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CATEGORIES IN THE IAEA SAFETY SERIES

A new hierarchical categorization scheme has been introduced, according to
which the publications in the IAEA Safety Series are grouped as follows:

Safety Fundamentals (silver cover)

Basic objectives, concepts and principles to ensure safety.

Safety Standards (red cover)

Basic requirements which must be satisfied to ensure safety for particular
activities or application areas.

Safety Guides (green cover)

Recommendations, on the basis of international experience, relating to the ful-
filment of basic requirements.

Safety Practices (blue cover)

Practical examples and detailed methods which can be used for the application
of Safety Standards or Safety Guides.

Safety Fundamentals and Safety Standards are issued with the approval of the
IAEA Board of Governors; Safety Guides and Safety Practices are issued under the
authority of the Director General of the IAEA.

An additional category, Safety Reports (purple cover), comprises independent
reports of expert groups on safety matters, including the development of new princi-
ples, advanced concepts and major issues and events. These reports are issued under
the authority of the Director General of the IAEA.

There are other publications of the IAEA which also contain information
important to safety, in particular in the Proceedings Series (papers presented at
symposia and conferences), the Technical Reports Series (emphasis on technological
aspects) and the IAEA-TECDOC Series (information usually in a preliminary form).
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FOREWORD

by the Director General

The International Atomic Energy Agency's activities related to nuclear safety
are based upon a number of premises. First and foremost, each Member State carries
full responsibility for the safety of its nuclear facilities. States can only be advised,
not relieved of this responsibility. Secondly, much can be gained by exchanging
experience worldwide; lessons learned can prevent serious accidents. Finally, the
image of nuclear safety is international; an accident anywhere affects the public's
view of nuclear power everywhere.

With the intention of strengthening the IAEA's contribution to ensuring the
safety of nuclear power plants, leading experts in nuclear safety were invited by the
Agency to form the International Nuclear Safety Advisory Group (INSAG). This
group serves as a forum for the exchange of information and for the provision of
advice to the IAEA on nuclear safety issues of international significance. INSAG
seeks not only to identify such issues, but also to draw conclusions on the basis of
worldwide nuclear safety research and operational experience. It advises on areas
where additional efforts are required. Where possible, it seeks to formulate common
safety concepts.

I am pleased to have received this report and am happy to release it to a wider
audience.
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SUMMARY

Electricity has come close to joining food, shelter and clothing as one of the
basic necessities. Yet most electricity is generated in plants that burn fossil fuels
(coal, and to a lesser extent, oil and natural gas) with such adverse effects on the
environment as atmospheric pollution, acid rain and probable 'greenhouse' warming
of the Earth.

Nuclear power has already demonstrated that it can supply large amounts of
electricity efficiently and economically. Nuclear plants do not produce the undesired
waste products that are released from fossil fuelled plants. However, all technologies
have some undesirable impacts, and those that are commonly attributed to nuclear
plants concern safety, nuclear waste disposal and possible misuse of material in the
proliferation of nuclear weapons.

Safeguards against nuclear proliferation are among the IAEA's responsibili-
ties. Since this topic does not fall within INSAG's area of expertise, its discussion
here is confined to Appendix I, which describes the IAEA's principal responsibilities
in preventing the growth of nuclear weapons capability. The members of INSAG are
experts on nuclear safety and radioactive waste disposal, and their views on these
topics are presented in the body of this report.

It is necessary to understand the spirit in which INSAG has prepared this
report. INSAG is an advocacy group for safety in the use of nuclear energy. Its mem-
bers have worked in their separate countries for many years in the furtherance of
nuclear safety, and continue to do so. This report is an assessment of how well the
efforts to reach an acceptable level of safety have succeeded up till now, and how
well they may be expected to succeed in the future.

IMPORTANT ELEMENTS OF THE HISTORY OF NUCLEAR PLANT SAFETY

The possibility of unusual hazards from peaceful, beneficial applications of
nuclear energy was recognized at an early time. Therefore, even before action was
taken to build the first of these peaceful nuclear energy systems, the future
developers had resolved to seek an exceptionally high level of safety. This objective,
which was unprecedented in industrial development, has been maintained and
improved upon throughout the evolutionary process that followed. The objective has
not always been achieved, but the safety record has been remarkably good when
compared to that of other new technologies when they were introduced. Only two
large accidents causing public anxiety have occurred, and only one of these has led
to radiation induced health effects on workers or the public.

An early step that contributed to this record, and that later had singular impor-
tance, was the widespread adoption of an ultimate means of protection at water
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cooled and moderated reactors, in the form of strong, tight enclosing structures
designed to prevent the release of any radioactive material from an accident. This
came to be refined into a strategy for safety of nuclear plants called 'defence in
depth', based on several successive protective barriers and additional protective
means of ensuring continued integrity of these barriers. Even if one line of protection
were to fail if called upon, others would continue to provide the protection. The
structured protective process includes both safety systems and safety practices.

At different stages of the historical development of nuclear energy, the focus
of attention fell on different safety concerns that had arisen, leading to solution of
a succession of safety questions. The completeness and effectiveness of the protec-
tive practices adopted in answer to these questions are now based on lessons learned
(including those from the two severe accidents to nuclear power plants), and on a
well developed field of engineering, covering both engineering systems and human
factors.

CURRENT REACTOR SAFETY PRINCIPLES

The safety of nuclear plants has been developed and refined over a period of
more than 35 years. The design features and practices developed to ensure safety
have been consolidated in a logical structure in IAEA Safety Series No.
75-INSAG-3, Basic Safety Principles for Nuclear Power Plants' (referred to in the
following as INSAG-3). These Safety Principles show how the safety of modern
nuclear power plants rests on the foundation of defence in depth, with its protective
design features and operating practices that augment and support each other both
sequentially and in parallel. The Safety Principles stress the importance of a 'safety
culture' permeating all activities related to generating electricity at a nuclear power
plant and ensuring that performance is at a level of competence and dedication above
and beyond simple conformance with good practice. They incorporate safety targets
at a very high level, so that with existing nuclear plants the probability of an accident
causing severe core damage but no effects off the site should not be greater than once
in ten thousand years and the probability of an accident requiring protective measures
off the site should not be greater than once every one hundred thousand years. Future
nuclear plants should better this by a factor of at least ten.

INSAG-3 contains fifty specific Safety Principles. These begin with the selec-
tion of a site for a nuclear plant and proceed through its design, construction, com-
missioning, operation and final decommissioning. Additional Safety Principles
establish the need to develop and put into place accident management features and
measures and to establish a plan incorporating emergency measures, even though
such capability is expected never to be called on.

1 INTERNATIONAL NUCLEAR SAFETY ADVISORY GROUP, Basic Safety Prin-
ciples for Nuclear Power Plants, Safety Series No. 75-INSAG-3, IAEA, Vienna (1988).



SAFETY OF NUCLEAR PLANTS

This publication considers the safety of nuclear plants of types that will con-
tinue to be built and operated for some time to come. These will use light water or
heavy water as the coolant and the neutron moderating agent. The safety of such
plants can be estimated from the safety records and the probabilistic safety assess-
ments of plants of similar types that have been built in the past. Both methods of
estimating their safety face some difficulties; the former demands accumulation of
an extensive operating history that is available only after a substantial period of time,
and the latter suffers from its well known wide band of uncertainty. Yet useful esti-
mates can be made.

The historical record is reviewed first. With one severe accident, that to the
Three Mile Island nuclear power plant in the United States of America, in about 5000
reactor-years of operation, the historical record of severe accidents to light and heavy
water nuclear plants seems to be not quite as good as the INSAG target for existing
nuclear plants. This target is a likelihood of occurrence of severe core damage below
once hi 10 000 reactor-years of operation. But the record is acceptably close to this
target. INSAG's companion target for existing plants is that the probability of an
accident requiring short term off-site response in the form of protective measures
against radioactive material should be less man about once in 100 000 reactor-years
of operation. No such off-site protective measures have ever been needed up to now
for either light water or heavy water nuclear plants, though the operating record is
too short to warrant a conclusion that the quantitative target has been met.

When attempts are made by means of probabilistic safety assessment (PSA) to
determine the safety of individual plants, the wide uncertainty bands prevent any
definitive estimate. Yet a number of assessments give broad support to a conclusion
that with certain exceptions existing nuclear plants with water reactors meet the
safety targets that INSAG has set for them. The exceptions are being addressed in
regulatory programmes in the countries affected, and INSAG believes mat where in
specific cases the safety of a plant is estimated to fail short of the INSAG targets for
existing plants, corrective measures should be applied.

The assessments of die safety of existing plants form die basis for INSAG's
judgement that current nuclear plants wiui water reactors are acceptably close to
meeting die near term safety targets, and that future nuclear plants of similar types,
meeting die Safety Principles in INSAG-3, will also meet die INSAG long term tar-
gets for future plants, and will be safer dian existing plants by a factor of at least ten.

NUCLEAR FUEL CYCLE

INSAG recognizes, however, that die safety of die nuclear option must be
evaluated in terms of its complete fuel cycle, not simply of electricity generating



plants. The other parts of the cycle include the front end activities of mining and the
chemical and physical preparation of uranium into fuel elements, and the back end
activities of spent fuel storage and disposal. In some countries, the last activity
includes chemical reprocessing, which makes part of the contents of the spent fuel
reusable and is capable of greatly reducing the volume of waste to be disposed of.
The amount of actual waste from a nuclear plant is very small, a factor of about
300 000 smaller than that from a coal burning power plant. The amount of spent fuel
removed from a nuclear plant is smaller by a factor of about 10 000 than the amount
of ash from a coal fired power plant.

Among the hazards attached to the fuel cycle, those associated with uranium
mining stand out. The conventional hazards to uranium miners are the same as those
faced by other hard rock miners, and are smaller than hazards faced by coal miners.
Uranium miners also experience risks from inhalation of radon, but with proper ven-
tilation these are held below recommended limits set by international organizations
to protect the workers. The only other source of hazard from the front end of the
fuel cycle is that associated with tailings piles, which are the residue from the extrac-
tion of uranium from ore. These are sources of radon. These man-made deposits emit
only a very small part of the radon released everywhere on Earth by rocks, soil and
sea water, but they must be segregated because they are more concentrated sources.
Action must therefore be taken to ensure that tailings piles are kept isolated and
confined.

The initial step in the back end of the fuel cycle is storage of spent fuel at the
nuclear plants after its removal from the reactors. This is a straightforward and time
tested process, spent nuclear fuel having been stored under water in deep pools
without incident for decades, ever since the first nuclear reactors went into
operation.

Following temporary storage at the nuclear plant, final disposal of the waste
is required. Though it is sometimes said that the problem of disposal of highly radio-
active waste from nuclear plants has not been solved, this is not the case. There is
not a great deal of such waste to be stored, because nuclear plants do not use very
much fuel, and there is widespread agreement in the nuclear community on the mode
of disposal to be used. The waste is to be encased in containers which are highly
resistant to corrosion and stored in dry man-made caverns deep within the Earth. The
material to be stored may consist of the fuel elements themselves, in which case the
fission products remain locked in the fuel in which they were produced. However,
some countries follow the path of reprocessing the spent fuel to recover some of the
valuable content and to reduce the volume of actual waste. The fission products are
then converted into a long lived glass, which is stored in caverns in corrosion resis-
tant containers. Research is being conducted in several countries on other, more
speculative, methods of disposal of the waste from reprocessed nuclear fuel, an
example being a proposal for use of transmutation of some of the radioactive
ingredients.



Repositories are to be sited and designed such that no one should ever be.
exposed to radiation from waste stored within them, over all future time. If unusual
and unexpected developments at some future time were to expose this material to the
world of human existence, maximum radiation doses to any individuals are still to
be well below those from natural radiation exposure.

The adverse effects on human beings from the front end and the back end of
the nuclear fuel cycle are a minor part of the total radiological impact of nuclear
power, which is itself very small compared to the normal exposure of people to cos-
mic rays, radon and direct radiation from the Earth.

FEATURES DESIRED IN FUTURE PLANTS

The current slowdown in the growth of the nuclear power industry offers an
opportunity to further consolidate nuclear plant safety by means of design improve-
ments for future reactors. This could start by incorporating more naturally the safety
features that have been added on to earlier designs. Plants built according to such
restructured designs may be less expensive in the long run, may be less complex and
may be more readily accepted by the public.

Beyond this process of consolidation of past gains is an opportunity for further
substantial improvement of the level of safety of nuclear plants through future design
choices. INSAG lists in this report directions that it believes should be followed in
the designs of future plants, building on and even exceeding in certain respects the
safety capability offered by the Safety Principles of INSAG-3. It is believed that the
level of safety that could be achieved from these advances would be substantially
higher even than that attached to the previously stated INSAG targets. The safety
would exceed mat of competing means of generating electricity by at least a factor
of ten, and would reach a level unprecedented in this modern technological world.
As a cautionary note, however, INSAG also believes that implementation should take
into account the need to devote the resources of society to the most fruitful means
of reducing risk of all kinds, not only mat from nuclear power.

The features identified as desirable are as follows:

The Basic Safety Principles of INSAG-3 should become mandatory, with the
following predominant features:

— Defence in depth continues to be the fundamental means of ensuring the safety
of nuclear plants.

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

More specific aspects of design should be addressed as follows:

— The concept of plant design should be extended to include the operating and
maintenance procedures required for it.



— Design should avoid complexity.
— Plants should be designed to be 'user friendly'.
— Design should further reduce dependence on early operator action.
— The design of the system provided to ensure confinement of fission products

after a postulated accident should take into account the values of pressure and
temperature encountered in severe accident analysis.

— Accidents that would be large contributors to risk should be designed out or
should be reduced in probability and/or consequences.

— The plant should be adequately protected by design against sabotage and con-
ventional armed attack.

— Design features should reduce the uncertainty in the results of probabilistic
safety analysis.

— Consideration should be given to passive safety features.

CONTINUED IMPROVEMENT OF NUCLEAR POWER PLANT SAFETY

Work is proceeding in several countries on designs of advanced nuclear plants
based on reactors cooled and moderated with light or heavy water. Some designs are
well advanced, for nuclear plants now being built or available to be built soon. These
are close evolutionary descendants of plants that now exist. They embody numerous
improvements in safety over present plants, generally on the lines advocated in this
report. Though they are limited in some respects in the ability to improve on good
current practice, the most recent series of light and heavy water nuclear plants can
fully comply with the Safety Principles in INSAG-3 and can meet the safety objec-
tives that INSAG has proposed for future nuclear plants.

Designs with safety features that would be largely passive in function are also
being developed in a number of countries. A substantial amount of work remains to
be done on these concepts, including detailed design, some research and develop-
ment, and safety review for licensing. Yet some designs are far enough developed
that they could be available for construction late in the 1990s. These largely passive
designs could incorporate many or all of the additional safety features INSAG has
proposed in this report. However, passive safety is not necessarily improved safety
in all cases, and the benefit must be carefully weighed before the choice is made.
Plants in this category will provide an unparalleled degree of safety if they live up
to their promise.

A third class of designs includes concepts proposed by several groups seeking
complete freedom from the possibility of severe accidents. These designs are all at
the conceptual stage, and a great deal of work is needed to establish feasibility and
to evaluate the extent to which the safety gains can be realized.



INSAG believes that the level of safety desirable for nuclear power plants can
be achieved with light and heavy water reactors that are now being realized and that
even greater safety can be projected for plants that are being proposed as their suc-
cessors. However, society may demand an even larger improvement in safety as the
cost of approving continuation of the nuclear option. If this is to be the case, imagina-
tive and revolutionary concepts such as some briefly discussed in this report might
offer an acceptable solution, and that could justify their accelerated development.

GENERAL CONCLUSION

INSAG concludes that there is no technically valid reason to reject a role for
nuclear power in meeting society's needs for an expanding source of electricity, and
further, that the fullest exploitation of the nuclear option to alleviate environmental
concerns should be pursued.



PROLOGUE

A number of international conferences have recently been held to consider the
adverse effects of the growing use of energy throughout the world. The effects most
commonly discussed are those of increased burning of fossil fuels, especially coal
but also oil and to some extent natural gas. The major effects are atmospheric pollu-
tion, acid rain and probable 'greenhouse' warming of the Earth. To these must be
added the large quantities of carcinogens and heavy metals, such as mercury, lead
and uranium, emitted in smoke from burning of coal. These have serious health
effects. Furthermore, the extensive burning of fossil fuel depletes carbon reserves
that have been formed over hundreds of millions of years. From a practical stand-
point, these reserves can never be replaced.

Some of the international conferences have also considered the technologies
that may be used to reduce the impacts of greater use of energy. In the conclusions
of the conferences, the nuclear option has sometimes been dismissed for reasons
associated with the acceptability of nuclear energy. In the Hamburg manifesto, which
was a summary of conclusions of the World Conference on Climate and Develop-
ment, held in Hamburg, Federal Republic of Germany, in November 1988, it was
said that "The nuclear option as a means of reducing CO2 emission was raised but
the lack of means to deal with the triple problems of safety, waste disposal and
weapons potential inhibited serious consideration." In reports from some other con-
ferences, such as the workshops held at Villach, Austria, and Bellagio, Italy, in
September-November 1987, nuclear energy is simply listed among the alternate
energy sources available to replace the combustion of fossil fuel. The report of the
conference in Toronto, Canada, in June 1988 on The Changing Atmosphere: Impli-
cations for Global Security said that "There is a need to revisit the nuclear power
option. If the problems of safety, waste and nuclear arms proliferation can be solved,
nuclear power could have a role to play in reducing CO2 emissions."

Reviews such as those at the conferences cited reflect pressure throughout the
world to increase certain forms of energy production and consumption, especially
within nations with lower per capita incomes. The pressure stems from population
growth, changes in industrial practices and the rising aspirations of the people in
these poorer parts of the world.

THE NEED FOR ELECTRICITY

The conferences devoted particular attention to electricity as a component of
the energy mix whose share continues to increase. The essential, beneficial role of
electricity in the present stage of civilization has not been questioned. The overriding
requirement for generation of adequate supplies of electricity was implicit in the dis-
cussion. Electricity has come close to joining food, shelter and clothing as one of
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the basic necessities. Without electricity, which is heavily used almost everywhere,
the average span of life would be shorter and the quality of life would be greatly
decreased. The conferences implicitly recognized this essential role of electricity.

Yet most electricity is generated in plants that burn fossil fuel, especially coal
and to a lesser extent oil and natural gas. Burning fossil fuel to produce electricity
generates much more carbon dioxide than is commonly realized, because it requires
about three times as much heat energy as the amount of electrical energy produced.
The amount of carbon dioxide released is proportional to the amount of heat
produced by combustion. The generation of electricity in fossil fuelled electrical
plants is therefore one of the major sources of man-made atmospheric generation of
CO2. For the same reason, the burning of fossil fuel to produce electricity has in
addition greater consequences of other kinds than is realized by most people, such
as the emission of hydrocarbons (which are linked to the initiation of cancer) and
of heavy metals (which damage health in a number of ways). If the adverse effects
of fossil fuels on human life and the environment are real, it will be necessary to
use every available means to reduce them.

In discussions on the possibility of the increased use of nuclear power in sup-
plying electricity, it is recognized that nuclear power plants do not generate the
undesirable products that are released from fossil fuelled plants. Nuclear plants do
not emit CO2 or other greenhouse gases, do not release chemical compounds that
cause acid rain, and generate no smoke containing carcinogens or heavy metals. As
is well known, nuclear plants and their associated nuclear fuel cycle can and do
release some radioactive material, but this action is easily manageable, and in normal
operation the amount of such material released is held to very low and harmless
levels.

CONSERVATION AND RENEWABLE ENERGY

There are some who believe that there is no need for additional capacity for
the generation of electrical energy. They believe that die solution to problems of
increased pollution lies in concerted efforts to reduce the demand, i.e. conservation,
along with the greatly increased use of renewable energy, especially solar and wind.

INSAG agrees that use of renewable energy technologies can and should be
extended to the degree practicable. Yet these methods have not flourished up to the
present time. Some, such as geothermal, hydropower and biomass (wood burning),
are found to degrade the environment in their own ways. Others, such as solar and
wind power, have been unable so far to overcome the problem of the high cost of
generating large amounts of electricity from energy sources that are diffuse, low den-
sity and available only some of the time.



INSAG does not dispute the view that there is opportunity for further conserva-
tion in the industrialized nations of the world, but points out that much of the reduc-
tion that was possible twenty years ago has now taken place, and the demand for
electricity continues to grow inexorably in these industrialized countries. In some
places, the urge to conserve has reduced the use of other forms of energy, but greater
use of electricity was needed to accomplish this.

Clearly, energy conservation will not solve the growth in demand for elec-
tricity in the poorer countries that are struggling to improve the lifestyles of their
people. There the pressures for energy of all forms far outstrip any capability of con-
servation and renewable energy technologies. Either all acceptable modes of produc-
ing electricity and other forms of useful energy will have to be called on, or the world
will be helplessly locked into the present division between the energy rich and the
energy impoverished.

Considerations such as these have induced INSAG to take up the question of
the role of nuclear energy in helping to meet the world's future demands for
electricity.

PERCEIVED PROBLEMS

The problems that aforementioned conferences associated with nuclear power
concern safety, nuclear waste disposal and the possible misuse of material in the
proliferation of nuclear weapons. It is important that these questions affecting the
acceptability of nuclear energy be addressed. In this publication, INSAG addresses
them for its mandated areas. The members of INSAG are expert on nuclear plant
safety and radioactive waste disposal. These are topics on which a fresh review by
INSAG can have value, and that review is presented here. However, safeguards
against nuclear proliferation are outside INSAG's mandate. These safeguards are
included in the IAEA's activities in accordance with its Statute, and have been exten-
sively reviewed in numerous public forums. That area is not examined here, though
Appendix I is devoted to a summary of the measures pursued by the IAEA.

The concerns that inhibit greater use of nuclear energy are related to safety in
one way or another. Most people now realize that normal operation of a nuclear
power station poses no threats. Yet the fear of accidents remains widespread. This
fear arises partly from the unfamiliarity of people with nuclear energy and to some
extent from a subliminal association with weapons of mass destruction. It also arises
from the tendency of most individuals, in greater or smaller measure, to base judge-
ments and actions on perceived rather than actual risk. They are concerned about the
possibility of large scale release of radioactive material. The nuclear power industry
has been unable so far to dispel a view held by many that accidents with devastating
consequences cannot be ruled out at any nuclear plant, and that nuclear power is
therefore undesirable no matter how unlikely such an accident may be.
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For the layman, the concept was turned to reality by the Chernobyl accident,
which had consequences that were devastating in nearby areas in the Union of Soviet
Socialist Republics and that aroused deep anxieties over a much wider region. There
is a growing perception that the after-effects of the accident, including the psycho-
logical, were worse in the USSR than had been thought at first, though it is doubtful
whether some of the biological and medical effects believed to have been seen after-
wards were caused by radioactive material released in the accident. Analysis has also
shown that these effects of radiation outside the USSR were greatly exaggerated in
the publicity given to the accident at the time and afterwards.

The worst consequences of this accident were found not so much in the direct
effects of radiation, but in the climate of fear that it aroused, and the social upheaval
and disruption of life as so many people were uprooted from their homes.

There was also deep public anxiety during and after the earlier accident to the
Three Mile Island nuclear plant in the United States of America. It has since been
well established, however, that this accident did not injure anyone, because the con-
tainment building retained all but a very small part of the harmful fission products
released from the damaged reactor core. In fact, no one had to be evacuated from
the region around Three Mile Island, though at the time mis was not clear and some
thought then that such a course might be necessary.

CONTENTS OF THE REPORT

Though concern regarding nuclear plants is widespread, nuclear plants have
become numerous in many countries. Approximately 42S nuclear power plants are
now in existence, supplying about 17% of the world's electricity. More nuclear
plants come on line every year, and construction of others is still being initiated,
although the rate of building is nowhere near that of a decade ago. The total number
of operating plants continues to grow, even though some of the older plants have
been shut down as not being economical or because their designs did not meet
modern safety standards.

The question being explored in this report is, if events so move as to cause
large scale construction of nuclear plants to start again, will the new plants be
adequately safe?

INS AG therefore considers in the following the safety of the nuclear industry
in the future, addressing on the way the question as to whether disposal of waste from
nuclear power plants is so difficult a problem mat it rules out increased use of the
technology. If the answers arising from such a review are encouraging, it may be
concluded that nuclear plants could be of substantial help in solving future environ-
mental problems, more even than today. If they are discouraging and barriers to use
of the nuclear option are almost insuperable, it would be wise to know that now.
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INSAG first addresses the question of nuclear plant safety from three stand-
points: the technical basis for safety, the historical record, and recent estimates of
the level of safety that analysis indicates has been reached. The safety aspects of the
rest of the nuclear fuel cycle are then discussed, including the storage and disposal
of nuclear waste, in order to round out the view of the potential radiological impact
of future electricity generation.

At this point INSAG introduces a list of features that should even further
enhance the safety of nuclear plants to be designed in the future. These features build
upon the Safety Principles enunciated in IAEA publication No. 75-INSAG-3, Basic
Safety Principles for Nuclear Power Plants [1]. When incorporated in future nuclear
plants, they should substantially improve safety even beyond the targets of INSAG-3.

The last part of this report contains a review of nuclear plants proposed for
future construction, including evolutionary developments from present designs,
derivatives of such designs incorporating numerous passive safety features, and pro-
posed concepts that might embody exceptional safety features. These are discussed
in the context of the features desirable in future plants. If it is concluded by society
that plants which are evolutionary developments from current designs embody ade-
quate safety, there would be little reason to look deeply today into the more radically
new designs, which will have high development costs. But if society is reluctant to
continue along present lines, or seeks a step function improvement in safety over that
promised by current conditions and trends, the more imaginative designs will be
valuable.

ADDITIONAL COMMENTS

Two further appendices are included which are not part of the main discussion
of the report, but which have the role of placing the main discussion in context and
lending it perspective. Appendix II is a condensed discussion of nuclear radiation and
its effects. This is provided because much of the information gleaned from the popu-
lar press on nuclear radiation and its effects on human beings is misleading or wrong.
As a result, the topic is not well understood by most people, and is often misunder-
stood. Yet assessment of the safety of nuclear plants depends critically on this impor-
tant subject. The brief discussion of nuclear radiation and its effects on human beings
is based entirely on publications of the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR).

In any analysis of risk from whatever source, the balancing of risks of diverse
kinds and origins must also be borne in mind. No action in life is free of risk, and
everyone faces numerous risks every day. An optimum situation with regard to risk
will occur when life's choices are made in such a way as to minimize the total risk.
In reducing the total risk, it is important to devote society's limited resources to the
areas where the risk is greater. INSAG has therefore extracted, in Appendix III,
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results from a recent, peer reviewed, study of the relative risk of comparative ways
of producing electricity. No attempt is made to estimate the countervailing benefit
of electricity whatever its origin, though this must outweigh most if not all harmful
effects that can be imagined.

FINAL NOTE

It is necessary to understand the spirit in which INSAG has prepared this
report. INSAG is an advocacy group for safety in the use of nuclear energy. Its mem-
bers have worked in their separate countries for many years in the furtherance of
nuclear safety, and continue to do so. This report is an assessment of how well the
efforts to reach an acceptable level of safety have succeeded and how well they may
be expected to succeed in the future.
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1. IMPORTANT ELEMENTS OF THE HISTORY OF
NUCLEAR PLANT SAFETY

SUMMARY

The possibility of unusual hazards from peaceful, beneficial applications of
nuclear energy was recognized at an early time. Therefore, even before action was
taken to build the first of these peaceful nuclear energy systems, the future
developers had resolved to seek an exceptionally high level of safety. This objective,
which was unprecedented in industrial development, has been maintained and
improved upon throughout the evolutionary process that followed. The objective has
not always been achieved, but the safety record has been remarkably good when
compared to that of other new technologies when they were introduced. Only two
large accidents causing public anxiety have occurred, and only one of these has led
to radiation induced health effects on workers or the public.

An early step that contributed to this record, and that later had singular impor-
tance, was the widespread adoption of an ultimate means of protection at water
cooled and moderated reactors, in the form of strong, tight enclosing structures
designed to prevent the release of any radioactive material from an accident. This
came to be refined into a strategy for safety of nuclear plants called 'defence in
depth', based on several successive protective barriers and additional protective
means of ensuring continued integrity of these barriers. Even if one line of protection
were to fail if called upon, others would continue to provide the protection. The
structured protective process includes both safety systems and safety practices.

At different stages of the historical development of nuclear energy, the focus
of attention fell on different safety concerns that had arisen, leading to solution of
a succession of safety questions. The completeness and effectiveness of the protec-
tive practices adopted in answer to these questions are now based on lessons learned
(including those from the two severe accidents to nuclear power plants), and on a
well developed field of engineering, covering both engineering systems and human
factors.

1.1. SAFETY IN THE EARLIEST DAYS

Shortly after the Second World War, the United States Atomic Energy Com-
mission formed an Advisory Committee on Reactor Safeguards, to consider the
safety of the nuclear reactors that then existed. This Committee, consisting of safety
experts outside the main line of nuclear plant development, has been in existence
ever since, and it has reviewed the safety of all commercial nuclear plants in the
USA. Similar practices were adopted in most other countries where nuclear energy
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was being developed. The intent in all cases was to bring the best minds to bear on
reactor safety.

At the first International Conference on the Peaceful Uses of Nuclear Energy,
in Geneva, Switzerland, in 1955, there were many scientific papers on concepts and
plans for nuclear reactors both for research purposes and for the production of elec-
tricity. In these papers, safety considerations were prominent.

1.2. EVOLUTIONARY DEVELOPMENT

Development of the methods to make nuclear plants safe has surpassed the
classic pattern for other engineering disciplines. It has not only sought understanding
of how systems fail, so as to prevent that failure, but also included development of
methods to avert the consequences of failure. It has grown from earlier and simpler
concepts and methods into a methodology that rests on a broad foundation of
experience. This process had to keep pace with increasing demands made on it,
because the nuclear plants themselves have also evolved in size and complexity.
Moreover, it had to respond to a steadily mounting desire by people everywhere for
improved safety in every sphere of life.

Vitally important in the improvement has been enhancement of understanding
of the technical basis for safety. That understanding has been developed in a long,
intensive programme of research into the engineering aspects of safety, sup-
plemented by feedback of experience from many thousands of reactor-years of oper-
ating experience, supported by lessons learned from the severe accidents to the
nuclear power plants at Three Mile Island and Chernobyl and from lesser incidents
at other plants.

1.3. PREVENTING NUCLEAR EXCURSIONS

Improved understanding has included deepened insight into design basis acci-
dents, which are the types of accidents that the plant must be able to withstand
without harm to people or the environment. From the first, it had been known that
a nuclear reactor could not explode like an atomic bomb, but it was recognized that
events with sharp, energetic power increases could not be ruled out altogether.
Therefore, in the early days, concerns were focused on design to ensure continued
control of the nuclear chain reaction. The early emphasis on these nuclear events,
which would be far smaller than those produced by a nuclear weapon but still poten-
tially harmful, arose because of accidents to two small experimental reactors, the
NRX in Canada in 19S2 and the SL-1 in the USA in 1961. Though the former acci-
dent injured no one, the latter killed three workers. Research in the 1950s and early
1960s led to understanding of reliable means by which good reactor core design
could help to avoid nuclear accidents.
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Unfortunately, these methods were not well implemented at the Chernobyl
reactor, when it later had its accident as a result of loss of control of the nuclear chain
reaction.

1.4. REQUIREMENT FOR AN ULTIMATE BARRIER

It was realized in the USA as early as 1952 that accidents to nuclear plants
could not be ruled out absolutely, and so special protection from the consequences
of severe accidents was added at plants. The Advisory Committee on Reactor
Safeguards introduced a requirement that certain nuclear plants must be housed in
sturdy, leaktight buildings that were to serve as an ultimate form of protection, to
prevent radioactive material escaping from the plant if an accident did take place in
spite of all precautions. This requirement was soon adopted for light water and heavy
water nuclear power plants throughout most of the world. However, the early light
water reactors in the USSR and in eastern Europe were provided only with partial
containment buildings. It was only in the mid-1970s that full containment of newer
light water reactors was also introduced in eastern Europe. Lack of a tight, sturdy
containment building around large gas cooled reactors in some countries has been
compensated for by other design features. The metallic confinement vaults that
enclosed the reactor cores of the water cooled, graphite moderated RBMK reactor
plants in the USSR could withstand rupture of a single fuel channel, and perhaps
even a few of them, but could not contain an accident of the type and magnitude of
that which occurred at Chernobyl.

On looking back, it can be seen that this early decision, to require a contain-
ment system having as its sole purpose the protection of the public from all eventuali-
ties, became a keystone of safety strategy for light and heavy water nuclear power
plants. It provided the final barrier to fission product release in the system of defence
in depth that had already begun to be developed at this earliest stage. Even now an
important part of safety design of these plants is devoted to ensuring that the contain-
ment system would be reliable and effective if it were ever needed.

1.5. PROTECTION FROM ACCIDENTS

Defence in depth includes mechanisms and measures to maintain a nuclear
plant in a safe and acceptable condition. It includes supplementary features to make
sure that departure from such a condition would not develop into an accident, espe-
cially one that might cause harm to people. It also includes other measures to make
sure that even if prevention of accidents did not succeed, harm would still be averted.
Both kinds of protection, prevention of accidents and mitigation of any conse-
quences, are needed.
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Prevention of accidents to a nuclear plant is equivalent to making sure that the
cooling capability is always sufficient to prevent overheating of the nuclear fuel. The
rate of generation of nuclear heat must not become too great, and the effectiveness
of cooling must not be excessively degraded through loss of the coolant or reduction
of its flow rate, for instance through failure of pumps or reduced pumping power.

Early safety authorities often assumed that protection against the most extreme
accident of any kind would automatically protect against smaller accidents of the
same kind. Mechanical systems called 'engineered safety features' were added to
plants to protect against the extreme accidents. The extreme accidents came to be
termed 'design basis accidents' because they defined the limiting design features of
plant systems, including engineered safety features.

The use of engineered safety features in defence in depth became widespread
and is now the principal means of protection of nuclear plants from all kinds of acci-
dents. Examples are emergency core cooling systems that would come into play if
the normal means of cooling failed. Engineered safety features are now designed to
be effective against a wide range of hypothetical accidents, not simply the most
extreme ones. The design analysis is based on extensive safety research pro-
grammes, thorough testing during commissioning of plants and in-service inspection
over the operating life of the plant.

Additional engineered systems have also been added to ensure that the
engineered safety features do not fail and numerous operating practices have been
adopted with the same objective. This use of defence in depth has been expanded and
become highly sophisticated as the nuclear plants have evolved. It has been sup-
plemented by accident management procedures that would be used if an accident
began to develop and that would avert the accident or mitigate its consequences.

1.6. INTRODUCTION OF PROBABILISTIC SAFETY ANALYSIS

A major step forward took place when a group under Rasmussen in the USA
introduced simultaneous estimation of the probabilities and consequences of acci-
dents beyond those considered in the design basis. The method used has come to be
called probabilistic safety analysis (PSA). It traces sequences of failures, including
failures of the engineered safety features themselves, estimating the probability of
failure at each step, and combining the individual failure probabilities into an overall
probability that the full sequence can occur. The consequences of an accident are
usually estimated in a separate calculation.

The methods of PSA analyse the behaviour of the reactor and its safety features
as a complete system. Interdependences of systems are highlighted, such as simul-
taneous reliance of several systems on common power supplies and cooling circuits.
Even though the results obtained with PSA are not precise, they have led to many
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insights on safety and have been of great value in guiding safety designs and prac-
tices. Some of the results are given later in this report, where they are used in view-
ing the overall safety of current nuclear plants.

The methods of PSA were pioneered by Farmer and his co-workers in the
United Kingdom, and were developed further by a group under Rasmussen in an
analysis of the safety of two nuclear plants in the USA [2]. The work in the USA
revealed that the preventive measures in nuclear plant design would not make acci-
dents as unlikely as had been thought, but harm from an accident would be much
less than had been previously believed.

1.7. THE ACCIDENT AT THREE MILE ISLAND

Both of these general conclusions as to probabilities and consequences of acci-
dents were validated a few years later when a severe accident occurred at Unit 2 of
the Three Mile Island nuclear power plant in the USA, destroying the reactor but
causing no injuries. The accident also confirmed a number of other points. Up to that
time, severe accidents to nuclear plants had only been assumed to be possible. Now
it was found that they could indeed take place, and it was seen that they could be
very costly. The wisdom of having a tight containment building about a water reactor
was confirmed. While very large amounts of fission products were freed from the
damaged reactor core, the bulk of them reaching the inside of the containment build-
ing, the release of radioactive material from the containment building to the environ-
ment was trivial measured in terms of radiation exposure of people nearby.
Thorough studies made later by several impartial groups, including several commis-
sioned by the State of Pennsylvania, showed that the accident could hardly have
caused any injury from radiation, even at an immeasurable level. However, people
in a wide area about the plant had been frightened, and their fear had been partly
the result of the total lack of preparation for a possible accident.

The accident at Three Mile Island led to an important improvement in the
safety of nuclear plants throughout the world. Some of the knowledge and insight
gained could be used immediately in improving safety at other nuclear plants. An
important example was the realization that the human element had not been ade-
quately included in previous safety considerations, and this observation prompted
numerous advances in design and operating practices at nuclear plants. Other impor-
tant changes in both hardware and practices followed research stimulated by the
accident.

The value of probabilistic analysis in revealing safety weaknesses was high-
lighted, for the type of accident that occurred had been estimated by the Rasmussen
group to be among those that were the more probable. However, the amount of fis-
sion products released at Three Mile Island was far smaller than had been predicted
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by the Rasmussen analysis. Later research has shown that this was a beneficial result
of the large amounts of water released into the containment building during the acci-
dent, water which retained most of the fission products released from damaged fuel.

1.8. THE CHERNOBYL ACCIDENT

The destruction of the Chernobyl Unit 4 RBMK (Soviet light water cooled,
graphite moderated) reactor in 1986 had consequences far more extensive than those
of Three Mile Island. Not only were people killed in combating the accident, but the
results were severe outside the boundary of the site, and were felt over a large part
of the USSR and even beyond. Many people living in areas out to a considerable dis-
tance were affected by the fallout of fission products and had to be evacuated, and
the disruption of the lives of many still continues. The damage was consistent with
the general conclusions of a 1957 study in the USA of the hypothetical outcome of
a severe accident to a nuclear plant with no effective containment building. It had
been predicted that the impact would be widespread, involving many people in sur-
rounding areas, with large tracts of land downwind becoming unusable for a long
time afterwards.

The full toll of the Chernobyl accident on life and health in the USSR is still
being assessed. Thirty persons among the operating crew of the plant and the fire
brigades that responded to the call for help were killed. Many others had to be treated
for severe burns and radiation induced illness. The effects in future years through
cancer induced among inhabitants of areas with heavy deposition of fission products
are still being estimated. It is now clear, however, that the number of additional
cancer cases will be far too small to be seen against the naturally occurring cancer
rate (it is not commonly realized that cancer normally causes about 20% of all
deaths). Estimating the long term effects of the Chernobyl accident continues to be
difficult, because it is necessary to distinguish real physical harm from psychological
trauma. Effects of trauma are seen not only among those who received high radiation
doses but also among many who received radiation doses comparable to the amount
received from natural radiation, or even much less.

At Chernobyl, it was again seen that protection against accidents with loss of
control of the nuclear chain reaction is essential. The Chernobyl plant had been
designed with an operational mode that could cause the nuclear chain reaction to
grow suddenly by a very large factor if it were not stopped immediately. There was
no rapid means to stop it under the conditions of the accident.

The accident also reinforced three lessons that had been taught by the Three
Mile Island accident. First, safety is much higher when nuclear reactors are housed
in sturdy, reliable, leaktight structures capable of retaining the fission products from
the worst possible accident. If the Chernobyl reactor had been located in a full sized,
reliable containment building, the accident might have been as benign in terms of
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harm to the workers and the public as was that at Three Mile Island. However, it
is debatable whether a full containment building could have been designed for a plant
of the Chernobyl type. In any event, it is unlikely that any more plants of the
Chernobyl design will ever be built.

Second, though design defects set the stage for both of these severe accidents,
to differing degrees, the immediate causes in both cases were mistakes by operating
personnel. The mistakes occurred because operators did not fully understand their
plants. Training and operating practices that prevent such mistakes, and features that
would protect the plant and the public even if mistakes were made, are of the highest
importance in the safety of nuclear plants. They are discussed in Basic Safety Princi-
ples for Nuclear Power Plants [1].

Third, if people can cause accidents, they can also be expected to mitigate the
effects of an accident once it has begun. Accident management was practised both
at Three Mile Island and at Chernobyl, with important consequences in both cases.
At Three Mile Island, the operating staff restored cooling to the badly damaged reac-
tor soon enough to prevent release of large amounts of radioactive material to the
environment. At Chernobyl, evacuation of nearby people greatly reduced their
exposure to radiation and the cleanup operations performed later have reduced the
long term effects, especially in nearby areas. Accident management may lead to stop-
ping an accident, with public health protected as at Three Mile Island, or it may
extend to massive measures to reduce effects on the public, as at Chernobyl. The
importance of accident management is also discussed in INSAG-3.

1.9. MANAGEMENT FOR SAFETY

Realization has grown that management for safety must develop a strong safety
culture in operating organizations, a topic covered in detail in the INSAG publication
Safety Culture [3] and discussed further in Section 2.3 of the present report.

One important underlying cause of the accidents at Three Mile Island and
Chernobyl was the failure of the management processes which should have provided
this safety culture, as an essential ingredient in a high level of safety. In both cases,
there were weaknesses in design, operating practices, training and feedback of oper-
ating information, and there was no organized mechanism to ensure that weaknesses
were recognized and corrected.

This realization has led to the formation of new national and international
bodies which have as their objective the development of good working practices in
nuclear plant operation, and the assurance that these practices are followed. These
organizations have been very effective in improving understanding of the importance
of safety by the nuclear power industry and helping to achieve the high standards
necessary to ensure it. They are responsible for much of the improvement in safety
in recent years.
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1.10. ENGINEERING FOR SAFETY

The accidents also led to careful review of the engineered features of some
nuclear plants that analysis and experience have shown to possess inherent safety
problems. This process is continuing. It has led to modification of some plants
(including those of the RBMK design used at Chernobyl), temporary shutdown of
some plants for further study and permanent shutdown of a few where analysis indi-
cated that improvement would be too costly or too difficult.

1.11. THE MESSAGE OF INSAG-3

The Chernobyl accident also led INSAG to accelerate preparation of INS AG-3
[1]. This publication presents the commonly shared principles underlying the safety
of nuclear plants, principles that had solidified over a number of years through inter-
national interchange of information and experience. It lists three safety objectives
and twelve general principles supporting fifty specific Safety Principles.

Since it was issued, INSAG-3 has been reviewed and discussed in many
national and international forums. The reviews have confirmed that the Safety Prin-
ciples are in fact commonly shared throughout the field of nuclear plant safety.

INSAG-3 is discussed further in Section 2.

1.12. LESSONS FROM OTHER EVENTS

Important safety lessons were also learned from events that were not so severe.
An extensive electrical fire at the Browns Ferry nuclear plant in the USA was fol-
lowed by improvements in fire prevention at nuclear plants in many countries.
Several incidents at other plants showed the importance of a reliable supply of cool-
ing water. Other incidents revealed previously unrecognized ways by which a single
failure could incapacitate several apparently unrelated systems.

These incidents, which were not termed severe accidents because they did not
damage the reactor core, helped to improve the safety of water reactors throughout
the world.

1.13. USE OF EXPERIENCE FEEDBACK

The sharing of operational experience, either by direct information exchange
or through national or international organizations, has become one of the most effec-
tive ways to improve nuclear safety worldwide. This has come to be recognized by
most organizations operating nuclear power plants, which now maintain a system to
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collect and interpret operating experience and to disseminate safety information
promptly. The practice is on the way to becoming universal. The primary objective
is that no abnormal event goes undetected and that problems are corrected so as to
prevent recurrence, in order to avoid all accidents which could result more or less
directly from such events, either at the same location or elsewhere. This reflects the
expectation that an accident of any severity would most probably be marked by a
precursor such as an equipment failure or a mistake that could have been the cause
of an accident if it had been combined with a series of other failures or adverse condi-
tions and had not been compensated for or corrected by defence in depth. The results
of analysis based on precursors are presented in Section 3.5 of this report.

1.14. THE ROLE OF RESEARCH

The historical advances that have just been discussed were in the nature of dis-
crete events occurring against a background of continuous improvement of engineer-
ing methods and insights, based on extensive research. In this respect, the
development of reactor safety followed a path familiar in all fields of engineering.
Much of the engineering on which the safety of nuclear plants rests is conventional
and is taken from other engineering disciplines. But in application to nuclear safety
the methods have been extended to develop deeper understanding of failure and its
causes than is commonly found in engineering. Some of the engineered safety fea-
tures of nuclear plants are meant to provide protection against the effects of extensive
system failure causing severe damage to the plant, even though such failures are not
expected to occur throughout the life of the plant. Therefore these features should
never be needed. Yet they must be able to work as planned if they should ever be
called upon. Assurance of reliability requires analysis of conditions where the nor-
mal engineering database is poor, especially because of high temperatures that would
be expected.

The safety research programmes that provided the necessary engineering base
have spanned the past 35 years. The research around the world, funded by both
governmental and private sources, has cost the equivalent of more than US $5000
million. The engineering methods for ensuring safety of modern nuclear plants have
now achieved the status of a mature science.

1.15. SOME COMMENTS ON THE HISTORY

No other technological development except possibly that of aviation has been
accompanied by as intense a focus on safety as has nuclear energy. Some will say
that such a concentration has been appropriate, because of the extraordinary hazard.
That may well be true; INSAG would not wish to see a world with nuclear plants
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lacking the inherent safety features and the defence in depth that have been developed
over the past three decades.

Society has invested heavily in learning how to structure safety into nuclear
plants; the process has been expensive and time consuming and it has been accom-
panied by the two well publicized failures that have just been discussed. These
failures occurred because previous lessons were ignored and complacency caused the
guard to be lowered.

This recognition is also a lesson learned from the history of the safety of
nuclear plants and the lesson has been applied to preventing similar failures in the
future. Defence in depth has been deepened, in terms of both hardware and practices.

The analysis now turns to the questions, what is the system at present, and how
well is it working?
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2. CURRENT REACTOR SAFETY PRINCIPLES

SUMMARY

The safety of nuclear plants has been developed and refined over a period of
more than 35 years. The design features and practices developed to ensure safety
have been consolidated in a logical structure in INSAG-3 [1]. These Safety Principles
show how the safety of modern nuclear power plants rests on the foundation of
defence in depth, with its protective design features and operating practices that aug-
ment and support each other both sequentially and in parallel. The Safety Principles
stress the importance of a 'safety culture' permeating all activities related to generat-
ing electricity at a nuclear power plant and ensuring that performance is at a level
of competence and dedication above and beyond simple conformance with good
practice. They incorporate safety targets at a very high level, so that with existing
nuclear plants the probability of an accident causing severe core damage but no
effects off the site should not be greater than once in ten thousand years and the prob-
ability of an accident requiring protective measures off the site should not be greater
than once every one hundred thousand years. Future nuclear plants should better this
by a factor of at least ten.

INSAG-3 contains fifty specific Safety Principles. These begin with the selec-
tion of a site for a nuclear plant and proceed through its design, construction, com-
missioning, operation and final decommissioning. Additional Safety Principles
establish the need to develop and put into place accident management features and
measures and to establish a plan incorporating emergency measures, even though
such capability is expected never to be called on.

2.1. MODERN SAFETY CONCEPTS

Until the Chernobyl accident, no commercial nuclear power plant had ever had
an accident causing radiation injury to members of the public or to the workers at
the plant. There has been no such occurrence since. No commercial power plant with
a reactor of the light or heavy water type has ever had such an accident.

The Chernobyl plant was one of several plants of similar design that had physi-
cal characteristics causing safety to be heavily dependent on correct operating prac-
tices. Other plants of this type are now under review to determine how their design
can be improved, and some backfilling lo correcl weaknesses in design has already
been done.

It is now clear that, for some time lo come, future nuclear power plants will
be evolutionary improvemenls on the light and heavy water planls that now exist.
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These are the focus of attention in this report. It is also expected that the future plants
will conform closely to the Safety Principles of design and operation in INSAG-3
[1]. The remainder of Section 2 discusses important aspects of INSAG-3 which are
relevant to the present analysis and expands on the brief earlier reference.

2.2. SAFETY OBJECTIVES

Several safety objectives were identified in INSAG-3. From the standpoint of
the present report, the most significant is the dual objective of preventing severe acci-
dents and fully protecting against the consequences of any accident if one should
nonetheless occur. The level of safety appropriate to nuclear plants has been widely
discussed, and safety goals have been adopted in several countries. In some coun-
tries, goals are expressed in qualitative terms, requiring nuclear risk to be far below
other risks that people customarily face in life. Some goals also require that nuclear
plants be safer than competing ways of producing electricity. In some European
countries, safety goals require that plants be designed and operated so that at most
a very small fraction of the fission products in the core could be released from a
severely damaged reactor (in Sweden and Finland, for instance, the fraction is
0.1 %). Other safety goals set limits on possible adverse health effects even if an acci-
dent were to occur and protective devices failed to function as designed.

In INSAG-3, a safety target was proposed for existing nuclear power plants
of a likelihood of occurrence of severe core damage that is below about once in ten
thousand operating years. Accident management and mitigation measures should
reduce the probability of large off the site releases requiring short term off the site
response to less than once in one hundred thousand years. Implementation of all the
Safety Principles at future plants should lead to safety improvements by a further fac-
tor of ten.

It is important that this target for the future be understood in ordinary terms.
In a world with 1000 nuclear plants of a future type, more than twice as many as
plants now existing, 100 years on the average would elapse between accidents of the
Three Mile Island type, which cause no damage off the site. A millennium (1000
years) on the average would pass between accidents requiring protection of people
off the site.

2.3. FUNDAMENTAL PRINCIPLES

INSAG then stated certain Fundamental Principles which would lead to the
desired level of safety. Throughout the Fundamental Principles run several important
threads. One is the importance of a rational organizational structure with line respon-
sibility and authority, a precept to be followed during design, construction, operation
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and in fact at all stages. The need for review of safety by competent individuals and
groups both within and without the operating organization is stressed. Radiation pro-
tection practices are discussed. Further attention is given to such important matters
as feedback of information gained on safety, training and qualification of operating
and maintenance personnel, formality of procedures, maintenance of good records
and keeping up to date the drawings and descriptions of the plant and its systems.
All the Fundamental Principles are important. In the next three sections special
emphasis is given to three topics embedded in INSAG-3.

Safety imperatives

There are three important operating requirements to prevent the release of
radioactive material from the plant, and especially from the active core of the reac-
tor. They are:

— controlling the reactor power;
— cooling the fuel;
— confining the radioactive material within the appropriate barriers.

Most of the protective features of the plant's design, and most of its safety measures,
can be directly tied to these requirements.

Defence in depth

The technical basis for safety of a nuclear plant is defence in depth, a concept
introduced in the historical review in Section 1. Defence in depth includes the design
features and operating practices that endow a nuclear plant with a 'forgiving' charac-
ter. A first line of defence is provided by maintaining the plant within the prescribed,
normal range of operation. A second line of defence includes features and measures
that would respond to departure from the normal operating range, caused by either
failure of equipment or human error. The response can be the return of operating
conditions to their normal range, or it can even consist of stopping the neutron chain
reaction. A third line of defence includes features and measures that would compen-
sate for any failure of the previous lines of defence, preventing a disturbance from
developing into an accident. Another line of defence would limit the extent of an
accident if one occurred, preventing severe damage to the nuclear plant. Yet another
line of defence is provided to ensure that an accident causing damage did not harm
workers or people in surrounding areas. Defence in depth is structured into the plant
to provide protection against all kinds of accidents, including mechanical or human
failure within the plant, or events outside the plant, such as storms, floods or serious
earthquakes. The defence provided would also be effective against sabotage if it were
attempted.
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There can be no absolute assurance that nuclear plants built and operated on
the lines of defence in depth are completely free of the possibility of damaging acci-
dents. Safety specialists know this. Rather, their strategy is to treat nuclear plant
safety as a quantitative, relative concept, recognizing that it can never be total, and
they seek instead to be sure of its achievement at an exceptionally high level. After
all, there is no such thing as absolute safety in any endeavour, and nuclear power
is no exception. But it is possible for safety to be so good that most people would
regard it as absolute. This is the goal in the field of nuclear safety.

Safety culture

In all types of activities, for organizations and for individuals at all levels, ade-
quate attention to safety has many elements:

— Individual awareness of the importance of safety.
— Knowledge and competence, conferred by training and instruction of personnel

and by their self-education.
— Commitment, requiring that senior managers demonstrate the high priority

they attach to safety and that individuals adopt the common goal of safety.
— Motivation, through leadership, the setting of objectives and systems of

rewards and sanctions, and through individuals' self-generated attitudes.
— Supervision, including audit and review practices, with readiness to respond

to individuals' questioning attitudes.
— Responsibility, through formal assignment and description of duties and their

understanding by individuals.

Safety culture has two general components. The first, which is the necessary
framework of practice within an organization, is the responsibility of the manage-
ment hierarchy. The second is the attitude of staff members at all levels in responding
to and benefiting from the framework. A central feature is that safety culture requires
performance above and beyond simple conformance with good practice.

The concept of safety culture has fundamental importance, expressing the
means by which personal dedication is ensured and is made to contribute to safety.
IAEA Safety Series publication No. 75-INSAG-4 [3] analyses in detail the meaning
of safety culture and points out ways by which it can be recognized and achieved.

2.4. SPECIFIC SAFETY PRINCIPLES

The Fundamental Principles in INSAG-3 lay a general basis for the structure
of activities and measures to achieve safety. Their interpretation and application is
found in the fifty specific Safety Principles that follow. The Safety Principles are for-
mulated to structure the defence in depth, through detailed statements of means by
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which safety is to be secured at all stages in the existence of a nuclear power plant.
There are Safety Principles covering siting, design (both the process of design and
design features), construction and manufacture, initial commissioning, and opera-
tion. Other Safety Principles are devoted to accident management and emergency
procedures.

These Safety Principles cannot be summarized in a way that relates their
important content, for they are highly detailed. The reader is referred to INSAG-3
for the particulars. All fifty specific Safety Principles are essential, and optimal
safety requires careful attention to each.

INSAG believes that nuclear plants fully conforming to the Safety Principles
will achieve the high level of safety that INSAG has sought, as stated in Section 2.2.
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3. SAFETY OF NUCLEAR PLANTS

SUMMARY

This publication considers the safety of nuclear plants of types that will con-
tinue to be built and operated for some time to come. These will use light water or
heavy water as the coolant and the neutron moderating agent. The safety of such
plants can be estimated from the safety records and the probabilistic safety assess-
ments of plants of similar types that have been built in the past. Both methods of
estimating their safety face some difficulties; the former demands accumulation of
an extensive operating history that is available only after a substantial period of time,
and the latter suffers from its well known wide band of uncertainty. Yet useful esti-
mates can be made.

The historical record is reviewed first. With one severe accident, that to the
Three Mile Island nuclear power plant, in about 5000 reactor-years of operation, the
historical record of severe accidents to light and heavy water nuclear plants seems
to be not quite as good as the INSAG target for existing nuclear plants. This target
is a likelihood of occurrence of severe core damage below once in 10 000 reactor-
years of operation. But the record is acceptably close to this target. INSAG's com-
panion target for existing plants is that the probability of an accident requiring short
term off-site response in the form of protective measures against radioactive material
should be less than about once in 100 000 reactor-years of operation. No such off-site
protective measures have ever been needed up to now for either light water or heavy
water nuclear plants, though the operating record is too short to warrant a conclusion
that the quantitative target has been met.

When attempts are made by means of PSA to determine the safety of individual
plants, the wide uncertainty bands prevent any definitive estimate. Yet a number of
assessments give broad support to a conclusion that with certain exceptions existing
nuclear plants with water reactors meet the safety targets that INSAG has set for
them. The exceptions are being addressed in regulatory programmes in the countries
affected, and INSAG believes that where in specific cases the safety of a plant is esti-
mated to fall short of the INSAG targets for existing plants, corrective measures
should be applied.

The assessments of the safety of existing plants form the basis for INSAG's
judgement that current nuclear plants with water reactors are acceptably close to
meeting the near term safety targets, and that future nuclear plants of similar types,
meeting the Safety Principles in INSAG-3, will also meet the INSAG long term tar-
gets for future plants, and will be safer than existing plants by a factor of at least ten.
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3.1. FUTURE NUCLEAR PLANTS

The plan is to infer the safety expected from future nuclear plants, using as a
starting point the safety of existing plants of similar types. Only two of the kinds of
nuclear plants now in use are being proposed for extensive future construction. These
are the ones that use reactors cooled and moderated by light or heavy water. The
light water reactors (LWRs) proposed for future use are of either the pressurized
(PWRs) or the boiling water (BWRs) types. The heavy water reactors (HWRs) are
variants of the CANDU plants designed and built in Canada. Attention is therefore
confined to plants of these general types.

3.2. HOW THE RECORD IS MEASURED

Section 2 introduced the concept of safety targets. It was stated that such tar-
gets have been adopted in a number of countries and some have been put forward
by INSAG. How can it be ascertained whether they have been achieved?

Only two methods seem possible, and both face difficulties. The first is analy-
sis of the historical record. The second is PSA. These are examined in turn.

3.3. THE HISTORICAL RECORD OF WATER COOLED REACTORS

Approximately 5000 reactor-years of operation have now been accumulated
with commercial nuclear plants cooled and moderated with light or heavy water. By
the end of this decade that number will have grown to nearly 10 000 reactor-years.
Only one large accident has taken place at a water reactor, leading to severe damage
of the reactor core; this was the accident at Three Mile Island.

An argument can be made that the Three Mile Island nuclear power plant was
not operated in accordance with modern safety standards, and that would be true.
But to ignore the accident at Three Mile Island in the statistical record for this reason
would not be appropriate. Until the accident took place it had been generally assumed
that the plant was being operated safely.

The record is then one severe core damage accident with no off-site effects in
about 5000 reactor-years. At first sight that is not quite as good as INSAG's target
for existing plants, which is that there should be no more than one severe accident
to a reactor core in 10 000 reactor-years, but statistically it is not inconsistent with
that target. Year by year, the record will approach it more closely if, as expected,
no further severe accidents occur.

INSAG's companion target is phrased in terms of the need for off-site protec-
tive measures. None were necessary at Three Mile Island, although for a time poor
understanding as to what had taken place caused measures to be considered. So there
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have been no requirements for off-site protection from accidents over the 5000 reac-
tor operating years, against a target of no more than one in 100 000 reactor-years.
Clearly, the historical record is far too short to be helpful and many years must pass
without a need for off-site protective action before the record can be said to match
this INSAG target.

3.4. USE OF PROBABILISTIC SAFETY ASSESSMENT

The problem is very different when probabilistic safety assessment is used to
estimate how well nuclear plants meet safety targets. PSA can be used where the
chance of harm from an accident is very low. However, the precision is poor in these
cases.

PSA is now used extensively in improving the safety of nuclear plants. Its
greatest value is found in the identification of weaknesses in design or operation,
since these define the accidents making the greatest contribution to the risk.

PSA provides estimates of such quantities as the probability that in a single
year at a plant there might be a specific kind of accident that would severely damage
the reactor core. It can also be used to estimate the types and amounts of fission
products that might escape the containment building after a severe accident, and the
effects on people residing nearby and the environment. The effects are calculated in
terms of fatalities per year, the probability per year of fatal cancers and the probable
financial damage averaged over time. These quantities can be summed for all possi-
ble kinds of severe accidents to give an estimate of me total risk.

This estimate can also be used as an assessment of the level of safety achieved
with nuclear plants. The estimate must be used with care, especially because the pre-
cision diminishes when the calculation is extended from core damage probability to
off-site consequences. For this reason, the estimates for individual plants are not
definitive measures of the safety of these plants. When a set of results for several
plants is assembled, however, those sources of inaccuracies that are random and that
are different from one plant to another tend to cancel, so that the overall accuracy
can be better than that of the individual cases.

The methods and results of PSA were given a searching review in the report
NUREG-11SO by the United States Nuclear Regulatory Commission [4]. Results
were presented from new PSAs on five nuclear plants in the USA, developed through
the use of methods that produced improved estimates of the effects of uncertainty in
input data. The depth of analysis in the project and the international peer review that
the report received place the results of NUREG-1 ISO hi a class separate from and
above those of other PSAs. The conclusions relevant to the INSAG safety targets
were as shown in Table I.

The presentation of results did not permit direct estimation of the probability
of requiring off-site action. Therefore those values in Table I are estimates of the
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TABLE I. CONCLUSIONS OF NUREG-1150 [4]

_ , Probability of
Core damage

, , ... requiring
probability .
,„ ,™ off-site action

per 10 000 years
^ ' per 100 000 years

Surry 0.2 0.3

Peach Bottom 0.02 0.3

Zion (modified) 0.6 1.0

Sequoyah 0.6 2.0

Grand Gulf 0.4 0.1

probability that an accident will occur that causes one or more subsequent cancer
fatalities. This is a conservative substitute for the INSAG safety target.

All of the plants analysed in NUREG-1150 appear to exceed the INSAG target
for the expected frequency of core damage for nuclear plants of the present genera-
tion, i.e. core damage occurring less than once in ten thousand years. All but
Sequoyah meet or do better than the second target (a need for off-site action less than
once in 100 000 years). Sequoyah misses by a factor of two, which is well within
the uncertainty in the estimates.

It must be noted that the original analysis for Zion identified one type of acci-
dent as the major contributor to the risk, causing the total probability of core damage
to be greater than once per 10 000 years. For that reason, modifications are being
made at Zion to prevent this exceptional sequence which will reduce the estimated
probability of severe core damage to the value 0.6 per 10 000 years in Table I. This
illustrates how improvement in the safety of a plant can result from its PSA, which
is one of the most important benefits of this methodology.

There have also been many PSAs for nuclear plants in the USA and other parts
of the world which, however, were not peer reviewed internationally as were those
of NUREG-1150 [4].

3.5. PROBABILISTIC ASSESSMENT OF OPERATIONAL EXPERIENCE

While the absolute values of probabilities calculated with PSA are not as pre-
cise as one would like, the trends with time are more meaningful. A report has been
published by a researcher at the Nuclear Regulatory Commission in the USA [5] that
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compares the current rate of accident 'precursors'2 with that in previous years. This
has been used as a basis for estimating the probability of the severe accidents them-
selves. It was concluded that for the past few years the average probability of core
damage has been much lower than it was before the lessons learned from
the Three Mile Island accident were implemented in operating plants. It was esti-
mated that the probability of core damage for a single plant has been reduced from
a value of the order of 1 per 1000 years before 1979 to a value now of between 1
per 10 000 and 1 per 100 000 years.

Since in most of the world the same improvements in safety are being made,
the conclusion can be extrapolated accordingly.

3.6. EXCEPTIONAL CASES

It is estimated that several nuclear plants with water reactors have probabilities
of core damage an order of magnitude higher than the INSAG target because of
inadequate safety systems or specific design weaknesses that have not yet been cor-
rected or compensated for. National regulatory programmes are actively pursuing
their improvement. It may be that within the accuracy of their PSAs, even these
plants would really meet the INSAG targets, but in the interest of conservatism,
INSAG believes that when any plant does not seem to meet the safety target, it should
be improved accordingly.

3.7. CONCLUSION

INSAG concludes from the preceding review of die historical record and the
PSAs that, with certain exceptions, light and heavy water nuclear plants of the cur-
rent generation have levels of safety in reasonable agreement with the INSAG tar-
gets. INSAG further concludes that similar plants to be built in the future mat fully
meet the Safety Principles enunciated in INSAG-3 will be safer still, and should meet
the long term target of a level of safety ten times higher man mat of existing plants.

2 An accident precursor is an equipment failure or a mistake that could have been the
cause of a severe accident if it had not been compensated for or corrected by defence in depth.
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4. NUCLEAR FUEL CYCLE

SUMMARY

INSAG recognizes, however, that the safety of the nuclear option must be
evaluated in terms of its complete fuel cycle, not simply of electricity generating
plants. The other parts of the cycle include the front end activities of mining and the
chemical and physical preparation of uranium into fuel elements, and the back end
activities of spent fuel storage and disposal. In some countries, the last activity
includes chemical reprocessing, which makes part of the contents of the spent fuel
reusable and is capable of greatly reducing the volume of waste to be disposed of.
The amount of actual waste from a nuclear plant is very small, a factor of about
300 000 smaller than that from a coal burning power plant. The amount of spent fuel
removed from a nuclear plant is smaller by a factor of about 10 000 than the amount
of ash from a coal fired power plant.

Among the hazards attached to the fuel cycle, those associated with uranium
mining stand out. The conventional hazards to uranium miners are the same as those
faced by other hard rock miners, and are smaller than hazards faced by coal miners.
Uranium miners also experience risks from inhalation of radon, but with proper ven-
tilation these are held below recommended limits set by international organizations
to protect the workers. The only other source of hazard from the front end of the
fuel cycle is that associated with tailings piles, which are the residue from the extrac-
tion of uranium from ore. These are sources of radon. These man-made deposits emit
only a very small part of the radon released everywhere on Earth by rocks, soil and
sea water, but they must be segregated because they are more concentrated sources.
Action must therefore be taken to ensure that tailings piles are kept isolated and
confined.

The initial step in the back end of the fuel cycle is storage of spent fuel at the
nuclear plants after its removal from the reactors. This is a straightforward and time
tested process, spent nuclear fuel having been stored under water in deep pools
without incident for decades, ever since the first nuclear reactors went into
operation.

Following temporary storage at the nuclear plant, final disposal of the waste
is required. Though it is sometimes said that the problem of disposal of highly radio-
active waste from nuclear plants has not been solved, this is not the case. There is
not a great deal of such waste to be stored, because nuclear plants do not use very
much fuel, and there is widespread agreement in the nuclear community on the mode
of disposal to be used. The waste is to be encased in containers which are highly
resistant to corrosion and stored in dry man-made caverns deep within the Earth. The
material to be stored may consist of the fuel elements themselves, in which case the
fission products remain locked in the fuel in which they were produced. However,
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some countries follow the path of reprocessing the spent fuel to recover some of the
valuable content and to reduce the volume of actual waste. The fission products are
then converted into a long lived glass, which is stored in caverns in corrosion resis-
tant containers. Research is being conducted in several countries on other, more
speculative, methods of disposal of the waste from reprocessed nuclear fuel, an
example being a proposal for use of transmutation of some of the radioactive
ingredients.

Repositories are to be sited and designed such that no one should ever be
exposed to radiation from waste stored within them, over all future time. If unusual
and unexpected developments at some future time were to expose this material to the
world of human existence, maximum radiation doses to any individuals are still to
be well below those from natural radiation exposure.

The adverse effects on human beings from the front end and the back end of
the nuclear fuel cycle are a minor part of the total radiological impact of nuclear
power, which is itself very small compared to the normal exposure of people to cos-
mic rays, radon and direct radiation from the Earth.

4.1. NUCLEAR FUEL CYCLE

The safety of nuclear energy is not solely a question of the safety of the plants
producing the electricity. An entire industrial complex is required to supply nuclear
fuel to the reactors, and another complex still in a formative stage in many countries
will be engaged in disposing of the used fuel after its removal from the nuclear
plants. These complexes are the parts of what is called the nuclear fuel cycle.

The front end of the nuclear fuel cycle consists of mining and milling of ore,
extraction and purification of the uranium, conversion to the feedstock for the
manufacture of nuclear fuel (the most important step for light water reactors being
enrichment in the fissile isotope 23SU) and fabrication of fuel elements. After irradi-
ation in the reactor, where some of the uranium is converted to fission products, the
fuel elements are removed from die reactor and temporarily stored deep in a pool
of water at the site. Two options are available for subsequent treatment in the back
end of the cycle: the spent fuel can be sent directly to final storage as waste, or it
can be reprocessed chemically to recover the useful fraction of the contents and the
waste from this step can be sent to final storage.

In a large nuclear plant, fission consumes only from 1 to 3 kg of uranium per
day. Most of the uranium in the fuel is not fissioned at all; the daily average of fuel
used in the reactor is typically about 100 kg, of which all but about 4 kg is unchanged
by its use in the reactor and is hi principle recoverable. This is to be compared to
about 10 million kg of coal burned daily in a corresponding coal fired power plant.
The amount of waste from a nuclear plant is correspondingly small compared to that
from a coal burning plant.

35



As is true of all large scale industrial activities, nuclear fuel cycle operations
have their specific health and environmental risks. The sources of this risk in the
nuclear fuel cycle are the mild radioactivity of the raw material, uranium, and the
intense radioactivity of spent fuel (from fission products formed in the reactor during
operation). As stated earlier, the quantity of waste is relatively small, but care has
to be taken to handle it and to dispose of it in such a way that the fission products
and their radiation do not become an unacceptable hazard to man and the
environment.

4.2. FRONT END OF THE FUEL CYCLE

The raw material of nuclear energy is the element uranium. Uranium is found
to some extent everywhere on Earth — in soil, rocks and even in all sea water.
Uranium is radioactive, but since its rate of radioactive decay is so slow, the radioac-
tivity is mild. Nevertheless, when the uranium in nature becomes concentrated, as
in some ores and in the residue from mining, certain requirements for health protec-
tion become necessary.

Mining and milling of uranium pose certain occupational risks which are simi-
lar to those found in many other mining operations, because the methods are basi-
cally similar. A notable exception is coal mining, which is much more hazardous
because of the possibility of fires and explosions, and the breathing of coal dust,
which causes debilitating and often fatal black lung disease among coal miners.

Unless suitable precautions are taken, uranium miners are also exposed to
specific hazards from breathing a higher than usual concentration of the radioactive
gas radon and its radioactive daughters, which are products of the radioactive decay
of uranium. Uranium decays into a sequential chain of radioactive elements that
includes radium, with radon near the end of the chain. The chain ends with a non-
radioactive isotope of lead. Radon is present everywhere in the air as a result of the
radioactive decay of uranium throughout nature. Radon is more concentrated in ura-
nium mines because more uranium exists there. Breathing radon can lead to a higher
risk of lung cancer from the deposition of its radioactive decay products in the lungs.
When proper ventilation is provided, the annual radiation dose received by uranium
miners from radon and its decay products is reduced to an amount within recom-
mended occupational exposures, at which effects are very small. In addition, the
number of uranium miners needed to support an industry is relatively small. Even
so, and even with precautions taken, radiation doses to miners tend to be higher than
doses to workers in most other parts of the fuel cycle. When the conventional hazards
of mining are also taken into account, this part of the fuel cycle is found to be the
most hazardous to workers.

Residual tailings from milling of uranium ore still contain a small residue of
uranium and most of the radium that accompanied the original uranium. Tailings are
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discharged from mills to impoundments. The tailings piles accumulating in the
impoundments act as sources of radioactive radon gas, augmenting the normal
release of radon from soil everywhere. The total rate of release of radon from tailings
piles is minute compared with the amount of radon that enters the Earth's atmosphere
from the normal radioactive decay of uranium in soil, and is especially small com-
pared with that released from the soil during ploughing for the planting of crops, but
the contribution from the tailings piles is localized and can cause nearby concentra-
tions of radon to be undesirably high. The specific safety requirement in this connec-
tion is to make sure that the tailings remain confined and isolated. The lifetimes of
radon isotopes are short, and isolation is found to be adequate when a tailings pile
is covered with a layer of material such as concrete or asphalt, or a thick layer of
soil to retain the radon until it has decayed. This precaution also guards against the
ingestion of dust carrying uranium and its other radioactive daughters. Such a solu-
tion is only temporary, because radon will continue to be evolved, effectively
forever, and a more permanent solution will be needed, such as reburial in empty
mines.

Some tailings piles have not been well managed and protected in the past, and
at times the tailings and waste rock piles have even been mined for building material
for houses. The hazards associated with this material are not severe, but they are to
be avoided, and this point is now well recognized.

The occupational exposures and local and regional dose commitments from
such other front end fuel cycle activities as manufacturing and handling nuclear fuel
are negligible, being far below normal radiation doses from natural background
radiation. They are included in the estimates of risk in Appendix HI.

4.3. BACK END OF THE FUEL CYCLE

It is frequently said that no solution to the problem of disposing of nuclear
waste has been found. In fact, several satisfactory means of waste disposal have been
considered at length, and there is widespread agreement in the scientific community
on the broad outline of the preferred methods. Some alternative choices are still
retained within the general strategy, but these generally reflect differences in details
of the fuel cycle adopted by different countries.

The problem is made easier by the fact that the volume of fuel burned in a
nuclear plant is so small, and it is therefore possible to store the amount of spent fuel
or waste produced over a plant's entire lifetime in a relatively modest space. This
is an outstanding ecological advantage of nuclear power; the waste it generates is not
automatically spread over the environment as is the case with waste gases from coal
fired power stations. On the contrary, the radioactive material in the nuclear waste
is confined for long periods, perhaps forever, in the fuel elements in which it was
first generated. Retention of these used elements for periods of many years during
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operation of the plant is no problem at all; the technology for storage in water filled
pools has been used for decades. Dry storage in shielded containers has also been
demonstrated and is in use in a number of countries. Storage of fuel at a nuclear plant
by either method causes no radiation exposure of either the public or the workers.

Permanent disposal of spent fuel

It is in connection with methods to be used in the longer term that controversy
has arisen. Some countries have chosen to dispose of their spent nuclear fuel without
first reprocessing it to recover the useful uranium and plutonium that it contains. The
fuel would first be encased in containers with the void space filled with some inert
material. The entire package of the container with its contents would be designed to
resist corrosion or other chemical attack. The encapsulated fuel elements would be
buried in deep man-made caverns in geological formations carefully chosen for sta-
bility and the assurance that they would be free from the entry of groundwater over
long periods of time. Absence of water would ensure freedom from corrosion and
would prevent dispersal of radioactive material by water pathways. There have been
numerous studies of this method of disposal of spent nuclear fuel, many by such
impartial bodies as national academies and government commissions. All have con-
cluded that these disposal methods would safely confine the material for very long
periods of time, enough for it to become non-hazardous through the process of radio-
active decay. The stored waste should remain intact for periods of the order of
10 000 years or more. This approaches twice the duration of civilization on Earth.
It is also approximately the length of time since the end of the last ice age.

Although many members of the public remain sceptical, the majority of the
scientific community is convinced that protection of people and the environment can
be ensured over these long time periods and into the indefinite future. This confi-
dence is based on understanding of the underlying scientific information: corrosion
rates of storage containers, removal of heat from spent fuel, geology, and potential
movement of water through waste repositories and the surrounding geological for-
mations. The underlying scientific information is based on relevant research and the
analytical techniques for extrapolating into the future can be checked in laboratory
and field experiments.

Even so, public opposition has dramatically slowed the onset of storage of
spent fuel in most countries that intend to make use of this method. The political and
industrial will to implement the process has not been as strong as it might have been.
This situation has only been tolerable because of the continued ability of nuclear
plant operating organizations to retain spent fuel in storage pools at plants for very
long periods of time, a possibility that exists because there is relatively little spent
fuel. Of course, such an interim solution cannot be continued forever.
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Spent fuel reprocessing

Many countries with large nuclear programmes have decided in favour of
reprocessing the spent fuel. Commercial reprocessing plants are in operation in
several countries, such as at Sellafield in the United Kingdom and La Hague and
Marcoule in France. The capacity of these plants represents only about 5% of the
spent fuel from present nuclear power plants, but additional reprocessing plants are
being built.

Reprocessing consists of dissolving the spent fuel in an appropriate acid and
then chemically separating the constituents. The plutonium can be reused as a fuel
in a fast reactor or in a light or heavy water reactor. The uranium can be stored,
to be introduced at some future time into a fast breeder reactor to make more pluto-
nium for use as a reactor fuel. The fission products and the inert components such
as the metallic fuel cladding are segregated as waste and are directed to final disposal
as described in the next subsection. Small amounts of certain radioactive nuclides are
released to the atmosphere during reprocessing; these are principally tritium, 14C,
85Kr and 129I. These nuclides would disperse quickly through the environment and
so their concentrations would always be low. They add minutely to the global dose
commitment from naturally occurring radioactivity. UNSCEAR [6] has estimated
the dose commitments from these nuclides if all spent fuel presently produced were
to be reprocessed (the total radiation dose over all time of all people involved). These
dose commitments are found to be very small compared to those due to natural
sources.

However, if the nuclear industry were greatly to expand, with reprocessing of
spent fuel commonly pursued, some measures would have to be introduced to
segregate and store some noble gases that are radioactive fission products (prin-
cipally 85Kr). The technology for doing this is known and has been developed.

Storage of waste from reprocessing

After reprocessing, the fission products from the spent fuel will be concen-
trated in the high level waste, to be converted into a long lived glass and encased
in corrosion resistant containers. These will be placed in the final repository. The
repository will be an underground cavern similar to those for unreprocessed fuel.
Selection of a geological environment that would have only a small likelihood of
incursion of water would provide protection against corrosion and leaching of the
containers of waste, and would prevent water transport of radioactive contents to
where they might introduce a hazard.
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The Oklo phenomenon

A high degree of confidence that no dispersal of stored waste from reprocess-
ing would ever take place followed the discovery of deposits of uranium ore at Oklo
in Gabon. There, about a thousand million years ago, the concentration of uranium
in a swampy region was so great that a natural nuclear chain reaction took place.
It continued at a low level over a very long period of time, generating far more fis-
sion products than any man-made nuclear plant. Almost all of the fission products
remain in place where they were produced, even the continued presence of the water
in the swamp having failed to disperse them.

Radiation exposures from storage

All countries having national waste management programmes proceed from a
consensus that nuclear waste should be stored in such a way that no subsequent radia-
tion exposure of human beings would be expected, and that if disruption of a waste
repository did occur, radiation exposures should be a small fraction of that due to
natural background sources. The current recommendations of the International Com-
mission on Radiological Protection (ICRP) for repository planning call for a maxi-
mum annual effective dose to any individual from a repository accident to be well
below the normal background radiation dose.

Decommissioning of nuclear plants

At the end of their lifetimes, nuclear plants will be decommissioned and even-
tually dismantled. While the costs are thought by some to be of concern, the effects
on human health and safety will be minor. In particular, the radioactive wastes from
dismantling a nuclear power plant will pose no threat to public health. Their total
radioactivity is far less than that of the spent nuclear fuel.

4.4. THE EFFECTS ON HUMANS

The adverse effects on human beings of the front end and the back end of the
nuclear fuel cycle have been included in the analysis presented in Appendix IE in
estimates of the overall risk from generating electricity by nuclear plants. They are
a minor part of the total radiological risk from nuclear power, which is itself very
small compared to the risk from the normal exposure of people to cosmic rays, radon
and direct radiation from the Earth.
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5. FEATURES DESIRED IN FUTURE PLANTS

SUMMARY

The current slowdown in the growth of the nuclear power industry offers an
opportunity to further consolidate nuclear plant safety by means of design improve-
ments for future reactors. This could start by incorporating more naturally the safety
features that have been added on to earlier designs. Plants built according to such
restructured designs may be less expensive in the long run, may be less complex and
may be more readily accepted by the public.

Beyond this process of consolidation of past gains is an opportunity for further
substantial improvement of the level of safety of nuclear plants through future design
choices. INSAG lists in this report directions that it believes should be followed in
the designs of future plants, building on and even exceeding in certain respects the
safety capability offered by the Safety Principles of INSAG-3. It is believed that the
level of safety that could be achieved from these advances would be substantially
higher even than that attached to the previously stated INSAG targets. The safety
would exceed that of competing means of generating electricity by at least a factor
of ten, and would reach a level unprecedented in this modern technological world.
As a cautionary note, however, INSAG also believes that implementation should take
into account the need to devote the resources of society to the most fruitful means
of reducing risk of all kinds, not only that from nuclear power.

The features identified as desirable are as follows:

The Basic Safety Principles of INSAG-3 should become mandatory, with the
following predominant features:

— Defence in depth continues to be the fundamental means of ensuring the safety
of nuclear plants.

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

More specific aspects of design should be addressed as follows:

— The concept of plant design should be extended to include the operating and
maintenance procedures required for it.

— Design should avoid complexity.
— Plants should be designed to be 'user friendly'.
— Design should further reduce dependence on early operator action.
— The design of the system provided to ensure confinement of fission products

after a postulated accident should take into account the values of pressure and
temperature encountered in severe accident analysis.
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— Accidents that would be large contributors to risk should be designed out or
should be reduced in probability and/or consequences.

— The plant should be adequately protected by design against sabotage and con-
ventional armed attack.

— Design features should reduce the uncertainty in the results of probabilistic
safety analysis.

— Consideration should be given to passive safety features.

5.1. FURTHER IMPROVEMENT OF SAFETY

It is an important duty of the nuclear power industry to ensure that its opera-
tions are as safe as can reasonably be achieved. This means that opportunities for
improvements should be taken, though always with regard to the balance of safety
benefit against additional cost and the possible need for improvements in safety else-
where in society. Attention to this duty is a proper response to the evident wish of
the public that nuclear power should be exceptionally safe.

Worldwide, there is a slowdown in the development of the nuclear option, and
it is right, therefore, to examine what may be possible in terms of consolidation and
improvement of safety. Consolidation means that design improvements now recog-
nized should take their place directly in the design rather than as superimposed
requirements. This will allow simplification of designs, and features and layouts can
be made more user friendly. If public acceptance became easier, there would be an
added advantage of reduced generation costs.

If additional safety improvements are deemed necessary, to establish more
clearly the future of the nuclear option, it is possible to take matters further. Other
design options can be contemplated, such as those discussed in generic terms in the
following. Such further improvements would ensure achievement of long term safety
exceeding the assurance offered by the Safety Principles of INSAG-3. As that publi-
cation stated, the safety level sought from the measures it advocates would already
far exceed what can be achieved for electricity generation by other means, and would
be without precedent in any other area of technology.

As a restraining principle, and even if the force of public pressure is strong,
such safety improvements should be pursued only if they can be implemented without
disproportionate cost. Thus action towards the goal of extreme safety should be
weighed against the possibility that it would be wiser to direct society's resources
to other areas where the level of safety is much poorer.
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5.2. FUTURE FEATURES

The Basic Safety Principles of INSAG-3 [1] remain valid and should become
mandatory.

Designs may seek to realize some of the Safety Principles in ways that are more
rational or more straightforward than in existing plants, but the Safety Principles are
not thereby altered. The Safety Principles relating to design come first to mind when
future plants are contemplated, but it must be remembered that safety is a discipline
broader than design. Attention is needed in all phases to ensure that the other Safety
Principles of INSAG-3 are also met.

From the concepts presented in INSAG-3, two are of such fundamental impor-
tance that they must continue to be emphasized in any general consideration of the
safety of nuclear plants.

— Defence in depth must continue to be the fundamental means of ensuring the
safety of nuclear plants. It may be supplemented by design features that offer
exceptional protection against some kinds of accidents, or may be implemented
by them, but it cannot be supplanted by these features. Defence in depth should
still include sequential barriers to the release of fission products, and plant fea-
tures that protect these barriers. Defence in depth should continue to be aug-
mented after commissioning through a well planned and well formulated mode
of operation, documented in detail and carefully taught to operating staff.

— The three fundamental safety tenets are still: maintain cooling, control the
power level and confine the radioactive material. These tenets are the basis for
avoiding accidents to nuclear power plants during operation and for controlling
accidents if they begin. All relevant activities in design, construction and
operation are directed in greater or lesser degree to ensuring adherence to the
tenets, and the demonstration that they are met must be convincing.

Beyond the Safety Principles of INSAG-3, but in extension of them, are further
opportunities for improvement of safety. INSAG believes that new plant designs,
whether derived in an evolutionary manner or by stepwise development on radically
different lines, should begin to draw on such opportunities.

(1) The concept of plant design should be extended to include the operating and
maintenance procedures required for it.

The design alone cannot confer safety on die plant, because operation and
maintenance must also conform to the assumptions made in the safety analysis. The
design can be considered complete only after the operating and maintenance regimes
are specified in limiting conditions for operation and appropriate operating and main-
tenance procedures. Thus the supplier of a plant has not discharged all his responsi-
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bility for safety solely by providing a plant with a safe design and equipment of high
quality. The supplier must ensure that the operator is provided with the information
needed to perform in accordance with the operating and maintenance assumptions
inherent in the design.

(2) Design should avoid complexity.

The design engineers should seek simple layouts and should endeavour to
eliminate unnecessary components and systems. This does not mean that the numbers
of components and systems should be minimized, because excessive zeal in getting
rid of them can run counter to safety. It does mean that there should be good reasons
for the presence of each component and system. Choices should be sought that will
help to simplify normal operating procedures, emergency operating procedures,
inspection, testing and maintenance. Above all, simplicity should help the operating
and maintenance personnel to understand the plant and its operation, both normal and
abnormal. Improved understanding will build confidence in the validity of decisions
by the staff under all conditions. It will reduce the likelihood that common cause
failure modes could exist without having been recognized.

(3) Plants should be designed to be 'userfriendly'.

'User friendly' is a term more commonly encountered in connection with com-
puters, but it is also appropriate in describing properties of the plant sought for pur-
poses of good human factors. The design should be user friendly in that the layout
and structure of the plant are readily understandable so that human error is unlikely.
Components should be located and identified unambiguously so they cannot easily
be mistaken one for another. Operations should not be required simultaneously at
points distant from each other. The control room and its artificial intelligence system
should be designed after a failure modes and effects analysis of the plant, with infor-
mation flow and processing that enable control room personnel to have a clear and
complete running understanding of the status of the plant.

(4) Design should further reduce dependence on early operator action.

Errors by operating staff at a nuclear plant are not as frequent as sometimes
thought, but they do sometimes occur. They are most likely if decisions must be
made under time pressure. Therefore any required immediate response to an abnor-
mal situation should be automatic. The artificial intelligence system should clearly
inform control room personnel of any such automatic action and why it is being
taken. Automated response should continue for at least a reasonable predetermined
time dependent on prior assessment, but the opportunity should remain for the opera-
tors to override automatic actions if diagnosis shows that they need supplementing
or correcting.
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(5) The design of the system provided to ensure confinement of fission products
after a postulated accident should take into account the values of pressure and
temperature encountered in severe accident analysis.

The possible severe accidents should be analysed by realistic methods, which
should demonstrate the capability of confinement with ample margin under condi-
tions of temperature and pressure to which the confinement system might be sub-
jected if an accident took place.

(6) Accidents that would be large contributors to risk should be designed out or
should be reduced in probability and/or consequences.

Though this topic is broadly addressed in INSAG-3, the thrust of the present
report calls for added emphasis on it. By 'reduction of probability' is meant that such
accidents should not remain large contributors to risk. The types of severe accidents
in this category are generally those that might lead to bypass or early failure of the
confinement function. The intention is elimination of the higher risk 'outliers' among
the possible event sequences for potential accidents. This implies optimization of
protection by balanced design. INSAG does not look for steps to be taken to reduce
the estimated probability of core melt from a single sequence to below once in ten
million years for a specified nuclear plant, because estimates at these levels are
unreliable.

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

Nuclear plants are naturally well protected against violent events, since they
are surrounded by thick, strong shielding against the radiation generated within
them, they commonly have strong confinement systems encasing them and they pos-
sess substantial defence in depth through their safety systems. These also protect
against the possibility of sabotage by plant personnel and against malevolent intru-
sion. However, further protection against unwanted intrusion is ordinarily provided.
If this natural defensive state is suitably enhanced, it should not remain necessary
at future plants to depend on extensive security measures and large protective secu-
rity forces. Review of vulnerability of the plant to violent attack should be part of
the design process.

(8) Design features should reduce the uncertainty in the results of probabilistic
safety analysis.

Probabilistic safety analysis is used to estimate the level of safety achieved by
design and to eliminate design weaknesses. It is important that this tool be effective.
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The effectiveness is reduced when the calculated results are not precise. All of the
recommended improvements would reduce both the probability of severe accidents
and the uncertainty in this probability.

(9) Consideration should be given to passive safety features.

Passive safety features are the engineered safety features that ensure plant shut-
down, continued cooling and retention of fission products. A safety system is passive
if it accomplishes its function automatically without drawing on an external, artificial
power source such as electricity. The benefit of not requiring an external power
source is that the safety function does not depend on the reliability of a different sys-
tem. Such an advantage of passivity may become overwhelming. However, though
it may seem evident that passive systems are always safer, that may not be so in all
cases. There may be safety disadvantages that would outweigh the gain. The super-
iority of the choice should be shown by demonstration or analysis.
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6. CONTINUED IMPROVEMENT OF
NUCLEAR POWER PLANT SAFETY

SUMMARY

Work is proceeding in several countries on designs of advanced nuclear plants
based on reactors cooled and moderated with light or heavy water. Some designs are
well advanced, for nuclear plants now being built or available to be built soon. These
are close evolutionary descendants of plants that now exist. They embody numerous
improvements in safety over present plants, generally on the lines advocated in this
report. Though they are limited in some respects in the ability to improve on good
current practice, the most recent series of light and heavy water nuclear plants can
fully comply with the Safety Principles in INSAG-3 and can meet the safety objec-
tives that INSAG has proposed for future nuclear plants.

Designs with safety features that would be largely passive in function are also
being developed in a number of countries. A substantial amount of work remains to
be done on these concepts, including detailed design, some research and develop-
ment, and safety review for licensing. Yet some designs are far enough developed
that they could be available for construction late in the 1990s. These largely passive
designs could incorporate many or all of the additional safety features INSAG has
proposed in this report. However, passive safety is not necessarily improved safety
in all cases, and the benefit must be carefully weighed before the choice is made.
Plants in this category will provide an unparalleled degree of safety if they live up
to their promise.

A third class of designs includes concepts proposed by several groups seeking
complete freedom from the possibility of severe accidents. These designs are all at
the conceptual stage, and a great deal of work is needed to establish feasibility and
to evaluate the extent to which die safety gains can be realized.

INSAG believes mat the level of safety desirable for nuclear power plants can
be achieved with light and heavy water reactors that are now being realized and that
even greater safety can be projected for plants that are being proposed as their suc-
cessors. However, society may demand an even larger improvement in safety as the
cost of approving continuation of the nuclear option. If this is to be the case, imagina-
tive and revolutionary concepts such as some briefly discussed in this report might
offer an acceptable solution, and mat could justify their accelerated development.

6.1. DIRECTIONS OF CHANGE

The previous sections have stated that future nuclear power plants should fully
meet the Safety Principles of INSAG-3 and that they should go beyond to take advan-
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tage of opportunities for further improvement identified in Section 5. The changes
taking place in the design of plants, some under way and some as yet only contem-
plated, are now reviewed. This overview shows that all future plants, in both the near
term and the far term, will exploit features that have been identified in this
publication.

Work is proceeding in several countries on advanced designs of nuclear power
plants with reactors cooled with light or heavy water. The units that will be built in
the near future and those most likely to follow shortly after are evolutionary develop-
ments from currently operating plants. The changes are in the direction of simplifica-
tion, improved operating features and, above all, higher levels of safety.

It is recognized everywhere that future nuclear plants should be designed so
that accidents are very unlikely at the very least, and are as near to impossible as
technology allows. This is the first and most important objective of defence in depth.
Beyond this, plants must be able to accommodate severe accidents without harm to
workers or the public. Ultimately, plants would be so safe that there would be no
technical justification for an emergency plan involving evacuation of the nearby
population.

All evolutionary designs aim at eliminating certain pervasive sources of ero-
sion of defence in depth: poor quality, human ignorance and human error in opera-
tion. The means being employed would also be effective against sabotage if it were
attempted, though it must be noted that no instance is known of a wilful attempt to
cause a serious accident to an operating nuclear power plant. Evolutionary improve-
ment is addressed not only to enhanced design of plants but also to the need for
quality at all stages, including those of construction and operation. Those improve-
ments are in keeping with the Safety Principles of INSAG-3.

The planned improvements in reactor designs for the near future are substan-
tial, and they will be further augmented in successor plants.

In the following, there is first a discussion of designs based on proven technol-
ogy, which incorporate evolutionary improvements and are being constructed or are
planned for early construction. Then plants are discussed that will incorporate an
increased use of passive safety features and which could be committed for construc-
tion later in this decade. Finally, there is a brief review of revolutionary new con-
cepts that have been advocated on the grounds that they promise safety approaching
the absolute. These still require extensive feasibility studies to be followed by
detailed engineering and a commitment to construct such a plant does not seem pos-
sible until the following decade.

6.2. BENEFITS FROM DESIGN EVOLUTION

The evolutionary process, proceeding on the lines of proven technology, is the
means by which problems are generally overcome in all engineering development.
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It builds on the strengths of existing technology, correcting identified shortcomings
and profiting from successful lines. Future nuclear plants, incorporating the results
of evolutionary improvement, will be built and operated with even more quality than
existing plants, should have fewer operational incidents and reportable operational
events, and will be more accident resistant.

What level of safety can be expected from such evolutionary improvements in
design? INSAG believes that these future plants, having profited from the experience
of the past, can conform fully to the Safety Principles of INSAG-3 and can achieve
the safety targets that INSAG established for future plants. This means that in a
world with a thousand operating nuclear power plants of the advanced designs, more
than twice the number of plants now existing, an accident severely damaging some
nuclear plant somewhere should not be expected more often than once a century, and
an accident somewhere threatening to harm people should not occur more often than
once in a millennium.

6.3. EVOLUTIONARY DESIGN IMPROVEMENTS FOR THE NEAR FUTURE

Designs incorporating evolutionary improvements on several current types of
light water nuclear power plants have progressed to the point where construction
could begin soon. The design criteria and the key features have been set, the safety
characteristics have been evaluated in safety analyses, the supporting development
is well along, and the process of obtaining regulatory certification is under way or
in some cases is complete.

Many proposed changes in design aim at a significant increase in particular
safety margins, which will greatly improve resistance to accidents of all kinds. Con-
cerns as to human error will be reduced, through plants that are more 'forgiving*.
Such changes do not require sacrifice in performance; on the contrary, both safety
and performance are expected to profit and it has only been necessary to achieve die
proper balance between the two.

One improvement, already adopted for some light and heavy water pressurized
water plants, is increase of capacity of the pressurizer and the secondary side of the
steam generator, to slow the response of pressure and temperature of the plant to
changes in power level. Two other changes already implemented in many light water
reactors are the introduction of pressure vessels that have been made without longitu-
dinal welds, and with a geometrical arrangement of their contents that reduces the
incidence of fast neutrons on the wall of the vessel. These measures will increase
the lifetime of plants and reduce the need for special measures of protection. The
improvements in vessel design alone will yield substantial benefits in both safety and
economics.

Contemplated design changes will also further reduce any routine release of
radioactive material from the plant. Such releases are already well below regulatory
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limits and are so low that any possible radiation resulting from them is at levels far
below those due to natural background radiation. Yet even more reduction is pos-
sible, at an added cost. Public anxiety seems to demand such reductions, though the
benefit is not large.

Numerous changes are being made in different ways in different designs to
improve the performance of components and systems, with the objectives both of
reliability and safety. The following list is not exhaustive but only illustrative.
Greater use of burnable neutron absorbers in fuel reduces changes in reactivity as
the operation of PWRs proceeds and thereby reduces the requirements on their solu-
ble boron systems. The newer BWRs for Japan and the USA use the internal recircu-
lation pumps pioneered by European designs to eliminate large pipes that have
required special inspection and occasional replacement at considerable cost in time
and money. The emergency core cooling systems of all types of plants are improved
to introduce some passive features and to provide for the use of supplementary
sources of water as extended backup. The advanced heavy water reactors incorporate
reductions in the linear power generation of the fuel and improved protection against
external events. All of these design changes enhance accident prevention and imple-
ment Safety Principles of INSAG-3.

6.4. NATURAL LIMITS ON EVOLUTIONARY IMPROVABILITY

There seems to be a limit to the benefits to be gained from evolutionary im-
provement of current designs. Three main factors set the basis for this limitation.
These are: human factors in operation, the complexity of plants and limits on the
benefit from confinement systems. To go beyond in the search for greater safety
would require more radical changes, of the kinds discussed later in this section.

Human factors in operation

All advanced designs include changes affecting human factors in fundamental
ways, making the plants more user friendly in the sense discussed previously. The
most pronounced changes are made in the use of advanced electronics, especially in
control rooms, where microprocessors and video display units are employed exten-
sively. To varying degrees, the different evolutionary designs introduce artificial
intelligence to assist the operating staff in monitoring the status of the plant and to
provide them with prompt notice of the onset of any abnormal operating conditions.
Some of the new designs also include software endowing the instrumentation and
control circuitry with a diagnostic capability, to guide the operating staff in respond-
ing to any abnormality.

Even where there is a greater degree of automatic response to abnormal condi-
tions, with the operator informed immediately of the action taken (this is the practice
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at some operating plants), evolutionary designs rely on operators to take any further
action after some specified time, typically beyond 30 minutes following the first
automatic response. The possibility remains that human error could occur in the
course of these subsequent actions, even though the extended period provided for
reflection would remove time pressure. Furthermore, a small possibility always
exists that a computer software error could lead to inappropriate automatic action or
could mislead the operating staff. Software errors can be reduced significantly in
number and impact through sound software design practices and prior testing,
including testing using plant simulators, but the elimination of errors can never be
absolutely guaranteed. INSAG therefore concludes that there is an inherent limit to
improvement through reduction of human error. This limit underscores the impor-
tance of designs that are 'forgiving' and that incorporate defence in depth so effective
that harm would be averted even if failure were to occur.

Complexity of plant

Simplification of design is cited in many policy statements as one of the most
important ways to improve safety. INSAG shares this view. One of the greatest
benefits of simplicity is that the plant is more transparently understandable to the
operating staff, a prerequisite for improving the human aspects of safety. Some sim-
plification has occurred in plants now being built and about to be built. However,
significant alteration will require radical design changes and it is not likely to be seen
in plants to be committed for construction in the next few years. It is more to be
expected of plants with follow-on designs, such as those discussed in Section 6.5.

Benefits of confinement

All evolutionary designs assign high importance to the ultimate safety provided
by the containment structure. Filtered venting systems are included in some designs
to protect the containment from possible overpressure while limiting the amount of
radioactive material that could be released if a severe accident ever occurred. The
use of core catchers to retain molten debris from a badly damaged reactor core is
contemplated in some countries. Other designs include stronger containment struc-
tures. However, eliminating all possibility that die confinement function will be
bypassed has been in the past an elusive goal, and mis could set a limit to the benefits
of strengthening the confinement structure or otherwise improving its reliability.

6.5. WATER REACTORS WITH PASSIVE SAFETY FEATURES

The improvements just discussed are in the nature of modifications to designs
of plants now operating. If further safety improvements are to be made, more fun-
damental changes will be needed. To develop these to the point where a plant with
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an altogether new design can be built requires a substantial amount of further work.
Additional research and development will be needed to show that safety concepts can
be turned into engineering reality, and a detailed engineering design must be
provided and analysed before a request for regulatory approval and a firm decision
to construct can be made.

A report [7] by the Electric Power Research Institute in the USA lists the prin-
cipal safety characteristics of water reactors with passive safety features:

— completely passive shutdown and cooling systems;
— no external electric power needed for safety functions;
— containment function so reliable and effective that early public action need not

be required in the event of an accident.

They are compatible with the features proposed in Section 5 of this report.
Most of the concepts in this category are for plants with lower levels of power

production than those of the latest generation of plants that have been built. The
lower power levels permit simplification of the plants.

No thorough safety review of these plants that stress passive safety features can
be made before a complete detailed design is available. However, several such con-
cepts having power levels in the range 600 to 800 MW(e) are being actively worked
on. Some are expected to be available for construction by as early as 1995.

These small passive designs seek to bypass some of the limitations of evolu-
tionary improvements to current designs. Since there would always be a risk of
human error during actions by operators following an accident, human action would
not be required until after a long 'grace' period following an abnormal event (on the
order of three days), and only simple actions would be needed after that. Loss of
all AC power would not be a source of common mode failure of safety systems
requiring power following an accident, since dependence of safety systems on AC
power is being eliminated. The design limits the possible severity of even remotely
possible accidents, so they could not cause the confinement to fail.

When a detailed design becomes available, several matters will have to be
reviewed. These include the dependence of safety on the quality of design and con-
struction, the possibility of maintenance errors, and the extent to which proven
engineering supports the safety features of the design. The analysis of safety will
demand a searching review of accident scenarios to establish that no new and previ-
ously unsuspected type of accident could undermine the advantages sought from the
passive safety systems and the reliable containment structure.

The passive designs should be given the same careful safety review as is
provided for current and evolutionary designs, and that will be given to the plants
being built in the near future. The relative merits of the evolutionary concepts and
the passive safety concepts may be too difficult to assess. They could both reduce
risk to levels so low that comparison may well be meaningless. There is no need to
express a preference at this time. The two types could coexist in the long term.
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6.6. ABSOLUTE SAFETY?

The term 'absolute safety' generally means the achievement of safety through
the elimination or avoidance of plant inherent hazards, such as the removal of any
possibility of excess reactivity that might lead to a large increase in reactor power.
Some design groups, motivated by a desire to achieve such absolute safety, have pro-
posed unusual concepts for nuclear plants to be built in the future. It should be recog-
nized that such proposals are still at the conceptual design stage, and some of the
features claimed for them may be more difficult to realize in practice than seems
apparent in advance. Some of the features that proponents seek to incorporate in their
concepts are the following:

— Impossibility of a nuclear power excursion, because the available excess reac-
tivity is too low;

— Removal of afterheat (following shutdown) by conduction, natural convection
or radiation, without any need for electric power or active transfer of heat to
a final heat sink;

— Passive methods of removal of heat following a loss of coolant;
— Prevention of a loss of coolant through design;
— Avoidance of all need for operator action following an abnormal occurrence.

The concepts have been developed or considered by several organizations
which have demonstrated their capability in the nuclear field.

Among the designs at a more advanced stage are the following. Safe Integral
Reactor (SIR), a 320 MW(e) design being developed jointly by Combustion
Engineering, Rolls Royce, Stone and Webster, and the United Kingdom Atomic
Energy Authority, has all the major components housed in a single large vessel. The
Modular High Temperature Gas Cooled Reactor (MHTGR) proposed by General
Atomic is a concept for a 350 MW(th) graphite moderated reactor in which the role
of the confinement structure is replaced by an impervious coating on the particles
of fuel. The Integral Fast Reactor (IFR) in the USA is to use metallic uranium or
plutonium as fuel. The Process Inherent Ultimate Safety (PIUS) design of
ASEA AB-Brown Boveri Combustion Engineering seeks to approach core safety
solely by means of inherent features of thermal hydraulics and the reliable action of
gravity in producing natural circulation.

Though the designs have been motivated by the desire to achieve absolute
safety, INSAG continues to assume mat mere can be no absolute safety in the sense
that accidents could not occur. This has historically been true of all large scale tech-
nology, the fundamental reason being that safety will always depend to some extent
on the reliability of mechanisms and on correct human action. Furthermore, a great
deal of engineering development must take place before it is found whether these
imaginative concepts can achieve the desired objectives and whether they are eco-
nomically practical. Searching examination will have to be conducted to ensure that
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the novel designs do not introduce new safety questions of a kind not previously
encountered.

6.7. PROSPECTS FOR CHANGE: A JUDGEMENT

INSAG believes that, with particular exceptions, plants that presently exist
meet the safety objectives it has set for them. Plants developed as evolutionary
descendants of the latest existing plants are in good design conformity with the safety
objectives INSAG has set for the future. Plants with passive safety features would
begin to attain an exceptional level of safety, if analysis shows that the features are
as effective in meeting objectives as early review has implied.

INSAG believes that the level of safety desirable for nuclear power can be
achieved with light and heavy water reactors that have the planned improvements
over plants now operating. However, society may demand an even larger improve-
ment in safety as the price of approving a major expansion of the nuclear option.
If this is to be the case, imaginative and revolutionary concepts such as those briefly
discussed here might offer an acceptable solution, and that could justify their acceler-
ated development.
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7. CONCLUSIONS

At various points in this report, INSAG has provided conclusions regarding the
world's need for energy, and electricity in particular, the safety of nuclear energy,
the safety of the nuclear fuel cycle and the likely course of development of nuclear
energy in the future.

(1) INSAG notes and accepts the widespread view that the demand for energy
worldwide will grow, particularly as developing countries seek to improve the
lifestyles of their people. Electricity will continue to be a growing component
of the energy mix, increasing more rapidly than the total energy production.
The potential of renewable energy sources and conservation measures is
insufficient to meet the likely demand and exploitation of all acceptable means
of energy production, particularly of electricity, will be necessary.

(2) It is noted, moreover, that there is growing acceptance that emissions from
generating plants that produce electricity by burning fossil fuels cause exten-
sive environmental harm. In contrast, nuclear energy causes no such
emissions.

(3) There is a widely held fear, however, of nuclear power generation and of
related activities. Such concerns must be shown to be unfounded if the nuclear
option is to be exploited fully to the benefit of humankind.

(4) INSAG has defined safety objectives for both existing and future nuclear
plants, such that the risk attached to their operation should be acceptably low,
and has defined Safety Principles, the implementation of which would secure
the objectives.

(5) The need for expanded electricity production has led to continued construction
of nuclear plants throughout the world, albeit at a rate lower than that of a few
years ago as a result of public concerns. All relevant signs indicate that, at least
for some time, new nuclear plants will continue to be evolutionary develop-
ments from the light and heavy water cooled and moderated plants that are the
principal types in use today.

(6) INSAG has reviewed the available information on the safety of these types of
existing plants, seeking to determine how closely existing plants of these kinds
meet INSAG safety objectives. It is found from the historical record that
nuclear plants of the light and heavy water types that are likely to continue to
be built are now in approximate conformance with the INSAG safety targets
for plants in current use. Recent state of the art probabilistic safety analyses
also support this conclusion, although there are apparently some outstanding
exceptions where nuclear plants require improvement to attain this safety
status.

(7) The evolutionary descendants of current types of water reactor plants that have
been designed in accordance with the Basic Safety Principles in INSAG-3 and
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should be operated in accordance with these Principles should meet the even
more stringent safety targets proposed by INSAG for future plants. This would
mean that in a world with a thousand operating nuclear power plants of the
advanced designs, more than twice the number of plants now existing, an acci-
dent severely damaging some nuclear plant somewhere should not occur more
often than once in a century, and an accident somewhere threatening to harm
people should not occur more often than once in a millennium.

(8) On reviewing the other phases of the nuclear power generation cycle, INSAG
finds no basis for concern, especially considering the care they now receive.
In particular, this conclusion has been reached in connection with the disposal
of nuclear waste, a topic that arouses concern in many quarters.

(9) INSAG also notes that if society so wishes and is willing to devote the neces-
sary resources, even more improvement of safety of nuclear plants is possible.
Designs of plants that will have evolved further from the present types may
be suited to such gains, as may other more radical designs that have yet to be
proven in detail.

(10) INSAG concludes that there is no technically valid reason to reject a role for
nuclear power in meeting society's needs for an expanding supply of electricity
and, further, that the fullest exploitation of the nuclear option should be pur-
sued to allay environmental concerns.
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Appendix I

IAEA SAFEGUARDS AGAINST PROLIFERATION OF
NUCLEAR WEAPONS

All nuclear weapons are based on the rapid release of enormous amounts of
energy from fission of the isotope of uranium with mass number 235 (235U) or cer-
tain isotopes of plutonium.

Uranium-235 is found in nature, as 0.7% of the uranium in uranium ores, and
can be separated from the more abundant isotope 238U in large isotope separation
facilities. These plants are customarily used to increase the percentage of 235U to
about 4%, which makes the uranium suitable for use in an LWR. The same kind of
plant can be structured to produce uranium with a much higher percentage of 235U,
say above 90%, which is then suitable for use in a nuclear weapon. The change in
structure of the plant would be substantial and would be very difficult to hide from
an observer.

Plutonium is produced in nuclear reactors in a process that begins when neu-
trons are captured in the 238U which is present with the 235U in nuclear fuel. The
plutonium can be separated from the spent fuel in a chemical reprocessing facility.
It can later be reused in a nuclear plant as a fuel in place of 235U, or it can be left
in the spent fuel for disposal. Plutonium extracted through chemical reprocessing of
fuel from a nuclear power plant could also be used in a nuclear weapon. However,
it is not a preferred material for this purpose because after extraction from the spent
fuel it contains too much of other plutonium isotopes which would make handling
difficult and which would be likely to reduce the energy yield of the weapon. For
these reasons, countries that are known to have developed nuclear weapons using
plutonium have chosen to make it in special nuclear reactors designed and operated
to produce plutonium of a composition better suited to nuclear weapons.

In spite of these reasons which would make it inconvenient to use the commer-
cial nuclear fuel cycle as a source of fissionable material for nuclear weapons, mat
possibility remains. As the number of nations with nuclear power plants has grown,
there has been increased concern that die number having nuclear weapons would also
increase, with the commercial fuel cycle providing the capability. A broad interna-
tional consensus has arisen that this possibility should be avoided through some form
of international inspection that can reassure the world that such misuse is not taking
place, or that can provide advance warning if it seems to have begun.

The safeguards system implemented by the IAEA, especially in those States
which have ratified the Nuclear Non-Proliferation Treaty (NPT), is intended to con-
firm compliance by such States with their voluntarily undertaken non-proliferation
obligations. The NPT has been formally ratified by 143 countries.

On their adherence to the Treaty, countries (or States) not possessing nuclear
weapons agree not to acquire them, either by their own efforts or by receipt from
another country. Signatory countries having nuclear weapons agree not to transfer
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them to countries not possessing them. Each country without nuclear weapons agrees
to place its entire peaceful nuclear industry under safeguards to be administered by
the IAEA. On a voluntary basis, comparable safeguards on peaceful nuclear indus-
tries are also applied in most nuclear weapons States, for the purpose of levelling
the burden on those inspected.

In return for the commitment made by the 'non-nuclear-weapons' countries,
the countries with nuclear weapons agree to assist other countries to develop a peace-
ful nuclear energy capability. They also promise to negotiate towards reduction of
their nuclear arsenals.

The safeguards by the IAEA are administered in accordance with an interna-
tionally developed model agreement [8].

The safeguards by the Agency relative to a 'non-nuclear-weapons' country
adhering to the Treaty are applied as verification of accounts maintained by the coun-
try on all source and special fissionable material (all source and special fissionable
materials are subject to IAEA safeguards under INFCIRC/153 type agreements) in
its possession. Special fissionable material is uranium enriched in the isotopes 235U
and/or 233U and plutonium. The concept requires that the country maintain such
accounts, listing the amounts of source and special fissionable materials at different
locations, and that it report to the Agency all transfers of such materials between the
locations. The Agency checks the accounts by inspections directed at inventory
verification at specific points in the industrial process termed 'strategic points'. The
number of such inspections the Agency can make in a given year is a function of
the amount of nuclear material in the country.

The NPT is a unique incursion into the sovereign rights of the countries that
have accepted it. There has never been another similar widespread acceptance by
countries of an international right to invasion of their privacy. Yet the powers of the
IAEA are limited. It has no enforcement authority. It is restricted to judgements it
can make based on information it has received on the distribution of nuclear material
subject to safeguards in the world, and its verification of the information.

The power of the NPT is of a different kind. If a country refuses to adhere to
the NPT for whatever stated reason, this fact is of interest to the international com-
munity. And if circumstances arise in some country that prevent the IAEA from
verifying the information on safeguarded nuclear material in its possession, that fact
is also of importance. In this way the IAEA provides an early warning system that
would not otherwise exist, as to problems developing on the international non-
proliferation front.

Some people have been critical of the IAEA because it has taken no active role
with respect to countries that are believed to harbour intentions to develop a nuclear
weapons capability and that on occasion are suspected of moving towards doing so.
In fact, the IAEA goes as far as the sovereign nations of the world permit, and it
accomplishes what the nations intended it to do. Any action beyond this must be
taken by separate or joint action of the nations themselves.
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Appendix II

NUCLEAR RADIATION AND ITS EFFECTS

n.l. WHY DISCUSS NUCLEAR RADIATION?

There is a strong parallel between fire and nuclear radiation. Properly used,
both have the potential for substantially improving the quality of human life. Both
are encountered in daily life, although this is a feature of nuclear radiation not com-
monly recognized. Both are generated incidentally to certain industrial processes,
which themselves have great benefit. If misused or allowed to escape suitable con-
trol, both can cause severe injury to human beings and other living things.

Nuclear radiation is produced incidentally to the operation of nuclear power
plants to produce electricity, and it is generated in the decay of the fission products
that are the residue from this operation. Appreciation of the factors affecting the
safety of nuclear power plants requires a good understanding of the nature, sources
and effects of nuclear radiation.

n.2. WHAT IS RADIATION?

The term radiation is applied to certain ways in which energy is transmitted
through space from one place to another. A number of phenomena come under the
term. The word includes sound transmission, beams of high speed elementary parti-
cles of matter and electromagnetic waves in many manifestations. The elementary
particles of matter include electrons such as those which impinge on die screen of
the picture tube of a television set to make die image, or other parts of atoms (some-
times called subatomic particles). Electromagnetic waves include gamma rays,
X rays, light ranging from the ultraviolet through the visible spectrum to the
infrared, and radio waves, which also span a broad range from ultra-high frequency
to very low frequency. All these forms of electromagnetic radiation are vibratory
oscillations of the electromagnetic, field. They differ from one another only in die
frequency of die vibrations, which is highest for some gamma rays and X rays and
lowest for some radio waves, witii visible light in between.

H.3. WHAT IS IONIZING RADIATION?

The term ionizing radiation is applied to the more energetic forms of radiation
that ionize some of die atoms of matter that they strike. The process of ionization
is that of freeing an electron from its bound state in an atom. The atom is left chemi-
cally active and chemical changes may therefore occur. Since even small amounts
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of matter contain huge numbers of atoms, an individual act of ionization affecting
a single atom causes only a very slight overall effect. The net effect of high intensity
radiation causing a large number of ionizations can become important.

Ionizing radiation includes high speed electrons and subatomic particles and
electromagnetic radiation ranging from ultraviolet light through X rays and gamma
rays.

H.4. WHAT IS NUCLEAR RADIATION?

Nuclear radiation3 is ionizing radiation emitted from the nuclei of atoms. It
may be produced in the course of radioactive decay or it may be generated when the
nucleus of an atom has been struck by other energetic radiation. Radioactivity is a
property of a number of kinds of naturally occurring elements that change spontane-
ously, atom by atom, to other elements. As they do so they briefly emit what is called
nuclear radiation, in the form of minute bursts of high energy electromagnetic radia-
tion (gamma rays), and energetic particles (alpha rays and beta rays). As stated
earlier, gamma rays are high energy, penetrating radiation in the same class as light
and radio waves. Beta rays are high speed electrons, identical to those that give all
matter its electrical properties. Alpha rays are the heavier centres of helium atoms.

n.5. NATURAL OCCURRENCE OF NUCLEAR RADIATION

All matter is composed solely of atoms of naturally occurring chemical ele-
ments. Some of those naturally occurring elements have forms that are radioactive.
The naturally occurring radioactive elements are found everywhere in nature, and
so is the nuclear radiation they emit. Nuclear radiation is essential to the processes
that cause the Sun and stars to shine. The nuclear radiation produced naturally on
the Earth is a result of an atomic process that started at the beginning of the Universe
and has never ceased. It is emitted from the naturally occurring radioactive elements
in the rocks and soil, in the air, and even incorporated in all living matter, including
the human body. In addition, but to an extent far less than its natural rate of genera-
tion, nuclear radiation has been produced by some human activities in the course of
this century. The nuclear radiation produced through human action is identical to that
produced by nature.

3 In the following, the term 'radiation' is often used to mean nuclear radiation, which
is the focus here. When the more general concept of ionizing radiation is meant, that will be
made clear.
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H.6. ABUNDANCE OF NATURAL RADIATION

The Earth has always been bathed in nuclear radiation, some that has escaped
from the Sun and stars and some from natural processes on Earth. All observations
indicate that when life began on Earth, it was exposed to an intensity of nuclear radia-
tion even higher than that now about us, but not higher by a large factor. All the
development and change in life forms and patterns took place under radiation condi-
tions not very different from those we now experience.

However, the intensity of natural nuclear radiation on the Earth can be very
different from one locality to another. At higher elevations, such as on mountains
and at heights at which aircraft fly, there is less air above to shield from the incoming
cosmic radiation from the Sun and stars, and so the natural radiation which is due
to cosmic rays is much greater at these elevations. More importantly, the amount of
radiation from the rocks and the soil is much greater in some places than in others
because of differences in the kinds of rock and soil. At many places on the Earth,
radiation levels from the soil and the rocks are ten to a hundred times the average
values. Many of these places with high levels of natural radiation are densely
populated.

H.7. THE USES OF IONIZING RADIATION

Although the harmful effects of ionizing radiation and more particularly
nuclear radiation are here discussed at length, it must be pointed out that radiation
also has important beneficial uses. X rays are extensively used in medicine and
industry because of their ability to penetrate matter. The widespread application of
radiation treatment to certain forms of cancer makes use of X rays, nuclear radiation
from several kinds of radioactive elements (some artificially made and some found
naturally), and radiation from some particle accelerators more commonly used in
physics research. Many of the medicines used throughout the world are sterilized by
exposing them to massive doses of ionizing radiation after they have been packaged.
Exposure to ionizing radiation is used to destroy insects in stored grain. Increasing
use is being made of preservation of foods by submitting them to ionizing radiation,
as early fears of mis practice have been seen to be groundless. In these applications,
nuclear radiation is often the form of ionizing radiation used.

A large part of modern physical, biological, medical and chemical research
depends critically on the use of ionizing radiation. Few if any of the advances made
in these vital sciences during the past forty years could have been made without the
help of ionizing radiation in general and nuclear radiation in particular.

61



n.8. THE NEED TO PROTECT AGAINST RADIATION

It is well known that very high levels of nuclear radiation are harmful to human
beings and to other forms of life. Also, for reasons shortly to be discussed, there
is reason to believe that lower levels can sometimes be harmful. Therefore, although
the additional amount of nuclear radiation humans have added to the natural rate of
production is almost everywhere smaller than the background level, it is customary
to provide special protection against it. The added protection is meant to ensure that
radiation levels can only be excessive where human access is strictly limited or is
prevented, such as near X ray machines or inside the shielding of a nuclear reactor.

H.9. THE EFFECTS OF HIGH DOSES OF RADIATION

An individual who suddenly received a large enough exposure to nuclear radia-
tion would soon die; if the dose were below a given threshold, the individual would
not die. There is a region between the two values where exposure would cause some
to die and not others, depending mostly on the state of health at the time and on the
medical treatment afterwards. These are all very large amounts of radiation, far
above any levels found naturally.

Exposure to large amounts of radiation in a range still below levels that may
cause death in a few days has been seen to have other deleterious effects that can
show up soon afterwards. Radiation exposure at the upper end of this range could
lead to temporary illness, with some symptoms resembling those of a severe bum
and others associated with a change in blood physiology and chemistry.

Extreme amounts of nuclear radiation contributed to many deaths following the
atomic bombing of Hiroshima and Nagasaki. Twenty-eight of the thirty fire fighters
and workers who died at Chernobyl were killed by radiation from the damaged reac-
tor, and others were very ill for a long time afterwards. In the decades since nuclear
fission was discovered, several workers engaged in experimental activities have been
killed in accidents that exposed them to very high levels of radiation.

n.10. CANCER AND NUCLEAR RADIATION

There is also evidence that the high levels of radiation received by many at
Hiroshima and Nagasaki caused a small but definite increase in the natural rate at
which some forms of cancer occurred. Similar results have been found among some
patients who were exposed a number of years ago to large amounts of radiation in
the course of their medical treatment.

In recent years a great deal has been learned about the ways in which processes
in living cells can lead to the development of cancer. It is now known that cancer
may develop some time after injury to a part of some single cell of the many forming
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living tissue. The injury can be caused in many different ways: by heat, by incompat-
ible chemicals, by bacterial or viral invasion, or by nuclear or other ionizing radia-
tion, or it may even be spontaneous, apparently a result of an inherent susceptibility
in the cell's structure. The cancer grows as uncontrolled replication of the injured
cell.

A large fraction of the cells in the human body are injured in such ways in the
course of a lifetime. In a great many cases injured cells repair themselves by a natural
internal process. Frequently the injured cell will die and perhaps be replaced by
another. The development of a cancerous state where die cell begins to reproduce
itself in an uncontrolled fashion is a rare event. About four out of five people escape
the development of fatal cancer even though a great many of the cells in their bodies
have at one time or another gone through the precancerous stage of injury.

Since most by far of the injured cells do not develop into cancers, such an act
of development appears as a purely random event. A small exposure to a condition
that has been linked to the induction of cancer is most unlikely to cause a cancer to
develop. The cells that are injured are much more likely to be repaired or to die and
be removed by the body.

Much remains to be learned about the specific means by which cells are
injured, repair takes place and cancer sometimes develops. The importance of
nuclear radiation in cancer induction is far better understood than that of other causes
of cancer. This is partly because the effects of nuclear radiation have been studied
more and partly because they are so much easier to study.

These effects of radiation are so well understood that radiation protection
specialists and biologists have been able to show conclusively that at most a small
fraction of the normal cancer incidence rate can be caused by natural levels of radia-
tion. In fact, studies seeking to evaluate the effects of living in parts of the world
with high natural levels of radiation have not revealed any effects on natural cancer
rates. This is at least partly because the natural cancer rate is so high generally as
to mask any expected and much smaller effect of increased radiation levels.

As for man-made radiation, protective practices are implemented to ensure mat
any effects of radiation are even smaller. Then man-made radiation cannot lead to
a discernible increase in the huge number of naturally occurring cancers.

n.ll. IONIZING RADIATION AND MUTATIONS

The processes that cause mutations are identical to those mat lead to precancer-
ous states in cells, i.e. they are injuries to individual cells. In the case of mutations,
the cell is of the specific type involved in reproduction, the ovum of a female or the
spermatozoon of a male. The injury that causes the mutation leads to changes in one
or more genes that are components of the chromosomal matter in the cell.

Most people believe that mutations lead to offspring which are deformed,
sometimes hideously so. This is a gross misunderstanding, because such an extreme
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result is most improbable. Instead, the most frequent result of a mutation in germ
tissue is either non-viability of the germ cell or loss of its ability to participate in
reproduction. When a germ cell bearing a mutation in its genetic code is still so
viable that it does participate in fertilization with the result being a human birth, the
usual result is change that is difficult to perceive because it is part of the variability
of the human species. It is estimated that about 5-10% of all human births are of
offspring with one or more genetic mutations representing variation from their ances-
tral germ tissue. These are not easy to distinguish from other birth defects that are
caused by injury to the foetus during critical periods of its growth. Such injuries can
be the result of exposure to certain chemicals or to exceptionally high levels of ioniz-
ing radiation, or physical injury to the mother. Some mutations can be harmful, with
results such as reduced resistance to certain diseases4. Some mutations may be
beneficial, but this is probably a rarer event. Some simply cause differences, such
as in eye colour or hair characteristics.

The cell changes that lead to mutations in germ cells resemble those that cause
the precancerous stages of other cells. Similar causes are at work in the two cases.
The role of radiation in causing mutations is much better understood than that of
other contributors, because it has been studied more and because it is easier to study.
It is well established that very little of the natural rate of incidence of mutations can
be due to naturally occurring nuclear radiation.

Classic experiments with insects have led to occasional radiation induced muta-
tions causing such changes as altered eye colouring. Experiments with large numbers
of mice have also shown radiation effects on their heredity. No mutations have ever
been observed in larger animals as a result of radiation, though numerous studies
have been conducted to isolate such effects. The study of survivors of the atomic
bombings of Hiroshima and Nagasaki has failed to reveal any mutations attributable
to irradiation. Yet it is believed that large enough experiments would show some
effect, and most geneticists believe that some small fraction of the naturally occur-
ring human mutation rate must be the result of exposure to natural levels of radiation.
They believe that the inability to find such a connection when it has been sought must
be attributed to the fact that other, predominantly natural, sources of mutations have
been so dominant as to conceal the effects of radiation.

H.12. RADIATION PROTECTION PRACTICES

The limitations that have been set on nuclear radiation exposure in connection
with nuclear energy and other activities are those that have been recommended by
the International Commission on Radiological Protection (ICRP). The ICRP was

4 For example, a mutation in a germ cell of Queen Victoria of England led to hae-
mophilia in her male descendants among the Bourbons of France and the Romanovs of Russia.
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formed about 70 years ago in response to a recognized need for internationally
accepted standards for exposure to ionizing radiation. The ICRP's recommendations
on radiation dose limits and on protective practices have evolved as more has been
learned about the subject. The latest revisions to the recommendations, published in
1991, reflect increases that have been found in the numbers of leukaemia cases due
to later incidence in survivors of the atomic bombing of Hiroshima and Nagasaki,
and changes in estimates of the radiation exposures of these survivors. Radiation pro-
tection at nuclear plants around the world is generally in conformance with these new
recommendations, and where it is not, it is expected that the practices will be modi-
fied accordingly.

ICRP recommends that radiation practices follow the principles of justifica-
tion, optimization and limitation. By justification is meant avoidance of activities that
lead to unnecessary radiation exposure. Optimization means maintaining radiation
exposures as low as reasonably achievable. Limitation means that exposures above
recommended limits are to be avoided if at all possible.

On the basis of these recommendations as to practices, limits are proposed by
the ICRP on radiation exposures for workers in the industries in which ionizing radi-
ation is generated, and for any of the general public who might be affected. These
limits are chosen to restrict risks from radiation exposures to low values.

The objective in the field of nuclear energy is to keep the risks low compared
to the limits recommended by the ICRP. As was pointed out earlier, if natural radia-
tion has harmful effects, they are at levels so low that careful study has not been able
to identify them. It was also pointed out that cancer rates have been seen to be
increased slightly but measurably by high doses of radiation. Modern cell biology
concludes that the same processes which lead to occasional development of cancer
at high levels of radiation should also act at lower levels, but at a probability that
is lower as the radiation dose is reduced. It is also believed that any tendency to
cancer induction decreases at a rate faster than the reduction in die dose level, so
that the effect at low levels is correspondingly smaller.

Because modern biology includes the assumption that any amount of ionizing
radiation has some chance, however small, of inducing cancer, radiation protection
practices are recommended by ICRP for all sources and uses of man-made ionizing
radiation. These protective measures are aimed at keeping exposures to man-made
ionizing radiation well below natural exposure levels, and as low as is practicable.
It is recognized, however, that some workers must occasionally be subjected to
higher doses, and special limits are set for these situations such that the workers are
not submitted to risks mat would be exceptional in industrial practice.

It is also recognized that no industrial enterprise is guaranteed to be free of the
possibility of an accident. The protective measures established for and by the nuclear
power industry are directed at making sure that no member of the public would
undergo a high risk of harm even if an accident occurred at some nearby nuclear
plant. Modern practice extends this objective to the workers at the nuclear plant.
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Appendix III

RELATIVE HEALTH RISKS IN ELECTRICITY GENERATION

INTRODUCTION

The following discussion of the relative risks of generating electricity by
different means is not based on any work by INSAG or its members, but is taken
from well known available international sources5.

ffl.l. GENERAL

Although the generation of electricity bestows many benefits, it also carries
with it certain health risks. So that the implications of these risks may be understood
and compared, they must be objectively quantified. These risks originate in many
parts of the cycle associated with whatever means of generating electricity is consid-
ered. They are diverse in character and involve different people at different stages.
It is necessary, therefore, to discriminate between aspects of risk so that only similar
categories are compared.

HI. 1.1. Energy cycle

Each means of producing electricity requires an infrastructure of supporting
activities without which it could not exist. Most consume fuel of one kind or another,
which must be extracted from the earth, processed and transported to the place of
use. All depend on manufacturing of the equipment used for mining, refining and
transportation, and on the manufacture and construction of the plants in which the
electricity is generated. The totality of the generating activity and the support sys-
tems is called an energy cycle.

The major health risks of different energy options can occur in quite different
parts of their energy cycles, and in order to compare the risks it becomes necessary
to consider entire cycles. The energy production process itself is, of course, an
important step in the cycle, which finally ends with the processing and disposal of
all wastes generated in the production of the electricity and the supporting cycle. The
health risk of a particular energy option is the sum of the risks of all the individual
steps of the cycle. A comparison of the risks of only a single step such as the actual

5 Appendix III draws extensively on material from Refs [9, 10], much of which is
summarized in Ref. [11].
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generation of electricity would give quite a misleading picture if the major risks were
elsewhere.

The electrical energy systems to be compared include: (1) the fossil fuel com-
bustion cycle; (2) renewable energy systems; and (3) the nuclear fuel cycle.

III.1.2. Health risks

Health risks are generally divided into the categories of immediate and delayed
effects. Immediate effects consist of severe physical injury or death. Delayed effects
are those that would not be felt until some time after the occurrence of an event con-
tributing to them. The event could be a single incident or it might be an accumulation
of several incidents, even a continuing situation. In the case of a chronic exposure
to a noxious substance or to radiation, such as the exposure of a miner to dust or
the exposure of a member of the public to the emissions from a power plant, there
is a cumulative risk of contracting a disease which might be fatal. Among such health
effects, the risk of cancer is important.

A discussion of the risks of energy production to human health must therefore
differentiate between immediate effects due to accidents and delayed effects such as
disease, and this both for occupational activities on the one hand and for the general
public on the other.

UI.1.3. Severe accidents

Events discussed so far refer to the routine conduct of operations forming parts
of an energy cycle. This also includes all faults, accidents and diseases which, as
experience shows, must be expected to accompany routine operations. They do not,
however, include the possibility of a very severe event, which may be so unlikely
that it has only rarely if ever occurred. Examples of severe events of this kind are
a disastrous mine accident, an explosion or fire, the failure of a hydropower dam
or a severe reactor accident. These are generally perceived as occurrences of special
significance. They usually excite more concern than routine events, even though
these events may, over the years, be responsible for a death toll far in excess of that
from the spectacular rare events.

m.1.4. Risk assessment

Analyses of comparative risk available in the literature show large differences
due to different data and assumptions. Furthermore, these studies provide only
incomplete views of the complex health risks associated with the generation and sup-
ply of electrical energy. For example, no study thus far has included a quantitative
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treatment of near term health effects of nitrogen oxides, trace metals and hydrocar-
bons, or an analysis of the long term health consequences of release of these agents
or of carbon dioxide.

For the determination of the risks resulting from the emission of toxic sub-
stances, computational models of the relevant processes must be set up which draw
on statistical information on such topics as atmospheric diffusion, population distri-
bution and dose-effect relationships. These models are far less well established for
electricity production by fossil fuelled plants than for nuclear plants.

Probabilistic risk analysis is used to estimate the probable frequency and
effects of accidents to nuclear plants. The probabilities of all failures and combina-
tions of failures of components and systems of the plant are combined and analysed
to provide overall probabilities of failure sequences and their consequences. This
leads to estimates of the corresponding risks. In practice, the analysis has been done
only for nuclear plants, since the required data are not known for fossil fuelled
plants.

III. 1.5. Perception and assessment of risks

Hazardous situations of different kinds are perceived in different ways,
depending usually on many subjectively experienced circumstances. This subjective
relative perception of the risk due to a given situation can vary individually to a high
degree. The result is that individuals and society often act in ways inconsistent with
an objective ranking. As a result of the subjectivity of reaction to risks, it frequently
happens that behaviour in the face of a hazard is ambiguous or even counter-
productive. In countless cases society undertakes costly safety measures to ward off
small or even trivial risks when these stir up emotions, while far greater risks are
ignored if they do not loom as threatening.

INSAG is concerned here with objective indications of the probability that
harm will ensue and of the magnitude of that harm. Subjective risk decisions are
political and not technical.

ffl.2. ESTIMATED RISKS EXCLUDING SEVERE ACCIDENT RISKS

Risks can involve quite different sections of the population. Hazards at work
and public risks must be treated separately since one would tend to judge these
various hazardous situations differently. Workers are or should be aware of their
occupational risks, which depend to a considerable extent on the behaviour of the
person concerned. In contrast, the public is only vaguely aware of the hazards result-
ing from industrial processes and must trust the organizations responsible that these
risks have been reduced to an acceptable level.
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ffl.2.1. Occupational risk

7/7.2.7.7. Immediate occupational risk

For the group of fossil fuel systems, this aspect of risk is quoted as between
0.1 and 3.2 fatalities/GW-a (the unit gigawatt-year, GW-a, represents operation of
a station to produce 1000 MW(e) of electricity over an entire year). The risk is dis-
tinctly higher for the coal cycle than for oil and gas. If the coal is mined under bad
working conditions in an out of date mine, the risk can be higher by at least a factor
of ten. Table n shows the data.

The risk in the case of the renewable energy systems is perhaps surprisingly
high, quoted with a range of up to a few fatalities/GW-a. This is due to the large
materials requirements of these systems. In the case of solar and wind energy, it is
suggested that a reduction by a factor of perhaps four might be hoped for after further
development has reduced the materials requirements. Hydropower energy produc-
tion remains comparatively risky with respect to acute occupational hazard.

The nuclear power systems clearly show the lowest risks in this category
(0.07-0.5 fatalities/GW-a), principally because the requirements for fuel and con-
struction materials are less. Table n shows the comparison with fossil fuelled elec-
tricity generation.

III. 2.1.2. Delayed occupational risk

The risks quoted are 0.02-1.1 fatalities/GW-a (coal) and 0.07-0.37 fatali-
ties/GW • a (nuclear); see Table II. These fatalities arise mainly in the mining of coal
and uranium ores. The other energy systems also incur some occupational risks in

TABLE H. OCCUPATIONAL FATALITIES (per GW-a)

Coal
Oil

Gas
Nuclear (LWRs)"
Renewable (solar, wind)

Renewable (hydropower)

Immediate

0.16-3.2
0.20-1.35
0.10-1.0
0.07-0.5
0.07-0.5
0.5-4.0

Pelayed

0.02-1.1
?
7

0.07-0.37
7

9

" LWR: Light water reactor.
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TABLE ffl. PUBLIC FATALITIES (per GW-a)

Immediate Delayed

Coal

Oil

Gas
Nuclear
Renewable (solar, wind)
Hydropower

0.1-1.0
0.001-0.1

0.2
0.001-0.01
0.05-2.0

?

2.0-6.0
2.0-6.0

0.004-0.2
0.005-0.2
0.05-2.0

?

the course of the production of base materials for the various installations but they
are generally small and have rarely been assessed. For coal and uranium ore mining,
the risks depend on whether the mining is performed underground or at the surface.
Underground coal mining is more dangerous than underground uranium ore mining
and the risk can be higher by a factor of more than ten under bad working conditions
in an out of date mine. The use of surface mined coal leads to fewer late fatalities
than the nuclear option, whereas other parts of the fuel cycle, particularly the opera-
tion of the power station, contribute more to this aspect of risk.

Adding acute and late effects gives a total occupational risk for nuclear power
in the range 0.14-0.87 fatalities/GW-a, compared with the equivalent figure for
coal, 0.18-4.3 fatalities/GW-a.

III.2.2. Public risk

III.2.2.1. Immediate public risk

The immediate risk of death for the general public is given in Table HI. It is
due mainly to rail and highway accidents or to accidents involving other means of
transport such as pipelines. These risks are usually dependent on the transport dis-
tances. Because of the much lower quantities of materials that have to be transported,
the risk for nuclear systems, quoted as 0.001-0.01 fatalities/GW • a, is far lower than
for any of the other energy options.

The coal cycle is at the greatest disadvantage here, because such large
quantities of materials must be transported (0.1-1.0 fatalities/GW-a). The risk
from the transportation of fuel oil, large quantities of which also are needed, can
vary considerably, depending on the site of the power station and the means of
transportation (0.001-0.1 fatalities/GW-a). The rather high value for natural gas
(0.2 fatalities/GW-a) is a result of pipeline transport and includes relatively rare but
very high consequence accidents with explosions and fires.
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Information on the risks of renewable energy systems based on use of the Sun
and wind reflects the need for transport of large quantities of materials. The expected
reduction in material requirements following further development should reduce
these risks.

No information is available on transport risks in connection with the construc-
tion of hydropower dams.

III. 2.2.2. Delayed public risk

Immediate risks previously discussed are founded directly on accident and
mortality statistics.

The situation is rather different for the late mortality risks for the public. These
risks are a consequence of routine emissions of noxious chemical or radioactive sub-
stances, not only during the operation of the power stations, but also in the course
of producing the materials required for the construction of all necessary installations.
The consequences of these emissions are difficult to distinguish from those of many
other influences that can have identical effects. Therefore these consequences are
difficult to measure directly and are not well known on a statistical basis. They have
to be estimated on the basis of the corresponding dose-effect relationships. Here two
difficulties are encountered.

Knowledge about the biological effects of ionizing radiation is relatively good.
In contrast, far less is known of the health effects of chemical substances, which are
present in the environment in enormous variety. Of the noxious substances produced
during the combustion of fossil fuels and emitted from power plants, the effects of
sulphur dioxide have been studied most extensively. Exhaust gases contain many
other components, such as nitrogen oxides, carbon monoxide, carbonyls and many
other organics identified as carcinogenic, and many heavy metals. The health effects
of these have been studied only very little. In an analysis such as mat reported here,
the health effects are usually correlated with die sulphur dioxide content of the
exhaust gases. How far mis use of sulphur as an indicator can reproduce the effects
of the other components is an open question.

The second difficulty is of a more fundamental nature. The doses resulting
from the emissions are low and are frequently very low, but they may be shared by
large groups of the population. It is thus necessary to extrapolate die health detri-
ment, which is better known at high daws, down to die doses of interest, usually
many orders of magnitude lower. It is generally agreed among risk assessors that a
linear extrapolation without a threshold down ID zero dose is a conservative assump-
tion. This assumption is made by die ICRP for ionizing radiation and it forms die
basis for the radiation protection regulations in most countries. In addition, it is
almost unanimously accepted for the assessment of die risks from noxious chemicals.

It is important to note, however, that this assumption is a hypothesis, whose
validity may perhaps never be statistically confirmed or disproved, just because die
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effects are so small at low doses. Thus the fatalities determined on the basis of this
hypothesis are calculated hypothetical fatalities, which cannot be directly compared
with statistically registered actual fatalities.

Such low doses due to emissions from energy systems and their effects must
also be related to doses of the same substances due to other sources. In the case of
ionizing radiation, the population is exposed continually both to natural radiation,
which varies considerably from place to place, and to radiation from medical and
other activities. In contrast, for most of the chemical substances emanating from fos-
sil fuelled power stations, there is at most an insignificant natural background dose.
The levels of sulphur and nitrogen oxides and ozone measured today originate from
industry, energy production and particularly from motor traffic.

Table in quotes estimates of the late mortality risk to the public due to electri-
city production. This risk is similar for the nuclear and natural gas options
(0.004-0.2 fatalities/GW-a). For the options based on burning coal and fuel oil it
is much higher (2.0-6.0 fatalities/GW-a).

Emissions in connection with the production of base materials for the renew-
able energy options also lead to relatively high risks. No figures are available for
the risks of hydropower energy production.

The addition of acute and late risks gives a total public risk for nuclear energy
in the range 0.006-0.21 fatalities/GW.a. The equivalent figure for coal and oil is in
the range 2.0-7.0 and for natural gas 0.2-0.4.

ffl.3. SEVERE ACCIDENTS

UI.3.1. Case histories

Table IV lists potential severe accidents to which energy production is subject,
and Table V lists selected cases and their consequences (Tables XV and XVI of
Ref.[ll]). Table VI reproduces the summary from Table XVH of Ref.[ll]. These
data show only too clearly that energy production, whatever the means, can be sub-
ject to severe accidents that in some cases are not even so infrequent.

In the coal cycle there is a potential for severe accidents during underground
mining operations. In the course of the stated 18 year period there were at least
62 mine disasters worldwide, with from 10 to 434 fatalities each and a total of 3600
fatalities. On an average there were 200 such fatalities per year. In the first half of
1989 there were additional accidents in the Federal Republic of Germany with
47 fatalities and in China with 44.

The extraction of petroleum and natural gas from under the sea has led to the
capsizing of 6 oil platforms with a loss of from 6 to 123 lives at a time. A further
166 deaths were caused in July 1987 by an explosion on a platform in the North Sea.
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TABLE IV. NATURE OF POTENTIAL ACCIDENTS WITH DIFFERENT
ENERGY SOURCES'

Energy source Accident description

Coal

Oil/gas

Nuclear

Hydropower

Geothermal

Solar, thermal

Explosions or fires in underground coal mines;
collapse of roofs or walls in underground or
surface mines; tailings dam collapse;
haulage/vehicular accidents

Offshore rig accidents; fires or explosions from
leaks or process plant failures; well blowouts
causing leaks; transport accidents resulting in fires
or explosions; loss of content in storage farms
resulting in fires or explosions

Loss of coolant water and reactor meltdown;
accidents during shipment of high level radioactive
waste

Rupture or overtopping of dam

Well blowouts, resulting in release of toxic gases

Release of toxic working fluids

1 TableXVofRef.fi!].

An explosion or a large fire is possible in a number of steps in the fuel cycles based
on use of oil and natural gas, especially in a refinery, an oil or gas tank, or during
transportation, particularly over the seas. In the case of oil, at least IS such events
occurred during the 18 years to 1986. They were responsible for a total of 450 fatali-
ties. At least 24 such events took place in the natural gas cycle (excluding local distri-
bution and use). These caused a total of 1440 fatalities, almost 100 per year.

Hydropower dams have historically been the cause of a number of particularly
disastrous events. It is difficult to determine from the available literature which of
the accidents that occurred were to dams devoted to electricity production. In the
interval from 1969 to 1986, at least 8 severe dam accidents fell into this category,
caused mostly by overtopping due to floods. These caused a total of 3839 fatalities,
an average of over 200 per year.
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TABLE VI. NORMALIZED FATALITY RATES FOR SEVERE ACCIDENTS
(1969-1986) (after Ref. [9])a

Coal
Mine disaster

No. of
events

62

Fatalities
per event

10-434

Total
fatalities

3600

Energy
produced
(GW-a)

10000

Fatalities/
energy

(fat./GW-a)

0.34

Oil
Capsizing
Refinery fire
During transport

Natural gas
Fire/explosion

Hydropower

Nuclear

6
15
42

24

8

1

6-123
5-145
5-500

6-452

11-2500

31

NAb •)
450 |

1620 )

1440

3839

31

21 000

8600

2 700

1 100

0.02
0.08

0.17

1.41

0.03

a Table XVII of Ref. [11].
bNA: Not available.

Note: Reported fatalities are in terms of immediate fatalities; delayed fatalities, which are
particularly relevant for the Chernobyl accident, are not included.

The only severe accident to a nuclear plant since the start of commercial
nuclear energy production about 35 years ago was the one at Chernobyl. This caused
30 fatalities among workers and there is a possibility of a number of late fatalities
among the public which cannot at present be estimated with any certainty.

m.3.2. Immediate mortality risks

The foregoing discussion does not yet give a clear idea of the relative risks of
the alternative ways of producing electrical power. To do this, it is necessary to
relate the number of fatalities due to the production of electricity by a given means
to the amount of electrical energy produced in those ways.

Hydropower and nuclear energy are used only to produce electricity, so the
mortality risk attached to these can be compared directly. During the period to which
Table VI refers (1969 to 1986) a total of about 2722 GW-a of electricity were
produced worldwide by hydropower. Since this led to at least 3839 fatalities, the risk
was 1.41 fatalities/GW-a or greater (Table VI).
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In the same period, 1035 OW-a of electricity were produced by nuclear
energy. The Only immediate fatalities were the 31 at Chernobyl. The corresponding
risk was therefore 0.03 fatalities/OW-a, 50 times lower than that for hydropower.
It may also be asked whether the inclusion of the Chernobyl accident among the data
is meaningful. That reactor was of a type very different from the ones used in the
rest of the world, and the design has even been abandoned in the USSR for future
plant construction. Furthermore, the operating practices that led to the Chernobyl
accident have been severely modified. It is more valuable to estimate the correspond-
ing risk of immediate fatalities for the nuclear plants used in most of the world, and
to compare this risk to that of hydropower. There have been no fatalities from opera-
tion of these types of nuclear plants, however, and to obtain an estimate of relative
risks it is necessary to resort to probabilistic risk assessments, which seek to evaluate
such information from the characteristics of the plants and their operating modes.
Such probabilistic risk assessments have been performed for many of the types of
nuclear plants used in most of the world. These assessments have been used in the
following comparisons.

Figure 1 shows the immediate mortality risk due to severe accidents in the
nuclear power (LWR), fossil fuel afld hydropower energy cycles. It is seen that
severe accidents with a specific number of acute fatalities are expected to occur about
10 000 times more frequently in mines to produce coal for the coal electric cycle than
would occur at nuclear power plants producing the same amount of energy.

Refining of oil is only one of the major processes in the oil-electricity cycle.
Yet severe accidents at oil refineries are about a factor of 1000 times more frequent
than is expected for accidents of the same severity at nuclear plants.

According to the estimates in Ref.[ll], for equivalent severity, an accident to
a hydropower dam is more likely by a factor of about 1000 than an accident to a
nuclear plant.

Converting these data to a basis which allows for the quantities of electricity
generated leads to a risk of 0.0001 fatalities/GW-a for the nuclear option. The cor-
responding figures for the fossil fuelled cycles are given in Table VI as:

Coal 0.34

Oil 0.10

Gas 0.17

In this connection, die renewable energy systems, solar, wind and biomass
(excluding wood), are exceptional. In contrast to all other energy options they have
practically no potential for severe accidents or for catastrophic failure in the actual
production of electricity. The corresponding risks in their support cycles have not
been evaluated.
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FIG. 1. Probabilities per gigawatt-year of electricity production of immediate fatalities due

to severe accidents for nuclear power, hydropower and fossil fuel options. ((E) is the reference
curve determined on the basis of the mean values of the expected release category frequencies;

(M) is the curve determined on the basis of the median values of the expected release category

frequencies; LWR: light water reactor; DRS: German Risk Study [12]) (after Refs [9, 13]).
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m.3.3. Late mortality risks

The production of nuclear electricity is the only cycle that has thus far been
analysed for the late mortality risk from severe accidents, and such results have only
recently been published in the USA. The topic is not covered in the references drawn
on so far in Appendix ffl. One of these results has already been quoted in the main
report, however. This states the probability that an accident will occur at a light
water reactor causing one or more subsequent cancer fatalities as between 0.1 and
2.0 per 100 000 plant-years. To a degree, this form of statement disguises the fact
that accidents with very low probabilities could lead to a large number of health
effects to the public. When these are taken into account, an average expected value
for latent cancer fatalities of between 0.001 and 0.01 delayed fatalities/GW-a is
obtained. Added to the total risk to the public from routine energy production
(0.006-0.21 fatalities/GW-a) and from the immediate effects of severe accidents
(0.0001 fatalities/GW-a), this does not change significantly the overall estimates of
the risks from the nuclear option.

Corresponding events that might occur in the other energy cycles but whose
consequences have not yet been calculated are a refinery accident that might lead to
a spread of carcinogens, or an explosion in a future large scale factory for producing
photovoltaic devices, that might result in a widespread distribution of gallium
arsenide. In both cases the dispersion mechanisms of toxic products in the environ-
ment would be quite similar to those taken into account in the nuclear risk studies,
and potential harmful consequences must be assumed.

Therefore, even if no meaningful comparisons of this aspect of risk are avail-
able at present owing to the lack of evaluation of the late health effects to be expected
after a large non-nuclear accident, the probability of nuclear accidents with large
health effects at water reactors is still so low that they do not make a large contribu-
tion to the overall risk.

ffl.4. CONCLUSION

On the basis of, first, the mortality risks during routine energy production,
excluding severe accidents, nuclear energy presents a very low risk for the public.
The occupational risk, stemming from ore mining and operation of the power plant,
is not negligible. But one must keep in mind mat the fossil fuel energy cycles exhibit
much higher risks for the personnel who harvest the large quantities of fuel needed.
Moreover, the general public is also subjected to a relatively high risk from the
noxious products of the combustion process; natural gas, a very clean fuel, is an
exception in this latter respect.
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Most people believe that renewable energy systems are risk free. This is not
the case. They require large amounts of materials, and thus are associated with
appreciable occupational accident risks, as well as non-negligible public risks.

The risks originating from severe accidents are small or negligible for some
types of renewable energy systems for which severe accidents are hardly imaginable.
But the fossil fuel energy systems and hydropower have relatively large probabilities
of severe accidents. By contrast, the risk is low for the nuclear energy cycle.
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