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Abstract

In implementing a national nuclear power program, balanced regulatory requirements are
necessary to ensure nuclear safety and cost competitive nuclear power, and to help gain public
acceptance. However, this is difficult due to the technology-intensive nature of the nuclear regulatory
requirements, the need to reflect evolving technology and the need for cooperation among
multidisciplinary technical groups. This paper suggests approaches to development of balanced
nuclear regulatory requirements in developing countries related to nuclear power plant safety,
radiation protection and radioactive waste management along with key technical regulatory issues. It
does not deal with economic or market regulation of electric utilities using nuclear power. It suggests
that national regulatory requirements be developed using IAEA safety recommendations as guidelines
and safety requirements of the supplier country as a main reference after careful planning, manpower
buildup and thorough study of international and supplier country's regulations. Regulation making is
not recommended before experienced manpower has been accumulated. With an option that the
supplier country's regulations may be used in the interim, the lack of complete national regulatory
requirements should not deter introduction of nuclear power in developing countries.

1. INTRODUCTION

Regulatory requirements in the form of acts, decrees, notices, guides and standards are
tools through which the government or its designees regulate nuclear activities to ensure
public safety. They are also tools through which the government can pursue public acceptance
of nuclear power. Complete regulatory requirements should be available regardless of the
number of nuclear power plants under construction or in operation.

Developing countries planning their first nuclear power plant may have difficulties
establishing a regulatory safety regime for the following reasons:

- Regulatory requirements of suppliers evolve continually, reflecting the state-of-the-art
technologies.

- Regulatory requirements vary between countries depending on specific conditions.
- Development of nuclear regulatory requirements is technology-intensive, and it takes

time to accumulate trained, experienced and competent manpower.
- Development of nuclear regulatory requirements is a multidisciplinary task involving a

variety of expertise and organizations, in close cooperation.

Although these are real difficulties, countries without national regulatory requirements
can develop them with planned, systematic, effort, using the experiences of predecessor
countries.
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2. GENERAL APPROACH

2.1. Key considerations

Approaches to the development of national nuclear regulatory requirements differ
between countries depending on individual conditions. In some, requirements already exist,
especially those related to research reactor operation and radioisotope utilization. Some
already have high level nuclear regulatory legislation under which regulation (decrees,
government notices, guides and standards) can be refined.

National regulatory requirements should be stable so nuclear power plants can be built
and operated with minimal financial risk by the utilities and should be transparent and give
assurances for public safety [1]. Key considerations are discussed in the paragraphs below.

2.1.1. Organizational setup

In countries operating or planning nuclear installations, a legal framework should be
established providing the regulation and clear assignment of safety responsibilities.
Government is responsible for legislation assigning the primary responsibility for safety to the
operating organization (i.e., utility) and forming a regulatory body for licensing, regulatory
control and enforcement [1]. For the regulatory body, responsibilities for establishing
regulatory requirements, licensing, monitoring and enforcement should be clearly defined
within the legislative and statutory framework. The regulatory body should be independent
from organizations promoting nuclear activities so judgments may be made and enforcement
actions taken without undue pressure from interests that may adversely impact safety. This is
necessary not only technically but also for public acceptance. Despite this, some countries
have vested both regulation and promotion in the same government organization, like an
Atomic Energy Authority, at least at the beginning of their nuclear program. But where this
has occurred in the past, there is a clear trend towards separate functions.

The existence of a regulatory body should not diminish the basic responsibility of the
operator (utility) for the safety of the plant, but should give confidence to the government and
the public that the plant is operating safely [2]. The operator cannot take refuge behind
inadequate regulatory safety requirements but must set its own rules and requirements, which
could be even stricter than those of the regulatory body.

The functions of nuclear safety and radiation protection should be combined in one
regulatory authority, though this has only been done in a few countries, often because the
radiation protection authority existed earlier and specialization is quite different. However,
where these functions are vested in two different organizations, licensing of nuclear
installations can be difficult.

2.1.2. Manpower and experience buildup

Developing balanced regulation requires an understanding of plant design and
operation, and experience in regulation, and inspection. Developers should have sufficient
knowledge to compare regulations from different countries and understand their specific
nature. They should have enough experience in regulatory activities to modify imported
regulations and adapt them to the local environment and eventually, should be able to perform
cost benefit analysis with respect to design changes for safety enhancement.
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Regulations developed by inexperienced personnel may simply be a translation of the
supplier's regulations or an adoption of international regulations, lacking consistency, and
impractical or unsuitable to the local environment. Sometimes, they can be overly strict,
unnecessary, or inappropriate, making compliance extremely expensive, if not impossible.
Once such requirements exist, it may be difficult or time consuming, to change them.

At the beginning of nuclear power deployment, where both regulatory body and
industry lack basic knowledge of nuclear power plant design, construction, operation and
regulation, close communication between them is essential. To understand fundamental
principles, both organizations may receive training at the same time, with regulators,
engineers, designers and operators benefiting from the larger perspective supplied by the
international agency or supplier country's regulators.

2.1.3. Efficient licensing process setup

The details of nuclear regulatory requirements are closely linked to the licensing
process of nuclear power plants. The licensing process specifies steps to be taken before full
power operation of the plants can be approved.

Licensing should be considered an ongoing process, starting from the site license and
continuing through decommissioning of the plant. Although in some cases it may be
appropriate to issue a site license independently of the type of reactor, a detailed
demonstration of nuclear safety should be submitted by the applicant and reviewed by the
regulatory body before issuance of a construction permit. Licensing processes vary from
country to country and the first formal action may be approval of the safety concept at the
issuance of the construction permit.

Regulatory requirements generally support the licensing process, and the details vary
for implementation depending on the process. One country may take a one step licensing
approach while others require more steps before issuing a full power operating license. There
are reasons why each country adopts a different process, and careful study is necessary before
the national licensing process can be set up for efficient licensing.

2.1.4. Balance maintenance

A key consideration in the development of safety regulations is balancing between
proven technology and innovative development to incorporate state-of-the-art technology
while assuring the licensability of new plants. Standardization based on proven technology
guarantees performance and leads to reduced risk for the project. However, such
standardization may not include state-of-the-art technology, and the technology utilized may
be outdated, resulting in low performance and reduced safety. Therefore, the concept should
be of evolving safety regulation to accommodate improvements in technology, or to permit
innovative technological changes.

It is also important to balance between safety and economics. It is internationally
accepted that the most important component of a nuclear power plant operation is safety.
However, too much emphasis on safety, may lose the competitiveness of nuclear compared to
non-nuclear power. This could cause plant shut down and scraping of plans for further nuclear
plants. Requirements must be formulated with careful study of their impact.
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Another consideration for regulatory requirements is balance between flexibility and
detail. Precise and detailed regulations lead to mechanistic compliance and enforcement,
leading to lack of judgment and initiative in plant design, operation and regulatory
compliance. This is compounded by the fact that highly specific regulations, once established,
are not easy to revise or update. This can lead to high cost or inappropriate compliance. In
contrast, results-oriented regulations that allow flexibility as to means of compliance can
permit more efficient and economic attainment of regulatory goals.

On the other hand, excessively flexible regulations lack detail and implementation of
design even conforming with the requirements may not warrant a license due to differences in
interpretation between industry and the regulatory body. It is therefore necessary to bring
flexibility to the resolution of licensing issues between the designers and regulators to avoid
unnecessary conservatism.

Another consideration is the balance between accident prevention and mitigation in
fulfilling the defense-in-depth principle. Principal emphasis is on preventing accidents,
particularly those which could cause severe core damage. Provisions for accident mitigation
extend the defense-in-depth principle beyond accident prevention, and would substantially
reduce the effects of an accidental release of radiation. However, mitigation is more expensive
than prevention. To maintain an appropriate cost-effective balance, cost benefit analysis may
be_used to adjust the emphasis to varying levels of defense-in-depth. A brief description of the
defense- in-depth principle is included in Annex I.

One final balance is that between regulating hardware on the one hand and human
performance on the other. Recent experience underscores the fact that most accidents,
incidents and safety problems in NPPs occur because of human error not through failure of the
technology. Regulation should not focus exclusively on redundancies in the plant design, but
should also focus on the human factor, emphasizing training, alertness, a culture of safety
consciousness and performance. It will not profit to have elaborate defense-in-depth systems,
if they are improperly maintained to design specifications or if operators and maintenance
personnel are untrained in their upkeep.

2.1.5. Maintaining consistency among different levels of requirements

Even though regulations are developed over time by different groups of experts, they
should be consistent. The IAEA (International Atomic Energy Agency) introduced an
hierarchical categorization scheme with four levels of Safety Series that may correspond to
different levels of regulatory requirements. According to this categorization, the IAEA Safety
Series are grouped as follows [3]:

- Safety Fundamentals ; Basic objectives, concepts and principles to ensure safety

- Safety Standards ; Basic requirements which must be satisfied to ensure safety for
particular activities or applications

- Safety Guides ; Recommendations based on international experience, related to
fulfillment of basic requirements

- Safety Practices ; Practical examples and detailed methods which can be used for the
application of Safety Standards or Safety Guides
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2.1.6. Harmonization with international guides

International cooperation of utilities, designers and regulators, with support from
organizations such as IAEA, OECD/NEA and the European Commission can help harmonize
nuclear safety regulation worldwide.

One prominent area to harmonize technical and policy matters related to power plant
regulations, is the requirement development to improve safety, especially that related to severe
accidents. National nuclear safety authorities regularly participate in initiatives to exchange
information and share experiences, and to seek the promotion of harmony for future plants.
The IAEA Convention on Nuclear Safety [5] established in October 1996, provides a
mechanism for strengthening national nuclear regulatory bodies and fostering commitments to
high quality regulatory standards. The IAEANUSS program on Governmental Organization is
another important vehicle.

A good example of international harmonization is the development of the Utility
Requirement Document (URD) in the USA and the European Requirement Document (ERD)
in Europe. Many utilities of Asia, Europe and the USA have taken part, in drafting and
reviewing these requirements and consider it essential that they play a major role in
developing requirements for future plants [4].

Harmony should also be achieved to guide discussion of the question of "how safe is
safe enough?" Difficulties in defining quantitative criteria should not prevent continuing
efforts to demonstrate the safety and economic competitiveness of nuclear power.

2.2. General approach

It is not easy to generalize approaches to the development of national regulatory
requirements because situations differ between countries and through time. However, the
experiences of established nuclear countries can benefit developing countries intending to
invest in nuclear power in the near future. Key steps suggested for consideration are:

(1) Research and study on existing regulatory requirements that may be related to research
reactor regulation, radioactive isotope control and radiation protection.

(2) Comparison of the regulatory requirements of predecessor countries and international
organizations such as IAEA:

As a first step, regulations and practices of the supplier countries may be used,
provided the intent of such regulations and practices are properly understood and
interpreted. In the past, several countries importing their first plant used the regulations
and standards of the supplier country based on the "licensable in the supplier country"
concept. This could pose problems if a subsequent plant is purchased from a country
with a different licensing system. Then there is the difficult task of reconciling the two
systems or established and enforcing a separate national regulatory regime.

(3) Efficient licensing process setup:

Before developing detailed regulatory requirements, an efficient process suitable to the
country's licensing environment, must be prepared. Detailed licensing procedures and
related regulatory requirements should be developed to support licensing.
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(4) Development of regulatory requirements using IAEA safety recommendations as
guidelines and safety requirements of the supplier country as a main reference:

The development of regulatory requirements is complex, involves different areas of
expertise, is technically intensive and requires thorough study and research. The
premature drafting of inappropriate detailed regulations can be avoided through a
preliminary regulatory regime using IAEA safety recommendation as guidelines.

(5) Manpower training and study of supplier country's regulations:

It is essential that both the regulatory and operating personnel obtain in-depth
knowledge and understanding of the characteristics of the plant to be operated as well
as the regulatory requirements of the supplier country. Training both regulators and
industry personnel may be jointly conducted at the beginning to be more cost effective,
especially for plant system design and operating characteristics. It is recommended that
no detailed regulatory requirements be established without adequate training in
regulatory matters.

(6) Development of regulatory requirements starting from a higher level and maintaining
consistency among different levels of regulations:

For a country starting nuclear power, a phased development may be more appropriate
although it is more time-consuming and less consistent than if it were done at one
time.

With several nuclear power plants on line and local manufacturing, construction and
design, it may become necessary to develop domestic regulatory requirements along
with industrial codes and standards. It becomes especially important under an active
plant standardization program, where a significant portion of design and
manufacturing is performed locally. The first step in the development of domestic
regulation may be a modification of reference requirements imported for regulation
and licensing from the supplier country. Specific articles may be modified part-by-part,
adapting to local conditions, but consistency should be maintained at all levels.

(7) Establishment of a set of national regulatory requirements with continuous revision
and updating:

Regulatory requirements are subject to continuous revision and updating to keep pace
with changes in state-of-the-art technology and government safety policy. However, it
may cause difficulties in revising and updating if they are too specific.

3. SAFETY REQUIREMENT DEVELOPMENT FOR NUCLEAR POWER PLANTS

3.1. An approach to nuclear plant safety requirement development

Construction of a nuclear power plant is relatively lengthy, leaving time for the
regulatory body to develop regulations, step-by-step, on a priority basis. This also allows some
lead time for training regulators and plant safety personnel.

Regulation development should be conducted in harmony with international guides
and in accordance with global trends in nuclear technology. Improvements can be made in
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those of the supplier country to reflect the evolving technology and they can be modified to
accommodate local conditions. Regulatory requirements should preserve flexibility so that in
licensing, accommodations can be made between the regulatory body and licensee as long as
safety is not jeopardized.. Finally, a balance between safety and economics is key in the
development of regulatory requirements.

3.2. Key technical regulatory issues

Technical regulatory issues in developed countries may differ from those in countries
where the construction of plants is planned or has just begun. Such issues are related to
maintaining and upgrading the safety of existing nuclear power plants. With increasing
emphasis on competition in the energy markets, technical challenges and the way they are
addressed could have serious consequences for the profitability of nuclear utilities. Other
technical issues relevant to profitability that could adversely affect safety are those linked to
the utility's desire to maximize output or decrease operation and maintenance costs.

Below are key technical regulatory issues under discussion in developed countries [6]:

(1) Aging of plants and requests for plant life extension,
- physical aging of components and structures,
- aging of analytical techniques and documentation,
- aging of rules and standards, and
- aging of technology.

(2) Increasing operational flexibility,
- reduction in the level of conservatism in safety analysis assumptions and

extending the operational limits close to the safety limits,
- longer fuel cycle lifetime, and
- reduction in the length of outage periods.

(3) Safety margins during more exacting operating modes,
- power up-rating,
- higher burn-up, and
- use of mixed oxide fuel.

(4) Backfitting and safety upgrading programs designed to lower safety standards.

(5) Decommissioning of plants.

These technical regulatory issues could ultimately be important in developing
countries. Listed below are key technical regulatory issues needing extensive study and
regulatory requirements for licensing future plants:

- Licensing of computer based systems important to safety,
- Reduction of shutdown risk,
- Use of probabilistic risk assessment (PRA) in licensing, and
- Consideration of severe accidents.

These issues are discussed in more detail in Annex II, however, there are other
important issues in addition to those above.
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4. REGULATORY REQUIREMENT DEVELOPMENT FOR RADIATION PROTECTION

4.1. Approach to regulatory requirements for radiation protection

The objective of radiation protection is to ensure that exposure within the plant and
release of radioactive material from the plant is kept as low as reasonably achievable during
normal operation, and to ensure mitigation of radiation exposure due to accidents [7]. For
plant operating conditions and anticipated operational occurrences, compliance with radiation
protection standards based on ICRP (International Commission on Radiological Protection)
recommendations ensures radiation protection. That is, the ICRP system of dose limitation
provides protection for situations anticipated to occur once or more over the plant lifetime.

Measures are taken to protect workers and the public against the harmful effects of
radiation in normal operation, anticipated operational occurrences and accidents. These
measures are directed towards control of the sources of radiation, to the provision and
continued effectiveness of protective barriers and personal protective equipment, and to the
provision of administrative means for controlling exposures. Nuclear installations are
designed and constructed based on principles of radiation protection, and radiation protection
programs should be established and implemented during operation.

The development of radiation protection related regulatory requirements may be
carried out in the following steps:

(1) Study and research on existing regulations developed and implemented for protection
against radioactive isotope use and research reactor control,

(2) Study and consultation on the supplier country's regulations, and
(3) Development of national regulatory requirements for radiation protection in harmony

with international approaches through the implementation of the ALARA (as low as
reasonably achievable) principle. These requirements should comply with the ICRP
recommendations (ICRP-26[8] or ICRP-60[9]) and IAEA Basic Safety Standard for
Radiation Protection [10].

4.2. Key technical regulatory issues

Radiation protection features are incorporated in the plant design to protect personnel
from radiation exposure and to keep emissions of radioactive effluents within prescribed
limits in accordance with the ALARA principle. The design ensures that plant components
containing radioactive material are adequately shielded. The design of the plant layout
complies with radiation protection requirements by the appropriate location of plant
components and systems, shielding requirements, confinement of radioactive materials, access
control, monitoring and control of the working environment, and decontamination [4].
Consideration is also given to material selection which leads to low residual radioactivity.

Incorporation of the ALARA principle is key to the radiation protection requirement
development, and is considered a general safety criterion. Therefore, an analysis of the overall
plant design should be conducted to predict radiation doses likely to be received by workers
and the public, and should demonstrate that the plant will meet specific ALARA requirements.
Implementation of the ALARA principle has been recommended by the ICRP, and basic
recommendations are under continuous review to observe all data and information available.
Dose limits recommended by ICRP-60 in 1990 are much lower than the ICRP-26
recommendations in 1977. Actually, there has been a trend towards a lower estimated
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collective dose per nuclear unit over time despite an increase in power capacity [11]. The
severity of these limits is such that additional doses to the general public now fall within the
rather large variations of natural radiation in different locations in the world [1]. The
incorporation of new ICRP (ICRP-60) recommendations into the regulations poses challenges
to the design and operation of nuclear power plants, that permit compliance with new
requirements without adversely affecting the economics.

5. REGULATORY REQUIREMENT DEVELOPMENT FOR RADIOACTIVE WASTE
MANAGEMENT

Development of national regulatory requirements for radioactive waste management is
not as imminent as that of other requirements with respect to the introduction of nuclear
power, because wastes are produced only after the plant starts operating. However, it is
advisable to plan ahead to minimize problems related to repository site selection and public
acceptance.

Since many countries manage wastes from the use of radioisotopes in industry,
medicine and research even before they embark on a nuclear power program, development can
start from a study of existing regulations related to those uses. In the meantime, a comparison
of regulations from foreign countries can be made, including supplier countries.

The two basic safety principles related to disposal of high level wastes are: 1) to
isolate high level waste from man's environment over long time periods without relying on
future generations to maintain the integrity of the disposal system or without imposing
significant constraints due to the existence of the repository and, 2) to ensure the long-term
radiological protection of man and the environment in accordance with international radiation
protection principles [13]. Such basic principles should be supplemented by technical criteria
providing guidance on practical means for complying with safety principles. The safety
principles and technical criteria are intended to form a common basis for the subsequent
development of more detailed and quantitative performance standards, some of which may be
site specific.

While national policies differ in classifying spent fuel as a waste product or as a
resource for recycling fuel, the safety of spent fuel storage and radioactive waste disposal has
been extensively studied at national and international levels. The Joint Convention on the
Safety of Spent Fuel Management and on Safety of Radioactive Waste Management 12],
opened for signature on September 29, 1997, obliges member states to establish a legislative
and regulatory framework, and to take appropriate national measures to ensure the safety of
spent fuel and radioactive waste, including trans-boundary movement.

Finally, national regulatory requirements may be developed in accordance with
international principles and technical criteria referencing the regulations of a supplier country
under the national legal framework.

6. CONCLUSIONS

Approaches to the development of national nuclear regulatory requirements may differ
between countries depending on individual conditions, but requirements must exist to ensure
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public safety. Difficulties arise in the development of these requirements due to their
technology intensive nature, a need to reflect continually evolving technology and a need for
cooperation among multidisciplinary technical groups.

Key considerations for the development of national regulatory requirements are:

(1) Establishment of organizations for the development of regulatory requirements,
(2) Buildup of sufficient manpower and experience,
(3) Setup of a licensing process to implement the details of regulatory requirements,
(4) Balance maintenance:

- Proven technology vs innovative development,
- Safety vs economics,
- Flexibility vs detail,
- Prevention vs mitigation
- Regulating hardware vs human performance

(5) Maintenance of consistency among different levels of requirements, and
(6) Harmonization with international guides.

For this development, it is suggested that requirements conform with IAEA safety
guidelines and safety requirements of the supplier country as a main reference, after careful
planning, and manpower buildup and with thorough study of international and supplier
regulations. No regulation making is recommended before experience has been acquired.
With an option that the supplier country's regulations may be used in the interim,
nonexistence of complete national regulatory requirements should not deter the introduction
of nuclear power to developing countries.
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Annex I

DEFENSE-IN-DEPTH PRINCIPLE

The defense-in-depth principle[7] provides an overall strategy for safety and features
of nuclear power plant design. When properly applied, it ensures that no single human error or
mechanical failure would lead to injury to the public. The central feature of defense-in-depth
is multiple levels of protection, and two principles of the concept are accident prevention and
mitigation. The concept includes protection of the barriers by averting damage to the plant and
to the barriers themselves. It includes further measures to protect the public and the
environment in case these barriers are not fully intact.

The emphasis in the defense-in-depth is one of the primary means of accident
prevention, particularly that which could cause severe core damage. Prevention depends on a
conservative design of systems, structures and components, good operational practices, quality
assurance to verify achievement of the design intent, surveillance to detect degradation and
steps to ensure that a small perturbation would not develop into a more serious situation.

Provisions for accident mitigation extend the defense-in-depth concept beyond
accident prevention through engineered safety features, accident management and off-site
countermeasures. Such mitigation would substantially reduce the effects of an accidental
release of radioactive material.

Implementation of defense-in-depth may differ from country to country depending on
safety objectives, reactor types and existing regulations, but the fundamental principle is well
established and in harmony with international objectives. The defense-in-depth is generally
structured in the following four levels of defense [15]: The first three may be categorized as
traditional levels, while the fourth treats severe accidents beyond design basis.

Level 1: prevention of deviations from normal operation,
Level 2: detection of deviations from normal operation and provisions to prevent deviations

from leading to accidents,
Level 3: provision of engineered safety features to control and mitigate the design basis for

accident conditions, and,
Level 4: prevention and mitigation of severe accidents.

System design according to defense-in-depth includes process controls with feedback,
to provide tolerance of failures which might otherwise allow faults or abnormal conditions to
develop into accidents. These controls protect physical barriers by keeping the plant within
well defined operating parameters where barriers are not jeopardized. An important aspects of
defense-in-depth is to maintain the balance between prevention and mitigation, especially
related to severe accident treatment. Accident prevention is the first safety priority of both
designers and operators and can be achieved through reliable systems, structures and
components, and procedures. However, no human effort can guarantee the total success of
such prevention. Where risk is defined as the product of the likelihood of occurrence of an
accident and its potential radiological consequences, the technical safety objective for
accidents is to reduce the overall risk to very low levels through defense-in-depth. Cost
benefit analysis can be used to adjust the emphasis to various levels of defense-in-depth and to
check the balance between prevention and mitigation.
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Annex II

KEY TECHNICAL REGULATORY ISSUES FOR
NUCLEAR POWER PLANT LICENSING

1. Licensing of computer based systems important to safety

There is an increasing need to replace outdated instrumentation and control (I&C)
equipment with digital systems in nuclear power plants worldwide. In the near future,
operating plants may face maintenance problems due to obsolescence since I&C equipment
manufacturers cannot guarantee spare part supplies over the intended lifetime of these plants
[16].

Many I&C systems in use at nuclear power plants are based on analog equipment, and
suffer from such deficiencies as follows [17]:

- Increased failure rate due to aging,
Lack of spare parts, and

- Decreased availability of external technical support for plant maintenance.

On the other hand, digital I&C systems offer the following benefits:

- Reduced maintenance through self-diagnosis and on-line replacement,
- Improved control and safety margin, adaptive tuning and drift-free operation,
- Higher degree of automation, which can eliminate human errors,
- Easier modification of algorithms, and
- Increased reliability and cost efficiency.

Despite many technical and economical advantages from retrofitting digital I&C
systems for operating plants and installing new digital systems for new plants, utilities are
reluctant to incorporate them due to uncertainties regarding the risk of software malfunction
and even more important, the licensing risk in retrofitting and new implementation.

The plant-wide use of digital I&C systems reveals new safety concerns: the potential
catastrophic common mode failure of all software based I&C systems. Assurance of reliable
performance of all hardware and commercial equipment is also a safety concern while the
reliability of software depends mainly on the quality and procedures used in equipment
development.

For the expanded use of digital I&C systems, especially those important to safety, like
plant protection and engineered safety systems, both regulators and designers must make
intensive efforts to adapt and extend the regulatory framework for the safety application of
digital I&C systems because current licensing review criteria are mainly based on analog I&C
equipment. On the industry side, a consensus approach is needed to help stabilize and
standardize the treatment of digital implementation while ensuring safety and reliability. On
the regulator's side, new guidelines and regulatory requirements are needed to assess digital
implementation.

To incorporate digital I&C systems into nuclear plants, the most significant safety
issues that may require resolution in the design and licensing include the following:
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- Design against a common mode failure of software based safety systems,
- Quality assurance of software, and
- Use of commercial grade equipment in safety applications.

Protection against common mode failure in digital I&C systems can be attained by
simplified safety systems totally separate from non-safety systems, and possibly, alternate
protection systems. Software must be developed with sufficient quality to assure safe and
reliable systems; this can be achieved by maintaining the defense-in-depth principle,
controlling the software development process and verifying that the end product performs
satisfactorily. Software quality assurance should entail quality design, software verification
and validation, and software configuration management. Of particular importance in the
software quality assurance from a licensing point of view is the verification and validation
(V&V) of the software. The aim of V&V is to gain confidence in the software, and for
effectiveness, the V&V team should consist of people not involved in the design [18].

Use of commercial-grade hardware and software takes advantage of the lower cost and
extensive operating history of proven commercial equipment. However, a strict process
control is necessary to extensively use this commercial grade equipment and proven
technology requirements should be satisfied, subject to approval by the regulators.

2. Reduction of shutdown risk

Traditionally, most attention has been paid to safety during power operations and the
defense-in-depth concept has been applied mainly to postulated events occurring from power
operation. However, it appears that, the risk of incidents during shutdown and low-power
operation has been underestimated. This stems from the false impression that "shutdown"
implies "safe", due to low heat generation [19]. Operators acting under this false assumption
during shutdown over the past fifteen years have been involved in a number of incidents.
These events have led to the conclusion that there is a high risk of radioactive material release
due to a severe core damage accidents initiated during shutdown if not properly mitigated, and
available time to restore core cooling may be significantly less than previously estimated.
Core damage risk from accidents during shutdown is comparable to that associated with
accidents initiated during power operation and can be a substantial fraction of the total
frequency of core damage, as high as 35% [20]. Such observations confirm that worker
awareness is critical to safety and that the defense-in-depth practice is not as well
implemented during shutdown and low-power states as during power operation. This
experience serves as a reminder that technology cannot — and should not be expected to —
guard against human error, or to serve as a substitute for good practices.

A principal source of risk is the potential for the loss of capability for decay heat
removal during shutdown, such as during refueling. There have been several incidents in
reactor operating history involving the loss of decay heat removal systems. One type of loss is
the failure of one decay heat removal pump while the other is out of service for maintenance.
Another type is where the water level is drained too low during mid-loop operation and decay
heat removal is interrupted by failure of the decay heat removal pump due to air in the intake
lines. For this particular concern, the USNRC issued Generic Letter 88-17 [21] recommends
improvement of the reliability of decay heat removal capability during mid-loop operation.
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The principal findings from NUREG-1449 [22] regarding shutdown risks are:

(1) Accident sequences during shutdown can be as rapid and severe as those during power
operation.

(2) Outage planning is crucial to safety during shutdown.
(3) Poor quality and reliability of reactor vessel level instrumentation is the principal

contributor to events during shutdowns, with risks higher during mid-loop operation.
(4) When the containment is closed, it is capable of offering significant protection against

shutdown accidents.

Regulatory recommendations in response to the above findings, for the resolution of
shutdown and low-power operation, are to require plant operators to [23]:

- Plan and control outages to provide reasonable assurance that key safety functions like
maintaining the reactor in a subcritical condition, removing decay heat and
maintaining the reactor coolant system inventory will be preserved,

- Establish limiting conditions for operation and surveillance requirements for specific
equipment relied on during shutdown and low-power operations,

- Demonstrate by analysis that functions necessary to remove decay heat from the
reactor can be maintained during shutdown in the event of a fire, and

- Install instrumentation for monitoring water level during mid-loop operation.

3. Use of PRA in licensing

Regulatory decision making is based on a mix of deterministic and probabilistic
assessments which complement each other. Deterministic requirements are applied in the
design and operation of nuclear power plants, and the probabilistic approach to regulation is
an extension enhancing the traditional deterministic approach. Both are engineering tools,
each with its own strength and weakness and used to varying degrees. The deterministic
approach for the most part produces safe plants, while the probabilistic approach offers the
potential for optimization with respect to both safety and economics.

While current regulatory requirements in most countries are based primarily on a
deterministic approach to reactor safety, safety authorities in many countries do require plant-
specific probabilistic risk assessments (PRA), and quantitative safety goals set either on core
melt frequency or safety function reliability level. The purpose of the PRA is to give an overall
view of plant safety by identifying the initiating events of accidents and, describing sequences
beginning from initiating events leading to plant damage and radioactive releases. Further,
PRA evaluates the plant risk quantitatively in terms of accident frequencies [20].

PRAs are used for several purposes; to compare different designs from the safety point
of view and to evaluate design modification and back-fitting. Besides design evaluation, the
most common application is in the optimization of technical specifications. The application of
PRA insights into technical specifications for shutdown and low-power states is of particular
interest. Another growing area of interest is application of PRA to configuration management,
where combinations of specific component, train and systems availability, and their associated
risk levels are evaluated in real time. This requires a commitment of resources to develop and
maintain a so-called living PRA, in which the safety of the plant is monitored continually
based on the PRA results. Such a PRA provides information allowing plant operation in a way
that will help ensure that risk is at an acceptable level and as low as reasonably practicable at
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all times. Another area of PRA application is the use to prioritize inspection by the regulatory
body. This allows the regulatory body to focus their efforts on those components, systems or
topics which are the most risk-significant.

While technical methods or guidance for some applications have been published,
neither the use of formal written guidance for applying PRA in specific licensing decisions nor
specific plans for developing such guidance has been reported. Several countries are
developing general and application-specific guidelines, including acceptance criteria, for using
PRA in regulatory matters. One of the guidelines being developed in the USA is that using
PRA for categorizing structures, systems and components with respect to safety importance.
Several countries are also developing procedures for review of PRA and PRA applications.

For the extended use of PRA in licensing, the following are considered to support the
development of review procedures and criteria for regulatory applications of PRA:

Definition of criteria based on probabilistic considerations to determine when it is
acceptable to optimize deterministic requirements,

- Development of technical specifications based on PRA insights, and
- Development of PRA requirements to apply to next generation reactor designs.

4. Consideration of severe accidents

The current design basis approach for existing plants is highly conservative for
protection of public health and safety There is a general agreement to preserve this approach,
and to add considerations of some event sequences beyond the basic design, and of severe
accidents [4].

The severe accidents addressed in the design must be treated with a balance between
prevention and mitigation. Prevention is the first line of defense and if successful, also
provides investment protection. On the other hand, mitigation addressed in the design to cope
with severe accidents is also important and is being effectively increased. However, when
mitigation for severe accidents becomes highly complex or difficult to demonstrate, the
primary emphasis is on prevention.

It is generally accepted that severe accidents are best handled as a separate category,
different from design basis accidents. Nevertheless, accidents should be considered explicitly
in the design of future nuclear power plants. Appropriate severe accident sequences should be
selected and addressed separately, specifying features preventing or mitigating such
sequences.

For consideration of severe accidents, the containment design and its contribution to
accident mitigation should be evaluated in the design process. The containment is considered
a safety-grade feature for design basis loads, but should also be evaluated for adequacy against
severe accident loads. For severe accidents, the containment should meet safety and
radiological objectives on a best-estimate basis, i.e., preservation of the containment integrity
and tightness against leaks.

Accident management augments design features to prevent degradation of an accident
to severe conditions, and to mitigate accidents, if they occur. It includes design features
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providing grace periods and smooth plant response in transients and accidents, actions taken
by operators during the evolution of accidents when conditions exceed the plant design but
before a severe accident actually develops, and constructive action by the operators in the
event of a severe accident, directed toward preventing further progress and alleviating its
effects. Accident management also includes making full use of plant capabilities, if necessary
going beyond the intended functions of some systems and using some temporary or ad hoc
systems to achieve this goal [7].
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