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1. Introduction

Safety of nuclear power plants is determined by a deterministic approach
complemented by probabilistic considerations. Design, construction and operation is governed
by national and international safety standards and practices. The IAEA has prepared a set of
Nuclear Safety Standards as recommendations to its Member States, covering the areas of
siting, design, operations, quality assurance, and governmental organizations. A revised set
of standards will be prepared by the year 2000. Safety is not just determined by a good plant
and qualified operators. Rather safety is heavily depending on an adequate national and
international framework which promotes i.e. learning from the more than 8,000 years of
commercial reactor operation, exchanging of information, using the mechanism of peer
reviews and striving for excellence.

In 1988 the IAEA published a report by the International Nuclear Safety Advisory
Group (INSAG) on Basic Safety Principles for Nuclear Power Plants, summarizing the
underlying objectives and principles of excellence in nuclear safety and the way in which its
aspects are interrelated. The paper will summarize some of the key safety principles and
provisions, and results and uses of Probabilistic Safety Assessments (PSA).

The Convention on Nuclear Safety modelled after the IAEA Safety Fundamentals
published in 1993 has added a new dimension of legally binding obligations, the fulfillment
of which will be reviewed by meetings of the contracting parties.
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2. Safety objectives and principles

Fig. 1 shows the structure of safety objectives and principles for NPPs according to
INSAG. Three kinds of safety principles are discussed, relating to management, defense in-
depth and technical issues. Central to management responsibilities is the concept of safety
culture. This is the set of attitudes and qualities in individuals and organizations which ensures
that, as an overriding priority, nuclear plant safety issues receive the attention warranted by
their significance.

In its ongoing work to expand the concept in such a way that its quality may be judged
in specific cases, INSAG has identified two components of safety culture. The first is the
necessary framework setup within an organization and the responsibility of the managerial
hierarchy. The second is the attitude of staff at all levels.

On the technological side, nuclear power plant safety rests on the strategy of defense-
in-depth. This concept involves successive barriers to prevent the release of radioactive
material to the environment and the protection of the barriers themselves and is complemented
by measures for accident prevention and mitigation.

This relationship between physical barriers and levels of protection in defence-in-depth
is depicted in Fig 2. INSAG explains this Figure in the following way:

"The figure shows radioactive material at the center. A first level of protection in
defence-in-depth is a combination of conservative design, quality assurance, surveillance
activities and a general safety culture that strengthens each of the successive obstacles to the
release of radioactive materials.

The first three physical barriers are the fuel matrix, the fuel cladding and the boundary
of the primary coolant system. All nuclear power plants now operating or under consideration
have all these barriers; some gas cooled reactors also have another barrier in the form of a
graphite moderator in which fuel particles with a graphite or ceramic coating are embedded.

>

The second level of defence-in-depth is control of operation, including a response to
abnormal operation or to any indication of system failure. This level of protection is provided
to ensure the continued integrity of the first three barriers. Together, these constitute the
normal operating systems and barriers.
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A third level of protection is afforded by those engineered safety features and
protective systems that are provided to prevent the evolution of failures of equipment and
personnel into design basis accidents, and design basis accidents into severe accidents, and
also to retain radioactive materials within the confinement.

The confinement is a fourth barrier which is provided unless it has been shown that
the function is provided by other means.

A fourth level of protection comprises measures that include accident management,
directed to preserving the integrity of the confinement.

The fifth level is that of off-site emergency response, aimed at mitigating the effects
of the release of radioactive materials to the external environment"

3. Specific safety principles in design of modern reactors

Specific principles implemented in the design are redundancy, diversity, fail safe,
physical separation and qualification of equipment to withstand environmental conditions
under accident situations. The "fail safe" concept is implemented to ensure that no failure of
a single active component can render a safety function inoperable. The objective of safety in
reactor design is to control the location, movement and conditions of radioactive materials
inside the plant. To this end there are three basic safety functions which need to be assured:

• controlling reactor power
• cooling the fuel, and
• confining radioactive materials within the physical barriers.

Most important is to control reactor power through plant process control systems and
automatic shut down systems if trip parameters are exceeded. Two redundant and diverse shut
down systems are available. Shut down immediately reduces the available energy to several
percent of its original value and to one percent within a few hours. However, the remaining
decay heat is still substantial and cooling is necessary to protect the fuel from melting. This
can be achieved by forced or natural circulation provided a heat sink is available through the
steam generators. In case the steam generators are not available as a heat sink, though there
is redundant feedwater and auxiliary feedwater supply, an emergency core cooling system
(ECCS) exists with accumulators and high and low pressure injection pumps. This ECCS is
also designed to cope with guillotine breaks of the main coolant pipes. A containment ensures
that even for such accidents the radioactivity in the primary coolant is not released to the
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outside. Sprinklers and in some cases ice condensers are used to keep the pressure in the
containment below the design pressure for which it is built and tested.

In order to assure the availability and effectiveness of safety systems, the plant is
operated under a set of technical specifications which include allowed outage times for
components (AOTs) and surveillance test intervals (STIs) and requirements for adequate
staffing at all times.

All important plant neutronic and thermal-hydraulic variables have assigned operating
ranges, trip setpoints and safety limits.

In addition to these general considerations NPPs are designed to cope with a set of
initiating events (design base accidents), which also include external hazards. A typical list
of such events considered in the design of pressurized and boiling water reactors are given
in Fig. 3.

4. The Nuclear Safety Convention

The Convention on Nuclear Safety has the objective to:

"(i) achieve and maintain a high level of nuclear safety worldwide through the
enhancement of national measures and international co-operation including, where
appropriate, safety-related technical co-operation;

(ii) establish and maintain effective defences in nuclear installations against potential
radiological hazards in order to protect individuals, society and the environment from
harmful effects of ionizing radiation from such installations;

(iii) prevent accidents with radiological consequences and to mitigate such consequences
should they occur."

It provides a new mechanism to strengthen international co-operation in the area of
nuclear safety. The Convention was adopted by a Diplomatic Conference in June 1994, and
was to enter into force on the ninetieth day after the date of deposit with the Depositary of
the twenty-second instrument of ratification, acceptance or approval, including the instruments
of seventeen States, each having at least one nuclear installation which has achieved criticality
in a reactor core. These requirements were met on 26 July 1996 by the deposit of the twenty-
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fifth instrument referred to above, being also the seventeenth instrument from a State having
at least one nuclear installation which has achieved criticality in a reactor core. The
Convention on Nuclear Safety therefore entered into force on 24 October 1996.

By mid May 1997 the Convention held 65 signatories and 37 instruments of
ratification, acceptance or approval had been received, including 25 from States operating
nuclear power plants.

Sixteen Articles specify the obligations under the Convention. They are based on the
IAEA Safety Fundamental "The Safety of Nuclear Installations". The basic mechanisms for
implementation is the review of "country reports" by meetings of the Contracting Parties on
the measures taken to implement each of the obligations. The first of such meetings is now
planned for early 1999.

As an example regarding assessment and verification of safety, Article 14 specifies
that "Each Contracting Party shall take the appropriate steps to ensure that: comprehensive
and systematic safety assessments are carried out before constructing and commissioning a
nuclear installation and throughout its life. Such assessments shall be well documented,
subsequently updated in the light of operating experience and significant new safety
information, and reviewed under the authority of the regulatory body."

4. Developing Risk Informed Regulations

The use of PSA to complement the deterministic safety analysis to identify safety
shortcomings has, over the last 20 years, led to significant safety improvements of the plants
for which such PSAs were carried out. Figures 4 and 5 give examples of the use of PSA to
identify main contributors to the estimated core damage frequency. Still controversial is the
use of probabilistic targets to judge the overall safety level of plants. Some countries have
established targets for individual and societal risk, which would require Level-3 analyses.
Most commonly, use is made of targets for the frequency of major releases or core damage
frequencies requiring Level-2 and Level-1 analysis respectively. For example, in INSAG-3
the following targets are given:

"The target for existing nuclear power plants consistent with the technical safety
objective is a likelihood of occurrence of severe core damage that is below about 104

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 10s such
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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."

It is presently being discussed if compliance with higher level goals can be acceptably

demonstrated by using bounding conditions with lower level studies.

PSAs provide the possibility of ranking systems, families of components, individual

components operational occurrences, manual actions, etc. according to their significance. A

further step in risk informed regulations is thus to define requirements which are consistent

with the risk-importance of the equipment, events and procedures to which the requirements

apply. This would have the advantage that resources could be focussed according to risk

significance (Fig. 6). The areas which could most immediately benefit from such

considerations are:

• design modifications and backfitting (as discussed above)

• optimization of maintenance

• evaluation of operational events

• optimization of operational limits and conditions (Tech Specs)

• configuration control

• monitoring of safety performance

Such applications, which are not yet widely implemented, need to be based on

standardized quality PSAs (The IAEA has developed PSA Level 1-3 Guidelines.) In addition,

it is of utmost importance to perform uncertainty and, even more important, sensitivity

analyses in particular if it is used for cost/benefit analysis. In many cases one can rely on the

fact that conclusions from relative values are more robust than those relying on absolute

figures. This is in particular the case for use in cost/benefit analyses.

5. Monitoring Operational Safety

If the resources have been spent to prepare a PSA, one might as well spend the

additional resources to periodically update the PSA with regard to safety system

modifications, plant specific data and other accumulations of operating experience. Such

concepts are termed "Living PSAs". They provide information on the core damage frequency

averaged over a year by random distribution of initiating events and unavailabilities of

systems and components due to maintenance or failure. Living PSAs are the prerequisite to

go a step further to develop "Safety Monitors", which calculate core damage frequencies in

-6-



real time, based on actual system/component status and tests in progress. Such a safety
monitor can be used to ensure that combinations of failures and maintenance and testing
conditions do not lead to large increases above average core damage frequency. In addition
such saferv monitors can provide additional information such as safety significance ranking
of systei components and accident sequences. Some systems can be consulted to advise on
recovery actions.

6. Safety of future nuclear power plants

The next generation of Advanced Light Water Reactors with a capacity of well beyond
1000 MWe is presently being built. These evolutionary designs combine and refine advanced
features, in particular through simplification or elimination of equipment (e.g. see Fig. 7),
increased safety margins, increased capacity and redundancy of safety systems, increased
attention to severe accidents in the design, and use of modern (computer) control technology.
In addition, evolutionary small and medium size reactors are being designed which in
particular rely more on passive safety systems and greatly increase the time by which human
intervention might be necessary. Such designs have the potential to significantly reduce core
damage frequency below IQr6 per year, thus pushing to the limit what could reasonably be
modelled by PSA. The trend in the reduction of core damage probability over time is
indicated in Fig. 8. Since containment performance would reduce the probability of significant
radioactive releases by another one or two orders of magnitude, it would be close to, but not
quite zero. Some revolutionary designs try to completely eliminate core damage accident
scenarios. The new German Atomic Law requires that it has to be "demonstrated also for
events, which.... can be practically excluded, that severe measures to protect against radiation
outside the site boundary, would not be required" (simplified translation). It is presently being
explored if a combination of designing out high pressure core melt scenarios and designing
to cope with low pressure core melt scenarios (core catchers, spreading areas) is able to meet
such a requirement.

Against this background the IAEA has prepared a document on the "Development of
safety principles for the design of future nuclear power plants". In addition to the normal
design basis envelope, it introduces the objective that "severe accidents addressed in the
design" should have no "significant radiological consequences". No significant radiological
consequences is defined as ensuring with a high degree of confidence that "the need for
urgent protective actions would in effect be limited to the immediate vicinity of a plant, and
possibly to the plant site boundary, thus minimizing societal and environmental impact". Thus
it would eliminate the need to plan for rapid evacuation and permanent relocation. Severe
accidents addressed in the design are accidents beyond the design basis which are selected on
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the basis of a combination of deterministic and probabilistic considerations using best estimate

analysis. For the remaining severe accidents not addressed in the design the targets suggested

by IAEA and INSAG as described above are repeated. Work continues to further explore a

list of severe accidents to be addressed in the design.

7. Concluding remarks

The safety of nuclear power plants is continuously being improved. To date, the

combination of several layers of protection has led to an excellent safety record when

compared with other means of power production. This holds true even after the Chernobyl

accident, which was caused by a very special reactor design with severe safety shortcomings

unknown to the operators due to an environment lacking safety culture. However, continuous

efforts have to be made to update the safety of older reactors or such reactors need to be

closed if obsolete. A new generation of reactors will add again an order of magnitude in

safety for the future.
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1I) Increase in heat removal by the secondary system
(a) Decrease in feedwater temperature
(b) Increase in feedwater flow
(c) Increase in steam flow ,•
(d) Inadvertent opening of a steam generator relief or safety valve
(e) Steam system piping failure inside and outside of containment in a

PWR.
(2) Decrease in heat removal by the secondary system

(a) Loss of external load
(b) Turbine trip
(c) Loss of condenser vacu u m
(d) Closure of main steam isolation valve (BWR)
(e) Steam pressure regulator failure (closed)
( 0 Loss of non-emergency AC power to the station auxiliaries
(g) Loss of normal feedwater flow
(h) Feedwater system pipe breaks inside and outside containment (PWR).

(3) Decrease in reactor coolant system flow rate
(a) Loss of forced reactor coolant flow including trip of pump and

controller malfunctions
(b) Reactor coolant rotor seizure and reactor coolant pump shaft break.

(4) Reactivity and power distribution anomalies
(a) Uncontrolled control rod assembly withdrawal from a subcritical or

low power startup condition
(b) Uncontrolled rod assembly withdrawal at power
(c) ControrTOd misoperation (system malfunction or operator error)
(d) Startup of an inactive reactor coolant loop or recirculation loop at an

incorrect temperature, and flow control malfunction causing an increase
in BWR core flow rate

(e) Chemical and volume control sysTem malfunction that results in a
decrease in the boron concentration in the reactor coolant (PWR)

( 0 Inadvertent loading and operation of a fuel assembly in an improper
position

(g) Spectrum of rod ejection accidents (PWR)
(h) Spectrum of rod drop accidents (BWR).

(5) Increase in reactor coolant inventory
(a) Inadvertent operation of ECCS and chemical and volume control system

malfunction that increases reactor coolant inventory.
(6) Decrease in reactor coolant inventory

(a) Inadvertent opening of a PWR pressurizer relief valve or a BWR relief
valve

(b) Radiological consequences of the failure of small lines carrying primary
coolant outside containment

(c) Radiological consequences of a steam generator tube failure (PWR)
(d) Radiological consequences of main steam line failure outside of

containment (BWR)
(e) Loss of coolant accidents resulting from spectrum of postulated piping

breaks within the reactor coolant pressure boundary.
(7) Radioactive release from a subsystem or component

(a) Waste gas system failure
(b) Radioactive liquid waste system leak or failure (release to atmosphere)
(c) -Postulated radioactive releases due to liquid-containing tank failures
(d) Radiological consequences of fuel handling accidents
(e) Spent fuel cask drop accidents.

(8) Anticipated transients without scram.

Fig. 3 - List of initiating events
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Internal Events
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2.2E-6
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2.3E-5
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8.2E-6
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7.4E-7
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8.3E-6

Mean

4.1E-5

5.4E-6

2.2E-5

1.6E-6

2.1E-6
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1.8E-6

1.2E-4

2.5E-5

1.1E-5

95%

1.3E-4

2.3E-5

9.5E-5
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6.0E-6

4.4E-4

1.0E-4

3.1E-5

Fig. 4 - Summary of core damage frequency results: Suny

Station Blackout

LOCA

Bypass (Int. Sys. LOCA/SGTR)
ATWS

Transients

Total Mean Core Damage Frequency: 4.0E-6

Fig. 5 - Contributors to mean core damage frequency from internal events
NUREG-1150 Surry Plant Results
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Fig. 6 - Core damage frequency importances of different safety systems in a given plant
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Fig. 7
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Fig. 8 - Trends in reactor safety improvements
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