construction.

• Insufficient reliability of the Instrumentation and Control Systems (I&C). The program
of replacement of existing (I&C) systems by advanced systems is now being developed and
realized.

•In 1992 -1993 practically at all Ukrainian WER-1000 reactors violations in RCCA
operation have been revealed (e.g. RCCA stuck in intermediate position, RCCA drop time
increases the design time). The program of additional quarterly measurements of RCCA drop
time was developed and implemented. In the case of RCCA operation violation (and when there
was no chance to cease one) the unit had been transferred in operation mode with coolant
circulation in three loops and with preliminary power reduction to 67% of N nominal- The cause of
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violations (incomplete RCCA insertion ) is fuel assembly (FA) bow. To predict the water gap
increase in order to avoid the excess of fuel rod linear power density the measurements of FA
bow in reactor core were performed. On the base of measured bow and following calculations the
operational restrictions (reduction of reactor power on 5 -10 %) were entered in 1996 -1997.
Some compensatory measures were applied to maintain the design RCCA drop time: i.e.

- modification upgrading of the bundle safety tubes (BST) in order to correct BST position and
to correct axial compression of FA;
- drilling of RCCA drivers bars in order to reduce force of hydrodynamics friction during the input
of RCCA in the reactor core;
- using of the RCCA and RCCA driver bar with increased dead load;
- organizing of the core loading pattern with advanced FA with zirconium (Zr -Nb and Zr - Nb-
Sn -Fe alloy) guide thimbles and grids and with increased (comparatively with initially designed)
FA head spring gain.

The result of compensatory measures (excepting a few cases ) is the fact that increase of
RCCA drop time (above design time t=4 sec.) had been eliminated.

Reliability of WER-1000 fuel remains at the usual level (fig2). That fact proves the
conservative approach during the operational restriction determination.

The increase of NPP with W E R profitability is provided by:
* Increase of fuel burn up using of some FA of the 3 fuel cycles design in 4-th fuel

loading cycle .
* Introduction of the loading patterns with reduced leakage of neutrons. Average fuel

burn up at Ukrainian NPPs with WER-1000 is 4-10 % higher than that at NPPs with W E R -
1000 in other countries. It makes possible to reduce spent fuel amount and, respectively, the fuel
cycle back end costs.

The substantiation of W E R reactor vessel lifetime prolongation (presumably, from 30 to
40 years) allows to reduce the investment part of electricity price and reduce the spent fuel
amount (because of the lower fuel burn up in new unit initials core loading).

The inert radioactive gases release into the atmosphere (disposal stack) is usually not
more than 1*10 n Bq /day per unit for WER-1000.

The part of W E R spend fuel is shipped to Russian re-processing plants with prospect of
MOX fuel production and utilization. At the same time the program of spend fuel dry interim
storage is being implemented in Ukraine. Fig. 2

Estimated Time Evolution of Ukrainian WER-1000 Fuel Pin Failure Rates
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The Electric Power Research Institute's (EPRI) Risk-Informed Inservice Inspection Evaluation Procedure1'1 has
been used by ABB in a pilot application at Arkansas Nuclear One, Unit 2 (ANO-2). The risk-informed inservice
inspection is used to identify risk-significant pipe segments and to define the locations that are to be inspected
within these segments. A diverse set of systems comprising class 1, 2 and 3 piping, as well as selected non-code
piping was included in this pilot application of the EPRI procedure. The systems evaluated included the Reactor
Coolant System, Chemical and Volume Control System, High Pressure Safety Injection System, Low Pressure
Safety Injection/Shutdown Cooling System, Containment Spray System, Main Feedwater System, Main Steam
System and Emergency Feedwater System. A risk evaluation was performed by dividing each system into piping
segments, each with a characteristic set of failure consequences and degradation mechanisms. Failure
consequence and degradation mechanism evaluations were performed to assign each of the piping segments to
one of seven risk categories, as defined in the EPRI procedure. This assignment provided a mechanism for
evaluating the risk significance of each piping segment. Finally, the inspection locations were selected.

The consequence evaluation that was performed focused on the impact of each pipe segment failure on the
capability of the affected system to perform its design functions and on the overall operation of the plant. Impact
due to both direct and indirect effects were considered. A direct effect is generally a major perturbation in plant
process parameters which necessitates immediate mitigating actions (automatic or manual). Indirect effects are
generally those caused by flooding, spraying, and/or jet impingement resulting from the failure of pipe segments
in neighboring equipment or interfacing systems. Determination of the consequences of a segment failure
considers the potential of losing one or more trains of affected mitigating systems, and the consequential impact
on safety functions. Several sources of information including the ANO-2 Individual Plant Examination (IPE) for
internal and external events, Internal Flood Screening Study and various plant design drawings were used to
perform the consequence evaluation. In addition to these sources, a plant walkdown for the various systems of
concern was conducted. The walkdown captured subtle interactions which could not be readily identified using
the other sources of information. Observations from the walkdown were factored into the consequence
evaluation. Based on the consequence evaluation, each of the piping segments was categorized as having a
consequence level of "HIGH", "MEDIUM", "LOW" or "NONE". The at-power plant configuration is
considered to present the greatest risk for piping failures since the plant requires immediate response to satisfy
reactivity control, heat removal, and inventory control. Although the consequence evaluation focused on the at-
power configuration of the plant, shutdown operation and external events were also assessed to gain a level of
confidence that the consequence ranking during these other configurations would not be more limiting.

The degradation mechanisms that can be present in the piping depend on design characteristics, fabrication
practices, operating conditions and service experience. The degradation mechanism evaluation that was
performed as a part of the pilot application addressed the potential for thermal fatigue, stress corrosion cracking,
localized corrosion and flow sensitive attack in each of the piping segments. An exhaustive review of databases,
plant specific and industry wide, was conducted to characterize ANO-2's operating experience with regard to
piping pressure boundary degradation. This included a review of all historical water hammer events that have
occurred at the plant, with consideration given to subsequent preventive actions (i.e., design changes, operational
practice changes) taken, to assess the likelihood of potential future occurrences in conjunction with the presence
of a degradation mechanism. In addition, several sources of information, including the Flow Accelerated
Corrosion Prevention Program, the Primary Chemistry Monitoring Program and various operating procedures
were used to identify potential degradation mechanisms for each of the systems considered. The level of severity
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for each degradation mechanism for each piping segment was categorized as "Large Leak", "Small Leak" or
"None" depending upon industry historical experience with each mechanism.

The combination of the consequence and degradation mechanism categories produced piping runs, known as risk
segments, each of which was categorized as having a risk level of "High", "Medium" or "Low". Each risk
segment consists of a continuous run of piping, that, if failed, has the same consequences, and is exposed to the
same degradation mechanisms. The selection of individual inspection locations within a risk segment depends
upon the relative severity of the degradation mechanism present, the physical access constraints, and the
radiation exposure. In the absence of any identified degradation mechanisms, the selections focused on terminal
ends and other locations of high stress and/or high fatigue usage.

The pilot application of the EPRI Risk-Informed Inspection at ANO-2 [2), as shown below, resulted in a 70%
reduction in the number of elements selected for inspection. All the systems considered, except for the
Emergency Feedwater System, would experience a significant reduction in the number of elements inspected
compared with the current inspection program under the ASME Code. This translates into considerable cost and
personnel radiation exposure savings to the plant. For a ten-year inservice inspection interval, plant O&M cost
savings are conservatively estimated in excess of 1 million US dollars with a corresponding worker radiation
exposure reduction of 75-100 man-rem. The greatest savings occurred in Class 1 piping systems due to more
stringent Code requirements and adverse plant conditions. By focusing the inspections on the higher risk
elements, we can reduce the number of inspections without compromising the effectiveness of the inspection
program.

140-T'

120- Number of Elements Inspected

~j B Current ASME Code Selection

B Risk-Informed Selection

RCS CVCS HPSI LPSl/SDC CSS NIFW MSS EFW

ANO-2 Before and After Element Selection Comparison

RCS Reactor Coolant System
CVCS Chemical and Volume Control System
HPSI High Pressure Safety Injection System
LPSl/SDC Low Pressure Safety Injection/Shutdown Cooling System
CSS Containment Spray System
MFW Main Feedwater System
MSS Main Steam System
EFW Emergency Feedwater System
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The Armenian Nuclear Power Plant (NPP) is one of the plants built in the 1960s
and 1970s on the model of Units 3 and 4 of the Novovoronezh NPP, i.e. a first-
generation plant with WWER-440/V-230 reactor.

The Armenian NPP site specific feature that is a magnitude 8
earthquake,according to MSK 64 scale, caused fundamental design improvements
referred not only to construction, but to the whole reactor facility, and got new serial
number V-270.

In the absence of State-wide regulatory, a number of technical solutions
differing from those applied at other WWER-440/V-230 reactors were adopted
from the beginning:

The reactor vessel was fastened to the foundations by a supporting structure;

The steam generators, reactor coolant pumps and main stop valves were equipped
with hydraulic shock absorbers;

The pressurizer and other pumping and heat exchange equipment were fastened to
reinforced concrete structures in two horizontal planes;

The GTsN-310 reactor coolant pump was replaced by the inertial GTsN-317;

The EhP-50 type emergency injection pumps were replaced by TsN 65-130
pumps;

Two new cooling systems were installed: the ESP (emergency seismic pumps)
and the ECP(emergency condenser pumps), located in the seismic resistant
building of the boron room;

The spent fuel pool and the boron solution tank were built up with a double lining
of stainless steel sheets;
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The reactor facility was upgraded by the seismic protection system;

The refuelling machine and the 250 t/s bridge crane (Reactor Compartment) were
redesigned to be seismically-proof;

0.4 kV switchgears of the emergency power supply system were lowered from the
+9.6 m elevation to the 0.0 m elevation;

All 6 and 0.4 kV sections of the ASG (auxiliary switchgear), protection and
control panels of all types were fastened at the top to reinforced concrete
structures;

The power transformers of all sizes were fastened to specially installed anchors;

The support bearings of the turbine equipment were replaced by seismically
qualified ones.

All equipment, from the pumps, heat exchangers, the 6 and 0.4 kV sections,
valves, relays, control and instrumentation devices, absolutely all equipment rated up to
four balls which was produced by the industry in those years, was tested on a three-
dimensional seismic bench at acceleration of 2-3 g in Ivangorod near Leningrad, and
the supplementary measures were taken to increase its seismic resistance and strength.
To list them all is impossible!

Note that after the fire at the Armenian NPP in 1982 a completely new electricity
supply system was implemented (DAR).

After the Chernobyl accident a number of measures to enhance safety were
taken at the Armenian NPP, in particular with a view to improve the reliability of
cooling water supply for the safety related loads in the reactor facility.

At the same time a programm was elaborated to modernize the plant in
accordance with the OPB-82 (General Safety Regulations) requirements, which call
for three safety systems. The plant modernization on the basis of OPB-82 appeared to
be economically unfavourable, so in August 1988 it was decided "not to modernize
the plant but to put into operation the additional capacities at the Razdan State
Regional Power Plant and to shut down the units at the Armenian Nuclear Power
Plant". The earthquake in the city of Spitak on 7 December 1988 precipitated this
process and the NPP units were shut down: Unit 1 on 22 February 1989 and Unit 2 on
18 March 1989.

In 1993 the Government of Armenia adopted a decision on the recommission of
the Armenian NPP: in the first instance to start up Unit 2, since a part of the primary
SG-5 header of Unit 1 had been cut out for research purposes. It was decided to start
the unit at a safety level exceeding the design level by providing additional measures to
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upgrade the safety and seismic stability of buildings, equipment, machinery and safety
systems.

The measures were divided up into stages. In the first stage - before the
startup of the unit - a large number of measures were taken, of which the main
ones were as follows:

The number of accumulator batteries per unit was increased from 1 to 2, and two
separate, independent auxiliary power supply channels of category I were
established, at the same time with the number of reversible motor-generators being
increased from 2 to 4. The accumulator batteries were replaced by new seismically
qualified ones manufactured by the VARTA company.

The number of diesel-generators was increased from 3 to 4, and two separate,
independent auxiliary power supply channels of category II were established.

As a result of a comprehensive investigation of the sprinkler system, technical
and organizational measures were implemented which made it possible to achieve full
functionality of the system without replacement of the pumps:

Expulsors were installed in the steam generator headers;

The hot injection pipe (of 200 mm diameter) into the pressurizer was dismantled;

The tightness of the steam generator and the reactor coolant pump rooms was
improved using a special sealing material based on technology from the American
company Promatec;

Two additional 4 metre level gauges were installed in each steam generator for
purposes of supplementary protection and interlocking based on the level in the
steam generator;

- A vast amount of work was done on optimizing the protection and interlocking of
the nuclear steam supply system, all types of keys for removing protections and
interlocks were reduced to a minimum, and the industrial seismic protection system
and diesel generator system startup circuits were simplified;

- The steam generator level controllers were replaced by Fisher company products;

All work on strengthening the load bearing structures of the main building, the
diesel generator station, electrical equipment racks, the component cooling water
pumping station, etc., was carried out in accordance with the design documentation
developed by the General Designer after the Spitak earthquake in 1988;

Equipment made by the Siemens company was installed for diagnosis of the
primary circuit equipment and Diameter>100 mm piping.
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After restart of the Unit 2, the implementation of safety upgrading measures was
resumed of which the main ones were as follows:

- Emergency system of gas extraction from the steam generator headers was
installed.

Check valves were installed on emergency injection lines to the primary circuit.

Replacement of seismic non-qualified relays, detectors and secondary gauges with
seismic qualified ones.

- The relief valves of the loops and sealing tubes of the main stop valves were
dismantled;

- All station-wide safety systems supplied from two units were switched to supply
from Unit 2 alone;

- A large volume of work was performed on construction of two systems for
supplying the safety related loads with component cooling water, involving two
independent spray ponds. Unfortunately, the work was not completed and the
systems remain under construction.

In 1998-1999 we plan to carry out the following measures:

- To install 7 MSIV-s on the pipelines from SG and on the main steam header

To replace the pressurizer safety valves so that to solve the problem of the reactor
vessel protection from the cold over pressurization.

To replace steam generator safety valves.

To put the spray ponds into operation.

- To install a diesel pump to feed the steam generator during beyond the design basis
accidents.

- To put the diagnostic system into operation

- To build an autonomous sealing system for the shaft of the main circulating pump
GTsN-317, thereby freeing two emergency feed pumps.

Our intentions aimed at safety enhancing of the Unit 2 are given in detail in the
"Programme for safety, reliability and operational culture upgrading activities of
Unit 2 of the Armenian NPP for the period 1997-2000" document.
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Introduction

The use of software in nuclear power plants is increasing.

CONTROL ^ ^ ^ H SAFETY

Figure 1: Increasing use of software in CANDU NPPs.

AECL has pioneered the use of computers for control with the use of digital control
computers at Douglas Point (1966). AECL continued this leadership with the use of computers
in safety systems with the introduction of PDCs (Programmable Digital Comparators) for the
CANDU 6 stations in the early 1980s.

Nonetheless, there are a number of issues across the work-wide software industry related
to use of software in general and to safety applications in particular. There is no agreed upon
measurable definition of acceptability for the engineering of safety critical software within the
technical community. There are no widely accepted practices for the specification, design,
verification and testing of safety critical software. These issues are further compounded since
software reliability cannot be achieved through testing; i.e. unlike hardware systems, exhaustive
testing of all possible outcomes is impossible.

AECL's success can be attributed in part to the establishment of some fundamental
principles in the approach to software design for safety applications. First, is the principle of
simplicity. That is, the functionality of the safety critical portion of the system must be limited to
only what is essential to carry out the safety action. Non-safety functions should be displaced to
other auxiliary systems to the extent practical. Secondly, safety design must be done on an
overall system basis, not just on the computers or software; e.g. redundancy, fail-safe states,
diversity, etc must be built in at the system design level.

AECL Approach for safety critical software
In addition to these fundamental principles, AECL has developed a rigorous approach to

the software development of safety critical software. The key elements of the CANDU Safety
Critical Software Lifecycle (see Figure 2) are summarised below:
1. "Formal" (mathematical) specification of requirements: Documentation must be prepared to

describe clearly the required behaviour of the software using mathematical functions written
in a notation that has a well-defined syntax and semantics.
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2.

4.

5.

Review and Verification: The outputs from each development process must be reviewed to
identify that they comply with the requirements specified in the inputs to that process. In
particular, those outputs written using mathematical functions must be systematically
verified against the inputs using mathematical verification techniques.
Reliability Demonstration Testing: Reliability of the safety critical software must be
demonstrated using statistically valid, trajectory-based random testing.
Validation Testing: The executable code (integrated with the target hardware) must be tested
to demonstrate conformance to the system level requirements.
Independence: Independence of design and verification staff shall be maintained to ensure
an unbiased verification process.

DEFINITIONS:

SYS K System level requirements document
SRS * Software Requirements Specification
SDD = Software Design Description

Figure 2: CANDU Safety Critical Software Development Lifecycle

CANDUSafety Critical Software Development Methodologies.

AECL has developed two distinct software development methodologies that utilise the
above mentioned lifecycle. They are the Rational Design Process (RDP) and the Integrated
Approach (IA).

The RDP can be characterised as a methodology where the required behaviour of the
software is defined using mathematical functions written in a notation which has a well defined
syntax and semantics. The input/output behaviour is defined in tabular format. The IA
uses a graphical functional notation to specify the functional software requirements. Since the
notation of the software design is mathematical, executable code is generated directly from it
without the need for a manual coding step.

AECL has utilised these methodologies successfully for several projects, namely
Wolsong 2,3,4 for both the IA (Shutdown System No. 1, SDS1) and the RDP (Shutdown System
No. 2, SDS2). This work was done using a team of AECL and KOPEC staff. These
methodologies are also being used for the Qinshan 1,2 project for SDS1 and SDS2.
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Results
One obvious measure of the quality of the methodologies used is to assess the results of

the various testing stages of the lifecycle. The results for Wolsong 2,3,4 PDCs are summarised
below.

Results from Wolsong 2,3,4 SDS1&SDS2 Software Testing
Shutdown System

SDS1
SDS2

Unit & Subsystem
testing

0
0

Validation Testing

0
0

Reliability Testing

0
0

There were zero errors from all the phases of testing. This clearly demonstrates the validity and
the benefits of the approach taken by AECL for safety critical software.

Conclusions
The results from the projects already completed using the AECL methodologies and

tools demonstrate that the approach to CANDU software design is at the fore-front of world-wide
software technology. The software development methods and verification and validation
(V&V) techniques are among the most rigorous and best in use in the nuclear industry today.
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1. ABSTRACT

This paper will identify some of the low fidelity, PC based simulations previously used for CANDU
Nuclear Power Plant (NPP) Instrumentation and Control (I&C) systems applications for training,
commissioning and design purposes. This technique is suitable for:
• control strategy and performance confirmations,
• man-machine interface design capabilities,
• applications requiring a relatively short development and implementation period
• those applications requiring the capability for on-going simulation development or progression in a

user-friendly manner without allowing the provision of expert simulation staff.

2. INTRODUCTION

The standalone PC based simulation approach has been successfully used to assist training, commissioning
and design instrumentation and control activities for various CANDU projects over the past two decades.
The general evaluation criteria that had been developed for selection and approval of such simulation
solutions required that the problem:
• be relatively complex in nature
• have an attendant high degree of difficulty for successful task completion,
• perhaps be performed infrequently ,and
• have a significant consequential penalty for incorrect or incc- ilete task resolution.

3. TRAINING

The Computer Assisted Learning techniques have been developed to aid in the training of unit first
operators, control technicians and technical staff for CANDU nuclear generating stations. Standalone PC
based training simulations have been found to be an effective training alternative at sites prior to full-scope
simulator availability (or upgrade implementation) when used in conjunction with both classroom and on-
the-job training programs. The PC based standalone simulations have been particularly effective at
developing the supporting knowledge and skills necessary to operate an individual system or device to
provide a strong building block approach to integrated unit operations understanding and mastery.

The benefits in the long-term arise from the improved efficiency of delivering station systems orientation,
advancement and refresher training as well as additional training support for licensing qualification
examinations. Reductions in training costs can be expected from reduced trainee costs (i.e. fewer hours
spent away from the job, few failures and reduced repeat attendance), reduced trainer costs ( i.e. lower work
load which replaces routine presentation with specific problem resolution, computerized reviews, tests and
progress reports) and a general reduction in training facility costs (i.e. equipment can be used in the plant on
all shifts reducing the need for central training classrooms).
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Figure 1: Typical PC based Simulator Steam Generator Level Control Display

4. COMMISSIONING

The use of PC based simulation has proven to be a very effective tool to assess and solve high priority plant
I&C commissioning problems on a fast turnaround basis. The use of simulation for the resolution of such
problems allows for a very detailed control related study to be completed with the development of
correspondingly detailed corrective recommendations. There is high confidence placed on findings obtained
from the simulation study allowing faster executive reviews and approvals of the technical proposals and
action plans.

The results from the simulation assessment can be used to develop specific commissioning actions and
procedures; and to provide specific design guidance and input for the final design solution. The simulation
can be used repeatedly to assess the original unstable, cyclic process boiler level control performance in
order to be able to accurately diagnose the situation and identify the necessary corrections. This approach
minimizes the number of stress events the actual unit will be subjected to and so minimize the potential risk
involved. The same simulation assessment methodology could be applied to the deaerator level and
pressure control problems over a longer time frame, as that problem may not have the same immediacy, but
with very similar positive corrective results being successfully identified and implemented.
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5. DESIGN PROCESS

Integration of simulation into the design process provides a design team with the means to conduct rapid
prototyping of concepts, to assess alternate layout and control strategies, to test and exercise control logic
over operation state changes and to review human system interface information sets for completeness and
correctness.

Having a simulation platform which provides the capability to select and customize simulation modules
from a library means that designers, expert in the plant design, can configure simulation models to address
the design task at hand (i.e. review, assess, testing, verification, validation,etc). The resource load on the
project is reduced since design experts prepare the simulation code with less knowledge of thesimulation
technique (e.g. use simulation as a tool) as opposed to simulation experts preparing the code with less
knowledge of the station.

The advantages to the project are a higher quality final design product with assured functionality, fewer
omissions, fewer opportunities for human error and more complete and correct operator information
presentation sets.

? * r - ^ : - ;

Figure 2: CANDU 9 Control Centre Mockup
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6. FUTURE OPPORTUNITIES

The advantages seen from these rather modest attempts to integrate simulation use into training,
commissioning and design activities points the general way for future simulation based engineering
activities. The complete integration of simulation into all phases of NPP life cycle development and support
with one simulation platform should allow significant improvements in quality and product with attendant
decreases in time required and associated costs. In particular, the provision of a simulation tool that uses
one model set for engineering development, safety analysis and training applications should be the most
significant contributor for these goals.
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CANDU® reactors offer a high degree of defence-in-depth to protect against
upsets and accidents. A significant part of this defence-in-depth relies on inherent features
of the CANDU system or features that have been implemented as part of the system for a
long time and can therefore be regarded as proven. Some aspects of the design meet the
defined requirements for passive systems. Noteworthy features are mentioned below.

The CANDU reactor possesses a number of intrinsic safety features owing to its
particular design characteristics. Firstly, CANDU reactors are based on a pressure-tube
design rather than a pressure-vessel design. Thus, the pressurized portion of the reactor is
limited to the fuel channels, which are of relatively small diameter. This helps to ensure
that containment integrity and sufficient fuel cooling are not jeopardized following a
pressure-boundary failure. Secondly, since components in the primary heat transport
system are located above the reactor core, thermosyphoning of the primary coolant is
possible in the event that pump power is lost. That is, the CANDU reactor can passively
remove decay heat. Thirdly, the fuel channels are immersed in a cool, low-pressure
heavy-water moderator, which is circulated through heat exchangers by pumps. The
moderator serves as an emergency heat sink capable of removing decay heat if delivery of
emergency core coolant fails. As a result, the likelihood of severe core damage is
inherently low. In addition, the moderator conditions facilitate access to the reactor for
reactivity control devices, detectors, and shutdown systems.

There are certain inherent safety features of the CANDU reactor that are
attributable to the reactor physics. The reactivity state of the core is relatively constant
with time due to the use of on-power refuelling and the fact that reactivity coefficients are
all small in magnitude. Reactivity fluctuations can be easily controlled; the excess
reactivity available from the fuel is small and the relatively long lifetime of prompt
neutrons in the reactor precludes rapid changes in power levels. Furthermore, the fuel-
channel lattice is optimized for maximum reactivity. Hence, an event that results in
relocation of fuel causes a reduction in reactivity.

The CANDU reactor is equipped with two, independent, redundant, and diverse
shutdown systems. Each shutdown system is fully capable and is not dependent on the
reactor regulating system. The shutdown systems are fail-safe and passive. The first
shutdown system consists of shutoff rods which are vertically oriented above the reactor

® CANDU (CANada Deuterium Uranium) is a registered trademark of Atomic Energy of
Canada Limited.

154



core and are gravity-driven with spring assistance. The second shutdown system uses
liquid poison injection into the moderator. This system is horizontally configured, and the
liquid poison injection is accomplished using fast-acting valves between a high-pressure
helium tank and the poison tanks. The probability of a power transient without reactor
shutdown has been shown to be extremely small.

The CANDU reactor features various systems to safely mitigate a loss-of-coolant
accident (LOCA). Emergency core coolant (ECC) can be injected into the primary heat
transport system. The ECC is passively supplied from water tanks connected to a high-
pressure gas tank; additional ECC supply is available from an elevated water reservoir
referred to as the dousing tank. The dousing tank also provides containment cooling and
depressurization through a gravity-driven water spray system that condenses escaped
steam. Hydrogen levels in containment are controlled with the aid of igniters or passive
recombiners. As mentioned previously, the moderator acts as an emergency heat sink if
ECC injection fails, thereby preventing severe core damage. Moreover, the tank
containing the moderator (known as the calandria vessel), is itself surrounded by a large
water-filled shield tank. Consequently, if there was a LOCA coincident with a loss of
ECC and moderator cooling (i.e. a triple failure), a severe core damage accident would
progress very slowly. Moderator heatup and boiloff would require several hours. The
water in the shield tank could retain debris inside the calandria and hence prevent melt-
through of the fuel to the containment internal structures, for a period of about one day.
This would allow a long time for accident management, restoration of emergency
systems, and public emergency plan execution. Lastly, the CANDU system design is such
that the containment building would at most be subjected to a modest challenge, even for
severe core damage events. The configuration of the fuel and the core pressure boundary
inherently precludes direct containment heating or high-pressure melt ejection, which
could fail a containment structure.
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An overview of the plant analyzer ATLAS [1] is given, describing its configuration, the
process models and the supplementary modules which enhance the functionality of
ATLAS for a range of applications in the field of reactor safety analyses.

ATLAS is designed according to client / server principles. The data server takes a
central position; it administers the resulting data to the simulation models and keeps
them ready for all systems that are linked to the network. These systems includes the
visualization and interactive communication (MONITOR) and supplementary systems
such as decision support, diagnostic and surveillance systems. The server stores the
updated data as well as the history of all arriving data. Simulation, server, visualization
programs and supplementary programs are run as separate computing processes
(clients) which communicate via data interfaces. The processes may be distributed to
one on more computers within a network. The system actually runs under UNIX, and
hardware of different manufacturers can be used.

ATLAS is applied in the field of NPP safety analyses both at GRS and external
organizations (e. g. technical authorities, universities, etc.).

The model basis for the simulator is provided by best-estimate codes for the thermal
fluid dynamics in the reactor coolant loops, and for the physical processes in the
containment. The thermal fluid dynamics is modeled by the ATHLET system code [2].
ATHLET includes an software environment for the simulation of the instrumentation
and control systems of the plant. For description of the processes within the
containment, the GRS-codes RALOC and COCOSYS are employed, for the simulation
of severe accidents the third-party integral code MELCOR.

On the basis of ATLAS several very detailed analysis simulators with a large library of
pictures have been developed at GRS. The library includes graphics that assist the
analyst in understanding the plant behavior, graphics that are available at the plant
control room (Siemens PRISCA system), mimics of control- and auxiliary systems for
operator interactions and several pre-definded trend sets with important process
values.

Qualified input decks have been produced for NPP specific analysis simulators. These
analysis simulators enable the analyst to investigate in a short time the system
behavior for the essential accident paths detected in safety and risk analyses. Up to
now four analysis simulators were finished, for the pressurized water reactors (PWR)
of Broldorf and Neckar (GKN-2) and the boiling water reactors (BWR) of
Gundremmingen and Krummel. The simulators for Unterweser (PWR) and
Philippsburg I(BWR) are under construction.

An analysis simulator for the NPP Balakowo, a VVER-1000/320 reactor is being
developed. This work is performed by GRS and the Russian partner VNIIAES and
OKB Gidropress.
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The application of the various simulators on measured operational transients
demonstrated that the process model ATHLET and the interactive features of ATLAS
can realistically simulate BWR and PWR transient plant behavior. With these
simulators the plant safety can be evaluated, measures for the prevention of severe
accidents can be investigated and improved and the plant personnel training in the
field of thermal-hydraulic accident behavior can be complemented.

Applications of ATLAS to a variety of tasks, which is the essence of a multifunctional
tool, are made possible by coupling additional modules to the simulation data. Such
modules may e. g. help the analyst by means of decision support, implement operating
and emergency procedures, diagnose the state of the plant, or couple the simulation
models to plant data in order to obtain tracking capabilities.

The Reliability Advisory System RELADS is to supplies ATLAS users with information
from Probabilistic Safety Assessment, thus complementing the "deterministic"
simulation information. RELADS, as an example of a decision support system,
provides answers to questions concerning e. g. the most probable failure or the most
dangerous failure to occur in the actual simulated plant situation.

For analysis of Emergency Operating Procedures (EOPs), a module based on the on-
line expert tool G2 has been created and coupled to the data server. A knowledge
base was generated, stating the general knowledge about single procedure steps, their
actions and the sequence in which they should operate. Each procedure step has been
derived from a general class "procedure step", leading to a limited number of building
blocks. These objects, together with event handling and logic, may be interactively
connected to produce the desired procedure. An interface to the data server has been
written by utilization the G2 Standard Interface.

Future developments will concentrate on the issue of tracking. For the safety analyst,
tools for setting up simulation corresponding to a measured plant state will increase
the efficiency of this work. Other areas such as diagnosis, control system and man-
machine design may well profit from this effort. The computing platform will be
extended to include Windows NT.
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The optimal elevation of the seismic supports for the control element drive mechanisms
(CEDMs) of a pressurized water reactor is determined by considering the dynamic interactions
between the motions of the reactor vessel and the CEDMs. Fig.l shows a schematic view of the
unsupported CEDMs and the reactor vessel. Various support concepts can be investigated to
have the system perform proper functions and retain structural integrity during seismic events.
The dynamic interactions between the reactor vessel and the CEDMs are investigated with a
mathematical model that idealizes the reactor vessel as a single mass primary system and the
CEDMs as multiple secondary systems whose masses are different each other, as shown in Fig.2.
The complex frequency response functions of the primary system and the secondary system are
expressed, respectively, as :
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The mean square displacement responses of the system to the stationary random base excitation
with constant power spectral density So can be obtained from the following equations;
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Fig. 1 Descriptive view iff the reactor
vessel and the free standing CEDMs of a
pressurized water reactor

Fig. 2 Simplified mathematical model
representing the reactor vessel and the
CEDMs
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By defining the tuning frequency ratio f (= coave/cop) and the frequency bandwidth of the
secondary system p (= (©„-©, )/cop), the responses of the system can be calculated as a function of
f and P for a given mass ratio, the number of secondary systems and damping ratios. The optimal
tuning frequency ratio fpt and the optimal frequency bandwidth of the secondary systems popt are
determined to minimize the response of the primary system [1]. If the seismic supports are added
to the CEDMs as shown in Fig.3, the modal characteristics will be changed resulting in the
change of dynamic interaction effect between the reactor vessel and the CEDMs. One of the
dominant factors modifying the modal properties of the system is the support elevation h. Fig.4
shows the variation of f and p with the variation of the support elevation, h/1, which is obtained
by performing modal analysis of the supported CEDMs uncoupled with the reactor vessel. It can
be seen from Fig.4 that fpt and popt can be achieved at h/l= 0.83. The seismic transient analysis
for the coupled model of the reactor vessel and the supported CEDMs are performed using
ANSYS 5.1 computer code[2]. The seismic responses are calculated to verify that the optimal
support location determined from the idealized mathematical model subject to the random base
excitation is applicable to the actual structural system, i.e., the reactor vessel and the CEDMs
excited by seismic disturbances. Fig.5 compares the maximum seismic acceleration responses of
the reactor vessel and the CEDMs for the variation of the support elevation. It can be confirmed
from Fig.5 that the seismic acceleration response of the reactor vessel is minimized at the optimal
elevation of the CEDM seismic support.

CEDM Stiffening &8' ^ Variation of tuning frequency ratio/and frequency
I Ripg bandwidth fiwith the variation of support elevation

Fig, 5 Variation of the maximum seismic acceleration
responses of the reactor vessel and the CEDMs with

Fig. 3 Conceptual configuration of the variation ofthe 5upport eievatwns

the seismic supports for the CEDMs

References

[1] JIN, C. E. and KIM, C. W., Response Characteristics of Secondary Systems Subjected to
Stationary Random Base Excitation, Journal of Korea Sound and Vibration Eng Vol 8(4)
741-748 (1998)

[2] Swanson Analysis Co., ANSYS user's manual, Ver. 5.1(1996)

159



XA9949956 IAEA-SM-353-17P

A Design Approach to Address Intersystem LOCA

Eun Kee Kim, Seong Chan Park, Byeong Ho Park, Beom Su Lee, and Tae Sun Ro
NSSS Engineering and Development

Korea Power Engineering Company, Inc.
150 Dukjin-Dong, Yusong-Ku, Taejon, 305-353, Republic of Korea

An intersystem loss of coolant accident (ISLOCA) is defined as a class of events in which a
break occurs outside containment in a system connected to the RCS, causing a loss of reactor coolant
inventory. The loss of inventory might disable emergency core cooling systems, and create a
radionuclide release pathway that bypasses containment. Although the ISLOCA risk is a relatively
small contributor to the total probability of core damage, the scenario influences risk perceptions
because containment is bypassed at the outset. The Korean Next Generation Reactor (KNGR) is
designed to reduce the level of ISLOCA challenges to all systems interfacing with the RCS. The general
design features to address ISLOCA challenges consist of an increase of the system design pressure and
incorporation of design features that terminate and/or limit the event by means of isolation or pressure
relief. Although these design features provide protection against ISLOCA challenges, they could cause
adverse effects such as 1) to incur additional risks as a result of reducing ISLOCA risk, 2) to increase
equipment costs, 3) to reduce operation flexibility, and 4) to make the system design more complicated.
Without establishing compliance method properly, the ISLOCA requirements might be conservatively
applied and be unduly excessive. Therefore a design approach to address ISLOCA for the KNGR is
established deliberately and judiciously.

The compliance methods for ISLOCA go beyond the traditional approach for assuring the
ability of systems that interface with the RCS to withstand an overpressurization event. It is treated as a
beyond-design base event. Therefore, the ASME code rules are not applicable and the associated
standard review plan guidelines are not considered for the design of piping system. The KNGR low-
pressure intersystems are designed to withstand the consequences of ISLOCA challenges practically and
reasonably. The design approach is shown in Fig. 1. The aim of this design approach is to reduce
core damage frequency (CDF) and public risk due to overpressurization and failure of low-pressure
systems. Important factors considered to accomplish this aim are:

- likelihood of pressurizing initiators such as human errors and Pressure Isolation Valve (PIV)
failures,

- component fragility,
- consequence of coolant loss and radionuclide release during ISLOCA, and
- post-ISLOCA recovery operations.

--—• ISLOCA: -~
Beyond Design Basis Event -*^

Acceptance
Design Criteria

ISLOCA Prevention
Design Feotures

Fig. 1 KNGR Design Approach Against ISLOCA
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One of the methods complying with these factors is to follow a rigorous inspection program with
improved surveillance, maintenance, and test procedures after construction. Whereas, this paper focuses
on the compliance methods that are applicable to the design process. To ensure satisfaction of ISLOCA
criteria, a design guidance for the KNGR has been set forth. The preliminary system design reflects only
traditional design bases events at the beginning stage of the design process. The system design is then
evaluated for ISLOCA challenges. Both deterministic and probabilistic approaches are applied for the
evaluation. The acceptance criteria are addressed based on the ISLOCA requirements as described in
the Korean Utility Requirements Document [1].

Systems susceptible to ISLOCA are to be designed such that the following acceptance criteria
are satisfied:

- The system retains its structural integrity throughout the event (structural integrity is preserved if,
by definition, the system maintains its pressure boundary despite distortion and/or loss of
function).

- Any leakage caused by the event is limited to the makeup system capabilities and offsite doses are
limited to a small fraction of those specified in 10 CFR 100.

For piping systems normally open to the atmosphere and for certain large tanks and heat exchangers it
would be difficult or prohibitively expensive to design such systems for full RCS pressure. For the cases
where the first criterion is not met, a system design to meet the second criterion only is acceptable.

Operating experience has indicated that, in three cases where the interface boundary failures
occurred in U.S.A., there was a degradation of the PIVs due to personnel errors. The historical data
support a PSA approach. In the design process, PSA insights are used to select an appropriate design
among design options, strengthen the design against previously known vulnerabilities, characterize the
design, and evaluate the design for ISLOCA. A probabilistic evaluation is performed for the cases that
do not satisfy the acceptance criteria. The pressurization pathways from the RCS are probabilistically
evaluated, considering human and hardware contributions to ISLOCA for the interconnecting systems.
The failure frequency data used are per Korean URD [1] and NUREG/CR-5102 [2]. The mean
ISLOCA CDF is estimated to be 2.0E-6/reactor-year in the PWR ISLOCA assessments [3, 4, 5]. By
comparison with this, the estimated probability of l.OE-12/reactor-year is selected as an acceptance
criterion because the contribution to core damage is considered to be too small. For those systems
meeting the probability criterion, the system is considered acceptable. If the ISLOCA vulnerability is
significant, system design modifications are made. The design pressure of the low pressure systems is
increased to a high-pressure rating of 40 percent of RCS normal operating pressure, that is, 6.31 MPa,
so that the ultimate rupture strength is at least equal to the RCS pressure, or design features that
eliminate the potential for ISLOCA events, or terminate and/or limit their scope are incorporated.

All NSSS systems or subsystems have been reviewed to identify all the possible pressurization
pathways which are located outside containment and have direct interfaces with the RCS during some
modes of operation, but are not designed to the high pressure rating of 6.31 MPa. The design
modifications and justifications of KNGR as a result of ISLOCA evaluation will be presented during
the poster session.

References

[1] KOREA ELECTRIC POWER CORP., Korean Utility Requirements Document (1998)
[2] BOZOKI, G., et al., Interfacing Systems LOCA: Pressurized Water Reactors, NUREG/CR- 5102

(1989)
[3] GALYEAN,W.J. and GERTMAN,D.L., Assessment of ISLOCA Risk-Methodology and Applica-

tion to a Babcock and Wilcox Nuclear Power Plant, NUREG/CR-5604 (1992)
[4] KELLY, D. L., et al., Assessment of ISLOCA Risk-Methodology and Application to a Westing-

house Four-Loop Ice Condenser Plant, NUREG/CR-5744 (1992)
[5] KELLY, D. L., et al., Assessment of ISLOCA Risk-Methodology and Application to a Combustion

Engineering Plant, NUREG/CR-5745 (1992)

161



XA9949957

IAEA-SM-353-18P

Development of Digital Safety System, Core Protection Calculator
System(CPCS) using Network and Commercial OS

SeDo Sohn, HyunKook Shin, JaiBok Han
NSSS Engineering & Development

Korea Power Engineering Company, Inc.
150 Dukjin-Dong, Yusong-Ku, Taejon, 305-353, Republic of Korea

The CPCS is a safety system calculating the DNBR(Departure from Nucleate Boiling
Ratio) and LPD(Local Power Density) trip signals in four redundant channel configuration. The
CPCS reads the CEA(Control Element Assembly) position signal from two redundant sensors.
This resulted in one out-of-two logic for CEA related events. This two channel redundant signal
is weakness of the system, giving some spurious trip signals from CEA sensor itself, signal
isolator, or other component malfunctions

The new CPCS will utilize the open computer system to get more support from various
vendors and more resistance to equipment obsolescence problem[l]. The network technology is
used widely across the system. The system consists of four redundant channels, each consists of
CPC(Core Protection Calculator), CEAC(CEA Calculator), Gateway, CEA MUX(CEA
Multiplexer), and OM(Operator's Module). The equipment in a single channel is tied together
using channel network(CH-NET). The data flow within a channel is unidirectional from CEA
MUX to CEAC and CPC, from CEAC to CPC. The OM displays the status of each component
and calculated output. Gateway provides interface to other system, and provides the electrical and
functional isolation between safety system and non-safety system. Figure 1 shows the
configuration of the system. The use of network technology makes sharing of data easy and this
reduces a lot of components used within the system compared to old system. In old system, a
number of isolation devices have been used to isolate the channel fault between the interconnected
channels or between safety system and control system. The fiber optic network communication
provides the required electrical and functional isolation. Also the network protocol can support
built-in reliability of dual redundant configuration.

With this reduced components and ease of data sharing, the new CPCS can perform
additional data integrity checkings also. The system utilizes the CEA MUX to share two redun-
dant CEA position signals and one set of contact signals among four channels of CEAC. These
contact signals were used only for CEA control systems. To utilize these signals in both safety
system and control system, enormous amount of isolator devices would have been used in the
system. This requirement for isolation along with separation was one of the reasons so many
sensors were used in nuclear power plant. With use of network, signals can be shared easily
among redundant channels or between safety system and control system.

For safety system, simple and deterministic nature of the system is emphasized. In this
respect, the system architecture is very important. The software architecture for the system is
priority driven pre-emptive scheduling, with only timer interrupt allowed. For the software, the
design process itself is important and requires the process to be manifested by design documents.
The use of a formal specification language may be a help to show coherence and completeness of
the software functional requirements [2]. The application software shall be developed by applying
the rigorous mathematical method. Currently we are evaluating the formal methods in developing
the software requirement specifications. Our observation is that each method has its own
characteristics and we are considering applying different methods for different aspects.
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The operating system shall utilize the commercially available real time operating system
that has enough experience. Most of the commercial real time operating system has the scalability
making OS to contain only necessary parts and supports priority driven pre-emptive scheduling.
The qualification of the commercial operating system shall be done by EPRI recommended
dedication guidelines that recommend the support from the vendors and testing of the software at
specific application[3].

Digital safety system design using network makes data sharing easier and allows simpler
system configuration. Use of commercial OS and formal method in software development process
will make the system more reliable and will reduce the development time. The reliable digital
safety system will contribute to the plant safety and availability.

Fig. 1 CPCS System Configuration with Network Interfaces within System
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A kind of three-way check valve, so called hydraulic valve was proposed for substitute of
the density lock of passive reactor such as SPWR(System-Integrated Pressurized Water
Reactor). The functions of the valve are the separation of the borated water from the main
coolant loop for normal operation, and the insurge of the water into the loop for shutdown, and
the removal of the decay power when the main coolant flow rate is not enough.

Two operation modes can be explained by the moving principal of the hydraulic valve as
follows. In normal operation(when the head of main coolant pump is enough), the forced flow
of coolant in primary system causes the pressure drop across the piston which raises the piston
to closes the natural circulation path. The other hand, in abnormal operation(when the head of
main coolant pump is not enough), decreased differential pressure drop causes the piston to fall
and opens a natural circulation loop. Therefore, the opened natural circulation path between the
core and the water pool makes the borated water flow into the core, and then the reactor is
shutdown and the residual heat is removed from the core.

Main
Coolant

Borated
Water

a) Normal Operation State b) Abnormal Operation State

Fig. 1. Operation Mechanism of the Hydraulic Valve, a) Normal Operation State Flow Rate
Above 40 Percent) b) Abnormal Operation State (Flow Rate Below 40 Percent)
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A 1/3 scaled experimental rig was sets up to prove the operability of the valve as well as to
analysis of the valve characteristics (fig. 2, 3). The model valve was manufactured such that the
similitude of the prototype valve (SPWR) are observed. Main parameters of the prototype and
the model valve are shown in Table. 1.

Table 1. Design Parameters of Model and Prototype Valve.

Prototype Valve

Model Valve

Flow Rate (%, kg/sec)

40

100

40

100

13.2

36.1

0.88

2.02

Velocity(m/sec)

3.97

10.8

1.73

3.958

AP(kPa)

25.2

200.0

5.82

34.95

Lifting Force(kg)

170.0

1260.0

5.0

26.0

Fig. 3 A Scheme of Experimental Rig.

Fig. 2 A Dimension of Hydraulic Valve.

Experiment results show the operability of the valve satisfactory. The valve casing and
opening was distinct at the set flow rate which is varied according to the balance weight. The
valve characteristics, that is, the differential pressure drop across the piston was correlated as a
function of angle, number and pitch size of teeth. The pressure drop increased as the number of
teeth did. But the pressure drop decreased if the pitch is greater or less than a certain
value(8.24mm). Therefore, there is an optimum ratio of pitch tooth to suitable pitch size. The
pressure drop coefficient(K) defined by diffuser model was modified as follow to fit the
experimental results.
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AP = K 1/2 p u 2 , K = 1.1KO(N)'O-26(A)"0-78, N is number of teeth, A is angle of teeth, Ko is

theoretical pressure drop coefficient of typical diffuser
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Applicability of the MSHIM control strategy, which had been developed by Westinghouse and
characterized by elimination of the adjustment to the boron concentration during load maneuvering, to
1300MWe KNGR(Korean Next Generation Reactor) Cycle-1 was examined. The simulation based on
one-dimensional transient analyses under the conditions of relatively large xenon worth and high
amplitude of xenon oscillation, which are well known factors obstructing the smooth control of core
reactivity and axial power distribution during power maneuvering.

The original control bank configurations of the KNGR were rearranged to have the suitable rod
worth and the capability of power distribution control for the MSHIM control strategy. The existing two
PSCEAs and three regulating banks were replaced by independently operable groups of control banks
composed of four M banks and one AO bank prepared for reactivity and power shape control,
respectively. All control rods were consisted of B4C, and shutdown banks were preserved. One of the M
banks, MO bank, was fully inserted in the core during base load operation for the compensation of xenon
buildup in part load operation. The rod worth and overlap size of each bank are given in Table 1, which
was determined by repeated simulation of load follow operations with various bank worths and overlap
sizes. As seen in table 1, the AO bank has relatively heavy worth so as to maintain the monotonic
relationship between axial offset(AO) and AO bank motion.

Table 1. Control Rod Parameters for the MSHIM Control Strategy
Bank

MO

M0+M1

M0+M1+M2

AO

Rod Worth at Near
BOL [pern]

492

887

1506

1295

Rod Worth at Near
EOL [pem]

663

1032

1695

1300

Overlap [%]

0

33

33

The axial power distribution was controlled to keep the axial offset as constant as possible during
the power maneuvering. It was performed by repositioning the AO bank with respect to the difference
between target axial offset(TAO) and AO at that time. The TAO value in load maneuver was settled by
approximately 10-15% more negative value than that in base load operation in order to provide more
effective axial offset control in both negative and positive directions. This procedure was accomplished in
intermediate period, referred to as transition day, between base load operation and load follow [1].

Three types of power maneuvering, daily maneuvering, extended weekend load follow, and
spinning reserve capacity were simulated to evaluate the capability of the selected load follow technology.
All simulations were performed in two limiting burnup states, i.e., at 3% BOL and 90% EOL. Xenon
buildup effect during part load operation becomes more significant as time goes by BOL, and the
amplitude of axial xenon oscillation becomes lager as time goes by EOL.

Total peaking factors were evaluated by synthesis procedure between radial peaking factors and
axial power distributions for all types of load follow pattern in order to ensure the compliance of safety
limits in the viewpoint of nuclear design. The summarized results for all cases are listed in Table 2.
Except for the case of weekend maneuver at near EOL, all results are held below the design limit on
power distribution (2.5-2.6 in total peaking factor, 2.69 for the Yonggwang Unit 3&4) of conventional
CE type reactors [2]. If the gray rod can be utilized and the modification of control rod configuration is
allowed in assembly, it could be overcome.

In this work, CASMO-3/MASTER[3,4] code system and ONED94[5] were used to analyze the
static and transient core behaviors, respectively.

By showing that the calculated total peaking factors are maintained below safety limit, it is proved
that load follow operation without boron adjustment is feasible with simple control rod motion only.
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Table 2. Summary of Load Follow Operation
Burnup

Near BOL

NearEOL

Maneuver

Daily

Weekend

Spinning Reserve

Daily

Weekend

Spinning Reserve

TAOLF

TAOBASE-10%

TAOBASE-15%

TAOBASE-10%

TAOBASE-12%

TAOBASE-15%

TAOBASE-12%

Maximum Fz

1.419

1.504

1.421

1.618

1.824

1.693

Maximum FQ

2.1264

2.3343

2.1163

2.1514

2.5326

2.1505
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KNGR (Korea Next Generation Reactor) is an effort to develop a standard design of an
advanced nuclear power plant with a significant safety improvement and cost reduction. For
KNGR, the concept of an advanced control station is applied to the design of main control
room (MCR). Computerized compact workstations and digital operating systems in the KNGR
MCR provide the operator with electronically generated images and information about the
status of plant systems.

CPS (Computerized Procedure System) is a computerized, instead of paper, procedure to be
imbedded into the computerized workstations of the KNGR MCR. The basic functions and
features of COPMA-II, the second version of computerized procedure developed at the OECD
Halden Reactor Project, were adopted in the development of CPS. Like COPMA-II, the
functions provided in CPS would include: (a) procedure editing (i.e., procedure writing,
installation into CPS framework, and modification), (b) procedure search (i.e., access to a
specific procedure), (c) real-time access to plant state, (d) indirect component control,
(e) automatic procedure flowchart generation, and (f) place peeking of procedure execution.
Since COPMA-II is a research product developed in a laboratory, instead of commercial
product developed for industry use, there are many shortcomings that need much improvement
in order to be used for KNGR operation. The design approach for the KNGR CPS is
determined based on the review of the problems with conventional paper procedure and man-
machine interface design concepts to be developed for the computerized workstations of the
KNGR MCR.

This paper describes the current design of the prototype CPS implemented based on
COPMA-II as well as projected features provided in the first version of CPS, which is to be
developed in the near future. Principal functions and features of the current prototype CPS are
described in detail, and its potential advantages and merits over conventional paper procedures
as well as over COPMA-H are highlighted. Since design process is an important element in the
development of a complex software system like a computerized procedure, design process plan
as well as features of CPS themselves is also described. As usability and functional suitability
is critical in a computerized operating procedure, a brief description about human factors
efforts in the design process of CPS are also provided in this paper. Since a computerized
procedure is for the actual plants operation, and therefore should satisfy the requirements in the
KNGR URD (Utility Requirement Document), this paper also explains about some of those
requirements and how CPS would meet them.

The design approaches presented in this paper are still under the process of refinement.
Additional review and tests are due in the future. The current design of CPS will be evaluated
for its suitability and effectiveness in operation using variety of test facilities such as a partial
dynamic mockup, a full dynamic mockup with KSNP (Korea Standard Nuclear Plant) models,
and finally using a KNGR full scope simulator. Due to a limited experience of KEPCO (Korea
Electric Power Corporation) in the development of computerized procedure and the application
of such system to nuclear plant operations, efforts have been made to collect other experiences
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such as the experience N4 who has been using a computerized procedure for actual plant
operations, and the experience of OECD Halden Reactor Project (HRP) who has done extensive
laboratory studies on computerized procedures, the COPMA series.

It is expected that CPS would drastically decrease the navigation workload and reduce time
for procedure manipulation and execution while increasing the operation convenience by
providing context sensitive task information with less operator's efforts. There are many
challenges, however, in designing an effective computerized procedure such as decrease of
operator competence for operation by exercising knowledge and the decrease of operator
vigilance during operation using a computerized procedure. Integration with other
computerized systems in the KNGR MCR must be one of the key issues in the design of the
KNGR CPS. Also, it should be emphasized that the design of such a complex and critical
system as CPS should be carefully performed considering necessary and sufficient human
factors principles. Several countermeasures are considered for mitigating the possible
problems of a computerized procedure. More discussions and research results about the
development efforts of the KNGR CPS will be available in the future.

Figure. A Snapshot of the KNGR CPS
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Recently, digital technology has been introduced to instrumentation and control
(I&C) systems in nuclear power plants. It then actively proceeded, in the nuclear industry,
that intelligent technologies be applied to operation and operator support system. In this
paper, the Automatic Startup Intelligent Control System (ASICS) and Alarm and
Diagnosis-Integrated Operator Support System (ADIOS) which are connected to the
functional test facility (FTF) are described.

ASICS automatically controls the PWR plant from cold shutdown to 5% of reactor
power. The ASICS has a supervisor system and a distributed control system. The
supervisor system has a supervisor program to control the distributed control system, and
the knowledge base which has been designed from general operating procedures and the
operator's experiences. The supervisor system is implemented using an intelligent real-
time expert system shell G2. The distributed control system has four automation modes
such as Heating I mode, Heating II mode, Critical mode and Secondary mode, and each
mode has controllers and keep-up bands. The keep-up bands have a check-up function to
start each automation mode or the function to hold on some process variables to allow for
an operator's action. The ASICS function is verified to receive control input signals from
the FTF and send control results to FTF. Through this method, the developed control
algorithm is evaluated in the real-time environment. For the performance test of Mode I,
the heat-up rate was set to 27°C/hr, the start temperature and the target temperature were
60°C and 176.6°C, respectively. The pressure set point was 24kg/cm2. From the Mode I
test the heat-up time required to reach the target temperature was 7 hours. The automatic
temperature controller saved about 2 hours in heat-up time as compared to the manual
operation for heat-up. The measured heat-up slope was uniform and the pressure was
controlled constantly. For the operation test of Mode II the heat-up rate was the same as
in Mode I, the target temperature was 292°C. The pressure set point was 157kg/cm2.
From the Mode II test the heat-up time required to reach the target temperature was 8
hours. The automatic temperature controller saved about 3 hours in heat-up time when
compared to the manual operation. The measured P-T curve was located in the required
operation boundary. From these tests we could confirm the supervisory control rules and
the controllers of the distributed control system were designed well, as expected. ASICS
could save about 4 hours in heat-up time and could reduce the chance of repeated
operations and trips. ASICS could also reduce the operator's burden.

The overall objective of ADIOS is to improve the operation performance of the
man-machine interface system by integrating alarms, process values, and diagnostic
information to an expert system focused on alarm processing. The ADIOS was
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implemented using the G2 real-time expert system shell. Its knowledge base is
constructed on the basis of the process knowledge of a Korean nuclear power plant and
using some advanced alarm processing concepts. Every alarm is treated as an object of
Alarm class. Objects consist of various attributes including tile message, process value,
alarm firing set-point, activation status, priority, acknowledgement or reset status, causal
alarm, level precursor, and so on. Therefore each alarm object with those attributes
contains all necessary information for processing and displaying itself in the system.
Some of attributes of an alarm object change their values dynamically during a run of
ADIOS. The values of process variable and status are fed into the attribute, 'process
value,' of the corresponding alarm objects. 'Acknowledgement or reset status' is used to
control the flashing display depending on the acknowledgement status of the alarm when
it is activated or deactivated. The attributes, 'casual alarm' and 'level precursor' are used
for prioritizing the alarm on the basis of the relationship with other alarms. The alarms in
ADIOS initially had their own default priorities which are then changed according to
plant-mode dependency, equipment-status dependency, multi-setpoint relationship, or
some other method. The dynamic prioritization is determined by using 'Rules' and
'Procedures' of the expert system shell. The plant-mode dependency is a method that the
alarms activated as a consequence of the plant mode change are de-prioritized from the
default priority. Multiple set-point relationship uses the relationships among several
alarms on the same process parameter. For example, when both the low and low-low
level alarms of a steam generator are activated, the priority of the low alarm should be
lowered. The activated alarms are displayed as rectangles around the process value on the
process overview mimic and chronological alarm lists with different colors in accordance
with their priorities. The diagnostic function module will be incorporated into ADIOS to
estimate and inform the root causes of some complicated failure behaviors for operators.
To verify only the functional effectiveness of the developed alarm and diagnosis system
without investigation of operational performance, it was tested and operated with the test
scenarios generated in the real-time test facility by activating malfunctions to simulate
abnormal plant conditions.

In applying the digital technology to nuclear power plants, we should ensure that it
does not endanger the safety and reliability of the plant. Testing and validation of the
function and performance of a digital system should be done in a realistic environment
prior to it's installation in an NPP. The objective of instrumentation and control FTF is
to test and validate newly developed digital control and protection algorithm, alarm
reduction algorithm, and the performance of operator support system, etc. The FTF
provides a simulated testing environment as an experimental test bed. The FTF software
consists of a mathematical model which simulates a three loop, 993 MWe pressurized
water reactor, and a supervisory program that comprises all the instructions necessary to
run the FTF. The hardware equipment provides an interface between host computer and
simple test panel or developed target systems to be tested. The interface module can
provide Ethernet or VXI interface to developed prototype using shared memory and also
provide the display page for the value of simulated variables. Graphic user interface
supports an easy and friendly interface between FTF and users. It is implemented through
a Picasso-3 graphic tool developed by the Halden Reactor Project. The FTF is applied to
an ASICS and ADIOS as shown in Figure 1 to test its algorithm and performance. The
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results of the test show good operational performance of the FTF in normal and transient
conditions.
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Abstract

Following the TMI-2 accident, advanced water reactor designs have been developed with the
emphasis on core melt accident management capability. Among these are designs incorporating
the ex-vessel corium cooling and in-vessel corium retention capabilities for the advanced
reactors. The ex-vessel management approach, however, appears to suffer from engineering
feasibility and procedural uncertainty. For example, the corium that is ejected through the failed
reactor vessel lower head tends to agglomerate deteriorating the long-term coolability on the
containment floor. In addition, issues associated with the direct containment heating and the
steam explosion are yet to be resolved. For this reason, more recent designs prefer the in-vessel
retention of corium by maintaining the structural integrity of the reactor vessel lower head. If
one can secure the integrity of the lower head by maintaining coolability in the reactor vessel
lower plenum, core melt accidents can be arrested within the vessel at a significant advantage
over the ex-vessel measures.

The in-vessel retention can be achieved by full flooding" of reactor cavity to cool the external
wall of the lower head thereby avoiding structural failure by creep rupture. Application of this
approach to large power reactors is not trivial because of relatively short time between the
detection of core melting and the lower head failure. Therefore, special design features to
facilitate rapid flooding are essential to the success of in-vessel retention. We have examined the
thermal and structural behavior of a large power reactor during a severe accident for the full
cavity flooding approach. Based on the result, an improved in-vessel retention method using gap
structures has been proposed for rapid cooling of the lower head.

This paper examines potential options of in-vessel retention for large PWRs as functions of
time spent for the wetting of the external surface of the lower head. Important options were
evaluated utilizing detailed thermohydraulic and mechanical analysis models that have been
developed and benchmarked with experimental data. The results obtained from this study
elucidate that the risk of lower head failure by either creep rupture or quench fracture increases
rapidly with the amount of time spent for the external wall wetting. To facilitate the rapid
wetting of the lower head wall without the installation of a major pumping system, gap structures
for the lower head have been proposed. The external gap structure, designated as COASISO*",
is shown to be an effective option for the in-vessel retention of both new and operating reactors
against severe accidents.
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Taking into account acute problems of district heating in many fossil fuel deficient regions
of Russia, application of nuclear heat is considered to be an important technical and economical
task. Employment of small pool-type reactor RUTA, being jointly developed by the RDIPE and
the SRC RF-IPPE, could be a practical option to proceed with nuclear heating.

Development of RUTA line reactors of 10 through 50 MWt and Nuclear Heating Plants on
RUTA basis is performed aiming at autonomous nuclear power source destined for heat supply for
small towns or city districts. Studies carried out within the recent years have revealed a considerable
market for small nuclear heating plants in the country. In the first place this holds true in the case of
Far East and North East regions of Russia [1].

A pool-type reactor RUTA possesses self-evident and transparent safety characteristics
based on simplicity and reliability of the design, and inherent safety features using laws of nature
[2].

From the viewpoint of safety provision, the RUTA reactor has the following important
peculiarities:

D The primary reactor loop is placed inside a single reactor vessel (a water tank or water pool)
operating under the atmospheric pressure. This eliminates reactor primary circuit rupture
accompanied by a quick loss of coolant and the reactor core uncovery.

D A large bulk of reactor coolant in the reactor pool enables to provide accumulating of residual
heat for a longer time periods up to several days, even in the case of complete malfunction of
reactor normal and emergency heat removal systems.

D Low values of reactor parameters: an atmospheric pressure at the water surface in the reactor
pool, no water boiling in the pool.

D Low power density in the reactor core of approximately of 15 kW/1.
D An integral layout of primary circuit: the primary heat exchangers are put inside the reactor

pool.
D Natural circulation of the reactor primary coolant in all normal and accidental conditions.

Currently the development of the project of four unit NHP equipped with 55 MWt RUTA
reactors for the city of Apatity, Murmansk region is under way. Feasibility and economic studies
revealed high competitiveness of the project.

At present time one of most important conditions of nuclear project implementation is the
positive public opinion (public acceptance). To form it a convincing and evident proof of safety is
necessary. The best way to obtain such proof would be construction and successful operation of a
prototype or demonstration plant. A demonstration prototype is to play an important role of
confirmation the basic design, operation and economic features of the project.

As a demonstration project which could provide a more active inculcation of RUTA reactor
to the market, i.e. for commercial use in fuel deficient regions of Russia, construction of the NHP
RUTA at the SRC RF-IPPE is being studied now.
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The design work has shown that when coupling the 30 MW NHP RUT A with the existing
heating system an effective variant of its use could be found, with reactor operating mainly in the
base mode.
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Mochovce NPP is the last one of this kind and compared to its predecessors, it is
characterized by several modifications which contribute to the improvement of the safety
level. In addition based on Nuclear Regulatory Authority requirements and based on
documents :

• IAEA - Safety Issues and their ranking for NPP WWER 440/213
• IAEA - Safety Improvement of Mochovce NPP Project Review Mission
• Riskaudit - Evaluation of the Mochovce NPP Safety Improvements additional safety

measures have been implemented before commissioning.

The consortium EUCOM (FRAMATOME - SIEMENS), SKODA Praha,
ENERGOPROJEKT Praha, Russian organizations and VUJE Trnava Nuclear Power Plants
Research Institute were selected for design and implementation of the safety measures. They
consists of 87 safety issues elaborated in the framework of 10 design areas as well as 11
issues oriented to operational area. Safety categories of individual safety issues are defined
and ranked according to the approach used in IAEA documents.

Implementation of the Mochovce Safety Enhancement Project was divided into three
principal phases:

• studies and analyses,
• design preparation phase,
• implementation of modifications of system or civil engineering structures.

The licensing for the operation of Units 1 and 2 is based on Pre-operational safety
analysis report (POSAR) and conducted according to the international recognized standards.
The whole conception is issued from the US NRC RG 1.70 and for accidental analyses
constituting a part of this report, the IAEA document" Guidelines for Accident Analysis for
WWER Nuclear Power Plants" is used taking into account the Slovak legislation in force.

Main milestones of commissioning of Unit 1:

1. April 27,1998 - first fuel Loading
2. June 9, 1998 - first critically
3. July 4,1998 - first connection to the grid
4. August 28,1998 - first nominal power
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A number of passive Advanced Light Water Reactor (ALWR) designs have been pro-
posed worldwide. These are today in different R&D and design phases. The ALPHA project
was initiated in 1991 at the Paul Scherrer Institute (PSI) in Switzerland. The work is directed
to the experimental and analytical investigation of two main containment design aspects for the
next-generation of "passive" ALWRs: long-term decay heat removal and fission product
retention; this poster addresses only the decay heat removal work, describes the facilities, and
summarizes the scope and accomplishments of the project in relation to several proposed pas-
sive ALWR designs.

All passive ALWRs make use of large passive systems for the transfer of decay heat,
following an assumed depressurization of the primary system, from the containment building to
either evaporating water pools or to convectively air-cooled structures. The energy removal
from the reactor containment involves the condensation of the steam produced by decay heat.
This takes place in the presence of non-condensable gases that were either initially already
present in the containment (air or nitrogen) or were added later to its atmosphere by core deg-
radation in case of a hypothetical severe accident (hydrogen). These two types of non-conden-
sables have quite different densities and produce different effects. The efficiency of the con-
densation process and the distribution of the non-condensable gases in the various containment
volumes play a key role in determining overall containment behavior. These condensation and
mixing phenomena are of main interest for the ALPHA project.

During the first ALPHA-I phase of the program, the effort concentrated on the General
Electric SBWR [1]. Both BWR (ESBWR [2], SWR-1000 [3]) as well as PWR passive designs
(in particular designs with double concrete containment, such as the EPP [4]) are the focus of
the second, current phase, ALPHA-II.

THE ALPHA TEST FACILITIES

PANDA is a large-scale integral-test facility having a modular structure of cylindrical
vessels interconnected by piping. Multidimensional effects are allowed to take place by the
division of the main containment compartments (DW and WW) in two. Parametric or sensi-
tivity experiments conducted under well-controlled boundary conditions provide more valuable
data for code qualification than experiments where the mixing phenomena are distorted by the
scale of the facility or other reasons. The facility has been used to investigate integral system
aspects for the SBWR, the ESBWR and the SWR-1000.

The smaller-scale LINX-2 facility has been designed for separate-effects tests to study
condensation and mixing phenomena such as direct-contact and wall condensation in the

*main affiliation: Swiss Federal Institute of Technology (ETH),
ETH-Zentrum / CLT, CH-8092 Zurich, Switzerland
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presence of non-condensable gases, condensation on finned tubes, venting of steam-air mix-
tures, and pool thermal mixing induced by single and two-phase plumes. Experiments are
conducted at a fairly large scale and under prototypical pressure and temperature conditions to
investigate thermal-hydraulic phenomena of interest to both passive BWR and PWRs.
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STATUS UPDATE OF TEST PROGRAMS FOR ADVANCED FUEL DESIGNS
FOR ABB-CE AND KSNPP REACTORS

Z. E. KAROUTAS, T. RODACK, D. J. DIXON
ABB Combustion Engineering Nuclear Power
Windsor, Conn USA

Introduction

ABB's customers and colleagues have identified their needs for advanced fuel designs including improved
fuel reliability, improved fuel cycle economics, higher burnup capability and improved performance. ABB
Combustion Engineering (ABB CE) has developed the Turbo™ advanced fuel design to meet these needs.
The Turbo design includes: GUARDIAN™ debris-resistant spacer grids, Turbo Zircaloy mixing grids to
increase thermal margin and grid-to-rod fretting resistance, value-added fuel pellets to increase fuel loading,
advanced cladding to increase burnup, axial blankets to improve neutron economy, and the erbia integral
burnable absorber for improving fuel cycle economics (Figure 1). All of these features are directly
applicable to the Korea Standard Nuclear Power Plant (KSNPP).

This paper presents the T&H qualification testing done for the 14x14 Turbo design. 14x14 test assemblies
containing all advanced features began irradiation in August 1996. Complete qualification tests were also
performed for the "I" spring design and other advanced features.

Assembly Flow Tests

Full scale prototype testing of the advanced fuel design was performed in ABB's test flow facility, TF-2. A
single assembly pressure drop test was performed at reactor operating temperature and flow conditions to
determine the assembly and component loss coefficients over a range of bare rod Reynolds numbers from
80,000 to 600,000. The test data(Figure 2) demonstrates that the advanced assembly loss coefficient is
within design criteria.

A dual assembly endurance test was performed in the TF-2 loop to demonstrate acceptable performance in
transition cores. The grid springs were set at the nominal long-term zero gap, the maximum best estimate
gap, and the maximum credible gap. A comparison of the measured wear depth versus acceptance criteria
(Figure 3) demonstrates excellent fretting wear resistance with the Turbo "I" spring, and acceptable fret
resistance with the standard grid. Assembly motion data was also taken and demonstrates no self-excited fuel
assembly vibration. In addition, the measured flow in each bundle, based upon the measured component
pressure drops was compared to the predicted flow split (Figure 4). This demonstrates good agreement
between predicted and measured flow.

Screening Tests and Analysis for Development of Side-Supported Mixing Vanes

In developing the Side-Supported Mixing Vanes several screening test programs were performed. These test
programs include overscale air tests to visualize flow patterns downstream of advanced grids, 5x5 and 6x6
cold water loop tests to measure grid pressure drop and velocity profiles with the Laser Doppler Velocimeter
and 5x5 Freon Critical Heat Flux (CHF) tests for selecting the final grid design. ABB CE has performed
CHF tests for approximately 20 different grid designs over the past 18 years. These screening test programs
were performed to understand and measure the flow patterns, pressure drop and velocity profiles downstream
of these advanced grids. The results of these tests indicated that mixing vane designs that produced a strong
swirl in the subchannel had the greatest impact on DNB performance with the least impact on pressure drop.

The CFDS-FLOW3D code (now called CFX) was used to predict velocity profiles in a subchannel of a grid
span. Figure 5 provides a comparison of the measured and predicted lateral velocities of the swirl in the
subchannel 12.7mm downstream of the Side-Supported Mixing Vane grid. As a result of these screening test
programs and the CFD analysis, the Side-Supported Mixing Vane grid was selected for the final
qualification. CHF testing
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DNB Qualification Testing and Analysis

Critical bundle power at DNB was measured at the Columbia University Heat Transfer Research and
compared to the CE-1 CHF correlation (2'3), the correlation for ABB CE's present grid, which has no mixing
vanes. The ratio of measured critical heat flux for the advanced grid design to the CE-1 predicted critical
heat flux is presented in Figure 6. These test results show an average 44% improvement in DNBR margin
relative to a grid with no mixing vanes. Three more CHF tests are planned and then a new CHF correlation
will be developed from the data of these tests.

Conclusions

Qualification testing and analyses have demonstrated the superior performance of the Turbo™ fuel design.
Lead fuel assemblies containing the advanced features are now undergoing irradiation.
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Figure 3: Comparison of Observed Wear
From Endurance Test With
Acceptable Envelope

Figure 4: Comparison of Measured
Flow Predicted Assembly
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1. Introduction

With the progress of computer technology, the design of safety systems of nuclear power
plant (NPP) has been rapidly changed in Korea in such a way to incorporate the new
technology. The main objective of this change from analog to computer-based would be to
take advantage of modern computer technology for the improvement of operability and
maintainability of the plants. However, from the viewpoint of nuclear plant safety, the
computer-based safety system, as compared to the conventional analog system, may
accompany new safety concerns such as potential software common mode failure and/or
unexpected failure modes.

The development of regulatory positions of the Korean Government on the design of
computer based safety system has made a substantial progress to date. However, there has
been a lot of controversies developed between the Korean nuclear utility and regulatory
authority over the implementation of computer based safety systems in Korean NPPs. This

2. Status of Computer Based Safety System Application
2.1. Digital Interposing Logic System in Korean Standard NPPs

The Korean Standard Nuclear Power Plant (KSNPP) is a two-loop type PWR that has
electrical output of 1000 MWe. The construction of KSNPP started in December 1989 with
Yonggwang nuclear units 3 and 4, which started the commercial operation in March 1995 and
January 1996,respectively. As of September 1998, Korea has 8 unit of KSNPP such as
Yonggwang nuclear units 3,4,5 and 6 and Ulchin nuclear units 3,4,5 and6 which are either in
operation or under construction.

The NSSS design for KSNPP is basically the same as the ABB-CE's Standard System 80
design. However, instrumentation and control design of KSNPP incorporates evolutionary
features in some parts of the system configuration. Specifically, the digital interposing logic
system (DILS) which receives plant operating command from the control modules, the on-off
logic actuators and the other control systems to provide output signals to field devices,
control module indicating lamps, annunciators, and plant computer is one of these examples.
The DILS is an integrated type of microprocessor-based system mainly used for control
system actuation during normal plant operations and interacts with the safety system actuation
in the case of plant accident conditions.
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2.2. Programmable Digital Comparator in Wolsong Units 2,3 and 4

Wolsong nuclear unit 2, 3 and 4 are PHWR plants supplied by Atomic Energy of Canada
Limited (AECL). Each unit has a net electrical output of 700 MWe. The construction of
Wolsong unit 2 started in 1991 and the commercial operation of units 2 and 3 started in July
1997 and June 1998,respectively.

In the system configuration of CANDU-PHWR plant, there are two independent reactor
shutdown systems namely Safety Shutdown System 1 (SDS 1) and Safety Shutdown System 2
(SDS 2) which has six programmable digital comparators (PDCs). PDC is a microprocessor-
based system, which is programmed to generate the conditioning logic output, signal
rationality checks, and variable reactor trip signals for the safe operation of the plant.

Functionally, PDCs are used to calculate trip conditions or operating set points for field
component actuation. The digital outputs of PDCs drive relays in the channel trip logic used
for other trip parameters and internally generated variable set points are displayed on the
control room panels.

2.3. Digital Data Processing and Plant Protection System in Kori Unit 1

Kori nuclear unit 1 is a two-loop type PWR that has electrical output of 587 MWe. It is
the Korea's first commercial nuclear power plant supplied by Westinghouse with a turnkey-
based contract. The construction and the commercial operation of Kori nuclear unit 1 started
in May 1972 and April 1978, respectively.

In the system configuration, most of the instrumentation and control systems are composed
of analog electronic devices and mechanical relay logic circuitry. Among them, the data
processing and plant protection cabinet (Foxboro H-line cabinet) consists of four redundant
channels to generate plant protection signals with a 2 out of 4 voting system.

For the improvement of operability and maintainability of Kori 1 unit, the Foxboro H-Line
cabinet had been replaced with microprocessor-based systems (Foxboro Spec 200/Spec Micro
200) in June - September 1998. The scope of this refurbishment project includes the
replacement of electronic modules and data communications related to the NSSS protection
system (NPS) and the NSSS control system (NCS). This refurbishment was the first
application of computer-based safety system to the operating NPP in Korea.

3 . Regulatory Approach for Safety Review on Computer Based System Design

The Korea Institute of Nuclear Safety (KINS), a regulatory expert organization entrusted
by the Government, is responsible for performing the safety evaluation of nuclear power
plants and other nuclear facilities in Korea. For the safety review on computer-based safety
system, KINS has established a regulatory position that the design requirements of safety
systems should be confirmed with the regulatory guidelines of the original vendor country.
Especially, in the case of operating system upgrades, the licensee should justify the design
modification with a view to maintaining or improving system reliability and system safety.
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In this context, major safety review concerns of KINS are focused on the following:

Evaluation of the rational of design documentation and design process.
Verification of the manufacturer's quality assurance program and related
documentation.

mode failure (CMF).
Audit of the design process and qualification test process when needed.
Evaluation of the software verification and validation (V&V) efforts and
related documentation.
Confirmation of the software configuration management (CM) program and system
maintenance program, etc.
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DESIGN CONCEPT OF A LIGHT WATER COOLED PHWR

Myung-Hyun Kim, Dong-Hwan Park
Kyung Hee University, Youngln, KyungGi-Do, Republic of Korea

A design concept of pressure-tube type, light water cooled, heavy water moderated reactor was proposed as
an evolutionary Light Water Reactor (LWR) based on three design prototypes; CANDU, PWR and PLPTR.0

DESIGN CONCEPTS

A reactor design concept shown in Figure 1 is based on proven technology of CANDU with C ANFLEX or
DUPIC fuels. A geometrical shape and size of pressure tubes and fuel bundles are to be the same with those of
CANDU. Therefore, the same NSSS and BOP of CANDU plant could be used. Use of light water instead of
heavy water as coolant would not bring any impact on thermal-hydraulic safety limitations, and the same
geometry of fuel bundles would be compatible with CANDU fuel reloading machine. This concept has some
favorable features compared with PWR and CANDU. First of all, the use of pressure tubes instead of pressure
vessel for the RCS gives more intact system boundary and the possibility of on-power refueling for LWR. The
separation of pressure tubes in a calandria tank gives large space between them for the installation of reactivity
control devices and core monitoring devices. This feature extends the capability of automatic control with
versatile control system and on-line maintenance of monitoring system.

The use of light water coolant requires enriched uranium fuels with fuel cycle cost burden. However, we can
eliminate the tritium production problem and also reduce the amount of spent fuels produced in CANDU.
Water to water interface in the steam generator is an another benefit. Daily loading of fuels make the core
excess reactivity low enough to eliminate soluble boron control requirement. Soluble boron free operation
feature makes water chemistry more favorable compared with PWR.

In order to compensate for the reactivity loss from light water coolant, heavy water moderator should enforce
neutron moderation. In case of CANDU, large volume of heavy water in calandria tank causes design
limitation to the scale-up. As shown in Figure 1, heavy water moderator is contained inside of secondary
calandria tube. Pressure tube is surrounded by gas filled insulating layer, inner tube, moderator layer, and outer
tube. Outer space of calandria tubes is let vacant for the dry calandria cencept. This double tube would be
effective for structural enforcement against the tube sagging.

Passive safety features are not implemented in this reactor design concept. However, emergency cooling and
long term cooling can easily be achieved by passive flooding system with dry calandria concept. Emergency
light water can be drained into a vacant calandria tank by gravity force by either active or passive valve
opening. In the case of a pressure tube break, pressurization of the calandria tank can be avoided by pre-
pressurization of moderator tubes around the coolant pressure tubes and passive flooding would provide a large
amount of water as thermal sink and additional shutdown system.

One of major benefits of CANDU is the feasibility of automatic power control. Because enriched uranium
fuels are used in this study, excess reactivity of unit fuel bundle is much higher than one of natural uranium
fuels. When an excess reactivity is controlled to be the same with that of CANDU fuels, the same reactivity
control system with CANDU can be used without any change. Excess reactivity of fuel bundles can be
controlled by use of burnable poison.

FEASIBILITY OF NUCLEAR DESIGN

After a parametric study done by unit module calculation with a code system HELIOS2), an optimized reactor
module was found as shown in Figure 2. With 2.0cm thickness layer of heavy water moderator, all feedback
coefficients were found to be negative. Light water coolant temperature coefficients were about -25 to -30
pcm/K, heavy water moderator temperature coefficients were about -7 to -9 pcm/K, and void coefficients were
about -100 pcm/K in the wide range of fuel enrichment levels and fuel burnup steps. Figure 3 shows the excess
reactivity letdown curves for the designed reactor module and CANDU. The uppermost line in this figure is
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much higher than the lowermost line for CANDU. This difference of excess reactivity should be controlled by
the use of burnable poison. Conventional CANDU fuel bundle has 37 fuel pins locating one in the center and
6, 12, 18 pins at three rings. Without correction, power generation densities throughout the fuel pin rings are
not small, about 1.8 times. ZrB2 coating as IFBA concept was used for a limited number of fuels pins at the
outer ring locations. 0.0254 mm coating to three fuel pins makes excess reactivity curve be fit to one of
CANDU as shown in Figure 3. From this figure we can conclude that discharge burnup length of 2.8 w/o SEU
fuel bundles is about 2.4 times to the conventional CANDU fuel bundles (about 7500 MWD/MTU).

Figure 4 shows a shutdown capability of water flooding into a void region of dry calandria tank. In this
figure 8, the negative reactivity insertion due to light water injection was more than 50% throughout the fuel
burnup steps.

SUMMARY AND EXPECTED ECONOMICS BENEFITS

Optimized design parameters for this reactor concept are 2.8w/o enriched uranium fuel, light water coolant,
and 2.0cm thick heavy water moderator layer within double calandria tubes. This design has all negative
feedback and additional shutdown safety by water injection into dry calandria tank. As a result of the excess
reactivity control by IFBA burnable poison, control devices of CANDU can be applied without design change
with extended fuel discharge interval of 2.4 times to CANDU. The nuclear characteristics of this reactor
module concept are concluded to be feasible and there would be no major impact on thermal-hydraulic design
and MMIS design of CANDU.

Increase of fuel cycle cost for enrichment compared to CANDU may be compensated a little bit by the
reduced amount of spent fuel production and reduced refueling work load expected from extended discharge
interval. Reduction of heavy water in a calandria tank would be a great benefits both in capital cost s and
O&M costs. Even though double calandria tube design is more complicated, it is more favorable in structural
integrity resulting in higher potential for plant size scale-up. Compared to the PWR economics, on-power
refueling capability in LWR would be the major incentive.
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