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FOREWORD

The Federal Republic of Germany published the Summary of the German Risk Study in
August 1979 and subsequently made available an excellent English translation of
that document. The main report of the German Risk Study was released in early
1980, and this special EPRI report is its English translation. The technical
appendixes will be published starting in late 1980. It is our understanding that
the U.S. Nuclear Regulatory Commission (NRC) will prepare English translations.

The purpose of this special report is to make the German Risk Study available to a

tTarger audience and thereby promote technical consensus on proper methodologies
for probabilistic risk assesswent. A probabilistic risk assessment of a nuclear
power plant is a large and complex task encompassing a broad range of technical
disciplines and many subtle analyses. In its report (NUREG/CR-0400) to the
Nuclear Regulatory Commission, the Risk Assessment Review Group (Lewis Committee)
criticized the Reactor Safety Study (WASH-1400) for inadequate peer review
process. Given the fact that the Reactor Safety Study was the first of its kind,

such inadequacy was almost inevitable.

Although Phase A of the German Risk Study is based upon Reactor Safety Study
methodoiogy, in the process of doing the work the German team under Professor

Birkhofer has probably performed an in-depth peer review of the Reactor Safety

Study. The fact that the conclusions reached by the Germans on the public risk
from Biblis B are comparable to those reached by the Reactor Safety Study for
Surry 1 and Peach-Bottom 2 does not guarantee the validity of the Reactor Safety

Study results. However, the similarity does lend confidence that the Reactor
Safety Study contains no major errors. It is evident from its report that the
German team learned from the Reactor Safety Study experience, and especially from

the critical reviews thereon.



The German Risk Study is a noteworthy effort to communicate complex technical

ideas. If other groups conducting major risk assessments can profit from reading
this translation, then the primary EPRI purpose will have been achieved.

The benefit of a probabilistic risk assessment stems from identifying the accident
sequences that dominate public risk rather than from stating the "bottom 1ine"
risk. The differences between the estimated risks in the German Risk Study and

those estimated in the Reactor Safety Study are not statistically significant, and

such comparisons do not appear particularly fruitful. The interested reader
should be aware that the reference plant (Biblis) for the German Risk Study

represents a state of the art advanced several years beyond the American counter-
part (Surry). Another difference originates from the fact that contrary to the
American approach, intermediate results of the German analyses were presented at
various occasions. They were utilized to introduce modifications to the plant
systems. Plant system modifications as of 1978 are incorporated into the study
and its results.

In this translation, every effort has been made to render an accurate English
equivalent while using the technical terminology commonly expressed within the
Reactor Safety Study. Please bring any error to the attention of the undersigned.

Ian B. Wall
Nuclear Safety & Analysis Dept.
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ABSTRACT

A translation of the Deutsche Risikostudie Kernkraftwerke, this report assesses the

risks due to accidents caused by the operation of nuclear power plants in the

Federal Republic of Germany. The study, performed under the direction of the Fed-
eral Ministry for Research and Technology, is organized into two phases: The

current report presents an overview of the investigations and results of the first
phase (Phase A), whereby the probabilistic risk assessment methodology used in the
American Reactor Safety Study (WASH-1400) is applied to the particular reactor system
technology and siting conditions of the FRG. Phase B, planned primarily to intensify
study of individual problem areas, will employ further methodological developments
and will consider the current status of safety research.

To assess risks, all sites in the FRG with LWR plants of at least 600 MW(e) that
were in operation, under construction, or approved for construction on July 1, 1977
were included. Thus, 19 sites with a total of 25 generating plants were considered.
Plant studies were performed for Biblis B, the selected PWR reference plant.

Within the uncertainties, the results of the German and American studies agree, the
German study confirming that accident-caused risks from nuclear power plants are
relatively small.






PREFACE

The responsible use of nuclear energy requires an unprejudiced and factual discus-
sion of its risks. The attempt to systematically analyze and present these safety
probiems through new methods was first undertaken in the United States. The
results of this research are published in the Reactor Safety Study (WASH-1400),
better known as the "Rasmussen Study."

In the Federal Republic of Germany (FRG) the need to obtain comparable data on the
risks of utilizing nuclear energy arose when it became evident that American
results could not be applied "as is" to German reactors. Because of differences
in reactor technology and siting, the need for our own study became apparent.

1 therefore issued a contract for a German risk study analogous to the Reactor
Safety Study to determine the total risks due to accidents caused by operation of
nuclear power plants in the FRG. Another objective was to formulate an attitude
on the accuracy of such studies and to find starting points for their further
refinement thrcugh extensive supplementation of the Reactor Safety Study.

One important outcome is the agreement within error limits between the results of
the German and American studies. The statement in the Reactor Safety Study that

accident-caused risks from nuclear power plants are relatively small--particularly
when they can be compared to other everyday risks--was confirmed.

Another significant result was the indication that latent deaths from reactor
accidents can be distributed cver a large area. With respect to German nuclear
power plants, half of this area lies beyond our borders. Conversely, this also
means that we will be affected by the consequences of accidents in neighboring
countries, clearly illustrating that efforts to prevent accidents and to 1limit
subsequent damage require an international agreement. This point of view is the
stated position of the federal government, which will continue to press for an
international discussion on questions of reactor safety.
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This study forms a basis for scientific discussions not affected by nonspecific
concepts like "hypothetical® or "unbelijevable"; indicates which questions should

receive preference in the framework of reactor safety research, and serves as the
basis to discuss the potential contribution of refined engineered safety features
and other measures to reduce risk. The error limit is still very large; there-
fore, careful use of the absolute figures seems appropriate.

When the contract for the German Risk Study was issued, there was already a lively

discussion about various weak points in the Reactor Safety Study. Additional

criticisms were later addressed in the Risk Assessment Review Group (Lewis)
Report.

In 1ight of this criticism, a decision was made to divide the German Risk Study

into two sections. In the present Phase A, comparison with the Reactor Safety
Study 1is emphasized with consideration of existing differences in system
technology and location. Subsequently, with regard to the Reactor Safety Study
and additional weaknesses found in Phase A, methods and models will be refined and

then incorporated, along with new information on safety research, into an improved
Phase B.

For Phase B, 1 desire the broadest collaboration of different qualified groups,
even those that are skeptical about nuclear energy. 1 am convinced that an
extensive discussion of this difficult matter is needed. All voices must be heard
in order to validate the results in every regard.

Therefore, I request all interested parties to critically analyze the results of
this study and to send me comments and notes that might be useful in Phase B.

This study uses the example of nuclear power plants to describe the risks--
including the quite remote potential for injury--caused by application of modern
technology. There is no doubt that other areas of technology pose considerable
risks and that delayed injury and effects over large areas must be expected.
Because of our rudimentary level of knowledge, a comparison of potential, long-
term injury is hardly possible. However, it must be assumed, for instance, that
pollutant emissions from the utilization of fossil fuels contribute significantly
to the cancer rate and also cause long-term environmental changes.

In order to better understand the hazards of our modern industrial society, the
risk analysis with its potential for detection, 1imitation, and minimization of
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harmful influences, can be a great help--thereby improving our quality of life. I
therefore favor the refinement and broad application of risk studies, and I hope
that from an intense discussion of the results of this study, strong impetus for

corresponding analyses in other areas will arise.

Volker Hauff
Federal Minister for Research and Technology
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Section 1

OBJECTIVE AND ORGANIZATION OF THE STUDY

In the spring of 1976 the Federal Minister for Research and Technology issued a
contract for a risk study for a pressurized water reactor (PWR) nuclear power
plant.

It is the objective of this study to determine the risk caused by accidents in
nuctear power plants licensed and sited under German conditions. The investiga-
tions needed for this were to be undertaken with respect to the American Reactor
Safety Study WASH-1400 (1) (a).

Work began on this study in the summer of 1976. It was performed by different
institutions and coordinated by the Gesellschaft fur Reaktorsicherheit (GRS,
Reactor Safety Company) as the prime contractor.

The study is organized in two phases. The present report contains the results of
the first phase of the study.

1.1 INTRODUCTION

Safety considerations have always played an important role in nuclear engineer-
ing. Thus, nuclear power plants have to meet comprehensive safety requirements
with regard to design, construction, and operation. These requirements are a
major element of the regulatory process under the German Atomic Energy Act and
have been set forth in detail in the safety criteria for nuclear power plants
issued by the Federal Minister of the Interior (2) and in additional detailed
guidelines and regulations [e.g., (3,4)].

Parallel with the development of the concept of technical safety, considerations
at an early date had led to the estimation of effects of severe accidents in
nuclear power plants. The first and best known study of this type is the
Brookhaven Study WASH-740 (5) prepared under contract to the United States Atomic
Energy Commission (USAEC) and published in 1957, However, the 1imiting influence
of safety features designed into nuclear power plants at that time was not

included in the study. Probability evaluations--where performed--were very inac-
curate. They played a subordinate role in the study.
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Studies concerned primarily with the determination of the extent of consequences .
are unsuitable for an evaluation of risk. They do not include any statement about

the actual risk connected with the operation of the nuclear power plant. The risk

depends rather on the extent of the designed safety features and their success in

interfering in a nuclear power plant to overcome occurring accidents and to limit

the consequences of potential accidents. In addition to information on the magni-

tude of consequences itself, the probability with which designed safety features

may fail and severe reactor accidents occur should be of primary importance.

Nuclear power plants have been in operation in various countries for more than 25
years. During this time no one has been killed by radioactive release from a
nuclear power plant nor has there been any demonstrable health injury. But it is
not possible to derive nuclear risk values from available experiences of past
accidents. The risk values must therefore be determined by analytic means.

Since the mid-1960s--especially in England (6)--suggestions have been under
discussion for including the frequency, in addition to the extent, of injury as a
criterion for evaluation of safety. Such suggestions could only be discussed as
concepts at that time. The status of methodology and available experience was
insufficient to implement a realistic determination of risk values. In subsequent
years the application of probabilistic methods--not only to nuclear technology--
made significant progress. The primary objective was to evaluate system
reliability and to improve it as necessary. The usual deterministic criteria of
safety feature design were to be supplemented thereby. The reliability analysis
developed into an important aid in the evaluation on safety. It therefore proved
to be a decisive prerequisite for the implementation of risk studies.

The American Reactor Safety Study (WASH-1400) is the first extensive study in
which probabilistic methods were used to determine the risk posed by accidents in

nuclear power plants. The study was published in October 1975 after about three
years work (1). Thus, the first attempt was made to quantify in detail the risks
of a complex technology. The procedure of theoretical determination of risk has
not previously been performed in any other technical discipline on this scale.

1.2 OBJECTIVE AND ORGANIZATION OF THE STUDY

After publication of the American Reactor Safety Study (WASH-1400), the question
arose of how much its results could be directly applied to German conditions.
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Even though the same light water reactor model used in the USA is also found in
the FRG for the commercial generation of electricity, there is a series of dif-
ferences that negate a direct application of American results to German condi-
tions. Two of the most important of these are:
1.  The reference plant used in the American study has a different
technical design in several important points from the German

systems. This pertains primarily to the design and operation
of several important safety features.

2. The siting of power plants in the FRG differs considerably from
that in the USA. For instance, the average population density
in the FRG is about 10 times greater than in the USA. Even in
the close vicinity of nuclear power plants, the average popula-
tion density in the FRG is about three times greater than
around American reactor sites.

In order to directly evaluate the special German circumstances, the influences of
siting, and the differences in plant design, a domestic study was needed--
regardless of the results of the American study.

The Federal Minister for Research and Technology, therefore, issued a contract in
the spring of 1976 for a German risk study. In accordance with the contract, the
following objectives and assumptions were established:

Like the American study, the collective risk connected with potential accidents in
nuclear power plants is determined.

In order to be able to directly evaluate differences in plant technology and
siting locations, the German study permits comparisons with the American safety
study. The study was therefore divided into two working phases (Phase A and

Phase B). In accordance with the objective of the contract, the basic assumptions
and methods of the American study were generally assumed for the first phase of
our study (Phase A). For the second phase (Phase B), which is planned primarily
to intensify study of individual problem areas, further methodological develop-
ments shall be employed and the current status of safety research considered.

The plant studies are performed for a selected, representative PWR nuclear power
plant. As a reference plant, we selected the Biblis B nuclear power plant. This
plant has a typical German-designed PWR (manufacturer: Kraftwerk Union AG) with a
thermal power output of 3750 MW. The plant began operation in the spring of 1976.
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For the determination of risk, all sites in the FRG where there were nuclear power
plants with light water reactors having an electrical power output of at least

600 MW in operation or under construction on July 1, 1977, or for which a request
for approval had been received on the above date, were included. Thus, 19 sites
with a totaT of 25 generating plants were considered in the study.

The current report gives an overview of the investigations and results achieved in
the first phase of the study. The report is organized into the following
Sections:

Section 1: Objective and Organization of Study

Section 2: Principles of Risk Assessment. This Section contains an intro-
duction to the basic concepts and methods of hazard investigation. The direct
parameters, probability, and magnitude of consequences and their interrela-
tionship are discussed.

Section 3: The Nuclear Power Plant. This Section provides an overview of the
design and operation of the PWR nuclear power plant. It also discusses the
principles of the safety design and the designed safety features of a PWR
nuclear power plant by using the reference plant as an example.

Section 4: Object and Methods of the Risk Analysis. First, accident
sequences are described that are treated in a risk analysis. After an
overview of the most important stages of a theoretical risk analysis, the
methods of event tree and fault tree analysis are explained.

Section 5: Results of the Event Tree Analysis. This Section contains the
results of the system studies correlated with event tree and fault tree
analysis. The probability is determined for the studied accidents that a core
melt could occur after failure of safety systems.

Section 6: Release of Fission Products. The models and studies are presented
that describe processes in a core melt accident down to a potential release of
fission products to the environment.
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Section 7: Consequence Model. The Section provides an overview of the
principles of the consequence model, the atmospheric dispersion, the dose
model, the protective action and countermeasures considered in the study, and
the model to determine health effects.

Section 8: Results. The Section contains the results of the consequence
calculations and the risk presented by the different types of injury con-
sidered in the study. In addition, the methods and calculations that were
used to estimate the uncertainties in the risk results obtained are explained.

Section 9: Conclusions.

Section 10: TMI. In Section 10 of this report, the accident at Three Mile
Island is discussed in connection with the investigation performed in this
study.

As supplements to the current report, a series of appendixes will be provided. In
these volumes, the individual investigations performed for the study will be
documented in detaii. Thus the interested reader will be able to procure and
evaluate the results of the investigations in detail.

The following appendixes will be provided:

Fl. Event Tree Analysis

F2. Reliability Analysis

F3. Reliability Data and Operating Experiences

F4. External Events (including plant- internal fires)
F5. Study of Core Melt Accidents

F6. Determination of Fission Product Release

F7. Results of Plant System Studies

F8. Consequence Calculations and Risk Results

1.3 LIMITATIONS OF THE STUDY

When evaluating the results, it is important to remember that the study is subject
to a series of limitations. These are caused by the limits of technical knowledge
and by available methods; they also arise from the objectives of the contract.
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The objective of the study is to determine the risk, under German siting condi-
tions, caused by accidents. Since it is not possible to implement a separate risk
study for each plant, the plant system studies were performed using Biblis B as a
model. This means that in the study, this plant is considered to be repre-
sentative for all other nuclear power plants in the FRG. This assumption is
naturally not correct in all details of technical design. But it is justified
because all plants are evaluated in the nuclear licensing procedures by the same
safety criteria and quality reqguirements.

In addition, the plant system analysis is, strictly speaking, not valid for the
reference plant. The design characteristics and safety features of the Biblis B
model plant were taken as a basis, but numerous data on physical models and
verifications from studies on other plants were used. For example, the data
needed for the reliability analyses are obtained from statistical evaluations of
operating experiences. These come from experiences with other power plants and
from other technical spheres. Previous considerations show the model character of
the study; this is even more pronounced in the study of accident sequences leading
to a release of fission products. We are dealing primarily with models that will
describe core melts, fission product release, and dispersion and biological
effects of radiation. The absence of detailed knowledge is made up for here by
simplifying assumptions, generally of a conservative nature.

For these reasons, the results of this study are affected by considerable uncer-
tainty that will only permit an assessment of the order of magnitude of the risk.

The plant system studies are based on determinations made, if possible, during the
licensing procedure. For instance, in the accident analysis for the efficiency
requirements on the safety systems, the minimum requirements established by the
nuclear licensing procedures were used. The results of calculations performed in
this regard were used in the study without checking them in detail.

It was not the objective of the study to examine all potential influences that
could contribute to the risk of nuclear power plants. For instance, in this study
the risk caused by accidents, but not the risks originating from the continuing
operation of nuclear power plants, was determined. Risks due to acts of war and
sabotage were not included.
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1.4 IMPORTANT INDIVIDUAL ASPECTS

The studies in Phase A of this report could not be fully analogous to the
procedure in WASH-1400. Significant deviations are listed below:

Di fferences in plant technology between the American and German reference plant
(Surry 1 and Biblis B) led to different emphasis--in comparison to WASH-1400--
especially with regard to reliability studies. For instance, initial intermediate
results of the event tree and fault tree analyses indicated that studies more
detailed than originally planned were needed to evaluate transient accidents.

The consequence model used for the German study corresponds in principle to that
of the American study. But in several individual points, it was necessary to
adapt the model to German siting conditions. In particular, in Phase A of the
study our own model of protective and countermeasures was developed that considers
existing official recommendations (7).

Methods and objectives of risk investigations have been under increasing discus-
sion in recent years. Several important points for the German study emerged from
this discussion, especially on WASH-1400. For instance, in contrast to WASH-1400,
a linear dose-risk relationship was used with the risk factors given in ICRP 26
(8) to determine late health effects.

Other differences from the American study will be discussed in the appropriate
Sections of this report.

In the course of the work,the current status of the studies was reported several
times (9,10). The intermediate results discussed at that time indicated that
significant contributions to risk could be due to individual weak points resulting
from the interconnection of instrumentation and control, power supply, and process
techology. Such influences can often be eliminated by slight changes, e.g., in
instrumentation and control, or by expanding the scope of maintenance. Changes
undertaken in the reference plant during the course of the study are generally
included here. Changes up to the yea 1978 are taken into account.

1.5 ORGANIZATION OF THE STUDY

Work began on this study in the summer of 1976. Scientific leadership of the
study was with Prof. Dr. A. Birkhofer, Director of the Gesellschaft fur
Reaktorsicherheit (GRS) mbH. The work was performed jointly by several
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jnstitutions, the GRS being the prime contractor. Primary participants in the
studies were:

) Gesellschaft fur Reaktorsicherheit (GRS): plant system
studies: event tree analysis, fault tree analyses for safety
systems, description of core melt accidents, determination of
fission product release.

) Kernforschungszentrum, Karlsruhe (KfK): preparation of the
consequence sequence model (dispersion and consequence determi-
nation), implementation of consequence calculations.

° Gesellschaft fur Strahlen-und Umweltforschung (GSF): biologi-
cal effects of radiation and types of radiation injury.

A number of other institutions were included in the treatment of different
subtasks and provided advice on individual problems:

] Institut fur Kerntechnik, Technical University of Berlin:
determination of reliability data.

® Lehrstuhl fur Elektrische Megtechnik, Technical University of
Munich: determination of reliability data for electronic
components.

° TUV-Arbeitsgemeinschaft Kerntechnik West: evaluation of the
VdTUV faiTure statistics for conventional pressure vessels and
boilers.

() State Material Testing Center, University of Stuttgart:
assessment of the reactor pressure vessel.

® TUV Norddeutschland: evaluation of operating experiences.

® Ingenieur F. Mayinger u. Co., Barsinghausen: studies on steam
explosion.

° Konig & Heunisch, Consulting Engineers, Frankfurt: assessment
of building structures to determine earthquake effects.

] TUV Rheinland, Institut fur Unfallforschung: work on the model
of protective and countermeasures.

° Bonnenberg & Drescher Ingenieurgesellschaft mbH (B+D)
Aldenhoven: supply of population data.

At this point, we wish to thank all institutions and study groups who participated
in the study and in this report for their contributions and cooperation. Our
thanks is also due to others who supported the work and gave valuable advice. Our
special thanks is due the United States Nuclear Regulatory Commission, which made
available various computer programs used in WASH-1400. Finally, we wish to thank
the authors of the American Reactor Safety Study, who provided much valuable
information through consultations.
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FOOTNOTES

. (a) Because of the frequent references to the American Reactor Safety Study

WASH-1400, this study is cited in detail only in Section 1. In all following

Sections, it is abbreviated in the text as WASH-1400.
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Section 2

PRINCIPLES OF RISK ASSESSMENT

2.1 INTRODUCTION

In this study, risk is expressed in numbers. Only in this manner a comparison of
different risks is possible. But what is risk? How do we obtain a numerical
value for it? What does it mean?

These questions will be answered in the following four sections of the chapter.
The last two sections treat the composition of numerical values for risks and the
significance of very small probabilities.

2.2 WHAT IS RISK?

Anyone who in everyday conversation uses the word "risk" is thinking of "hazard"
or "danger," that is, the possibilities of suffering injury without really knowing
whether these chances are real.

Anyone driving a car, for instance, could be involved in a rear-end accident, a
head-on collision, or a multiple-car pile-up, etc. Each of these possibilities
describes a potential event. Will one of these events occur on the next trip?

Anyone whose speculates in the stockmarket is taking a "risk." He exposes himself
to the potential of losing money by a drop in exchange rates. With pharmaceuti-
cals, there is the risk of side-effects. Avoidance of pharmaceuticals results in
the risk of continued illness or even a deterioration of the illness.

Everyday usage also deals with the magnitude of risk. For instance, the risk of
being killed by a meteor is extremely small, but the risk of dying of influenza in
the winter is considered to be high because the event is very probable.

Someone who participates in a project with 100 DM takes a lower level of risk than

someone who participates at a level of 10,000 DM because the potential damage to
the former is much lower.
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Insurance agencies are concerned with more accurate definitions of risk. They
calculate the risk, for instance, of fire damage or burglary, and from this obtain
a premium to be paid for protection against such risks.

2.3 WHICH RISKS SHALL BE ASSESSED?

At the beginning of a risk assessment, it must be clearly described which of the
various possible risks is to be expressed in numbers. The following questions can
help here:

e What risks shall be assessed?

For every person and social group (family, community, nation,
etc.) there are quite specific risks. For an individual per-
son, we speak of individual risks; otherwise the term collec-
tive risk is used (also, societal, public, or group risks).

® Which risk to the person or the public is to be assessed?

This can be a quite specific risk, e.g., death due to 1ightning
strikes or the total risks attributed to a more narrowly
defined activity like "working in a household," "truck
driving," or "operation of nuclear power plants.”

® Over what time period is the risk to be assessed?

The person or the group is exposed to the risks as Tong as the
potential to suffer harm exists. Many possibilities exist day
in and day out, but others last only for certain days or times
of the year or for clearly defined activities (e.g., during
take-off or landing of an aircraft). Frequently, the numerical
value of a risk is determined for an exposure time of one
calendar year, and this is called the "annual risk".

2.4 HOW IS A NUMERICAL VALUE FOR RISK COMPOSED?

Every potential to suffer harm represents a risk, provided it is uncertain whether
the potential will become a reality. Harm and uncertainty, therefore, are compo-
nents of risk. Thus, the numerical value of risk must be composed of a numerical
value for harm (injury) and one for uncertainty. The numerical value of risk will
be called the "risk coefficient" below.

2.4.1 The Element Consequence

In order to obtain a numerical value for consequence, the injury must be measur-
able, that is, expressed as a unit of measure. Usually, dimensionless units,
{e.g., number of affected persons) are used in connection with individually dif-
ferent value weights. For instance, the death of associates generally weighs more
heavily than the death of strangers. Since these weights as a rule are unknown




and frequently cannot be expressed in numbers, the consequence must be included in
the overall risk as unweighted. For a catastrophe that takes human 1ives, the
consequence is measured by the number of deaths. If there is property damage due
to fire in a factory, for instance, then the consequence is measured in monetary
units. Therefore, consequences cannot be compared “as is" because of the
different units. Consequently, for each type of consequence--which has to be
measured in its own unit--a special risk factor must be determined.

Examples of consequence units are:

Type of injury Unit

Human deaths Number of deaths

Health effects Number of affected persons
(e.g., injured persons)

Regions rendered uninhabitable Surface area

Materials damage Monetary units

(replaceable)

Once we know what units are to be used to express the extent of consequences from
an event, then the number of these units remain to be determined . Description of
the event primarily contains details needed to distinguish the event from other
occurrences not included in the risk. On the basis of the other details, many
other partial results can be distinguished, all of which satisfy the "rough"
description of the event, but which as a rule cause consequences of a different
type and extent. For instance, the rough description of an event "work-place
accident" is satisfied by many partial events 1ike "electrocution during
assembly," " and "death due to dust explosion." Each of

collapse of scaffolding,
these contributes its part to the risk coefficient of the event "work-place acci-
dent" as expressed by the type of consequence: "loss of human Tife," "health

hazard," "material damage," etc. With respect to an individual for the former
type of consequence, we have only the alternatives "the person is affected" or
“the person is not affected;" i.e., using the dimensionless unit of measure, we
have injury to 1 (one person) or O. In the case of a group, many different
numerical values are possible for this type of injury since the event can take

several lives of the group.
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2.4.2 The Element of Uncertainty

Uncertainty is expressed in the question: "What is the probability of occurrence .
of the event?" We speak of the probability as the uncertainty expressed in num-

bers. In mathematics, the concept of probability has been precisely defined [see

for instance (1)1.

An impossible event has the probability zero, and an event with absolute certainty
of occurrence has the probability unity. That which is possible but uncertain has
its probability expressed as a number between 0 and 1. The more probable the
event, the closer is this number to 1.

O0f the 733,400 deaths in the FRG in 1976, 14,616 had pneumonia as the cause of
death (g)—-this is nearly as frequent as death due to vehicle accidents.

Let us assume that each individual death in 1976 was noted on a special card and
all the cards were placed in a file cabinet. Now, someone is told to remove one
of the cards on which the cause of death is listed as "pneumonia." If he does not
know the filing system of the cabinet; that is, if he must make a random
selection, it is uncertain whether he will withdraw the proper card. How likely
(or probable) is it?

There are 14,616 of these special cards among a total of 733,400 cards in the file
cabinet. Therefore, the chance of withdrawing a specific card is 14,616 in
733,400. The probability of withdrawing one of the desired cards upon random
access to the file cabinet is therefore: (14,616)/(733,400) approximately equals
2/100 = 0.02.

This probability is calculated from the number of different, equally justified
possibilities of drawing one of the desired cards, divided by the number of
different equally probable possibilities of withdrawing any card from the file
cabinet.

If we had a file cabinet containing one card for each person in the FRG alive at
the beginning of 1976, then this file would contain 61,645,000 cards in accordance
with the number of inhabitants.

The probability of drawing a card randomly from the file cabinet of someone who
died of pneumonia during 1976 is: (14,616)/(61,645,000) approximately equal to
24/100,000 = 0.00024.




If we recalculate this probability each year and if it turns out that it does not
change significantly from one year to the next, then it can be used as an esti-
mated value for the coming year. In fact, the probability calculated as above for
several years before 1976 has been quite constant (for 1974 approximately equals
0.00021, but for 1960, for instance, it was still approximately 0.00041). There-
fore at the beginning of 1977 we could justifiably estimate that the probability
of any person in the FRG dyiny during the course of 1977 of a pneumonia is
0.00024. This figure would then be an estimated value for the probability of each
inhabitant dying of a pneumonia during the current year if each inhabitant had the
same chances of contracting a fatal pneumonia, this is the same probability of
drawing any card from the file cabinet. In reality, we are seldom dealing with
really equal chances, so that 0.00024 is only an estimated value of the average
individual probability, averaged over all 61,645,000 persons. The rough division
by age groups shown in Table 2-1 illustrates how much individual probability can
differ from the average. The probabilities given there are not averaged over the
entire population, but only by the age of more narrowly defined cohorts.
Accordingly, a fatal contraction of a pneumonia during old age is about 50 times
more probable than in youth.

Table 2-1. Estimated value of average individual probability for the
occurrence of "fatal illness from pneumonia in the previous year, with an age
between X; and X, years"

Cases of death Average indi-

Age between Persons on in 1976 vidual probability
X; and X2 Dec. 31, 1975 (cause of death, per year

years (population) pneumonia %

0 15 13,084,000 338 0.000026
15 45 26,042,400 381 0. 000015
45 65 13,513,400 1,108 0.000082
65 - 9,004,700 12,789 0.001420
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2.4.3 The Interrelationship of Consequence and Probability in the Risk Value

How can we calculate a quantity which can be used as a measure for risk from the
probability of occurrence and the magnitude of the consequence?

2.4.3.1 Individual Risks. As an example, we again use the event "fatal iliness

due to pneumonia." In the case of an indjvidual, the magnitude of injury is 1 for

the injury type, "loss of human life;" the average individual probability for this
in the FRG can be estimated for the coming year as 0.00024.

For each person there are various possibilities for the course of the coming
year. Only one of these will actually occur and it is uncertain which one. The
probability states that of 100,000 different, equally probable possibilities for
the course of the coming year, 24 possibilities will result in a fatal pneumonia;
that is, there are 24 chances that a consequence magnitude of 1 will resuit from
this event. Of the many different possibilities, exactly one will occur.
Therefore, the injury, related to the individual possibility for the sequence of
the coming year, is called risk and we thus obtain: (1 X 24)/100,000 = 1 X
0.00024 = 0.00024 as the individual risk coefficient for the coming year. In
other words, this is an estimated value of the average individual risk of a
“Tethal pneumonia" in the FRG in the coming year.

By using the same line of thinking, the risk coefficient R can be calculated for
each event as the sum of the products from the potential consequences and their
probabilities:

R =yy X wlyp)ty, X wlyy)+ys X wlyg)+... (2.1)

provided the annual consequence magnitudes can assume only a finite number of
different values. Here, yj, ¥p, . . . mean the different possible magnitudes of
consequence per year and w(yl) is the probability that the event will cause a
consequence of magnitude y; during the year (a).

The numerical value R is an estimated value of the risk if the consequences or
probabilities are estimated values. In this case it always agrees with the esti-
mated value of the average individual probability of the event if it can occur at
most once per year and cause a consequence of magnitude 1 per event.
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Table 2-2 shows how the average individual risk depends on the amount of detail
used in describing the event. If we expand it as shown in the table by adding the
detail "age of persons in the coming year," then definite differences in risk are
seen. The individual risk is therefore not equal for every person for these event
examples. Not only age, but numerous other, often inaccurate or unknown factors
1ike health history, state of health, living conditions, etc., can have an

effect. Therefore, in many events only the average individual risk (averaged over
a larger number of persons) can be estimated in a meaningful manner. In the exam-
ple, we are interested only in the average individual risk to inhabitants of the
FRG; therefore it is sufficient to observe that of the 61,645,000 inhabitants in
1976, 14,616 died of pneumonia. From this it can be concluded that the average
individual chance in 1976 must have been equal to 14,616 in 61,645,000 or, more
simply stated, 24 in 100,000; therefore the average individual risk equals
0.00024. The other average individual risks shown in Table 2-2 were estimated
similarly.

How is individual risk assessed if the event can occur to the individual several
times per year? It is possible to contract influenza twice each year. Three and
more attacks in one year would be so rare that the average individual probability
for purposes of this example can be safely estimated as zero.

The probabilities in Table 2-3 indicate that the chances of getting through the
present year without the flu are five in ten. The chances of contracting the flu
only once are four in ten, and for contracting it twice, the chances are one in
ten.

This means that on the average, of ten different, equally probable potentials for
the course of the coming year, five will proceed without an influenza attack, four
will proceed with one influenza attack, and one will have two attacks. Based on
the individual possibility for the course of the coming year, because only one
course will actually occur, we obtain the value: (0 X5+ 1 X 4 +2 X 1)/(10) =
0.6.

We call this the average expected individual frequency of influenza attacks per
year, that is, the expected value. This means that in the course of ten years,
for instance, one can expect six attacks of influenza if the probability informa-
tion in Table 2-3 is correct.
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Table 2-2.

Estimated values of various average individual risks per year in the
Federal Republic of Germany {2)

Estimated Estimated
Cases of value of value of Estimated value of average individual
death in average average risk per year with an age between:
the Federal individual individual
Occurrence: Republic risk per risk per 0&15 15 & 45 45 & 65 65 & -
death by 1976 (2) year year years years years years
Heart diseases 203,586 330 in 100,000 0.00330 0.00001 0.00012 0.00217 0.01899
Malignant growth
(cancer) 152,590 247 in 100,000 0.00247 0.00005 0.00024 0.00282 0.01194
Pneumonia 14,616 24 1in 100,000 0.00024 0.00003 0.00001 0.00008 0.00142
High blood
pressure 13,360 22 in 100,000 0.00022 X 0.00001 0.00011 0.00129
Highway or traffic
accident 14,445 23 1in 100,000 0.00023 0.00011 0.00028 0.,00018 0.00037
Other accident 17,214 28 in 100,000 0.00028 0.00011 0.00010 0.00016 0.00122
Total 415,811 674 in 100,000 0.00674 0.00031 0.00076 0.00552 0.03523

x = less than 0.00001.




Table 2-3. Example of an event to demonstrate the use of the
term "expected frequency per year"

Occurrence "illness, fiu"
Cases of loss Average individual
(i11nesses) probability
per year (fictitious values)
0 0.5
1 0.4
2 0.1
3 and more 0

If we measure the annual injury due to the event "influenza attack" merely by the
number of contractions of the illness, then either the event does not occur or it
causes injury of magnitude 1 or 2. The probabilities in Table 2-3 indicate that
in ten different equally probable cases for the course of the coming year, four
have injury magnitude 1 and one has injury magnitude 2. If we relate the injury
to the individual possibility for the course of the coming year, then we again
obtain the sum of the products from the possible magnitude of injury per year and
the attendant probability of: 1 X 0.4 +2 X 0.1 = 0.6 as the individual risk per
year corresponding to the equation (2.1). Stated differently, this is an
estimated value of the average individual risk of "influenza attack" in the coming
year. It agrees with average expected individual frequency per year because only
injury of magnitude 1 is possible per event. The product of the potential
magnitude of injury per event and the expected annual frequency of the event: 1 X
0.6 = 0.6 also gives the risk coefficient.

In general, the risk coefficient R can be calculated for events that can occur
several times in a year and whose consequences can assume a finite number of dif-
ferent values, according to the equation:

R = X1 X h(Xl) + X2 X h(Xz) + X3 X h(X3) +, . . (2.2)

Here, Xy, X2 . . . are the different possible magnitudes of injury per event and
(x;) is the expected annual frequency of the event of injury magnitude x; (b).
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If we wish to determine the risk from all events in a more closely specified rela- .
tionship, like, for instance "vehicle traffic" or "operation of nuclear power

plants," then all we have to do is add up their risk coefficients. Strictly

speaking, this is only true when the events are mutually exclusive, i.e., the

occurrence of one event cannot at the same time indicate the occurrence of the
other. So, for instance, events like "fatal fall" and "occupational fatal fall"
are not mutually exclusive. The probability of the latter is contained in the
probability of the former, i.e., the risk would be over-estimated by addition.
The events, "fatal fall during leisure sports" and "occupational fatal fall," are
mutually exclusive. Addition of their risk coefficients does not, however, give
the risk coefficient for the event "fatal fall," because they are not a complete
statement of subevents. There are other possibilities to lose one's life as the
resuit of a fail.

2.4.3.2 Collective Risks. The event "fatal pneumonia" caused 14,616 deaths in
the FRG in 1976. Therefore 14,800 is not too bad an estimation for the coming
year. Therefore, it is expected that the community, “"Federal Republic of
Germany," will lose an estimated 14,800 people in the coming year due to this
event., We call this number the estimated value of collective risk of the FRG due
to the event "fatal pneumonia" in the coming year. The exact number of deaths is
unknown.

In principle, the collective risk is equal to the product of the number of exposed
individuals in the group and the average individual risk. Frequently, we obtain
the estimated value of average individual risk simply by dividing the estimated
value of collective risk by the number of exposed individuals in the group (see,
for instance, the risk coefficients in Table 2-2).

According to the above discussion, which resulted in equations (2.1) and (2.2) for
individual risk, a numerical value can naturally also be calculated with these
formulas for the collective risk. If we knew, for instahce, the probability that
the total highway accidents in the FRG would claim yp or yp or y3, etc., lives in
the coming year, then we could determine the collective risk, i.e., the expected
number of deaths in the coming year, according to the equation: R = y; X w(yl) +
yo X wlyp) +. . . If, instead, we knew the frequency of traffic accidents in the
coming year in the FRG with expected fatalities of X; or xp or x3, etc., then we
could calculate the same collective risk according to the equation: R = x; X
hix)) + x5 X hixy) + . . .
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. Naturally, hardly anyone can determine collective risk by these formulas because,
for instance, the number of traffic fatalities in 1978 is already a useful estima-
tion for the coming year. In Section 2.5 we will discuss events that are rare or
have never yet occurred, so that risk coefficients from previous years alone do
not permit a satisfactory estimation of risk. In these cases, the risk coeffi-
cient can only be determined by formulas of the type (2.1 or 2.2).

2.4.4 -Uncertainties in Estimated Values of Probabilities

The term "probability" was introduced in Section 2.4.2 on the basis of a model
case; namely we were given a file with exactly X cards as a so-called basic group
of which Y had a certain characteristic. Here, we were asked to find the
probability of drawing a card with that characteristic. In reality, questions of
probability are frequently difficult to answer because:

(a) The magnitude X of the total group is generally unknown.

(b) The fraction Y bearing the desired characteristic is also
generally unknown.

(c) From the basic group a "random sample" is taken--and this is
not always completely random--i.e., we draw average X cards--to
stay with the above example--and count off how often (e.g.,
average Y times) the desired characteristic is found. The
quotient average Y/average X is called the relative frequency
of the occurrence of a card with the characteristic in the
random sample. It is used as an estimated value for the
probability, i.e., for the unknown quotient Y/X.

(d) The interpretation of the card entry can be inaccurate. For
instance, it can not always be definitely known whether (in the
case of the example) the pneumonia or another complication was
the actual cause of death.

Except for the inaccuracy (d) and the possibility that selection is
not entirely random, the uncertainties in (a) and (b) can be
expressed by a value range (so-called confidence interval) within
which there is a certain probability (also called probability range)
that the particular probability value will be found.

(e} The file (basic group) comes from the year 1976 but the proba-
bility information is to be valid for the coming year (differ-
ent basic group). There can be significant differences between
the two, e.g., significant improvements in medical treatment or
deterioration in general 1iving conditions.

Thus, it is apparent that the probability values in practical risk calculations
can in general be estimations only. So-called objective estimations are based on
random samples from those basic groups for which the probability information will



be obtained. However, if random samples from different basic groups and other
information contents--about whose suitability there can be a difference of
opinion-- form the basis of the estimation, then we speak of subjective probability
values. They are based on the personal judgement of the estimator that, for
jnstance, the potential differences between the basic group from which the random
sample is taken and the basic group for which the probability is to be estimated
do not significantly affect the estimated value. For this reason, probability
estimations for future time frames are often subjective. In accordance with anal-
ogous criteria, we speak of subjective confidence intervals and subjective confi-
dence in conclusions. Subjective estimations can provide meaningful values if the
resulting personal judgement is based on the factual experience of the estimator
(expert judgement) (3).

2.5 RISK COEFFICIENTS OF EVENTS THAT HAVE SELDOM OR NEVER OCCURRED

The preceeding section described the connection of joining of damage magnitude and
probability to the risk coefficient. This is formally expressed in the simple
equations (2.1) and (2.2). By using these equations in the case of a finite
number of damage magnitudes, the numerical risk value can be calculated for every
possible potential of experiencing injury. A prerequisite, however, is that all
possible damage magnitudes together with their probability or frequency are known.

When observations of the event are so numerous that they permit an estimation of
frequency or probability within equation (2.1) or (2.2), then use of these equa-
tions is generally no longer necessary because the annual risk can be estimated
directly from the annual observed damage. However, if the event is rare or has
never been observed, then the risk coefficient can only be determined by means of
equations (2.1) or (2.2). At the same time, in this case there is often no pos-
sible meaningful estimation of probability or frequency based on observations of
this event. By using simple examples we will show how to handle this situation.

2.5.1 Probability Estimations Based on Observations of Complementary Events

The situation of probability estimation is naturally better when the so-called
complementary event has been observed often.

Commercial aircraft annually make several million take-offs and landings. The
event "no crash during take-off or landing” is complementary to "crash during
take-off or landing.” If we assume that at airport X there have been 10,000 com-
mercial take-offs or landings without a single crash; and if we take the first
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1,000 flights as a "random sample," then we will find no event “"crash during take-
off or landing." By using standard statistical methods, the conclusion can be
drawn (restriction [e] in Section 2.4.4 should be noted) that the probability per
flight for the occurrence of the event, "crash of a commercial flight at airport
X," is about 1/1000 = 0.001. With a confidence interval of 95%, it is not above
0.003. The confidence interval therefore contains values between O and 0.003.
The upper bound is obtained on the basis of the following simple consideration:

"What must be the minimum value for the crash probability per flight

in order that more than zero crashes are observed among 1,000

flights having a chance of at least '95in 100'? But since no crash
was observed in the 1,000 flights, the crash probability is 95%

certain to be under this value" (g).

Were we to look at not only the first 1,000, but all 10,000 flights as a “random
sample," then as the upper 95% 1imit of probability of the same event, we would
obtain the smaller value of 0.0003.

In the same manner we could estimate upper 1imits of probability of certain
events, like a "core melt," from operating experience with 1ight water reactors.
From 500 reactor-years (worldwide experience with light water reactors of the
power class "400 MA (e) and more") without the occurrence of the observed event,
we conclude (restriction [e] in Section 2.4.4 should be noted) that the probabil-
ity for its occurrence is less than 0.006 per reactor year with a confidence
interval of 95%. The upper limit is determined as if we knew absolutely nothing
about reactors except for the fact that no event had occurred in 500 reactor
years.

Unfortunately, no additional observations are available--as in the case of the
aircraft take-offs and landings--to show that the upper 1imit chosen was too high
because of the relatively few number of observed reactor years. But even if a
very small upper limit could be estimated on the basis of additional observations
of the complementary event, no statement could be made about the second component
of the risk coefficient, namely about the damage caused by the event under certain
circumstances.

For these reasons the study describes the considered results in more detail by
using detailed knowledge about reactors (see Chapters 3-6). The degree of detail
in the description is increased until:

® Partial results can be distinguished by their influence on the
magnitude of damage; and
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® Sub-events of these partial events can be seen; these sub-
events signify the occurrence of the partial event only in
connection with other sub-events and their probability can be
usefully estimated by observations and additional detailed
knowledge.

This procedure, known by the name "event breakdown," is illustrated in the
following section.

The concept of “partial event" was introduced in Section 2.4.1. For instance, the
event "fall from a scaffold" is a partial event of the event "occupational acci-
dent," because other events 1ike "death due to dust explosion," satisfy the
description "occupational accident." The partial event "death due to dust explo-
sion" can in turn be broken down into sub-events like:

@ "The dust concentration in the air has reached a critical value
in one section of the building."

® "Spark formation is occurring in the same section of the build-
ing."

If either of the two sub-events occurs independently, then there will be no dust
explosion. Only the joint occurrence of both sub-events results in an explosion.

2.5.2 Estimation of Probabilities and Expected Frequencies Based on Detaijled

Information

When a new structure is erected, this represents in many regards a unique

process. Therefore, the probability that the structure will collapse within the
planned service life cannot be estimated directly. Only when the event “"collapse"
can be described in such detail that the different sub-events contributing to its
occurrence become visible, will the probability of collapse be calculable from the
probabilities of the sub-events.

In Figure 2.1 a partial event of the event "collapse under load" (d) is described
as a function of only two sub-events:

(a) "The load acting on the structure has a certain value that is
denoted here as s."

(b) "The strength of the structure called here r is (in a suitable
unit) less than or equal to s" (Figure 2-1). ‘
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Strengthr > s No collapse

Load =s

Strengthr = s Collapse

Figure 2-1. Example of the description of a partial event for event,
“collapse from the influence of load,” of two subevents
(load = 2, stability r < s)

The probability of the partial event in Figure 2-1 is equal to the probability
that the load will assume the value "s" and, at the same time, that the strength
has a value less than or equal to "s". According to the rules of probability
calculations, it is the product of the probability of the sub-event, "load = s,"
2and the probability of "strength r less than or equal to s" (e}, provided load and
strength values are independent.

From the relative frequencies of measured snow loading and wind velocities, etc.,

that is, from random samples and their conversion into loads, we obtain a proba-
bility diagram of the load that can look something like Figure 2-2.

Wg

for the Load

Probability Density wg

S Load S

Figure 2-2. Probability density of the load
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As a check of the quality of the construction materials, etc., that is, from
random samples with subsequent conversion into strength values, we obtain a
similar probability diagram for strength. If both load and strength are plotted
in a coordinate system, then we obtain Figure 2-3 for the example.
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Figure 2-3. Probability density functions for load and strength

The hatchmarked region, where the two density curves overlap, 1is critical, Here,
the strength can be smaller or equal to the load which, according to the assump-
tion, will lead to collapse. Therefore, it is desirable to keep this critical
load as small as possible. In civil engineering this is achieved by a "safety
interval" of the two average values S and R, the greater this interval, the
smaller is the critical region of overlap (4).

The quality of the probability estimation for the event "collapse under load"
naturally depends decisively on the accuracy with which the density functions and,
in particular, the overlapping end sections of the functions were determined.

Even the assumption that load and strength assume independent values affects the
calculated probability.

Using the same principle--breakdown into partial events and sub-events and sum-
mation over the partial events--the study determines the expected frequency of the
event "core melt." The required reactor-specific terminology will not be intro-
duced until the next chapters. Nevertheless, in order to be able to illustrate
probability or frequency estimation on the basis of a detailed breakdown of event,
we will not use the risks from the "operation of a more carefully specified pres-
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sure water reactor"; instead, we will use the example of the "occupation of a more
closely specified building." In this regard the first question to be answered is,
"What potentials for injury to the individual person or a collective of persons
result from occupation of a more carefully specified building?"

The answer would have to contain the following events: (a) collapse of the build-
ing, and (b) burning of the building.

The former was broken down into a great number of partial events; each of these
was, in turn, broken down into two sub-events. By using the event, "burning of
the building," a more intensified breakdown of the event--as performed in prin-
ciple in the study--will be illustrated. In order to break down the event into
partial and sub-events, that is, to increase the resolution of the description, we
must further ask, "What events can initiate a fire in the building?"

Among these are: (a) handling of open fire, and (b) overloading of electric cir-
cuits; and furthermore, how can a "fire in the building" result from "overloading
of electrical circuits?"

As an aid in answering these additional questions, we use event trees (see

Figue 2-4) from which each event sequence can be determined, proceeding from the
so-called initiating event and moving along other secondary events down to the
event being considered.

In Figure 2-4, for instance, the event sequence T = Dy » A1 > Ay > Az . . . leads
to "fire in the building.” It is a partial event of the event "fire in the build-
ing" since other sequences can also result in a fire. For the expected annual
frequency of event sequence T, we obtain the following equation according to the
rules of probability calculation:

h(T) = h(Dy) X w(A) X w(A) X w(A) X . . . (2.3)

provided the expected annual frequency h(D{) and the probabilities W(A;),
average Q(Az),. . . can be usefully estimated. In general we are dealing with
conditional probabilities, i.e., they must be valid under the conditions of the
preceding sub-events. For instance, the fact that we are dealing with an
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electrical fire can affect the probability that the fire will not be noticed.
This means that an interrelationship exists between the events Dy and A, so that
in 2.3 we cannot in general use the probability w(A2) for the failure to notice
the fire, but we can use the conditional probability average Q(AZ) = w(A,/D1A{).
Probabilities are always positive and never greater than one, and therefore very
small frequencies h(T) may result as the product in equation 2.3.

The probabilities of the sub-events are generally determined by means of so-called
fault trees. Figure 2.5 shows a schematic example where only two fault
combinations lead to the event Ay, namely the joint occurrence of failure Fq and

Fp or failure F3. For the probability w(A;), provided the two failure combina-
tions are mutually exclusive, we therefore obtain:

wlA ) = w(F ) X w(Fy/Fy ) + w(Fs)
(2.4)
w(Al) = w(Al/Dl) = (w[Al/Dllw(Al]) X (w[Fl] X w[Fz/Fl] + w[F3])
and thus, for the expected annual frequency of the event sequence T = Dj » Ay » A2

.. from (2.3):

h(T) = h(Dl) X ¢ X (W[Fl] X W[Fz/F3] + W[Fl]) X Cz (2.5)

where c; = w(A;/Dy)/w(A).
We can determine h(T) by means of (2.5) if the frequency h{Dy), the “"coefficents
of dependence” ¢y, €y, . . . and the probability w(Fy), w(F,/F{), . . . can be

meaningfully estimated.

If 'm'" mutually exclusively relevant partial events contribute to the event "fire
in the building," then for its frequency h we obtain:

h = h(Tl) + h(Tz) to o ot h(Tm) (2.6)

where h(T{), h(T,), . . . are determined by equations of the type (2.5).
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2.5.3 Risk Assessment Based on Detailed Information

Figure 2-6 sketches the outline of a risk assessment based on detailed knowledge
proceeding from a description of an event down to the determination of damage and
risk coefficient.

The outline can be divided into four regions (5):

{a) the region "event sequences" must describe in detail all events
contributing to the risk (e.g., "fire in the building"). The
description takes place on the basis of event trees and so-
called fault trees. The different event sequences (partial
events) are characterized by:

--their expected frequency h(T) (e.g., estimated according to
[2.51), and
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(b)

(¢)

--information on event characteristics (details to characterize
the fire, e.g., origin, location of source of fire, burning
substances, etc.).

The region "characteristics" must contain a description of the
subsequent results of the different event sequences. This
description uses the components of the event characteristics
that are important to an assessment of damage (e.g., intensity
of a)potentia] explosion, level of heat and smoke generation,
etc.).

Depending on the value range of these components and their
significance to an assessment of damage, the results are
divided for reasons of simplification into classes or categor-
ies Ky, Koy o .

The categories are designated by:

--representative values of the components of the event charac-
teristic as needed to assess the damage, and

--the sums of the expected frequencies of the mutually exclu-
sive event sequences from (a), which were assigned to the
particular category because of its characteristic. If, for
instance, category K; contains only event sequences Tl, Ty
and Tg, then for its frequency h(K;) we have: h(K{) =
h(T1)+h(T2)+h(T5) where h(Ty), H(T ), h(T5) are determined
according to equations of the type ( 5).

The region "exposure sequences” must describe all processes
(exposure sequences) according to time, location, intensity,
and probability, through which the eveni characteristic could
have a detrimental effect on the particular person (or groups
of persons).

The description must contain, for instance:

--the propagation of harmful components of the event character-
istic (e.g., smoke in the case of "fire in the building") in
accordance with prevailing local conditions M;

--the local distribution of exposed persons (the risk to
exposed persons) B;

--protective actions and countermeasures (evacuation, fire
extinguishing, etc.) G.

In addition, probability estimations are needed for the various
possible values of the components of M, B, and G. In practical
calculations of risk, the considered values and the estimations
of attendant probabilities often come from "random samples.”
The quantity of exposure sequences is thus approximately repre-
sented by a finite number of specific values sets (m, b, g).
The probability for an exposure sequence similar to the
specific local conditions m, the specific exposure distribution
b, and the specific protective action and countermeasures g
thus becomes: w(m) X w{b/m} X w(g/mb).
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(d) The region "damage and risk" must describe the relations
between the intensity of the damaging effect and all damages
resulting from it. Therefore, for each value set v = (category
k, local conditions m, distribution of exposed persons b,
emergency countermeasures g), it must provide an estimated
value x(v, a) of the consequence magnitude for each type of
damage. In practice, we are often dealing with an estimated
value of the magnitude of damage that is expected under the
conditions of the value set v. The averaging extends over
still unresolved details of the accident sequence, despite a
detailed consideration.

With the estimated value of the annually expected frequency:
hiv) = h(k) X w{m/k) X w(b/km) X w(g/kmb), the amount R(v,a) of
the value set v of the desired risk coefficient estimated as
the product of the expected magnitude of damage and the
expected frequency R(v,a), is about equal to x(v,a) X h(v).

The estimated value of the risk coefficient for a particular
type of damage 'a' is then the sum of the risk contributions
R{v,a) of all considered value sets v, or, according to (2.2):

R(a) = % R(v,a) = x; X h(xy) + x5, X hix,) + . . .
where for dinstance, ﬁ(xl) is the sum of the frequencies of that
value sets v whose expected damage was estimated at x;.

2.5.4 Uncertainties in Risk Assessment Based on Detailed Information

The discussion in Section 2.4.4 clearly illustrates that risk estimations based
solely on observations from previous years do not have anything to do with objec-
tive certainty. If, for instance, someone were to estimate the collective risk
for the type of injury "loss of human 1ife" due to the event "traffic accidents"
on the basis of numbers from a previous year, then this could be done either by
directly taking the value from the year 1978 or by the detour via (2.2) with fre-
quency estimations based on accidents from the year 1978. This statistic estima-
tion would not consider the uncertainty under point (e) in Sectim 2.4.4. 1If, for
instance, traffic safety regulations are tightened for the forthcoming year, this
could affect the expected frequency of damage cases or the number of deaths per
event, so that the statistic estimation using numbers from the year 1978 would not
be credible. For a better estimation we should use not merely observations from
previous years, but technical knowledge, as well, including this amendment in a
detailed description (model) of the accident situation. The following section
shall show that even risk estimations based on models (i.e., detailed descriptions
of event and exposure sequences) can still contain considerable uncertainties in
spite of the use of detailed information.
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2.5.4.1 Does the Model Describe the Risk? Several questions arise regarding the

four regions outlined in Figure 2-6: .

) Event sequences

--Does the model contain all event sequences contributing to
risk? It is clear that in an estimation of risk, not all
event sequences can or need be included. In principle, we
can imagine any number of event sequences. The number
depends only on the degree of resolution of the descrip-
tion. Several event sequences will provide dominant risk
contributions; others, however, will contribute amounts that
are irrelevant to the magnitude of damage and their total
frequencies. The problem consists in considering all
relevant event sequences. Whether this has been done cannot
generally be demonstrated mathematically.

--Are all important relationships between the failures con-
tained in the fault trees and those existing between the sub-
events contained in the relevant accident sequences? Missing
relationships can result in underestimation of the frequency
sequence and thus in the risk.

--What js the level of the uncertainty propagated via fault
trees and event trees in the frequency and probability esti-
mations? These are expressed by probability distributions,
i.e., by citing value ranges within which we can find, with a
certain subjective probability, the expected frequency of the
event sequence.

e Characteristics

Were important components of the event characteristics (e.g.,
possible occurrence of poison gas in the case "fire in the
building") overlooked or their extent overestimated or under-
estimated? This could have an effect on the assignment to
categories, on classification within categories, and possibly
on the spectrum of types of damage to be considered.

0 Exposure sequences
Are the considered exposure sequences overestimated or under-
estimated with regard to their time and location-dependent
intensity or according to their probability? Are exposure
sequences (relevant to consequence and probability) suffi-
ciently represented in the considerations?

) Damage and risk
--Are all important types of damage included?

--Are the relationships correct for a conversion of the harmful
effect into type and magnitude of injury?

--What is the level of uncertainty in the estimated expected

consequence x{v,a) and in the estimated expected frequency
h(v) in the particular value sets v from Sectim 2.5.3?
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2.5.4,2 Quantification of Uncertainties in the Risk Assessment. Uncertainties in
. estimation result from:

[ Inaccurate knowledge of fixed quantities--or quantities pre-
sumed to be fixed for time period under consideration--1ike
probabilities, expected frequencies, average values in general,

etc.

® Approximated description of regularities in the event and
exposure sequences. Among these regularities are the laws of
chance, expressed by distribution functions or reduced to
expected values.

Uncertainties in estimation are expressed by probability distributions, i.e., by
citing value ranges within which the correct value of the uncertain quantity will
be found with a certain subjective probability. If we run the quantified uncer-
tainties through the outline of risk assessment (see Figure 2.6), then as a result
we obtain probability distribution for the risk coefficient. Thus, we have value
ranges that contain the correct numerical value of the risk with a certain sub-
jective probability called the confidence interval.

The value sets v from Section 2.5.3 thus yield a whole region as a risk contri-
bution, not merely a single point in the (magnitude of damage [x], frequency L[h])
diagram, together with numbers g(x,h), as the density of subjective probability,
for the level of the particular risk contribution (see Figure 2-7).

A

glx, h) = subjective probability density function

P
el

A x = expected magnitude

4“ of consequences
/h/

= expected frequency

Figure 2-7. Risk contribution of a subevent with subjective confidence
interval
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2.6 PRESENTATION OF ESTIMATED RISK COEFFICIENTS

The immediate factors affecting the risk coefficient are the magnitude of damage
and the probability with which damages of the particular scope and nature will be
caused in the particular time frame (usually one year). In principle it is suffi-
cient to give the risk coefficient together with a subjective confidence region
when:

0 only damage magnitude O or 1 is possible (e.g., for individual
risk in the damage type "loss of human 1ife"), or

® the potential damage magnitudes per event are not too different
and the event occurs frequently (e.g., the collective risk from
the event "pneumonia" or "traffic accident").

The requirements for the type of citation of risk coefficient look somewhat dif-
ferent if contributions from rare occurrences are included that lead to a large
magnitude of damage. For instance, the risk coefficient "0.01 per year" means
that on the average, of the different, equally possible sequences for a year, the
magnitude of damage per year is 0.01 (see Section 2.4.3). However, this ratio can
come into being by comparing, for instance:

e one possibility with level of injury 1:99 possibilities with
level of injury O, or

e ong possibility with level of injury 10,000:990,000 possibili-
ties with level of injury O.

If the possibility to suffer damage exists only during the next 100 years, then
the risk coefficient “0.01 per year" states in the first case that during this
period, damage of level 1 is expected. But in the second case, it is meaningless
to speak of an expected damage 1 because in the course of 100 years, there will
either be no damage (probability about equal to 0.9999), or damage of magnitude
10,000 (probability about equal to 0.0001) will occur. For these reasons, in the
case of rare events with a large magnitude of damage, we need not only the risk
coefficient, but also the two components of damage magnitude per year and proba-
bility (or magnitude of damage per event and expected annual frequency).

As a rule, in this regard we are interested in the probability that the level of
damage in a year will be greater than or equal to a given value Y* or, in the
expected annual frequency with which damage of a magnitude X greater than or equal
to X* will occur. In order to answer this question in the case of frequency, we
would have to add all expected frequencies of risk contributions with injury scope
X greater than or equal to X*. This addition is already anticipated in the risk
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illustration using the so-called complementary cumulative distribution function.
It is called "complementary" because it denotes the expected frequency of X
greater than or equal to X*, whereas the cumulative frequency distribution does
this for X less than or equal to X*. The complementary cumulative distribution
function therefore answers the question for each value X*: "What is the level of
expected annual frequency at which damage magnitude greater than or equal to X*
will be caused?"

Subjective confidence intervals for the individual risk amounts (see Figure 2-7)
give a picture in Figure 2-8 of the determined complementary cumulative distribu-
tion function. This picture is the subjective confidence interval of the curve,
and it states: "Propagation of quantified uncertainty from Section 2.5.4 by means
of the outline in Figure 2-6 permits the conclusion that the particular curve with
P% subjective confidence interval lies somewhere in the region between the two
boundary curves, provided the influence of nonquantified uncertainties is
negligible."

Expected annual frequency of
consequence magnitude > X*

T .

Figure 2-8. CCDF with subjective confidence interval

A region of analogous significance can also be given for the risk coefficient. As
a result of the separate risk presentation of the different types of damage, we no
longer know which consequences in the various types are connected with a value set
v from Section 2.5.3; that is, which ones are caused simultaneously. This state
of affairs could be illustrated for individual value sets by means of a table.

2.7 SIGNIFICANCE OF SMALL PROBABILITIES AND FREQUENCIES

The expected frequency of "0.001 per year," for instance, means the same thing as
"on the average, once every 1,000 years." It is not possible to imagine periods
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of 1,000, 10,000 years, or even 100,000 years and more. Table 2-4 attempts to
give an impression of this by using a historical scale.

Table 2-4. Periods corresponding to the frequency
u10=3, 10~%...10"% per year"

Years before
our time
1,000 Charlemagne Era
10,000 End of the fourth Ice Age (middle of Stone Age)
100,000 Beginning of first Ice Age (Neanderthal Man)
1,000,000 Australopithecine Period
10,000,000 Evolution of man?
100,000,000 Formation of modern mountain ranges (first blooming
plants)
1,000,000,000 Beginning of central Precambrian (age of so-called
prehistoric times).

The annual probability of an event is never greater than the expected annual fre-
quency. Therefore, we can use the Tatter value, provided it is not greater than
one, as an estimated value of the annual probability without underestimating the
probability.

Whether, for instance, an event with annual probability 10‘6--that is, an event
that occurs, on the average, once every million years--will occur and, if so, in
which year, are questions that cannot be answered. Therefore, it is enocugh for
many persons to know that the event can occur at any time, provided its probabil-
ity is not exactly zero. Therefore, with regard to the question “In this year?",
one should illustrate the probability on the basis of a number of potential,
equally probable annual frequencies without the event. With this probability of
10‘6 per year, we have, on the average, one possibility for the sequence of a year
with occurrence of the event among 999,999 equally probable different potentials
for the sequence of a year without occurrence of the event. Only one of the many
different, equally probable sequences can occur in the particular year. The
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chances that exactly one annual sequence will occur that contains the event are
therefore one to 999,999. The understanding of probabilities on this order of
magnitude depends primarily on whether one can imagine, for instance, a guantity
of 1,000,000 equal objects, none of which has any distinguishing character-
istics. For instance, 1,000,000 railroad ties correspond to a distance of
Frankfurt-Paris, Munich-Cologne, Hannover-Munich, or about 640 km of tracks, or
about seven hours of fast train travel.

Were someone to draw the correct identity card belonging to an inhabitant of a
city of 1,000,000 population on the basis of available fingerprints (the proba-
bility is 0.000 001 = 10-6 for a random access), then we would call this an unbe-
Tievable accident. 1,000,000 file cards measuring 200 X 150 X 1 mm will fill
about 100 files measuring 100 X 100 X 50 cm. Were the experiment repeated with
another set of fingerprints and again the correct card were drawn after only one
access to the million cards (the probability is again 107 for random access, but
0.000000000001 = 10°12 for the event "successful draw in both cases"), then we
would probably talk about a parapsychological case.

The assertion that a certain event of probability "10-6 per year" could happen in
this year is therefore no more or less correct than, for instance, the assertion
of any person that he could in a single attempt--that is, spontaneously--withdraw
the card belonging to the set of fingerprints or correctly identify the railroad
tie along the Frankfurt-Paris route where, for instance, a certain key dropped
from a train window had come to rest.

If an event has the probability "0.000001 per year" for each of the next 50 years,
then the probability that it will occur during these 50 years is somewhat less
than 0.00005, i.e., on the average, of the 20,000 different, equal possibilities
for the sequence of the next 50 years, there is exactly one in which the event
occurs.

In all these attempts to illustrate the significance of small probabilities, we
have always assumed that the probability value is correct. Is it possible to
obtain a meaningful estimation of probabilities of this order of magnitude (0.001
and less per year), i.e., with a usefully small confidence interval?

In the above example of the population file it was easy to determine the probabil-

ity. The number of different, equally justified possibilities of drawing the
correct card is 10"6 = 1/1,000,000; this is also the number of different, equaily
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justified possibilities of drawing any of the 1,000,000 cards. Or the other prob-
ability, the number of different, equally justified possibilities of drawing the
correct pair of cards is 10712 = 1/1,000,000,000,000 which is the number of dif-
ferent, equally justified possibilities of twice drawing any of the 1,000,000
cards. The latter is equal to the product of the probability of making a correct
first draw (107%) times the probability of making a second correct draw. The
event sequence is easy to overview; there can be no dependence of the second draw
on the first if we ignore personal preferences in the draw, as was done here. In
addition, only one event sequence (partial event) leads to the occurrence of the
event, namely drawing the correct card (or the correct pair of cards) on the first
try (or on the first two trys). Therefore, completeness of the sum over all par-
tial events of the considered event has been demonstrated.

The situation is similar, for instance, in the game "6 of 49" (f). The probabil-
ity of drawing the six proper numbers from 1, 2, 3, . . ., 49 in the next game is
equal to: w; times wy times. . .times wg = 6/49 times 5/48 times...times 1744 is
about equal to 0.00000007 = 7 times 10"8 where, for instance, wg = 1/44 is the
conditional probability of drawing the 6th number after the five previous numbers
have already been correctly drawn (g).

Even the frequencies and probabilities as determined by the procedure in

Section 2.5 come into being by multiplication and summation (see equations 2.5 and
2.6). The reason for small frequencies or probabilities is due to formation of
the product. However, the probabilities affecting the product are not quite so
simple to estimate as in the above examples. Even the event sequences are not so
simple to oversee. For this reason, the validity of forming the product (inclu-
sion of possible relationships between secondary events and failures) and the com-
pleteness of summation (consideration of all relevant event sequences) are not so
easy to estimate. The subjective confidence intervals are a means of numerically
expressing the influences of these uncertainties in our best judgement.

FOOTNOTES

(a) If the annual consequence magnitude y is not Timited to a finite number of
different values but is distributed uniformly with the probability density
function w(y), then we obtain the risk coefficient in an analogous manner
according to R = integral from zero to infinity of y X w(y)dy.

(b) If the consequences are independent per each event, uniformly distributed and
independent of the number of events, then the risk coefficient can also be
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(c)

(d)

(e)

determined according to R =X X F'("gxpected injury per event" times "expected
number of events per year"). Here, x is the expected magnitude of damage per
event and h is the expected annual frequency of the event.

Under an assumption of a binomial distribution, for the number of crashes
among "n" flights, from n = 1,000 observed flights with no crash, we can give
a confidence interval of zero less than or equal to w less than or equal to w*
for the crash probability w, which will contain w with a probability of P%.

w* can be obtained in this case from a relation between binomial and Poission
distribution with a parameter a = n X w. From the Poission distribution we
obtain a probability (average w) for more than zero crashes of:

W= (e”? ai/i!) =1 -e3=1 ™

i

e~18

1
Therefore, w* can be obtained from the following expression according to the
text:

- i W 4
(™™ (wn)/11) > P/100 oder e™ " < 1 - P/100
1

ne~1 8

i

If P = 95 there results w* is about equal to 0.003. Even by means of thE
known relationships between binomial and F distribution or Poisson and x“-
distribution, we obtain the upper 95% bound 0.003 for w.

The probability of the event "collapse under 1oad" generally does not corre-
spond to the probability of the event "collapse within the planned service
life." For its calculation we either need information about the frequency of
1oad application, or we must consider the partial event in the form "strength
= r, load s greater than or equal to r" and the probability density function
of the maximum annual load can be applied.

As a simplification we assume here that the load and strength can assume inde-
pendent whole number values s and r from the value range I [0,s*] or

[0,r*] in accordance with the probab111t1es we (s) or WR (r). The proba-
b111ty w(s, E) of the partial event in Figure 2.1 is thus the product of the
probabilities of the secondary events "load = s" (= wg(s)) and strength r less
than or equal to s":

(= 7 wlrl)
= Wpilld),
r=o R
therefore:
s
wis,E) =w (s) X | w (r).
S R

r=0

With every load value s from I., there is one connected partial event of the
event "collapse under load." The partial events are mutually exclusive
because of the different load values so that:

s*

s
(E) = [s] X [rl
W ) (wg rzo wp [rl)

$=0
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(f)
(g)

is the probability of the event “collapse under load." For the case where the
load and strength can assume any independent values from (0, infinity) in
accordance with the so-called probability density functions wg(s) or wp(r),
then we have:

o s
W(E) = [ wgl(s) x [ wplr)drds
0 0

Translator's note: a game similar to Bingo.

The fact that we often hear of "six correct draws" in spite of this low proba-
bility is simply due to the fact that so many games are terminated and each
terminated game represents an access to the "file," which contains 13,983,816
different equal probabilities of drawing "6 from 49." 0f 10,000,000 termi-
nated games in a week, a probability of about 0.5 results that at least one of
the games will have the_,six proper numbers. If we were dealing with an event
of probability "7 x 107° per year," then each of 10,000,000 terminated games
would represent one completed year.
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Section 3

THE NUCLEAR POWER PLANT

3.1 INTRODUCTION

This Chapter provides an overview of the design, operation, and safety equipment
of a nuclear power plant with pressurized water reactor (a). For plant systems
analysis studies, it was necessary to select a certain nuclear power plant design
as a reference. Various considerations had to be taken into account for this.

On the one hand, the power output, design status and engineered safety features
would have to be "state of the art" for plants presently in operation or in plan-

ning.

On the other hand, a risk assessment requires very detailed information for plant
system studies. This information is sometimes not available until after comple-
tion and operation of a plant.

After weighing both considerations, the nuclear power piant Biblis, unit B, was
selected as a reference plant for the study. Nuclear test operation of this plant
began in the spring of 1976. The plant was transferred to the owners in the
beginning of 1977. The Biblis B nuclear power plant has a pressurized water
reactor (PWR) with a thermal power output of 3,750 Md. The electrical output of
the plant is 1,300 MW. The power plant was constructed by Kraftwerk Union (KWU)
AG and Hochtief AG in the community Biblis under contract to the Rheinisch-
Westfaelischen Elektrizitaetswerke (RWE) AG. Figure 3-1 shows a site plan and
Figure 3-2 an aerial photograph of the power plant grounds with units A and B.
The most important buildings of unit B are the reactor building, the primary
auxiliary building, the operations and switchgear buildings with diesel emergency
power generating wing, the turbine hall, the ccolant water purification and pump
structure, and the buildings of the cooling tower area.

Section 3.2 gives a brief overview of the basic design and mode of operation of

the PWR nuclear power plant. In Section 3.3, general viewpoints and principles of
reactor safety engineering are discussed. Section 3.4 describes the design and
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function of the most important systems and components of the Biblis B nuclear
power plant.

3.2 DESIGN AND OPERATION OF THE PWR NUCLEAR POWER PLANT

Figure 3-3 illustrates the basic design and operation of the PWR nuclear power
plant. The heat generated in the reactor core (1) due to nuclear fission is
transferred to the feedwater-steam circuit (secondary loop) via the steam
generator (2) by means of the closed reactor cooling Toop (primary loop). A
sufficiently high coolant water pressure prevents steam formation in the reactor
cooling loop (therefore the designation "pressurized water reactor").

The secondary feedwater flowing into the steam generator is vaporized by
absorption of heat from the reactor cooling loop. The resulting steam drives the
turbine (5), and this in turn drives the generator (6). The steam flowing from
the turbine can no longer be used to generate electric energy, and it precipitates
in the condenser (7). The water thus obtained is pumped back to the steam
generator.

The heat removal from the condenser takes place by means of the main cooling water
system. Here, the condenser picks up about 2/3 of the heat generated by the
reactor from the flowing coolant water. This heat is released to the environment
either directly to the river or through cooling towers, depending on environmental
conditions.

The conversion of heat into electric energy in nuclear power plants takes place in
the same manner as for other thermal power plants. Energy generation by nuclear
fission often causes special problems, however, since radioactive substances are
generated on a considerablie level. The radiation emitted by these substances can
lead to health hazards. The central task of reactor safety engineering is there-
fore to prevent release of radicactive substances to the environment.

As a result of the disintegration of radioactive substances formed during reactor
operation, heat is generated even after reactor shutdown; this is called the
residual heat. In comparison with the heat generated during power operation, this
amount is small and continues to decrease with time. Unless the reactor core is
cooled, residual heat will warm it up to the point where radioactive substances
would be liberated. Therefore, it is necessary to cool the reactor core even
after shutdown.
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From the above discussion, there results a number of safety engineering require-
ments for the design of a nuclear power plant. The following sections will dis-
cuss them in detail.

3.3 THE CONCEPT OF SAFETY

The objective of all safety considerations and safety measures derived from them
is to ensure at all times the retention of radicactive substances present within a
nuclear power plant. In order to do this, an extensive safety concept has been
developed in nuclear engineering. It consists of a multiple enclosure of the
radioactive substances gyenerated in a reactor and of engineered safeguards and
other measures that maintain at all times the integrity of this enclosure of
radioactive substances. The basic design of the safety concept will be outlined
briefly below.

3.3.1 Barriers for Radioactive Material

By far the greatest part of radicactive material originates from the nuclear fuel

as a result of nuclear fission (b). These fission products are enclosed by

several layered structures, called the fission product barriers. Figure 3-4

illustrates the principal arrangement of these structures. In particular we have:
e the crystal lattice of the fuel itself, which retains the vast

majority of fission products (under normal operating condi-
tions, more than 95%),

6 the fuel rod cladding, which is welded gas-tight,

® the reactor pressure vessel together with the completely
enclosed reactor coolant Toop,

L] the gas-tight and pressure-resistant containment building,

which encloses the reactor cooling loop.

The external steel-concrete structure has only a limited sealing function. It
permits evacuation of gas leakage from the containment and protects the system
against external effects.

3.3.2 Engineered Safety Features

As in all technical systems, nuclear power plants must expect accidents due to
various causes. For instance, accidents due to the failure of system parts, due
to human error, or even due to external events are all possible. In order to
ensure enclosure of fission products, damage to the fission product barriers--even
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during accidents--nust be prevented by appropriate desiyn. In order to achieve
this, a defense-in-depth safety concept is used in nuclear engineering. '

3.3.2.1 C(Classification of Accidents. It is customary to divide cperational

states and accidents in nuclear power plants into three safety groups:

Specified Normal Operation

The plant is functioning normally or occurring malfunctions do not affect the
operation and safety of the plant. The radiation exposure due to operaticnal
discharges of radicactive substances to air and water must be kept as low as
reasonably achievable. The prescribed 1imits for radiation exposure of the
environment are established in the German Radiological Protection Ordinance.

Accidents (Design Basis)

Accidents are defined as event sequences during which operation of the plant
cannot be continued for safety reasons, but for which the plant has been
designed so that the consequences to the environment will not exceed the
defined Timits. The corresponding acceptable limits for radiation exposure 1in
case of accidents are also established by the radiological protection
ordinance.

Emergencies (Class 9 Events)

Beyond the safetly design of nuclear power plants, there remains a range of
possible event sequences called Class 9 events or Class 9 accidents (c). By
these we mean event sequences that either are so improbable, as far as one can
judge, that specific nmeasures to prevent or 1imit their consequences are nor-
mally not taken, or whose occurrence and sequence are not forseeable. During
Class 9 events, the acceptable 1imits established for radiation exposure in
the Radiological Protection Ordinance can be exceeded.

3.3.2.2 Defense-in-Depth Principle. The task of reactor safety engineering is to

prevent accidents, if possible, or when not possible, to limit the consequences of
accidents., A defense-in-depth concept has been developed for nuclear power plant
safety for this reason. We generally distinguish three Tevels of safety measures:
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Qual ity Assurance

This safety level includes all requirements of standard design and quality,
especially of the nuclear components. In addition to component and system
designs with a high level of safety margin, measures are also provided for an
extensive quality assurance in the manufacture of components and in the
construction of the plant. For instance, a multiple, independent inspection
of important safety components like the reactor pressure vessel, coolant pipe
lines, and containment is performed. The high level of quality is assured
through continuous recurrent testing during the entire 1ife of the plant.
These measures for quality assurance are aimed at keeping the accident fre-
quency as small as possible, i.e., to prevent accidents as much as possible.

Prevention of Accidents

To prevent accidents that could develop from other malfunctions, nuclear power
plants are equipped with redundant control and protective equipment. These
systems are used for timely recognition of potential accidents and to trigger
actions for the immediate limitation of occurring malfunctions.

The most important safety feature is the reactor protection system. It
continuously monitors all important measured values in the system, for
instance, reactor power output, pressure in the reactor coolant system, main
coolant pump speed, etc. The reactor protection system automatically
initiates protective measures such as reactor shutdown, when the monitored
process parameters exceed defined setpoint values.

Limitation of Accident Consequences

The third stage of the safety concept for nuclear power plants is the provi-
sion of extensive engineered safegquards called safety systems. Triggered by
the reactor protection system, these safety systems generally act automatic-
ally during accidents to maintain the integrity of the enclosure of fission
products and to limit the harmful consequences connected with the accident.
These safety systems are designed to effectively control a broad spectrum of
potential accidents.

The design of the safety systems is oriented, however, to a few important
design basis accidents that generally lead to the highest exposures and thus
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to the greatest demand requirements of the safety systems. For instance, a

double~end break of a primary coolant pipe is the determining accident for the
design of the containment.

3.3.2.3 Principles of Engineered Safety Features. The primary requirements of
the engineered safeguards of nuclear power plants in the FRG are primarily estab-
lished by the safety criteria by the Federal Ministry of the Interior (1) (analo-
gous to General Design Criteria in the U.S.). Regulatory positions and standards
(similar to Regulatory Guidelines and Standard Review Plans in the U.S.) are given
by the guidelines of the Reactor Safety Commission (RSK) (2) and in technical
safety regulations of the Nuclear Safety Standards Commission (KTA) (3). In
addition to requirements established in detail for protective and safety
equipment, these criteria and regulatory standards also contain general design
principles. Besides the already mentioned measures for quality assurance, a nhigh
level of operational reliability of the protective and safety equipment is to be
achieved by these design principles.

Since failures of components are possible, the design principles require that
functioning of the protective and safety systems is assured even for failure of
individual components. This considers both independent as well as nwtually depen-
dent failures.

The primary design principles are expiained below.

Redundancy

The most important principle against individual failures is called redun-
dancy. Redundancy means that for each safety function there are more compo-
nents or subsystems available than actually needed to perform the function.
For instance, of the four mutually independent individual subsystems of the
emergency and residual heat removal (RHR) system, generally two loops are
sufficient for satisfactory reactor cooling. If one subsystem fails due to an
individual fault (e.g., the pump of subsystem one does not start up), then
operation of the emergency cooling system is not endangered since there are
still three other subsystems available.
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In addition, redundant safety systems are usually physically separated from
each other and provided with special functional protection. These measures
primarily offer protection against subsequent failures and against interfacing
internal influences (e.g., fire, flood), as well as against external events.

Diversity

The redundancy principle--multiple design of a system using the same type
components or subsystems--does not always afford sufficient protection against
interdependent failures. Such failures can occur simultaneously due to a
common cause in redundant subsystems and can neutralize the redundancy.
Failures that go beyond the redundant systems are generally called common mode
(common cause) failures. In order to minimize common cause failures, exten-
sive measures have been taken both in design and manufacture, as well as in
operation.

Diversity is an important protection against common cause failures. Multiple
equipment designed for the same safety purpose has been built-in according to
different design principles, and their actions are initiated by physically
different functional and triggering principles. The diversity principle is
used primarily in the reactor protection system. In accordance with the
Nuclear Safety Standards Commission (KTA) regulation 3501 (4), each accident
considered within the framework of a design basis accident analysis should be
monitored by the measurement of at least two diverse process quantities.
Accordingly, the reactor power output can be measured either by the neutron
flux or by the heat-up rate of the coolant, for example.

Fail-Safe

Another important principle to prevent the consequences of independent or
common cause failures is the principle of failure in a safe direction, briefly
called the fail-safe principle. Accordingly, safety systems are designed so
that, if possible, the plant or plant components go to a safe mode upon fail-
ure. The most important examples are the control rods. They are held by
electromagnets so that, upon failure of their electric power supply, they drop
into the reactor core and shut down the reactor.
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Self-Regulation

If a system is designed so that failures of components or subsystems are
recognized and indicated by the system itself, then we call this self-regula-
tion. This principle is generally applied in the plant protection system.

3.4 DESCRIPTION OF SYSTEMS AND COMPONENTS

Before we discuss in detail the most important systems and safety features of the
nuclear power plant, a brief overview is provided (Figure 3-5).

] The reactor core produces the thermal power output of the
nuciear power plant, it contains the most important fraction of
radioactive substances in the plant (Section 3.4.1).

@ The reactor scram system is used to quickly terminate the
nuclear chain reaction. Thereafter, energy production in the
reactor core is merely the residual decay heat (Section 3.4.1).

) The reactor coolant system consists of the reactor pressure
vessel, the primary side of the steam generator, the main cool-
ant pipelines, the main coolant pumps and the pressurizer. The
heat generated in the reactor core is transferred from the re-
actor coolant system to the steam generators. (Section 3.4.2).

] The feedwater-steam system consists of the secondary side of
the steam gyenerator, the main steam pipelines, the turbine with
turbine condenser, the main condensate system with main conden-
sate pumps, feedwater tank, and the main feedwater system with
main feedwater pumps. At full power operation the heat from
the boilers is transported to the turbine in the feedwater-
steam system (Section 3.4.3).

) The volume control and chemical injection systems keep the
volume of coolant water in the reactor coolant system
constant. By injection of boric acid or deionate, the reactor
power output can be controlled over the long term
(Section 3.4.4).

() It is the task of the control features to keep the important
operating parameters within given operating ranges
(Section 3.4.5).

] The reactor protection system controls all parameters relevant
to safety and initiates automatic protective actions when
limiting setpoint values are reached (Section 3.4.6).

® The electrical energy supply consists of the internal supply
system and the emergency power system. The emergency power
system supplies the important safety components on failure of
the normal power supply (Section 3.4.7).

® The energency feedwater system supplies the steam generator
whenever the primary feedwater system is not available. The
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emergency feedwater system can be used to remove decay heat and
to shut down the plant (i.e., to reduce the coolant
temperature, Section 3.4.8).

(] The emergency and RHR system is used to remove decay heat over
the long-term after shut-down and cool-down of the reactor.
During a loss-of-coolant accident (LOCA), it must also inject
cool water into the reactor coolant system (Section 3.4.9).

® The emergency system transfers the plant to a safe mode in case
of severe external events {Section 3.4.10).

] The containment encloses the important, radioactive parts of
the plant. The surrounding reinforced concrete shell protects
the containment against external events (Section 3.4.11).

3.4.1 Reactor Core

Thermal energy is generated in the reactor core by nuclear fission. The fuel,
primarily uranium dioxide (UOZ), is located in the fuel rod. A bundle of 236 fuel
rods forms a fuel element (Figure 3-6). The reactor core comprises 193 fuel
elements. The fuel elements are arranged within the reactor core so that an
approximately circular cross-section results (Figure 3-7).

In each fuel element, 20 of 256 possible positions are not occupied by fuel

rods. In 61 fuel elements, these positions are assumed by the rod cluster control
(RCC) assembly. The 20 control rods contain neutron-absorbing material and form a
control element by means of a spider-like structure (Figure 3-6). The control
drive shaft is connected to this spider. A control element with drive shaft is
called a control rod below.

By stepwise movement of the control rods up and down and the changing neutron
absorption in the reactor core connected with this, the nuclear chain reaction can
be controlled and terminated by complete insertion of the control rods.

Movement of the control rods takes place by electromagnetically operated jack
systems located outside the reactor pressure vessel on the control rod nozzles.
During reactor scrams the control rods are disengaged so that they drop into the
core.

Open fuel rod positions in fuel elements not equipped with control elements are
partly used for measurement purposes.
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Figure 3-6. Fuel rods with control element
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3.4.2 Reactor Coolant System

The reactor coolant system (pressure retaining enclosure) consists of the reactor .
pressure vessel, the four primary coolant loops (each with primary coolant

pipelines, steam generator, and primary coolant pump) and the pressurizer system

and pressurizer (Figure 3-8).

3.4.2.1 Reactor Pressure Vessels. Figure 3-9 shows a cross-section of the

reactor pressure vessel. The hemispherical shaped base of the reactor pressure
vessel (RPV) consists of the base calotte and the base ring comprised of several
segnents welded together. The cylindrical vessel shell is welded together from
several, seamless forged rings and attaches to the hemispherical base. The seam-
less forged shell flange ring with its eight coolant supports forms the transition
of the vessel shell to the top head. The reactor pressure vessel Tid consists of
three forged pieces with screwed and welded control rod nozzles. The Tower part
and 1id of the reactor pressure vessel are screwed together. The RPV is made
entirely of the material 22 NiMoCr 37. The interior surfaces wetted by coolant
are clad with a corrosion-resistant, austenite-welded plating.

The internals of the RPV illustrated in Figure 3-9 assume mechanical support and
exact positioning of the reactor core, guidance of the control rods and of the
coolant flow. The entering coolant flows in the annulus between the preéssure
vessel internal wall and core shell downward intoc the lower plenum. After a
radial deflection, it flows through the reactor core from bottom to top and, after
a second diversion, moves to the outlet nozzles.

3.4.2.2 Steam Generators, Pumps, Pipelines and Pressurizers Figure 3-10 shows a

cross-section through one of the four steam generators. The steam generator is
designed as a standing U-tube with steam generator with natural circulation. The
important components are a horizontal tube plate with vertical U-tube bundle, a
hemispherical channel head under the tube base (divided by a baffle), and a
cylindrical vessel on the tube base that surrounds the tube bundle and extends as
a dome above the tube bundle. The primary coolant used as heating agent flows
through the inlet of the channel head beneath the tube base into the U-tube and
from there back into the outlet of the channel head.

On the secondary side, the steam gyenerator operates according to the natural

circulation principle. The majority of the feedwater first enters a preheating
section of the steam generator situated on the coolant outlet side, where it is
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heated to about 10°C below the boiling point. Vaporization of the feedwater
occurs in the heatinyg tube bundle, which is surrounded by a tube bundle wrapper.
The steam moves through the course separator into the steam dome where residual
water is removed by a fine separator. From there, it flows through the outlet
nozzle into the main steam pipeline.

The removed water runs downward in the drop space between vessel shell and pipe
bundle and enters the heating tube bundle again via the tube plate.

The four main coolant pumps are single-stage rotary pumps driven by electric
motors.

The primary coolant pipelines connect rector pressure vessel, steam generator, and
primary coolant pumps. The pressurizer is connected by means of a surge line to
one of the "hot" primary coolant pipelines leading from the RPV to the steam
generator. The pressurizer is used to control the ccolant pressure and is
partially ff]led with boiling water. The pressure of the steam cushion above it
can be increased by heating the pressurizer or decreased by injecting & spray of
water. To do this, spray water is taken from the "cold" primary coolant lines
(between main coolant pumps and RPV).

The coolant pressure is limited during accidents by two relief and safety valves
each attached to the pressurizer. The steam vented through these valves is con-
densed in the pressurizer relief tank.

A1l parts of the reactor coolant system that come into contact with primary
coolant are either manufactured of corrosion-resistant material or are plated with

vwelded austenite.

3.4.3 Feedwater-Steam System

The most important components of the feedwater-steam system (secondary system) are
seen in Figure 3-11.

The main steam generated in the steam generators moves through the turbine control

valves and the quick-closing valves into the high-pressure section and, after
interim heating, into the low-pressure section of the turbine.
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After passing through the turbine, the cooled steam is precipitated in the conden-
sers and then moved as water into the feedwater tank by the main condensate

pump. The water is moved by two of the three existing main feedwater pumps from
the feedwater tank through the four main feedwater pipelines in which the main
feedwater control valves are installed, back to the boilers. Heat removal from
the condenser takes place by means of the main cooling water system. In addition,
to operate the main feedwater pumps, the turbine, the condenser, and the main
condensate system, different auxiliary systems are needed that are cooled by means
of a conventional secondary cooling water system (these are not illustrated in
Figure 3-11).

I[f more steam than is needed by the turbine is generated, or if the turbine has to
be shut down because of an accident, then the main steam can be diverted directly
to the condenser through a main steam bypass mechanism. If the condenser is not
available, the main steam is vented to the outside through the relief control
valves and main steam safety valves. In this manner, cooling of the steam
generator and thus heat removal from the reactor coolant system are made

possible. A Tong-term availability of the steam generator is achieved here by
makeup water feed from the deionate tank into the feedwater tank.

If provision to the steam generator through the main feedwater pumps is not
possible, then the emergency feedwater system and emergency system can be used for

this feed. These systems are discussed in Sections 3.4.8 and 3.4.10.

3.4.4 Volume Control and Chemical Injection System

The volume control system, fed by emergency power, is used to compensate for
volume fluctuations in the reactor coolant system that may occur from changes in
coolant density due to operating transients or small leaks from the reactor cool-
ant system. Another task of the volume control system is to continually take a
partial flow of coolant from the reactor coolant system, run it through a purifi-
cation system, and then reinject it. By means of the chemical feed system, and
via the volume control system, the boron concentration to the reactor coolant
system can be changed (chemical reactivity control). This is achieved by
injecting boric acid or deionate (chemically pure water). The volume control and
chemical injection systems together thus represent an independent, though slow-
acting, shutdown system for the reactor.
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In addition, the volume control system can be used as an auxiliary spray of the
pressurizer during shutdown or failure of the normal pressurizer spray. .

3.4.5 Control Features

It is important to the basic design of the control system during full-~power opera-
tion of nuclear power plants that the generator and thus the turbine be adapted to
the power requirements from the power main. Changes in power requirements are
transferred via the turbine to the steam generators, and from this via the change
in primary coolant temperature to the reactor. For an increase in power
requirements by the mains, more heat must be withdrawn from the reactor coolant
system via the heat yenertors. This leads to a drop in primary coolant
temperature. Since the power output of the reactor increases with decreasing
primary coolant temperature, the reactor adapts itself to the changed power
requirements. Pressurized water reactors thus have an inherently stable control
behavior.

However, to keep the significant operating parameters within predetermined
operating ranges under different power requirements and accidents, control
mechanisms are necessary. The most important such mechanisins are (Figure 3-12):

® Turbine control

® Coolant temperature control with control rod bank position
control system

] Coolant pressure control with pressurizer level control

® Feedwater control

Turbine Control

In normal operation, the nuclear power plant feeds its electric power to the
interconnecting grid. During startup and shutdown of the turbine and isolated
operation of the power plant, the turbine RPM is kept constant by the
governor.

In order to keep the steam pressure at the turbine inlet from increasing in an
unacceptable manner during turbine tripout or for load rejection (failure of
power mains feed), a steam maximum=-pressure controller diverts the excess
steam through the main steam bypass directly into the condenser.
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If the reactor power output cannot follow the demands of the power main, a
main steam, minimum-pressure controller reduces the turbine load so much that .
a minimum main steam pressure is always maintained.

Coolant Temperature Control with Control Rod Bank Position Control System

This system is used to keep the average coolant temperature at a constant
306°C in a power range of between 66% and 100% of the rated power output. The
control rods and the volume control and chemical injection system are used as
control means. Rapid changes in reactivity are compensated by the control
rods and by slowly changing the boron concentration.

The coolant temperature control drives the control rods via the control rod
control. In order to achieve a favorable power distribution in the reactor
core, the control rods are intermingled by means of the control rod bank posi-
tion control system. To do this, the boron concentration of the coolant can
also be changed.

In order to intercept accident-caused power surges before control measures
trigger the reactor protection system, additional limiting features are pro-
vided. These features act particularly on the movement of control rods, they
can also initiate control rod fast insertion.

Coolant Pressure Control with Pressurizer Level Control

The coolant pressure control 1is used during full power operation to keep cool-
ant pressure to about 155 bar regardless of occurring accidents. Available
control means are the pressurizer heating rods, spray valves, and two relief
valves.

The pressurizer level control regulates the inlet and outlet quantity of cool-
ant from the volume control system so that the pressurizer level remains con-

stant.

Feedwater Control

To keep the steam water level within certain limits, the feedwater control
adjusts the feedwater inflow to the steam quantity exiting from the turbine.
The following control units are available:
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® Main feedwater control "main load"
® Main feedwater control "low load"

¢ Emergency feedwater control

The control quantity is always the steam generator water lTevel. Main load
control is used at a reactor power output of more than 25%; at lower reactor
output the secondary load control takes over. The control means are control
valves in the four primary feedwater lines leading to the steam generators.

The emergency feedwater control maintains a minimum water level in the steam
generator during failure or shutdown of the primary feedwater pumps and thus
prevents vaporization of all water from the steam generator. Control means
are control valves in the four emergency feedwater lines leading to the steam
generators.

3.4.6 Reactor Safety System

The reactor protection system initiates necessary protective actions to ensure the
safety of the reactor plant and environment by monitoring and processing important
parameters during normal operation and during accidents. To initiate protective
actions, reactor protection signals are formed that automatically trigger the
appropriate safety systems. The following protective actions are triggered by the
reactor protection system (Figure 3-13):

¢ Reactor scram
® Integrity of reactor coolant system

® Residual heat removal (emergency cooling and emergency
feedwater supply)

® Isolation of the building

° Emergency power supply

The reactor protection system consists of partial systems for analog-measured
value recording and setpoint signal indication (trigger levels), for logic
evaluation and linkage (logic levels), and for initiation of triggering signals
(control levels) (see Figures 3-14 and 3-15).

The trigger level includes the measurement channel groups for the different
process variables (coclant pressure, coolant temperature, primary coolant pump,
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RPM, etc.), which are measured at Teast three times. The individual measurements
within a group are monitored for deviations by comparators. The setpoint signal
transducers compare the process variables with 1imiting values. Any deviation
beyond the values is signalled.

The logic level is that part of the reactor protection system in which the limit
signals are logically Tinked together. If at Teast two of three Timit signals of
one measurement channel group are in a line, this is judged as exceeding the limit
value.

The logic level operates according to a dynamic principle, i.e., with continuously
transiting timing pulses. A defective failure of pulses is signal-triggering
[fail-safe principle) and is self-indicating.

The control level of the reactor protection system is that part of the system
where signals from the Jogic section are adapted to the switching conditions of
the active safety mechanisms. The dynamic signals (timing pulses) arriving from
the logic level are converted into static signals within electronic circuits
(termination elements). These static signals activate relays that allow the plant
protection signals to trigyer either the six-contact system of the reactor scram
or the activator (Figure 3-16).

In the activator, finally, "on" and "off" commands are given to the switching
equipment of the individual components (e.g., pumps, valves). Predominance of
reactor protection signals over other signals is assured.

The reactor protection system permits manual intervention by the operating crew in
the station control room in only a few cases. In rare instances, such interven-

tion is necessary for the function of the safety systems.

3.4.7 Electric Energy Supply

Figure 3~17 shows the electric diagram of the reference plant. During full-power
operation the generator feeds electric energy into the interconnecting grid
through the two mains feeds, which also include the machine transformers. By
means of the 27-kV bus bar and the two auxiliary transformers, the 10-kV bus bars
of the auxiliary switchgear are powered. Upon failure of the turbine or gener-
ator, the generator circuit is open. Supply to the auxiliary switchgear can be
assumed without any interruption by the grid. If both main power supplies fail,
then the turbine is shut down to station auxiliary power.
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Components relevant to safety are comnected to the emergency power system. This ’

is normally supplied with electricity from the auxiliary switchgear. Upon failure
of the voltage to one of the four 10-kV emergency power bus bars, its connection
to the auxiliary switchgear is terminated and the appropriate emergency diesel
generator is started. After cutting out the 10-kV bus bars of the auxiliary
switchgear, the 10-kV emergency bus bars can also draw energy through the connec-
tions to Unit A of the nuclear power plant.

In addition to the 10-kV bus bars, 380-V bus bars are present in the emergency
power system. 220-V and 24-V d-c bus bars are powered via rectifiers from the
380-V emergency bus bars. By means of parallel circuited batteries a continuous
power supply to the d-c bus bars is assured during a temporary voltage loss to the
380~V bus bars. For a continuous three-phase power supply, bus bars powered via
transformers from the 220-V d-c bus bars are available. To operate the machine
transformers, they must be cooled by the conventional secondary cooling water
system. The emergency diesel generators must be cooled by the nuclear secondary
cooling water system.

3.4.8 Emergency Feedwater System

The four-loop emergency feedwater system (Figure 3-18) must supply the steam
generators with water when the main feedwater pumps cannot do so. The emergency
feedwater system and cooling systems needed for its operation are supplied with
emergency powers.

[f the condenser is not available as a heat sink (e.g., in case of emergency power
use), then the main steam is released to the atmosphere by means of the main steam
safety valves or the relief control valves. In order to be able to supply the
steam generators with water for a sufficient period of time, the emergency
feedwater system has available water reserves that can maintain heat removal from
the reactor coolant system for ten to fifteen hours.

3.4.9 Emerygency Cooling and Residual Heat Removal System

The emergency cooling and residual heat removal system (Figure 3-19) has both
operational and safety functions:
(] When shutting down the power plant, the emergency cooling and
residual heat removal system begins operation when the pressure

and temperature in the reactor coclant system have been reduced
sufficiently. It then assumes the function of removing
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residual heat occurring in the reactor core and of further
cooling the reactor coolant system (residual heat removal).

® During accidents that Tead to loss of coolant from the reactor
coolant system, the job of the emergency cooling and residual
heat removal system is to refill the reactor pressure vessel
and to assure sufficient cooling of the reactor core (emergency
cooling).

In order to perform these tasks, the emergency cooling and residual heat removal
system has the following subsystems:

e High-pressure injection systems with safety feed pumps
® Low-pressure injection system with RHR pumps

® Accumulators

The emergency cooling and residual heat removal system is composed of four loops
and is supplied with emergency power. The injection loops of the system are con-
nected to the primary coolant hot and cold Tegs. The RHR pumps and accumulators
simultaneously feed the hot and cold primary coolant pipelines. The safety
injection pumps are circuited over three-way valves so that they feed only into
the cold, primary coolant pipelines. During a leak in a cold primary coolant
pipeline, the three-way valve switches the appropriate safety feed pump to the hot
primary coolant pipeline.

During LOCAs, the operation of the emergency cooling and residual heat removal
system differs according to the size of the leak.

For large-break sizes, the pressure in the reactor cooling loop drops quickly.

The high-pressure injection systems are not needed in this case. The accumulators
and the low-pressure injection systems feed borated water into the reactor coolant
system. The RHR pumps initially remove water from the storage tanks (flood opera-
tion). If the storage tanks are emptied, then the RHR pumps pull the water
collected at the lower part of the containment {reactor building sump) upward and
deliver it back to the reactor coolant system through the residual heat exchanger
(RHR, sump circulation operation).

For smaller leak sizes, the pressure in the reactor cooling Tcop drops slowly.
Therefore, the high-pressure injection systems can be used first. Below a certain
leak size, heat must simultaneously be removed via the steam generators. Coolant
pressure and temperature in the reactor cooling Toop must be reduced by the
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feedwater-steam system so that the lTow-pressure injection system can be taken into

operation. .

Operation of the hooked-up cooling chain assures emergency cooling. Comprised of

four Toops and powered by emergency current, this cocling chain consists of a
nuclear intermediate coolinyg circuit and the nuclear secondary cooling water
system. The nuclear intermediate cocling circuit picks up the heat from the
residual heat coolers of the emeryency cooling and residual heat removal system
and transfers it through another heat exchanger to the secondary cooling water
system, which is cooled by river water. Intermediate switching of the nuclear
intermediate cooling circuit between the emergency cooling and RHR system and the
secondary cooling water system assures that no radioactive substances can get into
the river during leaks in the fuel element cladding and in the heat exchanger of
the emergency and RHR system.

3.4.10 Emergency System

The emergency system is used primarily to transfer the plant to a safe status
after damage has occurred as anticipated due to external events. To be effective,
the emergency system must assure heat removal of the shut down reactor.

From the intact region of unit A, it is possible to control important components
in the damaged unit B. By open-circuiting appropriate pipelines, two steam
generators in unit B can be supplied with emergency feedwater from unit A (see the
connections to the emergency system in Figure 3-18). Borated water from unit A
can be injected into the reactor coolant system. In addition, unit A can take
over the power supply to unit B.

3.4.11 Containment and Annulus Exhaust Air Handling Systemn

The nuclear power plant containment, which retains radioactivity during accidents,
consists of a steel, spherical vessel and an external reinforced concrete
structural shell (the secondary containment), with an exhaust air handling system
for the annulus lying in between (Figures 3-20 and 3-21).

The steel vessel contains a number of pipeline and cable penetrations. Needed
primarily to operate the systems located within the containment, these penetra-
tions are gas-tight and pressure resistant. Highly stressed penetrations are
additionally secticned off and connected to a leak-off system. Each pipeline
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leading through the containment can be isolated by at least two valves, and the
subatmospheric pressure system lines can be isolated by three valves, one behind
the other.

The reinforced concrete structure encioses the containment and forms the outer
wall of the reactor building (Figure 3-20). It protects the reactor system
against external events and shields the environment against direct radiation from
the containment during accidents.

During an accident the reactor protection system closes the building isolation
valve. Thus, all pipeline penetrations not needed to control the accident are
automatically closed off. The annulus between the containment and the reinforced
concrete structure is kept at subatmospheric pressure by means of the annulus
exhaust air handling system. Thus, radioactivity release due to smaller leaks
from the containment can be detected, monitored, and released through filters and
stacks.

3.4.12 Protection Against Fire

Fires within the plant cannot be precluded in advance. Combustible materials 1ike
lubricating oils as well as other potential ignition sources are always present.
Overall, the quantities of existing combustible naterials are small.

In addition to precautions against the occurrence of a fire, measures are taken to
prevent the spread of fire and thus the potential failure of several important
safety systems. For instance, redundant loops of safety systems are either spa-
tially separatéd so that they cannot be simultaneously affected by heat and smoke,
or they are sectioned off by structural or fireproofing materials,; this is also
true for the cable connections belonging to the particular redundant loops. Cable
and pipeline penetrations through structure sections have fire resistant seals.

In addition to these passive measures, active fire prevention measures include a
fire reporting and extinguishing system that encompasses the entire plant. The
controlled-access area and plant areas in which the safety features are located
are also equipped with instruments for early fire detection. Sections of the
building containing a concentration of flamwmable material, e.g., masses of cables
or larger oil containers, have additional stationary, fast-acting extinguishing
features. The technical-structural fire prevention measures are supplemented by

administrative procedures.
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3.4.13 Protection Against External Events ‘

In accordance with the existing German safety requirements, nuclear power plants

in the FRG are to be protected against external events. Existing safety features
must also be able, in this case, to shut down the plant, to remove arising heat,

and to prevent an unacceptable release of radicactive substances. However, after
an accident due to external events, the plant need not be able to continue opera-
tion.

The reference plant was designed to withstand external events in accordance with
regulations and requirements in effect at the time of Ticensing. These require-
ments have been modified in the meantime.

The design of the reference plant was based both on natural and man-made
effects. Natural effects included:

° earthquake
® flood
[ storm

° lightning strike

Man-made events were:
8 aircraft crash
) shock waves from chemical explosions
° intervention of explosive and poisonous gases

] intervention by third parties

The concept of protection against external events combines design and technical
measures--primarily, appropriate design of the most important system parts to the
corresponding Toading. To protect against external events that can lead to
locally limited damage, the most important system components are also spatially
separated. Additional administrative and organizational procedures are provided.

The protective concept used in the reference plant provides for coping with flood,
earthquake, severe weather, explosion shockwaves, and ingress of harmful gases by
means of the safety features installed in unit B. For aircraft crash and in part
also for interventions by third parties, the emergency system provides an added

safety feature. .
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FOOTNOTES

(a) The following discussion must necessarily be very compressed. For the sake of
brevity, the description is based on the book Reaktorsicherheitstechnik
[Reactor Safety Technologyl by D. Smidt, Springer PubTications.

(b) In addition, initially nonradioactive materials are made radioactive by irra-
diation. The total activity of these activation products is low in comparison
with the fission products. The activation products are therefore not
discussed separately.

(c) Translation Note: In the remainder of this report the English translation
will normally not distinguish between design basis and Class 9 accidents.
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Section 4

THE OBJECT AND METHODS OF THE RISK ANALYSIS

4.1 OBJECT OF THE RISK ANALYSIS

Nuclear power plants contain considerable quantitites of radioactive material.
For instance, the radioactive inventory of the Biblis B nuclear power plant is
about 1010 Curies after a Tong operating time (a). If even a small fraction of
the fission products escaped into the environment, danger would threaten both
health and 1ife. A nuclear power plant therefore poses a significant hazard
potential.

In order to master this potential hazard, nuciear power plants are designed so
that release of radioactivity on a level dangercus to humans is precluded within
limits of the state of the art. In addition to retention of fission products by
several redundant structures, extensive protective and safety precautions prevent
damage to these structures (see Chapter 3).

A1l previous experience has shown that this safety concept has thoroughly proven
itself. Over a period of about 25 years--at least in the Western world--no one
has been killed by radioactive releases from a nuclear power plant or has had his
health damaged in any demonstrable form. On the other hand, it is obvious that in
spite of extensive precautions, accidents with the potential to considerably
damage the environment can never be precluded with absolute certainty.

A useful, quantitative statement about the "remaining uncertainty" or, in other
words, "the risk," has not been empirically found for nuclear power plants. Expe-
riences that would permit a necessary statistical determination and evaluation of
accidents are not available. Therefore, the risk can only be estimated by analyt-
ical means.

During accidents that are handled by the design of safety systems, no damage
occurs outside the plant. Therefore, a contribution to risk is only expected if,
during such an accident, the engineered safety features fail in such a manner that
a considerable release of fission products from the plant occurs.

4-1



The risk analysis therefore concentrates primarily on events for which a failure

of the safety systems is postulated. For a numerical determination of the risk, .
both the frequency as well as the consequences of such events must be determined

in a theoretical manner,

In order to give an overview of what events could be decisive to the risk,

Section 4.2 describes the sequence of reactor accidents as considered in the risk
study. Section 4.3 provides an overview of procedures and methods of risk analy-
sis. In Sections 4.4 and 4.5 the event tree analysis and fault tree analysis used
within the framework of the technical studies are discussed. The reliability of
data used for a quantitative evaluation of these analyses is discussed in

Section 4.6, Section 4.7 discusses uncertainties connected with the risk
analysis.

4.2 DESCRIPTION OF ACCIDENT SEQUENCES TO BE STUDIED FOR THE ANALYSIS

For an analytical determination of risk, model conceptions should be developed for
processes occurring during a reactor accident both within and without the plant.
The considerations must concentrate on those accident sequences that could lead to
a relatively large release of radioactive substances from the plant and to
potential damage to the environment.

The basic conceptions on the sequence of a reactor accident are described below;
these are used as a basis for the methodical procedure of the study outlined in

Section 4.3.

Activity Inventory in the Plant

In the first step, the location and guantity of radioactive material in the
plant must be determined. Table 4-1 shows the absolute and relative fractions
of the activity inventory at various points in the nuctear power plant. These
values depend on different parameters (e.g., burn-up, decay time, number of
fuel elements in the storage pool, operating mode of auxiliary systems) and
vary with time. The table contains typical values, which are sufficiently
accurate for the discussions at this point.

We find on the average 95% of the total radioactive inventory in the reactor

core {including reactor coolant system). Shortly after refueling, this
fraction can drop to about 80%.
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Table 4-1.

power plant (1300 MWe)

Typical radiocactive inventory of a PWR nuclear

Total activity

Percentage of core

{in Curijes) inventory
: . Fission
Location Fission gas gas
Fuel P1enum Total Fuel Plenum | Total
Reactor core (a) 6.3 x 10%] 1.0 x 108 | 6.4 x 107 | 98.4 1.6 100
Fuel element
storage pool 9 7 9
(maximum) (b) 1.3 x 107} 2.1 x 10 1.3 x 107 |20.6 0.3 21
Fuel element
storage pool 8 6 8 2
(average) (c) 3.3 x 10°} 5.3 x 10 3.3 x 10 5.1 { 8 x 107 5.2
Transfer cask (d) 1.7 x 107 | 2.7 x 10° | 1.7 x 107 | 0.3 [ 4x 1078 | 0.3
O0ff-gas system - - 1.5 x 104 - - 2 x 10~4
Waste water 3 5
system (e) - - 1.2 x 107 | == - 2 x 107
Ion exchanger (f) - - 1.5 x 10% | -- - 2 x 104
Other components
in the auxiliary 3 5
building (g) - - 1.2 x 10 - - 2 x 10°

(a) Data for a time point about one-half hour after shutdown after an average
burnup of 10,000/19,600/33,500 MWd/t (3 regions in the core).

{b) Inventory of 2/3 core loading, of which half has decayed for three days, and
another half for 180 days.

(c) Inventory of 1/2 core loading of which 1/3 has a 180-day decay period and 2/3
a 50-day decay period.

(d) Corresponds to 10 fuel elements after 180-day decay period.

(e)

Contains:

(f)

of about half a year.

(g) Contains:

compensation tank, coolant

removal.

concentrate tank (30-day decay period), vaporizor for waste water,
waste water collection tank.

For a purification rate of the main coolant of 10% per hour and a dwell time

filter (resin trap), resin waste tank, boric acid tank, volume
reservoir, vaporizor for coolant, blowdown salt




The remaining 5% of the total radioactive inventory is located almost exclu-
sively in the storage pool for spent fuel elements. In the (loaded) fuel .
element cask and in auxiliary systems (e.g., off-gas system, waste water

system), the radioactive inventories are very small compared with the core
inventory. Under consideration of safety precautions taken in these system
parts, it is therefore assumed that no significant contribution to risk is
expected by their failure. Consequently, the study concentrates on possible
releases from the reactor core.

Retention of Fission Products

With intact systems, the fission products arising in the reactor core are
retained by several structures (see Section 3.3.1).

In addition to the "internal structures" (crystal lattice of the fuel, fuel
rod cladding), which practically retain the fission products at the point of
their generation, other structures, the "external structures" (reactor coolant
system, containment) are available. Upon failure of the reactor coolant
system or containment, the radioactive releases remain small as long as the
fuel cladding and crystal lattice of the fuel remain generally intact.

Therefore, we must track primarily those events that can lead to failure of
the internal structures. Subsequently, we shall examine what the consequences

could be with regard to the external structures.

Failure of Fission Product Retention

According to Table 4-1, about 98% of the total radioactive inventory of the
reactor core is retained in the crystal lattice of the fuel. The remaining 2%
(with the exception of minor fractions that may escape through leaks in clad
tubes into the reactor coolant system) is retained by the fuel cladding.

The majority of fission products thus can be released only if the fuel is
overheated and, especially, if the crystal lattice of the fuel is dissolved,
i.e., when the fuel melts. Even for a complete fuel melt, however, depending
on the physical-chemical properties of the various fission products, various
fractions would remain in the fuel melt (see also Sections 6.5).



To determine risk, therefore, we must track those events that can lead to a
core melt. With respect to the above assessment of risk, it is assumed in
this study that the fuel always melts completely when the core is insuffi-
ciently cooled.

Section 3.4 describes in detail which precautions are taken and which protective
systems and safety features are present to assure satisfactory cooling of the
reactor core, even for all considered operational malfunctions and accidents. For
an assessment of risk, we must determine the probability and the circumstances
that will allow accidents to result in a core melt in spite of these safety
precautions. The sequence of such events need not be analyzed in all details. We
are interested primarily in two guestions:

1. Which safety systems (or how many loops of redundant systems)
are needed to prevent a core melt?

To answer this question the study adopts the appropriate pre-
scriptions from the licensing procedure for the reference plant
or other comparable plants, where available.

Thus, minimum requirements of the safety systems can be estab-
lished, and these can be included in the reliability analysis
of these systems (see Table 5-1).

2. What is the status of the plant upon occurrence of a core melt?

From this we obtain initial and boundary conditions for simula-
tion of processes during a core melt,

Rough data are sufficient here, and these can be obtained from
estimations. Previously, only relatively simple models were
available to simulate core melt processes and the subsequent
accident sequences. Therefore, in this study, we do not dis-
tinguish between a partial and complete core melt. For each
accident sequence for which a minimum number of necessary
safety systems is unavailable, a pessimistic, complete core
melt is assumed.

Below, we provide an overview of processes to be analyzed in a core melt accident
in order to determine consequences within the plant and on the environment.

Processes During a Core Melt

If reactor core cooling fails--for example, due to a Targe leak in the reactor
coolant system and simultaneous failure of the emergency cooling system--then

the fuel heats up the reactor core as a result of the residual heat and causes
the water in the reactor pressure vessel to vaporize. The steam flows through
the leak into the containment.
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It is assumed that the fuel cladding fails. The volatile fission products
largely move from the clad tube$ into the reactor pressure vessel and from
there into the containment.

Once the fuel is heated to melting temperature, considerable amounts of
fission products normally retained in the crystal lattice are released and can
enter the containment through the leak in the reactor coolant system.

It is then of decisive importance for the extent of fission product release to
the environment to know whether the containment remains sealed. Therefore,

the potential effects of a core melt on the containment must be studied.

Behavior of the Contajnment

When the fuel melts, the core support structures aiso fail. The molten fuel
rods collapse, together with the molten structure materials in the lower
hemisphere region of the reactor pressure vessel (RPV).

It is assumed that the residual heat in the core melt is sufficient to melt
through the bottom of the RPV and possibly also the concrete structures under-
neath.

The energy from the reactor core and from the core melt moves through differ-
ent, sometimes simultaneous processes into the atmosphere of the containment
and there causes an increase in temperature and pressure. Of primary impor-
tance are:

® vaporization of residual water in the-RPV

® an exothermic, i.e., energy liberating, chemical reaction
between metal structures and steam (metal-water reaction)

] steam generation upon contact of core melt and sump water

] vaporization of water Tiberated during the melt of concrete.

For the extent of accident consequences it is important to know whether and at
what time the pressure or temperature in the containment will cause the steel

enclosure to fail.

In the metal-water reaction and--to a lesser extent, by radiolytic decomposi-
tion of water--hydrogen is generated. This hydrogen contributes to the
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pressure increase in the containment, especially if it burns continuously. In
addition, explosive hydrogen-oxygen mixtures can form if a hydrogen-rich
mixture can accumulate.

If the hot core melt suddenly comes into contact with water, very rapid steam
generation can occur under certain circumstances. Such reactions, if
spontaneous, are called steam explosions. The extent to which this type of
process must be included in the considerations is discussed in Section 6.4.

For accidents that Tead to an increase in pressure in the containment, the
containment isolation (see Section 3.4.11) is triggered by the reactor protec-
tion system. Thus, all penetrations through the steel enclosure are closed,
provided they are not needed to help cope with the accident. If the
containment isolation fails, fission products can move through leaks in the
containment to the environment.

Release of Fission Products

The atmosphere in the containment consists of a mixture of water vapor with
various gases (primarily oxygen, nitrogen, and hydrogen) during a core melt.
The quantity of radioactive gases and aerosols is small, but it is also deci-
sive for the potential consequences of a core melt accident, provided such
radioactive products get into the containment upon failure of the cladding and
melting of the fuel.

The radioactivity content in the containment atmosphere is reduced over time
by condensation and natural deposition processes and by radicactive decay,
especially of the short-lived nuclides. Overpressure in the containment
simultaneously causes the steam-gas mixture and radioactive substances con-
nected with it in the exhaust air handling annulus to flow from there to the
environment if the steel liner has been damaged.

Propagation and Effects of Radioactive Substances in the Environment

The radioactive cloud formed by the released mixture of vapors, gases, and
aerosols is carried away from the plant by the wind. The energy of the cloud
can also cause a thermal 1ift. The initial relatively compact plume spreads

out at an angle to the wind direction as a result of turbulent diffusion. As
distance from the power plant increases, a broader region is covered by the
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cloud. The dilution of the cloud which takes place at the same time, as well
as fallout and--if rainfall occurs--the scavenging of radioactive substances--
decrease the radioactive concentration in the cloud. As a result of deposi-
tion and scavenging, the region covered by the plume is radioactively contam-
inated.

People residing in this region can be exposed by direct radiation and inhala-
tion of radioactive substances from the plume and from fallout, and also by
the consumption of radioactive substances in food. The Tevel of this radia-
tion exposure, the number of affected persons, and thus the potential
consequences of various types depend not only on the expected radioactive
concentration, but also on the implementation and effectiveness of emergency
protection measures.

4.3 METHODS OF RISK ANALYSIS

This chapter illustrates methods for examination of accident sequences and deter-
mination of their frequency and potential consequences.

Figure 4-1 is an overview of the most important steps of the study:
] determination of initiating events
® event sequence and reliability analyses
) determination of radioactive release
® calculation of accident consequences

® assessment of risk.

The first three stages include the examination of processes within the plant
(technical system analysis). Proceeding from the results of these investigations,
the potential consequences of radioactive release outside the plant are studied in
the fourth step.

Determination of Initiating Events

For the technical system analysis in the first step, all important "initiating
events" which could, under certain circumstances, result in radioactive
release to the environment are determined by type and freguency.
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It is neither possible nor necessary to present and analyze in detail alil
possible initiating events. It is sufficient to discuss a limited number of
classes of them that will cover all other possible initiating events.

An argument for the initiating events discussed in the study is given in
Chapter 5.

Event Tree and Reliability Analysis

Proceeding from an initiating event, different event sequences result,
depending on the success or failure of the particular safety systems. In
order to obtain an overview on the large number of potential sequences, event
trees are prepared.

Next, the frequencies of the event trees are to be determined. In addition to
the frequency of initiating events, the failure probabilities of systems
needed to cope with the accident must aiso be determined. The necessary
reliability studies to make this determination are implemented primarily by
means of fault tree analysis.

The methods of event tree and fault tree analysis are discussed in detail in
the following chapters.

The first two steps of plant system analysis are used primarily to determine
the frequency of a core melt. In addition, from the event tree diagrams and
from a simulation of accidents, information can be derived about the physical
state of the plant before the beginning of the core melt.

Determination of Radioactive Release

In this step, the sequence of core melt accidents is followed, initially
within the plant itself; the objective is to determine the radioactivity
release to the environment. The following items are treated:

® processes during melt of the reactor core and the behavior of
the molten core

® behavior of the containment and its possible failure modes

® fission product transport into the and release from the
containment.
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The core melt calculations were performed with the BOIL computer program used
in WASH-1400. The results of these calculations provide the starting values
for studies on fission product transport and containment loading.

To calculate the load to which the containment is exposed in a core melt
accident, the CONDRU program is used. This computer program, applied in the
licensing procedure, was expanded to the study. The transport and deposition
processes--which are decisive for the behavior of fission products--were
studied using the CORRAL computer program from WASH-1400.

Since several basically different processes can lead to containment failure,
not only dynamic processes must be simulated, but the probabilities of the
different failure modes must also be determined.

As a final result of the plant system analysis, we obtain the type (amount,
location, time history, energy carry-over) and frequency of radioactive
release from the plant. The release of radiocactivity for the different acci-

dent sequences can be compiled into a series of representative releases--the
release categories.

The models used to determine the radioactive release and the results of
studies performed in this regard are presented in Chapter 6.

Calculation of Accident Seguences

Calculation of accident sequences also takes place in several stages. These
are described in detail in Chapter 7 and are therefore only summarized here.

First, the weather-dependent dispersion of radioactive clouds is simulated.
This yields the location and time-dependent radioactivity concentrations in
the environment of the plant.

Next, the radiation doses resuiting from this and the number of affected
persons is determined. The influence of emergency protective measures is
taken into account; these measures are provided for by official planning in
the event of an accident.

Finally, it is determined to what extent health injury of various types can
occur due to the calculated radiation exposures.
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Several chance parameters are important to the extent of the accident conse-
quences. Primarily these are: weather situation, precipitation, and wind
direction and velocity prevailing during and after an accident which are
decisive for dispersion of the radicactive substance. Information on the
extent of damage is therefore dependent on frequencies that result from the
probability of these chance parameters and the frequency of the particular
release category.

Assessment of Risk

With the extent of injury and the attendant frequency, we now have the results
needed to make statements about the risk. By summarizing these results in
diagrams and tables, estimated risks can be given for the study.

4.4 METHODS OF EVENT TREE ANALYSIS

In the event tree analysis, the various potential effects of a defined, initiating
event {e.g., rupture of a pipeline) is determined by the success or failure of
needed countermeasures (system functions). Depending on the scope of required
countermeasures, a different number of potential event sequences result; these are
compiled in the so-called event trees.

As explained in previous sections, particular events will be described for the
determination of risks from nuclear power plants that can lead to core melting.
Systematic investigation permits grouping into types of accidents and thus to the
definitions of different classes of initiating events. On this basis, more or
less detailed event trees are prepared according to the complexity of events.

On the basis of a simple example, preparation of an event tree will be

explained. As an initiating event, we assume a leak in the primary coolant

Tine. This leads to a reactor scram triggered by the reactor protection system.
Depending on the success or failure of this safety measure, two different event
sequences result. In the further course of the accident, the systems for
emergency cooling and residual heat removal come on automatically (Q). Finally,
the leak tightness of the containment is important. This can be affected not only
by leakage from the containment itself, but also by the failure of ventilation
valves, drainage lines, etc., to close. The event tree for the particular example
is illustrated in Figure 4-2. The initiating event and countermeasures are desig-
nated by letters. The success of a countermeasure is denoted by an upward branch;
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that of failure is denoted by a downward branch. The corresponding letters are
K+orK+¢Y+or Y4 Z4orZ+. The event sequences are distinguished by means
of attendant letter combinations: S K4+ Y + Z 4., Later, a uniform, abbreviated
notation is selected in which the initiating event and unsuccessful measures can
be described, i.e., SK+ Y ¢ Z + is written S Y Z, etc. As the example shows,
even with only three different safety measures, a total of eight different event
sequences result.

For each of these eight sequences, the involved physical processes must be
studied, e.g., cooling of the core and radioactivity release from the core.

In practical implementation of the event tree analyses, it turns out that there
are significant reductions in the scope of the particular branchings due to:

e interdependence of the systems,
® system-induced subsequent failures, and

@ the suitable organization of the event trees.

On the other hand, the first two points generally lead to interdependencies of the
events S, K, Y, Z, which must be carefully considered in the analysis. Therefore,
we will discuss below the important viewpoints toward reducing the size of the
tree and the required consideration of system or function dependencies.

System Interdependency

The countermeasures implemented upon the occurrence of an initiating event are
performed by systems which, as a rule, are not mutually independent. In addi-
tion, the requirements on systems depend on the particular event sequence and
on the mode and scope of the initiating event {e.g., in a LOCA, it depends on
the location and size of the leak). For both reasons, we chose the designa-
tion “system functions" for the countermeasures and do not refer directly to
the real systems themselves. In this regard, we refer to the coupling of
functions Y and Z. If a leak occurs through a connecting pipeline of the
reactor coolant system into the annulus of the reactor building, then the leak
tightness of the containment has broken down and, at the same time, has
influenced emergency cocling and decay heat removal.

The individual system functions are defined so that their physical effects on
the event sequences are different. The reasons for this can be, for instance,
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differences in the system demand time point or in the required quantities of
coolant.

System-Induced Subsequent Failures

The structure of the event sequences, i.e., the chain of events, corresponds
to the chronology of the accident. Each event in the chain has to take into
account the consequences of the previous events. For instance, if a trans-
ducer of the reactor protection system is broken by water exiting from a leak,
then this would have to be considered accordingly in the system function K.
Actually, the transducers of the reactor protection system are designed for
conditions prevailing during a LOCA. In addition, in many cases of failure of
a system function, the subsequent system is rendered inactive and thus has no
further influence on the event sequence. In the selected example, upon
failure of the reactor scram, the emergency cooling cannot prevent a core
melt. The function Y is therefore not considered, and the branching point at
this place in the diagram can be omitted.

Organization of the Event Trees

In preparing event trees there is a useful discrimination at the decision
point "core melt," i.e., at the interface where the particular event sequence
tells whether core melt occurs or not. The event sequences illustrated in
Chapter 5 go as far as this interface. To determine the release of radio-
active substances due to a core melt, the failure modes of the contaiment are
examined and cataloged in accordance with a form useful to the calculation of
release rates. In the study, six different failure modes of the containment
are defined by decreasing leakage area o, B1s Bps B3, N, 8 {see Section 6.3.3
and 6.6.2). These failure modes are connected with event sequences that lead
to the interface named above. Therefore, the release frequencies from the
containment correspond to the particular failure modes. This is illustrated
for the example by assuming that only two failure modes of the containment Z,,
Z, and only two release categories had to be considered. The system function
Z would then be replaced by the secondary functions Z; and Z,, and we would
obtain the event tree shown in Figure 4-3. Since the failure modes Z;, 7,
represent mutually exclusive events, the corresponding branches can be omitted
after the occurrence of 7. The event sequence represents the situation for
proper operation of all system functions; the event sequences S-7, S~Z, show
the accidents mastered by the emergency cooling system. The event sequences
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SY and SK lead to core melt without failure of the containment. Actually,
core melt always leads to a failure of the containment; this is taken into
account in the study by a separate failure mode §.

After preparation of the event trees, quantitative evaluation takes place by
determining frequencies of the initiating events and the probabilities of
failure of the needed system functions (unavailability or failure proba-
bility). In accordance with the interdependencies of system functions dis-
cussed above, we are dealing with conditional probabilities. Multiplication
of the event frequency with the conditional probabilities for the correspond-
ing system functions gives the frequency of the particular event sequence.
Details on calculation of probability are found in Section 2.5.2.

4.5 METHODS OF FAULT TREE ANALYSIS

As explained in the previous section, for quantitative evaluation of event
sequences, it is necessary to determine unavailability or failure probability of
needed system functions. By unavailability, we mean the probability that a system
function demanded at a given time, e.g., start of a pump, will fail. By a failure
probability, we mean the probability of failure of a system function within a time
period, e.g., the fajlure of a running pump needed to maintain the integrity of
emergency cooling. To determine these probabilities, we use fault tree

analysis. The top event of the fault tree is formed by the failure of the func-
tion required by the event tree, (e.g., reactor scram fails upon demand).
Proceeding from this "undesirable event," all combinations of component failures
are sought that lead to failure of the reactor scram or, expressed in general
terms, which lead to the so-called undesired event. Therefore, in contrast to
event tree analysis, we are dealing with a deductive method. Its application is
important primarily because experience values are usually unavailable for
reliability of systems, but are available for the various components. Linkage of
the individual component failures in the fault tree takes place primarily by means
of the logic operators And, Or, Not.

The system functions needed in the event tree are built up from redundant compo-
nents or subsystems (loops), i.e., more Toops are present than actually needed to
fulfill these functions. For instance, the system function "emergency cooling and
residual heat removal" is generally performed by a two-out-of-four system. The
system consists of four loops, of which two are sufficient to perform the desired
function. We also call this a 4 X 50% system since the function is 100% met when
two loops are functioning. The fault tree of such a system, resolved into its
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individual loops, which in turn are composed of a number of components, is shown

in Figure 4-4, 1In the definition of "undesired event," it is of great importance
to know how many redundant loops are needed to fulfill the safety obligation. We
are speaking here of so-called effectiveness conditions.

The effectiveness conditions depend both on the initiating event and on the
further event sequence. For certain leaks, one loop may be enough to pump in
sufficient water. For certain types of leaks, one loop can fail from the
beginning because it is feeding water directly into the leak. The effectiveness
conditions of the study were based on how they were described in the licensing
procedure.

The coupling between event tree and fault tree takes place in the manner shown in
Figure 4-5. To determine the frequency of each event sequence, an AND coupling of
the initiating event with the undesired event (failure of the system functions) is
performed, as they occur in this sequence. In the illustrated example, the ini-
tiating event "leak" is linked to the failure of emergency cooling and residual
heat removal and the failure of the containment (SYZ). The individual functions
K, Y, Z have conditional probabilities because of the interdependence. This means
that we must always note how the particular state in the event sequence (intact or
failed) affects the down-stream functions. This must also be checked in preparing
fault trees for the individual system functions, i.e., the fault trees must be
rethought for each sequence and if necessary, modified. For instance, fault trees
for the function Z are generally different in sequences SZ and SYZ.

In the study, the fault trees include the total interaction of governing systems
(e.g., reactor protection system), energy supply (e.g., emergency power system),
and processing systems (e.g., emergency cooling and residual heat removal
system). So it is possible to identify and appropriately account for failures
caused by the interaction of mutually dependent systems.

The important input data for quantitative evaluation of the fault tree analysis
are failure rates or failure probabilities per demand and the uncertainties in
these data, the time between function testing, and the unavailability due to main-
tenance (service and repair). Primarily by means of regular function testing of
the different subsystems and components, it is possible to easily adapt the calcu-
Tation of system reliability to the conditions occurring in operation.
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The numerical evaluation of the fault tree analysis takes place by means of the
RALLY program. This consists primarily of a simulation program to determine the
expected values of unavailability and of an analytic-simulation program to deter-
mine uncertainty in the mean unavailability due to the uncertainty in the failure
rates.

4.6 RELIABILITY DATA

For a quantitative evaluation of event trees, the following data must be deter-
mined:

[ the frequency of the initiating event, and

° the probability for the failure of system functions.

The expected frequency of initiating events is generally derived on the basis of
observations: either estimated values of these frequencies are obtaine& directly
from operating experiences (e.g., for the occurrence of a pipeline leak), or the
initiating event is broken down into sub-events by a fault tree analysis for which
operating experiences are available (e.g., power failure). The number of observed
events of one type is related to a period of one year. The attendant frequency
represents an average value for the expected occurrence of the event per year.
Therefore the frequency can be much greater than one and should not be confused
with the probability of an event, which by definition is between 0 and 1 (see
Section 2.4.2).

The probability for failure of system functions is determined by means of fault
tree analysis in which a probability is derived from the failure of components for
the failure of system functions. The decisive statistical quantities are the
failure rates A or the failure probabilities per demand p of the individual com-
ponents. In addition, information on maintenance (service and repair) of the
components as well as on the time intervals of regular function testing are impor-
tant. However, we will not further discuss this data because it is of moderate
importance and is easy to determine.

The fajlure behavior of a component that has to perform a certain function can be
described in one of the following two manners:
° By a failure rate A. By failure rate we mean the relative

decrease in the number of intact (unfailed) components occur-
ring per unit time.
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® By a failure probability per demand p. By failure probability
per demand we mean the probability that the component will fail
upon demand (the component fails during the time before the
demand or at the Tatest, the moment of demand).

Both quantities are values derived from experience. Therefore, they are
determined from the statistical evaluation of observations of the operational use
of corresponding equipment (or, on a lesser scale, of laboratory tests.)

As a rule, we find a time behavior of the failure rate A, which we call the
"bathtub curve" (Figure 4-6). At the beginning of operational employment the
possibility for premature failure exists: For example, faults due to manufacture
that are not detected in spite of quality control and commissioning testing can
result in increased failure rates. The number of defective components decreases
continually with time until only satisfactory components remain. At the end of
component service 1ife, the failure rate can increase due to wear and age. During
the majority of the use time, however, the failure behavior is not determined by
this type of systematic failure cause; therefore a constant failure rate can be
expected. We call this random failure. This is an exponential distribution,

i.e., the distribution function or failure probability of a component is given by
a function of time t as:

F(t) =1 - et

Although the occurrence of early and wear failures is counteracted in nuclear
power plants by use of operationally proven components, quality control, and
recurrent testing, the time dependence of component failure cannot be excluded.
On the basis of operating experiences we obtain average values for failure rates
or probabilities. These constant values are used in the fault tree analyses.

Of the two types of presentation of component failure behavior, the description
generally uses the failure rate. If such a component is tested at regular

intervals T, then the failure probability per demand of the component can be
described by:

p = 1-e"AT =T for T<<1
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A description using a constant failure probability per demand is selected when the
failure is caused as a result of the demand, like for instance, human inter-
ference,

From operating experiences, accurate values for the pertinent failure rates or
probabilities cannot be obtained. Rather, uncertainties in these quantities exist
that are partially attributed to the mentioned time dependencies. The primary
cause of data uncertainty is that, as a rule, not enough observations of the
particular event are available. So it is not possible, for instance, to give
failure rates for each individual type of pump for the particular operating
conditions. However, a series of failure rates does exist that were determined
for different types of pumps under different use conditions. Naturally, uncer-
tainties in failure rate are expected for an individual type of pump. These
uncertainties can result from accidental errors in the manufacturing process, in
operation, maintenance, etc. However, these rates are within a considerably
narrower range than those resulting from the more general available experiences.
Therefore, from experiences we can only give a range within which the failure
rates will lie.

Uncertainties in the reliability data are taken into account by using a distri-
bution instead of point estimation for the pertinent failure rates or probabil-
ities. This type of presentation reproduces existing information: it indicates
the probability according to available experience that the value of the particular
quantity will 1ie in a certain range. To determine uncertainties in the
estimation, the log-normal distribution is used (from WASH-1400, see

Section 4.7.2).

These distributions of failure rates or probabilities are used as input data for
the fault tree analyses. Accordingly, their results are not point values, but new
distributions. Therefore, it is explicitly demonstrated that uncertainty in esti-
mating the results is due to uncertainties in estimating input information.

Since the described methodological procedure corresponds to that of WASH-1400, it
was originally intended to use the failure rates or probabilities found there.
However, the reliability data in WASH-1400 could not be reproduced. For this
reason, our own evaluations were performed under consideration of operating
experiences of German power plants. In general, greater expected values (on

medians) and greater uncertainty factors of failure rates or probabilities were
found than in WASH-1400. Since instrumentation and control in German nuclear
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power plants differs significantly from that in WASH-1400, our own investigations
were needed for the respective components in any case. In order to obtain a
better foundation for failure rates and probabilities, operating experiences in
nuclear power plants will be more thoroughly evaluated in phase B of the risk
study.

In the fault tree analyses, interference by the operating personnel must be taken
into account. Cases in which human activities were improperly performed can be
identified, but a calculation of probability is very difficult. Since human
activities can hardly be compressed into a rigid scheme, we must use estimations
here. This type of overall evaluation is sufficient in many cases since we are
trying to significantly reduce the influence of human error by means of design and
operation.

For instance, in all safety systems the influence of human error is reduced by
surveillance testing or other process system responses by means of control com-
mands: if a safety system is triggered by reactor protection signals, then the
most important valves equipped with a motor drive are triggered again and driven
into the proper position as necessary.

In addition, a principle of German nuclear power plant design is that measures
required within 30 minutes of the beginning of an accident will take place
automatically without interference by the operating personnel.

In those cases where human error can nevertheless have an effect, at least a rough
estimation of corresponding probabilities is needed. As much as possible, we
proceeded as in WASH-1400. Thus for actions implemented after the beginning of an
initiating event, the probability of human error is set higher the Tess time has
elapsed since the beginning of the initiating event. In practice, only planned
interference is considered, as prescribed in the operating manual. Unplanned
interference, which can have both a negative as well as positive effect, is not
quantified.

Common cause failures of components, subsystems, or systems represent a different
problem. By this we mean interdependent failures of several components,
subsystems, or systems due to a common cause, so that the failed states exist
simultaneously.
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Common cause failures are particularly troublesome if they affect redundant compo~
nents, subsystems, or systems. Basically, we distinguish between:
@ failures of two or more redundant components, subsystems, or
systems due to a common cause that results in simultaneous

failures or, at least, in the simultaneous existence of failure
states

® simultaneous failures of two or more redundant components,
subsystems, or systems that take place as the result of an
individual failure (down-stream failures).

In WASH-1400, such common cause failures were also those where several systems
failed simultaneously because they had the same components or auxiliary system or
functional interdependencies. These failures are correctly included automatically
in the present study by the fault tree analyses, and therefore they are not
detailed separately. The contributions of such interdependencies to common mode
failures found in WASH-1400 are siight, however, since in this report the system
functions are established so that the corresponding systems contain only a few
common components. {For instance, the power supply is defined as a separate
system function.) Defining system functions by this method was not useful in the
present study since the individual loops of the safety systems are generally
separated in the reference plant; this would have made determination of
probabilities for the failure of different system functions more difficult. The
establishment of system functions took place here under different viewpoints.

To protect against a series of potential sources of common cause failures, German
nuclear power plants avoid, as much as possible, Tinkages between redundant
subsystems (loops) of safety systems. This means that failure of individual
components will not have simultaneous effects on several subsystems. In addition,
the loops are spatially separated and--especially where spatial separation is not
possible--are protected by means of protective structures. Another measure taken
against common cause failures is the principle of diversity, i.e., the use of
different functional or construction principles for redundant safety features.

To quantify common cause failures, a subdivision according to types of detection
is important. Here we differentiate between common cause failures that:

® occur or are detected only during an accident

® are detected during regular functional demands (in the frame-
work of function testing or other regular system demands)

® are self-reporting.
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Operating experiences primarily provide data for common cause failures that are
detected during operation and primarily during function testing. Common cause
failures occurring or detectable only during an accident can generally be deter-
mined only by analytical means. The common cause failures are very difficult to
detect if requirements, both in operation as well as function testing, are not
representative of requirements from components or systems occurring under accident
conditions. In this regard, we mention again that the study assumes that this
question is considered within the framework of the licensing procedure and that
therefore such types of common cause failures do not play a dominant role,
Quantification also proves very difficult for common cause failures detectable
during operation and function testing, since observations are only conditionally
applicable here. This is due to the following reasons:

® Only a fraction of component failures are common cause
failures.

® The sources for occurring failures recognized as common cause
failures and which have a great influence on system reliability
have been eliminated. Therefore, similar failures are less
1likely (probable) to recur.

But in order to permit quantification of common cause failures, various methods
are given in the literature that permit an estimation. These methods are
described in the appendix. In the present study, common cause failures are
quantified only if operating experiences are available on this failure or similar
fajlures. A prerequisite for a numerical evaluation is that corresponding
failures must have already occurred. Such failures are known for measured value
acquisition, termination relay, diesel emergency power system, and pumps in long-
term operation.

4.7 UNCERTAINTIES IN THE ANALYSIS

A large number of different accident sequences is simulated for a risk determina-
tion. Each accident sequence consists of:

) The plant-internal event tree, which runs from the initiating
event to release, and

® The plant-external exposure sequence, which includes the dis-
persion and deposition of pollutants, local distribution of
exposed persons, and harmful effects as well as protective
actions and countermeasures (see Figure 2-6}.
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The results of the event trees are the starting points for the exposure
sequences. The accident sequence model simulates the Tatter. The results of the .
event trees are compiled into release categories. The categories are character-

ized by:
° expected annual (c) frequency, and

° release characteristics important to assessment of injury.

The contribution of the simulated accident sequence to the determined annual risk
consists of two components, namely:

[ the expected annual frequency, and

() the expected consequence for the particular type of accident.

Both components are affected by uncertainties in the estimation. These result
from:
() inaccurate knowledge of fixed or temporally fixed quantities

Tike probabilities, expected frequencies, average values in
general, etc.

() approximate functional description of regularities in the event
and exposure sequences. Among these regularities are the laws
of chance expressed by distribution functions or reduced to
estimated values.

The expected consequence of a simulated accident sequence is determined through a
sequence of functional relations that should describe the route to a core melt,
the process of core melt, the radioactive release, dispersion and deposition of
poltutants, and the exposure pathways under consideration of protective actions
and countermeasures. The functional relationships are, in general, deterministic-
mathematic models derived from physical models of the accident sequence.

Section 4.7.1 deals with their validity.

The calculated results from deterministic-mathematic models depend on specific
conditions of the simulated accident sequence. These specific conditions--1ike
release category, weather situation, population distribution--are so-called random
quantities since it cannot be definitely predicted which release, if any, will
take place, what the weather will be, and what population distribution will be
affected. By using probabilistic-mathematic models, the random behavior of these
and other participating random quantities can be modelled. The calculated result
is the expected frequency of the simulated accident sequence. Section 4.7.2 deals
with the specific uncertainties in the probabilistic mathematic model.
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4.7.1 Uncertainties in the Calculated Simulation of Accident Sequences

The simulation of accident sequences is based on physical-mathematical models of
complex processes like, for instance, time- and location-dependent power distribu-
tion in the reactor core, thermohydraulic processes in the reactor coolant system
and in the feedwater-steam loop, the load and failure mechanisms of the contain-
ment, or the dispersion of released fission products in the plant environment. As
for almost all complicated technical systems, the model provides only approximate
descriptions of the actual processes.

As a result of the above discussion, standard engineering practice is to design
components of a system to cover uncertainties beyond the necessary "load capacity"
with a safety margin ("conservative" design). This results in systems that can
withstand not only expected normal stresses, but also more difficult conditions
like, for instance, exceptionally high stress or reduction in normal load capacity
due to failure of individual system components.

To determine the required load capacity, model calculations or experiments can be
used. In nuclear engineering, however, the problem arises that experiments
usually cannot be implemented on a full-scale model; only individual phenomena of
a complex procedure can be simulated. Emphasis, therefore, is placed on a calcu-
lated simulation of the expected loads. Uncertainties in forming the model and in
selecting parameters must be covered by assumptions that result in overestimation
of loads ("pessimistic" assumptions).

The safety assessment in the licensing procedure is based on the above methods.
The ability of systems to cope with designed accidents must be demonstrated by a
calculated simulation in the licensing procedure. In appropriate guidelines
(e.g., BMI safety criteria [1], reactor safety commission guidelines [21), basic
assumptions of the simulation are established to arrive at pessimistic results.

The risk study adopts information from accident simulations performed within the
framework of the Ticensing procedure for the reference plant or comparable plants,

primarily for the following purposes:
1. to determine the safety systems and the number of redundant
loops of systems needed to cope with an accident; this provides
prerequisites for a reliability analysis.

2. to determine the starting and boundary conditions for the study
of phenomena in a core melt.

4-29



To study the phenomena during and after a core melt accident and from the core
melt process itself down to the resulting health injury, models and parameters
were taken primarily from WASH-1400 and partly modified. These models have
necessarily been greatly simplified since we are normally dealing with complicated
processes, all of whose details may not yet have been studied experimentally.

Therefore, in numerous respects, uncertainties must be covered by pessimistic
assumptions.

However, the problems are simplified because the plant system analysis of core
melt accidents must determine those times when particular effects occur (e.g.,
beginning of core melt, contact between core melt and sump water, failure of the
containment), whereas the detailed accident sequence is not of decisive impor-
tance. Effects that can influence the extent of fission product release and thus
the radiological consequence can be identified with relative ease and determined
in a pessimistic manner.

For the deterministic-mathematical model of accident sequence calculation, this is
not easily possible. Therefore, an attempt is made here to quantify the influence

of important parameters.

4.7.2 Methodological Treatment of Statistical Uncertainties

The sources of statistical uncertainties are naturally associated with the input
quantities for the probabilistic-mathematical models. Calculated results of these
models are the expected frequencies of the simulated accident sequences. They are
determined as a product of:

® the expected frequency h(ki) of radioactivity release of a
particular release category

° the probability w(My) with which a weather situation occurs as
assumed in the simu?ated exposure sequence, and

() the probability w(Bv) that a population distribution is encoun-
tered as in the simulated exposure sequence.

To estimate the probabilities w(B,), v =1, 2, . . ., n, in the study, we divided
the area around 19 nuclear sites into 36 main wind directions (see Chapter 7).
Each main wind direction is thus assigned to a particular population distribution
at each site.
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If several units are at one site, then the attendant population distribution is
counted an appropriate number of times. In this manner, we obtain a random sample
of n =25 x 36.

Basically, any number of population distributions is possible because the 19 sites
can be interpreted as a random sample of the total potential sites. In addition,
the wind direction at the actual site is variable, and the population distribution
is not constant (daily cycle, long-term [yearly] trends). The number of possible
population distributions can be imagined to be divided into classes (d). If nj
population distributions of the random sample fall within class j, then the proba-
bility that this class of population distribution will be affected in a real acci-
dent is estimated as nj/n. In the simulation we are not using average population
distributions of the individual classes, but real population distributions Bys Vv =
1, 2, . . . n of the random sample, which are assigned the probability w(Bv) =
1/n. 1In order to be accurate, each probability w(Bv) would have to contain the
expected relative frequency that the main wind direction will blow within the
affected 10-degree sector. However, it is assumed that the average difference in
frequency over all population distributions ny of a class are compensating so that
we can proceed in our calculation from a uniform distribution of wind direction.

A methodical investigation of the uncertainties pointed up here was not performed
because their influence was judged to be relatively small.

The probabilities w(Mt), t=1,2 .. ., m are also estimated on the basis of
random samples. The study divides the territory of the FRG into four siting
regions of clearly differing meteorology and assigns the population distributions
of the above random samples, in accordance with the sites, to these regions. From
each region, we used a random sample of 115 weather profiles observed over several
hours; the starting points of these observations were uniformly distributed over
an entire year. The weather patterns come from records of a site considered
typical for the particular meteorological region. The random weather sample thus
includes a total of 4 X 115 real weather sequences.

Basically, in each of the four siting regions, any number of different weather
sequences are possible., We can imagine the weather sequences to be divided into
classes. If m. of the 115 weather sequences lie in class r, then we estimate that
in a real case the probability of a weather profile for this class is m,/115.
Here, also, we are not using average weather patterns of the individual classes
for the simulation, but real weather profiles Mg, t = 1, 2, . . ., 115 of the
random sample. Each has an assigned probability w (My) = 1/115.
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If we had taken the weather profiles at a different site from a different observa- .
tion year, then the probability estimations for the individual classes may have

been different. Uncertainties in estimations of this type were considered to be

small and were therefore not treated methodically. The question of whether 115

random sample elements is sufficient to satisfactorily characterize the quantity

of weather profiles in a year for purposes of the study was discussed in (3).

The release category frequencies h(Ki), i=1,12, .. ., k are the sums of
expected frequencies of the assigned accident sequences. These, in turn, were
determined through fault tree analyses and event trees from numerous frequencies
and probabilities. All of these probabilities and frequencies are interpreted as
estimations of average values, i.e., averaged over several nuclear power plants of
the referenced type.

We estimated:
® expected frequencies of initiating events

L] failure rates (or failure probabilities per demand) of compo-
nents

° probabilities of human error

° probabilities needed in modelling so-called common cause
failures and failure modes of the containment.

As a probability rule for the time-dependent failure behavior of components, we
use a service life distribution without explicit consideration of so-called early
failures and wear failures (exponential distribution). The uncertainty in the
selection of the distribution type is not quantified; however, the uncertainties
in estimating the distribution parameter, namely the failure rate, are treated
methodically 1like the uncertainties in estimating the other frequencies and
probabilities. If estimated values for one and the same failure rate, for proba-
bility (or due to insufficient detailed estimations on groups of failure rates or
probabilities), or for expected frequency are different, then an empirical
distribution is interpreted as an expression of the estimated uncertainty and is
approximated by a log-normal distribution. The following priority order is dis-
tinguished for estimated values:

@ estimated values from observations in nuclear power plants of
the referenced type under accident conditions
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® estimated values from general operating experiences in nuclear
power plants

® estimated values from observations in comparable areas (coal
power plants, etc.)

® estimated values from observations in other spheres (chemistry,
laboratory, etc.)

® estimations by experts.

For instance, if only one estimated value js derived from observations, then in
general the observation uncertainty is quantified by a method whose effect
corresponds to application of the law of Bayes for noninformative, a priori dis-
tribution (uniform distribution over the potential value range). With simple
expert assessments, citation of estimated uncertainty is naturally based on the
Jjudgement of the experts.

By using distributions to quantify estimation uncertainty, the presumed constant
but inaccurately known quantities are assigned value ranges, together with subjec-
tive probabilities for the position of the particular value within a certain
subrange. The general distribution type used is the log~normal distribution. The
reasons for this selection are primarily:

) The log-normal distribution assigns zero probability to values
of less than or equal to zero. Thus 1t considers the fact that
the values of all pertinent quantities are positive.

) It is easy to adapt to many empirical distributions of existing
estimated values.

® It is a suitable probability law for quantities which them-
selves are the product of many, possibly normally distributed
quantities.

] It can be characterized by two parameters. Normally these are:

--the median (X 0) whose name implies that the probability of
values less tﬁan or equal to Xgg is equal to the probability
for values greater than X50; tﬁat is, the probability is 50%,
and

--the uncertainty (or also called uncertainty factor) K., which
has the property that the probability of values less %han or
equal to Xgg X K, s equal to the probability of values
greater than Xg"x Kp; that is, it is (100-P)%.

Because of these parameters and due to its relationship to the
normal distribution, a log-normal distribution is quite easy to
use in calculation.
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® Baecause of its slope, it offers the possibility for excellent
representation of quantities distributed primarily over low
value ranges. Simultaneously, higher values of the
distribution are better represented than would be the case, for
instance, for a normal distribution with the same 5% and 50%
fractile (median). However, a normal distribution with the
same 5% to 95% confidence interval would on the average result
in higher estimated values of the risk since its expected value
lies above that of the log-normal distribution for the
particular uncertainty range of interest here.

The expected (mean) value of a log-normal distribution is greater than
its median. This expresses the property of more accurately representing
the higher range of values than does a normal distribution with equal 5%
and 50% fractiles (if the probability for values less than or equal to

X is equal to P%, then X_ is called "P% fractile"). Between the
eRpected value (X), mediah (Xgg), and uncertainty factor (Kp) of a log-
normal distribution, there is %he following relationship:

X = x50 X eS 2/2,

where s = 1n Kp/up and "up" is the P% fractile of the standard normal distribu-
tion. Fractiles other than ugg about equal to 1.645 can also be found in standard
tables (see, for instance, [4]) of statistical distributions.

The quantified uncertainties in estimating failure rates, probabilities and
expected frequencies of initiating events are propagated according to the rules of
probability calculation through the fault tree analyses and event trees down to
the frequency of the particular release category. Thus, for these expected
frequencies-~which are to be considered as estimations of average values for
several nuclear power plants of the referenced type--we have not one single value,
but whole distributions. These distributions express the quantified estimation
uncertainties of the expected release frequencies and are included in the subjec-
tive confidence intervals of the study results, together with other estimation
uncertainties (see Section 8.2).

In order to be able to give a complementary cumulative distribution frequency of
injury (representation form of risk in Section 8.1), a value must be selected from
the subjective probability distributions of the expected release freguency, which
can be called the "best" estimate. The question of which value is to be
considered the "best" arises because, in principle, each value for which the
subjective probability density function differs from O is a possibly correct
choice. Depending on the particular problem, we make a selection between modal
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value (the probability distribution function assumes its maximum in this case),
median, and expected value.

In this study the expected value is used. Only it represents the quantity, affec-
ted by uncertainties in estimation, in a manner such that the amounts of potential
over- and under-estimations, weighted with the subjective probability of its
accuracy, are kept in balance. In the case of the median, the potential over- or
under-estimation only keeps the subjective probability in balance and therefore
ignores any amounts due to incorrect estimation. Use of the median would result
in under-representation of the risk, given the slope of distributions of the
expected frequencies in the light of the quantified estimation uncertainties.

The expected value also has calculation advantages. For instance, the sum of
expected value of different quantities is equal to the expected value of their
sums, regardless of their distribution. The product of independent quantities
behaves analogously. These properties do not apply in general for the modal value

and median.

With normal distributions, the modal value, median, and expected value are the
same. For log-normal distributions, the modal value is smaller than the median,
and this in turn is smaller than the expected value.

The confidence interval in Section 8.2 is completely independent of the selection
of the "best" estimated value of fixed, but inaccurately known quantities for
which estimation uncertainties were quantified. Their determination is based on a
complete, subjective probability distribution of these quantities.

Actually, the frequency of a simulated accident sequence would have to be
expressed by the following product:

h(Ky,Me5By) = h(Ky) x wiMe/Ke/Ky) x w(B,/KiMy),

i.e., instead of the above probability w(Mt), the conditional probability would

have to be used. This includes any dependencies between weather and radioactivity
release. This condition will have an effect, for instance, when the frequency of
certain initiating events or the probability of human error, etc., clearly depends
on the weather. Uncertainties resulting from the use of w(M) instead of w(M./K;)
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are judged negligible. The condition in w{B,/K;M,) is partially considered by the
fact that only population distributions and weather patterns for the same
meteorological site are included in the simulation.

The expected extent of injury and the expected frequency of the simulated accident
sequences come from models of the accident event whose estimation uncertainties
have been partially quantified or judged negligible by experts. In addition,
estimated values of different quality stages are used in these models. Conse-~
quently, the confidence interval of the results given in Section 8.2 are subjec-
tive in nature.

FOOTNOTES

(a) We are dealing primarily with fission products generated in the fission of
fuel in the reactor core. The fraction of activation products due to irradia-
tion of initially inactive system components is comparatively small. There-
fore, below we will discuss fission products explicitly.

(b} By residual heat we mean the total heat to be removed after shutdown.

(c) The "expected annual frequency" (see 2.4) should not be confused with the
"frequency," which is a whole number (e.g., "frequency in year Y"). Below,
for the sake of brevity, we often use the designation "frequency." But by
this we always mean the “"expected annual frequency."

(d) The class distribution was performed with reference to WASH-1400 on the basis
of cumulative population in a 10-degree sector of the particular primary wind
direction and the two neighboring sectors (up to Y km distance from the
plant).
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Section 5

RESULTS OF THE EVENT TREE ANALYSIS

5.1 OVERVIEW

Event sequences that can develop from operational malfunctions in nuclear power
plants are tracked down in risk analyses to extreme situations. For the
determination of risk, event sequences of primary importance are those that lead
to a melt of the reactor core. Other event sequences that affect the core or
other radioactive inventory in the plant will not significantly affect the risk.
They are therefore not discussed in the same detail as is devoted to core melt
accidents.

As in WASH-1400, core melts are assumed for all cases where the reactor core is
insufficiently cooled. This can only occur when safety features fail to the
extent that they cannot perform their tasks.

In this chapter, we will study those processes and their frequency that lead to a
reactor core melt. We will consider both internal and external initiating
events. Event trees are prepared to quantitatively evaluate a large number of
possible event sequences. The methods used are described in Chapter 4. Wherever
simple plant system features are present, or where notable contributions to risk
are not expected on the basis of estimations, preparation of event trees is
unnecessary.

Section 5.2 is concerned with accidents initiated by internal system causes
(internal accidents). External events that can cause accidents within the plant
(external accidents) are discussed in Section 5.3.

5.2 INTERNAL ACCIDENTS

A1l internal accidents that can Tead to overheating of the reactor core can be
divided into two groups (Figure 5-1):

® accidents initiated by a loss of primary coolant
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Figure 5-1. Plant internal accidents with conseguences to the reactor core
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¢ accidents that increase the power output in the core or that
restrict heat removal from the core without any loss in primary
coolant.

The first group is called loss-of-coolant accidents (LOCA) and the second group is
called transient accidents.

Extensive safety systems are provided to cope with these accidents (see Chap-

ter 3). Even though extensive provisions have been taken to assure reliable
operation, a failure of these systems is assumed for the risk determination.
Depending on whether safety systems function or fail, we obtain different event
sequences. For a systematic determination of these event sequences, we use event
trees; these are discussed in Section 5.2.1 for the LOCA, and in Section 5.2.2 for
transient accidents. A postulated failure of the reactor pressure vessel (RPV) is
discussed in Section 5.2.3. Section 5.2.4 deals with the effects of fire.

List of abbreviations used in Chapter 5:

ATWS = Anticipated Transients Without Scram
MS = Main Steam

HP = High Pressure

LP = Low Pressure

RPY = Reactor Pressure Vessel

In addition to accidents that can affect reactor core cooling, we must study those
circumstances under which radicactive substances can be released from other parts
of the system and whether a contribution to risk should be thereby expected.

These will be discussed in Section 5.2.5.

The results of the completed studies for plant-internal accidents are summarized
in Section 5.2.6.

5.2.1 Lloss-of-Coolant Accidents

5.2.1.1 Initiating Events and Measures to Cope With Them. A LOCA occurs when
the reactor coolant system leaks due to cracks or ruptures on any part of the

reactor coolant system. These leaks are treated in the event tree analyses as
initiating events. As in WASH-~1400, the following leaks are studied in detail:

] leak in a primary coolant Tine
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® Teak in the pressurizer system

¢ Teak through a connecting line to the reactor coolant system.

Event sequences caused by a leak in a primary coolant Tine are discussed in
Sections 5.2.1.2 and 5.2.1.3.

A leak in the pressurizer system can occur either in the compensation pipeline
that connects the pressurizer with the primary coolant 1ine or at the pressurizer
itself. A leak in the compensation pipeline should be treated 1ike a leak in the
primary coolant line and is therefore not discussed separately. A leak from the
pressurizer can be caused by faulty opening or closing of pressurizer relief
valves or safety valves (see Section 5.2.1.4).

In the case of a leak from a connecting pipeline to the reactor coolant system
penetrating the containment, the exiting water does not collect in the sump. This
water is thus no longer available for core cooling. If the connecting pipeline
leads to the annulus, other failures in the annulus are possible. A LOCA through
such connecting pipelines must therefore be treated separately (see

Section 5.2.1.5).

A leak from the steam generator is mastered by the safety systems in the same
manner as a leak in a primary coolant pipeline. The same is true for a leak from
the RPV up to a certain fracture cross-section. Because of the extensive quality
control measures undertaken during planning, manufacture, and operation of the
pressure vessel, it is assumed as in WASH-1400, that leaks in the pressure vessels
are far less 1ikely than leaks in the pipelines and that no notable contribution
to risk is to be expected from them. More extensive analyses of leaks not studied
in detail must await phase B of the risk study.

In order to prevent overheating of the reactor core during a LOCA, the following
measures are needed:

® accomplishment and long-term assurance of subcriticality of the
reactor core

® assurance of a sufficient coolant inventory in the reactor
coolant system

e heat removal from the reactor coolant system.
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These measures are implemented by means of the reactor scram system, the emergency
and RHR system, and the feedwater-steam system. For very small leaks, the volume
control and chemical injection system may come into use. The systems presented
above have to perform different tasks. Called system functions below, they are:

reactor scram

HP injection

accumulator injections

LP injection for reflooding

LP injection with sump recirculation

main feedwater supply and main steam relief

emergency feedwater supply and main steam relief.

The HP, accumulator, and LP injections are implemented by means of the emergency
cooling and RHR system. The main feedwater supply is needed for full power
operation and is assured by the main feedwater pumps. In order to remove residual
heat and to shut down the plant (i.e., to reduce the coolant temperature), the
emergency feedwater supply is sufficient. The emergency feedwater supply is
basically assured by the emergency feedwater system and the emergency system; the
emergency system may be used to shut down block B only after block A has already
been shut down. The main steam relief can take place through the main steam
bypass mechanism and the condenser, as well as by direct venting to the outside.
The above system functions have been described in Section 3.4.

To cope with a LOCA, it is important to know which functions are required from the
individual systems. In general, it is assumed here that the system is at full
load operation at the beginning of the accident, since this places the greatest
demands on the system functions. In addition, location and size of the leak have
a distinct influence on the requirements of system functions.

Leaks in a primary coolant pipeline are therefore studied separately according to
several sizes of rupture cross-section (see Table 5-1, column 2). The subdivision
of the regions considers the fact that for different break (leak) sizes, different
system functions are needed to assure sufficient core cooling (refer to

columns 3-7). For example, for a large leak, the pressure in the reactor coolant
system drops off so quickly that the HP injection cannot be used. For large- and
medium-sized leaks, the residual heat is carried away by the emergency cooling and
RHR system. By residual heat, we mean all heat to be carried away after shut-
down. For residual heat removal in the case of small leaks, a feedwater supply is
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9-9

Table 5-1.

Minimum requirements for system functions to remove residual heat

during leaks in a cold primary coolant pipeline (2 out of 4 means that of four

existing redundant systems, only 2 are needed.)

System functions

Low-pressure

Feedwater supply:

Rupture cross High Low-pressure injection a) Main feedwater
sectiong] area | pressure Accumulator reinjection for with sump b) Emergency
1.OCA (cm®) injection injection flooding recirculation feedwater
hot 3 out of 4 hot 2 out of 4
Large leak > 400 — hot 2 out of 4 .-
cold 2 out of 4 | cold 1 out of 4
hot 2 out of 4 hot 2 out of 4
Medium leak 80 - 400 2 out of 4 hot 2 out of 4 -
cold 2 out of 4 | ¢cold 1 out of 4
hot 2 out of 4 a) 1 out of al
Small leak 2 - 80 2 out of 4 - hot 2 out of 4 or
cold 1 out of 4 b} 2 out of 4
a) 1 out of 41
Yery small leak <2 -- -- - - or
b) 1 out of 4

1One out of 4 main feedwater lines are needed.




first needed (main feedwater supply or emergency feedwater supply); a heat sink is
a further requirement. For leaks under 2 cm2 cross-section, the coolant losses
can be made up by the volume control system. In addition, the same systems are
available as for coping with small leaks. Leaks of less than 2 cm? cross~section,
therefore, do not contribute any significant quantity to the risk, in spite of
their greater frequency, and are left out of the discussions below. For leaks
below 1000 cm2, however, it is pessimistically assumed that the system function of
reactor scram is needed. For leaks greater than 1000 cmz, a reactor scram must
not occur. Upon failure of the reactor scram, the loss of coolant causes a rapid
shutdown of the reactor through physical effects.

In general, several equivalent subsystems are available (redundancy) to perform
the individual system functions. In Table 5-1, columns 3-7, we see how many of
the subsystems are used for injection to assure satisfactory system funcgion.
Accordingly, for a large leak, three of the four existing accumulators will feed
into the hot, and two of four into the cold legs of the primary coolant lines. In
addition, during this accident low-pressure injections for flooding and for sump
recirculation are needed. For reflooding, of the four existing LP ihjection
systems, two will feed into the hot and one into the cold primary coolant lines.
For sump recirculation, LP injections into two hot primary coolant lines are
needed. The table pertains to leaks in a cold primary coolant line; for a leak in
a hot primary coolant line, merely reverse the information above for "hot" and
“cold."”

The minimum requirements taken as a basis here have been derived largely from the
licensing procedures for the reference plant or comparable plants. This corre-
sponds to the practice used in WASH-1400. If fewer subsystems are available, then
the system is considered to be completely failed. This means that a partial oper-
ation of the system which might be sufficient to prevent core melt is not con-
sidered. The same is true for the different required system functions: upon
failure of one system function it is normally assumed that additional system func-
tions cannot prevent core melt. In addition, it is assumed that the named system
functions must be available on a constant basis from the moment of demand. This
means for a delayed use or temporary failure of these functions that core melt is
assumed.

For leaks at the pressurizer, the same minimum requirements are taken as a basis

as for leaks in the primary coolant pipeline. Thus, the number of subsystems
required for the individual system functions may be over-estimated in comparison
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to leaks of the same size in the primary coolant pipeline. Removal of residual
heat is simplified here by more favorable thermodynamic conditions. It is
believed that decay heat removal by the vaporization of water in the steam
generator and of the reactor coolant system is tolerable for a limited time, i.e.,
that a delayed operation of the feedwater supply is sufficient.

5.2.1.2 Large and Medium Leak. In Figures 5-2 and 5-3, event sequences are

illustrated for Targe and medium leaks in a primary coolant pipeline. Merely for
the sake of simplicity, in large leaks we do not distinguish between fracture
cross-sections greater or less than 1000 cmz. For a better understanding of the
occurring sequences, we first explain the event sequence for proper functioning of
systems. As an example, let us consider the accident "medium leak," because in

this case more system functions are demanded (event sequence Sl in Figure 5-3).

After the occurrence of a leak, the pressure in the reactor coolant system and the
pressurizer water level both decrease, whereas the pressure in the containment
increases. This automatically triggers the reactor protection system for a
reactor scram; additional energy generation due to fission processes is terminated
except for residual heat. Once the limit values from the instrumentation for
emergency cooling start-up signals are reached, emergency cooling and closure of
penetrations through the containment {containment isolation) are automatically
initiated. The high-pressure injection starts up after pressure in the reactor
coolant system drops to 110 bar. The accumulator injections begin automatically
when the pressure in the reactor coolant system drops below 25 bar. At a pressure
of 10 bar, switching takes place automatically from the high-pressure to the low-
pressure injections for reflooding. Here, the RHR pumps move water from the
storage tanks into the reactor coolant system. The water exiting from the leak
collects on the bottom of the containment, in the building sump. If the storage
tanks have been emptied to a minimum level, then automatic switching to low-
pressure injection for sump recircuiation takes place. The RHR pumps draw water
from the sump and pump it through the residual heat exchanger back into the
reactor coolant system. Thus, water exiting from the leak is used for further
cooling of the reactor.

It is important for the assurance of emergency cooling that there be no large
losses of water or steam from the containment. This means that containment integ~
rity must be assured for emergency cooling. If there is outlet of water or steam
from the containment, there could be:
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] a failure of components in the annulus needed for emergency
cooling, due to temperature, humidity, or pressure

] so much water lost from the sump that sufficient residual heat
removal would no longer be assured

) such a drop in the containment over-pressure that the RHR pumps
pulling water from the sump may fail due to cavitation.

Because of contamination of the containment after a large or medium leak in the
reactor coolant system it is assumed that under some circumstances no work can be
performed in the containment for several months. During this time, a long-term
RHR cooling must be maintained.

In contrast to a medium leak, to cope with a "large leak," high-pressure
injections are not necessary (Figure 5-2). Here, the pressure in the reactor
coolant system drops off so quickly that the accumulator injections and low-
pressure injections spring into action within a very short time. For Teak sizes
greater than 1000 cmz, functioning of the reactor scram system is unnecessary
since the core becomes subcritical through boiling of the coolant, rapid drop in
water level, and the injection of borated water without insertion of the control
rods.

The expected values of the occurrence frequencies of large and median leaks were
estimated according to WASH-1400 as 2.7 X 10‘4/year or 8 X 10‘4/year. In

Figures 5-2 and 5-3 we find the calculated probability for the various event
sequences under the assumption that a large or medium leak has occurred. There, ¢
generally stands for probabilities less than 10'5, provided they contribute less
than 1% to a core melt accident for the particular initiating event under discus-

sion. Lower probabilities are given only if they are of particular interest.

Event sequences with a failure of system functions needed to cope with a large or
medium leak Tead to core melt. As shown above, the summed probability is

2 X 10‘3, approximately equal for both accidents. The frequencies of a core melt
result by multiplying this value times the frequency of the initiating event

(5 X 10‘7/year for the accident "large leak" and of 2 X 10‘6/year for the accident
"medium leak").

In the comparative discussion of results given below, it must be remembered that
different system functions are needed to cope with a Targe and medium leak, and
the minimum requirements of the individual system functions are sometimes not the
same.
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For a large leak, the event sequence AD gives the greatest contribution: 42%.
Each of the four accumulators feeds through one pipeline equipped with check
valves into the hot and cold leg of one of the four primary coolant pipelines. If
a large leak exists in a cold primary coolant pipeline, then at least three out of
four hot, and two out of four cold accumulator injections must take place into the
intact legs (see Table 5-1). If the check valves do not open in the two Toops
through which injection into hot primary coolant pipelines is required, or if the
check valves fail in two loops that are pumping into intact cold primary coolant
pipelines, then this means that the minimum requirements have not been met.
Because of the other minimum requirements, the influence of failure of the
accumulator injections for a medium leak (9%) is much smaller. Here, failure of
the HP injections, which are not needed for a large leak, contributes 52%.

Failure of the 3-way valve and human error, namely, common cause failures due to
incorrect calibration of measurement channels that automatically trigger the HP
injections play a decisive role. Failure of the switching of the 3-way valve
would mean that coolant is pumped into the broken primary coclant pipeline. The
appropriate HP injection would in this case no longer be available for emergency
cooling.

A contribution of 30% for a large leak and 21% for a medium leak means that
failure of the LP injections makes a considerable contribution to the total result
for sump recirculation. Here also, common cause failures play an important role
through incorrect calibration of measurement channels.

The event sequences with failure of containment integrity for emergency cooling
(AG, $G) are of special importance. In this case, core melt is assumed for a
loss of containment integrity (see Chapter 6).

5.2.1.3 Small Leak. In Figure 5-4 the event sequences are illustrated for a
small leak in a primary coolant pipeline. A "small leak" is present when the
residual heat cannot be removed through the leak itseif. Therefore, an additional
heat removal via the feedwater-steam system is needed. That is, after the reactor
scram (and successful turbine trip), feedwater must be made available for the
steam-generator from the main feedwater or emergency feedwater supplies. 1In
addition, the generated steam must be released into the turbine condenser or
through the relief valves (main feedwater supply and main steam relief or
emergency feedwater supply and main steam relief). After sufficient pressure
reduction, the loss of coolant from the reactor coolant system is compensated by
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high-pressure injections. The HP safety injection pumps draw water from the

borated-water storage tanks. Because of the limited supply of the storage tanks, .
Tow-pressure injections for sump recirculation must be switched on at the proper

time. For the above reasons, a shutdown of the plant is needed. The remainder of

the event sequence generally corresponds to that of a medium leak. The accumula-

tor injections are not needed, however.

The expected value of the frequency of a small leak in a primary coolant pipeline
was estimated in WASH-1400 as 2.7 X 10”3/year. In Figure 5-4, we find the calcu~
lated probabilities for the various event sequences under the assumption that a
small leak has occurred. The sum of probabilities for failure of system functions
needed to cope with a small leak in a primary coolant pipeline thus becomes about
2.1 X 1072, By multiplication with the frequency of occurrence, we thus obtain a
frequency of 5.7 X 10‘5/year for a core melt accident due to a small leak in a
primary coolant pipeline. This value is more than one order of magnitude greater
than the corresponding values for the large and medium leak. This is attributable
to the high initiating event frequency and to the greater unavailability of system
functions needed to cope with the accident.

Since, in the reference plant, manual interference in connection with shutdown
yields a considerable contribution to the frequency of core melt accidents, this
will be discussed in detail below.

After the reactor scram, turbine trip and automatic opening of the bypass system
through which the main steam is fed directly to the condenser, shutdown of the
system must take place with the aid of the MS relief. Shutdown is initiated by
hand. The measures to be performed are found by the control room personnel in the
operating handbook. By manual control of the MS bypass valves or--if the con-
denser is not available--by manual control of the relief vaives, the main steam
pressure and temperature are reduced accordingly. In order to achieve sufficient
delivery from the HP safety injection pumps and the timely switching of low-
pressure injection for reflooding, before emptying the borated water storage tank
to Tow-pressure injection for sump recirculation, a downward gradient of MS
temperature of 100°C/h is needed on the basis of our pessimistic estimations. If
we proceed from simple personnel redundancy, i.e., performance of the measures by
a reactor operator and monitoring by a shift supervisor, then for the failure of
preparations for shutdown we obtain an expected value of 1.6 X 1072, This is
about 75% of the total result for a small leak.
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If preparations for shutdown occur according to instruction, then an incorrect,
excessively fast shutdown of the plant is uniikely. If the shutdown were to occur
for a short time period at a gradient of 200°C/h, then the reactor protection
signal for leak recognition in the majn steam system (Ap/At-Signal) would be
triggered and the MS guick-closing valve and the MS relief mechanism would

close. However, the relief mechanism can be reopened after 15 minutes and the
shutdown continued. Even a second triggering of the ap/at signal does not result
in an uncontrolled accident.

When determining probabilities, it must be remembered that the main feedwater
control is not designed for the conditions prevailing during a LOCA. For this
reason, the main feedwater supply is assumed to be not available, and only the
emergency feedwater supply is considered in the analyses. The unavailability of
hardware for the emergency feedwater supply and MS relief amounts to 3 X 10'3 and
thus contributes about 15% to the total result. Conversely, the unavailability of
HP and LP injections is 8% of the total result.

With regard to the event sequence upon failure of containment integrity for emer-
gency cooling {event sequence SZG), the same is true as presented in the preceding

paragraph.

As these results show, the frequency of a core melt accident due to a "small leak”
could be significantly reduced, especially by simplification or elimination of
preparatory manual measures for shutdown. This could be achieved by improving
instrumentation or by automation of the shutdown process. The latter has been
achieved in new plants.

By modification of feedwater control by a differential pressure transducer
designed for operating conditions in a LOCA, we would also have the main feedwater
supply available to cope with the accident. Together with the emergency feedwater
supply, two feedwater supplies would thus be available. Failure of both feedwater
supplies would thus be negligible with respect to their contribution to the total
result.

Overall, the frequency of a core melt accident due to a “small leak" could be
reduced by almost one order of magnitude.
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5.2.1.4 Small Leak in the Pressurizer. For several of the transients discussed

in Section 5.2.2, the pressure in the reactor coolant system increases so much
that the pressurizer valves open. The most important of these transients are:

] power failure

¢ turbine trip without opening of MS bypass mechanism
° turbine trip without rod insertion

] failure of all main coolant pumps

) failure of the coolant pressure control

¢ ATWHS accidents.

In addition, other transients can cause a response from the pressurizer valves if
they occur immediately after a rapid change in power output. Opening of
pressurizer valves is also possible if the control units triggered during
transients are not intact, or if the first triggering of a needed reactor scram
fails.

Each of the pressurizer valves is adjusted to a different response pressure; the
pressurizer relief valves are adjusted to lower pressure values than the pressur-
izer safety valves. The increase in coolant pressure is generally limited by
opening one or two pressurizer valves; for a majority of transients only one pres-
surizer relief valve opens. The ATWS accidents (anticipated transients without
scram) represent an exception. All pressurizer valves respond to these highly
unlikely accidents.

If the pressure in the reactor coolant system continues to drop after the pressur-
izer valves are open, then after the particular response pressures are met, the
pressurizer valves close again. If a pressurizer relief valve does not close,
redundant blocking measures are provided. If these also fail, then the result is
a "small leak at the pressurizer" in accordance with the valve cross-section.

This type of LOCA also occurs when a pressurizer safety valve does not close after
the minimum pressure for its response is reached.

In Section 5.2.1.1 we pointed out that the same minimum requirements are assumed
for a leak from the pressurizer as for a corresponding leak in the primary coolant
pipeline. Because of these minimum requirements, for small leaks at the pressur-
izer the pessimistic assumption is that a failure of the reactor scram leads to
core melt. ATWS accidents, where one of the pressurizer valves no longer closes,
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are accordingly treated as core melt accidents. Evaluation of small leaks at the
pressurizer under anticipated transients is presented in Section 5.2.2.4; ATWS
accidents are discussed in Section 5.2.2.5.

5.2.1.5 Leak From a Connecting Line to the Reactor Coolant System. The reactor
coolant system is connected to various systems (e.g., emergency and RHR system)

via connecting lines situated outside the containment. Even though the connecting
lines are provided with sequential (series of) blocking valves, it must be checked
whether a loss of coolant can occur through these connecting lines and result in
loss of primary coolant from the containment. In such a case the exiting water
would not collect in the sump and thus would no longer be available for emergency
cooling. In addition, it must be considered that the components situated where
there are leaks in the annulus may be involved. The various possibilities are
discussed below.

In the emergency and RHR system, a loss of coolant in the annulus can only occur
at full power operation when two check valves fail in one loop. This is the case
when:

] there is an internal break with failure of the check action of
both check valves

) there is an internal break of one check valve in connection
with improper opening of the second check valve.

Failure of check action due to internal break is very unlikely. An incorrect
setting of the check valves is generally impossible because of the various sur-
veillance measures (e.g., position monitoring of valves). Since only the above
failure combinations can lead to a toss of coolant to the annulus, analysis of
these event sequences will not give any notable contribution to risk. A LOCA
during RHR operation through a leak in the emergency and RHR system also does not
significantly contribute to the risk.

In the first place, the probability of a pipeline fracture during the Timited time
of RHR operation is very low. Secondly, such a fracture, even if it should occur,
would, in most cases, be blocked off very quickly. After successfully blocking

the fracture, the emergency and RHR system would again be fully functional.
Pipelines of the volume control and chemical injection system, which are also

Tinked to the reactor coolant system, normally carry only water in the region of
the annulus which is at a femperature of less than 100°C and a pressure of

5-17



10 bar. Thus, for a pipe fracture in the annulus, no steam atmosphere will

form. Large area flooding is negligible because of the event frequency; in addi- .
tion, redundant blocking valves are automatically closed. Furthermore, a flooding

of the annulus with about 300 m water could be mastered by the design of the

structures themselves.

A loss of primary coolant from the volume control and chemical injection system
would also be possible by improper operation of the pressurizer water level con-
trol. The pressurizer water Tevel is monitored from the power plant control room
so that control room personnel can intervene with high probability. A reduction
in pressurizer water level is also reported and a further reduction is prevented
by reactor protection signals. Therefore, no contribution to risk is expected
from such operational malfunctions.

5.2.2 Transients

5.2.2.1 Initiating Events and Measures to Cope With Them. Operational malfunc-
tions that cause long-term inequilibrium between heat generation and heat removal

without loss of coolant are called transients. The predominant number of
transients are intercepted by operating systems. In those few cases where the
operating systems are insufficient or where they fail, intervention of the safety
systems is necessary. We speak of transient accidents only in those accident
sequences where operation of the plant cannot be continued for safety reasons
(Section 3.3.2.1}. Transient accidents generally occur when triggered safety
systems do not perform their functions.

During transients or transient accidents which are coped with by the operating and
safety systems as designed, no notable release of fission products takes place;
therefore, to determine risk, those transients should be studied where safety
systems fajlure can lead to a core melt.

There are numerous reasons for transients. These initiating events and their
effects cannot all be discussed individually. In order to obtain the most wide~
ranging determination of the events contributing to risk, we shall proceed here as
outlined below. In an initial step we determined which principal possibilities
can lead to a loss of equilibrium between heat generation and heat removal. These
are:

® change in power generation

® change in power withdrawal (feedwater input or steam removal)
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) change in coolant circulation

(] change in coolant pressure.

Changes in coolant temperature are only indirectly possible, as a consequence of
the above named changes. Changes in coolant quantity (due to improper function of
pressurizer water level control) are discussed in Section 5.2.1.5.

In the next step, these four potentials are further differentiated. The method is
pursued until the important initiating events are found. Figure 5-5 shows the
first step of this study.

In the determination of important initiating events, a simplification results from
the fact that initiating events can be neglected if their effects are smaller in
comparison to other events and if their frequency is unimportant.

The initiating events are divided into two groups with regard to frequency of
occurrence analogous to WASH-1400:

] 1ikely events whose frequency lies betweep about 10‘2/year and
10/year, but which is generally above 107"/year

® unlikely events with a frequency less than 10“2/year, whereby
the frequency is usually much smaller.

For the likely events, the frequency can often be estimated by analyzing the oper-
ating experiences of German nuclear power plants. If this is not possible, then
the frequency is determined by means of fault tree analysis.

For the sum of frequencies of all initiating events of transients that require
intervention by the safety systems, a value can also be estimated from operating
experiences. If, in the course of a transient, a process quantity reaches a pre-
determined 1imit value, then reactor scram is triggered. The limit values are
adjusted to prevent an overload of the reactor core. Reactor scrams thus occur
more frequently than necessary to prevent damage to the reactor core. The fre-
quency of initiated reactor scrams in nuclear power plants thus provides an upper
1limit for the sum of frequencies of all initiating events to be studied. On the
basis of operating experiences in German plants, a value of five reactor scrams
per plant per year is estimated.

"Unlikely" events are transients whose frequency is so small that they are not
anticipated during the operating life of the plant. These unlikely events
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include, for instance, a break in the feedwater pipeline, a break in the main
steam pipeline, or ejection of a control rod by the breakage of a nozzle at the
reactor pressure vessel lid.

As was assumed in WASH-1400, the risk contribution of rare transients is small in
comparison to the contribution of 1ikely transients. The unlikely transients will
therefore be studied in phase B of the risk study. In this regard, a rupture in
the main steam pipeline in front of the main steam gate valves is a special

case. Frequency and effects of such fractures therefore require urgent analysis
in phase B.

To reduce damage to the reactor core during transients that require intervention
by safety systems, various measures must take place:

] accomplishment and long-term assurance of subcriticality of the
reactor core

e pressure limitation of the reactor coolant system

) assurance of a sufficient coolant inventory in the reactor
coolant system

e heat removal from the reactor coclant system.

These measures are implemented by the reactor scram system, the volume control and
chemical injection system, the reactor coolant system with its pressurizer system,
the feedwater-steam system, and possibly the emergency cooling and RHR system.

The following system functions are needed within the first hours from among the

tasks to be performed by these systems according to the type of transient:
() reactor scram
® initiating of pressure relief of the reactor coolant system
] terminating of pressure relief of reactor coolant system
[ main feedwater supply and main steam relief
® emergency feedwater supply and main steam relief

) delayed feedwater supply and main steam relief.
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Pressure relief of the reactor coolant system takes place through the pressurizer
relief valves and safety valves. If these valves do not open sufficiently, an
overpressure failure of the reactor coolant system is possible. If valves have
opened, but if some of them fail to close on demand, then the transient becomes a
LOCA. With regard to measures taken in this case, see Section 5.2.1.1.

The main feedwater supply needed for full power operation is assured through the
main feedwater pumps. The emergency feedwater supply is sufficient to remove
decay heat and to shut down the plant (i.e., to reduce coolant temperature). This
is quite possible by means of the emergency feedwater system and the emergency
system. Main steam can be released through the main steam bypass mechanism and
the turbine condenser, as well as by venting the steam directly to the outside.

Of these system functions, we distinguish between delayed feedwater supply and
main steam relief. This distinction is needed if we succeed in resupplying feed-
water to the steam generator only after evaporization of the secondary side of the
steam generator. In the meantime, the pressure in the reactor coolant system
increases so that opening of the pressure relief valve of the reactor coolant
system is required.

The minimum requirements of individual system functions need to be discussed only
for transients that do not result in LOCA. In order to prevent overheating of the
reactor core during these transients, it is enough to keep the plant in the hot
state; shutdown of the plant is not necessary. The reactor scram has a decisive
influence on the minimum requirements. If the reactor scram should fail, then
greater demands are placed on the other systems. In Table 5-2 we distinguish
between likely transients with successful reactor scram and likely transients
without scram (ATWS accidents).

Likely transients would contribute to risk if one of the above system functions
had already failed due to the initiating event, or if the reliability of the
required system functions had been diminished. Therefore, the maximum reduction
of feedwater inlet, that is, the "failure of the main feedwater supply," is of
particular interest as an initiating event (see Section 5.2.2.3). Power failure
is not as frequent, but a distinction must be made because in addition to the main
feedwater supply failure, main steam relief through main steam bypass mechanism,

turbine condenser, and coolant circulation in the reactor coolant system have all
failed.
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Table 5-2. Minimum requirements of system functions during transients
that require intervention by the safety systems (2 out of 4 means that

of 4 existing redundant subsystems, two are needed.)

Opening of pressure Closing of pressure
relief valve in reactor relief valve in reactor
Transients coolant system coolant system

Feedwater supply

a) Main feedwater

b) Emergency feedwater
c) Delayed feedwater

Anticipated transients

with reactor scram --% Eventually 1 out of 4 a) 1 out of 4## or
or 2 out of 4** b} 1 out of 4 or
c) 1 out of 4
ATWS accident,
power failure 2 out of 3# 4 out of 4** b) 2 out of 4

ATWS accident, failure
of main feedwater

supply 3 out of 3# 4 out of 4**

b)Y 2 out of 4

Other ATWS accidents 2 out of 3# 4 out of 4**

a) 2 out of 4##

* The pressurizer valves open in some transients; however, this opening is not necessary to prevent overpressure

failure of the reactor coolant system except when feedwater supplies a and b fail.
** If any pressurizer valve fails to close, the transient becomes a LOCA.
# Of interest here are the three pressurizer valves with the large valve cross-section.

## One out of 4 or 2 out of 4 injections via the main feedwater lines are necessary.




Furthermore, the unavailability of some of the system functions needed to cope

with the power failure is greater than for other transients because only the emer- .
gency power system is available to supply electricity. Power failures are dis-

cussed in detail in Section 5.2.2.2.

These two transients place special demands on system functions for feedwater
supply and main steam relief. A contribution to risk is also possible based on
the failure of other system functions. For instance, the reactor scram is initi-
ated for all likely transients that require activation of safety systems. If they
fail, then ATWS accidents result; according to Table 5-2, these place the greatest
demands on the opening and closing of the pressure relief valve of the reactor
coolant system (see Section 5.2.2.5). Opening of the pressure relief valve is
also needed in cases of power failure and main feedwater supply failure transients
if the emergency feedwater supply also fails. Since this is discussed in the
event tree analyses for these transients, a special study is not needed at this
time.

Closing of the pressure relief valve of the reactor coolant system is required not
only for ATWS accidents, but also for various 1ikely transients after successful
reactor scram where pressurizer valves open. The minimum requirements for the
closing of the pressure relief valve are smaller, but the transients are much more
frequent than ATWS accidents. If one of the pressurizer valves does not close,
then a "small leak in the pressurizer" results (see Section 5.2.2.4).

5.2.2.2 Power Failure. In normal operation, power supply to the nuclear power

plant takes place through the four 10-kV busbars of the auxiliary power system
(see Section 3.4.7). A power failure exists when the voltage to more than one of
these 10-kV bus-bars fails. Since the failure of all four 10-kV busbars of the
auxiliary system, that is, the complete failure of the auxiliary power supply, is
more frequent than the failure of two or three of the 10-kV busbars, we always
assume a complete failure of the auxiliary power supply.

During power failure, electricity supply to the 10-kV emergency power busbars
takes place through the emergency diesel generators. In order to limit operating
time of this emergency power generators, one must try to draw at least the power
needed to supply emergency consumers from the interconnecting grid or from the
connecting 1ine to unit A as soon as possible.
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a No core melt
b Core melt

¢ Continuation “small leak at pressurizer during power failure”

d Continuation “ATWS"” accidents

occurred. The frequency of the individual event sequence is obtained by multiplication

*Probability of the individual event sequence assuming that the initiating event has
with the frequency h of the initiating event h(T,) = 0.1/year (expested vaiue)

Figure 5-6. Event tree for “power failure”
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The event sequences for power failure are illustrated in Figure 5-6. Failure of
the auxiliary power supply leads to a reactor scram--triggered initially by unac-
ceptable decrease in RPM of the main coolant pumps. Because of the failure of the
10-kV busbars of the auxiliary power supply, the main feedwater supply is not
available, ‘and valves of the main steam bypass mechanism do not open.

Heat is removed via the emergency feedwater supply and steam relief system. The
relief valves and safety valves are used to release steam. Opening of the pres-
sure relief of the reactor coolant system is necessary during temporary failure of
the emergency feedwater supply, in order to 1imit pressure increase in the reactor
coolant system after secondary vaporization of water from the steam generator.
Even if the emergency feedwater supply is operating, the first pressurizer valve
reaches the response pressure so that closing of the pressure relief valve of the
reactor coolant system is needed to prevent the power failure from turning into a
LOCA. If a pressurizer valve fails to close, then the result is a "small leak in
the pressurizer" (see Section 5.2.2.4). Upon failure of the emergency feedwater
supply, a delayed feedwater supply and main steam relief system must be taken into
operation for up to about 75 minutes after the incidence of the power failure in
order to prevent the reactor core from overheating. During this time, a feedwater
supply from unit A must be established by means of the emergency system. If the
water supply in the feedwater tank is used up, then operation of the long-term
feedwater supply and main steam heat sink system is necessary. Water is pumped by
the deionate pumps and the deionate pressurizing pumps from the deionate tanks
into the feedwater tanks. If this is not possible, then the emergency feedwater
pumps are switched over to draw water directly from the deionate tanks. In this
case, the deionate pumps and deionate pressurizer pumps are needed for emergency
feedwater loops one and two.

The following possibilities exist for initiation of a power failure:
° failure of the auxiliary transformer
° failure of the 27-kV busbars

® failure of both AC mains and failure of shutdown to auxiliary
power

® failure of one AC main and failure of shutdown to partial load
and auxiiiary operation

e failure of the conventional secondary cooling system

® turbine trip and failure of the generator circuit breaker
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® turbine trip and failure of the auxiliary power supply from the
interconnecting grid.

An estimated value of 0.1/year is given for the frequency of power failures. This
is based on the failure of individual components in the auxiliary power system and
with regard to mains failures. The auxiliary power system components provide the
major contribution; for instance, failure of the auxiliary power transformers is
set at 4 X 10‘2/year (failure of one of the two transformers is already enough to
cause blackout of the auxiliary power supply).

The probabilities determined for the various event sequences are shown in

Figure 5-6 under the assumption that a power failure has occurred. Probability
for the failure of system functions needed to cope with a power failure was set at
a total of 1.3 X 10~%. The frequency for a core melt accident due to a power
failure is thus (0.1/year) X 1.3 X 104 = 1.3 x 10‘5/year.

The sequence of power failure is determined primarily by the operation or failure
of the emergency feedwater system and main steam relief. If systems function,
only the long-term feedwater supply is needed to cope with the power failure.
Failure of the long-term feedwater supply contributes about 30% to the total
result for the power failure. By simple measures with regard to deionate injec-
tion, a significant improvement can be achieved here.

When the emergency feedwater supply and main steam relief fail, the power failure
can be coped with by establishing a feedwater supply from unit A within 75 minutes
after the beginning of the accident (event sequence T{I1J). If this delayed

feedwater supply also fails, then with regard to the frequency of power failure,
we obtain a frequency for this event sequence of (0.1/year) X (5 X 10‘4) X
(1.6 X 1071) = 8 x 107%/year.

This value represents 64% of the total results for power failure. Unavailability
of emergency water supply of 5 X 10-4 up to 80% is caused by common cause failures
of the emergency diesel generators. The unavailability of the delayed feedwater
supply and main steam heat sink is 0.16. It is important here that manual
intervention be taken in the annulus of unit A. In addition, hardware failures of

the emergency system may make significant contributions.

The risk amount due to power failure can be considerably reduced by a return to
grid power. The emergency power busbars were originally so biased that when the
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emergency diesel generator failed, the attendant 10-kV emergency busbars could no

Tonger be switched back to the corresponding 10-kV auxiliary busbars, even if .
voltage was again available there. For a return to grid power, the connecting

lines to train A of the Biblis plant are quite suitable. During the refueling of

June-August 1978, the possibility for a return to grid power was established.

Since corresponding documentation has not yet been completed, only a rough

estimation can be made. Accordingly, the frequency of a core melt accident as a

result of a power failure would be reduced to about 10‘5/year.

5.2.2.3 Failure of the Main Feedwater Supply. Failure of the main feedwater
supply can have various causes. To determine the contributions to the risk, we
must distinguish whether the cause is a power failure or not. The power failure
was discussed in detail in Section 5.2.2.2. Therefore, we need only to determine
whether a simultaneous failure of main feedwater pumps occurs without failure of

the auxiliary power supply. Whereas a frequency of power failure of 0.l/year was
estimated, we obtain from operating experiences in Germany a frequency for the
failure of the main feedwater supply without power failure of 0.8/year.

If the auxiliary power supply is available to cope with the accident, then this
has a favorable effect on the system functions demanded. However, a reactor scram
occurs later than a power failure. It is usually triggered by an unacceptable
drop in secondary steam generator water level. When the main feedwater supply
fails, an emergency feedwater supply and main steam relief must be established, or
the main feedwater supply and main steam relief must be restarted briefly. If no
secondary feed to the steam generators is established within a few minutes, then a
reactor protection signal prevents reestablishment of the main feedwater supply.
If there is no feed to the steam generators, the steam generators are dried out
sooner because of the later timing of reactor scram in comparison to a power
failure. Up to about 40 minutes after the beginning of the accident, a delayed
feedwater supply and main steam relief must be generated to prevent unacceptable
overheating of the reactor core. This results in an increase in unavailability of
emergency feedwater supply and delayed feedwater supply.

The accident “"failure of main feedwater supply" leads to a core melt frequency of
3X 10‘6/year for successful reactor scram. The contribution to core melt fre-
quency upon failure of reactor scram is not discussed here but is treated jointly
with other ATWS accidents (Section 5.2.2.5).
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5.2.2.4 Small Leak in the Pressurizer. The reference plant design data as well
as the instrumentation and control differ (especially with regard to control rod
insertion) in part from other German nuclear power plants. Therefore, there are

differences in the transients that result in opening of the pressurizer valves.
The previously most frequent cause for opening the pressurizer valves (partial
failure of rod insertion) has been eliminated and is no longer anticipated. From
previous German operating experiences, the frequency of the opening of pressurizer
valves can therefore be roughly estimated as 0.5/year for the reference plant.

The transients that lead to opening of pressurizer valves in the reference plant
are summarized in Section 5.2.1.4. Basically, we must distinguish between power
failure and transients without power failure. Power failure has a considerable
influence on the probability of failure of other system functions. Small leaks at
the pressurizer, which arise from a power failure through the failure of pressur-
izer valves to close, are discussed in detail below. Small leaks at the pressur-
izer due to all other transients provide a much lower contribution to risk. An
average frequency of core melt accidents has been estimated for them in the range
of 2 X 10‘6/year.

The event sequences for a small leak at the pressurizer caused by power failure
are illustrated in Figures 5-7 and 5-8. The two event trees are directly connec-
ted to the event sequences TS, or TS5 of the power failure event tree

(Figure 5-6). The structure of the diagram is similar to the diagram for a small
leak in a primary coolant pipeline (Figure 5-4). The reactor scram is no longer
indicated since it was already triggered by the power failure. The emergency
feedwater supply and main steam relief must be reconsidered, even though they are
already contained in the diagram for power failure. In contrast to the power
failure, where feedwater supply must occur within 75 minutes, 2 to 3 hours are
available for a small leak in the pressurizer. After this period of time, the
plant must be shut down. Here the same minimum requirements apply as were found
for emergency feedwater supply and main steam relief for a small leak in a primary
coolant pipeline.

The occurrence probabilities for small leaks in the pressurizer due to a power
failure are determined from the event tree for the power failure (see Figure 5-6)
as (0.1/year) X 2.7 X 1073 = 2.7 X 10‘4/year for the case TyS,' or (0.1/year) X
3X 1072 =3X 10‘6/year for the case TISZ“‘ The sums of probabilities for
failure of system functions needed to cope with a small Teak at the pressurizer
are obtained from Figures 5-7 and 5-8. With regard to rounding errors, we obtain
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= 2.7 X 10"%/year (expected value)

*Probability of the individual event sequences assuming the initiating event has oceurred.
The frequency of the individual event sequence is obtained by muitiplication with the
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frequency h of the initiating event h(T,S,)

a No core melt

b Core melt
Figure 5-7. Event tree “small leak at pressurizer during power failure” T4Sy
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/year (anticipated value)

*Probability of the individual event sequences assuming the initiating event has occured.
The frequency of the individual event sequence is obtsained by multiplication with the
=3 X 10"
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frequency h of the initiating event. h(T,S,")

a No core meit

b Core melt
Figure 5-8. Event tree “small leak at pressurizer during power failure” T4S5’



1.5 X 10“2 or 0.93. Probabilities less than 1% of these values are designated in
the figures by e, provided they are of no particular interest. From the occur-
rence probabilities for small leaks in the pressurizer and the sums of probabil-
ities for the failure of needed system functions, we obtain frequencies of

4.1 X 10’6¢year or 2.8 X 10“6/year for a core melt accident. Overall, a core melt
will result from a "small leak in the pressurizer with power failure" at a fre-
quency of 7 X 10‘6/year.

Both in the case TISZ' as well as TISQ, the unavailability of the power supply for
high-pressure injection and low-pressure injection is an important factor. For
instance, if we follow event sequence TISZ', a common cause failure of the diesel
generators is found in about 45% of the failure combinations that lead to a small
leak in the pressurizer as well as failure of the needed high-pressure

injection. For T¢Sp" this figure is almost 90%. Whereas for TISZ' a common cause
failure of the diesel generators, together with an independent failure of
hardware, results in an uncontrolled accident, additional human error is needed
for T4S,".

5.2.2.5 ATWS Accidents. A reactor scram is needed in German PWR power plants
with an average frequency of 5/year. As a result of this requirement, potential

damage to fuel elements is supposed to be avoided. If the reactor scram should
fail, the pressure relief of the reactor coolant system would have to limit any
possible increase in coolant pressure. In addition, a sufficient heat removal
through the feedwater-steam system would be needed. Such ATWS accidents do not
result in any important contribution to core melt frequency because of the high
reliability of the reactor scram {the average unavailability is 5 X 107%). over-
heating of the core can only result from such accidents when additional failures
of needed subsystems occur.

The greatest coolant pressure rise would occur for an ATWS accident "failure of
the primary coolant supply" (frequency of initiating event 0.8/year, see

Section 5.2.2.3). For this accident, it is assumed that a satisfactory opening of
the pressure relief of the reactor coolant system occurs only when the three
pressurizer valves of larger valve cross-section open (Table 5-2). For failure of
one of the three valves to open, we estimate a probability of 1.2 X 10‘1. On the
basis of this event sequence (designated as T,KL), a contribution of (0.8/year)

X (56 X% 10-6y x (1.2 % 10‘1) equal to 5 X 10‘7/year to the frequency of core melt

accidents can be expected.
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During ATWS accidents, all four pressurizer valves normally open. If the coolant
pressure continues to drop, then closing of the pressure relief of the reactor
coolant system, i.e., all pressurizer valves, is required. Otherwise, the ATWS
accident becomes a LOCA "small leak at pressurizer." In Section 5.2.1.1, it was
pointed out that the same minimum requirements for a leak in the pressurizer were
assumed as for a corresponding leak in a primary coolant pipeline. Therefore, the
pessimistic assumption is made for such a Teak in the pressurizer that a failure
of reactor scam results in core melt.

The probable failure of one of the four pressurizer valves to close is determined
as 2.5 X 1072, The event sequence TKM (T stands for the sum of all anticipated
transients) thus leads to a core melt frequency of (5/year) X (5 X 10-6) x

(2.5 X 1072) equal to 7 X 10‘7/year.

The two event sequences discussed above provide the primary contributions of ATWS
accidents to core melt frequency. Other event sequences consequently are of no

importance.

5.2.3 Failure of the Reactor Pressure Vessel

At the end of 1977 there were 206 high-power reactors in operation worldwide; at
that time they had collectively operated for about 1500 reactor-years (1). The
rupture or burst of a reactor pressure vessel, abbreviated below as the RPV, has
not occurred. Therefore, it is not possible to determine the failure frequency of
the RPY on the basis of available operating experiences.

A significantly more reliable statement about failure probability can be made for
the RPV in other technical spheres as, for instance, in boiler operation and in
the chemical industry, with their years of operating experience. However, failure
frequencies obtained from nonnuclear pressure vessels cannot be directly applied
to a RPV, since the two groups of vessels are not entirely comparable. The
reasons are:

1. There are significant differences between the rated data of a
nonnuclear pressure vessel and that of a RPY. This indicates a
statistical evaluation of various characteristics of nonnuclear
pressure vessels under surveillance by the Technical Inspection
Agencies, according to which 95% of the nonnuclear pressure
vessels have a wall thickness of less than 20 mm (RPV: 350 mm
for the PWR in the cylindrical part), the stored energy is
lTower by 95% tgan in the RPY and the nomgnal stress of 85% is
only 100_N/mm™“ and of 50%, only 70 N/mm“ (RPV:

180" N/mm?) (2).
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2. There are considerable differences between nonnucliear pressure
vessels and a RPV in design and construction, as well as in
other parameters affecting quality, including monitoring and
testing measures.

To improve quality of the RPV, we must go beyond the demands of nonnuclear pres-
sure vessels:
° determination of total loads from all realistically anticipated
operating and accident conditions, including rare, extreme
states
) stress analysis for all components based on the above loads

) optimized construction with regard to load transmission
processing, and testing

® purity of material

® strength of material

° good processing properties

(] surveillance of welding

® surveillance of heat treatment

° multiple, independent ultrasonic testing of welded seams after
heat treatments and after the first pressure test

] recurrent, nondestructive testing during operation

] surveillance of long-term behavior by suspended lead test
specimens.

An RPV therefore differs in design and quality from a nonnuclear pressure
vessel. A factual evaluation of these differences leads to the conclusion that
the RPV has a significantly greater reliability than the nonnuclear pressure
vessel because of standards and code requirements in nuclear engineering.

The estimated failure probabilities of the RPY will apply only to those failure
modes whose origin is found in the design, construction, material, and pro-
cessing-~that is, in the materials themselves (including improper sizing and
incorrect material selection).

The most important measures implemented on Biblis class RPVs to assure the high
quality needed for reactor operation are discussed briefly below.

5-34




Design and Construction

A1l anticipated loads occurring during operation were examined within the
framework of a stress analysis with respect to their effects on the RPV. The
result is accurate information about occurring stresses which are limited in
regard to load type and material behavior. In addition, the RPV design
exhibits a structure capable of load transmission.

The permissible primary liner stress in the RPV, which is about 180 N/mmz, is
thus greater than that normally found in nonnuclear vessels. The assured
tensile strength safety margin at room temperature (568 N/mmz) is a factor of
three. As a result of the detailed stress analysis, the stress capacity
measured for the material is unquestionably satisfactory. In addition, the
optimized construction has a favorable effect on the following conditions:

] no wall penetrations beneath the vessel flange
® extra reinforced vessel flange with mounted nozzles

® particularly reinforced 1id in the region of the control rod
penetrations

] no longitudinal welded seams as a result of the use of seamless
forged rings

® limitation of radiation dosage to vessel wall as a result of a
sufficiently large water gap.

Design and construction of the RPV were rechecked and reevaluated by indepen-
dent experts.

Material Selection

The base material of the RPV is 22 NiMoCr 37. The properties of this material
are known and statistically confirmed by a large number of tested compo-
nents. Chemical analysis, melting, processing, and heat treatment are coordi-

nated so that the established minimum values for strength and ductility will
be maintained at all points, even in the weld metal and in the heat-influenced

zone; in addition, these values do not fluctuate unacceptably over wall
thickness or total volume. This was demonstrated by extensive, destructive

material testing.
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The integral ductility achieved and the proven, limited number of flaws assure
sufficient resistance against anticipated loads, even if, with regard to base
material and heat influenced zone, no exceptionally optimum steel is
available. In terms of the initial operating phase of about 10-20 years, we
thus have no reservations about safety against catastrophic failures. Even
for a second operating phase of an additional 20 years, according to current
knowledge, an unacceptable reduction in the safety margin is not antici-
pated. Final confirmation for this confidence must be found in the constantly
improving status of science and technology at each particular time of evalua-
tion. The assurance of sufficient knowledge is in turn attained by evaluation
of operating experiences and vigorous continuation of efforts in research and
development.

In principle, the same quality requirements as for the vessel shall apply to
the bolts of the 1id as well.

Manufacture

Important manufacturing processes like welding and heat treatment are moni-
tored constantly during their implementation and inspected by independent
experts. By means of simulations and by test specimens accompanying manu-
facture it was demonstrated that the necessary material properties are
retained even after processing and manufacture.

Microcracks and cracks measuring in the millimeter range are possible in
coarse~grain 22 NiMoCr 37 material in superheated regions of the heat-affected
zone., As a result of the multi-layer welding techniques, the expansion of
these cracks into the interior of the vessel walls is limited so that during
extensive, mechanical testing, no reduction in resistance could be found. For
the first operating phase, therefore, no reservations about safety statements
are needed. Furthermore, for future operating phases the same statement
applies as was made above with regard to the material.

Component Testing and Initial Pressure Testing

During manufacture, quality was checked continuously by means of nonde-
structive test methods. The most important of these is ultrasonic testing.
This was used on welded seams immediately after intermediate heat treatment,
after final heat treatment, and after the initial pressure fest, in the form
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of triple testing performed by manufacturer, system deliverer, and independent
experts. By means of this multiple testing, changes in the manufacture could
be followed and human error could be eliminated. After the entire pressure
vessel was assembled, it was subjected to an initial pressure test at 1.3
times the design pressure to demonstrate that the strength to accomodate the
operating conditions is present.

Recurrent Testing During Operation

The RPV is recurrently checked by means of generally automated ultrasonic
testing and hydraulic pressure testing to determine its status, so that it
remains under control with advancing service life in accordance with operating
conditions.

In-Service Inspection

The operating behavior and functioning of the entire reactor coolant system
are tested within the framework of commissioning. During subsequent stages of
full power operation, temperatures and pressures are monitored and recorded,
in addition to frequencies of the various load states. This assures that
stress of the reactor pressure vessel is monitored during operation and can be
checked at all times.

As a result of the neutron irradiation, the ductility of the base material
changes in the region of the reactor core. In order to keep this change as
small as possible, the neutron flux integrated over the service life is
limited by a water gap between core and vessel wall to 1 X 1019/cm2. The
change in ductility is monitored through so-called suspended specimens--these
are lead material samples exposed to operating conditions and to neutron
irradiation, which are removed successively during power plant operations--the
change in strength is monitored. This assures that the ductibility is known
with advancing age and that a limit corresponding to operating conditions is
not exceeded.

After a summary evaluation of all measures implemented to determine and protect

against stresses and to generate and demonstrate quality, the potential for a

catastrophic failure of the RPV due to inherent causes cannot be recognized.

Experts in the area of pressure vessel engineering agree with this statement.

Performance and quality of the RPV are such that a rupture due to unsatisfactory
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design, materials, or manufacture is practically precluded, according to expert
opinion, under the conditions outlined above.

However, these statements also show how problematic it is to make a quantitative
determination of RPV reliability. For this reason, with reference to WASH-1400,
we accepted the failure probability of 1 X 10~7 per RPY year of operation as a
calculated value for phase A of this German study for the assumed accident rupture
of the reactor pressure vessel due to a defect in design, material, or processing.

In Great Britain estimations performed on the basis of probabilistic fracture
mechanics lead to values of the same order of magnitude (ﬂ).

We should mention that not every failure of the RPV will result in immediate
damage to the containment and thus cause a rapid release of fission products.

The judgment of the RPV made in WASH-1400 is based on evaluations of operating
experiences from nonnuclear pressure vessels (3). Operating experiences for non-
nuclear pressure vessels in the FRG were evaluated to recheck and validate the
failure frequencies determined there for nonnuclear pressure vessels. The eval-
uation extended from 1959 to 1976 and included available statistics on numbers and
damage of such vessels. This gave an average failure frequency for rupture of a
pressure vessel of about 10~ per year of pressure vessel operation (2).

An important result of these studies was that the failure probability of pressure
vessels in the time period under consideration decreased by nearly one order of
magnitude. This increase in reliabiiity can be attributed primarily to expanded
and improved manufacturing and to operational monitoring implemented in the mean-
time. The failure probability determined for nonnuclear pressure vessels can be
applied only conditionally to RPV evaluation. It can be used initially to verify
the high reliability achieved in the meantime by nonnuclear pressure vessels.
Results confirm the reliability of the assumed failure frequency for the RPV
which--as presented above--has a significantly greater reliability because of
better construction and quality.

For the type of RPV design under consideration here, it can be maintained that no
penetration of the pressure retaining wall occurs beneath the primary coolant
nozzles. Estimations of leak cross-sections by means of fracture mechanical
methods gave cross-sections of less than 30 cm?
crack length in the cylindrical wall.

for the greatest, subcritical
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A LOCA through such a leak cross-section can be coped with at any time by means of
the emergency and residual heat removal system. With regard to the measures and,
in particular, to the recurrent testing (hydraulic pressure testing and nonde-
structive ultrasonic testing), taken with regard to the RPV, crack lengths of this
size are significantly less likely than leaks in the primary coolant pipeline.
Leaks in the area of the flange connection or control rod penetrations are covered
by the measures taken in a LOCA. With the frequency of 107 per RPV operating
year for the rupture of a RPY, no relevant contribution to risk results from an
assumed failure of the pressure vessel.

5.2.4 Effects Due to Fire

In the present study the effects of fire on the risk are treated qualitatively,
1ike the procedure used in WASH-1400,

Within the framework of licensing procedures for nuclear power plants, fire pro-
tection is discussed in detail. Reference is made to the various measures to
counteract fires in Section 3.4.12.

In order to permit a quantification of risk in phase B of the study, the following
work has been performed:

® determination of potential fire sources in all buildings of the
nuclear power plant with reference to potential damage

) determination of passive and active fire prevention measures
® working out methodological approaches for a systematic,

quantitative analysis.

The individual work is described in detail in the appendix. Previous work
indicates no significant contribution to core melt frequency.

5.2.5 Other Plant-Internal Accidents

Whereas previous sections dealt with accident sequences in the reactor core, which
could result in release of radioactive fission products from the reactor coolant
system, other important activity retaining components of the nuclear power plant
will be studied below with regard to their radioactive inventory and potential
radionuclide release.
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Important radioactive components outside the core are spent fuel elements unloaded
from the reactor core and the radioactive auxiliary systems of the nuclear power
plant. The nuclide inventory contained here is important both with respect to
nuclide composition and to total radioactivity. In an estimation of the potential
consequences of accidents, fission product barriers other than for the reactor
core must be taken into consideration. For example, spent fuel elements are
always handled under several meters of water within the containment. The
corresponding fission product barriers are: the fuel cladding, the water layer of
the fuel storage pool, and the containment with its ventilation system. During
removal of spent fuel elements from the system, the fission product barriers of
cladding and fuel transport container are present.

In phase A of the risk study, only those accidents are carefully studied which
would result in the release of radioactive substances outside the reactor core and
would simultaneously allow an extrapolation of conditions from the PWR reference
plant used in WASH-1400 to reference plant Biblis B. Such accidents include
destruction of fuel cladding during handling of spent fuel elements, with
subsequent release of radionuclides into the containment, and damage to a
transport container for spert fuel elements and of the fuel elements being
transported therein, with subsequent release to the environment outside the plant.

Fuel elements are removed from the reactor core after reaching their maximum
burnup in the annual refueling. They are then placed in the fuel storage pool.
After one-~half year decay time, at the earliest, spent fuel elements are removed
from the plant in transport casks. Damage to the individual fuel elements,
possible during handiing and returning them into the storage pool, can result in a
release of radionuclides. Representative accidents that could result in
destruction of fuel elements would be a fuel element handling accident within the
storage pool, and dropping outside the reactor building a transport cask held by
the portal crane at maximum height and loaded with spent fuel elements.

Fuel Element Handling Accident

In this accident, it is assumed that a fuel element fa]Ts from the grab of the
refueling machine. The fuel element is damaged uponvimpact so that in the
worst case, all claddings lose their integrity. Thus, fission products col-
Tected in the fission gas plenum can be released through the pool water to the
atmosphere of the containment.
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Table 5-3. Summary of the results of the event tree analyses

Conditional probability Frequency of core
Frequency of initiating of failure of the required melt accidents
LOCA event h (expected value) system functions w h x w (expected

Transient per year {expected value) value) per year
Large leak in a primary 4 3 7
coolant pipeline 2.7 x 107 1.7 x 107 5.0 x 107
Medium leak in a
primary coolant 4 3 6
pipeline 8.0 x 107 2.3 x 107 2.0 x 107
Small leak in a primary 3 2 5
coolant pipeline 2.7 x 107 2.1 x 107 5.7 x 107
Loss of power 1.0 x 1071 1.3 x 1074 1.3 x 1073
Failure of the main 1 6 6
feedwater supply 8.0 x 107 4,0 x 10”7 3.0 x 107
Small leak in pressur-
izer during power 4 9 6
failure 2.7 x 1077+ 2.6 x 107 7.0 x 10
Small leak in pressur-
izer during other 3 3 6
transients 1.0 x 10™°* 2.0 x 107 2.0 x 107
ATHS 3.0 x 107° 3.0 x 10°2 1.0 x 1076

*The frequency of the small leak in the pressurizer is obtained from the frequency of opening a pressurizer relief
valve (0.1 per year during power failure, 0.4 per year for all other transients) by multiplication with the conditional
probability 2.7 x 10=3 that the relief valve and its redundant block valve do not close.




Dropping of a Transfer Cask Containing Spent Fuel Elements

The element transport casks are designed so that deformation may occur upon
impact from 9 m drop height to smooth concrete, but their seal will not be
affected. During removal of spent fuel elements from the Biblis B nuclear
power plant, the maximum 1ifting height (potential drop height) is 21 m and
thus is above the corresponding cask specification. For a potential drop from
this altitude a loss of cask integrity, connected with damage to fuel
cladding, and subsequent release of radionuclides to the environment is
possible.

Studies previously performed on the release of fission products from radio-
active components outside the reactor coolant system do not indicate any domi-
nant contribution to risk. This is attributed primarily to the fact that the
components under discussion have a radioactivity that is small compared to the
core radioactivity (see also Table 4-1).

5.2.6 Discussion of Results for Plant-Internal Accidents

In the previous sections we discussed event sequences proceeding from the initiat-
ing events. The physically different event sequences were pointed out and
assigned probability values. Thus, the contribution to the frequency to core melt
accidents could be determined.

To determine the frequencies of fission product release from the reactor building,
we also need to consider the failure potentials and attendant probabilities for
the containment. These probabilities depend on the particular event sequences, so
that a dominant value for core melt frequency will not necessarily result in the
greatest frequency of fission product release. In Section 6.6.3 a separate
discussion of frequencies of fission product release to the environment will be
given.

The frequencies of core melt determined by the event sequence analyses are com-
piled in Table 5-3. The sum of core melt frequencies is thus 9 X 10“5/year. The
parameters of the attendant distribution functions are given in Table 5-4. The
greatest contributions come from small leaks in the primary coolant pipeline and
from power failure. In the former case, this is attributable both to the greater
frequency in comparison to the other leaks in a primary coolant line, as well as
to the unavailabiiity of system functions, whereby manual efforts determine the
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results. In the second case, the cause is the relatively high frequency of the
initiating event. A power failure becomes a "small leak in the pressurizer during
power failure" accident if the pressurizer valves fail to close; this also pro-
vides an important contribution to the total core melt frequencies.

Table 5-4. Sum of frequencies of core melt accidents

Expected value 9 x 1075
Median (50% fractile) 4 x 107°
Lower 1imit (5% fractile) 1 x 1073
Upper 1imit (95% fractile) 3 x 1074

The values listed are frequencies per year of operation,

The LOCA and transients that were discussed in more detail on the basis of event
trees, lead to about 93% of the total core melt frequency. The attendant frac-
tional contributions of failures of system functions are seen in Table 5-5. The
reference value is the frequency of core melt due to the particular initiating
event. The influence of one and the same system function is often different
because:

® different system functions are needed to cope with different
accidents

® the minimum requirements can differ

° the probability of failure of system functions depends on the
particular event sequence.
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This is quite clear, for example, in comparing accumulator injections for large
and medium leaks (see Section 5.2.1.2).

An overview of the influence of independent hardware failures, common cause fail-
ures of hardware, and human error is compiled in Table 5-6. Since not all of
these failure modes necessarily result in failure to cope with the accident, those
combinations were also included, e.g., independent fajlures and common cause fail-
ures. The AND connections found in the table are thus to be taken as logic con-
nections; they result directly from the fault tree analyses.

Individual failures of hardware or human error do not result in fajlure to cope
with an accident for any of the initiating events. Double failures, however,
contribute to the result in a few cases: for a large and medium leak, double
failures of accumulator injection cause an uncontrolled accident; for small leak
in a primary coolant pipeline, the manual efforts to prepare shutdown at 100°C/h
determine the result. It was assumed here that implementation of manual efforts
is monitored. Double failures of hardware, which prevent shutdown of the plant at
100°C/h, are of no significance.

For large and medium leaks in a primary coolant pipeline, the safety systems
needed to cope with the accident are automatically set in operation. Human error
therefore plays a role in these accidents only with respect to calibration of
measurement channels (common mode failures due to human error}. Of the common
cause failures of hardware, failures of the RHR pumps during long-term emergency
residual heat removal are important.

For a leak in a primary coolant pipeline, incorrect manual efforts to prepare
shutdown contribute about 78% to the risk (see Section 5.2.1.3). Additional
manual efforts are of subordinate significance by comparison. Common cause fail-
ures due to incorrect calibration of measurement channels amount to only 3%. The
1% common cause failures of hardware also affect the measurement channels.

If a power failure occurs and if the emergency feedwater supply fails due to inde-
pendent failures or common cause failures of the emergency diesel generators, then
it is possible to manually operate the emergency system. Thus, an emergency feed-
water supply from unit A can be established. Common cause failures of hardware
alone, therefore, provide no contribution to the risk. Human error alone also
plays no role since, in case of power failure, normally all measures are
implemented automatically. Failures due to incorrect calibration can be neglected
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Table 5-5. Contributions
to cope with an accident.

of system functions to the frequency of failure

Contribution to
Frequency of failure the frequency of
to cope with failure to cope
LOCA transients the accident System function Accident sequence with an accident
Large leak in a 5.0 x 10’7/a Accumulator injections, AD 42%
primary cool- low-pressure flooding AE 12%
ant pipeline injections, low- AF 30%
pressure injections AH 12%
with sump recircula- 4%
tion, long-term decay
heat removal, other
Moderate leak in 2.0 x 10'6/a High-pressure injec- $:C 52%
a primary cool- tions, accumulator 51D 9%
ant pipeline injections, low-pres- S{E 4%
sure flooding injec- StF 21%
tions with sump SiH 9%
recirculation, long- 5%
term decay heat
removal, other
Small Teak in a 5.7 x 10'5/a Auxiliary feedwater SZIJ 90%
primary cool- supply and main steam S,IC 5%
ant pipeline heat removal, high- 5%
pressure injections,
other
Loss of power 1.3 x 10'5/a Auxiliary feedwater T11JQ 67%
supply and main steam TR 33%
heat removal, delayed
feedwater supply and
main steam heat
removal, long-term
feedwater supply and
main steam heat removal
Small leak at the 7.0 x 10‘6/a Auxiliary feedwater Tlsz'IJ,Tlsz‘IJCE 20%
pressurizer supply and main steam T152"1d,T1S,"1JCE 78%
during power heat removal, high- TlSZ'IC,TISZ'ICE, 2%
failure pressure injection, Tlsz"IC,TISZ"ICE
other
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Table 5-6.

Contributions of the different failure modes
to the frequency of failure to cope with an accident

Frequency of

LOCA, failure to cope
Transients with accident UA** CMA# Mit# UA & CMA UA & M CMA & M UA & CMA & M
Large leak in a
primary cool- 7
ant pipeline 5x 107" /a 73% 15% 12% - - - -
Moderate leak in
a primary cool- 6
ant pipeline 2 x 1077 /a 62% 11% 27% - - .~ -
Small Tleak in a
primary cool- 5
ant pipeline 5.7 x 1077/a 13% 1% 85% - 1% - -
Loss of power 1.3 x 10~%/3 26% . - 29% 27% 18% -
Small leak at
the pressur-
izer during 6
power failure 7 x 107%/a 33%* -~ - 26%* 4%* -= 37%*
Total 8 x 107°/a 18% 12 | 63% 7% 5% 3% 3%

*  The percentages for failure combinations resulting in failure to cope with a small leak at pressurizer are
given under the assumption that a power failure has occurred.

**YA:
#CMA:

Common mode failure of hardware.

Independent hardware failures, including maintenance interval.

##M:  Human error, including common mode failure due to incorrect calibration of instrumentation.




in a power failure. In order for a LOCA to occur by means of a pressurizer relief
valve, an independent failure of hardware is always needed (e.g., failure of the
relief valve). For small leaks at the pressurizer resulting from a power failure,
both common cause failures of hardware as well as human error will Tead to an
uncontrolled accident only in connection with independent failures.

If we consider the total frequency of core melt, then about 2/3 of this amount is
due to human error. But only 1/20 of this amount, i.e., about 3% of the result,
is comprised of common cause failures due to human error (incorrect calibration of
measurement channels). If we add all contributions in which common cause failures
of hardware or human error play a part, then we obtain about 15% of the total
determined core melt frequency. Reasons for this relatively low percentage are
the dominant contribution of manual efforts to cope with small leaks in a primary
coolant pipeline, as well as the potential for using the emergency system for
feedwater injection during power failures when common cause failures of the emer-
gency diesel generators occur.

5.3 ACCIDENTS DUE TO EXTERNAL EVENTS
5.3.1 Overview

In Chapter 3 we presented the important external events that are taken as a basis
for the design. Within the framework of the present risk study, we had to examine

whether a contribution to total risk is to be expected, with regard to the
frequency of external effects such as:

(] failure of safety provisions
] weak points in the design

] potential exceeding of design load assumptions.

In addition, we had to check whether risk contributions could arise from other
possible external events.

The procedure in analyzing external events differs from the procedure used with
plant-internal accidents because we generally do not rely on extensive quantita-
tive accident sequence analyses. For external events of low frequency (e.g.,
aircraft crash, explosion), the probability of such an accident terminating in a
core melt was fixed by an upper limiting estimation. If the studies showed
identical or comparable accident sequences as for plant-internal accidents (e.g.,
power failure), then further consideration could be terminated if the frequency of
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the initiating, plant-internal accident sequence was significantly greater than
the frequency of the external events. The accident sequences due to external
events of flood and lightning were treated qualitatively.

The important results of the studies on external events are presented in Sec-
tions 5.3.2 to 5.3.7.

The effects of harmful substances (aggressive, oxygen displacing, toxic
substances, etc.) resulting from accidents in the environment or from fires were
not studied separately. A detailed research project by the Federal Ministry of
Research and Technology will deal with this topic and will also study the
relevance to risk of such events (5). Final results from this research project
will be available for phase B of the risk study. On the basis of previous work,
significant risk contributions are not to be expected.

The analyses on external events necessarily relate to the reference plant or its
site. Transfer of results to other plants or sites is not possible without modi-
fication. For instance, different external events like earthquake, flood, and
explosion depend on the site with regard to both frequency and magnitude. In
addition, in newer plants the safety provisions against external events (espe-
cially earthquake, aircraft crash, lightning strike) have been expanded signifi-
cantly so that lower risk contributions are expected for them.

5.3.2 Earthquake

5.3.2.1 Introduction. In WASH-1400, reactor accidents due to earthquake were
assigned a small contribution to the total risk: the frequency of a core melt
accident due to earthquake 1ies between 107% and 1078 per reactor-year. These
results cannot be adopted without modification. Although we can ask whether
detailed studies are indeed necessary with regard to the relatively low earthquake
frequency in the FRG, for the sake of completion, a detailed analysis was
performed.

5.3.2.2 Frequency and Intensity of Earthquakes. Seismic activities have been

recorded by instruments for about 80 years. For a period of about 1000 years,
descriptions of earthquake damage and effects have been available. In accordance
with their damage and effects, earthquakes are categorized on intensity scales
(Seismic categories). There is a multitude of observations of earthquakes. We
will not discuss at this point the difficulties in estimating high-intensity
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earthquake fregquencies by statistical methods from these observations; an
appropriate discussion is found in the appendix.

The magnitude is the best statistical measure for an earthquake (this is the
energy released by the earthquake in the form of waves) or the intensity (a mea-
sure for the effects of the earthquake observed on people, structures, and ter-
rain). Through statistical evaluation of observations, earthquake intensities or
magnitudes can be assigned average frequencies per year per region. If we plot
the frequencies for intensities or magnitudes on a logarithmic scale, then we have
an approximately linear relationship (Figure 5-9) (6).

The Tocation of the reference plant lies at the northern end of the upper Rhine
trough, a seismically active region where earthquakes are observed again and
again. Therefore, extensive information is available about occurring earthquake
intensities over a long period. For earthquakes that are more frequent than 10-3
per year, the relationship between frequency and intensity can be estimated.
Basically, earthquakes of intensities greater than those previously observed are
possible. The frequencies of such earthquakes are obtained by extrapolation of
existing data (extrapolation to frequencies less than 10-3 per year).

Note here that for physical reasons earthquake magnitude cannot increase indefi-
nitely since maximum energy release is limited. Extrapolation takes place by
means of Gumbel extreme statistics; this provides the needed, extreme magnitudes
or intensities for a prolonged time period as earthquake intensity assumptions,
e.g., for the service life of a nuclear power plant of about 40 years. The inten-
sities or magnitudes cannot be used directly to calculate earthquake loads.
Seismic engineering parameters are needed to determine loads on structures and
system components. Between macroseismic intensity and seismic engineering param-
eters 1ike, for instance, the maximum ground acceleration, a functional relation-
ship exists. Figure 5-10 gives probabilities of exceeding the maximum ground
acceleration a, per year for a location in the upper Rhine trough (7). The value
of 1.5 m/s2 for a, corresponds to the acceleration value taken as a basis for the
design of the reference plant (safe shutdown earthquake).

5.3.2.3 Procedure to Determine Accidentc Consequences To study possible accident

sequences that could result from an earthquake, an extensive analysis of event
sequences is necessary. The attendant event tree is similar to the event tree for
power failure. However, after initial agreement, its further profile exhibits
additional branchings. These depend primarily on whether an earthquake-induced
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Figure 5-9. Average frequency N per year of earthquakes of a certain macro-seismic
magnitude M, on the Richter Scale for the upper Rhine Valley
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LOCA takes place and whether the containment is isolated. Calculation of
branching probabilities in the event tree can be implemented primarily by means of
the same fault tree analyses that were also used in the corresponding plant-
internal event sequence analyses. However, in addition to the reljability data
used there, earthquake-induced failure probabilities must also be considered.
These will include additional failure modes attributable to earthquake. For
instance, failure of a structure can lead to failure of a number of components.
But components may not fail directly as a result of earthquakes. Of component
failures we distinguish between failure of structure (fracture, deformation) and
failure of functionality (incorrect control, interruption, disruption in
kinematics).

Within the framework of the present study, it was not possible to examine all
reactor structures and components in detail. But going beyond WASH-1400, where
only an overall estimation of system failure probability was made, in this study a
detailed analysis of earthquake-induced failures was made, for a number of
structures. Selection of structures proceeded on the basis of their sensitivity
to earthquake effects and their importance to overall safety.

The results are shown in the next chapter. Individual components will be studied
in phase B.

5.3.2.4 Failure of Assemblies Due to Earthquake

Calculation of Failure Probability

The calculation of probabilities for failure of structures and components is
divided into two sections:

® From known or assumed probability distributions for strengths,
sizes, and loads, the distribution of the safety interval Z
between load capacity and load was calculated with regard to
the safety requirements inherent in the design. This was
performed for various selected earthquake regions having atten-
dapt maximum acceleration a,. The conditional probability
P (ao) for failure of the component for a given earthquake was
found (Figure 5-11).

o From the conditional probabilities pf*(a ) and the frequency
distribution of maximum acceleration a ?or the site of the
reference plant (Figure 5-10), the ear%hquake-induced failure
probability pe of the component was determined.
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Failure Probabilities of Structures

Failure of the following structures caused by earthquake was studied and
probabilities evaluated (for a better understanding, see Figure 3-20 in
Chapter 3):

{a)

(c)

(d)

(e)

(f)

(g)

Global failure of the interior cylinder in the reactor building
in the lower region: a failure of the interior cylinder due to
earthquake is impossible according to this study, even for
exceptional earthquake regions.

Fracture failure of the internal cylinder beneath the round
overhead crane in the region of the fuel storage pool: the
circular beam above the fuel storage pool is designed against
horizontal shock from the crane. Its fa§1ure frequency thus
remains at a value of about pg = 4 X 1077 per year.

Fracture failure of the separation between fuel storage pool
and storage ground for core internals: the pool wall is
designed for plate streésses in accordance with the elasticity
theory. If we consider probable failure mechanisms, a failure
is practically impossible.

Support of the RPV on the support shield: the structure
stresses depend primarily on whether components of the reactor
coolant system simultaneously fail in an earthquake. Initial
studies indicate that the failure probability of support and
mount for a superimposition of stresses due to earthquake and
leak (reaction forces) would be greatly increased. Now the
loads on the reactor coolant system due to the safety earth-
quake are clearly lower than the load assumptions on which its
design was based. A direct failure of the reactor coolant
system, and thus a superimposition of the loads due to
earthquake and leak, is therefore improbable. Under this
assumption, the failure probability of the foundation is hardly
affected by earthquake.

Upper support of the steam generator: the information given
under (d) above for a fracture failure also applies to the
upper support.

Wall of valve room in the area of the main steam pipe
restraints: the wall is designed to withstand reaction forces
resulting from destruction of the main steam pipelines in the
region of the turbine hall--for instance, due to an earth-
quake--on the basis of a theoretical elastic plate calcula-
tion. Because of the very conservative definition of reaction
forces for main steam pipeline fractures, the fai]urg frequency
of the chamber wall remains below about pe = 4 X 107" per year
even for fracture of several pipelines.

Crossbeams in the turbine hall: the steel-concrete frames used
for lateral reinforcement of the turbine hall behave excel-
Tently for earthquake effects, i.e., they withstand overloads
by Tocal plastic deformation. This means that, on the average,
they can withstand relatively high maximum accelerations (up to
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a safe shutdown earthquake). The failure frequency of thg
frames due to earthquake is thus less than about pg = 1077 per
year.

5.3.2.5 Preliminary Evaluation. In the Tlicensing procedure, the failure of com-
ponents of the reactor coolant and secondary coolant system (within the

containment) during a safe shutdown earthquake (SSE) is not assumed, since the
dynamic stresses in the safety earthquake remain significantly below the design
Toads of these system components. This means that an overload of stresses due to
earthquake and leaks is not assumed. In phase A of the study, in the investiga-
tion of potential structural failure, we also proceeded from this assumption. The
validity of the assumption--even for greater maximum accelerations than occur in
the SSE--must be verified in phase B.

The structural evaluation shows that the following structures should be studied
more carefully because of the determined failure frequencies:

® internal cylinder under the round overhead crane in the region
of the fuel storage pool

® wall of the valve room in the area of the main steam pipe
restraints

® crossheams {frames) in the engine room.

A failure of these structures does not lead directly to core melt. Rather, addi-
tional events must occur before a core melt can take place. The frequency for a
core melt accident, caused by earthquake, is thus significantly below the failure
probabilities for the particular structures. The attendant event sequences are
described in the appendix. The event sequence upon failure of the crossbeams in
the turbine hall will be discussed briefly as an example.

Since the turbine hall is designed only conditionally against earthquakes, a
greater failure frequency results for the crossbeams in comparison to the other
structures under discussion. In the study it was assumed that a failure of cross-
beams leads to destruction of walls and ceiling of the turbine hall. Thus, the
auxiliary power supply fails. The further event sequence now resembles a power
failure. Since the frequency of such earthquake-induced event sequences is
10‘3/year--thus about two orders of magnitude smaller than the frequency of power
failure--this event sequence makes an insignificant contribution to risk. Sec-
tion 5.3.6 will discuss other subsequent events that could arise from the collapse
of the turbine hall.
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To determine the probabilities for an earthquake-induced failure of components of .
safety systems, or of the safety systems themselves, a closer examination of the

problem will be undertaken in phase B of the study. This is a highly complicated

procedure that goes beyond the bounds of phase A. If we take results from (8) as

a basis for our initial estimation of earthquake-induced failure probability of

safety systems, the failure of these systems does not result in a dominant contri-

bution to risk. However, this presumes that the frequency of a LOCA as a result

of earthquake is small because of the reasons given above.

5.3.3 Flood

Nuclear power plants are designed to withstand floods in accordance with the par-
ticular siting conditions. The individual provisions are established in the
framework of the licensing procedure. As in WASH-1400, phase A of the German
study assumes that flood does not provide any dominant contribution to core melt
frequency. Studies to verify this statement are planned for phase B of the study.

5.3.4 Rough Weather

5.3.4.1 Storms. The studies have shown that in the FRG, observed and anticipated
wind conditions do not indicate any danger to the plant on the basis of the
plant's ability to withstand wind loads and other external effects. As a maximum
possible event, a power failure is possible, for instance, through a failure of
turbine and auxiliary power transformers or by power mains failure outside of the
buildings. However, the value for frequency of a power failure caused by “storm"
is less than the value found in the plant system studies.

5.3.4.2 Lightning Strikes. The expected frequencies for Tightning strikes at the
reference plant were set at 3 X 10"1/year for the reactor building and at

9 X 10'1/year for the exhaust stack. By means of extensive protective measures,
which are divided into external and internal Tightning protection measures,
effects on buildings and systems are counteracted. The effects on electrical and
electronic systems due to induced voltages and the electric decoupling of
redundant systems are important considerations here.

The application of probabilistic methods to a quantitative determination of poten-
tial impairment and failure of electrical components is basically possible with
regard to various parameters; however, the data needed for this are not avail-
able. A quantitative evaluation of risk is, therefore, not possible. Because of
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rough estimations, it seems possible that an event chain that proceeds from a
lightning strike and terminates in a core melt is of 1ittle significance when con-
sidering existing protective measures and safety systems; it would therefore be
comparatively unimportant to the core melt frequency.

5.3.5 Aircraft Crashes

The airspace over the FRG is characterized by a close network of civilian trans-
portation routes with high-density use. The resulting global flight density
increases if we include military aircraft as well.

Within the framework of the study, the situation at the site of the referenced
plant was studied first, and the frequency for the crash of civilian and military
aircraft on the plant was determined. Relative to a safety-relevant nuclear power
plant surface area of 10,000 m2, we have:

o civilian aircraft on f11ght pff (with a takeoff weight
greater than 200 kN: /year

e civilian aircraft not on fl}ght paths (with a takeoff weight
less than 200 kN): 9 X 107/ /year

® fast military aircraft: 1 X 10"6/year.

These values were determined by the specific crash frequency for cruising or
training flights. The influence of aircraft taking off and landing is negligible
due to the distance to the closest airport.

If we consider the potential loads in addition to the crash frequencies, then
crash of a fast military aircraft represents the dominant event for a determina-
tion of a potential risk.

Accordingly, with regard to hypothetical loads and existing protective measures,
subsequent events down to a "core melt" were studied for this case. The event
tree for "aircraft crash" is shown in Figure 5-12.

If we ignore subsequent phenomena 1ike fuel fires and the effect of debris
(wreckage, broken pieces of buildings), which were, however, included in the
analysis, then aircraft crash represents a local effect. The event tree can thus
be applied, in a somewhat modified manner, to all buildings at the site. Because
of the low frequency of the initiating event, however, no detailed analysis was
performed; rather, an upper 1imit for the frequency of one subsequent event "core
melt" was estimated for the particular local effects (on a building for instance).
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The 1list in Table 5-7 shows the determined frequency values whereby we distinguish
between the "full power" operating mode (a) and "shutdown plant" (b).

In summary "we can say that a core melt accident resulting from an aircraft crash
onto a power plant is anticipated with a frequency of less than 2 X 10~7 per
year. Compared with other accidents, the aircraft crash therefore makes no
notable contribution to risk because of appropriate plant design.

5.3.6 Explosion Shock Waves

Experience shows that explosions should be anticipated in industrial plants and on
transport routes (highway, rail, river, pipeline). Explosions can be caused by
explosives per se or by other explosive substances when accidents occur in
storage, transport, or handling.

The design of the plant is based on 1oad assumptions that will accommodate shock
waves from a deflagration of saturated hydrocarbons. It is assumed that this
event (owing to the potential drift of an explosive gas mixture) can occur right
next to the outer wall of a building. This points up the following questions:

(a) What is the frequency of loads taken as a basis for the design?

{b) How probable are possible subsequent events that can result in
core melt if we assume that design loads have been exceeded?

(c) What is the frequency that the design load assumptions can be
exceeded?

For the frequency of a shock wave that equals the design loads of the system, a
value of 10‘5/year to 5 X 10‘7/year was estimated.

Potential subsequent events that can lead to core melt if we assume exposure to
design loads were studied and their probability evaluated. It turns out that the
probability of a core melt due to exposure to design loads is relatively small.
Accordingly, this event sequence does not make any relevant contribution to risk,

The boundary conditions (point of deflagration, gas cloud model) used in determin-
ing the load function were conservatively set so that greater released quantities
of gas upon deflagration basically do not Tead to greater shock waves. Shock
waves moving from a detonation (e.g., unsaturated hydrocarbons, explosives, dammed
gas clouds) can result in considerably higher loads. As a result of the pre-
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Table 5~7. Frequencies of core melt due to externally~-induced

effects on the buildings or plant parts

Effects on buildings or plant parts

Annual frequency of core melt
under consideration of damage
frequency on the particular
building on plant part

Reactor building
Switchgear building
Reactor auxiliary building
Valve room

a) Region of exposed main steam
pipeline

Covered hallway

Secondary cooling water
pump chambers

Turbine hall and main
power connection

Reactor building

b) Plant parts containing
components of the RHR
system or attendant
power supply equipment

<6 x 1078«
<3 x 108
<« 1078

<2 x 108

<< 10‘8
<< 10‘8

<< 10‘8

<1x108

<2 x 1078

<6 x 10°8

*Yalues assume that the containment is not isolated due to the

effects on the reactor building.
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vailing distance between sensitive areas of the plant and potential locations for
accidents along this particular section of the River Rhine, protection is provided
even when the detonation occurs at the point of an accident. Scenarios where
explosive gas clouds drift to the power plant or a deflagration near the plant
caused by unfavorable boundary conditions is converted into a detonation, have
such low probabilities that there is no relevant risk contribution from such event
seguences.

These results reflect the fact that nuclear power plants in the FRG are designed
against explosion pressure waves.

5.3.7 Effects on the Nuclear Power Plant Area or on Plant Parts Relevant to

Safety Due to Failure of Secondary Components

A rupture failure of components in the secondary sphere (turbine, generator, pres~
sure vessels in the turbine hall) can result in transient accidents. If we ignore
the system-specific effects of transients examined in Section 5.2.2 but study the
mechanical effects on other systems or system components, then our results are
comparable to the effects of explosion shock waves and aircraft crashes. There-
fore it seemed useful to assign these under the heading "external effects."”

5.3.7.1 Turbine Explosion. The event sequence is divided into:

1,  rupture of turbine moving parts and destruction of the outer
turbine housing

2. flight of fragments and impact on important plants relevant to
safety

3. destruction of relevant plant parts and components by these
fragments.

If Wy is the frequency for a turbine explosion, then the frequency wge

to the probability of the destruction of important plant parts and components,
obtained from the product of the freguency wl with the individual probabilities w2

s pertains
and W3. The effects of fragments were studied separately for the reactor building
and the switchgear building.

In the switchgear building, a separation into two subregions was necessary because

one subregion (II1) similar to the reactor building can only be affected by
indirect fragment flight paths because of the building layout.
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Proceeding from the event sequences that could develop from the potential effects
of fragments, the frequency of a core melt accident due to turbine explosion was
determined. The important results are summarized in Table 5-8.

Table 5-8. Results of studies on turbine deblading accident

Effect on w1 WZ W3 Wges wCore me]t
Reactor building - 1.8 x 103 {3 x 107}{<1.0 «x 10“8/a <<l x 10‘8/a
Switchgear 5

building, 1077 /a* 1 1 6 8
subarea I 5.0 x 10" |2 x 107*] 1.0 x 10™°/a| <1 x 107%/a
Switchgear

building, 2 7 -8
subarea II - 6.5 x 107 1 6.5 x 107" /a| <56 x 107%/a

*Considering contributions due to earthquakes, the frequency of a turbine explo-
sion may be greater. It is estimated that no significant contribution
to total risk would result in this case, however.

5.3.7.2 Failure of Pressure Vessels in the Turbine Hall. The components under
discussion have a great energy potential because of their large volume and the

high pressures and temperatures of their steam/water content. In the appendix,
the different failure potentials and resulting stresses are discussed in detail.
The frequency for failure of these components is determined by flaws in materials
and processing, as well as by effects like earthquakes and turbine explosion.
Owing to the arrangement and location of components in the turbine hall and their
distance to the reactor building, hazards to the reactor building are unlikely.
Potential consequences for other areas of the plant that could arise from
different loads {shock wave, fragments) also do not result in any notable
contribution to risk.
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Section 6

RELEASE OF FISSION PRODUCTS

6.1 BACKGROUND INFORMATION

To guard against accidents, nuclear power plants are equipped with extensive
safety features. In the design and Ticensing of these safety features, the prin-
ciple is followed of early recognition of accidents and either preventing or--if
this is not possible~-mitigating their consequences so that no significant amount
of radioactivity is released to the environment around the plant. Because of the
extensive safety features, it is generally assumed that accidents that lead to a
melt of the reactor core can be excluded as far as humanly possible. MNuclear
power plants, therefore, usually do not have a special design to cope with core
melt accidents.

Accidents with which the safety systems can cope contribute 1ittle to risk since
they do not damage the environment of the plant. Therefore, a contribution to
risk is basically anticipated only for event sequences that are beyond the capa-
bility of the safety features and thus release radioactive fission products from
the plant. Since the majority of radioactive fission products are bound in the
crystal lattice of the fuel, a considerable release of fission products can occur
only when the core melts and the remaining fission product barriers fail. Conse-
guently, an important task of the risk study is to discuss these extreme cases and
to evaluate their frequency and consequences.

No conclusions regarding core melt accidents can be drawn on the basis of avail-
able operating experiences. Therefore, in the treatment of core melt accidents
or, in general, in risk determinations, one must rely heavily on theoretical
studies.

The studies of which event sequences can lead to core melt upon what failures of
combinations of safety systems and the results of the appropriate probability
calculations are explained in Chapter 5. Proceeding from this discussion, the
present chapter is concerned with a model description of the further event
sequence, beginning with a core melt, to potential release of fission products to
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the environment. In particular, the processes during a core melt, the release of
fission products from the reactor core, the loading on the containment, potential
failure modes of the containment, and resulting release of fission products from

the plant are studied.

Section 6.2 contains the results of model studies on core melt processes. All
phases of the core melt sequence are discussed. These are primarily:

) melt of the reactor core
° melting through the reactor pressure vessel (RPY)

® processes involved in penetration of the melt into the founda-
tion of the building.

In particular, the energy and mass carry-over connected with a core melt accident
from the reactor coolant system into the containment are important for the loading
on the containment and thus also for its potential failure.

The containment represents the last fission product barrier in a core melt acci-
dent. Its leak tightness in this case is decisive for determining whether and to
what extent fission products can escape from the plant. The various potential
failures of the containment will therefore be discussed in Section 6.3. A failure
or Teak in the containment can have two principally different causes. First, as a
possible consequence of a core melt accident, Toads may occur that exceed the
failure 1imits of the containment and thus result in structural damage. Second,
failure to isolate penetrations through the containment at the beginning of an
accident can cause loss-of-leak tightness of the containment. Initially, we com-
pite and discuss all potential sequences that could, by one method or another,
result in loss-of-containment integrity. Next, the failure modes of the contain-
ment that are pertinent for the reference plant and that must be pursued are
delineated.

Section 6.4 is concerned with the problem of steam explosion. In WASH-1400, it
was pessimistically assumed that for a core melt accident a certain probability
exists of a steam explosion to occur in the RPV destroying the RPV and contain-
ment, as well as releasing large quantities of fission products to the environ-
ment. In the meantime, a series of more intensive studies on this problem has
begun indicating that accident sequences proceeding from a steam explosion through
failure of the RPV to a destruction of the containment will not occur. A final
evaluation of the steam explosion is not yet possible because the continuing
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research projects have not yet been concluded. For this reason, the occurrence of
a steam explosion causing failure of the RPY with subsequent destruction of the
containment is evaluated the same as in WASH-1400.

Section 6.5 concerns model investigations of the release of radioactive fission
products. Initially, the fission product inventory in the plant is determined.
This is followed for different accident sequences by determining fission product
release from the core fuel (magnitude and time history). Transport and retention
of fission products in the containment are studied with regard to their thermo-
dynamic conditions. Finally, for the different accident sequences and attendant
failure modes of the containment, fission product release to the environment will
also be determined.

The studies in Section 6.5 show that different accident sequences sometimes result
in similar releases. The releases can therefore be categorized into a series of
representative releases, called release categories. Thus, the complexity of cal-
culating accident sequences can be reduced considerably. Section 6.6 explains the
considerations that play a role in forming the release categories and the impor-
tant properties for the individual release categories.

6.2 STUDY OF THE CORE MELT SEQUENCE
6.2.1 Introduction

Radioactive fission products of a nuclear power plant are contained by several
structures located one behind the other. These are called fission product
barriers. They are (see Section 3.3.1):

® the crystal lattice of the fuel itself
® the fuel c¢ladding
® the RPV together with the reactor coolant system

® the containment.

A large release of radioactive fission products from the nuclear power plant can
occur only when the fission products bound in the fuel partially or completely
escape from the fuel and cladding and when, in addition, the other fission product
barriers fail. The fission products escape to a notable extent from the fuel and
cladding only when the fuel melts.
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The level and time history of fission product release from the reactor core depend
on the event profile of the core melt,

In addition to release of fission products from the reactor core, during a core
melt accident a number of other important physical or chemical processes occur.
For instance, if in the course of a core melt accident molten core material comes
into contact with coolant, then heat is transferred to the coolant, causing it to
vaporize. Depending on prevailing conditions, there may be merely boiling or in
an extreme case, a spontaneous vaporization of the coolant resulting in a steam
explosion. Furthermore, under unfavorable conditions, it must be anticipated that
as the result of a core melt accident, the molten fuel will melt through the RPV
and will come into contact with the concrete structures. These structures, espe-
cially the building foundation, are destroyed by the melting process. Further-
more, upon penetration of the melt into the concrete, water vapor and even hydro-
gen (generated by chemical processes) are released to the containment. A1l these
processes cause loads on the containment.

From the above reasons a careful study of core melt accidents is necessary within
the framework of a risk study. To date, there has been no core melt accident in
any nuclear power plant anywhere. Core melt accidents can be described only by
using theoretical models. Recently, some aspects were validated by research work,
but at present there are no models for accurately predicting the entire sequence
of a core melt accident. As in the American Reactor Safety Study (WASH-1400},
core melt accidents are treated here by using pessimistic assumptions. The
methods and models developed for WASH-1400 are alsc used here.

The results of core melt accidents are determined largely by the design features
of a particular plant-- here, the Biblis B pressurized water reactor. For
instance, the design of the biological shield and the spatial arrangement of the
building sump are of decisive importance to processes occurring upon penetration
of the core melt into the foundation. The result of core melt studies on the
reference plant cannot therefore be applied directly to other nuclear power
plants. Especially in plants with different building designs--for instance, the
Surry I nuclear power plant examined in WASH-1400--other effects can become more
important than they are in our reference plant.




6.2.2 Assumptions and Boundary Conditions of the Core Melt Investigations

If during an accident residual heat removal is entirely or partially interrupted,
then a core melt may occur under some circumstances. The processes taking place
during a partial or complete termination of residual heat removal depend greatly
on the particular case and are in general highly complex. Therefore it is diffi-
cult to establish realistic criteria for when an event sequence will result in a
core melt and when the core will remain intact. Analogous to the method in WASH-
1400, the present study proceeds from pessimistic assumptions that an event
sequence terminates in a core melt when the safety systems needed to cope with the
accident do not fulfill the minimum requirements established in the licensing
procedure. All cases where the safety systems operate after a certain delay or at
reduced capacity are considered to be core melt accidents in this model, even if
the core in reality may actually stay cool. At present, several research centers
are working on loss-of-coolant accidents to determine more accurately the size and
scope of impairment of residual heat removal from the core that can be expected
before a core melt will occur. Primarily, the temperature behavior of the core is
being studied by computer for different quantities of water injected by the emer-
gency coolant systems. Preliminary results indicate that the number of potential
core melt accidents is clearly over-estimated in the present risk study.

In Chapter 5, the event sequences that can occur in the plant due to technical
systems were studied. That is, for all initiating events we checked to see which
safety systems come into play and how an assumed failure of these safety systems
will effect the event sequence. Depending on whether the minimum requirements
established in the licensing procedure are met or not, a decision is made on which
event sequences will cause core melt. In order to have definite criteria for the
core melt studies, it is always assumed that a system completely fails if it does
not meet the minimum Timits established in the licensing procedure. As a failure
time point we use that time at which the particular system should come into

play. For example, let us assume that after a double-ended break of a primary
coolant loop and successful reflooding of the reactor core with sump recircula~
tion, the loops of the emergency and RHR system specified in the licensing
procedure are not available because of a component failure. Switching from
reflood operation to sump recirculation takes place after about 20 minutes for a
double-ended rupture of a primary coolant pipeline. In this case it is assumed in
the core melt studies that 20 minutes after the beginning of the accident,
injection of emergency cooling water into the reactor pressure vessel is
completely terminated.
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Analogous to the procedure in WASH-1400, the phenomenoclogical sequences of all
potential core melt accidents are not detailed. Only those core melt accidents
resulting from a large break of a primary coolant pipeline and failure of the
emergency and RHR systems are thoroughly examined. It is assumed that all other
core melt sequences will be covered by these cases. In general, this assumption
can be justified because the different core melt accidents proceed in a similar
manner. Only the time history can differ, since the existing residual heat gener-
ation is decisive for the time history of a core melt accident. The existing
residual heat generation decreases with time. If the decay heat removal from the
core fails shortly after the beginning of the accident, then the decay heat gener-
ation is still relatively great. If the residual heat removal from the core fails
long after the beginning of the accident, then the prevailing residual heat gener-
ation is much less. This means that in an early start of core melt, the entire
core melt process proceeds more quickly than in the case of a later onset of core
melt. An earlier and faster sequence of the core melt process leads to a corres-
ponding early release of fission products from the core and to greater loads on
the containment. Both factors are unfavorable for fission product release to the
environment.

If we assume, after a large leak in a primary coolant pipeline, the failure of the
emergency and RHR systems, then a core melt occurs comparatively more quickly than
in other core melt accidents such as those due to small leaks in primary coolant
pipelines or from transients. If no injection from the emergency and RHR system
occurs, for instance, the reactor coolant system and RPY quickly drain because of
the large break cross-sectional area. The exposed reactor core very soon begins
to melt. Therefore, other core melt sequences can be covered by core melt sequen-
ces arising from large leaks in primary coolant pipelines. For transients, acci-
dent sequences are possible which lead to core melt under full pressure in the
reactor coolant system. A more accurate study of such accident sequences is not
yet available. As in WASH-1400, it is assumed that these core melt accidents can
also be covered by core melt sequences from large leaks.

6.2.3 Results of the Core Melt Investigations

A1l event sequences that could result from a large break in a primary coolant
line, if we also assume failure of safety systems, are compiled in Chapter 5
(Figure 5-2). From these event sequences we selected two representative core melt
accidents, which shall be studied more accurately and described on the basis of
existing models.
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. The accident sequence given below as "core melt accident 1" is based on the fol-
lowing assumptions:

® large leak in a primary coolant line

e performance of the accumulators and Tow-pressure injections
from the storage tanks in accordance with the minimum
requirements of the 1icensing procedure

® failure of emergency and RHR systems when switching to sump
recirculation after about 20 minutes.

This core melt accident covers all accident sequences caused by fajlure of the
long-term residual heat removal. This is also true for accident sequences due to
medium or small leaks in a primary coolant line, since switching to sump recir-
culation occurs later than for the sequence of large leak in a primary coolant
pipeline.

The accident sequence given below as "core melt accident 2" is based on the
following assumptions:

e large leak in a primary coolant line

) performance of the passive safety features (accumulators) in
accordance with the minimum requirements of the licensing
procedure

® complete failure of all active safety systems (low-pressure
injection systems).

This core melt accident pessimistically describes all accident sequences where
failure of active safety systems is assumed per se {for accident sequences arising
from medium and small leaks in the primary coolant pipeline, this case would mean
failure of the high-pressure and low-pressure injection systems). The core is
reflooded by the accumulators, and the pressure vessel is filled up to the lower
nozzle edge. A little while later the accumulator injection stops. Because of
the cessation of cooling water injection, vaporization of water in the RPV and
subsequent melt of the core begins. For a double-end rupture of a primary coolant
line a pessimistic determination estimates about 100 seconds until the beginning
of vaporization. For smaller fracture sizes and for transients, this value
represents a conservative estimation. Core melt accident 2 results in a core melt
sooner than core melt accident 1.
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Figure 6-1. Reactor pressure vessel (RPV) and biological shield
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The detailed results of model studies or estimations on core melt accidents are
documented, together with relevant boundary conditions and parameters in the
appendix. Below we explain the important study results using the example of the
first of the two core melt accidents. The spatial arrangement of the RPY and the
building structures important to a core melt sequence are seen in Figure 6-1.

In core melt accident 1, it is assumed that upon switching to sump recirculation
about 20 minutes after the beginning of the accident, all four subsystems of the
emergency and RHR system fail entirely, and thus injection of emergency cooling
water to the RPV stops. At this time the RPV is still filled with water at least
up to the lower edge of the broken primary coolant pipeline. The model calcula-
tions then provide the following conceptions for the further progress of the
accident.

The residual heat generation in the core first heats and then vaporizes the water
in the RPV which thus reduces the water level. When the water level drops to the
core zone, the upper zones of the core are exposed and begin to overheat. Above a
temperature of about 950°C, an exothermic chemical reaction takes place between
steam and the zirconium in the cladding. In the course of this zirconium-water
reaction, large quantities of heat are generated. The core heating is thus accel-
erated, finally melting individual core zones. The zirconium-water reaction oxi-
dizes the cladding material, forming hydrogen that is transported into the con-
tainment through the rupture.

The onset of core melt alters the original core geometry. When a core is at least
partially covered with water, the molten core material will generally not fall
directly into the lower plenum of the RPV, but will first solidify on colder core
structures (1). The resulting crusts then collect larger quantities of molten
material under some circumstances. Only when the core support structure has
reached its failure temperature can we expect the core to collapse into the lower
plenum of the RPV, which is likely to be still filled with water.

This section does not discuss the potential of a steam explosion. Questions with
regard to the problem of steam explosion will be discussed in detail in
Section 6.4.

After the molten core material collapses into the lower plenum of the RPV, the
core debris and molten core material release their stored and residual heat to the
residual water in the lower plenum and vaporize it. Next, the core material again
heats up, melts through the reactor pressure vessel, and drops onto the concrete
reactor foundation.
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The concrete wetted by the melt heats up and then melts, the melt gradually pene-
trating into the surrounding concrete and liberating the physically and chemically
bound water in the concrete. This water can be transported into the containment
as superheated steam. Experimental studies on this problem (2) indicate, however,
that almost the entire volume of steam oxidizes the metal parts of the melt and,
as a consequence, l1iberates hydrogen. Generation of CO, is not expected--in
contrast to WASH-1400--because a different type of concrete has been used in the
German plant.

The melt process moves laterally toward the sump and vertically into the founda-
tion. As it continues, it is assumed that the melt comes into contact with sump
water. Vaporization of the sump water leads to a continuous increase in contain-
ment pressure.

What fraction of residual heat generated in the melt will contribute to vaporiza-
tion of sump water is not presently known. Intensive studies are underway on this
question. Vaporization rate for the sump water is therefore determined on the
assumption that the entire residual heat is used exclusively for vaporization.
This Timiting estimation is confirmed by initial results of on-going research
projects. As long as the containment remains leaktight, it is anticipated that a
considerable fraction of the vaporized sump water will condense on the cooler
internals and structures of the containment and flow back into the sump. The sump
water vaporization continues. During this period, the melting front penetrates
only a 1ittle into the foundation.

Only after a failure of the containment can the vaporized sump water escape from
the containment so that the melt is no longer cooled and can penetrate further
into the foundation.

The timing at which the melt completely penetrates the concrete foundation and
moves into the earth has been estimated by using various models. Accordingly, we
can cite a value of four to five days.

Core melt accident 2 proceeds in a similar manner to core melt accident 1. The
significant results on the time history of the two accidents are compiled in

Table 6-1. The times given there were determined partly by the BOIL computer
program used in WASH-1400 and partly by means of hand calculations. These dealt
primarily with pessimistic assumptions so that the indicated times might be consi-
derably shorter than would be expected in an actual core meit accident.
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Table 6-1. Results of model studies on the time
behavior of core melt accidents

Elapsed time after initiating

Process event (hours)
Case 1 Case 2

Failure of ECSS 0.3 0
Beginning of core melt 1.1 0.6
End of core melt, collapse of core

into the lower plenum 1.4 0.9
End of residual water vaporization

in the lower plenum 1.9 1.3
Melt-through of RPV, collapse of the

melt into the reactor cavity 2.2 1.6
Melt-through of the inner shielding,

contact of melt with sump water 4.4 3.7
Overpressure failure of the

containment 26 21
Failure of the building foundation ca. 100 ca., 100
Case 1:

--Large leak in primary coolant pipeline

--Functioning of accumulators and of the low-pressure injection from the
storage tanks corresonding to the minimum requirements of the licensing
procedure

--Failure of RHR systems upon switchover to sump recirculation after about
20 minutes

Case 2:
--Large leak in a primary coolant pipeline
--Functioning of the passive safety features (accumulators) corresponding
to the minimum requirements of the licensing procedure
--Complete failure of all active safety systems (low-pressure injection
system)




6.3 STUDIES ON FAILURE OF THE CONTAINMENT ’

6.3.1 Background Information

The present chapter concerns studies on potential failure of the containment.
Analogous to WASH-1400, detailed studies have been performed only for those event
sequences that could result from a large rupture in a primary coolant pipeline.

It is assumed that these event sequences include all other event sequences with
regard to loads on the containment. A discussion of this assumption is found in
the appendix. During a malfunction or accident, various processes occur depending
on the sequence of events; these processes can lead directly or indirectly to a
Toading on the containment. If failure Timits of the containment are exceeded,
then structural damage occurs. As an initial step, all processes affecting the
status of the containment are summarized and discussed individually, regardless of
their importance. Cases can then be determined in which failure of the
containment can be anticipated based on resulting loads on the containment.

During a failure of the containment, fission product release to the environment is
affected not only by the timing and mode of failure, but also by thermodynamic

conditions in the containment.

6.3.2 Discussion of Containment Failure Modes

A failure or loss-of-containment leaktightness during a malfunction or an accident
can have two basically different causes. First, it is possible to render the con-
tainment leaky because isolation failures occur upon demand. Second, it is also
possible that in the course of a malfunction or an accident the containment may be
subjected to loads for which it is not designed. If such stresses exceed failure
1imits, the containment will be damaged.

We will briefly discuss the first cause. Subsequently, we present a detailed
discussion of the second cause.

6.3.2.1 Failure of the Containment Isolating Valves. The containment consists of
a gas-tight, welded, spherical steel envelope of 56 m diameter. Three pressure-
resistant and gas-tight airlocks lead into the interior of the steel sphere. In
addition, a number of pipelines and cable penetrations into the steel sphere are
needed primarily to operate the systems located within the containment. Each
pipeline penetrating the steel sphere is equipped with at least two isolation
valves, located one behind the other. Once an accident begins, the isolating

6-12



devices on all pipelines not needed to cope with the accident are automatically
closed. If both isolating valves of a pipeline do not close for any reason, then
in particular pipelines the containment can no longer be tightly closed. A leak
corresponding to the size of the pipeline then occurs. Potential leaks of the
containment during malfunctions or accidents have been studied in detail by means
of systems and reliability analyses, and their probabilities evaluated. It is
useful to divide the spectrum of potential leaks of the containment into the
following three areas:

') large leak of the containment, represented by a 300-mm diameter
Teak

') medium leak of the containment, represented by a 80-mm diameter
Teak

') small leak of the containment, represented by a 25-mm diameter
Teak.

Additional details on the studies and results achieved are provided in the
appendix and will not be explained further at this point.

6.3.2.2 Failure of the Containment as a Result of Exceeding Permissible Loads.
During a malfunction or an accident, various physical or chemical processes can
occur, depending on the sequence of events, which more or less significantly

affect the integrity of the containment.

Compilation of Potential Loads

The model investigations on the event sequences of core melt accidents in
Section 6.2.3 provide the following occurrences that can affect the integrity
of the containment:

° liberation of steam into the containment
® Tiberation of water into the containment

e release of fission products and residual heat connected with
them into the containment

® mechanical load of the containment resulting from a steam
explosion in the RPY (see Section 6.4).

Hydrogen that may be released into the containment can behave in different
ways:

e As a gas, it can increase pressure in the containment.
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] It can burn, adding heat and pressure to the containment.

) It can explode under certain conditions,

Model Description of Processes in the Containment

The effects outlined above will now be discussed in greater detail with
respect to their effects on the containment.

Adding mass and energy from the reactor coolant system and reactor core cause
the pressure and temperature in the containment to rise. But this pressure
and temperature rise is counteracted by the containment internals made of
steel and concrete. At normal power operation, the internals have a tempera-
ture of 30 to 40°C. If the temperature in the containment atmosphere rises,
then the internals form heat sinks. That is, they absorb a part of the energy
added to the containment, and they heat up. In general, the internals are
quite important with regard to the pressure and temperature history in the
containment during malfunctions or accidents.

The transient pressure and temperature in the containment is calculated by the
CONDRU computer program. This program, used in the licensing procedure, has
now been expanded by adding models that allows the investigation of the
effects of core melt accidents on the containment.

Pressure and Temperature Profile in the Containment

The results of studies on the transient pressure and temperature in the con-
tainment are all documented in the appendix. This document also contains the
results of parameter studies to delineate the influence of the significant
parameters. The following examples help explain the study results.

Figure 6-2 shows the pressure profile in the containment for a successfully
controlled large LOCA. Here, the double-ended break of a hot primary coolant
pipeline is assumed, since this is the worst case with respect to loads
occurring on the containment.

First, the primary coolant empties into the containment with large-scale for-

mation of steam. The pressure and temperature in the containment increase
continuously. At the end of the primary coolant outflow (blowdown end), the
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pressure reaches a maximum of about 4.9 bar. Just prior to the blowdown end,
the accumulators begin to inject cold emergency coolant into the reactor cool-
ant system. Shortly thereafter, the RHR pumps start up and pump cold water
into the reactor coolant system. The RPV is refilled with water and forms
additional steam. After the RPV has been entirely refilled, steam formation
stops. The injected, cold emergency coolant now absorbs the residual and
stored heat of the reactor, causing it to heat up and flow through the rupture
into the containment sump. The steam that flows into the containment par-
tially condenses on the internals and then flows down to the sump. The heat
removal by the internals is greater than the energy fed to the containment
atmosphere in the form of steam at the end of blowdown. Pressure in the con-
tainment continues to drop. After about 20 minutes the system is switched
over to sump recirculation. The RHR pumps now draw hot water from the con-
tainment sump--instead of cold emergency coolant from the flood tanks--and
pump it through a residual heat exchanger back to the reactor coolant sys-
tem. The residual heat exchangers withdraw the residual and stored heat of
the reactor, as well as heat absorbed over the Tong term by the containment,
and send them through the nuclear intermediate cooling circuit and the secon~-
dary cooling water system to the river. The pressure and temperature in the
containment thus drop continuously and finally approach the initial conditions
before the beginning of the accident.

During the course of the described accident, a maximum pressure of about 4.9
bar occurs in the containment. This is distinctly below the designed pressure
of the containment of 5.7 bar.

The second curve in Figure 6-2 shows the pressure history in the containment
for the same accident, but under the assumption that the containment has a
large leak (diameter: 300 mm). The pressure history behaves similary to the
previous case. As a result of the additional energy and mass flow through the
leak, the pressure drops in the containment sooner. After about an hour, the
containment pressure reaches atmospheric pressure.

Below, the pressure history in the containment will be discussed for core melt
accident 1, which was presented in Section 6.2.3. Until switching to sump
recirculation operation, this accident proceeds exactly as a controlled, large
LOCA. The pressure history in the containment (Figure 6-3) therefore agrees
with the pressure transient in Figure 6-2 until the switch to sump
recirculation.
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We assume failure of the emergency and RHR system upon switching to sump ’
recirculation, i.e., no emergency coolant is injected into the RPV. The RPV,

which is initially full, begins to dry out. Steam moves through the leak into

the containment. During this phase of the accident, the energy input connec-

ted with the movement of this steam into the containment atmosphere and the

heat removal by the containment internals are approximately in balance. The

pressure in the containment stays nearly constant.

The onset of the zirconium-water reaction releases hydrogen to the contain-
ment. Because of the low-ignition temperature and the high hydrogen release
temperature, phase A of the study assumes that the hydrogen burns immediately
by spontaneous combustion. Combustion of the hydrogen releases large quanti-
ties of heat. The pressure in the containment thus briefly increases.

During core melt, large quantities of fission products escape from the
degraded fuel elements into the containment. The residual heat of the
released fission products is transmitted directly to the containment
atmosphere. This effect was considered in all calculations.

When the molten core collapses into the residual water in the lower plenum of
the RPV, the generation of hydrogen and release of fission products is ini-
tially stopped. Vaporization of the residual water, however, further
increases pressure in the containment. While the melt penetrates through the
RPY, almost no mass or energy flows from the RPV into the containment. The
pressure in the containment again drops off., After the melt has dropped into
the reactor cavity, it gradually penetrates into the concrete, causing the
water contained in the concrete to vaporize. If we assume that water vapor is
liberated into the containment, then the resulting energy transfer to the
containment would be relatively low, and the pressure would drop. However,
recent studies indicate that under the prevailing conditions, the water vapor
is completely reduced by the metal parts of the melt, and the resulting hydro-
gen generated flows to the containment and burns there. The pressure in the
containment then increases slightly.

In the subsequent course of the accident, it is assumed that the melt comes
into contact with the sump water. As a result of sump water vaporization,
greater quantities of steam flow into the containment, and the pressure
increases greatly over the long term. Studies in the appendix estimate a
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failure pressure of about 8.5 bar for the containment. If we use pessimistic
assumptions, this pressure is reached in the present case somewhat more than
one day after the beginning of the initiating event; thus, at this time an
over-pressure failure of the containment must be assumed.

Figure 6-4 shows the pressure history in the containment for core melt acci-
dent 2 (Section 6.2.3). The pressure in the containment behaves in a similar
manner to core melt accident 1. However, the pressure level overall is some-
what higher, and the assumed failure pressure of the containment is reached
earlier. This is due to the fact that in core melt accident 2, an earlier
failure of the emergency and RHR system is assumed than in core melt acci-
dent 1. A1l processes therefore take place more quickly, and lead to the
higher pressure behavior. '

Overall, the calculations provide the following result: In the initial phase
of core melt accidents, the containment pressure remains below the design
pressure. An over-pressure failure of the containment during this period is
not to be anticipated. The release of fission products and hydrogen to the
containment plays only a minor role in the pressure build up, if we assume an
immediate, continuous combustion of hydrogen. In all core melt accidents,
however, vaporization of sump water occurs after the internal concrete shield
has melted. This causes a long-term, severe pressure increase that finally
results in over-pressure failure of the containment.

In core melt accident 1 if we assume a leak in the containment from the begin-
ning of the initiating event, then during the entire accident sequence mass
and energy flow from the containment to the environment because of the pres-
sure gradient. This reduces pressure in the containment. For the leak sizes
presented in Section 6.3.2.1, the pressure history in the containment exhibits
the following behavior (Figure 6-5):
° For a small Teak in the containment, a Tong-term over-pressure

failure of the containment results. Since the pressure buildup

is slower than for a tight containment, the over-pressure
failure takes place later.

® For a medium leak in the containment, the pressure also
increases slowly. For core melt accident 1, there is still an
over-pressure failure of the containment.

° For a large leak in the containment, the pressure stabilizes

over the long term to a value of between 1 and 2 bar. An over-
pressure failure of the containment is impossible.
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In two phases of the core melt accident, hydrogen forms as a result of chemical .
processes and is liberated to the containment. If this hydrogen does not burn, it

may possibly concentrate in the containment and cause a sudden combustion and

explosion. With reliance on analysis of the H, explosion in WASH-1400, phase A of

this study assumes no failure of the containment occurring in this case. The

validity of this assumption must still be checked in phase B of the study.

6.3.3 Summary

Section 6.3.2 examined the various potentials for failure of the containment
during the course of a malfunction or an accident. The results of these investi-
gations will now be summarized.

During accidents coped with by the safety systems, leakage (failure to isolate) is
the only possible type of containment failure.

The following failure modes of the containment must be considered for core melt
accidents:

a failure of the containment as a result of steam explosion in
the RPV (see Section 6.4)

By large leak in the containment (no later over-pressure failure)

Bo  medium leak in the containment (plus possible over-pressure
failure)

B3 small leak in the containment (plus over-pressure failure)

$ over-pressure failure.

The Greek letters are abbreviations for the containment failure mode. Selection
of the letters was adopted from WASH-1400.

WASH~1400 assumed that a failure of the containment with a release into the atmo-
sphere has more severe effects than melt-through of the foundation and the asso-
ciated release of fission products to the soil. If containment failure occurs
before melt-through of the foundation so that a release to the atmosphere occurs,
the release to the soil is ignored thereafter in WASH-1400. This same method from
WASH-1400 was adopted here.
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In the case of the German reference plant, as the studies in Section 6.3.2 show, a
core melt accident that occurs before destruction of the foundation always leads
to containment failure by a different route and thus to a release of radioactive
substances to the atmosphere. The release of fission products into the soil after
melt~through of the foundation is therefore not further pursued.

6.4 STUDIES ON STEAM EXPLOSION
6.4.1 Introduction

During an accident connected with core melt, if molten core materials come into
contact with coolant, then heat is transferred to the coolant, causing the coolant
to vaporize. The volume increase caused by the vaporization leads to a pressure
increase. Depending on the prevailing conditions, the coolant may boil or, in an
extreme case, spontaneously vaporize, causing a steam explosion. For a steam
explosion to occur, several conditions are important:

® The surface area for transfer of heat from the molten material

to the coolant must be extremely large; for this it is neces-

sary that the molten core disintegrate to extremely sma%]
fragments on the order of 100 to 4,000 micrometers (107" m).

® The fragmented core melt must be in close contact with the
coolant; i.e., the core melt fragments must disperse uniformly
throughout the coolant in the reaction zone. This condition
must exist in a very short time in order to achieve a coherent,
i.e., uniform, reaction of the participating reactants.

o Very good heat transfer conditions between the two liquids
(molten fuel and coolant) must last long enough to allow suffi-
cient energy transfer to the coolant for a subsequent, spontan-
eous vaporization.

This type of interaction between molten core materials and coolant can occur if a
larger quantity of molten core material suddenly drops into the Tower plenum of
the water-filled RPY. The model conception of how such a contact between melt and
water can occur is discussed in detail in the appendix.

If, in spite of the low probability, we assume a powerful reaction between molten
core material and coolant, then the surrounding structures of the RPV are

Toaded. Below, we will discuss the results of initial, orienting calculations on
the loads of the RPV. The objective of these studies is to check whether and to
what extent the RPV can fail.
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6.4.2 Interaction Between Core Melt and Coolant

The mechanical load on the RPY or containment during a steam explosion depends
first on the mass of molten material that can react with the residual water. The
total mass of the core is 149 tons (116.3 tons fuel; 30.3 tons zirconium; 2.4 tons
steel). According to WASH-1400, a reaction of a molten mass 20% greater than the
core endangers the containment. In (3,4) the conclusion is drawn that in a
reaction that involves more than 1% of the core, the loads on the RPV resulting
from a steam explosion may not be accommodated under some circumstances.

The discussion of fuel masses which can simultaneously react with coolant in the
Tower plenum of the RPV is connected with uncertainties in the description of the
behavior of the melt process (see also Section 6.2).

When considering the melt process, two boundary cases are possible: either the
melt drops continuously over a long period of time into the residual water of the
lower plenum; or the core support structure suddenly fails in whole or in part due
to the excess temperature, and a large molten mass falls into the water. In the
former case-~that is, droplets falling into the water--the water would constantly
vaporize over a long period of time without causing significant pressure increase
through vapor explosion.

In the latter case, it is physically unrealistic to imagine that the entire
falling mass could be 1iquid throughout. Because of the experimentally proven low
viscosity of the melt, droplet formation would occur even before the collapse.
Nevertheless, in the following cases we assume that most of the melt would sud-
denly come into contact with water.

Clarification of the phenomena occurring during a steam explosion is the object of
numerous experimental and theoretical investigations. By rough calculations it
can be shown that the energy carried into the water from the melt is greatest when
the mixture is composed of one part melt by volume and 1 to 2 parts water by
volume. Therefore, as a precondition for a powerful steam explosion, the ini-
tially cohesive molten mass would have to be fragmented over a total volume 2 to 3
times as large. This would have to occur in an extremely short time, that is,
within a few milliseconds. If we assume a melt mass of 10 tons to be subjected to
this fragmentation, then the forces needed would be so great that it is hardly
possible they could be made available in the course of a steam explosion.
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Simple computer models that calculate heat transport from the core melt to the
coolant and its conversion to mechanical energy provide conversion factors (under
pessimistic assumptions) that can be up to 10%. However, it must be remembered
that the necessary fine and coherent fragmentation is naturally less likely as the
gquantities of core melt become greater. A fragmentation of larger quantities of
core melt--on the order of tons--into particle diameters of several hundred to
several thousand micrometers necessary for the occurrence of a steam explosion is
extremely unlikely.

Even though the occurrence of a steam explosion does not seem realistic-~due to
the existing difficulties of a comprehensive analytical treatment--in the follow-
ing section we shall examine loads on surrounding structures by postulating a
steam explosion of larger quantities of molten materials with a conversion of
thermal to mechanical energy as indicated by theoretical models.

6.4.3 Load on the Surrounding Structures

To determine the effects of a postulated steam explosion in the RPYV, WASH-1400
uses a model that treats the loads in an axial direction. In order to be more
complete than in WASH-1400, we used the SEURBNUK (5) computer program in this

study for initial, orienting calculations on pressure vessel load.

The energy release in a postulated steam explosion is simulated by a reaction
bubble. This is identical to the reaction zone between molten core materials and
coolant in the lower plenum of the RPV. The location and size of the reaction
zone were changed for parameter studies, and the time-dependent pressure in the
reaction bubble was predetermined in accordance with the characteristic profile of
a steam explosion.

The model calculations considered the following phenomena. Under the assumption
of a pessimistic bubble size at time zero, which can be assumed for a steam explo-
sion with respect to an upper estimation, expansion of the reaction bubble in the
water results in a lateral, but primarily upward-directed compression of the
fluid. Since relatively little water is available, the reaction bubble soon pene-
trates the surface of the water and mixes with the water vapor located above it.

The water continues to press against the 1id in an annular flow after penetrating
the water surface. There it is diverted by the spherical 1id and meets in the
middie. Upon rediversion downward, a local stagnation pressure forms while the
water continues to flow downward.
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The 1id is loaded twice as a result of the steam explosion. First, a shockwave
proceeding from the reaction bubble travels through the residual water to the
water surface. Because of the density difference between water and water vapor,
the shockwave--provided the reaction zone does not encompass the entire volume of
residual water--is reflected at the free surface and runs largely back into the
water as a rarefaction wave, whereas the energetically smaller fraction proceeds
as a shockwave through the water vapor in the direction of the 1id. On the way to
the 1id, the shockwave loses energy and peak pressure and is then reflected at the
1id or even beforehand, by existing internals. As a result of this load, the 1id
is less endangered than the base of the RPV.

The second, chronologically shifted load is due to the previously described surge
of the water in an annular flow, after the reaction bubble has penetrated through
the surface of the water. Because no water hammer strikes it, the lid is not
expected to fail even as a result of this pressure load.

In addition to the load on the 1id, direct load on the bottom of the RPV was
examined with SEURBNUK. Parameter variations were implemented for this purpose.
The bottom of the RPV is loaded primarily only in the first, acoustic phase. Only
the high, extremely short-term pressures acting during this phase can lead to a
plastic deformation of the walls of the RPV. The pressures occurring in the
second phase of the steam explosion as a result of boiling of the coolant and
Toads caused in the RPV wall are below the yield strength of the vessel material
in this estimation, and therefore provide no significant contribution to the total
load.

Even though elongations of up to 1% are expected according to the present model
investigations, for unfavorable parameter selection a failure of the RPV cannot be
absolutely precluded. More accurate studies on this question were not possible in
phase A of the study. With respect to an upper estimation of risk, the assumed
probability of a steam explosion indicated that we should adopt the procedure used
in WASH-1400. In phase B this question will be treated in detail in accordance
with the results available at that time.
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6.5 RESULTS OF CALCULATIONS ON FISSION PRODUCT RELEASE
6.5.1 Introduction

The present section concerns the inventory of fission products in the core, the
potential release of these fission products from the core during malfunctions or
accidents, the transport and deposition processes in the containment, and releases
from the plant to the environment.

Should fission products move from the reactor core into the containment during a
malfunction or accident, then their concentration in the containment atmosphere at
the time of any release from the plant is considerably reduced by active and pas-
sive removal processes (e.g., spray systems or natural deposition) and by radiocac-
tive decay. Therefore, the containment with its surrounding buildings plays a
special role as the last barrier for retention of the fission products. The
retention effect of the containment is greater the longer the fission products
remain in the containment. Therefore, even the consequences of a core melt acci-
dent can be significantly reduced by the protective function of the containment.

The processes from the formation of fission products down to release from the
plant are treated by the models used in WASH-1400., In the model, only the param-
eters and safety systems specifically pertaining to the German reference plant
Biblis B were used.

6.5.2 Model Description of the Transport and Deposition Processes

Possible radiological effects of malfunctions or accidents depend primarily on the
magnitude of the existing radioactive inventory. To calculate the nuclear inven-
tory broken down by nuclides, we used the ORIGEN (6) program, as did WASH-1400;
this program can also treat complex activation and decay chains, and it exhibits
good agreement with existing experiments.

ORIGEN calculates a broad spectrum of nuclides, a few of which are stable and thus
of no importance to radiation exposure. As in WASH-1400, we considered in the
calculations below (accident consequences model) only the 54 nuclides of partic-
ular importance because of their half-life values and radiological properties.

The selection of these 54 nuclides assures that the main contributions to the
radiation exposure are included in the determination.

In a core melt accident the release of fission products from the core generally
takes place over a longer time period. During this time, the release rates can
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fluctuate over a broad range because of physical, chemical, and thermodynamic
conditions. According to WASH-1400, these can be divided into the following four
release phases:

1. gap release of gaseous and volatile fission products that

accumulated primarily during normal operation in the fission
gas plenum

2. meltdown release as a result of heating fuel rods to melt
temperature

3, vaporization release during the interaction between melt and
concrete foundation

4, release due to a steam explosion.

In accordance with the physical and chemical properties of the individual fission
products, different fractions of the nuclear inventory are released in the various
release phases. The individual elements can be divided into seven groups in
accordance with their release behavior:

noble gas {Kr-Xe)

halogens (I-Br)

alkali metals (Cs-Rb)
tellurium group (Te)

earth alkali metals (Ba-Sr)
noble metals (Ru)

non-volatile metal oxides (La)

The release rates for the individual groups of elements in the four release phases
were taken from WASH-1400. Presently available results of new German experiments
provide comparable or lower release factors. The fission products released from
the core to the containment atmosphere exist there as gases or aerosols. The
majority of released fission products are subject to different natural processes
that reduce fission product concentration in the containment atmosphere. The
deposition of noble gases or methyl iodide is negligible and is therefore not
considered.

Elementary iodine is transported by natural convection and diffusion to the walls
and surfaces as a result of the temperature gradient between the air and the

structures of the containment. It is then deposited on the water film which has
precipitated there. It was observed by experiment (7) that the iodine concentra-
tion in the air initially decreases greatly until it reaches about 1% of the ini-
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tial concentration; thereafter the decrease is quite small. This is because after
a certain time equilibrium between the iodine concentration in the water film and
in the containment atmosphere sets in. The natural deposition of aerosols is
caused by gravity and turbulent diffusion. Experiments have shown that a reduc~
tion in aerosol concentration in the post-accident atmosphere occurs primarily by
gravity deposition on horizontal surfaces (7).

In accordance with their deposition behavior, we can therefore divide the fission
products into the following groups:

noble gases
methyl iodide
elementary iodine

aerosols.

Because of their analogous deposition behavior, the following release groups are
included in the aerosol group:

alkali metals (Cs-Rb)
tellurium group (Te)

earth alkali metals (Ba-Sr)
noble metals (Ru)

non-volatile metal oxides (La).

The fission products released during a malfunction or core melt accident from the
core and reactor coolant system first move into the surrounding space and spread
out through diffusion, or by carry-over by flowing steam into other areas of the
containment. A reduction in concentration of airborne fission products can take
place in the individual areas at different deposition rates. Therefore, a multi-
ple region model was used to divide the containment into several regions. This
permits a realistic description of the deposition processes in the containment.
The magnitude of fission product deposition in the individual regions of the con-
tainment depends on the physical boundary conditions and on a series of geometric
parameters (compartment height for sedimentation of aerosols or the ratio of sur-
face area to volume in the deposition of elementary iodine). Other important
parameters for the change in airborne concentration of fission products in the
individual regions are the overfiow rate from one region to another and the
outflow rate from the containment, because the dwell time of fission products in
the individual regions decisively affects them. The large overflow rates from
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WASH-1400 were used for the calculations. This procedure leads to pessimistic
results.

Calculation of the transport and deposition processes described here, down to
release of fission products from the plant, was performed by the CORRAL computer

program used in WASH-1400 (8).

6.5.3 Results of Studies on Fission Product Release

The examination of fission product transport and release using the CORRAL computer
program yields the relative concentrations of fission products in the individual
regions and the accumulated, relative concentrations outside the containment as a
function of time after the initiating event. As a reference point of concentra-
tion, we selected the total core inventory of the considered nuclide group: i.e.,
we obtained as a result the fraction of core inventory found in the atmospheres of
the individual regions or outside the containment. The reduction in radiocactivity
by radicactive decay is not included in the CORRAL calculations but is considered
later in accident consequence calculations.

Detailed calculations were performed for a broad spectrum of event sequences. In
particular, fission product release to the atmosphere was determined for each of
the two core melt accidents analyzed in Section 6.2 in combination with all
assumed failure modes of the containment.

During a medium or large break in a primary coolant line coped with by the emer-
gency cooling system, cladding can léak because of the temporary temperature
increase in the core. The gaseous and volatile fission products collected in the
fission gas plenum exit into the containment (gap release). Even in this case,
release of fission products to the environment was studied under the assumption of
various large leaks in the containment.

The detailed boundary conditions and results of all CORRAL calculations are pre-
sented in the appendix. Section 6.6.2 summarizes the results. Below, the studies
are explained on the basis of several representative examples.

The first example is based on the following core melt accident (core melt acci-
dent 1): after a double-end break in a primary coolant pipeline, failure of
emergency cooling is assumed upon switchover to sump recirculation. It is further
assumed that during the course of the accident, an overpressure of the containment
occurs at a later stage (see Section 6.3).
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Immediately after an accident begins, the gaseous and volatile fission products
are released from the fission gas plenums into the containment. The main con-
tribution of fission product release from the core begins with the onset of core
melt. After the molten core collapses into the residual water in the RPV, release
from the melt is initially stopped. Once the residual water in the RPV has
vaporized, fission products from the melt (vaporization release) are again
released. This essentially stops when the melt comes into contact with the sump
water.

Figures 6-6 and 6-7 illustrate the time history of fission product concentration
in the containment atmosphere for the first 1000 minutes. The noble gases are
almost entirely in the atmosphere of the containment after 1000 minutes, whereas
the airborne concentration of elementary iodine has dropped to about 1% because of
the natural deposition process on the interior surfaces of the containment wetted
by water; this occurs after about 400 minutes. Thereafter, the airborne iodine
concentration remains constant between the gaseous and liquid phase due to
exchange effects. The fraction remaining in the air is released after overpres-
sure failure, except for minor leakage quantities which exit beforehand.

A state of equilibrium among the aerosols does not exist. Sedimentation of aero-
sols due to gravity plays an important role here and causes a constant decrease in
aerosol concentration. Since the aerosols are considered to have the same deposi-
tion behavior in the CORRAL program, the influence of release time can be seen by
comparing nuclide groups Cs-Rb and Te. Both nuclide groups are completely
released from the core. Whereas the majority of the Cs-Rb group is released
during the melt phase into the containment, primary release of the Te-group occurs
later (during the vaporization phase).

This different time behavior in the release from the core has no notable influence
on the total quantity released to the outside during a core melt accident which
results in over-pressure failure.

Fission product release from the containment to the environment for delayed over-
pressure failure is illustrated in Figure 6-8. The total released fraction of the
core inventory for the various nuclide groups is plotted as a function of time.
Note that the total released fraction of the core inventory is plotted logarithmi-
cally. Even before overpressure failure of the containment, a release is noted.
This is attributable to the fact that in the calculations--analogous to
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Figure 8-6. Fission product concentrations in the containment atmosphere for core
melt accident 1 (Kr-Xe, 1,-Br)
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Figure 6-7. Fission product concentrations in the containment atmosphere for core
melt accident 1 (Cs-Rb, Te)
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Figure 6-8. Fission product release from the containment for core melt accident 1
and overpressurization of the containment



WASH-1400--a pessimistic leak rate is assumed in the containment during this
period that is ten-fold higher than the designed leak rate. Since no deposition
processes are assumed in the containment for the noble gases and organic iodine,
during and immediately after overpressure failure, practically complete release
takes place. Elementary iodine is deposited until a state of equilibrium is
attained between concentration in the fluid phase and concentration in the gaseous
phase at the surfaces wetted by water. The fraction remaining in the air is
released except for leakage losses, primarily by overpressure failure. In the
case of aerosols, the concentration in the containment air is reduced by gravita-
tional settling until no notable release occurs.

The results discussed above can be applied analogously to other containment
failure modes. Figure 6-9 shows fission product release to the environment for
the same core melt accident, except that we assume a large leak in the containment
from the beginning of the initiating event. A severe increase of the total quan-~
tity of fission products released to the outside is observed during the melt
period until the core drops into the residual water in the RPY. This observation
is noted for all nuclide groups. Thereafter, release of the individual nuclide
groups differs. Among the group of noble gases and for organic iodine, the main
release from the core has already ended by the time the core drops into the resi-
dual water; the fission products held in the containment atmosphere are released
to the outside. This is also true for the nuclide groups I,-Br, Cs-Rb, and

Ba-Sr. Because of deposition processes in the containment, release to the outside
ends earlier for these nuclide groups. The remaining groups of nuclides (Te, Ru,
and La) behave differently. The majority of these fission products are still
present in the melt when the core collapses into the residual water. The main
release from the core takes place in the vaporization phase. The rapid increase
in total quantities of fission products released by these three groups to the
outside during the vaporization phase is clearly seen.

In comparison to core melt accident with overpressure failure of the containment,
a clearly higher release is seen for all nuclide groups, with the exception of
noble gases and organic iodine. This effect is due to the fact that the average
dwell time of fission products in the containment, and thus the deposition, is
less for these groups. This effect is even more pronounced if we assume a steam
explosion with subsequent direct failure of the containment for this particular
core melt accident (Figure 6-10).
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It must be emphasized again that radioactive decay is considered only later in the
accident consequence calculation, when fission products are in the environment. A
simultaneous consideration of radioactive decay would result in a greater effec-

tive retention value by the containment--depending on half-1ife--and thus in a
Tesser release to the outside.

6.6 DETERMINATION OF RELEASE CATEGORIES

6.6.1 Background Information

The investigations in Chapter 5 have shown that many potential event sequences
could lead to a core melt in accordance with the findings in Section 6.2.2.
Except for time history, the physical processes in the core melt itself and in
fission product release from the core are quite similar for the various core melt
accidents. The discussion in Section 6.2 led to the result that in the framework
of this study, the number of core melt accidents to be studied can be reduced to
two representative core melt sequences.

These two accident sequences can cover all other core melt accidents, both with
respect to chronolody, as well as to fission product release into the containment.

For each of these two core melt accidents, fission product release from the plant
was determined in combination with all assumed failure modes of the containment
(see Section 6.5). The calculated releases can be categorized into representative
releases, so-called release categories. The formation of these release categories
is explained more carefully below.

6.6.2 Formation of Release Categories

If we analyze the results of the calculations of fission product release from the
plant, we see:
® The release magnitude depends greatly on whether an accident

leads to core melt and what failure mode is assumed for the
containment.

] For core melt accidents the amount of release depends very
little, by comparison, on which of the two representative core
melt sequences is used as a basis for the calculations.

Therefore, it is possible to summarize the releases into groups. The discrimina~

tion takes place according to whether core melt occurs and which failure mode of
the containment is assumed.
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As discussed in Sections 6.3 and 6.4, the following containment failure modes are
considered for core melt accidents:

® leakage of the containment
® over-pressure failure of the containment

) steam explosion in the RPV which leads to destruction of the
containment.

Plant system investigations to determine potential leaks from the containment as
well as the results of calculations on fission product release have shown the
advantages of dividing the failure mode "Teak from the containment" into three
sections, according to the size of the leak.

Among the accident sequences that do not result in core melt, only the failure
mode "leak from the containment" is possible.

By means of the criteria explained above, we can form a total of eight release
groups. Each event sequence can be assigned to one of these eight groups and each
group described by a representative release (release category). The determination
of representative release is performed analogously to the method in WASH-1400.

For each group of nuclides, the released fractions arising from an event sequence
in a particular category are compared. The representative release is then formed
from the worst values of each group of nuclides. For example, Table 6-2 shows the
cumulative fractions of the core inventory released from the plant for the event
sequences of a release category. As we can see from the table, core melt acci-
dent 2 leads to the greater releases. Therefore, we use the released fractions
from core melt accident 2 for the representative releases of the category. Since
most release occurs one to four hours after an accident has begun, the beginning
of release at one hour after initiation of the accident and the end of release at
four hours after the accident are assumed for the release category.

It was assumed that the total fission product release from the plant takes place
during this time.

The release categories formed by this method are compiled in Table 6-3 and are
explained below. Release category 1 includes all core melt accidents with an
assumed steam explosion in the RPV of such magnitude that failure of the contain-
ment occurs. The fission product release from the plant is greatest for this
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Table 6-2. Cumulative fraction of core inventory released from the plant
for the event sequences of a release category (release category 2)

Time Kr-Xe I{org) I,-Br Cs-Rb Te Ba-Sr Ru La

0v-9

Core melt accident 1, Targe Teak in the containment

0- 1.1 h 2.0-2% 1.8-4 1.6-2 4.1-2 3.1-4 4.7-6 - -

0- 1.4 h 1.2-1 8.6-4 9.3-2 1.0-1 1.3-2 8.3-3 2.5-3 2.5-4
0- 1.9h 4.3-1 3.0-3 2.8-1 2.1-1 3.7-2 2.4-2 7.3-3 7.3-3
0- 4.9 h 8.5-1 5.9-3 3.8-1 2.6-1 1.5-1 2.9-2 1.56-2 2.1-3
0- 10 h 9.9-1 6.9-3 3.9-1 2.6-1 1.6-1 3.0-2 1.6-2 2.3-3
0-100 h 1.0 7.0-3 3.9-1 2.6-1 1.6-1 3.0-2 1.6-2 2.3-3

Core melt accident 2, large leak in the containment

0- .62 h 1.4-2 1.3-4 1.3-2 3.6-2 2.7-4 4.1-6 -- --

0- .87 h 9.6-2 7.1-4 8.1-2 9.0-2 1.1-2 7.2-3 2.1-3 2.1-4
0- 1.3 h 4.1-1 2.9-3 2.7-1 2.2-1 3.8-2 2.5-2 7.5-3 7.5-4
0- 4.3 h 8.7-1 6.1-3 3.9-1 2.8-1 1.7-1 3.2-2 1.7-2 2.4-3
0- 10 h 1.0 7.0-3 4,0-1 2.9-1 1.9-1 3.2-2 1.7-2 2.6-3
0-100 h 1.0 7.0-3 4.0-1 2.9-1 1.9-1 3.2-2 1.7-2 2.6-3

* In the table, an abbreviaﬁed method is used to illustrate the powers of 10,
j.e., 2.0-2 means 2.0 x 107",




category for two reasons. First, the majority of release takes place immediately
after core melt. Because of the extremely short dwell time of fission products in
the containment atmosphere, deposition effects are small. Second, as assumed in
WASH-1400, the processes connected with a steam explosion lead to an additional
release of fission products in comparison to core melt accidents without steam
explosion {see Section 6.5.2).

Release category 2 contains core melt accidents that assume a large leak in the
containment. For this leak size, no pressure buildup in the containment takes
place over the long term. The fission products released from the fuel move
through the leak into the containment and to the atmosphere after a relatively
short dwell time. Even though deposition processes do not play a significant role
here, fission product release from the plant is smaller overall than for release
category 1.

Release categories 3 and 4 contain core melt accidents where a medium or small
leak in the containment is assumed. The outflow from the containment occurs much
more slowly in both these cases than in a large containment leak. This means that
the dwell time of fission products in the containment is relatively long, depend-
ing on the size of the leak, and that the deposition effects lead to a definite
reduction in release from the plant.

Release categories 5 and 6 contain core melt accidents where the containment is
initially intact. But over the Tong term, due to the results described in

Section 6.3, over-pressure failure of the containment has to be anticipated.
Analogous to WASH-1400, a pessimistic assumption is made of a leak ten-fold higher
than designed before over-pressure failure occurs. This leakage moves into the
annulus between containment and concrete shield and is then diverted to the
environment through the annulus exhaust air handling system via the filter and
stack. In contrast to category 6, category 5 assumes a failure of the exhaust air
handling system or of the filter. Calculations on the event sequences of release
categories 5 and 6 show that fission product release from the plant takes place
over a long time period and that the release for several groups of nuclides before
over-pressure failure is at the same levei as for over-pressure itself. For this
reasdn, the released fractions are given for three different time frames.

Release categories 7 and 8 contain LOCA coped with by the emergency cooling

system; these LOCAs were caused by a medium or large break in a primary coolant
pipeline. Under these accident sequences the core remains intact, with the excep-
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tion of possible damage to cladding. Therefore, only the gaseous and volatile
fission products collected in the fission gas plenums can be released from the
core. In comparison with core melt accidents, this release is relatively small.
For release category 7, we assume a large leak in the containment. For release
category 8, the containment is intact. However, a leakage ten-fold higher than
design was assumed, analogous to the conservative assumption in WASH-1400.

The release categories described here contain the entire spectrum of radioactive
releases, beginning from a controlled LOCA down to the worst core melt accident.
Calculations of accident consequences (Chapter 7) are based on these release
categories.

6.6.3 Frequencies of Release Categories

In Section 6.6.2 we described the formation of the various release categories.
Their important parameters are compiled in Table 6-3. The frequencies of release
categories are discussed in greater detail in the present section.

A1l event sequences that lead to radicactive release to the environment can be
assigned to one of the eight release categories. Individual release categories
were determined to pessimistically cover the event sequences--with respect to
fission product release--contained in the category. The frequencies of the indi-
vidual release categories result from the sum of frequencies of the particular
event sequences assigned thereto.

Table 6-4 contains the event sequences for each category that contribute signifi-
cantly to the frequency of that category. An expected frequency is given for each
of these dominant event sequences.

The abbreviations introduced in Chapter 5 denote event sequences. These are again
explained in the legend of Table 6-4, together with the abbreviations for the
containment failure modes.

Table 6-4 also contains expected frequencies and parameters of the complementary
cumulative distribution functions for the frequencies of the individual categor-
jes. The distribution functions are characterized by the median and by the upper
and lower bounds of the 90% confidence interval. The distribution functions are
determined by summation of distribution functions for the frequency of the event
sequences contained in the particular categories.
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Table 6-3. Release categories
Released fraction of core inventory
Time of Duration Release Released Frequency
Release release of release height epergy of release
category Description (h) (h) (m) (10° Kd/h) (per year) Xe-Kr I{org) I,-Br Cs-Rb Te-Sh Ba-Sr Ru** La#
1 Core melt with 6 3 1 1 1 2 1 3
steam explosion 1 1 30 540 2 x 107 1.0 7.0 x 107 7.9 x 107 5.0 x 107 3.5 x 10”7 6.7 x 107 3.8 x 107 2.6 x 107
2 Core melt, large
leak in contain-
ment (300mm dia- 3 1 1 1 ? 5 3
meter) 1 3 10 15 6 x 10‘7 1.0 7.0 x 107 4.0 x 107 2.9 x 10° 1.9 x 107 3.2 x 107 1.7 x 10° 2.6 x 107
3 Core melt,
moderate leak
in containment 7 3 ’ ’ ’ 3 3 4
(80mm diameter) 2 3 10 1 6 x 107 1.0 7.0 x 107 6.3 x 10° 4.4 x 107 4,0 x 107 4.9 x 107 3.3 x 107 5.2 x 107
4 Core melt, small
leak in contain-
ment (25mm dia- -6 3
meter) 2 3 10 -- 3 x 10 1.0 7.0 x 1073 | 1.5 x 1072 | 5.1 x 1073 | 5.0 x 1073 | 5.7 x 10°* | 4.0 x 107 | 6.5 x 107
5% Core melt, over-
pressurization
failure, failure 0 1 10 -- 5 | 2:0x 10“2 1.8 x 10'Z 1.8 x 10’2 4.7 x 10‘2 3.6 x 10‘1 5.5 x 10“2 - --
of the stack 1 1 10 - 2 x 107 2.3 x 10'l 1.6 x 10'3 9.6 x 10_3 6.7 x 10'4 6.7 x 10‘4 8.0 x 10'5 5.5 x 10'5 8.8 x 10‘2
filters 25 1 10 200 9.8 x 107 6.8 x 10~ 9.6 x 107 4,5 x 10~ 7.7 x 107 4.7 x 10° 5.3 x 107 9.5 x 107
G Core melt, over- 0 1 100 - 5 | 20x 107 1 1.8x 1070 | 1.8 x 1073 | 4.7 x 1078 | 3.6 x 10710 | 5.5 x 10712 - g -
pressurization 1 1 100 - 7 x 10 2.3 x 10'1 1.6 x 10'3 9.6 x lO'3 6.7 % 10"4 6.7 X 10‘4 8.0 x 10'5 5.5 x 10'5 8.8 x 107
failure 25 1 10 200 9.8 x 10~ 6.8 x 107 9.6 x 10~ 4.5 x 107 7.7 x 10~ 4.7 x 107 5.3 x 107 9.5 x 10‘6
7 LOCA, large
leak in con- 4 2 5 3 » 5 7
tainment 0 1 10 9 1 x 10~ 1.7 x 107 3.7 x 107 5.3 x 107 1.3 x 107 2.5 x 107 2.5 x 107 0. 0.
8 Controlled
LOCA 0 6 100 -- 1 x10°3 | 4.6 x 107 | 1.0x 108 | 1.2 x 108 | 2.1 x 108 | 4.1 x 107} | 4.1 x 10713 0. 0.

*  Since the release takes place over a longer time period, the release fractions are given separately for three time intervals.

** Includes Ru, Rh, Co, Mo, Tc.

# Includes Y, La, Zr, Nb, Ce, Pr, Nd, Np, Pu, Am, Cm.

6-43







§%-9

Table 6-4,

Dominant accident sequences in the individual release categories

Release Categories

7 2 3 4 5 6 7 8
Major leak A AH-a AG-B4 AF-, AF-B3 AF-7 AH-6 A-By A
2 X 109 1 X108 3 X 1010 4% 109 1% 10°¢ 5% 108 86X 108 3Xx 104
AF-a AB-B4 AE-g, AE-85 AE-n AF-§
4 X199 1% 108 1X10°® 7 X109 68X 10¢ 1 X107
AE-a AE-§
2 X109 4x 108
AD-a AD-§
5% 10°° 2 x 107
Sum A 1x10¢8 2% 108 1x109 1X 108 7 %X 109 4x 107 8x 108 3x104
Intermediate leak S S H-a S$;G-B4 S4F-B5 S4F-B3 S4F-n S{H-8 Sq-B4 Sy
4% 109 4% 108 1% 10¢ 8% 109 3% 10° 2% 107 2X 107 8x10¢
S¢F-a $(B-84 S4E-8, S1E-84 S,En S,F-6
1X 108 2X 108 5% 10710 4 %109 2Xx 109 4 x 107
S,E-a S1C-B2 8,C-B3 8,Cn S4E-8
2 X109 3% 109 2X 108 2x 108 8x 108
S{D-a S,CE-§% S,CE-g5 S{CE-n $,D-8
4%X10% 3% 10° 1X 108 2% 108 2 X 107
81 C-a S1 C-§
2 X 108 9 x 107
S,CE-a S,CE-8
2X10® 8x 108
Sum S, 5% 108 6x 108 8x10¢ 5 X 108 4x108 2X 106 2x107  8x10%
Minor leak in the main S;IF-a S,1G-84 S,IF-Bo S,HF-B3 Sy1d-n S,IF-8
coolant line S, 4% 108 1% 107 1% 10°¢ 1X 108 5x 108 1% 109
S,IC-a S,IB-84 S,IE-B, S,IE-B, S,LICE-q S,IC-8
7 X108 8x 108 2 X109 1X 108 3x 108 3 X 106
Syl-a S, NGB, 8,IC-Bo S,IC-B5 S,1J-8
14X 106 3% 108 4% 109 2Xx 108 5X 10%
S,ICE-B, 8,ICE-f3
4 %109 2 X108
Sy10-8 Sold-g3
2Xx 108 1X 107
S,1F-B, Sy1JF-85
2x 109 1x 108
S,1JCE-§, S, CE-B,
4% 109 1 X 108
Sum S, 15%X10€  2xX107 3% 108 2 X 107 1x 107 55 % 10%
Transients T TR« T,IR-84 T1IR-B2 T:1JQ-85 Ti14Q-n T{IR-¢
1X107 7 X109 1X 108 3 X107 6 X 10© 4% 106
T,14Q-« T Q-4 T,1JQ-B, TUMQn  TLQ-8
2X 107 1xX 108 1X 107 4 X107 1X10%
ToR-a T,R-8
2% 108 6 X107
T,10Q-« T,1Q-6
5% 108 2% 106
TKL-& TKL-§
1x108 5% 107
TKM-a TKM-8
2% 108 7% 107
Sum T 4X 107 2x 108 1X 107 3X 107 7 X 106 9 X 106
Minor leak in pressurizer T4S5IC-a TS51G-8y  TSLIC-B, T4S5ICE-B;  T4SLICE-  T4S,IC-6
during transients TS, 2% 108 15X 108 1% 10%® 8% 108 15% 108 4% 107
T{S5ICE-¢  T{S5ICE-8; TSHICE-B, T{SHIJCE-B; T,SplUCE-n T;SLICE-8
7 X108 1X 109 1% 107 1X 108 4% 107 11X 10
T:S510-a TyS51B-y  T4S5HLICE-B, TSpld-6
5% 109 8x10% 1X 108 2x 107
T{S5IJCE-«
2% 108
T,S5IC-a T{S3ICE-By T{S4ICE-B, T4S3ICE-B; T4S3ICE-y T,SYLICE-§
2X 109 5X 1070 4x108 7 X108 15X 108 1x107
T,S5ICE-a TyS4IJCE-B, T{SHIJCE-B; TySEIUCE-n T;S3LICE-S
BX 108 1x 108 1% 108 5% 107 2X 108
T1 SEIJ‘Q
2%x10°
T{S3LCE-a
2% 108
Sum TS, 3% 107 2 X 108 2X 107 2% 107 4% 108 4% 106
Sum of Al Frequencies in the Individual Release Categories
Expected value 2% 108 6 X 107 6X 107 3X 106 2X 105 7 X105 1% 104  1xX10%8
Median 4% 107 3x 107 3% 107 1X 106 9 X 10% 2X10% 6X 105 66X 104
(50% percentile)
Lower boundary 4x 108 7 X 108 8108 3x 107 2x 108 5X10%6 gXx10% 9x10°
(5% percentile}
Upper boundary 7 X 106 2X 106 2 X 10 9 X 106 7 X 108 2X 104 4% 104  4x103

{95% percentile)

The values listed are frequencies per operating year. Unless otherw

ise noted, we are dealing with expected or mean values.

In determining the total of all refease frequencies, an amount of 10% was considered from the neighboring release

categories.
Abbreviations

targe teak in a primary coolant pipeline S,
Measurement of sensing variable for startup of ECCS 5,
High-pressure injection T
Accumulator injection

Low-pressure flooding injection T,
Low-pressure injections with sump recirculation 7,5,
Containment integrity for emergency cooling

Long-term decay heat removal T.
Main feedwater supply and main steam heat removal @
Emergency feedwater supply and main steam heat

removal B4
Reactor scram
Opening the pressure relief valve of the primary B,

cooling system
Closing the pressure relief valve of the primary cooling 83

system §
Delayed feedwater supply and main steam heat 7
removal

QO 2 2 X «-IgmuoOar

Long-term feedwater supply and main steam heat
removal

Moderate leak in a primary coolant pipeline

Small leak in a primary coolant pipefine

Total of all anticipated transients requiring intervention
of safety systems

Loss of failure

Small leak at the pressurizer during power failure,
composed of the two accidents T,S," and T,S,"
Failure of the main feedwater supply

Failure of the containment resulting from a steam
explosion in the RPV

Large leak in the containment (no later overpressure
failure)

Moderate leak in the containment (possible over-
pressure failure)

Small leak in the containment (overpressure failure)
Overpressure failure of the containment

Failure of the equipment room annuius evacuation or of
the stack filter






. The expected frequency for the individual categories generally deviates from the
sum of event sequence frequencies of the category given in Table 6-4. These
deviations are due to the following:

) The results given have generally been rounded off to one place
so that rounding errors can occur after addition.

® Only the most important event sequences are presented in the
table.

® For the inclusion of uncertainties in the release calculations,
in WASH-1400 a 10% overlap was taken for each release category
from the neighboring release categories. This method defi-
nitely increases risk and cannot be justified. In the present
study, this 10% addition was also used. However, we should
point out that because of this method, several release cate-
gories have significantly greater frequencies than would result
on the basis of plant system investigations. For instance, the
expected value for category 7 increases by a factor of more
than 100, and the expected value of category 4 increases by a
factor of four.

Event sequences presented in Table 6-4 are discussed below. Corresponding to the
structure of the table, the different initiating events are discussed separ-
ately. The dominant event sequences are of primary interest.

An event sequence is generally characterized by three different elements. These
are.

) the initiating event

e the specific combination of system functions whose failure is
assumed

e the containment failure mode.

The frequency of the event sequences results from the frequency of initiating
events, the probability of system failure, and the probability of containment
failure.

Chapter 5 presents a detailed discussion of the frequency of core melt. There-
fore, evaluation of the entire event sequence including containment failure is of

primary interest below.

The conditional probabilities for the various containment failure modes were
determined in different ways:
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® For the probability that a steam exp]osion occurs for a core
melt accident which then results in failure of the RPV and
early failure of the containment (failure modﬁ , the value
presented in WASH-1400 was used (Median = 107“ with an uncer-
ta1nty ;agtgg_gf ten; from this follows the expected value of

) The probabilities for the occurrence of a leak in the contain-
ment (failure modes B1s Bps, and B8 ) or for failure of annulus
exhaust air handling or o% the fi?ter (failure mode n), were
determined by means of fault tree analyses. It was considered
here that these probabilities generally depend both on the
initiating event as well as the failure of system functions.

€ The results of Section 6.3 show that for core melt accidents,
overpressure failure of the containment (failure mode §) occurs
provided it has not already failed in some other manner. The
probability ws therefore results from the difference between
unity and the sum of probabilities of the failure modes of the
containment for an otherwise corresponding event sequence.

Large and Medium Leak

In Table 6-4, column "summation A," all frequencies are added for event sequences
with the initiating event "large leak" that contribute to the individual release
categories 1-8. The same has been done for contributions for event sequences with
initiating event "medium leak," which are summarized in column “summation S;." 1If
we compare the named values with the attendant total frequencies in the individual
release categories, then we obtain amounts less than or equal to 3%, and often far
below 1%. The sole exception is category 2 for a medium leak with a frequency of
6 X 1078, This fraction makes up 10% of the total result of category 2. The
contributions to this value come from event sequences $;G g4 and $;B gy. In the
former case, we are dealing with event sequences where the emergency cooling fails
due to leaks from the containment into the annulus (failure of the "containment
integrity for emergency cooling" function, (see Section 5.2.1.2). Naturally the
containment leak tightness has been lost. In the second case, with the failure of
system function B (instrumentation for emergency cooling startup signal), the
control for the building isolation is also lost. The descriptions of these two
cases are analogous to the event sequence with Large Leak AG gy and AB Bq; however
-the corresponding frequencies are smaller.

The LOCAs controlled by the emergency cooling system are contained in release

categories 7 and 8. Accordingly, there can at most be cladding damage but the
core remains intact.
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Small Leak

As we can see from column "summation S," in Table 6-4, the accident "small leak in
a primary coolant 1ine" has a frequency of 1.5 X 10-6 in category 1 and 5.5 X 1075
in category 6. These are dominant in the overall results (frequencies) of the
attendant categories. Event sequences S,lJ-o and S,1J-8, i.e., potential error
when shutting down the plant manually (see Section 5.2.1.3), are important for
these release categories. Even in categories 3 and 4, event sequences S,I1J-8, and
SpId-B3 contribute significantly to the summed frequencies determined for a small
leak in these categories. Failure of all reactor protection signals for two of
the four redundant subsystems plays a significant role here.

The event sequences of the "small leak" initiating event make up one-third of the
total result in category 2 because of their frequency 2 X 1077, The important
participating events 5,1G- 81 and S,IB- 8y are described 1ike the corresponding
cases for large and medium leak. The former deals with loss-of-containment
integrity accident; the latter deals with common-cause failure of the instrumenta-
tion needed for emergency cooling and containment isolation.

Transients

The influence of transients on the total result in the individual release categor-
ies is greatest in category 5 (30%). In category 1, we find a 20% contribution,
followed by categories 3, 4, and 6, with values between 10 and 15%. The primary
contributors to this event are the event sequences T;IR... and TyIJQ... arising
from a power failure. In the first case, we are dealing with the failure of
“long-term feedwater supply and main steam relief" (function R). In the second
case, the function "emergency feedwater supply and main steam release" fails, and
timely feedwater supply from unit A also fails. The overwhelming influence of
common cause failures of the emergency diesel generators is important here. For
example, in category 5 a common cause failure of the emergency diesel generators
leads to failure of the annulus exhaust air handling system. In release cate-
gories 3 and 4, the common cause failure of the diesel system, together with two
independent failures, lead to core melt and failure of the building leak tight-
ness. Details on these accident sequences are found in Section 5.2.2.2.

Small Leak in the Pressurizer

The greatest contribution from this accident is found in category 3 (about 30%).
In categories 1, 4 and 5 contributions are between 10 and 20%. The event
sequences TyS,ICE... and TyS,ICE... are decisive for all these results. Since the
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accident under discussion develops from a power failure, the overwhelming depen-

dence on operationality of the emergency diesel generator is evident. As in the .
power failure case, common cause failures of the emergency diesel generators in

release categories 3 and 4, together with two other independent failures, play an

important role (see Section 5.2.4). Common cause failure of the emergency diesel

generators contributes strongly in almost all cases in release category 5.
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Section 7

ACCIDENT CONSEQUENCE MODEL

7.1 OVERVIEW

Section 7 describes the mathematic models and input data used in the study for the
determination of radiological consequences and potential health effects to persons
after a nuclear power plant accident in the Federal Republic of Germany. The
detailed presentation and documentation are found in the appendix.

Figure 7-1 shows a schematic illustration of the entire accident consequence
model. The model was divided into the following parts:

] atmospheric dispersion and deposition
® calculation of dose
) protective actions and countermeasures

e health effects.

Results or interim results are presented in the rectangular boxes; input data and
parameters appear in boxes with rounded sides; and frequency or probability
numbers are placed in diamond-shaped rhombuses. This schematic illustration is
followed by explanations.

The starting points of all calculations are the quantity and nature of radioactive
material that can be released in the course of a reactor accident from the con-
tainment to the atmosphere. The release spectrum for the radioactive substances
was divided into eight so-called release categories (see Chapter 6). In contrast
to WASH-1400, we considered pressurized water reactors only, based on the repre-
sentative type of modern German PWR with 1300 MWe power output. In the study it
was assumed that all nuclear power plants with a power output of at least 600 Mde,
which were in operation or under construction on July 1, 1977, or for other
reactors for which licensing applications had been received by the reference date,
were equipped with this particular pressurized water reactor design (see

Chapter 1).
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The release categories are characterized by time history, release fraction of
important radionuclides, and frequency of these releases. These characteristic
data were obtained from investigations described in the appendices.

The model for atmospheric dispersion and deposition provides the chronological and
spatial distribution of the radioactivity concentrations in the air and ground
contamination in the environment of the plant.

The model considers:

1. radioactive plume rise due to thermal energy (sensible and
latent heat)

2. the influence of the building wake on dilution and rise of the
radioactive plume

3. the time-dependent turbulence (stability category) of the
atmosphere, wind direction, and precipitation (the model does
not yet include changes in wind direction in the course of
dispersion; this is intended for phase B of the study)

4. the decay of radioactivity as a function of time after the
accident

5. depletion of the radioactive plume as a result of dry and wet
deposition.

From the radiocactive concentrations in the air and from the ground contamination,
the dosimetric model initially calculates potential doses, for which the various
protective actions and countermeasures are geared. Thereafter, the doses result-
ing after implementation of these measures are determined. The following exposure
pathways are considered:

1. external exposure from the passing radicactive plume

2. external exposure from the radioactive material deposited on
the ground

3. internal exposure from the radioactive material inhaled from
the air, divided into:

--inhalation of airborne radionuclides from the radioactive
plume, and

--inhalation of resuspended radionuclides which had previously
been deposited

4, internal exposure from the radioactive material incorporated
from foodstuffs.
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Doses were calculated for the whole body and for the following organs: bone
marrow, bone surfaces, lungs, thyroid, breast, gonads.

In calculating the expected doses, the following types of protective actions and
countermeasures were considered:

L] sheltering in buildings
e evacuation and relocation
@ decontamination

) restrictions on consumption of agricultural products.

The criteria for the onset of these measures and their time history are described
in Section 7.4.

The consequences to the affected population are determined from the calculated
doses, using the model for calculation of health effects. These health effects
are:

® somatic early injury (death by acute radiation syndrome)
® somatic latent injury (death by leukemia or cancer)

¢ genetic effects (genetically significant dose).

Risk from 25 commercial reactor units at 19 sites was calculated as follows: 19
sites were assigned to four meteorologically representative regions. Their char-
acteristic parameters were used to calculate atmospheric dispersion in the
assigned regions. Selection of representative data for the four regions is
described in detail in the appendix. Radioactivity concentrations in the air and
on the ground are calculated with respect to location up to 540 km (gQ from the
point of accident. The local doses thereby calculated were appliied to the
population distributions after considering countermeasures that reduce dose as a
function of time and location. Up to 80 km (50 miles in WASH-1400), site-specific
population data were used. Beyond 80 km, average population densities were

used. The 540 km range corresponds to the average radius of Central Europe. At
distances greater than this, topographical features (ocean, mountains, etc.) may
profoundly affect population densities. The effect of radicactive material
carried beyond these boundaries is taken into account by the deposition of radio-
active aerosols and radioactive iodine over an area which in our study--analogous
to WASH-1400--corresponds to the total remaining area of Europe.
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Repetition of this calculation for all accident categories and 115 representative
weather sequences at each of the 19 sites gave the matrix of individual results.
The somatic early and latent health effects and genetically significant doses
calculated from these results are illustrated in complementary cumulative distri-
bution functions. In addition, the expected values for early and latent health
effects and for the genetically significant doses are given. Values for latent
somatic health effects were compared with expected incidence for leukemia and
cancer caused by natural and civilization-induced factors.

The results are presented in Chapter 8, together with preliminary sensitivity
analyses and estimations of uncertainty.

7.2 ATMOSPHERIC DISPERSION AND DEPOSITION

7.2.1 Atmospheric Dispersion Model

As soon as radioactive substances are released from the outer containment
structure or from the exhaust stack to the atmosphere, they are subject to atmo-
spheric dispersion. The activity plume moves from the site at the same speed as
the wind. The radiocactivity concentration decreases continuously, primarily
dependent on atmospheric turbulence and the topography of the terrain beneath the
plume.

The various models that describe atmospheric dispersion range from the mathe-
matically compiex to simple "box models." For practical purposes, a special
solution of the diffusion equation has proven useful. The radioactivity
distribution in the plume cross-section transverse to the wind direction is
approximated in this solution by a Gaussian distribution. This so-called Gaussian
dispersion model is used in this study.

The model has been confirmed by experiments as reliable at ranges up to 20 km.
Within this range, early health effects are possible for high-release rates. In
order to calculate the magnitude of such effects, reliable information on the dose
distribution is necessary because of the nonlinear dose-effect correlation (see
Section 7.5). Even at ranges beyond 20 km the same model is used. On one hand,
some experimental results exist that do not contradict the applicability of the
model even at longer ranges. On the other hand, accurate knowledge of dose
distribution is not crucial in order for the result--the number of latent
fatalities--to be determined (see Section 7.2.2).

7-5



The standard deviation of the Gaussian bell-shaped curve is given by the horizon- .
tal and vertical dispersion parameter oy(x) or o,(x). The dispersion parameters

used were determined by dispersion experiments at the Karlsruhe Nuclear Research

Center (KfK) (1). They represent terrain with a rough surface (forest, population

centers), also demonstrated by other experiments on similar topographic

regions (2,3). These parameters are modified accordingly for flat terrain (North

German Plain).

The range of vertical turbulence exchange in the atmosphere is usually bounded on
the top by an inversion layer. The height of the mixing layer is closely con-
nected to the top of the lower planetary boundary layer. Simply speaking, this is
the lowest layer of the atmosphere in which the air masses are thoroughly mixed
vertically. Thus, the vertical dispersion parameter is kept constant once the top
of the mixing layer is reached. After that point, a reduction in the radioactiv-
ity concentration takes place only through the horizontal dispersion.

The rise of the radioactive plume due to released thermal energy is calculated
primarily by the equations of Briggs (4,5). Nester (6) improved on these formulae
by including the effect of the building's wake. The influence of decay energy on
the rise is neglected because of its minor contribution (7). The plume rise is
Timited by the maximum value of o,(x). The original radioactivity content of the
plume is reduced by dry and wet deposition and by radioactive decay.

The meteorological data used to calculate radicactivity concentrations in air and
on the ground--namely wind speed, stability category, and information on precipi-
tation--are adapted to real weather sequences measured hourly. Thereby it was
assumed that meteorological parameters measured at the site assume the same values
at all distances. To be sure, this is normally not the case. This type of
assumption seems justified, however, because more than 100 multi-hour lasting
weather sequences were tracked (this figure is needed to adequately characterize
all possible weather sequences), and because the uncertainties in the calculations
tend to be self-compensating in the summarized result when using individual
weather sequences.

Each of the 115 weather sequences gives a radioactivity concentration and contam-
ination field. Each field extends from the point of emission in the assumed
dispersion direction. In accordance with WASH-1400, it was assumed that any wind
direction is equally probable. The assumption of equal wind direction probability
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is taken into account by dividing the wind rose into 36 ten-degree sectors and by
assigning the same probability to the centerline of each of these sectors.

7.2.2 Limitations of the Model

Linear transport of the radioactive plume is assumed. Larger fluctuations in wind
direction are not considered, leading to a conservative estimation of dose. This
assumption corresponds to the model in WASH-1400. 1In this manner, the dose is
usually overestimated for a release lasting several hours. This includes a
frequent excess of the threshold dose for early health effects and, accordingly,
an overestimation of early injuries. This effect is only slightly compensated by
the fact that at several points where the probability of early health effects is
nearly unity due to the high dose value, a further increase in dose does not
increase the early injuries.

At long range (more than 20 km) only latent health effects occur, according to the
calculated results. The magnitude of such health effects is, at first approxima-

tion, independent of whether a given quantity of radioactivity is distributed over
a narrow or broad sector under the same boundary conditions because of the 1inear

dose-effect relationship. Beyond an 80 km distance, this is strictly true because
the population is assumed to be uniformly distributed in an azimuthal direction,

This model of straight line dispersion is applied at ranges up to 540 km, as was
done in WASH-1400. The area of this circle approximately corresponds to the area
of Central Europe. Beyond this range dispersion conditions usually differ signi-
ficantly (oceans, mountains).

The activity dinventory in the plume has not decreased to the point that--even
after dispersing out to 540 km--it needs not be considered any further. For an
average of all weather sequences, the radioactive plume passes this "boundary"
with about 40% of its original inventory of long-lived radionuclides--depending on
the selected deposition coefficients. Radioactive gases and aerosols contribute
in various ways to the total radiation exposure along the path of the passing
radioactive plume. At the first pass, the radioactive noble gases contribute an
insignificant (less than 0.1%) amount to latent health effects through direct
external exposure. Later on, this radiocactivity is globally dispersed. The dose
to the population can be neglected by comparison to the other radionuclides.
Radiocactive iodine and aerosol ag—compared to noble gases, however, lead to a
significantly greater radiation exposure during the first pass of the radioactive
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plume as a result of deposition on the ground. Up to a distance of 2500 km, on
the average 99% is deposited. Therefore, the effect of radiocactive iodine and
aerosol activity remaining after 540 km is taken into consideration by assuming
they are deposited on an annular ring of 2500 km outer radius--this area corre-
sponds to the remainder of Europe, including water areas. This method corresponds
to that in WASH-1400.

7.2.3 Meteorological Regions

For a realistic modeling of changing dispersion characteristics in the dispersion
model described above, the hourly values of wind speed, dispersion category, and,
if possible, precipitation intensity must be available for at least one year.

Such detailed measurements are available only from a limited number of stations--
in contrast to widely available dispersion statistics. The nineteen nuclear power
plant sites (see Chapter 1) were assigned to four meteorological regions, within
each of which one set of meteorological data was used. The definition of a region
resulted from the requirements of similar dispersion conditions and geographic
similarity. The four regions are:

North German Plain
Upper Rhine Plain
South German Plateau

Valleys.

These regions and meteorological stations belonging to them are discussed in the
appendix.

7.3 DOSIMETRIC MODEL

The radiation dose to the affected population is calculated on the basis of
spatial-dependent and time-dependent radioactive concentration in the air and on
the ground determined by the model of atmospheric dispersion and deposition pro-
cesses. The energy dose D for special organs and the whole body is specified as
the characteristic quantities for radiation exposure. These quantities express
the radiation energy absorbed per organ mass. The unit of measurement is the
"rad" (b).

The ways by which the radiation of the released radiocactive material reaches man

is called the exposure pathway. From the release of radionuclides into the
atmosphere, there are the following primary exposure pathways:
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e external irradiation due to a passing radioactive plume

e external irradiation due to radiocactivity deposited on the
ground

] internal irradiation due to radioactivity inhaled by normal
respiration, divided into:

--inhalation of airborne radionuclides from the radiocactive
plume

--inhalation of resuspended radionuclides that have been
deposited on the ground

--internal irradiation due to radiocactivity ingested with food-
stuffs.

With regard to external irradiation, the spatial distribution of radiocactivity in
the air and on the ground primarily determines the energy absorbed by the body,
and this is almost independent of the organ. With respect to internal irradia-
tion, the metabolic processes primarily determine the energy exposure in the
individual organs, in addition to the spatial distribution of radiocactivity in the
air and on the ground and in addition to the incorporation (type and quantity of
absorption in the body).

Calculation of radiation exposure is performed for the following organs (c) which
are important for determining health effects:

6 bone marrow
® bone surface
] lung

] thyroid

o breast.

The determination of injury to the other organs is based on the radiation exposure
of the whole body.

To determine genetically significant dose, the radiation exposure of the testes
and ovaries is used.

Since the criteria for countermeasures of relocation, decontamination, and

temporary restriction on consumption of local agricultural products (see
Section 7.4) are geared to predicted doses, doses are calculated in the first step
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for persons who would continuously remain outdoors and thus be susceptible to the
relevant exposure pathways. These are called "potential doses" below. In the
second step, doses to persons taking protective action and countermeasures are
calculated (d). These are called "expected doses" below. They are used in the
consequence model (see Section 7.5) in which the magnitude of early somatic
fatalities (deaths due to acute radiation syndrome) is determined from the dose-
effect relationships. The magnitude of somatic latent fatalities (premature death
due to leukemia or cancer) is determined with regard to the dose-risk coefficient
relationship. The genetic effects are expressed as the genetically significant
doses.

The following doses are calculated in detail:

Potential doses:

To establish proper countermeasures to minimize early health effects, we cal-
culate:
® the bone marrow dose due to external radiation from the radio-

activity deposited on the ground during the first 7 days

To establish countermeasures to reduce latent somatic health effects and
genetic effects, we calculate:

° the whole body dose due to external irradiation from the radio-
activity deposited on the ground during the first thirty years

° the bone marrow, thyroid, and whole body doses due to internal

irradiation from radioactivity incorporated with foodstuffs
during the first fifty years.

Expected Doses:

To determine early health effects we calculate:
) short-term bone marrow dose, composed of:
-~external irradiation due to activity in the passing plume

--external irradiation due to radioactivity deposited on the
ground within the first seven days

--internal irradiation due to inhaled radiocactivity from the
plume in the first thirty days.
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To determine latent somatic health effects we calculate doses for the follow-
ing organs:

) bone marrow

® bone surface

® lung
e thyroid
® breast

® remainder of the body.

The doses are summed for all exposure pathways resulting from the release of
radionuclides to the atmosphere. The radiation exposure of the directly
affected population, as well as of persons born after the accident, is taken
into account.

To determine the genetic effects we calculate:

) The genetically significant doses summed over all exposure
pathways resulting from release of radionuclides to the atmo-
sphere. This is calculated from the doses to the testes and
ovaries. The exposure of both the immediately affected popula-
tion and of persons born after the accident is considered.

By integration of the spatial-dependent individual doses muitiplied by the
number of affected persons in the particular region, we obtain the resulting
expected population dose {(e), i.e., the sum of all expected individual doses.

7.4 MODEL FOR PROTECTIVE ACTIONS AND COUNTERMEASURES *
7.4.1 Principles of the Model

For high-technology facilities with large hazard potential 1like industrial plants,
nuclear power plants, storage and transport containers for poisonous or explosive
substances, dams, transportation facilities, etc., the principle applies that
safety measures must first be taken in the plant itself. This is done, for
instance, by technical safety features; by strict supervision in planning, con-
struction, and operation of such facilities; and by safeguards against the acts of
third parties.

As additional measures, the individual States and their subordinate authorities in
the FRG--within the framework of their general obligations to protect the public
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against natural catastrophies--prepare emergency response plans for the environ-
ment around plants of the above types, that is, also for nuclear power plants.
Official emergency response plans for nuclear power plants are derived from the
“basic recommendations for emergency protection in the environment of nuclear
power plants" (8), which were jointly published by the State Committee on Nuclear
Energy and the Interior Departments of the FRG States. The following sections are
discussed in the basic recommendations:

® types of protective actions and countermeasures
] classification of the environment around the nuclear plant
® notification of authorities and population
] timing of measures at the official level
] radiological criteria for planning protective actions and
countermeasures.
Some of the planned measures are:

® advice to the affected population not to stay outdoors but to
seek shelter (preferably in cellars)

® distribution of iodine tablets
] evacuation
o prohibition of heavily contaminated areas and water sources

) distribution of noncontaminated foodstuffs and drinking water
to the public

. decontamination.

A brief and gehera]]y understandable summary of the basic recommendations, coupled
with procedural guidelines and information on protection measures for the public,
are contained in the "Guidelines for Instructing the Public on Emergency Response
Planning in the Environment of Nuclear Plants" (9), which were issued by the
Standing Committee of the Interior Ministers and Interior Senators of the

States. A series of brochures (10,11,12) are in turn based on these guidelines;
the brochures are distributed by the authorities to the public.

In the model of protective actions and countermeasures, the basic recommenda-
tions (§) are considered. The type and urgency of protective actions and
countermeasures differ from place to place. This leads to a matrix of regions,
measures, and time sequences explained in the next section. The time sequences
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incorporate implementation and measurement times, as well as time requirements for
the arrival of personnel, detection equipment, and transport means. Transporta-
tion facilities important for evacuation are considered crudely, with a distinc-
tion being made between urban, suburban, or rural sites. Several auxiliary
models, e.g., for ingestion, were adopted without change from WASH-1400.

7.4.2 Structure of the Model

In the basic recommendation (8) and guidelines (9), we note that the population is
requested to stay indoors and listen to radio or TV during nuclear accidents. As
additional measures, if necessary, evacuation, decontamination, or temporary
restriction on consumption of 1ocally produced agricultural products are provided
for in certain regions. If the radiation dose to the population so requires, and
if the effects of the accident can thereby be mitigated, the emergency response
authority may require additional measures like relocation within a few days or
weeks (rapid relocation) or relocation in the course of several months
(resettlement). Thus, for the present study, the 1ist of protective actions and
countermeasures is as follows:

1. going indoors
evacuation

fast relocation

W N

. resettiement

o
°

decontamination

6. temporary restriction on the consumption of local agricultural
products.

Table 7-1 provides an overview of the application of protective actions and coun-

termeasures with respect to region and time. The selected criteria for fmplemen-

ting measures (2), (3), and (4) are given in Sections 7.4.3 and 7.3.4. Consistent
with WASH-1400, the consumption of iodine tablets to mitigate thyroid dose is not

taken into consideration.

A detailed description of the model of protective actions and countermeasures is
found in the appendix.
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Table 7-1. Correlation of protective actions and countermeasures with regions and times
Region Main purpose of the
Time, Purpose A By B, Dy D, measure, is the

Measure

Time history

avoidance of

Information and preparation
(initiation phase

0 - 2 hours

Residence time in sheltered
rooms

After two hours

Early injury due to
plume or ground
radiation

Evacuation

Fast relocation
Resettiement

Decontamination

2 - 14 hours

After fourteen hours

Early injury due to
ground radiation

30 days to one year
After 30 days

Latent health
effects due to
ground radiation

Restrictions on consumption
of agricultural products

In accordance with
criteria

Latent health
effects due to
internal irradiation
after ingestion

Delayed decontamination

Before return of the
population

Latent health
effects due to
ground radiation




7.4.3 Regions

Nuclear power plant operators and the responsible authorities in the FRG have
taken proper precautions so that dose distributions in the environment can be
measured or estimated during and after a release of radioactivity. Depending on
the results, the emergency response authority initiates the appropriate protective
actions and countermeasures by applying the criteria defined in the basic
recommendations.

The present study proceeds in an analogous manner. First, the spatial distribu-
tion of dose in the environment (called potential dose below) is calculated.
Thereafter, if the doses exceed prescribed reference values, selected lines of
equal dose (isopleths) are used to divide the affected area into five regions (By,
By, C, Dy, and Dz) requiring the implementation of different measures (see

Figure 7-2).

In addition, another region (A) is added. This region encompasses the immediate
vicinity of the nuclear power plant where high doses can occur and where there may
be no time available for radioactivity and dose measurements and their effects for
large radiocactivity releases and unfavorable dispersion conditions. The region,
defined by a prescribed angle and ranges, consists of a sector in the propagation
direction (r = 8 km, ¥ = 30 degrees) together with a complete circle of 2.4 km
radius (f). Inclusion of a full circle is necessary because eddy currents and the
diffusion processes in the immediate vicinity of the nuclear power plant can cause
radioactive transport over short distances in all directions. Also the radiation
emission from the radiocactive plume has a limited range in all directions. In
conformance with the basic recommendations (8), it can be assumed that preparatory

emergency and evacuation plans exist for region A.

After the regions are delineated, the doses are recalculated under consideration
of protective actions and countermeasures, and from these personnel health effects
are determined.

Whereas the occurrence of early health effects depends on the magnitude of bone
marrow dose, latent health effects are approximately proportional to the whole
body dose. Therefore, in the delineated region boundaries we find lines of equal
potential bone marrow dose DEQ, as well as 1lines of equal potential whole body
dose DEE. The region boundaries are selected so that early health effects can
occur only in regions A, By and B,.
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Region A, defined by angle and range, is the same for all release categories. For this region, the existence of prepared evacuation plans
is assumed.

Regions B,, B,, C, and D, are defined by isodoses lines. Their consideration thus depends on the type of release and the prevailing
weather situation.

In the majority of cases, the doses outside of region A remained below the defined values for regions B, and B,. In such cases, these
regions and the attendant countermeasures were omitted. In addition, regions C and D,were also omitted in many cases.

Figure 7-2. Regions wherein emergency countermeasures are taken (schematic). For
explanation, see Table 7-2.



A characterization of all regions is summarized in Table 7-2. The attendant
measures are discussed in the next section.

The region boundaries described above depend on the type of release and the
particular weather history. Eight release categories and 115 weather histories
(per site region) are considered. Thus, we have 920 cases per site region with
different region boundaries. In the next section we shall show that the density
of the affected population, which differs for each site (19) and for each wind
direction (36), affects the sequence of countermeasures. Therefore, calculation
of consequences performed under consideration of protective actions and counter-
measures encompasses 629,280 different combinations of reactor site, release cate-
gory, weather history, and wind direction (= population distribution).

7.4.4 Measures

Initial Phase

After recognition of the imminent release, an implementation phase of two
hours is assumed during which lTocal and regional decision makers are informed,
staffs are formed, and the standard signal for catastrophic accidents is given
(one minute siren wail). As a result of the siren signal (and loud speaker
trucks), the population in region A and possibly Bl is requested to go indoors
and to listen to radio or TV. If during these two hours, individual sub-
regions are affected by radicactivity, an average shielding factor is used
that corresponds to mixed dwell times in large and small buildings and in the
open. It is assumed that 3% of the population will remain outdoors. Protec-
tive actions and countermeasures taken at a time later than two hours are
specific to the region and will be illustrated below separately for each
region (see also Table 7-2).

Protective Actions and Countermeasures in Region A

The main purpose of measures in region A is to reduce or entirely avoid the
number of acute health effects. As a result of previous licensing practices,
this region is generally agricultural. The study assumes that after two
hours, about two-thirds (65%) of the population will have found larger build-
ings or cellars in small buildings and that they will remain at protected
places (i.e., away from windows and doors), whereas about 1/3 (32%) have
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Table 7-2.

Model of protective actions and countermeasures

Region definition

Delineation through

Delineation
through lines
of equal poten-

Preventive measures

{regardless of acci-
dent type and

weather situation,
except wind

Dose-dependent

Regions angle and range tial dose direction) measures*t
r< 2,4 km Go indoors after 2
§ given hours. Remain in-
A such as -- doors up to 8 hours. --
2,4<r<8 km Thereafter, evacua-
4 =30° tion, preparation,
and driving time 1.5
hours.
DEE (7d) Go indoors after 2 Remain indoors.
By r < 24 km hours. Remain in- Rapid relocation
doors at least 14 after 14 hours.
> 100 rad hours.
Indoors and out-
(If not belonging doors. Then, rapid
By r > 24 km to A) - relocation after
14 hours.
oK Indoors and out-
Deg (30a) doors. There-
C -- -- after, relocation
> 250 rad beginning after
30 days.
Normal activity at
250 rad all times. Decon-
tamination such
that
0, - >DE8 (30a) -- o
Drp (30a) = 25 rad
EB
> 25 rad in the entire
region.
25 rad
D - - -
2 GK
> Dpg (30a)
*In addition, the dose-dependent restriction on consumption of local agricultural produce.

tReturn of the population occurs when D

GK

s (30a) < 25 rad.
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retreated to small buildings, but not into cellars. It is assumed that 3%
percent of the population remains outdoors in spite of the warning. This is
the same population group assumed to remain outdoors during the implementation
phase.

When staying in houses or cellars, the radiation dose from the air or ground
is less than outdoors because of the greater distance to the radicactive sub-
stances and the shielding effect of the walls and floor (cellar).

Since the largest doses occur in region A for nearly all weather situations,
and because no time is available for performing and evaluating the measure-
ments, the study assumes that the emergency response authority will initiate
evacuation for any Class 9 event. In addition, it is conservatively assumed
that 12 hours are needed to evacuate this relatively small region of 33 square
kilometers; i.e., between the second and fourteenth hour the inhabitants use
cars or other transportation to flee the potential danger zone for acute
health effects within a driving time of 1.5 hours. Driving time is treated as
unshielded outdoor exposure. During the transport time, the local dose at the
residential site, which generally corresponds to the maximum dose to which a
person is exposed, is assumed.

Return of the population is anticipated when ground contamination has dropped
due to radioactive decay, weather effects, and decontamination to such a level
that the potential total body dosage Dgg (30 years) does not exceed 25 rad.
Latent health effects caused by residual ground contamination are taken into
account in the study to the extent that it affects persons born after the
accident. The type and scope of decontamination measures are described in the
appendix.

Protective Actions and Countermeasures in Regions By and B,

(DER (7d) 3 100 rad)

In the majority of cases there is no region By and By. But if the radioactive
release and deposition during an accident are so great that a region By can be
defined (see Table 7-2), early health effects are also possible there. The
study thus provides, as in region A, for protective actions and counter-
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measures, including relocation of population, whereby the measure "staying
indoors" is the same in both regions (A and Bq).

In order to keep the radiation dose to the population in region By as small as
possible, the emergency response authority seeks to swiftly implement the
evacuation in the form of a fast relocation.

The present study conservatively assumes, however, that emergency plans for
this region do not exist and that fast relocation can be organized only after
the accident occurs.

It is therefore assumed that fast relocation of citizens in region B; begins

at the earliest 14 hours after the accident, i.e., after region A has already
been evacuated. The long preparation time permits authorities to inform the

population by radio and TV and allows time for task personnel and transporta-
tion means to arrive.

Driving times during fast relocation are needed to calculate total dose. For
this purpose, the study distinguishes between urban areas, suburban areas, and
rural areas for region B; (see appendix). By using a computer program to
simulate population movements, a driving time spectrum is made for each of the
three types of areas. Accordingly, these spectra are approximated by three
driving times so that each driving time will include 1/3 of the particular
population.

The driving times are treated in the dose calculation as outdoor exposure at
the place of residence. A uniform preparation time of 0.25 h is added to the
driving times for the total exposure from the ground. Spatial and time
sequencing of fast relocation are not taken into consideration. After the
preparation and driving time elapses, the inhabitants of region By left the
danger zone and receive no additional dose which can contribute to early
health effects. Return of the population and calculation of latent health
effects are handled as in region A.

Release category 1, occurring in connection with about 10% of the weather
situations, and release category 2, occurring in connection with about 4% of
the weather situations, lead to a 100 rad isopleth (potential bone marrow
dosage due to external irradiation from the ground, accumulated over seven
days), which encompasses areas whose distance to the reactor is more than
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24 km. Since, in general, no emergency response planning is required for
these regions, conclusions on the effectiveness of protective actions and
countermeasures are uncertain. Therefore, the study pessimistically assumes
that inhabitants of subregion B, continue their normal activities until a fast
relocation is ordered. Fast relocation in region B, is the same as in

region B.

Countermeasures in Regions C, Dy, and D,

In regions C, Dy, and Dy, no dose is incurred that leads to early health
effects. The objective of countermeasures in these regions is to keep latent
health effects as Tow as possible. This is achieved by relocation, decontam-
ination, and temporary restriction on consumption of local agricultural
products produced in a specific subregion. This study assumes that potential
doses due to radiation from the ground for the whole body (DEE) are below

25 rad in 30 years; beyond the restrictions on consumption of agricultural
products, no other countermeasures are applied (region Dz). In regions with
higher radiation levels, decontamination is needed {region Dl). However, if
contamination is so high that the value (Dgg) (30 years) = 25 rad can be
attained only by means of a decontamination factor (g) greater than 10
(region C), then in the model, the decontamination is delayed, and the
population is temporarily relocated.

In the present study, relocation in region C begins after 30 days. Proceeding
from the areas next to the reactor, relocation broadens to greater ranges. In
the entire period from release to relocation, a shielding factor representa-
tive of mixed residences is used. As soon as the potential dose from the
ground due to radioactive decay and weather effects in areas of region C falls
below a value of 250 rad in 30 years, decontamination (factor DF = 10) and
return of the population are assumed. The total dose of the returning
fraction of the population in region C--as in the other regions--is determined
from the amounts received before relocation and after return.

Contamination in region D; is so low that potential whole body dose, summed
over 30 years, can be reduced by decontamination to a value below 25 rad.
Therefore, the present study assumes that population movements do not occur
and that the inhabitants of this region go about their normal activities at
all times. It is also assumed that decontamination in the entire region D1
does not take effect until after 30 days.
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In the entire region D,, potential local doses Dgg {30 years) are below 25 rad
in accordance with the definition. The only countermeasures considered in the
present study are restrictions on consumption of agricultural products.
Therefore, a preliminary model was adopted without change from WASH-1400.

Table 7-2 gives an overview of all countermeasures (in addition to restric-
tions on consumption of agricultural products) in regions A, By, By, C, Dy,
and Dy. Additional details can be found in the appendix.

7.5 MODEL TO DETERMINE HEALTH EFFECTS DUE TO RADIATION

The biological mechanism of radiation acting on an organism and the resulting
potential types of radiation health effects will be discussed below. Next, models
for determining the risk of radiation health effects are described as a function
of dose used in this study to analyze the consequences of reactor accidents.

7.5.1 Biological Effects of Radiation and Types of Radiation Health Effects

Absorption of radiation energy by a living cell or tissue initiates a chain of
physical, chemical, and biological reactions that can injure the health of the
affected individual; or, in the case of radiation to the gonads (testes, ovaries)
injure the person's offspring. Figure 7-3 illustrates the reaction chain of
biological effects in an organism and the potential types of radiation health
effects. Since both cell and organism have highly effective mechanisms to repair
or eliminate primary biological effects, the absorption of radiation by an organ
or tissue of the body does not necessarily result in later manifestation of
radiation injury. Therefore, only the possibility for radiation health effects
exists, and this will be denoted as "radiation health effect risk." Radiation
risks for an irradiated tissue thus denote the probability for physical il1l-
health.

According to Figure 7-3, we distinguish between four types of radiation health
effects:

1. acute or early health effects that appear shortly after radia-
tion (e.g., acute radiation sickness)

2. nonmalignant delayed injury recognizable years after radiation

{e.g., fibrotic tissue changes, clouding of the retina, reduc-
tion in fertility)
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Figure 7-3. Reaction chain of biological radiation effects and types of radiation injury
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3. delayed malignant health effects manifested only after a latent
period lasting from years to decades (e.g., leukemia due to
radiation of red cell bone marrow and tumors in other body
tissues)

4., genetic effects resulting from specific mutations of reproduc-
tive cells after irradiation of the gonads (testes, ovaries)
causing changes in offspring (e.g., skeletal anomalies, mental
retardation, changes in eye color, hereditary illnesses).

The first three types of injury are somatic health effects that can appear in the
affected individual. The fourth refers to injuries that can occur in later gener-
ations as a result of radiation to the womb.

The carcinogenic and genetic effects are designated as stochastic, i.e., chance
radiation effects, since with these types of injury the probability of radiation-
induced incidence, and not the level of injury, depends on radiation dose. Con-
versely, for acute health effects and noncarcinogenic delayed health effects, the
Tevel of injury depends on the dose: such health effects are grouped under the
heading "nonstochastic effects." '

The physical ili-health to an individual or to the general popuiation due to
radiation effects therefore should not be evaluated from the lumped incidence of
radiation injury; rather, the frequency and severity of the individual types of
injury must be considered. For example, the appearance of a temporary, acute
change in the blood count is assigned a lesser degree of injury than a severe,
acute radiation illness with fatal consequences. Accordingly, formation of a
papillary or follicular cancer nodule in the thyroid--which in most cases is
neither noticed nor causes health injury--is assigned a different weight than
leukemia which, as a rule, will result in early death. Therefore, the risks of
incurring type of health effects that can result in radiation-induced fatality
(mortality risk) are important for evaluating overall health effects caused by
jonizing radiation. Among such mortality risks are severe, acute radiation sick-
ness caused by high irradiation of blood-forming organs, and malignancies like
Tung cancer and leukemia.

Analysis of potential radiation consequences requires information on the relation
between dose incurred by a tissue and probability for the occurrence of damage to
this tissue. With respect to the type of this dose-effect or dose-risk relation,
there is a basic difference between delayed stochastic health effects (cancer,
genetic injury) and nonstochastic health effects (acute injury, noncancerous
delayed injury). This is illustrated schematically in Figure 7-4.
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For nonstochastic health effects a threshold dose exists for the appearance of a
health effect. Conversely, experience with carcinogenic and genetic effects of
radiation indicate that there is no such threshold dose: thus these types of
injury can occur even for low doses, but the probability for the occurrence of
such injury does decrease with decreasing dosage. At low doses, i.e., below about
100 rad in the case of a short-term whole body dose, the health effect is deter-
mined practically by the carcinogenic and genetic risk of radiation injury. For
very high doses, the probability of radiation cancer decreases again since nonsto-
chastic effects are decisive in reducing longevity.

The shape of the dose-risk relation depends not only on the absorbed radiation
energy, i.e., on the energy dose to the particular tissue, but also on the chrono-
Togical distribution of the received dose and the type or quality of radiation.
The latter is characterized by local density distribution of ionization in the
track of the charged particles. Ionizing particles of high-ionization density
along the particle path, i.e., high linear energy transfer (abbreviated LET),
generally have a higher biological effectiveness at the same energy dose than Tow-
density jonizing particles, i.e., particles with low LET. Among the former are a-
particles, whereas x-rays and y-rays, as well as electrons or 8-rays, belong to
the low-density ionizing types.

Radiation protection takes these facts into consideration by introducing a quality
factor Q, which is normalized for low-density ionizing rays (x-rays and y-rays,
g-rays and electron beams) to a value of unity with a-particles having a relative
value of ten in the Radiological Protection Ordinance (h). The product of energy
dose D (unit: 1 rad = 1072 Joule/kg) and quality factor Q yield the so-called
dose equivalent H (unit: 1 rem) of the particular type of radiation in the
particular tissue: h (rem) = Q X D (rad).

We should mention that radionuclides released during accidents or Class 9 events
in nuclear power plants emit exclusively g- and y-rays. Under these conditions,
the fraction of radiation exposure of the population by a-radiation from actinides
is very Tow, so that the total values of dose equivalent to body tissues deter-
mined by the dose model (see Section 7.3) correspond to the energy dose to these
tissues.

As mentioned above, the form of the dose-risk relation depends on the type or
quality of radiation. The dose-effect relations as described below for acute
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health effects and for somatic latent health effects are used as the basis for the
analysis of accident consequences and thus relate primarily to the effects of low-
density ionizing radiation or radiation with Tow LET.

7.5.2 Somatic Early Radiation Health Effects

Acute radiation dose absorbed by bone marrow is nearly the sole factor for the
occurrence of acute, 1ife-threatening illnesses resulting from a reactor acci-
dent. If a dose threshold is exceeded, blood formation is temporarily inter-
rupted. The radiation effect in the bone marrow is recognizable after a few
hours; but it is noticed only after a few weeks by the reduced number of granu-
lated white blood cells and blood platelets in the blood count. The acute health
injury of the patient is due almost exclusively to this change in blood count.

The extent of this interruption is so slight after radiation doses up to 200 rad
that no severe health consequences are expected. For higher doses, the number of
white blood cells can drop so much that the patient becomes highly susceptible to
infections. The number of biood platelets can drop to such low values that there
is danger of internal hemorrhage, a disease called "acute radiation jllness.” As
a rule, the patient spontaneously recovers from this disease after 6-8 weeks. For
high radiation doses, the progress of acute radiation illness can be so severe
that death results within two months, in spite of treatment. From animal experi-
ments, we know that mortality increases with radiation dose increase according to
an S-shaped curve.

The dose-effect relation B (Figure 7-5) used in WASH-1400 is not based on direct
experience with irradiated human beings, but is the result of complicated consid-
erations and extrapolations. In this study, besides curve B, we also use a
flatter dose-effect curve D (Figure 7-5) to calculate acute accident conse-
quences. This curve considers that in the affected population there are groups
with a greater radiation sensitivity.

These are primarily people with:

® infections, especially chronic infections, e.g., of the respir-
atory tract and urinary tract

® diseases tending toward hemorrhages, like many diseases of the
stomach and intestine (e.g., stomach ulcer, etc.)
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® injuries, burns, operations, and after-treatments with many
drugs

e pregnant women.

Considering the annual fluctuations and different intensities of sensitive ill-
nesses and conditions, it is assumed that 10% of the total population is more
radiation-sensitive than the rest of the population. For this sensitive group,
increased radiation sensitivity is quantified by the adoption of an average lethal
dose of 340 rad, which corresponds to the average lethal radiation dose to
invalids exposed to whole body radiation.

Advancements in treatment of leukemia and other severe illnesses with highly
effective cytostatic drugs have frequently confronted medical oncolygists with the
problem of comparatively acute and life-threatening interruption in blood forma-
tion.

For a large number of physicians, treatment of acute blood count disruption, which
may be caused by the cytostatic drugs themselves or by accidental whole body
radiation, is not a new problem. For this reason, we can assume that the vast
majority of affected persons will receive appropriate medical treatment, even if
the number of such persons is Targe. In addition, intensive treatment is usually
not necessary until about one week after the radiation exposure. Therefore, most
people who receive radiation doses between 200 and 500 rad should be saved without
permanent injury.

The influence of sensitive diseases on the one hand and of modern medical treat-
ment on the other can be taken into consideration by cumulative normal distribu-
tion of mortality as a function of bone marrow dosage with LD-1 (i) of 250 rad, an
L.D-50 of 510 rad, and an LD-99 of 770 rad. The dose-effect relation D is cut off
at a dose threshoid of 100 rad.

Besides life-threatening, acute radiation sickness, other morbidities and ill-
nesses can occur that are limited, however, to a relatively short time span after
radiation exposure. If acute radiation sickness is not fatal, the patient
recovers completely. Other subsequent diseases of acute radiation exposure--
except for cancer--are easily treatable, like for instance, radiation-induced
thyroid disfunction.
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7.5.3 Somatic Latent Radiation Health Effects

We pointed out that nonmalignant (i.e., noncancerous) latent radiation injury
occurs only above a threshold dose (see Section 7.5.1). With regard to the dose
magnitudes expected for accidents and the severity of these effects, the extent of
this type of delayed radiation injury is small compared with injury caused by
carcinogenic radiation effects. Malignant latent radiation injury, i.e., cancer
and leukemia, must receive primary consideration in the analysis of the risk of
somatic latent health effects resulting from reactor accidents.

Recognition of a relationship between radiation effect and cancer frequency is
impeded by the fact that cancerous tumors caused by radiation cannot be clinically
distinguished from cancerous tumors caused by other natural or civilization-
induced effects. An increase in cancer frequency due to radiation is therefore
noticed only if the frequency of a particular cancer type increases above that
normally caused by natural and other civilization-induced effects. One must
consider that the observed, normal cancer rate in the population depends not only
on age and sex, but also on location and time, whereby the causal factors of this
variation are generally unknown. Average values of normal frequency of several
types of cancer in the population of the FRG are compiled in Table 7-3.

The most important source of our knowledge about cancer risk to man are long-term
cancer rate studies of survivors of the atomic bomb blasts on Hiroshima and
Nagasaki who were exposed for a short time to relatively high, whole body radia-
tion of neutrons and y-rays. In addition, results of numerous epidemiological
studies on radiation cancer risk in groups of patients after treatment by radia-
tion are now available, especially as they pertain to diagnostic and therapeutic
treatment by X-rays. Conversely, there are only a few observations of an increased
cancer risk for occupationally exposed persons: vreliable findings are limited
exclusively to groups of persons whose radiation exposure was above the prevailing
dose Timits for occupationally exposed persons. The most important exampie is the
observed, increased lung cancer frequency in miners working in mines containing
high radon concentrations. From the findings on cancer rates among populations
1iving in regions with an increased background radiation level, no significant
increase in normal cancer risk has yet been found.

A detailed and extensive presentation of present information on radiation cancer
risk in man is given by the report of the United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR) of 1977. Present observations on the
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Table 7-3. Average cancer risk (mortality) to the
German population, based on the age distribution

and observed cancer statistics 1974/75 (according to

general health data [13])

Mortality riskb
Manifested Frequency (cancer Relative (cancer cases
Tocation cases per million frequency in per million
(tissue) persons per year) percentd persons)
Respiratory
tract 400 3.3 29,000
Stomach 350 2.9 25,000
Intestine 350 2.9 25,000
BreastC 180 1.5 13,000
Lymphatic and
blood-forming
organs 150 1.2 11,000
Leukemia 70 0.6 5,000
Pancreas 75 0.6 5,400
Kidneys 70 0.6 5,000
Liver 45 0.4 3,200
Bonesd 10 - 15 ca 0.1 700 - 1100
Thyroidd 5 - 10 ca 0.05 350 - 700
Other tissues
including
nonidentified
types ca. 800 6.6 ca. 56,000
Whole body
(total risk) 2,400 20 173,000

dpelative to total number of fatalities.

bUsing an average life span of 72 years.

CAveraged over both sexes.

dEstimated values according to data of the Saar cancer record.
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carcinogenic effect of ionizing radiation in man are limited--with a few excep-
tions--to groups of persons receiving doses above about 50 rem. The dose magni-
tudes resulting from the dosimetric model applied to reactor accidents lead to
expected doses below 10 rem for the majority of the affected popuiation. To
estimate the potential radiation cancer risk we need to extrapolate from the risk
values observed for higher doses down to low doses.

In WASH-1400, three extrapolation laws were considered:

1. an "“upper bound estimate," which designates purely proportional
dose-risk relations R = aD (a = risk coefficient)

2. a "central estimate," which is a piecewise linear relation for
dose-risk with reduced risk coefficients for lower doses and/or
dose rates

3. a "lower bound estimate,” which is a dose-risk relation with a
threshold dose of 10 or 25 rem.

In calculating accident consequences, the American study used the central esti-
mate, which approximates a so-called linear quadratic dose-risk relation R = oD +
3D2. In comparison to a simple proportional relationship, a smaller value of o =
a/5 was assigned for the Tinear term. Furthermore, it was assumed that the coef-
ficient 8 of the quadratic term decreases to 0 with decreasing dose rate.

Observations on the dose dependency of radiation cancer risk for atomic bomb
survivors and findings from animal experiments and cytologic studies indicate that
for Tow-density ionizing radiation (radiation with low LET) this type of linear-
quadratic relation can approximate the dose-risk relation. From findings on
humans with regard to derived risk data, the statistical uncertainty range of the
risk value increases severely with decreasing dose. A purely proporticnal dose-
risk relation for carcinogenic effect can therefore not be excluded for low-
density, ionizing radiation.

Consistent with recommendations of the International Commission on Radiological

Protection (14), the present study uses a purely proportional dose-risk relation
R = aD for low-density ionizing radiation (X-rays and y-rays). This assumption

corresponds to the upper-bound estimate of WASH-1400.

Figure 7-6 illustrates the proportional and linear-quadratic extrapolation from an
observed risk value to low doses.
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The ICRP points out in their recommendations that the use of a purely proportional
dose-risk relation for 1ow-LET ionizing radiation will probably lead to over-
estimating the actual expected risk for low dose rates or Tow doses when experi-
mental values of relatively high doses and high-dose commitment are extrapolated
(see Figure 7-6). The proportional extrapolation of radiation cancer risk applied
in the present study for low doses can be considered a conservative assumption.

In the establishment of risk coefficients a = R/D for relevant, radiation-induced
types of cancer, we proceeded from the observed values of the dose-risk relation
in man, whereby scientifically confirmed results were used. In Table 7-4,

column 2, the available data analysis gives expected values or an anticipated
range of the dose-risk relation for the additional cancer risk caused by radiation
(mortality risk)} in human tissue. The values are averages for age and sex, and
take into consideration the present age distribution of the German people.

The third column of this table gives the reference values of risk coefficients
recommended by the ICRP for purposes of radiation protection. They are approxi-
mately in the middle of the expected range, which results from present experiences
on radiation cancer risk in man. To estimate the mortality risk due to malignant,
somatic latent radiation injury, we use the recently recommended reference values
of risk coefficients for individual body tissues given by the ICRP (1977) (14).

The above values lead to a radiation cancer risk of about 100 premature cancer
fatalities among 1,000,000 persons, each receiving one rem whole body dose or one
rem effective dose. With respect to cancer mortality, the red cell bone marrow
(1eukemia), lungs, and the female breast are considered the most sensitive body
regions for radiation.

The expected long-term doses for these tissues are used to calculate accident
consequences, in the case of red cell bone marrow (leukemia), lungs (lung cancer),
bone surface (bone cancer), thyroid (malignant thyroid tumors), and female breast
(breast cancer). For other body tissues, the average long-term dose in the whole
body is used as a representative dose.

The analysis of accident consequences takes into consideration the relative age
dependence of radiation cancer risk for the individual types of cancer. 1In order
to do this, a procedure is used that corresponds to one in WASH-1400. Specifi-
cally, it employs the higher leukemia risk in children and greater radfation
sensitivity of the fetus for irradiation of the uterus. In the latter case, a
total cancer risk coefficient of 2.5 X 10-4
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Table 7-4.

radiation averaged over age and both sexes

Expected value of the risk-equivalent dose-ratio for
additional mortality due to cancer in body tissues resulting from

Radiation cancer risk-equivaient dose?
(number of cases per million persons per rem)
b Reference value

Organ or tissue Expected range ICRP 26 (1977)
Cell bone
marrow (leukemia) 15 - 40 20
Breast 15 - 40 25
Lung 10 - 30 20
Bone surface
(bone cancer) <5 5
Thyroid 5 -10 5
Digestive organs,
total 20 - 50
Other organs, } 50
total 10 - 30
Total cancer risk
for uniform whole
body radiation 80 - 200 125

daverage equivalent dose to the effected tissues.

bValues considering the age distribution of the German poputation.
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With respect to the chronological distribution of cancer incidence, a significant
difference exists between Teukemia and solid types of cancer. In the case of
radiation-induced leukemia, the average latent period is about 10 years, whereas
for the other types of cancer it is in a range of 20-30 years. The distribution
function of the latent period approximately corresponds to a logarithmic normal
distribution. For simplification, this function is approximated as in WASH-1400
by a "plateau" model, i.e., a constant cancer incidence is assumed during the
manifestation period.

Description of the results for reactor accidents includes on one hand the indi-
vidual risk for somatic latent health effects. On the other hand, a total number
of cases--the so-called collective latent health effect risk--is given to evaluate
the total hazard for the population. For the assumed proportional dose-risk rela-
tion, this population radiation risk is proportional to the population dose

(unit: 1 man-rem, see footnote (a) at the end of this chapter). This population
dose results from integration of the spatially dependent doses multiplied by the
number of exposed persons with integration performed over the entire affected
region.

To place into perspective the radiation cancer risk expected from the accident,
the normal cancer rate in the population can be used (see Table 7-3). 1In

Figure 7-7, the additional anticipated radiation cancer risk, assuming a propor-
tional dose-risk relation, is given as a function of whole body exposure or effec-
tive dose. It follows that for a mean lifetime dose of 10 rem, which corresponds
to an average natural lifetime radiation exposure of the population, a radiation
cancer risk of about 0.1% (1 in 1000) would be expected. For comparison, the
observed normal cancer frequency (mortality) in the German population is about 20%
(1 in 5). An additional effective dose of 1 rem would thus increase the cancer
rate from 20% to about 20.01%.

7.5.4 Genetic Radiation Effects

Genetic radiation effects have not yet been found in exposed population groups.
The extent of genetic radiation effects can be estimated with similar reliability
as for somatic latent effects from results of animal experiments. Some radiation-
induced mutations will lead to hereditary disorders in children and grandchildren
(primarily dominant mutations). The recessive mutations usually do not become
pronounced for many generations, that is, until they have mixed into the genetic
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"pool" of the total population. “Spontaneous" mutations, mutations caused by

natural and man-made radiation burdens from preceding generations, and mutations .
caused by chemical pollutants determine the number of hereditarily affected

children.

The extent of hereditary health injury can range from minor, metabolic, and shape
changes often recognizable only by special methods, to severe disorders associated
with life-long infirmity. This multiplicity of potential genetic consequences
defies simple classification of effects on the fate of those affected. Even if we
restricted the discussion to hereditary diseases with clinical relevance, they
still could not be compared to the somatic consequences calculated in

Sections 7.5.2 and 7.5.3 on a common basis.

For this reason, to prevent possible misinterpretation, we did not make a numeric
determination of hereditarily injured children in subsequent generations. How-
ever, the collective genetically significant population dose determining the
extent of all hereditary injury was calculated. This population dose relates to a
population of 670,000,000 and can be compared with the collective, genetically
significant popuiation dose from other radiation sources. This method does allow
comparison on a common basis of genetic effects of the studied reactor accidents
with other, genetically relevent radiation exposures of the population.

With the genetic risk coefficients given in the scientific literature, we can
estimate--from the genetically significant population dose--the order of magnitude
number of children born in the next two generations with clinically significant
hereditary injury due to radiation burdens. The ICRP states that risk for the
first few generations would be Tess than 10-% per man-rem (14). To estimate the
individual genetic risk for the appearance of clinically significant hereditary
injury in the children of exposed persons, a risk coefficient of 4 X 1073 per rem
gonad dose can be used.

7.5.5 Calculation of Accident Consequences

The resulting individual probability of injury S is calculated first on the basis
of the expected doses of the dose model (see Section 7.3). These are the
probabilities with which persons at the respective location die due to the
expected doses. Using a particular population as a basis, the collective injury
can then be determined, i.e., the total expected cases of health effects.
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The calculation of probability of somatic early radiation health effects is based
on the short-term dose to the bone marrow (see Section 7.3). Determination of
injury probability then results from the dose-effect relations as illustrated in
Section 7.5.2.

To calculate probability of latent somatic injury, we proceed from long-term doses
to the following organs (see Section 7.3):

. bone marrow
® bone surface
° Tung

() thyroid

) breast

® who1§ body (representative "organ" for the remainder of the
body}. :

Probability determination is then based on the linear dose-risk relation without a
threshold dose as illustrated in Section 7.5.3. Genetic effects calculations are
discussed in Section 7.5.4.

By integration of the health effect probability multiplied by the number of
affected persons in a particular region, we finally obtain the expected total
early and the latent health effects, i.e., the number of expected cases. For this
integration, we use a site-specific population distribution to a range of

80 km (j). From 80 km to 540 km (j), we assume a uniform population density of
250 people per square kilometer (representative of Central Europe). For the
region beyond 540 km, where the remainder of the radicactivity is deposited, an
average population density of 25 per square kilometer is used (representative of a
2500 km circle around Central Europe, including all European land and water
areas).

FOOTNOTES

(a) These distances corresponds to the 50 and 350-mile range respectively used in
WASH-1400.

(b) 1 rad = 0.01 J/kg or erg/g. From an energy dose of 1 rad, a dose equivalent
is derived which considers the biological effectiveness of the different types
of radiation. Its unit is the "rem" (see also Section 7.5.1 and the
appendix). To simplify the text, the word "dose" is used below for "dose
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(c)
(d)

equivalent" as well. By using the units "rad" and "rem," we can then tell
whether we are deaiing with energy dose or equivalent dose. .

Selection of these organs is explained in Section 7.5.
By "protective actions," we mean in general those measures that can be easily
implemented, e.g., remaining indoors. Countermeasures require special
preparations, for instance, population evacuation plans.

(e) The population dose is given in man-rad units, and the population dose
equivalent in man-rem units. The suffix "man" is not a dimension in the
physical sense; it is only used to express that we are dealing with the sum of
individual doses. To simplify the text, we use the phrase "population dose"
for population dose equivalent below. By reference to the units man-rad or
man-rem, one can readily tell if we are dealing with energy dose or population
dose.

(f) Corresponds to surface area of 33 km2.

(g) D = radicactivity before decontamination

radioactivity after decontimination

(h) The International Commission on Radiological Protection (ICRP) has recently
recommended a quality factor of 20 for a-particles.

(i) LD-1: dosage resulting in 1% mortality (LD-50 corresponds to 50%, LD-99 cor-
responds to 99%.

(j) Selection of the ranges 80 km (50 miles) and 540 km (350 miles) is discussed
in Section 7.1.

REFERENCES

1. Thomas, P., et al.: "“Experimental Determination of the Atmospheric Dispersion
Parameters over Rough Terrain." Part 1 and Part 2, KfK 2285, July 1976 and
KfK 2286, June 1976.

2. McElroy, J. L.: "A Comparative Study of Urban and Rural Dispersion." J. of
Appl. Meteor. 8, 1969.

3. Vogt, K. J.: Ergebnisse der Juelicher Ausbreitungsexperimente fuer 50 und 100
m Emissionshoehe, 7571-240, 197/6.

4, Briggs, C. A.: Plume Rise. TID-25075, 1969.

5. Briggs, C. A.: Some Recent Analyses of Plume Rise Observations. Second
International Clean Air Congress, Washington, D. C., 1970.

6. Nester, K.: WINDOW - Ein Computerprogramm zur Berechnung von Statistiken der
integrierten Schadstoffkonzentration in der Atmosphaere an Aufpunkten in der
Umgebung einer EinzeTqueTlle, K¥K 2547, 197/8.

7. Russo, A. J.: Reactor Accident Plume Rise Calculations. SAND-76-0340, 1976.

8. "Rahmenempfehlungen fuer den Katastrophenschutz in der Umgebung

kerntechnischer Anlagen." Gemeinsames Ministerialblatt Nr.31, p. 638-718,
1977.

7-40



10.

11.

12.

13.

14,

Leitsaetze fuer die Unterrichtung der Oeffentlichkeit ueber die

Katastrophenschutzplanung in der Umgebung von kerntechnischen Anlagen. Umwelt
TBMIT, Heft &I, 1978

Kerntechnik und Sicherheit in Nordrhein-Westfalen. Der Innenminister des
Tandes Nordrhein-Westfalen, 1978.

Notfallschutz in der Umgebung von kerntechnischen Anlagen. Innenministerium
Baden-Wuerttemberg, 1978,

Unterrichtung der Oeffentlichkeit ueber die Katastrophenschutzplanung fuer die

Umgebung des Kernkraftwerks Stade. Landkreis Stade, Amt 32, 1979.

Statistisches Jahrbuch 1977 fuer die Bundesrepublik Deutschland.

Statistisches Bundesamt Mainz und Stuttgart, VerTag W. KohThammer, 1977.

Recommendation of the International Commission on Radiological Protection.

International Commission of the RadioTogical Protection, [CRP PubTication
No. 26, 1977.

7-41



Section 8

RESULTS AND UNCERTAINTIES IN THE RESULTS

8.1 RESULTS
8.1.1 Introduction

Section 5 studies the particular event sequences that can lead to a melt of the
reactor core. Section 6 concerns the core melt process through release of fission
products from the containment. The entire spectrum of possible releases from a
controlled LOCA to a core melt accident with early failure of the containment is
divided into eight categories. Table 6-3 shows the characteristics of the eight
release categories. In part, these characteristics consist of representative
values for the released quantities of radionuclides and for thermal energy, as
well as the chronology of release. Also, they include the calculated frequency of
a given release.

In Section 7 ("Accident Consequence Model") the computer model to determine acci-
dent consequences is jilustrated. As described there, 115 weather sequences were
used for each of the four meteorological siting regions of the FRG; these repre-
sent all potential weather sequences in a satisfactory manner. It is assumed
these weather sequences will occur with the same probability in each of the 36
wind directions (10 degree intervals).

These dispersion calculations were applied to the given 19 sites with attendant
population distributions. It was assumed that at these sites a total of 25
reactor units are operating (see Section 7.1).

On the basis of these conditions there are a total of 8 X (115 X 36) X 19 =
629,280 "release category-weather sequence-wind direction-site" combinations. The
necessary accident consequence calculations were performed for them. In order to
account in the evaluation for the assumed 25 reactor units, the results for sites
were weighted according to whether there were one or more units at each site.

The results of these accident consequence calculations must be viewed in connec-
tion with the associated frequencies.
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If we consider one plant, eight release categories, 115 weather sequences, and 36
wind directions, then by using the above method we would have to calculate conse-
quences from 8 X 115 X 36 = 33,120 individual events, i.e., combinations of
release category, weather sequence, and wind direction.

The probability of each of the potential combinations of weather sequence and wind
direction is (1/115) X (1/36) = 2.4 X 10'4, i.e., the frequency of all individual
events belonging to a release category is the same. The calculation scheme for
the frequency of individual events for all release categories is given in

Table 8-1.

Previous considerations pertained to one plant. If we include all 25 plants in
the discussion, then the number of individual events is increased by a factor of
25 from 33,120 to 828,000, since now the population distribution around each of
the 25 plants must be considered. The frequencies and probabilities named in
Table 8-1 do not change, however, since they relate to one year of operation of a
particular plant and thus are independent of the total number of plants under
discussion.

At sites with two or three reactor units, the actual population distribution is
multiplied by a factor of two or three. In this case, calculations are performed
for only one reactor unit, and the frequencies are multiplied by a factor of two
or three. The consequence calculation is thus reduced from 828,000 individual
events to the number given above, 629,280.

If several individual events from different release categories, weather sequences,
wind directions, or sites lead to the same consequence magnitude, then the atten-
dant frequencies are added. Thus, each consequence magnitude is clearly connected
to a frequency. The resulting function is called the frequency density function
of consequences from 25 plants.

Section 8.4.1 will discuss several important model properties that cause uncer-
tainties in the results.
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Table 8-1. Occurrence frequencies of release categories and
of specific calculated consequences, per plant operating year

Frequency of a
Probabitity Probability specific conse-
Release Frequency per 1) X for weather X for wind = quence per
category operating year sequence direction operating year
[a~1] 1/115 1/36 [a~1]
FK 1 2 x 1070 8.7 x 1073 2.8 x 1072 4.8 x 10710
FK 2 6 x 1077 8.7 x 1073 2.8 x 1072 1.4 x 10710
FK 3 6 x 1077 8.7 x 1073 2.8 x 1072 1.4 x 10710
FK 4 3 x 1076 8.7 x 1073 2.8 x 1072 7.2 x 10710
FK 5 2 x 107 8.7 x 1073 2.8 x 1072 4.8 x 1072
FK 6 7 x 1072 8.7 x 1073 2.8 x 1072 1.7 x 1078
FK 7 1 x 1074 8.7 x 1073 2.8 x 1072 2.4 x 1078
FK 8 1 x 1073 8.7 x 1073 2.8 x 1072 2.4 x 1077
Frequency for release from one 4 -1
of the categories 1 to 6 1.0 x 107" a~
Frequency for release from one
of the categories 1 to 6 for 3 -1
25 nuctear power plants 2.5 x 107 a~

1) These values are rounded off and contain additions
categories (see Section 6.6.3).

on the order of 10% from the neighboring




8.1.2 Probability Density Functions for Collective Injuries and
Doses and Their Complementary Cumulative Distributions

As in WASH-1400, frequencies are illustrated as a function of the magnitude of the
calculated collective injuries (or population dose) in the form of complementary
cumuiative distribution functions.

To determine these distribution functions, we first calculate the probability
density function according to the method described in the previous section.

The probability density function tells the frequency of occurrence of this injury
KS (or this dose KD) (a) for each collective injury KS (or for each collective
dose KD).

Within the framework of this study we are primarily interested in knowing with
which frequency a given magnitude of consequence iswgn be expected in a given
interval. Therefore, it is not the frequency density function for each order of
consequences, but rather the frequency density of consequence intervals (so-called
consequence classes) that is illustrated.

The complementary cumulative distribution function finally gives a frequency for
each collective injury KS or for each collective dose KD) that this consequence KS
(or this dose KD) or a greater one will occur.

This function is obtained by summation of class frequencies of each collective
injury (or collective dose) group that is greater than or equal to a predetermined
collective injury (KS or collective dose KD). The summation continues to the
greatest possible injury that can occur.

The accident consequence calculations determined the collective injury (or collec-
tive dose) for the following health effects and doses:

. early health effects (fatalities due to acute radiation
syndrome)

® latent health effects (fatalities due to Teukemia and cancer)

. genetic effects (genetically significant collective dose).
The probabi]ity density functions for consequence classes and complementary cumu-

lative distribution functions for collective injuries (or collective dose) for 25
units were calculated and presented.
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In addition, characteristic data are compiled for the areas and persons affected
by the countermeasures “evacuation" (region A), "fast relocation” (regions By and
B,), and "relocation" (region C).

8.1.2.1 Early Health Effects (Deaths Due to Acute Radiation Syndrome). Early
injuries can occur only above a threshold dose of 100 rad, according to the German

dose-effect relation {curve D in Figure 7-5). Such injuries are therefore 1imited
to a region near the site (see Section 8.1.3).

Summarized over all release categories or over all categories except FK1, the
probability density functions for consequence classes of acute fatalities are
illustrated in Figure 8-1 (b).

From these curves, we can read the occurrence frequency for the magnitude of
various consequence classes. In constructing these curves, each logarithmic
decade was subdivided into 10 equal size intervals. The complementary cumulative
distribution functions (CCDFs) of early fatalities are illustrated by release
categories in Figure 8-2.

Figure 8-3 shows the CCDFs (with and without release category 1) summed over all
release categories. For comparison, in addition to the distribution based upon
the dose-effect relation (D) used in the German risk study, the distribution based
upon the dose-effect relation (B) in WASH-1400 is also shown (c). As we can see
from Figure 8-3, the results for the two dose-effect relations differ only
slightly.

The characteristic quantities of both distribution functions are summarized again
in Table 8-2.

From the figures, we see that early injuries occur only for release categories
FK1, FK2, FK3 and FK4, and then only under selected environmental conditions.
Table 8-3 discusses the following:

) conditional probability of an injury (acute fatality) given a
release for each release category

) injury occurrence frequency per year with regard to the occur-
rence frequency of the particular release categories, and

e average injury (number of acute fatalities) given a particular
release.
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Figure 8-1. Frequency distribution density functions for early fatalities by consequence
classes. Release category 4 is given as an example of an individual curve
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Annual Freguency for Collective Injury Greater Than or
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Figure 8-2. CCDF for early health effects, keyed according to release categories
(German study dose-risk relationship)
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Annual Frequency for Collective Injury Greater Than or
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Figure 8-3. CCDF of early health effects calculated with the dose-effect relationship of

curves B and D from Figure 7-5
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Table

{societal health effects) for 25 plants

8-2. Characteristic quantities of the CCDF for early health effects

German study dose-risk relation (curve D)

American study dose-risk relation {curve B)

SmaTTest Greatest Average Smallest Greatest Average
societal societal societal societal societal societal
health health health health health health
Release Probability effect effect effect Probability effect effect* effect
category of _ of .
KS >0 KSpin(aY** | KSpay KS (b/c)# KS > 0 KSpinla)d*™ | KSpax KS (b/c)#
FK 1 7.1% 0 (92.9%) 14,500 9.4 (96.5%/3.5 %) 5.2 % 0 (95.8%) 12,200 8.2 (97.0%/3.0%)
FK 2 33.1% 0 (66.9%) 5,100 32 (97.9%/2.1%) 27.6% 0 (72.4%) 4,900 29 (98.0%/2.0%)
FK 3 8.2% 0 (91.8%) 320 2.1 (92.8%/7.2%) 6.8% 0 (93.2%) 330 1.7 (93.3%/6.7%)
FK 4 2.8% 0 (97.2%) 260 0.4 (97.2%/2.8%) 2.3% 0 (97.7%)} 270 0.3 (97.7%/2.3%)
FK 5 0% -- - -- 0% -- - -
FK 6 0% -- - -- 0% -- - --
FK 7 0% -- -~ -- 0% -- - --
FX 8 0% -- -- -- 0% - -- --

*  The greatest number of societal heal

** A% of the results leads to the smallest number of societal health effects KS

th effects KSpax resulting from one of 115 x 36 x 19 =

min®

# At B% of the cases, the societal health effects are less than KS; at C% they are greater than KS.

Note:

A1l probabilities given in this table are conditional probabilities, i.e., a release was presumed.

78,660 considered accident sequences.




Table 8-3. Occurrence frequency of a release, conditional probability
of an injury, occurrence frequency for an injury, and average number
of acute fatalities for different release categories

01-8

Occurrence
frequency of Occurrence Average
Occurrence Probability of injury per frequency injury
Release frequency per injury given operating of injury given the
category operating year the release year for 25 units* release
[a-13 [a~1] [a~13 (fatalities)
FK 1 2 x 1076 7.1 x 1072 1.4 x 1077 3.5 x 1070 9.4
K 2 6 x 1077 3.3 x 107} 2 x 1077 5.0 x 107° 32.0
FK 3 6 x 1077 8.2 x 1072 4.9 x 1078 1.2 x 10°° 2.1
FK 4 3 x 1076 2.8 x 1072 8.4 x 1078 2.1 x 1070 0.4
FK 5 2 x 1073 - - -- -
FK 6 7 x 107° - - - .
Sum 1x 1074 -- 4.7 x 1077 1.2 x 107° -
* Examplie for release category FK 1 for 25 units: 2 x 10"6 x 7.1 x 10"2 x 25 a"1 = 3.5 x 1076 a'1




We took the German dose-effect relationship (GDER) as a basis (curve D from
Figure 7-5).

In terms of unit operating years, the occurrence frequency of acute fatality is
4.7 X 10'7/year (sum of fatality occurrence frequencies [fourth column in

Table 8-3] for release categories FK1-FK4). Comparison with the occurrence fre-
quency for a core melt accident (sum of occurrence frequencies for release cate-
gories FK1-FK6) of 1 X 10-4 per reactor year shows that early injury (acute fatal-
ity) will occur in far less than 1% of core melt accidents.

The fact that early fatalities occur only for a very small proportion of postu-
lated accidents and that there is large variation in possible numbers of fatal-
jties (which is, for example, expressed by a large ratio of maximum number of
fatalities to average number of fatalities--see Table 8-2), can be explained as
follows:
(a) The different weather sequences cause very different spatial
distributions of radionuclide concentrations, resulting in

different doses. Even for large releases, the threshold dose
for early fatality (100 rad) is not exceeded in most cases.

(b) Population distribution density varies near the various reactor
sites. In addition, at very short range the radicactive plume
is still relatively small compared to the size of populated
regions (villages and cities). The calculated results there-
fore depend greatly on population distribution and wind
direction.

A few examples are provided with respect to Figures 8-2 and 8-3. If we take the
GDER as a basis, the following values for frequency of early fatalities greater
than or equal to KS are found (Table 8-4).

Figures 8-2 and 8-3 illustrate the results up to maximum number of early fatal-
ities calculated. This is defined as the greatest number of early fatalities that
could be demonstrated in calculations for a total of 629,280 simulated accident
sequences. The maximum number of early fatalities occurs for an accident sequence
having the worst release, weather, and population distribution conditions (ED-

Including the release category FK1 (steam explosion), the maximum number of early
fatalities is about 14,500 (GDER). The maximum number is caused by release cate-
gory FK1 and has a calculated occurrence frequency of 4.8 X 10'10/year.



Excluding the release category FK1, the maximum number of fatalities (about 5,100)
is caused by release category FK2, and has a calculated (GDER) frequency of .
1.4 X 10710/ year.

Table 8-4. Selected points on the CCDFs for early health
effects for 25 units (GDER)

Occurrence Collective injury > KS

frequency Including FK 1 Excluding FK 1

per year {steam explosion) (steam explosion)
KS KS

1/ 100,000 2 <1

1/ 1,000,000 200 120

1/ 10,000,000 1,400 870

1/ 100,000,000 4,000 2,500

1/ 1,000,000,000 11,000 4,300

There are many early fatalities when a large release occurs at sites with a rela-
tively high population density, when the wind is blowing into the sector of great-
est population density, and when it rains near the plant, contaminating the
ground.

The studies in WASH-1400 are based on 100 plants. The results published there,
normalized to one plant, extend to a frequency of 10'9/year. Therefore, for 100
plants the Tower frequency Timit will be 100 X 10"9/year = 10'7/year. This Tower
1imit of consideration, based on arguments of statistical accuracy of random
samples, is so indicated in Figure 8-3, as well as in the following curves of
complementary cumulative distribution functions.

8.1.2.2 Latent Somatic Health Effects (Deaths Due to Leukemia and Cancer).

Latent somatic health effects can occur at all dose values under the assumed
linear dose-risk relation (see Section 7.5). They are determined wherever the
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population is exposed to radiation through radioactivity transport. Latent
effects are therefore long range and not--as in early health effects--Timited to
the proximity of the site (see Section 8.1.3). According to the model, conse-
quence magnitude is determined primarily by the large number of persons receiving
a small dose.

Analogous to Figure 8-1, Figure 8-4 presents probability densities for consequence
classes of tatent somatic injury, with and without inclusion of release category
FK1 ("steam explosion"). The shapes of these curves are generally more irregular
than the corresponding curves for acute fatalities, and they exhibit greater
numbers of local maxima.

This complex structure results from the addition of probability density functions
for the individual release categories. The characteristic shape of these indi-
vidual curves is illustrated from the example curve for release category FK4.
Between the minimum and maximum numbers of deaths, the occurrence frequency
increases over a very broad range. This curve shape is due to relatively small
radioactive concentrations in the air and ground that are much more frequent than
high concentrations. But since the extent of countermeasures is smallest for low
concentrations, the greatest number of fatalities results for these
concentrations.

The complementary cumulative distribution functions for latent cancer fatalities
are illustrated in Figure 8-5 by release categories. Table 8-5 states the charac-
teristic parameters of these distributions. As shown in the table, latent cancer
fatalities occur for all release categories with the exception of category FK8.
For FK8, the largest number of latent cancer fatalities is much less than one.

In contrast to early deaths (see Table 8-5), the relatively small ratio of maximum
to average latent cancer fatalities is striking. This is because the numbers of
latent cancer fatalities vary only slightly for the following reasons:

® The assumed dose-risk relation for latent cancer fatality is
linear and has no threshold value. Therefore, the different
weather sequences causing activity dispersion are less influen-
tial than the total deposited radiocactivity. Aside from cer-
tain fluctuations in the transport time, this is primarily
proportional to the released quantity of activity.

8 A large fraction of latent cancer fatalities is caused by wide-
spread radioactivity of low concentration. At long range, the
radioactive plume is already relatively broad and extends over
wide regions. Variations in the population density thus lose
their significance.
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Annual Frequency for Collective Injury of the Specific
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Figure 8-4. Frequency distribution density functions for somatic latent health effects by
release classes. As an example of an individual curve, that of release
category 4 has been shown.
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Annual Frequency for Latent Health Effects Greater Than or
Equal to KSgg for 25 Plants (a™)
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Figure 8-5. CCDF for latent health effects, keyed according to release categories
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Table 8-5. Characteristic quantities of the CCDFs of latent
health effects (collective injury KS) for 25 units

Release Smallest number Greatest number Average number
category of fatalities of fatalities of fatalities
KSpin KSmax kS (b/c)™

FK 1 3,200 104,000 49,000 (27.7%/72.3%)
FK 2 1,000 44,000 22,000 (43.5%/56.5%)
FK 3 160 11,300 5,000 (50.4%/49.6%)
FK 4 30 3,700 1,600 (51.6%/48.4%)
FK 5 160 1,500 660 (55.6%/44.4%)
FK 6 80 1,200 420 (47.2%/52.8%)
FK 7 130 7,000 , 2,400 (42.8%/57.2%)
FK 8 0 <1 0.02

*The smallest and greatest number of fatalities (KSp;, and KS,.. ) result from

one of 115 x 36 x 19 = 78,660 considered accident sequences. max

Note: For b%_of cases, the collective injuries are less than KS; for c% they are
greater than KS.
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Figure 8-6. Complementary cumulative distribution frequency for latent health effects
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The overall complementary cumulative distribution functions (CCDFs) for latent
cancer fatalities are illustrated in Figure 8-6, both with and without inclusion
of release category FK1.

To interpret these figures we will give a few numerical values. The values for
the frequency of latent cancer fatalities greater than or equal to KS can be seen
in Table 8-6.

The figures show all calculated results up to the maximum numbers. If we include
release category FKl ("steam explosion"), then we have about 104,000 fatalities;
excluding release category FK1, we have about 44,000 fatalities. To be sure, the
calculated frequencies of maximum latent cancer fatalities agree with those of the
maximum early deaths, but we should note that for latent cancer fatality, the
numbers of deaths are greater, even for a significantly higher frequency of occur-
rence (see Table 8-6).

In the study, a large number of latent cancer fatalities was always determined
when--after large releases--the weather conditions were such that the radioactiv-
ity concentrations were so low over relatively large regions that protective
actions and countermeasures were not initiated.

Table 8-7 shows that only for release categories FK1-FK3 are the latent cancer
fatalities greater for persons receiving radiation doses over 5 rem than for under
5 rem. For all other release categories--especially for FK7, which provides the
greatest contribution to the calculated risk for Jatent cancer fatality (see also
Table 8-14)--about 90% of the calculated fatalities result from accident-induced
radiation doses, which are smaller than the radiation dose received through
natural exposure in the course of one's 1ife.

Early fatalities and latent cancer fatalities of the same frequency may not be
added since those deaths, contributing to the same frequency in the distributions,
generally belong to different accident sequences. This is particularly true for
large consequences. In those cases where the number of early deaths is large, the
number of latent cancer deaths is relatively small, and vice-versa.
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Comparison with Fatalities due to Leukemia and Cancer due to Natural and Man-Made

Causes

Leukemia and cancer occur even without the effects of accidental radiation, so
that a comparison with the normal frequency of fatalities due to leukemia and
cancer caused by natural and man-made radiation is possible.

Table 8-6. Selected points on the CCDFs for latent somatic health
effects for 25 units '

Occurrence Collective injury > KS

frequency Including FK 1 Excluding FK 1

per year {steam explosion) (steam explosion)
KS KS

1/ 190 1 1

1/ 1,000 2,700 2,700

1/ 10,000 3,900 3,900

1/ 100,000 54,000 20,000

1/ 1,000,000 65,000 31,000

1/ 10,000,000 72,000 36,000

1/ 100,000,000 83,000 41,000

1/ 1,000,000,000 94,000 44,000
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Table 8-7. Percentage of fatalities due to cancer and leukemia
caused by accident radiation dose below or above 5 rem

Percent fatalities due to radiation dose
Release Category (Greater than 5 rem) (Fewer than 5 rem)
FK 1 95 5
FK 2 67 33
FK 3 33 67
FK 4 11 89
FK 5 5 95
FK 6 2 98
FK 7 11 89

As determined in the Introduction, the number of latent fatalities for the nuclear
power plant accidents examined in the study is governed primarily by small doses
received by a large population. To this extent, simply by using the same risk-
dose relation, a comparison can be drawn between fatalities due to leukemia and
cancer that have their origin in natural radiation exposure.

On the basis of extensive radicactivity dispersion, on the average, about half of
the Tatent fatalities calculated in the study would occur outside the boundaries
of the FRG. For this reason, we use the population of Europe as a basis for these
comparisons.

The contribution of leukemia and cancer to all natural and man-made fatalities is

about 20% (1). Therefore, using the total population of Europe (670 million) we
obtain the following number of fatalities due to this cause:

6.7 X 108 x 0.2 = 1.34 x 108

Given an average life expectancy of 71 years (1) there results:
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6.7 X 108 X 0.2 X (1/71) = 1.89 X 10°

fatalities per year caused by leukemia or cancer.

The number of fatalities caused by leukemia and cancer due to natural radiation
exposure of 0.1 rem/year over an average life span of 71 years, when correlated to
the 670 million population becomes:

6.7 X 108 X 0.1 rem/year X 1.25 X 10~%/rem X 71 year = 595,000

fatalities with 1.25 X 10'4/rem risk coefficient for whole body radiation (see
Section 7.3).

Natural radiation exposure for a calendar year accordingly causes:

6.7 X 108 X 0.1 X 1.25 X 10~%/rem = 8,400 fatalities per year

through the mechanisms of leukemia or cancer.

This result is based on the dose-risk relation for latent cancer fatalities as
applied in the study.

The numerical values for the frequency and magnitude of latent cancer fatalities
given in Tables 8-5 and 8-6 and in Figures 8-4 and 8-6 should therefore be com-
pared with the normally occurring 1.89 million fatalities per year due to leukemia
or cancer and with the 8400 fatalities per year due to leukemia or cancer caused
only by natural radiation exposure, calculated by the dose-risk relation used in
the study (e).

A comparison of the risk (f) of death due to leukemia or cancer from natural and

man-made causes with the risk of death due to nuclear power plant accidents in 25
units is shown in Section 8.1.3.
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We should point out that this comparison is based on 25 nuclear units located in
the FRG. This picture can be completed only when corresponding studies are also
available for other European nations operating nuclear power plants.

8.1.2.3 Genetic Effects (Genetically Significant Collective Dose).

We will not

present the probability densities for consequence classes or the CCDFs broken down
by release categories (see appendix), since this provides a picture similar to

that of latent cancer fatalities (Figures 8-4 and 8-5).

The characteristic
quantities of these individual distributions are 1isted in Table 8-8.

The average genetically significant collective doses occurring for these release
categories in the course of several decades after the accident are summarized
below (see Table 8-9).

Table 8-8.

Characteristic quantities of the CCDFs of the genetically
significant collective dose for 25 units

Smallest Greatest
Release collective collective Average collective
category dose dose dose
KDpin KD ppax KD (b/c)*
(man-rem) (man-rem) {man-rem)
FK 1 20.0 x 108 420 x 10° 260 x 10° (35.1%2/64.9%)
FK 2 6.3 x 108 280 x 10° 140 x 10° (44.1%/55.92)
FK 3 0.6 x 10° 78 x 10° 32 x 106 (49.2%/50.8%)
FK 4 0.2 x 10° 23 x 100 8.2 x 10% (55.5%/44.5%)
FK 5 0.3 x 10° 10 x 108 2.8 x 10° (56.8%/43.2%)
FK 6 0.2 x 10° 7 x 109 1.3 x 10° (61.5%/38.5%)
FK 7 1 x 10° 54 x 10° 18 x 10° (50.5%/49.5%)
FK 8 <1 x 103 1 x 103 0.14 x 103 -

* In b% of cases the collective dose is less than KD; in c% it is greater

than KD.
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Table 8-9. Average genetically significant collective
dose for various release categories

Average genetically significant
Release category collective dose

(man-rem)
FK 1 2.6 x 108
FK 2 1.4 x 108
FK 3 3.2 x 107
FK 4 8.2 x 10°
FK 5 2.8 x 106
FK 6 1.3 x 100
FK 7 1.8 x 107
FK 8 1.4 x 10°

Figure 8-7 illustrates the summation curves of the CCDFs, both with and without
considering release category FK1 ("steam explosion"). The interpretation of this
figure follows the interpretation of the corresponding figure for latent deaths.
A1l calculated results up to the calculated maximum genetically significant col-
lective dose are entered. Including release category FK1, this is about 4.2 X 108
man-rem, excluding release category FK1, it is about 2.8 X 108 man-rem. The
frequency of maximum genetically significant population dose results in a manner
analogous to the discussions of early deaths. As in latent cancer fatalities,
large genetically significant population doses are always calculated when--after
large releases--the weather conditions were such that the radioactivity concentra-
tions were so low over relatively large regions that protective actions and
countermeasures were not initiated.

Comparison to the Genetically Significant Population Dose From Natural Radiation

By using the same reasoning given in Section 8.1.2.2 for latent somatic health

effects--that the collective dose is determined primarily by a large population
receiving small doses--a comparison with the genetically significant collective
dose due to natural radiation exposure can also be drawn here.
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Figure 8-7. CCDF of the genetically significant collective dose
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The genetically significant natural dose to the population presently living in
Europe is

6.7 x 108 x 0.1 rem/yr = 6.7 X 107 man-rem per year

on the basis of the average natural radiation exposure of 0.1 rem/yr.

The calculated results given in Tables 8-8 and 8-9 for the genetically significant
collective dose and its frequency should therefore be compared with this numerical
value.

Section 8.1.3 compares the expected genetically significant collective dose from
natural radiation with the expected genetically significant collective dose from
core melt accidents at 25 units.

The same restrictions in Section 8.1.2.2, "Latent Somatic Health Effects,” which
were established with regard to nuclear power plants located in other European
countries, are also valid here.

8.1.2.4 Areas and Persons Affected by the Countermeasures "Evacuation," "Fast
Relocation" and "Resettlement." In Section 7.4, "Model of Protective Actions and

Countermeasures," the following countermeasures were described among others:

® evacuation (Region A)

® fast relocation (Regions By and B,)

® resettlement (Region C).
The results calculated for areas and persons affected by these measures were
determined in the usual manner as CCDFs. Characteristic quantities are il1lus-

trated in Tables 8-10 to 8-12.

Evacuation (Region A)

The study assumes for all releases under discussiocn here that evacuation takes
place in a region measuring F = 33.3 kmZ. In two-thirds of all cases, the
number evacuated is fewer than 6800 persons. Additional details are found in
Table 8-10.
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Table 8-10.

Characteristic quantities of the CCDFs for the areas F

and persons P affected in region A by the countermeasure “"evacuation"

Surface area Person P
Release Smallest | Largest | Average|Smallest |Greatest |Average
category | Probability area area area |number of | number of | number of
for persons persons persons
FK 1...8 100% 33.3 360 42,000 6,800
(ca. 60%/
ca.40%)
Note: A1l probabilities given in this table are conditional probabilities,

i.e., a radioactive release is presumed.

* In b% of cases the number of persons is less than P; in c% it is greater

than P .

Fast Relocation (Regions By and Bo)

The characteristic quantities of the CCDFs for persons and areas affected by
this countermeasure are listed in Table 8-11.
release categories FK1, FK2, and FK3 will radiation doses occur outside of

Region A that lead to a "fast relocation" according to the findings of the
study.

This table shows that only in

Considering the total frequency of release categories with preceding core
melts FK1 to FK6, only 1% of the releases of these categories affect formation
of regions By + B,.

Other details can be found in Table 8-11.

Resettlement (Region C)

The characteristic quantities of the CCDFs for persons and areas affected by
this countermeasure are shown in Table 8-12.
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Table 8-11.

Characteristic quantities of the CCDF for the areas F and persons P
affected in regions By and B, by the countermeasure "rapid relocation”

Annual Affected areas F [kmZ] Persons P
frequency Probability
of regions of occurrence Average Smatlest |Largest Average
By and By of a region Smallest | Largest surface number of | number of number of
occurring By + By after areas areas area persons persons persons
Release for 25 a postulated _
category plants release Fainl@)* Finax F (b/c)** Puin(a)* Pmax P (b/c)**
FK 1 1.9 x 1072 37.8% 0(62.2%) 379 20 {80.5%/19.5%) 0(62.2%) |1,010,000 5,200 (83.7%/16.3%)
FK 2 6.2 x 1070 41.3% 0(58.7%) 125 7.8 (77.4%/22.6%) 0(58.7%) 280,000 2,200 (81.2%/18.8%)
FK 3 7.2 x 1077 4.9% 0(95.1%) 4 0.2 (95.1%/4.9%) 0(95.1%) 18,500 55 (95.4%/ 4.6%)
FK 4 0 0 - -- - - - -
FK & 0 0 -- -- - - - -
FK 6 0 0 -- - - - -- -
FK 7 0 0 - -- - - - --
FK 8 0 0 - -- - - - -

* A% of results leads to the smallest area F

*% In B% of cases the area is less than F or the

or greater than P,

min

or to the smallest number of persons Pmin'

number of persons less than P; in C% the area is greater than F
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Table 8-12. Characteristic guantities of the CCDF for the areas F and persons P
affected in region C by the countermeasure "relocation”
Annual Affected areas Persons P
frequency,
of forma- Probability Average Smallest | Largest Average
tion of a of occurrence Smallest | Largest surface nunber of | number of number of
region C of a region C areas areas area persons persons persons
Release for 25 after a postu- _ _
category plants lated release Foin(@)* | Fhax F (b/c)** Pmin{@)* | Ppax P (b/c)**
FK 1 5 x 107° ca. 100% 0(<0.1%) | 5,680 680 (65.7%/34.3%) 0(<0.1%) | 2,910,000 | 180,000 (69.8%/30.2%)
FK 2 1.5 x 107 ca. 100% 0(<0.1%) | 1,950 340 (65.0%/35.0%) 0(<0.1%) | 2,400,000 | 90,000 (71.9%/28.1%)
FK 3 1.4 x 1070 92.9% 0(7.1%) 230 30 (68.2%/31.8%) 0(7.1%) 660,000 7,600 (76.7%/23.3%)
FK 4 4.5 x 1072 58.3% 0(41.7%) 13 2.7 (58.0%/42.0%) 0(41.7%) 36,000 600 (77.3%/22.7%)
FK 5 9.3 x 107° 18.4% 0(81.6%) 2 0.3 (87.0%/13.0%) 0(81.6%) 9,100 50 (51.1%/48.9%)
K 6 1.1 x 107° 0.6% 0(99.4%) 2 0.01 -- 0(99.4%) 7,600 2 (99.4%/ 0.6%)
FK 7 1.7 x 10'3 66.5% 0(33.5%) 49 4.7 (75.0%/25.0%) 0(33.5%) 150,000 1,100 (78.4%/21.6%)
FK 8 0 0% -- -- -- -- -- -- - --

* A% of results leads to the smallest area Fpj, Or to the smaliest number of persons Pmin‘

** In B% of cases the area is less than F or the number of persons less than P; in C% of cases it is greater than F

or greater than P.




According to this table, in all release categories except FK8 weather
sequences occur in which there are potential radiation doses greater than
those assumed as the criteria for resettlement.

With regard to the total frequency of release categories with preceding core
melts FK1 to FK6 (Table 8-1), region C will be resettled in only 9% of the
releases of these categories.

Table 8-12 indicates that the criterion in the study for initiating resettlement
can affect a very large number of people in an extreme case. Since numbers of
this magnitude are anticipated only for large cities and congested areas, the
figures cited are too high for the following reasons:

° The study used shielding factors valid for an average mix of
large, medium, and small houses. In contrast, in large cities
and congested areas, tall, multi-story buildings are more
frequent, and these afford a better shielding.

® Rainfall will also affect the calculations. In densely popula-
ted regions with large areas of roofing, concrete, and asphalt,
much of the radioactive material will flow with the rainwater
into the sewer system and become much less effective. The
study does not contain any model to simulate rainfall runoff;
thus, this effect is not taken into account.

() The study provides for resettlement even after decontamination
if the accumulated whole body dose exceeds 12.5 rad (25 rad
potential whole body dose) for 30 years of normal activity.
This value corresponds to twice the annual dose limit for
occupationally exposed persons and is thus relatively low. In
the course of phase B of the present study, we will consider in
detail whether such a Targe population movement is justified
for such a Tow initiating dose.

The first two deficiencies of the model cause an overestimation of doses in large
cities and congested areas. Their correction will reduce the number of persons
affected without changing the countermeasure model. In addition, it seems appro-
priate to check the basic criteria for resettlement.

8.1.3 Collective and Individual Risks and Mean Collective Doses

In addition to the complementary cumulative distribution functions and probability
densities for consequence classes of collective injuries and collective doses,
illustrated in Section 8.1.2, the-expected values of these quantities are also of
interest.
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The expected value of the collective injury <«KS> (g} (this is the risk; see
Chapter 2) denotes the mean injury per reactor-year; the expected value of the .
collective dose <KD> gives the mean collective dose.

The expected value of the collective injury (collective risk) due to nuclear power
plant accidents from 25 reactor units Ks20> (or for the collective dose <K025>)
is formed by aggregating the injuries {or collective doses) weighted by the fre-
quencies. The summation is performed for all accident situations, i.e., for all
release categories, weather situations, and population distributions.

Table 8-13 gives the resulting expected collective injury and collective doses
according to individual release categories. Accordingly, the total risk for acute
death is:

<KS§§> =1x 1073 per year;

for leukemia or cancer, it is:

25, _
<KSSS> = 10.1 per year.

The total expected value for the genetic dose is:

<DK25> = 6.6 X 104 man-rem per year.

The individual release categories FK contribute the following fractions to the
aggregate values {see Table 8-14).

This compilation indicates that release categories FK1 and FK7 contribute the
greatest fractions to the overall expected latent health effects and genetically
significant dose. The main contribution comes from release category FK7. Acci-
dents that fall into this category include a LOCA controlled by the emergency
cooling systems so that no severe damage to fuel elements is expected, but a
failure of the isolation valves of the contajnment occurs. As discussed in
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Table 8-13.

collective doses for 25 units

Collective risks and expected values of

Collective risk <K$2°> (a'l)
Average
Early health effects Latent health | genetically
effects significant
collective dose
25 25 25
<KSFS> <KSSS> <KDE>
German American
study dose- study dose-
effect effect
Release relation- relation- 1
category ship ship [man-rem a™]
FK 1 4.7 x 1074 4.1 x 1074 2.4 1.3 x 104
FK 2 4.8 x 1074 4.3 x 1074 3.3 x 1071 2.1 x 103
FK 3 3.1 x 107 2.5 x 107° 7.4 x 1072 4.8 x 102
FK 4 2.9 x 107° 2.3 x 107° 1.2 x 107! 6.2 x 102
FK 5 0 0 3.3 x 1071 1.4 x 103
FK 6 0 0 8.4 x 1071 2.6 x 103
FK 7 0 0 6.0 4.6 x 104
FK 8 0 0 4.8 x 107% 3.4
Summed 1.0 x 10-3 8.9 x 1074 10.1 6.6 x 10%
Summed without 4 4 4
Category 1 5.4 x 107 4.8 x 10 7.7 5.3 x 10
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Table 8-14. Relative contribution of release categories
to the overall expected risks

Risk of health effect type

Genetically
Release Acute Latent cancer significant
category fatalities fatalities dose
FK 1 46.5% 24.0% 19.9%
FK 2 47.5% 3.3% 3.1%
FK 3 3.1% 0.7% 0.7%
FK 4 2.9% 1.2% 0.9%
FK 5 - 3.3% 2.1%
FK 6 -- 8.3% 3.9%
FK 7 -- 59.3% 69.3%
FK 8 - 5 x 10733 5 x 1073

8-32




Chapter 6, the frequency for this release category was estimated to be 3 X 10-7
per reactor-year. It was also mentioned that in accordance with the objective of
phase A of the study and as in WASH-1400, a 10% carry-over of release frequency
from the neighboring release category FK8 was performed. For release category
FK7, regardless of the detailed analysis, the release freguency was increased by
more than two orders of magnitude. Since the study estimated the frequency of
LOCA controlled by emergency cooling facilities to be 1 X 10'3/year, this result
could be interpreted as a failure of the containment isolation valve as postulated
on every tenth LOCA. Neither operating experience nor detailed system analysis
shows justification for such a pessimistic assumption.

Were we to assume, for instance, that the containment isolation valve fails once
in 100 successfully controlled LOCAs, then the expected value for latent health
effects would be halved by this fact alone. It will therefore be necessary to
consider this state of affairs in a more realistic manner in phase B of this
study.

The accident-caused collective risk from latent health effects can be compared
with the expected values for leukemia and cancer caused by natural and man-made
radiation.

The collective risk of death due to leukemia and cancer from nuclear power plant
accidents in 25 units of <KS§§> = 10.1 per year is compared with the expected
value for normally occurring leukemia and cancer to <KSnat> = 1,890,000 per year
(see Section 8.1.2.2) or, due to natural radiation exposure of <KSnat rad> = 8,400
per year (see Section 8.1.2.2).

The mean genetically significant collective dose due to nuclear power plant acci-
dents for 25 units of <KDZ% = 6.6 X 10% man-rem per year may be compared with the
genetically significant collective dose due to natural radiation exposure of
<KDnat rad> = 6.7 X 107 man-rem per year (see Section 8.1.2.3).

From this comparison, it is clear that the estimated collective risks due to
nuclear power plant accidents in 25 units 1ies several orders of magnitude below

that due to natural radiation exposure.

In addition to the collective risk, the distance-dependent average individual risk
is calculated.
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The average individual risk (expected value for the individual injury <S>) is

stated as the average individual injury per reactor-year. It is understood to be .
the average value for all persons located the same distance from a nuclear power

plant.

The distance-dependent individual risk is an expected value standardized to one
reactor unit, formed from the location-dependent individual injury weighted by the
frequencies. Again, all release categories, as well as weather sequences and
population distributions, were considered.

In Figures 8-8 and 8-9, the distance-dependent individual risks for early and
Tatent health effects are shown by release category. The curves for the
individual release categories run approximately parallel. For the reasons already
discussed in Section 8.1.2.1, early deaths are Timited to the proximity of the
site. Therefore, they exhibit a particularly steep decrease with increasing
distance. The expected value for latent cancer fatality is less steep, i.e., it
decreases almost inversely proportional to distance.

The aggregate curves of individual risk are illustrated in Figure 8-10, both with
and without inclusion of release category FK1 ("steam explosion"). As we can see
from this figure, individual risks for early death are far below those for death
due to leukemia or cancer.

The distance-dependent individual risk for latent health effects illustrated in

Figure 8-10 can be related to the location-independent risk of normally occurring
leukemia and cancer. For an average life expectancy of 71 years, this becomes:

<Spat> = 0.2 X (1/71 yr) = 2.8 X 1073 per year (see Section 8.1.2.2).

The expected value for leukemia and cancer due to natural radiation exposure is:

<Spat pad” = 0.1 rem/yr X 1.25 X 10™%/rem = 1.25 X 1075 per year (see
Section 8.1.2.2}.

These values are also shown in Figure 8-10. We can see that the individual risks
due to reactor accidents lie far below the corresponding risks for leukemia and
cancer due to natural or man-made causes.
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8.1.4 Substance of Findings

The objective of this study and the substance of its findings were already
discussed in the first chapter. In order to avoid misinterpretation, this subject
will once again be addressed with direct reference to the presentation of results.

In accordance with the contract, the parameters and models of the American study
WASH-1400 were generally adopted in phase A. This concept required modification
at several points (system technology, weather, and population data, etc.), but in
principle it was followed and often retained, even when more suitable parameter

values and models (ingestion model, rain run-off model, etc.) were already known.

The characteristics of the accident consequence model and the uncertainty of
specific input data do not permit the results of this study to be applied to
specific nuclear power plant sites. For instance, the same weather sequences were
used for all sites within a region, even though the distances are sometimes consi-
derable and the site-specific peculiarities of the traffic system were excluded in
the evacuation model because inclusion would have required thousands of compli-
cated evacuation simulations. Because of the statistical character of the
results, no deterministic statements about the occurrence of a particular injury
or individual destiny can be derived.

This study serves to estimate the collective risk attached to the operation of
nuclear power plants with 25 Tight water reactors in the FRG. The studies are
methodologically similar to the American Reactor Safety Study (WASH-1400). The
accident consequence model satisfies these objectives and boundary conditions.

The decoupling from the American model (WASH-1400), the improvement of individual
submodels, and the utilization of improved input data corresponding to the present
state of technology are retained for phase B of this study.

8.2 VALIDITY OF THE RESULTS

Figures 8-3 and 8-6 indicate for each magnitude of consequences X the expected
frequency per year of consequences greater than or equal to X to be caused by 25
units of the type under discussion (h). In the case of latent heath effects, the

calculated injury occurs at the given annual frequency, but its effects are not
noticed for years. For rare events, the present method of risk presentation

separating the frequency and magnitude of consequences is required. Therefore,
the risk is expressed both by the expectation (sum of the products of frequency
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and magnitude of the individual consequences) and by means of the so-called
complementary cumulative distribution function of the consequence. We use the
complementary CDF because it denotes the frequency of conseguence greater than or
equal to X, whereas the CDF itself denotes consequences less than or equal to X.

The curves represent about 600,000 different simulated accident sequences. Each
accident sequence consists of:

® The plant-internal event sequence, which runs from the
initiating event to the release, and

® The plant-external exposure sequence, which includes dispersion
and deposition of pollutants, local distribution of exposed
persons, and harmful effects, as well as protective actions and
countermeasures (see Figure 2-6).

To reduce computer time, the results of the event sequences were summarized for
purposes of accident simulation into eight release categories. Each simulated
accident sequence thus combines the representative characteristics of the partic-
ular release category and one exposure sequence,

The frequency of a certain consequence magnitude X from the CCDF is the sum of
frequencies of those simulated accidents that cause consequences greater than or
equal to X. Both the expected frequency of the simulated accident and its estima-
ted consequences are affected by uncertainties in estimation (see Section 4.7).
For example, if we select a different value for a fixed but inaccurately known
quantity or a different functional description for an inaccurately known phenome-
non, then one or several combinations of release and exposure sequence yield a
different frequency or a different consequence magnitude, and thus also a differ-
ent CCDF. For a given combination of release and exposure sequences, because of
uncertainties, only regions in the frequency/consequence diagram (see Figure 2-7)
where the contribution of this combination to the CCDF will be within a certain
confidence level (i) can be given. For a given confidence of 90%, for instance,
we obtain a band (called the global 90% confidence interval) in which the partic-
ular CCDF will run with just this confidence, provided all unquantified uncertain-
ties in the estimation are negligible. For the sake of simplicity, we did not
estimate global confidence intervals for the resulting curves (Figures 8-3 and
8-6); rather, at specific points along the cumulative complementary distribution
function we found appropriate local confidence bands. Whereas global intervals
indicate boundary lines between which the entire particular CCDF will run with a
given confidence, from local bands we can find the following information for fixed
(thus local) values of frequency or magnitude of consequences:
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® 90% confidence interval for frequency H: for a fixed magnitude
of consequence X'; this is the range in which it is 90% certain
that the particular frequency will be found with a consequence
magnitude greater than or equal to X' {vertical, dashed line in
Figure 8-11).

® 90% confidence interval for consequence magnitude X; this
denotes the range for a fixed frequency H* in which there is a
80% probability that the particular consequence magnitude will
equal or exceed the frequency H* (horjzontal, dashed line in
Figure 8-11).

Extensive, complex risk estimations of rare events are generally affected by many
uncertainties. Section 8.2.1 lists estimation uncertainties judged important and
therefore quantified.

Section 8.2.2 briefly digresses on the methodology to convert these uncertainties
into local subjective confidence intervals along the CCDF of consequence.
Section 8.2.3 illustrates and explains the resulting confidence intervals.

Sections 4.7 and 8.2.1 show why the uncertainty or confidence interval is consi-
dered subjective here.

8.2.1 Quantified Uncertainties in the Assessment

Besides release frequencies, uncertainties were quantified by assigning so-called
fractile values. Accordingly, with the 90% fractile, e.g., dry atmospheric fali-
out rate of iodine, we state that, according to expert opinion, there is 90%
certainty of the "best value" of this quantity being below 0.05 m/sec. By “"best
value" we mean that single fixed value which, in the opinion of the experts, best
befits the example analysis (in this case the dispersion calculation). Fractile
values of 10%, 50%, etc., are interpreted analogously. The fractiles of the
expected release frequencies are derived from distributions obtained by Monte-
Carlo simulation from functions of several probabilities and frequencies subject
to estimation uncertainties (see Section 4.7.2).
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Figure 8-11. lllustration of local uncertainty bands
on frequency and consequences
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For the individual, quantified estimation uncertainties:

° release frequencies (j) (see table)

Fractile
50% Reference value
Reledse category 5% (median) 95% (expectation)
FK 1 4, E-8 4. E-7 7. E-6 2. E-6
FK 2 7. E-8 3. E-7 2. E-6 6. E-7
FK 3 8. E-8 3. E-7 2. E-6 6. E-7
FK 4 3. E-7 1., E-6 9, E-6 3. E-6
FK 5 2, E-6 9. E-6 7. E-5 2. E-5
FK 6 5. E-6 2. E<5 2. E-4 7. E-5
FK 7 8. E-6 6. E-5 4, E-4 1. E-4
FK 8 9. E-5 6. E-4 4, E-3 1. E-3

Note: We estimated the expected annual frequency, averaged over
several plants of the type analyzed. The fractiles express the
estimation uncertainty of this average value.

) released energy in 10% ka/h (plume rise): see table.

Fractile
Release category 5% 50% 95% Reference value
FK 1 -- 50 460 4,200 540
FK 2 - 1 5 20 15
FK 5 (Third phase) 30 160 840 200
FK 6 (Third phase) 30 160 840 200
FK 7 - 1 5 20 9

Note: Estimation uncertainty of the "best value".
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calculated plume rise: fractile of the correction factor for
the reference value (see table).

10% 50% 90%
0.5 1.0 1.75

Note: The plume rise is calculated by equations that only
approximately describe the process. The correction factor is
designed to express potential error. The estimation uncer-
tainty of the "best value" of this factor is quantified.

dry atmospheric fallout rate in m/sec: (see table)

For iodine For aerosols
Fractile Fractile
10% 50% 90% 10% 50% 90%
0.002 0.01 0.05 0.001 0.005 0.025
Reference value Reference value
0.01 0.01

Note: The fallout rate during an exposure sequence is subject
to many, not explicitly defined, random influences. The

uncertainty given here is to express the estimated uncertainty
of the "best value"

8-43



® wet atmospheric fallout; "wash-out” (scavenging) coefficient
A(1/sec) for various rainfall rates (see table).

Rainfall in mm/h
Fractile 0-1 1-3 > 3
10% 2,0 E-5 1.0 E-4 2.0 E-4
50% 1.0 E-4 5.0 E-4 1.0 E-3
90% 5.0 E-4 2,5 E-3 5.0 E-3

Reference value equals 50% fractile

Note: Even the scavenging coefficient is a "best value" for
the corresponding rainfall rate.

The fractile information expresses the uncertainty of the "best
value."

e time periods from identification of a release to "going and
remaining indoors" expressed in hours: see table.

Fractile
10% 50% 90%
1.5 2 4

Reference value 2

Note: Estimation uncertainty of the "best value"

) percent population outdoors before the order "stay indoors."

Fractile
10% 50% 90%
1 3 9

i Reference value 3

Note: See above.
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® percent of population remaining outdoors beyond the time
periods given above: (see table)

Fractile
10% 50% 90%
1 3 6

Reference value 3

Note: As above.

® dose-effect relationship for early fatalities: see table.

Fractile
10% 50% 90%
0 B p

Reference vatue B

0 : Fy (330) = 1%;
I':0
B : Fg (250) =

F, (610) = 50%
(x) = 0 for all x with Fo {x) less than Fg (100).
1%; Fg (510) = 50%

Fg (x) = 0 for x Jess than 100 rad.

1%; Fp (410) = 50%

Fp (x) =0 for a11 x with (x) less than Fy (100).

Note: In accordance with a cumulative normal distribution
designated by its 1% and 50% fractiles, the different dose
values in rad are assigned to percentages. We are dealing
with expected values whose estimated uncertainties are
expressed here by three alternative normal distributions

(Figure 8-12).
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@ dose~effect relationship for latent fatalities: see table.

Fractile
10% 50% 90%
0.5 x Y 1.0 x Y 2.0 x Y

Reference value Y

Y = risk coefficient according to ICRP-26 (see Chapter 7).

Note: The risk coefficients are expected values. Their
estimated uncertainties are expressed by fractile numbers.

8.2.2 Determination of Subjective Confidence Intervals

We should stress here that only parameter uncertainties (see Section 4.7) con-
tribute to confidence intervals of the risk assessment. However, each uncertainty
concerning the outcome of an accident sequence which is based on random variation
of components of the accident simulation represents an element of risk. There~
fore, it must be expressed by the consequence CCDF or in the numerical value of
risk, and not by confidence intervals.

Example: The fraction of the population outdoors (before the evacuation begins)
is given by a fixed percentage as a "best value." Since we are dealing with a
fixed value for accident simulation, its estimated uncertainty contributes to the
confidence interval. If another "best value" is selected, a different CCDF is
obtained.

In actual situations, because of numerous random effects, different percentages of
the population will be outdoors, and only the average of many accident sequences
will yield a fraction of 3%. Were we to include these random variations, each
simulated accident sequence would have to be repeated with a whole spectrum of
different percentages, and the expected frequency would have to be multiplied by
the probability of actual occurrence. Thus, the random variation of this percen-
tage {still averaged over time and place) would be included in the CCDF and would
not contribute to the confidence interval. At the same time, the number of simu-
lated accident sequences would multiply.
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Quantifying the effect of parameter uncertainties in the form of confidence inter-
vals also multiplies the calculations by requiring determination of CCDFs for a .
relatively large number of randomly selected combinations of values for the varia-
bles. To avoid determining these CCDFs through the study's complicated accident
consequence model, & so-called response function was constructed approximating
change in the consequence CCDF to change in parameter values (k). With respect to
most parameters from Section 8.2.1, this surface response function represents a
local, piece-wise 1inear approximation of the frequency distribution and is
accurate with respect to the eight release frequencies. Its coefficients were
estimated by means of a defined number of CCDFs from the accident consequence
model on the basis of four (corresponding to the different meteorological siting
regions) of the 19 sites studied. The response function can be evaluated much
faster than the accident consequence model of the study. Its use for a great
number of value combinations of the variables can approximately determine the
CCDF.

One thousand sets of values, each consisting of one value for each parameter, were
randomly selected to estimate the confidence interval in accordance with the
parameter distributions. With the exception of parameter pairs, "dry deposition
rate and washout coefficient" and "percentage of the population outdoors before
and after the signal 'stay indoors'," selection of parameter values was mutually
exclusive. The distributions of release frequencies required for this were
obtained from quantified estimated uncertainties in failure rates, probabilities,
and anticipated frequencies of initiating events, expressed by distributions and
propagated to the release frequency via fault trees and event trees. For distri-
butions of the other parameters, log normal distributions with the given 10% and
90%, or 5% and 95% confidence intervals were used. Expert information on the
estimated uncertainties of these parameters in the risk calculation is not so
detailed that special distributions can be tailored. The result of selecting log
normal distribution as a distribution type was that, for most expert opinions, the
quotients from the 50% and 5% (or 10%) confidence intervals, and from the 95% (or
90% and 50%) confidence intervals are nearly equal.

Evaluating the response function for each of the 1,000 value sets provided local
(i.e., for each of the particular consequence magnitudes X selected) approximate
values of the attendant CCDF. Thus we have:

® 1000 frequencies for each given consequence X*

] 1000 consequences for each given frequency H*.
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Expected Annual Frequency With Which X or
More Early Fatalities Will Be Caused by 25 PWR Units

10

Number X

Determined by:

The median probabilities of release categories (curve M)

The expected probabilities (curve E)
The dashed lines provide subjective 90% confidence intervals. The real value lies within these bands
with 90% subjective uncertainty, provided all nonquantified estimation uncertainties are negligible.

Figure 8-13. CCDF for early fatalities
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Expected Annual Frequency That X or More Latent
Cancer Fatalities Will Be Caused by 25 PWR Units

10F
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T
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103 10
Number X

Determined with:

The median probabilities for release categories (curve M)

The expected probabilities for release categories {curve E)
The dashed lines give subjective 90% confidence intervals. The correct value lies with a 90%
subjlqu;/e certainty within these bands, provided all nonquantified estimation uncertainties are
negligible.
Uncertainty band and curve profile are greatly affected at low consequences X by the 10% frequency
addition (see section 8.1 and footnote in section 9.2) of category 8 to category 7.

Figure 8-14. CCDF for latent cancer fatalities
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If we rank the 1000 frequencies or consequences in descending order, then the 50th
value from top and bottom serves as the bounds of a subjective local 90% confi-
dence interval. Figures 8-13 and 8-14 show several local confidence intervals
(dashed 1ine). Accordingly, the correct value of the particular quantity (conse-
quence or frequency) is 90% certain to lie within this region, provided all non-
quantified estimation uncertainties are negligible.

8.2.3 Subjective Confidence Interval for the Resulting Curves

Figure 8-13 shows with what expected annual frequency X or more early fatalities
are caused by 25 PWR units, according to calculation. Curve (E) is based on the
parameter values given as reference values in Section 8.2.1. Curve (M), obtained
by using the 50% fractiles (medians, see Section 4.7.2) of the release frequencies
(analogous to the procedure in WASH-1400) and of the reference parameter values
from Section 8.2.1, is also entered. The confidence intervals, of course, are
unaffected by this selection.

The dashed bars show local, subjective 90% confidence intervals. That is, on the
basis of quantified estimation uncertainties, the expected annual frequency that,
for instance, more than one thousand early fatalities will result from the 25
units analyzed, lies between 7 X 10~9 and 2 X 10'6, with 90% subjective confidence
(or with 95% subjective confidence for less than 2 X 10'6).

With respect to the consequence direction, the subjective confidence intervals
indicate, for instance, that the number of early fatalities X lies between 80 and
5,100 with a 90% subjective confidence {(or with 95%, below 5,100) for the 25 units
with the expected annual frequency of 107,

Figure 8-14 gives analogous information on "latent cancer fatalities."

FOOTNOTES

(a) The probability density function is called "probability density" below.

(b) Release category FKLl represents core melt accidents that lead to a consider-
able release of fission products assuming a steam explosion. Such accident
sequences are extremely improbable and cannot be absolutely precluded given
the present status of the studies; the results of the accident sequence calcu-
lations are given with and without inclusion of release category FK1.

(c) The following abbreviations are used below:
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(d)

(e)

(f)

(h)

(1)

(J)

(k)

German Study Dose-Effect Relation (curve D from Figure 7-5);
American Study Dose-Effect Relation (curve B from Figure 7-5).

GDER
ADER

To verify that those weather sequences causing the greatest consequences were
sufficiently represented by the 115 samples, the number of samples was
increased. Results showed no greater maximum, and it was concluded that the
115 weather sequences selected were sufficiently representative.

If we consider conditions only in the FRG, then the above numbers of Teukemia
or cancer fatalities due to natural or man-made causes and by natural
radiation exposure, respectively, should be divided by 11.

The definition of the term "risk" was given in Chapter 2.
The mean of the collective injury is also called the collective risk.

The "expected annual frequency" (see Section 2.4) should not be confused with
the random quantity "frequency," which is always a whole number (e.g.,
"frequency in year Y"). We often use the designation "frequency" for the sake
of brevity, this always means "the expected annual frequency."

With respect to statistics, by confidence we mean, for instance, the probabil-
ity that the value of a random sample will be within a certain interval (con-
fidence interval) which contains the particular value of a fixed, but inaccur-
ately known quantity. In a 90% confidence interval based on random sampling,
then we are 90% certain that it contains the desired value (even though it
will actually be contained with probability of either 1 or 0). If the confi-
dence interval is predominately based not on random sampling, but on expert
opinion (see Section 2.4.4), then the validity or confidence is designated as
subjective.

Not every event sequence studied has been defined in detail. Therefore, an
entire spectrum of potential fission product release fractions is given.
Thus, the released fission product fractions correspond with a certain -
probability to representative values of the next higher or Tower category.
The expected frequency of the event sequence, weighted with this probability,
must also be added to the expected frequencies of the neighboring

categories. This addition is already included in the fractiles and reference
values given above. Addition and weighting were performed as in WASH-1400,
i.e., 10% of the frequency was added to each of the two neighboring
categories, 1% to each of the two categories beyond that, etc. Thus, the
event sequence in itself would only contribute with a probability of 0.78 in
each category to which it was originally assigned. As in WASH-1400, 0.78 is
rounded off to 1.0. No addition to event sequences not leading to core melt
occurs from categories connected with core melt.

The following response function was selected:

r S

Fla,pjx) = § (] (H (1,p; Vi omLX)
i=1 j=1 J
t - (P, - ﬁ )) g. o,
) g%H— (1,p5 ug, mj,x) A N
k=1 °"k
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3H/3p =

REFERENCES

vector of release frequency (al, ar), a is the vector of the reference
value

vector of the other, uncertain parameters (py,..., py) from 8.2.1, p
is--with the exception of the dry deposition rate for aerosols--the
vector of the reference value

1, 2,..., rand p,, k = 1, 1,..., t were randomly selected in accor-
dance with their 5istributions.

vector of the release categories (uy,..., up)
)

vector of the weights (gq,..., g.) of the meteorologic siting regions
(they depend on the number of plants in the siting region).

vector of the meteorologic site regions (ml,..., mg

vector of the abscissa value of the CCDF for which the response func-
tion is to be evaluated

u, my, X) =

discreet points of conditional CCDFs from the accident consequence
model (under the assumption that a release of the particular category

takes place).

vector of the partial differential quotients of the conditional

CCDFs. By means of the results of the accident consequence model with
10% and 90% (or 5% and 95%) fractiles of the parameter p,, k =1,
2,..., t, two differential quotients were determined for each param-
eter value. In order to evaluate the response function, the respec-
tive difference quotients (dependent on the location of the randomly
selected parameter values with respect to the corresponding component
of p) were utilized instead of the partial differential quotients.

1. Gesundheitswesen, Statistisches Bundesamt, Fachserie A, Reihe 7, Stuttgart und
Mainz, Kohlhammer, 1968 TT.
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Section 9

CONCLUSIONS

The results of the study are documented in detail in Sections 5, 6, and 8. This
Section attempts to draw conclusions and to comment on experiences gained during
the course of this study.

Accurate interpretation of any analysis requires knowledge of the relationships
and limitations that affect the results. Therefore, it is perhaps appropriate at
this point to comment on the discussion in the preceding Sections. Since it is
not the objective of the study to express an opinion on the acceptability of risk
or to compare benefit and risk, the results will not be interpreted with reference
to these items.

9.1 LIMITATIONS AND SIMPLIFICATIONS

The study is concerned with risk caused by accidents in nuclear power plants.
Risks due to normal operation of nuclear power plants or the attendant fuel cycle
are not discussed.

The design conditions of a reference plant constitute the foundation for the plant
system analysis. However, data, which for the most part were not derived from the
reference plant, were used to investigate reliability. We also had to rely on
data obtained for comparable components in other industrial plants. Consequence
calculations were based on typical German site conditions, represented by a large
number of actual FRG sites. The results therefore do not relate to a particular
plant at a real site, but are only models for plants of a particular type at com-
parable sites.

To interpret the results, one should note that the present study deals not with an
exact risk calculation, but with a risk assessment subject to considerable esti-
mation uncertainties. Insofar as a useful basis existed, we attempted to quantify
these estimation uncertainties (see Section 8.2). Other (and under certain cir-
cumstances significant) uncertainties remain which were not quantified within the
framework of this study. In order to cover such uncertainties in the assessment
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(unavoidable, given the present state of knowledge), a pessimistic assessment

procedure is often called for. A typical example of this is the assumption of a .
steam explosion which can damage the containment. This hypothetical accident

sequence strongly influences the maximum extent of consequences for a core melt

accident. But steam explosion is not considered a realistic possibility, but only

an extremely pessimistic estimation. This procedure means that the risk is more

1ikely over-estimated than under-estimated.

In evaluating available results, the following points must be kept in
mind:

® The study is, in many respects, based on existing research.
For instance, the simulation of accidents as performed within
the framework of nuclear licensing procedure forms the founda-
tion for establishing minimum requirements of safety systems
for this study.

] In accordance with the contract and similar to WASH-1400, the
risk contribution of war, sabotage, and similar events is not
considered. A series of other effects (e.g., fire, flood) were
handled on an aggregate basis.

) Human error was considered in the reliability investigations to
the extent that plans provided for in the operating handbook
will affect the handling of accidents. Unplanned interference
by operating personnel that could result in the initiation or
control of accidents was not considered. Such interference
affects only the probability of event sequences and can have a
positive, as well as negative, effect. It is hardly possible
that they will lead, in principle, to new consequences not
covered by the study.

e For the sake of simplification it was assumed that a partial
failure or a delayed response of safety systems that resulted
in insufficient cooling caused a complete melt of the reactor
core. This method tends to overestimate the frequency of core
melt accidents. A differentiated, less pessimistic consider-
ation would also have to treat preliminary stages of a complete
melt {cladding damage, partial melt).

® To investiyate processes during and after a core melt accident,
by and large only simplifying niodels are available. In many
areas, gaps in knowledge must be covered by pessimistic assump-
tions. For plant-internal processes, this is relatively
simple. To calculate accident consequences, the influence of
important assumptions on the accuracy of results was quanti-
fied.

This enumeration of limitations and simplifications makes it clear that, because
of pessimistic assumptions, the results are only estimates, indeed, overestimates
of risk.



9.2 PROBLEMS IN CLASSIFICATION OF RISKS

Meaningful evaluation and classification of risks presume a suitable scale for
comparison. We are primarily interested in comparing technologies that achieve
the same purpose, in this case a supply of energy or electricity; but we are also
interested in comparing entirely different technologies 1ike nuclear, chemistry,
or aircraft. Finally, the risks in a particular technology can be compared with
its benefits or with the risks inherent in its nonuse.

Many risks are characterized by the fact that injuries may occur relatively fre-
quently but their number is comparatively small in each case. Such risks can be
evaluated without special difficulty by statistical assessment and evaluation of
injury cases.

However, characteristic of risk due to accidents in nuclear power plants--as of a
number of other risks--is that on the one hand, because of precautionary measures,
injuries are seldom expected; and on the other hand, large-scale catastrophes
cannot be entirely excluded. A comparative evaluation of such risks is made more
difficult by the fact that quantitative risk studies 1ike the present one have
previously been perfbrmed only for nuclear power plants.

One of the few exceptions is, for instance, a risk estimation for a large petro-
chemical plant that was recently completed in Great Britain (Canvey Island

Study) (1). In Figure 9-1, important results of this study are shown. Through
improvements suggested in (1) for the particular plants and considered in curve B,
the frequency of, but not the estimated maximum number of deaths is reduced.

Here, characteristic of theoretical risk analyses in general, this study manifests
that for all accidents that cannot be absolutely preciuded, probabilities greater
then zero are found. If the hazard potential remains the same, the probability
for harm can be reduced by additional safety precautions; but basically, the maxi-
mum extent of harm cannot be decisively affected.

Since the methods and assumptions in the Canvey Island Study differ greatly from
those in this study, a direct comparison of results is not possible.

In technologies that have existed much longer or on a much Targer scale than

nuclear technology, risks can also be empirically determined, with certain reser-
vations. This also applies to numerous natural risks. However, comparing such
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Expected Annual Frequency That X or
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A: Existing conditions
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Figure 9-1. CCDF for fatalities due to postulated accidents in chemical plants

on Canvey lsland (Great Britain) according to (1)



values from experience with analytically estimated risks could lead to incorrect
conclusions. It must be noted that because of safety precautions taken in all
potentially dangerous technologies and against most natural disasters, major
disastors in general are seldom anticipated.

I[f major disasters have never occurred in a particular area, this does not neces-
sarily mean they are physically impossible.

This is explained by Figure 9-2, which is based on a compilation of empirical data
on the frequency of accidents having a large number of fatalities (2). The solid
part of the curves is based exclusively on findings in Great Britain. For exam-
ple, fires and explosions there have taken a maximum of 50 Tives in a single
event. In (2) these curves are supplemented by worldwide findings (dashed part of
the curves in Figure 9-2). According to these data, fires or explosions with more
than 1000 fatalities--even though very infrequent--are quite possible. The same
is true for other types of accidents.

In this regard we must ask to what extent event sequences of extremely low proba-
bility can be important to a risk evaluation. Theoretical risk analyses for com-
plex systems, which by nature are characterized as estimations, become even more
uncertain with increasing consequence and decreasing probability. It is doubtful
whether the state of knowledge is sufficient to determine reliable results for
events with a probability of one-in-a-billion-per-year or less. Large conse-
guences occur only for a combination of unfavorable circumstances whose potential
interactions become increasingly difficult to quantify.

In addition, very small probabilities or very rare events are difficult to organ-
ize into human experience (see also Section 2). Normally, such events, even if
they can lead to considerable consequences, are not perceived as real dangers.

For instance, a crash of civilian aircraft, which is very unlikely when related to
a single flight, does not cause most people to relinquish the use of aircraft. In
other words, this means that the probability of an airplane crash of about one-in-
one-million-per-flight, which is the worldwide crash rate today, is generally
considered an acceptable risk.

But crashing aircraft can also injure third parties. To be sure, only a few
people indoors or outdoors have been injured or killed in this manner. But it is
quite possible that an aircraft might crash over a densely populated area. In an
extreme case, it is even conceivable that a fueled aircraft might crash into a
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crowded stadium and cause considerable damage. From experience for the crash
probability of aircraft (including military aircraft) and the relative frequency
with which soccer stadiums are filled, we can estimate the frequency of an air-
craft crash onto a filled soccer stadium in Germany as 1078 to 10710 per year.
Although such an event could cause tremendous damage, no one demands protective

measures.

Detailed analysis gives events that are quite impossible by human experience a
realistic character. Potential dangers that in all probability will never cause
real injury and that in the minds of most people are of no importance are thereby
called into question. Thus, the paradox arises that while certain risks are
proven minimal, the fear of them grows merely as a result of this proof. However,
significantly greater risks (which may not have been studied in detail) are fre-
quently ignored.

9.3 ASSERTIONS OF THE STUDY

It was not the objective of the study to conduct a systematic comparison of

risk. However, to permit rough classification of the determined risks, Table 9-1
compares average individual risks derived from this study for persons near nuclear
power plants with individual risks from other sources. This classification
creates a basis to assess risks to which people are exposed, whether voluntarily

or involuntarily.

Besides these quantitative, but crude comparisons, a number of qualitative state-
ments can be derived from the study and even concrete conclusions from parts of

the analysis.

In agreement with WASH-1400 the study concludes that the containment of a nuclear
power plant considerably reduces the consequences of a core melt accident with
high probability. The probability per reactor-year for a core melt accident was
estimated at about one in 10,000. In 93% of all core melt accidents, the release
of fission products from the containment is so limited that acute fatality cannot
result. In the remaining 7%, the frequency of injury is further reduced by envi-
ronmental conditions (weather effects, population distribution). Thus, in more
than 99% of all core melt accidents, no early fatalities are to be anticipated.
This is because even in severe accidents, time is still available to initiate
emergency protective actions. According to the results of this study, the danger
of acute health effects exists only for individuals within a limited area.
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Table 9-1. Various individual risks (fatal risk
values per 1 million persons in one year)

Type of Risk

Risk
(average fatalities per 1 million
persons per year)

Fatal accidents due to
Occupational hazards (average)

Occupation in mining

Occupation in health care services

Domestic and leisure activity
Driving (75 minutes per day)

Using commercial aircraft
(one hour per week)

Using other, nonmilitary
aircraft (one hour per week)

Lightning strikes
Electricity

Death due to cancer or leukemia
{due to natural and man-
made causes)

Postulated accidents in nuclear
power plants (Average value
according to this study for

the proximity of a nuclear
power plant)

Death due to acute radiation

syndrome (early health effects)

Death due to cancer or leukemia
(latent somatic health effects)

130
540

40
230
240

50

1,000
0.6

2,700

0.01

0.2
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Conditions for latent deaths are quite different. Latent health effects on a
large scale are calculated not only for core melt accidents, but also for acci-
dents that do not lead to core melt, but for which a failure of the containment is
assumed (release category 7). However, a considerable fraction of latent effects
(depending on release category, between 40% and 95%) results from accident-induced
radiation levels that lie below or on the same magnitude as natural radiation. In
addition, it must be remembered that such events are very rare. Therefore, in the
proximity of nuclear power plants, the average overall risk of contracting cancer
or leukemia increases by clearly less than 0.1% through potential nuclear accident
(see Figure 8-10). Since only average values can be derived from the study, con-
crete assessments of the risk to individual persons are not possible.

The total number of calculated latent fatalities is distributed over a period of
30 years and over very large regions. Under these assumptions, about half the
fatalities would occur outside the FRG.

The plant-system aspect of risk assessment permits a generally objective evalua-
tion of the accident spectrum for which the safety features of a nuclear power
plant are designed. The study shows, for instance, that failure of the safety
systems during a large leak in a primary coolant pipeline contributes very little
to core melt frequency. This important design accident considerably influences
plant safety features (Figure 9-3). This can also be attributed to subsequent
efforts to manage such a postulated accident.

An uncontrolled small leak in the primary coolant pipeline contributes by far the
greatest amount to the frequency of core melt accidents. On the one hand, small
leaks are more frequent than large ieaks. On the other hand, the ability to cope
with a small leak is considerably influenced by human intervention. Under the
above assumptions, these small leaks cause a relatively high failure probability
of the needed system functions in the present case. The greatest contribution to
the frequency of core melt is thus due to human ervor in the handling of small
leaks (Figure 9-4). The specific causes for this and possible improvements were
discussed in Section 5.2.1.3.

Component failure during a small Teak in a primary coolant line and during a power
failure contribute the next greater amount. In these cases as well, guidelines
for improvement can be derived from the plant systeiws analysis (see

Sections 5.2.1.3 and 5.2.2.2).
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In accordance with the contract, the study was conducted according to methods and
assumptions closely associated with WASH-1400. Still, detailed in the preceding
Sections, repeated deviations from the procedure in WASH-1400 were necessary.
Several of these deviations, in both plant systems studies and the accident con-
sequence model, significantly affect the results. This fact must be taken into
account for a direct comparison of the estimated risk.

Nevertheless, it can generally be concluded from a comparison of the results of
the study that risks from accidents in PWR nuclear power plants in the FRG and the
U.S.A do not significantly differ. Deviations are within the corresponding range
of uncertainties in the assessment. The greater population density in the FRG,
which initially implied higher collective risk, is thus compensated for and is not
reflected in a higher estimated risk.

9.4. USE OF THE RESULTS

During the study it was found that often very detailed analyses were needed to
recognize important points. For instance, the probability of human error for a
small leak (important to the frequency of core melt) depends heavily on the design
of the control room and the instruments available there. 1In these cases, a pre-
requisite for detailed analysis is accurate documentation of the system design,
which is normally available only for completed plants.

Because of the statistical nature of the analysis, the frequencies found in
Section 5 even for the reference plant, have only Timited applicability, partic-
ularly since the analysis includes much data not specific to the plant. However,
relative evaluation of the results reveals deficiencies in design, as determined
by realistic event sequences in the particular plant. It is just this knowledge
that cannot be extrapolated per se from the reference plant to other plants, since
differences in systems can sometimes affect results.

This reservation, however, might affect more the determined probabilities or fre-
quencies and less the calculations of consequence. For plants of the same type
and similar design, it can be assumed that the sequence of accidents will not be
decisively affected by the detailed design. Studies for one reference plant can
thus serve as a model for similar plants.
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Findings indicate that problems tend to occur at interfaces between different
systems and between different technical disciplines. Since risk analyses, espe-
cially systematic event sequence and reliability analyses, require a systematic
and interdisciplinary procedure for all important parts of the system, such
problems are identified with greater certainty than in ordinary deterministic
safety evaluations.

Information on typical accident sequences can be used to plan emergency protective
measures. They provide, for instance, conceptions about time frames during which
protective measures are possible or necessary; to a certain extent they permit the
effects of various measures to be estimated. However, the limitations of the
method must also be remembered here. For instance, conclusions about the extent
of affected regions can be drawn from this study only with reservations (see
Section 8.1).

Results of risk analyses should be used as criteria for the evaluation of research
and development projects in the area of reactor safety. Since risk analyses are
particularly suitable to finding weaknesses in plant system design, meaningful
priorities can be established and significance of results can be evaluated.

9.5 METHODOLOGICAL IMPROVEMENTS IN PHASE B OF THE STUDY

In implementing this study, it was found that the methods required for a theo-
retical risk assessment are in principle available. In numerous respects, how-
ever, further developments to improve confidence in the study results are both
meaningful and possible.

In phase B of this study, envisioned to follow-up on the studies performed to date
and documented in this report, the following issues, among others, will be exa-

mined in greater detail:

Evaluation of Operating Experiences

Existing reliability data for components are in part subject to considerable
uncertainties. Only a Timited amount of data is available to evaluate common
cause failures and human reliability. Progress can be achieved here primarily
through intensive evaluation of operating experiences in German nuclear power
plants, not only with regard to components, but also with systems.
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Detailed Study of Additional Accidents

As in WASH-1400, accidents from which no notable contribution to core melt
frequency was expected either were not considered in the analysis or were
included only by representative discussion of similar accidents. A number of
accidents were treated cursorily, as in WASH-1400. These primarily concern
potential releases of radicactive inventory outside the reactor core, as well
as overlapping effects originating inside the plant (1ike fire) or outside the
plant (1ike earthquake, flood). Even risk contributions due to accidents that
do not lead to core melt and thus generally result in small fission product
release were considered by only a rough investigation of controlled LOCAs. It
is necessary to more accurately check potential risk contributions from acci-
dents that have not previously been studied in detail.

Greater Differentiation of Event Sequences

To evaluate event sequences in this phase of the study, system were regarded
as either fully operational or completely failed; partial failure was treated
as total failure. Similarly, with regard to the status of the core, we dis-
tinguished only between "fully intact" (except for a certain degree of clad-
ding damage) and "completely molten." The sequence of core melt accidents
resul ting from failure to control a large leak in a primary coolant pipeline
was treated as representative for core melt accidents from all other causes.
The occurrence of core melting after a longer delay can result in an overesti-
mation of risk. In this regard, we shall attempt to obtain greater differen-
tiation on the basis of improved accident simulation.

Evaluation of Accident Simulation Accuracy

The accuracy of the accident simulation used in plant system analysis has not
yet been quantitatively evaluated. The use of pessimistic assumptions to
cover uncertainties in this regard will, as much as possible, be replaced in
Phase B by uncertainty quantification.

Improvements in the Accident Consequence Model

The model to calculate accident consequences describes actual conditions only
by simplifying assumptions in a number of respects. For instance, the disper-
sion calculations neglect fluctuations in wind direction. The dose-risk
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relationships for latent health effects, which were used to calculate the risk
of death from cancer or leukemia from the radiation dose, are based on average
values for all age groups. Provisions for protective actions and counter-
measures in the consequence analysis are characterized by relatively stringent
criteria.

Simplifying model assumptions to calculate accident sequences generally tends to

overestimate the frequency or extent of consequences, and thus risk. Phase B will

attempt to formulate the model in a more complex and flexible manner.
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Section 10

THE ACCIDENT AT THREE MILE ISLAND NUCLEAR POWER PLANT

10.1 INTRODUCTION

Since the risk study concerns hypothetical accident sequences that have never
occurred, results can be compared with practical findings only in isolated cases
or, at most, small individual areas. Even the accident in Unit 2 of the Three
Mile Island (TMI) nuclear power plant does not alter the situation. Nevertheless,
whether the significant aspects of this accident were treated in the study should
be checked. Evaluation of the study from the viewpoint of the TMI accident also
raises the question of how the study can be used to prevent similar accidents.
Phase A research presented in this report was almost completed when the TMI acci-

dent occurred.

The following individual points must be examined:

® Is the methodology applied in the risk study generally suitable
to describe and examine an event sequence 1ike that at TMI?

® To what extent were conditions important for the event sequence
at TMI correctly recognized and considered in the theoretical
investigations?

® Is the quantitative probability valuation of these conditions
compatible with the experience at TMI?

In order to discuss these items in detail, it is first necessary to discuss the

event sequence at TMI.

10.2 DESCRIPTION OF THE SEQUENCE OF EVENTS AT THREE MILE ISLAND

Only that part of the event sequence at TMI of interest for the risk study is
illustrated below. Detailed discussion is limited to the first three hours of the
accident. For further information, the reader is referred to the publications by
the USNRC.

The accident involved a "small leak in the pressurizer" triggered by a transient,
with loss of coolant through an open relief valve, whereby the core was
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insufficiently cooled.

study.

reactor core necessarily leads to reactor melt.

However, Phase A pessimistically assumes that insufficient cooling of the

sequence at TMI can be described as follows:

At 4 a.m., March 28, 1979, the primary feedwater system 1in

Unit 2 of the TMI nuclear power plant failed as a result of a
mal function of the condensate purification system, interrupting
the feedwater to the two steam generators (a). (A1l times
given below relate to the timing of this initiating event.)

The diminished heat removal through the boilers led to a pres-
sure increase in the reactor ccolant system. According to
design, this caused the pressurizer relief valve to open after
three seconds and initiated the reactor scram after eight
seconds. Consequently, the pressure again dropped and, after
13 seconds, reached the closure pressure of the relief valve.

The reiief valve failed to close. In the power plant control
room, a button that does indicate the triggering of the closing
signal but does not directly show the position of the valve
erroneously indicated the valve to be closed.

In the emergency feedwater system, which assumes secondary heat
removal from the steam generators upon failure of the primary
feedwater supply, pumps were at full delivery pressure after
about 40 seconds. However, the water did not arrive at the
steam generators because, in a previous inspection of the
emergency feedwater system, the block valves had been left
closed by mistake. This condition was initially unnoticed so
that the steam boilers evaporated out within a few minutes.
About eight minutes after the accident began, the error was
discovered and the valves were manually opened. Thus, the
emergency feedwater system was again available.

The open relief valve caused a pressure drop in the reactor
coolant system, whereby a few minutes later, the high-pressure
injection of the emeryency cooling system automatically began
operation.

The displayed pressurizer water fevel at first decreased
slightly, then increased after about one minute, and reached
the upper limit of the indicator range after about six

minutes. The operating personnel in the control room concluded
from this that the reactor coolant system was filled with
water. After 4.5 minutes and 10.5 minutes, they shut off the
pumps of the high-pressure injection. In addition, coolant was
removed from the reactor coolant system through the volume
control system.

Pressure and temperature increased in the relief tank, in whose
water pool the pressurizer valve discharges. After about 15
minutes, the rupture disk of the tank failed, and coolant was
blown into the containment.
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The reactor coolant system was saturated after about six
minutes as a result of the open relief valve; i.e., steam
generation occurred. The continuing loss of coolant caused a
progressive emptying of the reactor coolant system, but not a
drop in pressurizer water level. This phenomenon was
apparently not unnoticed by the operating personnel. They
trusted the display of the pressurizer water level and either
ignored or misinterpreted other readings and messages indi-
cating a Toss of coolant. The initial phase of the accident
primarily involved pressure and temperature in the relief tank
as well as the failure of the rupture disc, with subsequent
increase in the containment pressure. In addition, the fact
that the coolant was saturated for a long time would indicate
steam in the reactor coolant system. The presence of satura-
tion conditions is not immediately indicated by the instru-
ments. Since the high-pressure injections did not occur at the
required level, the important consequence was progressive
emptying of the reactor cooling 1oop.

After one hour 14 minutes, the primary coolant pumps of one of
the two primary coolant loops was switched off; and after one
hour 40 minutes, that of the other primary coolant loop was
also shut down to prevent damage to the pumps. Thereafter, no
natural circulation took place. At the coolant outlet from the
core, the measured temperature increased rapidly. After two
hours 11 minutes, it reached the display limit (327°C). This
system behavior after pump shutdown also indicates an insuffi-
cient quantity of coolant in the reactor cooling loop. But no
intensified high-pressure injections occurred thereafter.

After two hours 20 minutes, the incorrect open position of the
relief valve was noticed, and the relief line was blocked. To
do this, the operating personnel gave a manual command to a
block valve connected in series to the relief valve.

Because of the processes given above, the reactor core was
temporarily undercooled. The fuel rod cladding attained tem-
peratures at which a rapid metal-water reaction began. One or
niore hydrogen bubbles then formed in the reactor cooling loop,
which impeded the restoration of coolant circulation. Subse-
quently, the hydrogen concentration also increased in the
containment, which resulted in a hydrogen puff.

The automatic containment isolation valve is triggered at TMI
by an overpressure in the containment of 0.28 bar or more.

This value was not reached until after about four hours; an
earlier isolation of the building by means of a manual command
was not performed. Thus, large quantities of contaminated sump
water were pumped through the sump drainage system into the
auxiliary building. From there, radioactivity was released to
the environment through the ventilating system. This repre-
sented the most important path for radioactivity releases
during the accident.

In the hours fcllowing the foregoing initial phase, various
attempts were made to stabilize the reactor cooling. The pres-
surizer relief 1ine opened and closed, the secondary steam
generator water level increased, the primary coolant pumps
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started, and in particular, the high-pressure injection once
again operated. After 11 hours, natural circulation in a
primary coolant loop was reestablished; after 16 hours heat
removal took place by forced circulation by a primary coolant
pump. Removal of noncondensing gases from the reactor coolant
system and the complete refilling of this system with water
took several days.

It was of great importance to the accident sequence that the system cperating mode
was not correctly recognized. The open relief valve, which caused continuing loss
of coolant and, as a result insufficient coolant in the reactor coolant system,
went undetected. 1f one of these two states had been recognized in time, counter-
measures to safely control the accident could have been initiated. This could
have been done simply by closing the block valve in the relief 1ine or by assuring
continuous high-pressure injection.

Maintenance of high~pressure injection would have kept the reactor coolant system
filled, even with a relief valve open, and sufficient heat removal would have been
possible via the steam generators.

10.3 REFERENCE TO THE RISK STUDY

The event sequence at TMI is compared with the corresponding event sequences in
the Risk Study, Phase A. These analyses are described in Sections 5 and 1C.

Based on the methods used in the Risk Study, the following points are compared:
L) consideration of the initiating event at TMI

o determination of corresponding event sequences in the event
tree analyses

() determination of probabilities for failure of system functions
by means of fault tree analysis.

10.3.1 Initiating Event

The accident at TMI was triggered by the "failure of the primary feedwater
supply."
Failure of the main feedwater supply in the reference plant does not, as a rule,

This transient is considered an initiating event in the present study.
result in opening of the pressurizer valves (see Section 5.2.1.4).
If the primary feedwater supply fails because the power fails, then a pressurizer

relief valve opens. If, after the relief valve opens, the pressure in the reactor
cooling loop continues to drop, and if the corresponding blowdown train is not
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isolated, a LOCA "small leak from the pressurizer" results. Other possible tran-

sient causes for such an accident were also evaluated in the present study, but

they play a subordinate role compared with power failure (see Section 5.2.2.4).

The initiating event of the TMI accident is thus correctly considered in the

study.

10.3.2

Event Tree Analysis

Event Sequence. The success or failure of system functions

produce different event sequences that significantly affect the
physical sequence for a given initiating event. The states of
system functions existing at TMI during the first hours after
the accident began can be characterized as follows: reactor
scram occurred; the pressurizer relief valve failed to close,
the emergency feedwater supply and main steam relief were
operating; primary coolant pumps were operating, high-pressure
injection did not occur.

The system functions important for the reference plant are also
treated in the risk study. The TMI accident thus gives no
reason to question the suitability of the event tree analysis.

Were thermohydraulic processes in such accidents more carefully
studied, they would result in a great number of event sequences
with different effects on the core. One may ask, for instance,
what the effect would be of varying the times for failure of
emergency feedwater supply or switchoff of primary coolant
pumps and for closure of the blowdown train, or of assuming a
different operating mode of the emergency feedwater supply and
main steam relief or different delivery quantities of the high-
pressure injection. In order to implement the thermohydraulic
investigations necessary for this, no satisfactory and valid
model is presently available. Therefore the study pessimis-
tically assumes core melt if the minimum requirements of core
cooling are not met.

[1lustration of the Event Seguence in the Event Tree

Diagrams. The following description of the event sequence at
TMI 1in the event tree diagrams of the risk study shows the
detail with which this sequence can be reproduced in the sim-
plified event trees of the study. We should point out that the
TMI plant differs in important respects from the design of the
reference plant. Therefore, the following discussion of the
TMI event sequence is intended only for phenomenological pur-
poses.

Figure 5-6 shows the event sequences possible after a power
failure. They contain all important aspects to be considered
in the failure of primary feedwater supply at TMI. The event
sequence at TMI corresponds to Tls ". The following comments
regard the individual system funcCtions given in Figure 5-6.

Tq: The initiating event (the transient) occurs.
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The reactor scram functions. (The abbreviations of the
successful functions are shown in parenthesis below).

The main feedwater supply and main steam relief fail, in
Figure 5-6, as a result of a power failure; at TMI it is
the initiating event.

The emergency feedwater supply and main steam relief
fail. The temporary failure of this system function for
eight minutes causes the steam generator to dry out. The
later, successful operation of the emergency feedwater
system is taken into consideration by the system function
"delayed feedwater supply and main steam relief" (b).

The pressure relief valve of the reactor coolant system
opens. During the period when no feedwater supply is
available, coolant is blown through the pressurizer relief
valve, limiting the pressure in the reactor coolant
system.

The pressure relief valve fails, i.e., the relief valve
stays open.

Delayed feedwater supply and main steam relief occur.

This function is unimportant to the particular event
sequence.

The result of this event sequence is a small leak at the pressurizer

TlS“.

2
leak.
K:

I:
J:
B:

Below, we will use the event tree, i.e., Figure 5-8, for this

Operation of the reactor scram was discussed above.

System functions I and J are presented once again in this
event tree since different requirements are made of this
function during the LOCA. 1In particular, in the Biblis B
reference plant, this system function would have to cause
a shutdown of the plant, i.e., a drop in coolant tempera-
ture which is to be initiated about two hours after the
beginning of the accident. According to plan, the shut-
down should begin 30 minutes after the initiation of the
accident. This type of shutdown was apparently not pro-
vided for in the TMI plant because of other system tech-
nology.

Since the emergency feedwater supply and rain steam heat
removal were restored after a short time, the system
function is available here.

The emeryency cooling start-up signals are initiated.
Thus, the containment isolation valve is triggered in the
reference plant, which also shuts off the main coolant
pumps.
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C: The high-pressure injections do not take place. 1n the
TMI plant the corresponding pumps were shut off. The
extent to which this is applicable to Biblis B is dis-
cussed in Section 10.3; here we will identify only com-
parable event sequences.

The other system functions E, F, and G are of no interest for a compari-
son with TMI.

Overall, we now have the event seqguence TISZ"IC. According to

Figure 5-8, a core melt is assumed, j.e., further differentiation of the
event sequence js not performed. In particular, no credit is given to
the fact found at TMI that core cooling still occurs over a longer time
even upon failure of the high-pressure injection and the resulting
eptying of the reactor cooling loop.

Conclusions for the Event Tree Analysis. The discussion shows that the

actual conditions in the study are highly simplified and very pessimis-
tic. For the reference plant, better cooling conditions are expected for
the same sequence as in TMI. The reasons for this are better natural
circulation resulting from the different configuration of the reactor
coolant system and, especially, fast plant shutdown.

In the future, a detailed simulation of event sequences will be necessary
for a realistic description. Partial failure of the required system
functions should be studied. As a partial failure, the delayed or inter-
mittent use of safety features should also be examined. But this pre-
sumes improved models to describe thermohydraulic processes.

From the risk contribution of transients and small leaks shown in this
study, we see the importance of this type of realistic description of
actual conditions. They determine the resulting frequency of core melt
accidents by a fraction of 95%. In this type of comparatively slow
dynamic process, failure of system functions does not immediately expose
the core. In event sequences previously assumed to result in core nelt
accidents and where the core is not sufficiently cooled over longer
periods of time limited.cooling is actually in effect. That is, compared
with core melt accidents, the reactor core releases much lower quantities
of fission products. Thus, the risk determined in the study is overesti-
mated as Tong as these event sequences assure that the retention of fis-
sion products by the containment is no worse than in core melt accidents.
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The accident at TMI did not demonstrate the existence of processes that
have a higher probability of degrading containment integrity than core
melt accidents. According to information available, the earlier idea
that g¢as bubbles could explode in the reactor primary cooling loop is
unfounded. As at TMI, delayed containment isolation is not assumed for
the reference system because of different system technology. The con-
tainment isolation during a LOCA automatically begins operation within
minutes.

10.3.3 Fault Tree Analysis

Three of the events in the TMI sequence are of primary interest in evaluating the
probability of event sequences performed in the risk study through fault tree

analysis:
e unnoticed failure of the pressurizer relief valve to close
] human error
) incorrect reading of the pressurizer water level.

The fact no one noticed that the relief valve had failed to close was important
for the sequence of the TMI accident. The indirect way of displaying a closed
valve promoted this oversight. Initiation of the closing signal for the control
valve was indicated, and not the position of the valve itself.

As explained in Section 3.2 above, this study examined event sequences with
failure of the relief valve to close. In the fault tree analysis, failure of the
relief valve to close because of defective determination of position can go unde-
tected, whereby the redundant block valve in the relief 1ine will not be closed.
Such a possibility originally existed in the reference plant because--similar to
the situation at TMI--the position of the control valve, and not that of the
relief valve, was displayed in the power plant control room. From this control
valve position, a closure signal was derived for the redundant block valve in the
blowdown 1ine. In addition, the block valve was not secured by emergency power.
Functional testing for coolant pressure control that triggers the closing signals
was not provided.

The results of these studies were already presented and discussed at the GRS
Colloquium in 1977 (1). The determined frequency of LOCA caused by failure of
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pressurizer valves to close resulted in several changes in the reference plant:
The positions of both the control valve and the relief valve are now monitored;
the redundant block valve in the blowdown 1ine is now supplied with emergency
power, functional testing is also regularly performed for the coolant pressure
control. Thus, the probability that the blowdown line will fail to close, i.e.,
the probability of a LOCA "small leak at the pressurizer" as a result of tran-
sients, has been significantly reduced.

The hiatus in the functioning of the emergency feedwater system was caused by
incorrect closed position of valves. The present study considers such events.
However, in the reference system they are extremely unlikely because of the
separate-loop functional testing of the emergency feedwater system and because of
control commands received by these valves upon triggering of the system which move
then into the proper position.

In the risk study, a niodel is used to describe human error. This model takes into
consideration potential errors made by the operating personnel in implementing the
measures described in the operating handbook. On the other hand, spontaneous
measures to cope with an accident can also have negative or positive effects.

Such unplanned neasures were, in general, not evaluated.

High-pressure injection did not occur during important phases of the TMI accident
because the pumps had been switched off as a result of the high pressurizer water
level. The risk study does not consider such manual measures. To verify this,
the pressurizer water level of the reference system must not play so central a
role as 1t did at TMI. High-pressure injection through the reactor protection
system automatically operates even when the pressurizer water level does not

drop. According to the operating handbook, high-pressure injections for small
leaks are independent of the pressurizer water level. They shut off only when the
plant shuts down at coolant temperatures below 150°C. Given the intended mode of
operation, pressurizer water level has no effect on event sequence. The high
pressurizer water level permits errors by the operating personnel, namely the
unplanned shutdown of the high-pressure injection. Planned shutdown of the refer-
ence plant (i.e., beginning of shutdown about 30 minutes after beginning of acci-
dent), prevents a general exposure of the core by the pressurizer injection and
thus does not significantly influence the frequency of core melt accidents in the
reference plant.
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The behavior of the pressurizer water level during a LOCA must be discussed within

the framework of system design and related thermohydraulic analyses. Since .
phase A of the risk study rests on analyses used in the LOCA licensing procedure,

protective actions Tike those discussed in the licensing procedure are assumed.

10.4 SUMMARIZED EVALUATION

Because no final results are yet available from the U.S.A. on the accident at TMI,
a complete evaluation of the accident is not possible. The preliminary analysis
shows the following:

] The methodology of the risk study is not called into question.

® The event that initiated the TMI accident was included in the
study.

® Event sequences that qualitatively correspond to those occur-
ring at TMI were included in the study.

® A simple distinction between event sequences with definite
assurance of core cooling, on the one hand, and core melt on
the other, leads to overestimation of risk. This problem is
not new, intensified studies are planned for phase B.

® The study concretely contributes to preventing "small leak at
the pressurizer" accidents comparable to the one that occurred
at TMI.

® The behavior as well as possible consequences of the pressur-
izer water level for similar accidents in the reference plant
must still be studied in detail. The influence of a constant
pressurizer water level on the frequency of core melt accidents
is, however, small.

FOOTNOTES

(a) The Three Mile Isiand Unit 2 Plant has only two primary coolant Toops with
straight tube steam generators, in contrast to the reference plant of this
study. From the outliet side of the coolant, two cold primary coolant lines
lead from each of the 2 boilers to the reactor pressure vessel. A primary
coolant pump has been installed in each of these Tines.

(b) Because of the greater water supply in the steam generators of reference plant
Biblis B, no drying of the steam generators will occur within 8 minutes.
Operation of the emergency feedwater system within this time span would there-
fore be considered as an intact emergency feedwater and main steam relief.
This would have resulted in malfunction Tlsé where fewer system functions
would be required.
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