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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 

larger audience and thereby promote technical consensus on proper methodologies 

for probabilistic risk assessment. 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 

methodology, 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 Bib!is 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.
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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 line" 

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 pi ant (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 pi ant 

systems. PI ant system modifications as of 1978 are incorporated into the study 

and its resul ts.

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. PI ease bring any error to the attention of the undersigned.

Ian B. Wal1
Nuclear Safety & Analysis Dept.

iv



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 smal1.
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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 

problems 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.

I 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 through 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 over 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 limit 

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 "unbelievable"; 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 light 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 is emphasized with consideration of existing differences in system 

technology and 1ocation. 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, I desire the broadest col 1aboration of different qualified groups, 

even those that are skeptical about nuclear energy. I am convineed that an 

extensive discussion of this difficult matter is needed. Al1 voices must be heard 

in order to validate the results in every regard.

Therefore, I request al1 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 pi ants to describe the risks— 

including the quite remote potential for injury-caused by appl ication of modern 

technology. There is no doubt that other areas of technology pose considerable 
risks and that delayed injury and effects over 1arge areas must be expected. 

Because of our rudimentary 1evel of knowledge, a comparison of potential, 1ong- 

term injury is hardly possible. However, it must be assumed, for instance, that 

pol1utant emissions from the utilization of fossil fuels contribute significantly 

to the cancer rate and also cause 1ong-term environmental changes.

In order to better understand the hazards of our modern industrial society, the 

risk analysis with its potential for detection, 1 imitation, and minimization of

viii



harmful infl uences, can be a great hel p—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 

nuclear power plants 1icensed and si ted under German conditions. The investiga­

tions needed for this were to be undertaken with respect to the American Reactor 

Safety Study WASH-1400 (JJ U).

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 piayed an important role in nuclear engineer­
ing. Thus, nuclear power pi ants 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 pub!ished 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 piayed 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 pi ant 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.

Si nee the mid-1960s—especially in Engl and (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 appl ication of probabil istic methods—not only to nuclear technol ogy— 

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 pi ants. The study was publ ished in October 1975 after about three 
years work (l). 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 discipiine 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 al so 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 si ting 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 pi ants, 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 pi ant 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 

fol1owing 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 1ocations, 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 pianned 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 

pi ant. As a reference pi ant, we selected the Biblis B nuclear power pi ant. This 
pi ant has a typical German-designed PWR (manufacturer: Kraftwerk Union AG) with a

thermal power output of 3750 MW. The pi ant began operation in the spring of 1976.

1-3



For the determination of risk* all sites in the FRG where there were nuclear power 

pi ants 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 total of 25 generating pi ants 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 PI ant. This Section provides an overview of the

design and operation of the PWR nuclear power pi ant. It also discusses the

principles of the safety design and the designed safety features of a PWR 

nuclear power pi ant 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: Resul ts. The Section contains the resul ts of the consequence

calculations and the risk presented by the different types of injury con- 

si dered 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

I si and is discussed in connection with the investigation performed in thi s 

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 detail. Thus the interested reader will be able to procure and 

evaluate the results of the investigations in detail.

The fol1owing appendixes will be provided:

FI. 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 Rel ease

F7. Results of PI ant 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 1imitations. These are caused by the 1imits 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 pi ant, 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 requirements.

In addition, the plant system analysis is, strictly speaking, not valid for the 

reference pi ant. The design characteristies 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 pi ants 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 

1icensing procedure. For instance, in the accident analysis for the efficiency 
requirements on the safety systems, the minimum requirements established by the 

nuclear 1icensing 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 pi ants, 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 1isted below:

Differences in pi ant technology between the American and German reference plant 

(Surry 1 and Biblis B) 1 ed to different emphasi s—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 pianned were needed to evaluate transient accidents.

The consequence model used for the German study corresponds in principie 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 1 inear dose-risk relationship was used with the risk factors given in ICRP 26 

(8_) to determine late heal th 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 resul ting 

from the interconnection of instrumentation and control, power supply, and process 

techology. Such influences can often be eliminated by siight 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 general ly 
included here. Changes up to the year 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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institutions, 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.

« Gesell sc ha ft fur Strahlen-und Umwel tforschung (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:

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

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

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

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

9 TUV Norddeutschland: evaluation of operating experiences.

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

9 Konig & Heunisch, Consul ting Engineers, Frankfurt: assessment
of building structures to determine earthquake effects.

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

9 Bonnenberg & Drescher Ingenieurgesellschaft mbH (B+D)
Aldenhovenl 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.

REFERENCES

1. Reactor Safety Study—An Assessment of Accident Risks in U.S. Commercial 
Nuclear Power PI ants, United States Nuclear Regulatory Commission, WASH-1400 
(NUREG-75/014), October 1975.

2. Der Bundesministere des Innern: Sicherheitskriterien fuer Kernkraftwerke.
Verabschiedet vom Laenderausschuss fuer Atomkernenergie am 12. Oktober 1977, 
Bekanntmachung vom 21. Oktober 1977 im Bundesanzeiger Nr. 206 vom 3. November 
1977; Druck und Versand: GRS, Koeln.

3. Reaktor-Sicherheitskommission: RSK-Leitlinien fuer Druckwasserreaktoren.
2. Ausgabe, 24. January 1979, Druck und Versand: GRS, Koeln.

4. Kerntechnischer Ausschuss: "Sicherheitstechnische Regeln des KTA,"
Bekanntmachung durch den Bundesminister des Innern vom 21. Oktober 1977,
Hrsg.: KTA-Geschaeftsstel1e, Koeln, erhaeltlich bei Carl Heymanns Verlag KG, 
Koeln.

5. Theoretical Possibilities and Consequences of Major Accidents in Large Nuclear 
Power PI ants. United States, Atomic Energy Commission WASH-740, 1957.

6. Farmer, F. R.: "Siting Criteria—A New Approach," IAEA Proceedings Series
Containment and Siting of Nuclear Power PI ants, Wien 1977.

7. "Rahmenempfehlungen fuer den Katastrophenschutz in der Umgebung 
Gerntechnischer Anlagen," GMB 1 Nr. 31, S.638-718.

8. "International Commission on Radiological Protection Recommendation," ICRP 
Publication No. 26, 1977.

9. Birkhofer, A., F. W. Heuser und K. Koeberlein: "Zielsetzung und Stand der
deutschen Risikostudie," atw 22 (1977), Nr. 6.

10. "Kernenergie und Risiko—Fachvortraege--." 1. GRS-Fachgespraech in Muenchen,
3. -4. November 1977 GRS-10 (Maerz 1978).

1-9



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 col 1ision, or a multiple-car pi1 e-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 il1 ness or even a deterioration of the illness.

Everyday usage also deals with the magnitude of risk. For instance, the risk of 

being ki 11ed by a meteor is extremely smal1, 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 1ower.
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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 fol1owing questions can 

help here:

® What risks shal1 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, pub!ic, 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 lightning 
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 long 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 1anding 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 cal 1ed 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. Si nee these weights as a rule are unknown
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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

Human deaths 

Health effects

Regions rendered uninhabitable

Materials damage 
(replaceable)

Unit

Number of deaths

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

Surface area

Monetary units

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-piace 

accident" is satisfied by many partial events 1 ike "electrocution during 
assembly," "collapse of scaffolding," and "death due to dust explosion." Each of 

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 life," "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 0. 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 (!_)].

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.

Of the 733,400 deaths in the FRG in 1976, 14,616 had pneumonia as the cause of 

death (2_)—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 1isted 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 wi thdrawing 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)7(61,645,000) approximately equal to

24/100,000 = 0.00024.
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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 probabil ity 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 dying 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 duri ng 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 deal ing with 

really equal chances, so that 0.00024 is only an estimated value of the average 

individual probability, averaged over al 1 61,645,000 persons. The rough division 

by age groups shown in Table 2-1 ill ustrates 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 ill ness from pneumonia in the previous year, with an age 
between X-^ and X£ years"

Age between
X^ and ^2 

years

Persons on
Dec. 31, 1975 
(population)

Cases of death 
in 1976

(cause of death, 
pneumonia

Average indi­
vidual probability 

per year 
%

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 ill ness 

due to pneumonia." In the case of an individual, 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 result 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 241/100,000 = 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 

"lethal pneumonia" in the FRG in the coming year.

By using the same 1ine 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 = y1 X w(y1)+y2 X w(y2)+y3 X w(y3)+... (2.1)

provided the annual consequence magnitudes can assume only a finite number of 

different values. Here, y^, . . . mean the different possible magnitudes of

consequence per year and w(y1) 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 

probabil ities 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 

1 ike health hi story, state of health, living conditions, etc., can have an 

effect. Therefore, in many events only the average individual risk (averaged over 

a 1arger 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 probabil ities 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: (0X5+1 X4+2X 1)/(10) =

0.6.

We cal 1 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)

Cases of 
death in 
the Federal 
Republic
1976 (2)

Estimated
value of 
average 
individual 
risk per 
year

Estimated 
value of 
average 
individual 
risk per 
year

Estimated value 
risk per year

3f average individual 
with an age between:

Occurrence: 
death by

0 & 15 
years

15 & 45 
years

45 & 65 
years

65 & — 
years

Heart diseases 203,586 330 in 100,000 0.00330 0.00001 0.00012 0.00217 0.01899

Maiignant growth 
(cancer) 152,590 247 in 100,000 0.00247 0.00005 0.00024 0.00282 0.01194

Pneumonia 14,616 24 in 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 in 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 " 11 ness, flu"

Cases of loss Average individual
(illnesses) probability
per year (fictitious val ues)

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 ill ness, 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 al so 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 = xx X h(x1) + x2 X h(x2) + x3 X h(x3) +. . . (2.2)

Here, x^, x2 . . . are the different possible magnitudes of injury per event and 

(x-l ) 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 fal1" and "occupational fatal fal1" 

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 

result of a fall.

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 instance, the probability that 
the total highway accidents in the FRG would claim y^ or yg or yj, 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(y^) +

y2 X w(y2) +. . . If, instead, we knew the frequency of traffic accidents in the 
coming year in the FRG with expected fatalities of x^ or X£ or X3, etc., then we 

could calculate the same collective risk according to the equation: R = x^ X 

h(xj) + X2 X h(x2) + . . .
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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
bil ity 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 living 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 probabil ity information will
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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 

instance, 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 XCURRED

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 f1ight 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 0 and 0.003.

The upper bound is obtained on the basis of the fol 1 owing simple consideration:

"What must be the minimum value for the crash probability per f1ight 
in order that more than zero crashes are observed among 1,000 

flights having a chance of at least 195 in 100'? But since no crash 
was observed in the 1,000 flights, the crash probability is 95% 
certain to be under this value" (ch

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 smal1er value of 0.0003.

In the same manner we could estimate upper limits of probability of certain 

events, 1 ike a "core melt," from operating experience with 1ight water reactors. 

From 500 reactor-years (worldwide experience with 1ight water reactors of the 

power class "400 MW (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 1imit 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 resul ts 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 like "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 1 ike:

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

e "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 Detailed 

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" (dj 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 cal led here r is (in a suitable
unit) less than or equal to s" (Figure 2-1). #
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Load = s

Strength r > s

Strength r > s

No collapse

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 probabil ity 
that the load will assume the val ue 11 s" and, at the same time, that the strength 

has a value less than or equal to "s". According to the rules of probabil ity 

calculations, it is the product of the probability of the sub-event, "load = s," 

’and the probabil ity of 11 strength r less than or equal to s" ie), 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

bil ity diagram of the load that can look something like Figure 2-2.

Load S

Figure 2-2. Probability density of the load
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As a check of the quality of the construction material s, 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 piotted 
in a coordinate system, then we obtain Figure 2-3 for the example.

Load S 
Strength R

Figure 2-3. Probability density functions for load and strength

The hatchmarked region, where the two density curves overlap, is critical. He re, 
the strength can be smaller or equal to the load which, according to the assump­
tion, will lead to col 1 apse. 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 fol1owing events: (a) collapse of the bui1d-

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 

Figuie 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 = A2 > A3 . . . leads

to "fire in the building." It is a partial event of the event "fire in the build­

ing" since other sequences can al so result in a fire. For the expected annual 

frequency of event sequence T, we obtain the fol1owing equation according to the 
rules of probability calculation:

h(T) = h^) X w(A1) X w(A2) X w(A3) X (2.3)

provided the expected annual frequency h(D^) and the probabilities w(A^), 

average w(A2),. . . 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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2-18

w(I2) = 1 - w(A2)

h(D) = Annual frequency of the initiating event D 
w(A) = Conditional probability of event A

Event A3 
(contact with 

flammable material)

Event I3 
(no contact with 

flammable material)

Initiating event Dt 
(electric cable 

overload)

Event A2 
(smoldering fire 

not noticed)

Event A-, 
(fuse not 

operational)

Event ^ 
(fuse

operational)

Event I2 
(smoldering fire 

noticed)

Figure 2-4. Schematic example of an event tree



electrical fire can affect the probability that the fire will not be noticed.

This means that an interrelationship exists between the events and A2 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 w^) = w^/D-jA^). 

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 Aj_, namely the joint occurrence of fail ure F j and 

?2 or failure F3. For the probabil ity w(A^), provided the two failure combina­

tions are mutually exclusive, we therefore obtain:

wUj) = w(F1) X w(F2/F1) + w(F3)

wUj^ ) = wU-^/Dj) = (w[A^/D^/w(A|l) X (w[F^] X w[F2/F1] + w[F3])
(2.4)

and thus, for the expected annual frequency of the event sequence T = + A^ ->■ A2

...from (2.3):

h(T) = h(D1) X Cl X (wLF^ X w[F2/F3] + wtF^) X c2 (2.5)

where q = w(A^/D^)/w(A^).

We can determine h(T) by means of (2.5) if the frequency htD^, the "coefficents 

of dependence" c^, c2, . . . and the probability w(F^), w(F2/F^), . . . can be 

meaningfully estimated.

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

h = h(T1) + h(T2) +. . .+ h(Tm) (2.6)

where h(T^), h(T2), . . . are determined by equations of the type (2.5).
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(i.e., Failure F-, and F2)

(i.e., [Fi and F2] or F3)

Failure F2 
(component 2 

fails)

Failure F1 
(component 1 

fails)

Failure 3 
(installation fault)

Event A-, 
(fuse not 

operational)

Figure 2-5. Schematic example of a fault tree

2.5.3 Ri sk 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 pi ace 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 
[2.5]), and
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Event sequence

Category 1

Category 2

Category k

Characteristic j Exposure sequence

Frequency

Consequences

Frequency

Consequences

Frequency

Consequences

Consequences and risk

Figure 2-6. Schematic diagram of risk determination for N exposed persons (or groups) based on detailed
knowledge of the event and exposure sequences. (Regarding subevent groups D, I, A and failures 
F, see for instance Figures 2-4 and 2-5)



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

(b) 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 potential explosion, level of heat and smoke generation, 
etc.).

Depending on the val ue range of these components and their 
significance to an assessment of damage, the resul ts are 
divided for reasons of simp!ification into classes or categor­
ies K^, l<2, . . .

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 T^, T2 
and Tc, then for its frequency h(Ki) we have: h(Ki) = 
h(T1)+h(T2)+h(T5) where h(Ti), H^), MTg) are determined 
according to equations of the type (2.5).

(c) The region "exposure sequences" must describe all processes 
(exposure sequences) according to time, location, intensity, 
and probability, through which the event 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 val ues 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: 
h(v) = 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) = l R(v,a) = x-^ X h(x^) + Xg X h(x2) + . . . 
v

where for instance, Tifx^) 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 cl early 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 Section 2.4.4. If, 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 is 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 probabil ity, the expected frequency of the 
event sequence.

• 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.

• Exposure sequences

Are the considered exposure sequences overestimated or under­
estimated with regard to their time and 1ocation-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 1evel 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 Section 2.5.3?
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2.5.4.2 Quantification of Uncertainties in the Ri sk Assessment. Uncertainties in 

estimation result from:

§ Inaccurate knowledge of fixed quanti ties—or quanti ties pre­
sumed to be fixed for time period under consideration--!ike 
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 [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).

g(x, h) = subjective probability density function

x = expected magnitude 
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:

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

® one possibility with level of injury 1:99 possibilities with 
1evel of injury 0, or

• one possibility with level of injury 10,000:990,000 possibili- 
ties with level of injury 0.

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

bil ity (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*

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

2-27



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 

H10“3, 10“4...10'9 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 1atter 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 mi11ion years—will occur and, if so, in 

which year, are questions that cannot be answered. Therefore, it is enough 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“® 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 quantity 
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“® for a random access), then we would cal 1 this an unbe­
lievable 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 10‘® for random access, but

0.000000000001 = 10“^ 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, sporitaneously—withdraw 
the card belonging to the set of fingerprints or correctly identify the rail road 

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“® = 1/1,000,000; this is also the number of different, equally
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justified possibilities of drawing any of the 1,000,000 cards. Or the other prob­

abil ity, the number of different, equally justified possibilities of drawing the 

correct pair of cards is 10“^ = 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 1atter is equal to the product of the probability of making a correct 

first draw (10“®) 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 wg times. . .times w6 = 6/49 times 5/48 times...times 1/44 is 

about equal to 0.00000007 = 7 times 10"*® 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 (j).

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 limited 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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determined according to R = x X h ("expected 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.

(c) 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 probabil ity w, which will contain w with a probability of ?%. 
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 = l (e-a a1'/i!) = 1 - e‘a = 1 -e‘nw 
1*1

Therefore, w* can be obtained from the fol1owing expression according to the 
text:

l (e~w*n (w*n)1/i!) > P/100 Oder e~w*n < 1 - P/100 
1*1

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.

(d) The probability of the event "collapse under load" 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 
load 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.

(e) 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 Is = [0,s*] or
Ip = [0,r*] in accordance with the probabilities wc (s) or wR (r). The proba­
bil ity w(s, E) of the partial event in Figure 2.1 is thus the product of the 
probabilities of the secondary events "load = s" (= w^ls)) and strength r less 
than or equal to s":

(= l wR[r]), 
r=o

therefore:

s
w(s,E) = w (s) X l w (r).

S r=o R

With every load value s from L, 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
w(E) = l (wc [s] X l wR [r]) 

s=o r=o
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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 wR(r), 
then we have:

00 s
w(E) = / ws(s) x J wR(r)drds 

o o

(f) Translator1s note: a game similar to Bingo.

(g) 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." Of 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 10“° 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 nucl ear power pi ant with pressurized water reactor (a_). For pi ant systems 
analysis studies, it was necessary to select a certain nuclear power pi ant 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 
woul d have to be "state of the art" for pi ants presently in operation or in plan­
ning.

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

After weighing both considerations, the nuclear power pi ant Biblis, unit B, was 
selected as a reference pi ant for the study. Nuclear test operation of this pi ant 
began in the spring of 1976. The pi ant was transferred to the owners in the 
beginning of 1977. The Biblis B nuclear power pi ant has a pressurized water 
reactor (PWR) with a thermal power output of 3,750 MW. The electrical output of 
the pi ant is 1,300 MW. The power pi ant 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 pi an and 
Figure 3-2 an aerial photograph of the power pi ant 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 coolant 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 pi ant. 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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Unit A
1 Reactor building
2 Reactor auxiliary building 
2a Exhaust stack
3 Control room and operations 

building
4 Turbine hail
5 Service building
6 Administration building
8 Coolant pumping house
9 Collection pool

10 Coolant return channel
11 380 kV switching station
12 Unit transformers
13 Auxiliary transformers

14 Foundation for reserve unit 
transformer

16 Rainwater pump station
17 Settling pond
18 Information center
19 Ship landing
22 Demineralizer tank 

23 & 24 Cooling towers
25 Cooling tower pump station 
29 Cooling tower switching station

Unit B
A Reactor building 
C Reactor auxiliary building

E Operations and control room and 
emergency diesel generator 

F Turbine hall
H Auxiliary transformers J-220 kV/380 kV- 

outdoor switchyard and unit transformers 
M Coolant purification and pump assembly 
N Collecting pond 

N10 Coolant return channel 
Q Vent stack 

P10 & P20 Cooling towers
P30 Cooling tower switching room 
P40 Cooling tower pump station 

with waste water elevator 
U Parking structure 
V Covered hallway

Figure 3-1. Site plan for Biblis Nuclear Power Plant, Units A and B
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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 1oop) via the steam 
generator (2) by means of the closed reactor cooling 1oop (primary 1 oop). A 
sufficiently high cool ant 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 pi ace by means of the main cool ing water 
system. Here, the condenser picks up about 2/3 of the heat generated by the 
reactor from the flowing cool ant 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 pi ants takes pi ace in 
the same manner as for other thermal power pi ants. Energy generation by nuclear 
fission often causes special problems, however, since radioactive substances are 
generated on a considerable level. The radiation emitted by these substances can 
1ead to health hazards. The central task of reactor safety engineering is there­
fore to prevent release of radioactive 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 1iberated. Therefore, it is necessary to cool the reactor core even 

after shutdown.
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1 Reactor core 4 Primary coolant pump 7 Condenser
2 Steam generator 5 Turbine 8 Main feedwater pump
3 RPV 6 Generator 9 Main cooling water pump

Figure 3-3. Functional schematic for a PWR nuclear power plant



From the above discussion, there results a number of safety engineering require­

ments for the design of a nucl ear power pi ant. The following sections will dis­

cuss them in detail.

3.3 THE CONCEPT OF SAFETY

The objective of al1 safety considerations and safety measures derived from them 
is to ensure at al 1 times the retention of radioactive substances present within a 
nuclear power pi ant. In order to do this, an extensive safety concept has been 
devel oped in nuclear engineering. It consists of a multipie end osure of the 
radioactive substances generated in a reactor and of engineered safeguards and 
other measures that maintain at all times the integrity of this end osure 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 radioactive material originates from the nuclear fuel 
as a result of nuclear fission (bj. These fission products are end osed by 
several layered structures, cal 1ed the fission product barriers. Figure 3-4 
il1ustrates the principal arrangement of these structures. In particular we have:

t the crystal 1attice of the fuel itself, which retains the vast 
majority of fission products (under normal operating condi­
tions , more than 95%),

i the fuel rod cl adding, which is wel ded gas-tight,

• the reactor pressure vessel together with the completely 
end osed reactor cool ant 1oop,

• the gas-tight and pressure-resistant containment building, 
which end oses the reactor cooling 1oop.

The external steel-concrete structure has only a 1imi ted 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 pi ants must expect accidents due to 
various causes. For instance, accidents due to the fail ure of system parts, due 
to human error, or even due to external events are al1 possible. In order to 
ensure end osure of fission products, damage to the fission product barriers—even
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1 Crystal lattice of the fuel
2 Fuel cladding
3 Reactor coolant system
4 Containment
5 Steel-concrete structure

Figure 3-4. Fission product barriers
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during accidents--must 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 Classification of Accidents. It is customary to divide operational 
states and accidents in nuclear power pi ants into three safety groups:

Specified Normal Operation

The pi ant is functioning normally or occurring malfunctions do not affect the 
operation and safety of the pi ant. The radiation exposure due to operational 
discharges of radioactive substances to air and water must be kept as 1 ow 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 pi ant
cannot be continued for safety reasons, but for which the pi ant has been
designed so that the consequences to the environment will not exceed the 
defined 1imits. The corresponding acceptable 1imits for radiation exposure in 
case of accidents are also established by the radiological protection 
ordinance.

Emergencies (Class 9 Events)

Beyond the safety design of nuclear power pi ants, there remains a range of 
possible event sequences cal 1 ed Cl ass 9 events or Cl ass 9 accidents (c_). By 
these we mean event sequences that either are so improbable, as far as one can 
judge, that specific measures to prevent or 1imit their consequences are nor­
mally not taken, or whose occurrence and sequence are not forseeable. During
Cl ass 9 events, the acceptable limits established for radiation exposure in
the Radiological Protection Ordinance can be exceeded.

3.3.2.2 Defense-in-Depth Principie. The task of reactor safety engineering is to 
prevent accidents, if possible, or when not possible, to 1imit the consequences of 
accidents. A defense-in-depth concept has been developed for nuclear power pi ant 
safety for this reason. We generally distinguish three levels of safety measures:
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Quality 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 
1ines, and containment is performed. The high level of quality is assured 
through continuous recurrent testing during the entire 1ife of the pi ant. 
These measures for quality assurance are aimed at keeping the accident fre­
quency as smal 1 as possible, i.e., to prevent accidents as much as possible.

Prevention of Accidents

To prevent accidents that coul d develop from other malfunctions, nuclear power 
pi ants 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 1 imitation of occurring mal functions.

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 cool ant system, main 
cool ant 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 pi ants is the provi­
sion of extensive engineered safeguards called safety systems. Triggered by 
the reactor protection system, these safety systems generally act automatic- 
ally during accidents to maintai n the integrity of the end osure of fission 
products and to 1 imit 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 1ead 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 engi neered safeguards of nuclear power pi ants in the FRG are primarily estab- 
1 ished 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 
(simil ar to Regulatory Guidel ines and Standard Review PI ans in the U.S.) are given 
by the guidel ines of the Reactor Safety Commission (RSK) (2J 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 al so contain general design 
principles. Besides the already mentioned measures for quality assurance, a high 
1evel of operational reliabi1ity 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 wel1 as mutually depen­

dent failures.

The primary design principles are explained below.

Redundancy

The most important principle against individual fail ures is cal led redun­
dancy. Redundancy means that for each safety function there are more compo­
nents or subsystems avail able 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 physical ly 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 principie--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 principies. 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 cool ant, 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 pi ant or pi ant 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-Regul ation

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-regul a- 

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 pi ant, a brief overview is provided (Figure 3-5).

s The reactor core produces the thermal power output of the
nuclear power pi ant, it contains the most important fraction of 
radioactive substances in the pi ant (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 cool ant system consists of the reactor pressure 
vessel, the primary side of the steam generator, the main cool­
ant pipelines, the main cool ant pumps and the pressurizer. The 
heat generated in the reactor core is transferred from the re­
actor cool ant system to the steam generators. (Section 3.4.2).

• The feedwater-steam system consists of the secondary side of 
the steam generator, 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 cool ant water in the reactor cool ant system 
constant. By injection of boric acid or deionate, the reactor 
power output can be controlled over the 1 ong term
(Section 3.4.4).

t 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 al1 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 suppl ies the important safety components on failure of 
the normal power supply (Section 3.4.7). •

• The emergency feedwater system supplies the steam generator 
whenever the primary feedwater system is not available. The
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1 RPV
2 Steam generator
3 Pressurizer (emergency and residual 

decay heat removal system)
4 Reactor scram system
5 Containment
6 Steel-concrete structure
7 Exhaust and waste-water system
8 Main steam isolation valve
9 Main steam relief valve

10 Relief/control block valve
11 Auxiliary feedwater system
12 Emergency system

13 Residual decay heat removal system
14 Control equipment (not safety- 

related)
15 Reactor protection system
16 Auxiliary power system
17 Volume control system (only 

partially safety-related)
18 Ventilation system
19 Exhaust air filter
20 Vent stack
21 To the turbine
22 From the main feedwater pumps

Figure 3-5. Safety-related systems in a nuclear power plant
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emergency feedwater system can be used to remove decay heat and 
to shut down the pi ant (i.e., to reduce the coolant 
temperature. Section 3.4.8).

9 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 1oss-of-coolant accident (LOCA), it must also inject 
cool water into the reactor coolant system (Section 3.4.9).

e 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 (UO2), 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-1 ike 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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Figure 3-7. Cross-section of the reactor core
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Steam-generator
Pressurizer

HKL = Main coolant pipeline
HKP = Main coolant pumps
RD = Reactor pressure vessel (RPV)

Figure 3-8. Components of the primary cooling system
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3.4.2 Reactor Coolant System

The reactor cool ant system (pressure retaining end osure) consists of the reactor 
pressure vessel, the four primary cool ant 1 oops (each with primary cool ant 
pipelines, steam generator, and primary cool ant 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 
segments 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 cool ant supports forms the transition 
of the vessel shel1 to the top head. The reactor pressure vessel 1 id consists of 
three forged pieces with screwed and welded control rod nozzles. The 1ower part 
and 1 id of the reactor pressure vessel are screwed together. The RPV is made 
entirely of the material 22 NiMoCr 37. The interior surfaces wetted by cool ant 
are cl ad with a corrosion-resistant, austenite-welded piating.

The internals of the RPV il1ustrated in Figure 3-9 assume mechanical support and 
exact positioning of the reactor core, guidance of the control rods and of the 
cool ant flow. The entering cool ant flows in the annul us between the pressure 
vessel internal wall and core shel1 downward into 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 pi ate 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 cool ant 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 generator operates according to the natural 
circulation principie. The majority of the feedwater first enters a preheating 
section of the steam generator situated on the cool ant outlet side, where it is
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1 Control rod support
2 Upper lid
3 Cover zone ring
4 Cover flange ring
5 Control rod grid plate
6 Coolant inlet nozzle
7 Coolant outlet nozzle
8 Mantle flange ring
9 Control rod shroud tube

10 Upper grid plate
11 Forged ring
12 Core barrel
13 Core baffle
14 Lower grid plate
15 Core vessel support
16 Base zone ring
17 Core support structure
18 Lower lid

Figure 3-9. RPV with internals
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1 Main steam outlet
2 Fine separator
3 Coarse separator
4 Tube bundles
5 Tubesheet
6 Collection pool

7 Entry of main coolant
8 Outlet of main coolant
9 Entry of feedwater

10 Preheating chamber
11 Downflow chamber

Figure 3-10. Steam generator
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heated to about 10°C below the boiling point. Vaporization of the feedwater 
occurs in the heating 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 shel1 and pipe 
bundle and enters the heating tube bundle again via the tube pi ate.

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

The primary cool ant pipelines connect rector pressure vessel, steam generator, and 
primary cool ant pumps. The pressurizer is connected by means of a surge 1ine to 
one of the "hot" primary cool ant pipelines leading from the RPV to the steam 
generator. The pressurizer is used to control the cool ant pressure and is 
partially filled with boiling water. The pressure of the steam cushion above it 
can be increased by heating the pressurizer or decreased by injecting a spray of 
water. To do this, spray water is taken from the "cold" primary cool ant 1ines 
(between main cool ant pumps and RPV).

The cool ant pressure is 1irnited 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.

All parts of the reactor cool ant system that come into contact with primary 
cool ant are either manufactured of corrosion-resistant material or are piated with 
welded 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 1ow-pressure section of the turbine.
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Figure 3-11. Schematic diagram of the main and auxiliary coolant 
systems



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 pi pelines in which the main 
feedwater control valves are installed, back to the boilers. Heat removal from 
the condenser takes pi ace 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).

If 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 
avail able, the main steam is vented to the outside through the rel ief co’ntrol 
valves and main steam safety valves. In this manner, cooling of the steam 
generator and thus heat removal from the reactor cool ant system are made 
possible. A long-term avail ability 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 cool ant system that may occur from changes in 
cool ant 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 fl ow of coolant from the reactor cool ant 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 cool ant 
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 ful1-power opera­
tion of nuclear power pi ants 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 cool ant temperature to the reactor. For an increase in power 
requirements by the mains, more heat must be withdrawn from the reactor cool ant 
system via the heat genertors. 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 mechanisms are (Figure 3-12):

• Turbine control

t Cool ant temperature control with control rod bank position 
control system

• Cool ant 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 pi ant, 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 control 1er 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.

Coolan't 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 cool ant 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 cool ant can 
also be changed.

In order to intercept accident-caused power surges before control measures 
trigger the reactor protection system, additional 1 imi ting features are pro­
vided. These features act particularly on the movement of control rods, they 
can also initiate control rod fast insertion.

Cool ant Pressure Control with Pressurizer Level Control

The cool ant pressure control is 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 rel ief 
val ves.

The pressurizer level control regulates the inlet and outlet quantity of cool­
ant from the volume control system so that the pressurizer 1evel remains con­

stant.

Feedwater Control

To keep the steam water 1evel within certain 1imits, the feedwater control 
adjusts the feedwater inf1ow to the steam quantity exiting from the turbine. 
The fol1owing control units are available:
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• Main feedwater control "main load"

• Main feedwater control "1ow load"

• Emergency feedwater control

The control quantity is always the steam generator water level. Main load 
control is used at a reactor power output of more than 25%; at 1ower reactor 
output the secondary load control takes over. The control means are control 
valves in the four primary feedwater 1ines 1eading 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 al1 water from the steam generator. Control means 
are control valves in the four emergency feedwater 1ines 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 pi ant 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):

• Re actor scram

9 Integrity of reactor cool ant system

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

9 I solation of the building

9 Emergency power supply

The reactor protection system consists of partial systems for analog-measured 
value recording and setpoint signal indication (trigger 1evels), for 1ogic 
evaluation and linkage (1ogic levels), and for initiation of triggering signals 
(control 1evels) (see Figures 3-14 and 3-15).

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

The logic level is that part of the reactor protection system in which the 1imit 
signals are 1ogically 1 inked together. If at 1 east two of three 1imit signals of 
one measurement channel group are in a line, this is judged as exceeding the 1imit 
value.

The logic level operates according to a dynamic principle, i.e., with continuously' 
transiting timing pulses. A defective fail ure 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 logic 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 trigger 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 El ectric Energy Supply

Figure 3-17 shows the el ectric diagram of the reference pi ant. 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 connected 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 pi ant.

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 avail able. 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-1oop 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 power.

If the condenser is not avail able 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 cool ant system for ten to fifteen hours.

3.4.9 Emergency Cooling and Residual Heat Removal System

The emergency cooling and residual heat removal system (Figure 3-19) has both 

operational and safety functions:

i When shutting down the power pi ant, the emergency cooling and 
residual heat removal system begins operation when the pressure 
and temperature in the reactor cool ant 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 cool ant system (residual heat removal).

• During accidents that lead to loss of cool ant from the reactor 
cool ant 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 fol1 owing subsystems:

• 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 1 oops 
and is supplied with emergency power. The injection 1 oops of the system are con­
nected to the primary cool ant hot and cold legs. The RHR pumps and accumulators 
simultaneously feed the hot and cold primary cool ant pi pelines. The safety 
injection pumps are circuited over three-way valves so that they feed only into 
the cold, primary cool ant pipelines. During a leak in a cold primary cool ant 
pipeline, the three-way valve switches the appropriate safety feed pump to the hot 
primary cool ant pi peline.

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

For 1arge-break sizes, the pressure in the reactor cooling loop drops quickly.
The high-pressure injectibn systems are not needed in this case. The accumulators 
and the low-pressure injection systems feed borated water into the reactor cool ant 
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 1ower part of the containment (reactor building sump) upward and 
deliver it back to the reactor cool ant system through the residual heat exchanger 
(RHR, sump circulation operation).

For smaller leak sizes, the pressure in the reactor cooling 1oop drops siowly. 
Therefore, the high-pressure injection systems can be used first. Below a certain 
leak size, heat must simultaneously be removed via the steam generators. Cool ant 
pressure and temperature in the reactor cooling 1oop must be reduced by the
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feedwater-steam system so that the 1ow-pressure injection system can be taken into 
operation.

Operation of the hooked-up cooling chain assures emergency cooling. Comprised of 
four 1 oops and powered by emergency current, this cool ing chain consists of a 

nuclear intermediate cooling circuit and the nuclear secondary cool ing water 
system. The nucl ear intermediate cool ing circuit picks up the heat from the 
residual heat coolers of the emergency 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 1eaks 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 pi ant 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 cool ant system. In addition, unit A can take 

over the power supply to unit B.

3.4.11 Containment and Annulus Exhaust Air Handling System

The nuclear power pi ant containment, which retains radioactivity during accidents, 
consists of a steel, spherical vessel and an external reinforced concrete 
structural shel1 (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 1ocated within the containment, these penetra­
tions are gas-tight and pressure resistant. Highly stressed penetrations are 
additionally sectioned off and connected to a 1eak-off system. Each pi peline
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leading through the containment can be isolated by at least two valves, and the 
subatmospheric pressure system 1ines can be isolated by three valves, one behind 
the other.

The reinforced concrete structure endoses 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 annul us between the containment and the reinforced 
concrete structure is kept at subatmospheric pressure by means of the annul us 
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 pi ant cannot be precluded in advance. Combustible material s like 
1ubricating oils as well as other potential ignition sources are always present. 
Overal1, the quantities of existing combustible material s are smal1.

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 separated so that they cannot be simultaneously affected by heat and smoke, 
or they are sectioned off by structural or fireproofing materials; this is al so 
true for the cable connections belonging to the particul ar 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 
control!ed-access area and pi ant areas in which the safety features are 1ocated 
are also equipped with instruments for early fire detection. Sections of the 
building containing a concentration of f1ammabl e 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 al so be able, in this case, to shut down the pi ant, to remove arising heat, 
and to prevent an unacceptable release of radioactive substances. However, after 

an accident due to external events, the pi ant need not be able to continue opera­
tion.

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

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

• earthquake

• fl ood

• storm

• lightning strike

Man-made events were: 

e aircraft crash

§ shock waves from chemical explos ions

• 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 loading. To protect against external events that can lead to 
1ocally 1irnited 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 fl ood, 
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 Technology] by D. Smidt, Springer Publications.

(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 Bib!is B nuclear power plant is 
about 10-*-0 Curies after a long operating time (a_). If even a smal 1 fraction of 

the fission products escaped into the environment, danger would threaten both 

health and life. A nuclear power plant therefore poses a significant hazard 

potential.

In order to master this potential hazard, nuclear power plants are designed so 

that release of radioactivity on a level dangerous 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).

All 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.
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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 quantity 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 nuclear 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. Typical radioactive inventory of a PWR nuclear 
power pi ant (1300 MWe)

Total activil 
(in Curies

Percentage of core 
inventory

Location
Fuel

Fission gas 
PIenum Total Fuel

Fission
gas

Plenum Total

Reactor core (a_) 6.3 x 109 1.0 x 108 6.4 x 109 98.4 1.6 100

Fuel element 
storage pool 
(maximum) (]>) 1.3 x 109 2.1 x 107 1.3 x 109 20.6 0.3 21

Fuel el ement 
storage pool 
(average) (c_) 3.3 x 108 5.3 x 106 3.3 x 108 5.1 8 x HT2 5.2

Transfer cask (d) 1.7 x 107 2.7 x 105 1.7 x 107 0.3 4 x 10~3 0.3

Off-gas system — 1.5 x 104 — — 2 x 10~4

Waste water 
system ie) — ~~ 1.2 x 103 — — 2 x 10‘5

Ion exchanger (_f) — — 1.5 x 104 — — 2 x 10‘4

Other components 
in the auxiliary 
building (j_) ... 1.2 x 103 — 2 x 10“5

(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: concentrate tank (30-day decay period), vaporizer for waste water,
waste water col lection tank.

(f) For a purification rate of the main coolant of 10% per hour and a dwell time 
of about half a year.

(g) Contains: fi1 ter (resin trap), resin waste tank, boric acid tank, volume
compensation tank, coolant reservoir, vaporizer for cool ant, blowdown salt 
removal.
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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 cool ant 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).
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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 al1 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 questions:

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- 
1ished, and these can be included in the reliability analysis 
of these systems (see Table 5-1).

2. What is the status of the pi ant 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 pi ant and on the environment.

Processes During a Core Melt

If reactor core cooling fails—for example, due to a large leak in the reactor 
cool ant 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 

1argely move from the clad tubes 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 1attice 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 Containment * •

When the fuel mel ts, the core support structures also fail. The mol ten fuel 

rods collapse, together with the mol ten 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 mel t moves through di ffer­

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 liberated 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 lead 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 smal1, but it is also deci­

sive for the potential consequences of a core melt accident, provided such 
radioactive products get into the containment upon fail ure of the cladding and 

melting of the fuel.

The radioactivity content in the containment atmosphere is reduced over ti me 
by condensation and natural deposition processes and by radioactive decay, 

especially of the short-1ived nuclides. Overpressure in the containment 
simultaneously causes the steam-gas mixture and radioactive substances con­

nected with it in the exhaust air handling annul us 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 pi ant by the wind. The energy of the cloud 
can also cause a thermal lift. The initial relatively compact piume 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 pi ace 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 piume is radioactively contam­

inated.

People residing in this region can be exposed by direct radiation and inhala- 

tion of radioactive substances from the piume and from fallout, and also by 

the consumption of radioactive substances in food. The level 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 pi ant 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 frequency.
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Figure 4-1. Steps in the risk analysis
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It is neither possible nor necessary to present and analyze in detail all 

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, differen't 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 also 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 fol1owing 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 fol 1 owed, initially 

within the pi ant itself; the objective is to determine the radioactivity 

release to the environment. The fol 1 owing items are treated:

• processes during melt of the reactor core and the behavior of 
the mol ten 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 deci sive 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 al so be determined.

»

As a final result of the pi ant system analysis, we obtain the type (amount, 

location, time history, energy carry-over) and frequency of radioactive 

release from the plant. The release of radioactivity for the different acci- 

dent sequences can be compi1ed 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 Sequences

Calculation of accident sequences also takes pi ace 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 resulting 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 radioactive 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 pi peline) 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 

compi1ed 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 

line. 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 cool ing and resi dual heat removal come on automatically (b_). Finally, 

the leak tightness of the containment is important. This can be affected not only 
by leakage from the containment itself, but al so by the failure of ventilation 

valves, drainage 1ines, 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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Figure 4-2. Simplified event tree for a LOCA
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that of failure Is denoted by a downward branch. The corresponding letters are 

KtorK+Y+orY* Z + or Z +. The event sequences are distinguished by means 

of attendant 1etter combinations: S K + Y + Z +. Later, a uniform, abbreviated

notation is selected in which the initiating event and unsuccessful measures can 

be described, i.e., S K + 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:

® 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 pi peline of the 

reactor coolant system into the annul us of the reactor bui1ding, then the leak 

tightness of the containment has broken down and, at the same time, has 

influenced emergency cooling 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 systan is rendered inactive and thus has no 
further influence on the event sequence. In the selected example, upon 

fail ure 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 pi ace 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 a, ^ 33, n, <S (see Section 6.3.3 

and 6.6.2). These fail ure 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 Zj, 

Z2 and only two rel ease categories had to be considered. The system function 

Z would then be replaced by the secondary functions Z^ and Z2, and we would 

obtain the event tree shown in Figure 4-3. Si nee the failure modes Z^, Z2 

represent mutually exclusive events, the corresponding branches can be omitted 

after the occurrence of Z^. The event sequence represents the situation for 

proper operation of all system functions; the event sequences S-Z^, S-Z2 show 

the accidents mastered by the emergency cool ing 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 6.
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

bil ity). In accordance wi th 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 failure 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 fail ure 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 deal ing with a deductive method. Its application is 

important primarily because experience values are usually unavailable for

reliability of systems, but are avail able for the various components. Linkage of

the individual component failures in the fault tree takes pi ace 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 loops are present than actually needed to

fulfi11 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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two-out-of-four system. This simplifies the illustration of the fault tree for a 3-out-of-4 system.

Figure 4-4. Fault tree for a 2-out-of-4-system



individual loops, which in turn are composed of a number of components, is shown 

in Figure 4-4. In the definition of "undesired event," it is of great importance 
to know how many redundant loops are needed to fulfi11 the safety obiigation. 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 pi ace 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 fail ure 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 1 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

lation of system reliability to the conditions occurring in operation.
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The numerical evaluation of the fault tree analysis takes pi ace 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 fol 1 owing 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 general ly derived on the basis of 

observations: either estimated val ues of these frequencies are obtained directly

from operating experiences (e.g., for the occurrence of a pi pel ine 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 fail ure of system functions is determined by means of fault 

tree analysis in which a probability is derived from the failure of components for 

the fail ure 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 failure behavior of a component that has to perform a certain function can be 

described in one of the fol1owing 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 probabil ity 
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 latest, 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 X, 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 testi ng 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 life, the failure rate can increase due to wear and age. During 

the majority of the use time, however, the fail ure 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 - e‘xt

Al though 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 = l-e‘xT sT 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, 1 ike for instance, human inter­

ference.

From operating experiences, accurate values for the pertinent fail ure 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 fail ure 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 avail able experiences. 

Therefore, from experiences we can only give a range within which the fail ure 

rates will 1ie.

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 lie 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.

Si nee the described methodol ogical 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 pi ants. 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 fail ure 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 overal1 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 pi ace 

automatical!y 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 less time has 

elapsed si nee 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 fail ures 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 pi ace 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, si nee 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 pi ant; this would have made determination of 

probabilities for the failure of different system functions more difficult. The 

establishment of system functions took pi ace here under different viewpoints.

To protect against a series of potential sources of common cause failures, German 

nuclear power pi ants avoid, as much as possible, linkages 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 fail ures 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 subdivisi on 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)

0 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 1icensing 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, si nee 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 fail ures are less 
likely (probable) to recur.

But in order to permit quantification of common cause failures, various methods 
are given in the 1iterature 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 

failures. 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 pi ant-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 latter. The results of the 

event trees are compi1ed into release categories. The categories are character­

ized by:

0 expected annual (c_) frequency, and

0 release characteristies important to assessment of injury.

The contribution of the simulated accident sequence to the determined annual risk 

consists of two components, namely:

0 the expected annual frequency, and

0 the expected consequence for the particular type of accident.

Both components are affected by uncertainties in the estimation. These result 

from:

0 inaccurate knowledge of fixed or temporally fixed quantities 
1 ike probabilities, expected frequencies, average values in 
general, etc.

0 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 

pollutants, 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--like 

release category, weather situation, population distribution—are so-called random 

quantities si nee 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 cool ant 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 compiicated 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 resul ts 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 compiex 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 [2]), 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 licensing 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.
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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 si nee 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 probabi1istic-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(k^) of radioactivity release of a 
particular release category

• the probability w(M*.) with which a weather situation occurs as 
assumed in the simulated 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(Bv), 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 cl ass 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 Bv, v = 

1, 2, ... n of the random sample, which are assigned the probability w(By) =

1/n. In 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 nj of a class are compensating so that 

we can proceed in our calculation from a uni form 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 siti ng 

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 mr 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 mr/115.

Here, also, we are not using average weather patterns of the individual classes 

for the simulation, but real weather profiles M^, t = 1, 2, . . ., 115 of the 

random sampl e. Each has an assigned probabil ity w (M^) = 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 U).

The release category frequencies h(K^), i = 1, 2, . . ., 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

§ failure rates (or failure probabilities per demand) of compo­
nents

• probabilities of human error

• probabilities needed in model1ing 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 like 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 1og-normal distribution. The fol1owing 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 pi ants

• 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 is 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 

judgement 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 1og-normal distribution assigns zero probability to values 
of less than or equal to zero. Thus it 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.

t 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 (Xrg) whose name implies that the probability of 
values less than or equal to Xcg is equal to the probability 
for val ues greater than X™; that is, the probability is 50%, 
and

—the uncertainty (or al so called uncertainty factor) KD, which 
has the property that the probability of values less than or 
equal to X5Q x K is equal to the probability of values 
greater than X5gHx Kp; that is, it is (100-P)%.

Because of these parameters and due to its relationship to the 
normal distribution, a 1og-normal distribution is quite easy to 
use in calculation.
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® Because of Its si ope, 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) val ue 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 ,IP% fractile"). Between the 
expected value (X), median (Xgg), and uncertainty factor (K ) of a log­
normal distribution, there is the fol1owing relationship: H

X = x50 X es z'z.

where s = In Kp/up and "Up" is the P% fractile of the standard normal distribu­

tion. Fractiles other than Ug5 about equal to 1.645 can also be found in standard 

tables (see, for instance, [£]) 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 rel ease 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 compiementary cumulative distribution frequency of 

injury (representation form of risk in Section 8.1), a value must be selected from 
the subjective probabil ity distributions of the expected release frequency, which 

can be called the "best" estimate. The question of which value is to be 
considered the "best" arises because, in principle, each val ue for which the 

subjective probability density function differs from 0 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 al so 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 smal1er than the median, 

and this 1n turn 1s smal1er than the expected value.

The confidence interval in Section 8.2 is completely independent of the selection 
of the "best" estimated val ue of fixed, but inaccurately known quantities for 

which estimation uncertainties were quantifled. Their determination is based on a 

compiete, subjective probabil ity distribution of these quantities.

Actually, the frequency of a simulated accident sequence would have to be 

expressed by the fol 1 owing product:

hU^.By) * h(Ki) x w(Mt/Kt/Ki) x wfBy/K^),

i.e., instead of the above probabil ity 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(Mt) instead of wO^/Kj)
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are judged negligible. The condition in w(Bv/K1-Mt) 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 1arge 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

All internal accidents that can lead to overheating of the reactor core can be 

divided into two groups (Figure 5-1):

• accidents initiated by a loss of primary cool ant
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Figure 5-1. Plant internal accidents with consequences 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 fail ure 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

RPV = Reactor Pressure Vessel

In addition to accidents that can affect reactor core cooling, we must study those 

circumstances under which radioactive 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 compieted studies for plant-internal accidents are summarized 

in Section 5.2.6.

5.2.1 Loss-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 cool ant system. These leaks are treated in the event tree analyses as 

initiating events. As in WASH-1400, the fol1owing leaks are studied in detail:

• leak in a primary coolant line
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• leak in the pressurizer system

• leak through a connecting line to the reactor cool ant system.

Event sequences caused by a leak in a primary cool ant line 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 pi pel ine 

that connects the pressurizer with the primary cool ant 1ine or at the pressurizer 

itself. A leak in the compensation pi peline should be treated like 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 pi peline 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 pi pelines 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 cool ant 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 likely 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 fol 1 owi ng 

measures are needed:

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

§ assurance of a sufficient cool ant inventory in the reactor 
cool ant system

§ heat removal from the reactor cool ant 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

0 emergency feedwater supply and main steam rel ief.

The HP, accumulator, and LP injections are implemented by means of the emergency 

cooling and RHR system. The main feedwater supply is needed for ful 1 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 cool ant 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 pi ace 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 ful 1 

load operation at the beginning of the accident, since this pi aces the greatest 

demands on the system functions. In addition, location and size of the leak have 

a distinet influence on the requirements of system functions.

Leaks in a primary coolant pi pel ine 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 cool ant 

system drops off so quickly that the HP injection cannot be used. For 1arge- and 

mediurn-si zed 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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Table 5-1. Minimum requirements for system functions to remove residual heat 
during leaks in a cold primary coolant pi peline (2 out of 4 means that of four 
existing redundant systems, only 2 are needed.)

LOCA

Rupture cross 
sectional area

(cm2)

System functions

High
pressure
injection

Accumulator 
injection

Low-pressure 
reinjection for 

flooding

Low-pressure 
injection 
with sump 

recirculation

Feedwater supply:
a) Main feedwater
b) Emergency 

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 41

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 4:*-
Very small leak < 2 — -- __ or

b) 1 out of 4

10ne 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 cm2 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 cm , 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 function. 

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 f1ooding and for sump 

recirculation are needed. For reflooding, of the four existing LP injection 

systems, two will feed into the hot and one into the cold primary coolant 1ines. 

For sump recirculation, LP injections into two hot primary coolant lines are 

needed. The table pertains to leaks in a cold primary cool ant 1ine; for a leak in
a hot primary cool ant line, merely reverse the information above for "hot" and

"cold."

The minimum requirements taken as a basis here have been derived largely from the 

1icensing procedures for the reference plant or comparable pi ants. 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 cool ant pi peline. 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 cool ant pi pel ine. 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 large and medium leaks in a primary coolant pipeline. Merely for 

the sake of simplicity, in large leaks we do not distinguish between fracture
O

cross-sections greater or less than 1000 cm . 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 SI 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 

cool ant system drops to 110 bar. The accumulator injections begin automatical ly 
when the pressure in the reactor cool ant system drops below 25 bar. At a pressure 

of 10 bar, switching takes pi ace 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 recirculation takes pi ace. The RHR pumps draw water 

from the sump and pump it through the residual heat exchanger back into the 

reactor cool ant 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 
pul 1ing water from the sump may fail due to cavitation.

Because of contamination of the containment after a large or mediurn leak in the 
reactor cool ant 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 mediurn leak, to cope with a "large leak," high-pressure 

injections are not necessary (Figure 5-2). Here, the pressure in the reactor 

cool ant system drops off so quickly that the accumulator injections and low- 

pressure injections spring into action within a very short time. For leak sizes
O

greater than 1000 cm , 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 lO'Vyear or 8 X 10“Vyear. 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, e 

generally stands for probabilities less than 10“®, 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 

mediurn leak lead to core melt. As shown above, the summed probability is
O

2 X 10 , approximately equal for both accidents. The frequencies of a core melt

result by multi piying this value times the frequency of the initiating event 

(5 X 10~^/year for the accident "large leak" and of 2 X 10“6/year for the accident 

"mediurn leak").

In the comparative discussion of results given below, it must be remembered that 

different system functions are needed to cope with a large and mediurn 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 pi peline equipped with check 

valves into the hot and cold leg of one of the four primary coolant pi pelines. 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 pi ace into the 

intact legs (see Table 5-1). If the check valves do not open in the two loops 

through which injection into hot primary coolant pi pelines is required, or if the 

check valves fail in two loops that are pumping into intact cold primary coolant 

pi pelines, 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 mediurn 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 fail ures 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 coolant pi peline. 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 fail ures play an important role 

through incorrect calibration of measurement channels.

The event sequences with fail ure of containment integrity for emergency cooling 
(AG, SjG) 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 pi peline. A "small leak" is present when the 

residual heat cannot be removed through the leak itself. 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 avail able for the 
steam-generator from the main feedwater or emergency feedwater supplies. In 

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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Figure 5-4. Event tree for a ‘ co



high-pressure injections. The HP safety injection pumps draw water from the 

borated-water storage tanks. Because of the 1imited supply of the storage tanks, 

low-pressure injections for sump recirculation must be switched on at the proper 

time. For the above reasons, a shutdown of the pi ant is needed. The remainder of 
the event sequence generally corresponds to that of a mediurn 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 lO^/year. In Figure 5-4, we find the calcu­

lated probabil1 ties 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 cool ant pi peline thus becomes about

2.1 X 10“^. By multiplication with the frequency of occurrence, we thus obtain a 

frequency of 5.7 X 10'^/year for a core melt accident due to a small leak in a 

primary cool ant pi peline. This value is more than one order of magnitude greater 

than the corresponding values for the large and mediurn 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 pi ant, 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 rel ief valves, 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 low-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 fail ure of
o

preparations for shutdown we obtain an expected value of 1.6 X 10 . This is

about 75% of the total result for a smal1 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 main steam system (Ap/At-Signal) would be 
triggered and the MS quick-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 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 S2G), 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 1atter 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 cool ant pumps

• failure of the cool ant pressure control

• ATWS 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 cool ant 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 cool ant 

pipeline. Because of these minimum requirements, for small leaks at the pressur­

izer the pessimistic assumption is that a fail ure 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 Fran a Connecting Line to the Reactor Cool ant 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 cool ant can occur through these connecting lines and result in 
loss of primary cool ant 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 annul us may be involved. The various possibilities are 
discussed below.

In the emergency and RHR system, a loss of coolant in the annul us 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 wi th 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.

Fail ure of check action due to internal break is very uniikely. An incorrect 

setting of the check valves is generally impossible because of the various sur­
veillance measures (e.g., position monitoring of valves). Si nee only the above 

failure combinations can lead to a loss 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 pi ace, the probabil ity of a pi pel ine fracture during the limited 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.

Pi pel ines of the volume control and chemical injection system, which are al so 
1 inked to the reactor cool ant system, normally carry only water in the region of 

the annulus which is at a temperature of less than 100°C and a pressure of
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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
O

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

structures themselves.

A loss of primary cool ant 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 level 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 cal 1ed 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 pi ace; 

therefore, to determine risk, those transients should be studied where safety 

systems failure 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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Figure 5-5. Causes of transients

Transient accident
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• change in coolant circulation

• change in cool ant 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 smal1er 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:

§

®

likely events whose frequency lies between about 10 /year and 
10/year, but which is generally above lOvyear

p
uni ikely events with a frequency less than KTVyear, 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 pi ants. 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 limit 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 

1imit 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.

"Uniikely" events are transients whose frequency is so smal1 that they are not 

anticipated during the operating 1ife of the plant. These uniikely 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 likely transients. The unlikely transients will 
therefore be studied in phase B of the risk study. In this regard, a rupture in 

the main steam pi peline 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

• pressure limitation of the reactor coolant system

• assurance of a sufficient cool ant inventory in the reactor 
coolant system

§ heat removal from the reactor cool ant 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 cool ant system

§ terminating of pressure relief of reactor coolant system

® main feedwater supply and main steam rel ief

§ 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 pi ace through the pressurizer 

relief valves and safety valves. If these valves do not open sufficiently, an 

overpressure fail ure of the reactor cool ant 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 pi ant (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 cool ant 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 piaced 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.)

Transients

Opening of pressure 
relief valve in reactor 
coolant system

Closing of pressure 
relief valve in reactor 
coolant system

Feedwater supply
a) Main feedwater
b) Emergency feedwater
c) Delayed feedwater

Anticipated transients 
with reactor scram —* Eventually 1 out of 4 

or 2 out of 4**
a) 1 out of 4## or
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) 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 pi ace special demands on system functions for feedwater 

supply and main steam relief. A contribution to risk is also possible based on 

the fail ure 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 
cool ant 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 

ti me.

Closing of the pressure relief valve of the reactor cool ant system is required not 

only for ATWS accidents, but also for various likely 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 

pi ant takes pi ace through the four 10-kV busbars of the auxiliary power system 

(see Section 3.4.7). A power fail ure exists when the voltage to more than one of 

these 10-kV bus-bars fails. Si nee 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 fail ure of the auxiliary power supply.

During power failure, electricity supply to the 10-kV emergency power busbars 

takes pi ace 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.

5-24



5-25

3 CQ C Ol O) 51 (D a s“
4" (D O €

S’
?
?
?

3
..
IS

0

im 00 
o

>
 C

O*

Z 
(J)

JO 
»

g
?

M 
S n

'
0) a. E s ® =: I

Fu
nc

tio
n

No
 -

®
--
 

—
■■

Ye
s

—I
 

—I
 

—I
—I

 
—t

 
—H

t—
J 

t—
I 

C/
) 

K—
I 

1 
C/

) 
I—

I 
1—>4

c_
i 

c_
.r

o
s 

c
_
.r

o
- 

70
 

r“
 

2
 

>0

cn
 

n
 

u
ic

o
O

D
-
^

r
o

^
•—

» 
»—

* 
I—

4 
I—

» 
*^4
 

»—
» 

I
0
0
0
0

 
• 

o
I
I
S

S
 

I—
* 

j
cn
 

cn
 

ai
 

O
, 

cj
i

o.
 

cr
 

cr
 

o
 

c
t

o
j 

n
 

o“
o>

In
iti

at
in

g 
ev

en
t

R
ea

ct
or

 s
cr

am
M

ai
n 

fe
ed

w
at

er
 s

up
pl

y 
an

d 
m

ai
n 

st
ea

m
 h

ea
t r

em
ov

al
Au

xi
lia

ry
 fe

ed
w

at
er

 s
up

pl
y 

an
d 

m
ai

n 
st

ea
m

 h
ea

t r
em

ov
al

O
pe

ni
ng

 o
f p

re
ss

ur
e 

re
lie

f 
va

lv
e 

in
 th

e 
pr

im
ar

y 
co

ol
in

g 
sy

st
em

C
lo

si
ng

 o
f p

re
ss

ur
e 

re
lie

f v
al

ve
 

in
 th

e 
pr

im
ar

y 
co

ol
in

g 
sy

st
em

D
el

ay
ed

 fe
ed

w
at

er
 s

up
pl

y 
an

d 
m

ai
n 

st
ea

m
 h

ea
t r

em
ov

al
Lo

ng
-te

rm
 fe

ed
w

at
er

 s
up

pl
y 

an
d 

m
ai

n 
st

ea
m

 h
ea

t r
em

ov
al

Ev
en

t s
eq

ue
nc

e

C
on

di
tio

na
l p

ro
ba

bi
lit

y 
(e

xp
ec

te
d 

va
lu

e)
*

Ef
fe

ct
s 

on
 th

e 
co

re



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 cool ant 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 rel ease 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 limit 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 cool ant 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 auxiliary operation

• failure of the conventional secondary cooling system 

§ turbine trip and failure of the generator circuit breaker
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$ turbine trip and fail ure 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“^/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 fail ure of system functions needed to cope with a power fail ure was set at 
a total of 1.3 X 10“4. The frequency for a core melt accident due to a power 

failure is thus (0.1/year) X 1.3 X 10“^ = 1.3 X 10‘^/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 TjU). If this del ayed 

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"^) X 

(1.6 X HT1) = 8 X 10~6/year.

This value represents 64% of the total results for power failure. Unavailability 
of emergency water supply of 5 X 10~^ 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 
longer be switched back to the corresponding 10-kV auxiliary busbars, even if 

vol tage was agai n 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 KT^/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 0.1/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 wi th the accident, then thi s 

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 

3 X 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 pi ants. 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 pi ant.

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 fail ure. Power fail ure has a considerable 

influence on the probability of failure of other system functions. Small leaks at 

the pressurizer, which arise from a power fail ure through the fail ure 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“®/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 T^S^, or TjS^ 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 pi peline (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 10“^ = 2.7 X 10“^/year for the case Tj^' or (0.1/year) X 
3 X 10‘5 = 3 X 10“®/year for the case T^". The sums of probabilities for 

failure of system functions needed to cope wi th a smal1 leak at the pressurizer 

are obtained from Figures 5-7 and 5-8. With regard to rounding errors, we obtain
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Figure 5-7.
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1.5 X 10“^ 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~*Vyear or 2.8 X HT^/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“®/year.

Both in the case T^' as well as T^, the unavailability of the power supply for 

high-pressure injection and low-pressure injection is an important factor. For 

instance, if we fol 1 ow event sequence TjSg', 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 fai 1 ure of the needed high-pressure 

injection. For T^" this figure is almost 90%. Whereas for T^' a common cause 

failure of the diesel generators, together with an independent failure of 
hardware, results in an uncontrol 1ed accident, additional human error is needed 

for TjSg".

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 1imit any 

possible increase in cool ant 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 10'®). Over­

heati ng of the core can only result from such accidents when additional failures 

of needed subsystems occur.

The greatest cool ant pressure rise would occur for an ATWS accident "failure of 

the primary cool ant 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 cool ant 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“^, On the 
basis of this event sequence (designated as T2KL), a contribution of (0.8/year)

X (5 X 10~6) X (1.2 X lO'-*-) equal to 5 X 10'^/year to the frequency of core melt 

accidents can be expected.
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During ATWS accidents, al1 four pressurizer valves normally open. If the coolant 

pressure continues to drop, then closing of the pressure relief of the reactor 

cool ant 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 pi peline. Therefore, the 

pessimiStic assumption is made for such a leak in the pressurizer that a fail ure 
of reactor scam results in core melt.

The probable fail ure of one of the four pressurizer valves to close is determined 

as 2.5 X 10“^. 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~®) X 

(2.5 X 10“^) equal to 7 X lO^/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 * 1

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 RPV 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 RPV. 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 run (RPV: 350 mm 
for the PWR in the cylindrical part), the stored energy is 
lower by 95% than in the RPV and the nominal stress of 85% is 
only 100 N/mm~d and of 50%, only 70 N/nmr (RPV:
180 N/mnr) (2).
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2. There are considerable differences between nonnuclear 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

• pufity of material

• strength of material

• good processing properties

• surveillance of welding

• surveillance of heat treatment

® multipie, 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 fail ure probabilities of the RPV will apply only to those fail ure 
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 Bibl is cl ass RPVs to assure the high 

quality needed for reactor operation are discussed briefly below.
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Design and Construction

All 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.

p
The permissible primary 1iner stress in the RPV, which is about 180 N/mm , is 

thus greater than that normally found in nonnuclear vessels. The assured 

tensile strength safety margin at room temperature (568 N/mm^) 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 1 id 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 duetility 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 infl uenced 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 lid as wel 1.

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 resi stance 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 test, 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 fol 1 owed and human error could be el iminated. 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 1ife in accordance with operating 
conditions.

In-Service Inspection

The operating behavior and functioning of the entire reactor cool ant system 
are tested within the framework of commissioning. During subsequent stages of 
ful1 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 
smal1 as possible, the neutron flux integrated over the service 1ife is 
1 imited by a water gap between core and vessel wall to 1 X lO^/cm^. The 
change in ductility is monitored through so-cal1ed suspended specimens--these 
are lead material samples exposed to operating conditions and to neutron 
irradiation, which are removed successively during power pi ant operations--the 
change in strength is monitored. This assures that the ductibility is known 
with advancing age and that a 1imit 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

5-37



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 fail ure probability of 1 X 10“^ per RPV 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 probabil1stic fracture 

mechanics lead to val ues of the same order of magni tude (4_).

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 (3J. 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 statisties on numbers and 

damage of such vessels. This gave an average fai 1 ure frequency for rupture of a 

pressure vessel of about 10“® per year of pressure vessel operation (2J.

An important resul t of these studies was that the failure probabil ity 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

ti me. 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
O

methods gave cross-sections of less than 30 enr for the greatest, suberitical 

crack length in the cylindrical wall.
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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 cool ant pi peline. 

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 1Q~^ per RPV operating 

year for the rupture of a RPV, 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, 
like the procedure used in WASH-1400.

Within the framework of licensing procedures for nuclear power pi ants, 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 PI ant-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 unioaded 

from the reactor core and the radioactive auxi1iary systems of the nuclear power 
pi ant. 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 cl adding, 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 spent fuel elements and of the fuel elements being 

transported therein, with subsequent release to the environment outside the pi ant.

Fuel elements are removed from the reactor core after reaching their maximum 
burnup in the annual refueling. They are then piaced 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 handling 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 falls from the grab of the 

refueling machine. The fuel element is damaged upon impact so that in the 

worst case, al1 cl addings lose their integrity. Thus, fission products col­

lected 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

LOCA
Transient

Frequency of initiating 
event h (expected value) 
per year

Conditional probability 
of failure of the required 
system functions w 
(expected value)

Frequency of core 
melt accidents 
h x w (expected 
value) per year

Large leak in a primary
A

5.0 x 10“7cool ant pi peline 2.7 x 10"4 1.7 x 10“J

Medium leak in a 
primary cool ant 
pi peline 8.0 x KT4 2.3 x 10'3 2.0 x 10~6

Small leak in a primary
coolant pi pel i ne 2.7 x 1Q~J 2.1 x 10^ 5.7 x 10‘b

Loss of power 1.0 x 10-1 1.3 x 10~4 1.3 x 10“5

Failure of the main
8.o x nr1feedwater supply 4.0 x 10~b 3.0 x 10~b

Small leak in pressur­
izer during power 
failure 2.7 x KT4* 2.6 x KT2 7.0 x KT6

Small leak in pressur­
izer during other 
transients 1.0 x 1Q~3* 2.0 x 1Q~3 2.0 x 10“6

ATWS 3.0 x KT5 3.0 x 10"2 1.0 x 10“6

*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 the rel ief valve and its redundant bl ock 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 rel ease 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 Piscussion 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“^/year. The 

parameters of the attendant distribution functions are given in Table 5-4. The 

greatest contributions come from small leaks in the primary cool ant pi peline 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 cool ant line, as well as 

to the unavailability 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; thi s al so 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 KT5

Median (50% fractile) 4 x 10~5

Lower 1imit (5% fractile) 1 x 10"5

Upper limit (95% fractile) 3 x 10‘4

The values 1isted 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 cl ear, 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 compi1ed 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 failures 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 failure 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 pi peline, the manual efforts to prepare shutdown at lQ0°C/h 

determine the result. It was assumed here that imp!ementation 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 mediurn leaks in a primary coolant pi peline, 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 cool ant pi peline, 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 si nee, in case of power fai 1 ure, normally all measures are 

imp!emented automatically. Failures due to incorrect calibration can be neglected
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Table 5-5. Contributions of system functions to the frequency of failure 
to cope with an accident.

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 pipe!ine injections, low- AF 30%

pressure injections AH 12%
with sump recircula­
tion, long-term decay 
heat removal, other

4%

Moderate leak in 2.0 x 10_6/a High-pressure injec- SiC
SiD
S1E

52%
a primary cool- tions, accumulator 9%
ant pipe!ine injections, low-pres- 4%

sure flooding injec- S1F 21%
tions with sump SjH 9%
recirculation, long­
term decay heat 
removal, other

5%

Small leak in a 5.7 x 10-5/a Auxi1iary feedwater Sold 90%
primary cool- supply and main steam s2ic 5%
ant pipeline heat removal, high- 

pressure injections, 
other

5%

Loss of power 1.3 x 10-5/a Auxiliary feedwater T^JQ 67%
supply and main steam 
heat removal, delayed 
feedwater supply and 
main steam heat 
removal, long-term 
feedwater supply and 
main steam heat removal

T1R 33%

Small leak at the 7.0 x 10_6/a Auxiliary feedwater T,S?'IJ,TiSo‘IJCE
T1S2,'IJ,T1S2"IJCE
TiSo'IC.TiSVICE,
tJs2"ic,tJs2"ice

20%
pressurizer supply and main steam 78%
during power heat removal, high- 2%
failure pressure injection, 

other
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Table 5-6. Contributions of the different failure modes 
to the frequency of failure to cope with an accident

LOCA,
Transients

Frequency of 
failure to cope 
with accident UA** CMA# M## UA & CMA UA & M CMA & M UA & CMA & M

Large leak in a 
primary cool - 
ant pi peline 5 x 10~7/a 73% 15% 12% _

Moderate leak in 
a primary cool­
ant pi pel i ne 2 x 10~6/a 62% 11% 27%

Small leak in a 
primary cool­
ant pi peline 5.7 x 10~5/a 13% 1% 85% 1%

Loss of power 1.3 x 10~5/a 26% — — 29% 27% 18% —

Small leak at 
the pressur­
izer during 
power failure 7 x 10~6/a 33%* 26%* 4%* 37%*

Total 8 x 10~5/a i—
*

°S 1% 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.

**UA: Independent hardware failures, including maintenance interval.

#CMA: Common mode failure of hardware.

##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 resul ting from a power failure, 

both common cause failures of hardware as well as human error will lead 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 al1 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 pi peline, 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 basi s 
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 

pi ant-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 pi ant-internal accidents (e.g., 

power failure), then further consideration could be terminated if the frequency of
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the initiating, pi ant-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 qua!itatively.

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 (5J. Final results from this research project 

will be avail able 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 pi ants or sites is not possibl e without modi­

fication. For instance, different external events 1 ike earthquake, flood, and 

explosion depend on the site with regard to both frequency and magnitude. In 

addition, in newer pi ants the safety provisions against external events (espe­

cially earthquake, aircraft crash, 1ightning strike) have been expanded signifi­

cantly so that 1ower 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 lies between 10-6 and 10"^ 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 1ow 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 avail able. 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 frequencies 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 location of the reference pi ant 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“° 

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 MT^ per year).

Note here that for physical reasons earthquake magnitude cannot increase indefi- 

nitely since maximum energy release is limited. Extrapolation takes pi ace by 
means of Gumbel extreme statisties; this provides the needed, extreme magnitudes 

or intensities for a prolonged time period as earthquake intensity assumptions, 
e.g., for the service 1ife of a nuclear power pi ant 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 like, for instance, the maximum ground acceleration, a functional relation­

ship exists. Figure 5-10 gives probabilities of exceeding the maximum ground 
accel eration a0 per year for a location in the upper Rhine trough (7_). The val ue 

of 1.5 m/s^ for a0 corresponds to the acceleration value taken as a basis for the 

design of the reference pi ant (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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LOCA takes pi ace 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 reliability data 

used there, earthquake-induced fail ure 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 

fail ures we distinguish between fail ure of structure (fracture, deformation) and 

fail ure of functionality (incorrect control, interruption, disruption in 

kinematics).

Within the framework of the present study, it was not possible to examine al 1 

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 Fail ure of Assembl ies Due to Earthquake

Calculation of Failure Probability

The calculation of probabilities for fail ure of structures and components is 

divided into two sections:

s 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
dant maximum acceleration a0. The conditional probability 
Pf (a0) for fail ure of the component for a given earthquake was 
found (Figure 5-11).

# From the conditional probabilities pf*(aQ) and the frequency 
distribution of maximum acceleration a for the site of the 
reference pi ant (Figure 5-10), the earthquake-induced failure 
probability p^ of the component was determined.
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Failure Probabilities of Structures

Failure of the following structures caused by earthquake was studied and

probabil1 ties evaluated (for a better understanding, see Figure 3-20 in

Chapter 3):

(a) 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.

(b) 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 failure frequency thus 
remains at a value of about pf = 4 X l(Tb per year.

(c) Fracture failure of the separation between fuel storage pool
and storage ground for core internals: the pool wall is
designed for plate stresses in accordance with the elasticity 
theory. If we consider probable failure mechanisms, a failure 
is practically impossible.

(d) Support of the RPV on the support shield: the structure
stresses depend primarily on whether components of the reactor 
cool ant 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.

(e) Upper support of the steam generator: the information given 
under (d) above for a fracture failure also applies to the 
upper support.

(f) 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 pi peline fractures, the failure frequency 
of the chamber wall remains below about p^ = 4 X 10“b per year 
even for fracture of several pipelines.

(g) Crossbeams in the turbine hall: the steel-concrete frames used
for lateral reinforcement of the turbine hall behave excel - 
lently for earthquake effects, i.e., they withstand overloads 
by local plastic deformation. This means that, on the average, 
they can withstand relatively high maximum accelerations (up to
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Figure 5-11. Example of the conditional failure probability P* (a0) of a component in 
a given earthquake with ground acceleration a0
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a safe shutdown earthquake). The failure frequency of the 
frames due to earthquake is thus less than about Pf = 10“^ per 
year.

5.3.2.5 Prelimlnary Evaluation. In the licensing 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, si nee the 
dynamic stresses in the safety earthquake remain significantly below the design 

loads 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 fol 1 owing 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

• crossbeams (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 pi ace. 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. Si nee the frequency of such earthquake-induced event sequences is 

lO'-Vyear—thus about two orders of magnitude smaller than the frequency of power 

fail ure—thi s event sequence makes an insi gni ficant 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 fail ure 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 resul ts 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 val ue found in the pi ant system studies.

5.3.4.2 Lightning Strikes. The expected frequencies for 1ightning strikes at the 

reference pi ant were set at 3 X ICT^/year for the reactor building and at

9 X 10“Vyear for the exhaust stack. By means of extensive protective measures, 
which are divided into external and internal lightning 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 fail ure 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 pi ant was determined. Relative to a safety-relevant nuclear power 

plant surface area of 10,000 m2, we have:

§ civilian aircraft on flight paths (with a takeoff weight 
greater than 200 kN: 2 X 10~11/year

t civilian aircraft not on flight paths (with a takeoff weight 
1 ess than 200 kN): 9 X lOVyear

• fast military aircraft: 1 X 10“®/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 like 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 limit 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 list in Table 5-7 shows the determined frequency values whereby we distinguish 
between the 11 full power" operating mode (a) and "shutdown plant" (b).

In summary "we can say that a core melt accident resul ting 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 pi ant 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 load 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
c 7

value of lOvyear to 5 X 10“'/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 smal1. 

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 lead 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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g) Damage to the primary coolant vessel through direct aircraft effects must be assumed

Figure 5-12. Event tree for “aircraft crash”
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Table 5-7. Frequencies of core melt due to external 1y-induced 
effects on the buildings or pi ant parts

Effects on buildings or pi ant parts

Annual frequency of core melt 
under consideration of damage 
frequency on the particular 
building on plant part

Reactor building < 6 x 10~8*

Switchgear building < 3 x 10*8

Reactor auxiliary building « ICT8

Valve room < 2 x icr8

a) Region of exposed main steam 
pi peline A A O f 00

Covered hal1 way « icr8

Secondary cooling water 
pump chambers « icr8

Turbine hall and main 
power connection

°0os—
i

X*■—
!

V

Reactor building < 2 x 10‘8*

b) PI ant parts containing 
components of the RHR 
system or attendant 
power supply equipment < 6 x 10~8

*Values 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 pi ant 

caused by unfavorable boundary conditions is converted into a detonation, have 

such low probabilities that there is no relevant risk contribution from such event 

sequences.

These resul ts reflect the fact that nuclear power plants in the FRG are designed 

against explosion pressure waves.

5.3.7 Effects on the Nuclear Power PI ant Area or on PI ant Parts Rel evant to 

Safety Due to Failure of Secondary Components * 1 2 3

A rupture failure of components in the secondary sphere (turbine, generator, pres­
sure vessels in the turbine hal1) can result in transient accidents. If we ignore 

the system-specifie 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 rel evant to 
safety

3. destruction of relevant plant parts and components by these 
fragments.

If Wji is the frequency for a turbine explosion, then the frequency Wges pertains 

to the probability of the destruction of important pi ant parts and components, 
obtained from the product of the frequency Wj with the individual probabilities ^ 

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 (II) similar to the reactor building can only be affected by 
indirect fragment fl ight 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 w2 w3 u
ges

U
"Core melt

Reactor building — 1.8 x 10"3 3 x 10"1 <1.0 x 10‘8/a «1 x 10~8/a

Switchgear 
building, 
subarea I

icr5/a*
5.0 x KT1 2 x 10_1 1.0 x 10~6/a <1 x 10'8/a

Switchgear 
building, 
subarea II -- 6.5 x 10'2 1 6.5 x 10'^/a <5 x 10~8/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 uniikely. 

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 1icensing of these safety features, the prin­

ciple is fol 1 owed 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. Nuclear 

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 si nee 

they do not damage the environment of the pi ant. 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. Si nee 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 fi ssion product barriers fail. Conse­

quently, 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 (RPV)

• 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 cool ant system into the containment are important for the loading 

on the containment and thus al so for its potential fail ure.

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 leak in the containment can have two principally different causes. First, as a 

possible consequence of a core melt accident, loads 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

pile 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 1arge 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 RPV 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 fol1 owed 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 

al so 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 cladding

9 the RPV together with the reactor cool ant system

® the containment.

A large rel ease 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 cool ant resulting in a steam 
explosion. Furthermore, under unfavorable conditions, it must be anticipated that 

as the result of a core melt accident, the mol ten 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. All 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 also 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 pi ant examined in WASH-1400—other effects can become more 

important than they are in our reference pi ant.
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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 fulfi11 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 cool ant systems. Prel iminary resul ts 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 fail ure 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 1imits established in the 1icensing 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 fail ure. Switching from 

reflood operation to sump recirculation takes pi ace after about 20 minutes for a 

double-ended rupture of a primary coolant pi peline. 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 phenomenological 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 fail ure 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 hi story can differ, si nee the existing residual heat gener­

ation is decisive for the time hi story of a core melt accident. The exi sti ng 
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 sti11 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 cool ant pi peline, 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 

pi pel ines or from transients. If no injection from the emergency and RHR system 

occurs, for instance, the reactor coolant system and RPV quickly drain because of 

the 1arge 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 1arge leaks in primary coolant pi pel ines. For transients, acci­

dent sequences are possible which lead to core melt under ful1 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 1arge leaks.

6.2.3 Results of the Core Melt Investigations

Al 1 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

9 performance of the accumulators and low-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 failure of the 

long-term residual heat removal. This is also true for accident sequences due to 
medium or smal1 leaks in a primary cool ant line, si nee switching to sump recir­

culation occurs later than for the sequence of 1arge leak in a primary cool ant 
pi peline.

The accident sequence given below as "core melt accident 2" is based on the 

fol1owing assumptions:

• large leak in a primary coolant line

s performance of the passive safety features (accumulators) in 
accordance with the minimum requirements of the licensing 
procedure

9 complete fail ure 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 pi pel ine, thi s 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 fi 11 ed 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 

1ine a pessimistic determination estimates about 100 seconds until the beginning 

of vaporization. For smal1er 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 resul ts using the example of the 

first of the two core melt accidents. The spatial arrangement of the RPV 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 sti11 fi 11 ed with water at least 

up to the lower edge of the broken primary cool ant pi peline. The model calcula­

tions then provide the fol 1owing 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 cl adding. 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 mol ten core material will generally not fall 

directly into the lower plenum of the RPV, but will first solidify on colder core 

structures U). The resulting crusts then collect larger quantities of mol ten 

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 

pienum of the RPV, which is likely to be sti11 fi 11 ed with water.

This section does not discuss the potential of a steam explosion. Questions with 
regard to the probl em of steam explosion will be discussed in detail in 

Section 6.4.

After the mol ten core material col 1 apses into the lower plenum of the RPV, the 
core debris and mol ten 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 probl an (2) indicate, however, 

that almost the entire volume of steam oxidizes the metal parts of the melt and, 

as a consequence, liberates hydrogen. Generation of C02 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 limiting 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 mel ting front penetrates 

only a little 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 hi story 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 melt accident.
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Table 6-1. Results of model studies on the time 
behavior of core melt accidents

Process
Elapsed time after initiating 

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 cool ant 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 pi pel i ne
—Functioning of the passive safety features (accumulators) corresponding 

to the minimum requirements of the licensing procedure
—Complete fail ure of all active safety systems (low-pressure injection 

system)
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6.3 STUDIES ON FAILURE OF THE CONTAINMENT

6.3.1 Background Information

The present chapter concerns studies on potential fail ure 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 cool ant pi peline.

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 

loading on the containment. If failure limits 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 al so 

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 Fail ure of the Containment Iso!ating 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 pi pelines and cable penetrations into the steel sphere are 

needed primarily to operate the systems located within the containment. Each 

pi peline penetrating the steel sphere is equipped with at least two isolation 

valves, located one behind the other. Once an accident begins, the isolating
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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 pi pel ines the containment can no longer be tightly closed. A leak 

corresponding to the size of the pi peline 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 

fol1owing three areas:

• large leak of the containment, represented by a 300-mm diameter 
leak

• medium leak of the containment, represented by a 80-mm diameter 
leak

• smal1 leak of the containment, represented by a 25-mm diameter 
leak.

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.

Compi1ation of Potential Loads * •

The model investigations on the event sequences of core melt accidents in 

Section 6.2.3 provide the fol1owing occurrences that can affect the integrity 

of the containment:

§ liberation of steam into the containment

§ liberation of water into the containment

• 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 RPV (see Section 6.4).

Hydrogen that may be released into the containment can behave in different 

ways:

• 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 internal s are 

quite important with regard to the pressure and temperature hi story 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 al1ows 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 al so contains the 

results of parameter studies to delineate the influence of the significant 

parameters. The fol1owing examples help explain the study results.

Figure 6-2 shows the pressure profile in the containment for a successfully 
controlled large LOGA. Here, the double-ended break of a hot primary coolant 

pi peline is assumed, si nee this is the worst case with respect to loads 

occurring on the containment.

First, the primary cool ant 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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Figure 6-2. Pressure history in the containment for correct plant response to ended 
break in a primary coolant pipeline



pressure reaches a maximum of about 4.9 bar. Just prior to the blowdown end, 

the accumulators begin to inject cold emergency cool ant into the reactor cool­

ant system. Shortly thereafter, the RHR pumps start up and pump cold water 

into the reactor cool ant system. The RPV is refilled with water and forms 

additijDnal 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 bl owdown. 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 cool ant 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 long term by the containment, 

and send than 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 hi story in the containment 

for the same accident, but under the assumption that the containment has a 

large leak (diameter: 300 mm). The pressure hi story 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 hi story in the containment will be discussed for core mel t 
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 hi story 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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1. Blowdown phase of the primary coolant
2. Refilling and reflooding the RPV
3. Low-pressure injections from the flood tanks
4. Switching to sump recirculation (at this time 

failure of EGGS is assumed in core melt 
accident 1)

5. Dry boil-out of the RPV

6. Melt-down of reactor core, hydrogen formation 
from the Zr-H20-reaction and hydrogen combustion 
in the containment, residual water vaporization

7. Melt through the RPV
8. Beginning of degradation of foundation and inner 

shielding
9. Vaporization of sump water

Figure 6-3. Pressure history in the containment for a core melt accident



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 rel ease 

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 mol ten 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 

RPV, 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 

1iberated into the containment, then the resul ting 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 siightly.

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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Figure 6-4. Pressure in the containment for core melt accident 2



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 overal1 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. All 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 pi ays 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 fail ure 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 enti re 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 hi story in the containment exhibits 

the foil owing behavior (Figure 6-5):

• For a small leak in the containment, a long-term over-pressure 
failure of the containment results. Since the pressure bui1dup 
is siower 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 1iberated 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 H2 explosion in WASH-1400, phase A of 

this study assumes no fai1ure 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 fail ure 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 fol 1 owi ng fail ure modes of the containment must be considered for core mel t 

accidents:

a failure of the containment as a result of steam explosion in 
the RPV (see Section 6.4)

large leak in the containment (no later over-pressure fail ure)

$2 medium leak in the containment (pi us possible over-pressure 
failure)

$3 small leak in the containment (plus over-pressure fail ure)

6 over-pressure failure.

The Greek letters are abbreviations for the containment fail ure 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 fail ure 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 mel t, if mol ten core material s come into 
contact with coolant, then heat is transferred to the cool ant, causing the coolant 

to vaporize. The volume increase caused by the vaporization leads to a pressure 

increase. Depending on the prevailing conditions, the cool ant 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 mol ten material 
to the cool ant must be extremely large; for this it is neces­
sary that the mol ten core disintegrate to extremely small 
fragments on the order of 100 to 4,000 micrometers (10~b m).

® The fragmented core melt must be in close contact with the
cool ant; 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.

• Very good heat transfer conditions between the two liquids 
(mol ten fuel and cool ant) must last long enough to allow suffi­
cient energy transfer to the coolant for a subsequent, spontan­
eous vaporization.

This type of interaction between mol ten core material s and coolant can occur if a 
larger quantity of mol ten core material suddenly drops into the lower pienum of 

the water-filled RPV. The model conception of how such a contact between melt and 

water can occur is di scussed in detail in the appendix.

If, in spite of the low probability, we assume a powerful reaction between mol ten 

core material and cool ant, then the surrounding structures of the RPV are 

loaded. 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 RPV or containment during a steam explosion depends 

first on the mass of mol ten 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 mol ten mass 20% greater than the 

core endangers the containment. In (jM) 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 

lower 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 mol ten 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 
fal1ing 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 mol ten 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 
quantities 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 fol1 ow­

ing section we shall examine loads on surrounding structures by postulating a 
steam explosion of 1arger quantities of mol ten 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 RPV, WASH-1400 

uses a model that treats the loads in an axial direction. In order to be more 

compl ete than in WASH-1400, we used the SEURBNUK (5_) computer program in thi s 

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 mol ten core materials and 

cool ant 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 wi th 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. Si nee relatively 1 i ttl e 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 lid in an annular flow after penetrating 

the water surface. There it is diverted by the spherical 1 id and meets in the 

middle. Upon rediversion downward, a local stagnation pressure forms whi 1 e the 

water continues to flow downward.
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The lid 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 smal1er fraction proceeds 

as a shockwave through the water vapor in the direction of the lid. On the way to 
the lid, the shockwave loses energy and peak pressure and is then reflected at the 

lid or even beforehand, by existing internals. As a result of this load, the lid 

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 lid, 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 cool ant and 

loads 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 radioac­

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 

Bib!is 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 nucl ides 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 pi ace 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 fol1owing four 

release phases:

1. gap release of gaseous and volati1e 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)
• tel 1uriurn 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 fol1owing 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) 
tel1uriurn 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 

pi ace in the individual areas at different deposition rates. Therefore, a mul ti- 
pie 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 overflow 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 radioactivity 

by radioactive 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 rel ease 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 mediurn or large break in a primary coolant 1 ine coped with by the emer­

gency cooling system, cl adding can leak 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 fol1owing core melt accident (core melt acci­

dent 1): after a double-end break in a primary cool ant 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 fi ssion 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 mol ten 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 hi story 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
sol s due to gravity plays an important role here and causes a constant decrease in 

aerosol concentration. Si nee 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 piotted 1ogarithmi- 

cally. Even before overpressure fail ure of the containment, a release is noted. 

This is attributable to the fact that in the calculations—analogous to
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Figure 6-6. Fission product concentrations in the containment atmosphere for core 
melt accident 1 (Kr-Xe, I2-Br)
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Figure 6-8. Fission product release from the containment for core melt accident 1
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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 pi ace. 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
ti ty of fission products released to the outside is observed during the melt 

period until the core drops into the residual water in the RPV. 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. Thi s is al so true for the nucl ide groups ^-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 pi ace 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 mel t accident with overpressure fail ure 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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Figure 6-9. Fission product release from the containment for core melt accident 1
and a large leak in the containment
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Figure 6-10. Fission product release from the containment core melt accident 1
assuming a steam explosion resulting in failure of the containment



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-1 ife—and thus in a 
lesser 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 chronology, as well as to fission product release into the containment.

For each of these two core mel t accidents, fission product rel ease from the pi ant 

was determined in combination with all assumed failure modes of the containment 
(see Section 6.5). The calculated rel eases 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 
pi ant, 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 mel t 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 pi ace according to whether core mel t occurs and which fail ure mode of 

the containment is assumed.
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As discussed in Sections 6.3 and 6.4, the following containment fail ure 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.

PI ant 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 fail ure mode "leak 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 fai 1 ure 

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 pi ant 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 rel eases of the category. Si nee 

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 rel ease at 
four hours after the accident are assumed for the release category.

It was assumed that the total fi ssion product rel ease from the plant takes place 

during this time.

The release categories formed by this method are compi1ed 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 pi ant 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 Korg) I2-Br Cs-Rb Te Ba-Sr Ru La

Core melt accident 1, large leak 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- 1.9 h 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 1.5-2 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, 1arge 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 abbreviated method is used to illustrate the powers of 10,
i.e., 2.0-2 means 2.0 x 10 .



category for two reasons. First, the majority of rel ease 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 

pi ace 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 smal1er 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 si owly 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 pi ant.

Release categories 5 and 6 contain core melt accidents where the containment is 

initially intact. But over the long 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 fi1 ter and

stack. In contrast to category 6, category 5 assumes a failure of the exhaust air

handl ing system or of the fil ter. Calculations on the event sequences of release 

categories 5 and 6 show that fission product release from the pi ant takes pi ace 
over a long time period and that the release for several groups of nuclides before 

over-pressure failure is at the same level as for over-pressure itself. For this 
reason, 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

pi pel ine. Under these accident sequences the core remains intact, with the excep­

6-41



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 smal1. 

For release category 7, we assume a 1arge 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.

All event sequences that lead to radioactive release to the environment can be 
assigned to one of the eight release categories. Individual rel ease 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

ies. 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

Release
category Description

Time of 
release 

(h)

Duration 
of release 

(h)

Release
height

(m)

Released 
energy 

(105 KJ/h)

Frequency 
of release 
(per year)

Released fraction of core inventory

Xe-Kr Korg) I^-Br Cs-Rb Te-Sb Ba-Sr Ru** La#

1 Core melt with 
steam explosion 1 1 30 540 2 x 10"6 1.0 7.0 x 10"3 7.9 x 10"1 5.0 x 10"1 3.5 x IQ"1 6.7 x 10"2 3.8 x 10"1 2.6 x 10"3

2 Core melt, 1 arge 
leak in contain­
ment (300im dia­
meter) 1 3 10 15 6 x 10"7 1.0 7.0 x 10"3 4.0 x 10"1 2.9 x 10"1 1.9 x IQ"1 3.2 x 10"2 1.7 x 10"2 2.6 x 10"3

3 Core melt, 
moderate leak 
in containment 
(80mm diameter) 2 3 10 1 6 x 10"7 1.0 7.0 x 10"3 6.3 x 10"2 4.4 x 10"2 4.0 x 10"2 4.9 x 10"3 3.3 x 10"3 5.2 x 10"4

4 Core melt, small 
leak in contain­
ment (25mm dia­
meter) 2 3 10 3 x 10“6 1.0 7.0 x 10"3 1.5 x 10"2 5.1 x 10"3 5.0 x 10"3 5.7 x 10"4 4.0 x 10"4 6.5 x 10"5

5* Core melt, over­
pressurization 
failure, failure 
of the stack 
filters

0
1

25

1
1
1

10
10
10 200

2 x 10“5
2.0 x 10"^ 
2.3 x 10-f 
9.8 x 10"1

1.8 x 10"7 
1.6 x 10"4
6.8 x 10"3

1.8 x 10"8 
9.6 x 10"? 
9.6 x 10"3

4.7 x IQ"8
6.7 x 10"4 

4.5 x 10"4

3.6 x 10"7
6.7 x 10"?
7.7 x 10"4

5.5 x 10"^ 
8.0 x 10"8 
4.7 x 10“b

5.5 x 10“8 
5.3 x 10"8

8.8 x 10"8 
9.5 x 10"b

6** Core melt, over­
pressurization 
failure

0
1

25

1
1

1

100
100

10 200
7 x 10“5

2.0 x 10"!? 
2.3 x 10"f 
9.8 x lO"1

1.8 x 10"^ 
1.6 x 10"?
6.8 x 10-3

1.8 x 10"8 
9.6 x 10"7 
9.6 x 10"3

4.7 x 10"8
6.7 x 10"{ 
4.5 x 10"4

3.6 x 10"10
6.7 x 10"(
7.7 x 10"4

5.5 x 10"12 
8.0 x 10"8 
4.7 x 10"8

5.5 x 10"8 
5.3 x IQ"8

8.8 x 10"^ 
9.5 x 10"b

7 LOCA, 1arge 
leak in con­
tainment 0 1 10 9 1 x 10"4 1.7 x 10"2 3.7 x 10"5 5.3 x 10"3 1.3 x 10"2 2.5 x 10"5 2.5 x 10"7 0. 0.

8 Controlled
LOCA 0 6 100 — 1 x 10"3 4.6 x 10"4 i.o x nr8 1.2 x 10"8 2.1 x 10"8 4.1 x 10"11 4.1 x 10"13 0. 0.

* Si nee the release takes pi ace 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.
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Table 6-4. Dominant accident sequences in the individual release categories

Release Categories

1 2 3 4 5 6 7 8

Major leak A AH-a
2 X 10'9

AG-^! AF-/32
1 X 10"8 3 X 10'1°

AF*
4 X IO’9

AF-r/
1 X IO’9

m-s
5 X 10-8

A-/?,
6 X IO"8

A
3 X IO’4

AF-a
4 X 10'9

AB-/3-, AE-/32
1 x io-8 1 x la9

AE-fe
7 X IO"9

AE-r/
6 X 10'9

AF-5
1 x 10-7

AE-q

2 X 10'9
AE-i
4X10-8

AD-q:
5 X 10'9

ADS
2 X IO"7

Sum A 1 x io-8 2 X IO'8 1 X 10‘9 1 X IO'8 7 X IO'9 4 X IO"7 6 X IO’8 3 X IO’4

Intermediate leak Si S-| H-a
4 X 10’9

S1G-/J-1 S-iF-fc
4 X 10‘8 1X10'9

Si F-fe
8 X IO’9

S, F~r}
3 X IO'9

3,1+5
2 X 10"7

S1-P1
2 X IO’7

s,
8 X 10‘4

S-jF-a
1 X 10'8

Si B-/?, SiE-^2
2 X 10‘8 5 X IO'10

S, E-/33
4 X 10’9

SiE-rj
2 X IO’9

S,F-5
4 X IO’7

S-|E-a
2 X 10'9

StC-fcj
3 X 10'9

Si c-p3
2 X IO’8

SiC-jj

2 X 10-8
S,E-5
8X10-8

S-jD-a
4 X 10'9

S, CE-^2
3 X 10’9

SiCE-/33
1 X IO’8

S^CE-n
2 X IO’8

8,0-5
2 X IO’7

S-jC-a
2 X 10'8

8,0-5
9 X IO"7

S-jCE-a
2 X 10'9

S,CE-5
8X10-8

Sum S-) 5 X 10'8 6 X 10'8 8 X 10‘9 5 X IO'8 4 X IO'8 2X10-6 2 X 10'7 8 X 10’4

Minor leak in the main 
coolant line S2

S2 IF-e*
4 X 10'8

S2lG-j31 S2IF-^2
1 X IO*7 1 X 10*9

S2tF-/?3
1 X 10-8

S2

5 X 10'8
S2IF-5
1 X IO'6

S2IC-Q'
7 X 10'8

S2IB-J31 S2lE-/32
8 X 10‘8 2 X 10‘9

S2IE-fe
1 X 10-8

S2l>-ICE-ri
3 X 10'8

S2IC-5
3 X IO’6

S2lJ-a
1.4 X IQ'8

S2IJG-^, S2IC-jS2
3 X 10'8 4X1 O'9

s2ic-/?3
2X10-8

S2IJ-5
5 X IO’5

S2ICE-jS2
4 X IO'9

S2ICE-/33
2X10-8

S2lJ'/?2
2 X 10*8

s2u-p3
1 X IO'7

S2UF-/52

2 X 10‘9
S2U F-/?3
1 X 10'8

SaUCE-fe
4 X 10"9

S2IJCE-/33

1 X IO*8

Sum S2 1.5 X 10'6 2 X 10‘7 3X10-® 2 X 10'7 1 X IO'7 5.5 X 10’5

Transients T T-| IR-a
1 X 10’7

Ti lR-)3i Ti IR-02
7 X 10*9 1 X 10‘8

T11JQ-/33
3 X IO’7

UQ-r;
6 X IO*6

1,1+5
4 X IO’6

T -j IJQ-q:
2 X IQ'7

T, UQ-^S, T^JQ-fo
1 X IO’8 1 X 10'7

TtUMQ-ij

4 X IO*7
T, 1JQ-5
1 X IO'6

T2R"a'
2 X 10'8

T2R-5
6 X 10’7

T2IJQ-a
5 X 10'8

T2IJQ-5
2 X IO"6

TKL-a
1 X 10'8

TKL-5
5 X 10’7

IKM-cr
2 X 10'8

TKM-5
7 X IO'7

Sum T 4 X 10'7 2 X IO'8 1 X IO'7 3 X IO’7 7 X 10-8 9 X IO'6

Minor leak in pressurizer 
during transients TS2

T^S^lC-o:
2 X 10'8

T, S2IG-/3-1 TiS^IC-/?2
1.5 X10'8 IXIO'8

TiS2ICE-/?3
8 X IO'8

1,82 ICE-1,
1.5 X 10'6

1,3^10-5
4 X 10-7

T-j S2lCE-ft
7 X 10'8

T, S2ICE-jSi TTS^ICE-^g
1 X 10'9 1 X 10‘7

T-jS^IJCE-^g
1 X 10'8

TiS2IJCE-t, 
4 X IO’7

T,S2 ICE-5
1 X IO"6

T-|S2lJ"ft
5 X 10'9

T -| S2 1 S21 JCE-^2
8 X 10"9 1 X 10*8

TiS2IJ-5
2 X 10'7

T^S^lJCE-a 
2 X 10'8

T^IC-a
2 X IO’9

T^SJICE-p^ TjS^ICE-/^
5 X IO*10 4 X 10*8

TiSpCE-/i3
7 X IO'8

TlSpCE-r, 
1.5 X IO'6

T,S2 ICE-5
1 X 10’7

T-jS^lCE-o- 
6 X 10*8

T^S^UCE-^
1 X 10*8

TiS2IJCE-/?3
1 X 10-8

Tj S-pUCE-tj 
5 X 10'7

T,S2IJCE-5
2X10-8

S2IJ“a
2 X IO'9

T^S2UCE-a 
2 X IO'8

Sum TS2 3 x 10-7 2X10-8 2 X 10"7 2 X 10'7 4 X 10-6 4 X IO’6

Sum of All Frequencies in the Individual Release Categories

Expected value 2 X IO'6 6X10‘7 6XIO-7 3 X 10-8 2 X IO-5 7 X IO'5 1 X 10-4 1 X 10’3

Median
(50% percentile)

4 X IO’7 3 X 10’7 3 X 10‘7 1 X 10-8 9X10-6 2 X IO"5 6 X IO-5 6 X IO'4

Lower boundary 
(5% percentile)

4 X IO'8 7X10-8 8X10-8 3 x 1 a7 2X10-6 5 X IO’6 9X10-6 9X10-5

Upper boundary 
(95% percentile)

7 X 10'6 2 X 10"6 2X10'6 9 x io-6 7 X IO'5 2 X 10‘4 4 X IO’4 4 X IO’3

The values listed are frequencies per operating year. Unless otherwise noted, we are dealing with expected or mean values.
In determining the total of all release frequencies, an amount of 10% was considered from the neighboring release 
categories.
Abbreviations
A Large leak in a primary coolant pipeline 
B Measurement of sensing variable for startup of ECCS 
C High-pressure injection 
D Accumulator injection 
E Low-pressure flooding injection 
F Low-pressure injections with sump recirculation 
G Containment integrity for emergency cooling 
H Long-term decay heat removal 
I Main feedwater supply and main steam heat removal 
J Emergency feedwater supply and main steam heat 

removal
K Reactor scram
L Opening the pressure relief valve of the primary 

cooling system
M Closing the pressure relief valve of the primary cooling 

system
N Delayed feedwater supply and main steam heat 

removal
0 Long-term feedwater supply and main steam heat 

removal

51 Moderate leak in a primary coolant pipeline
52 Small leak in a primary coolant pipeline
T Total of all anticipated transients requiring intervention 

of safety systems 
Tt Loss of failure
T.,S2 Small leak at the pressurizer during power failure, 

composed of the two accidents T1S2' and T^"
T2 Failure of the main feedwater supply 
a Failure of the containment resulting from a steam 

explosion in the RPV
p. Large leak in the containment (no later overpressure 

failure)
fi2 Moderate leak in the containment (possible over­

pressure failure)
Small leak in the containment (overpressure failure)

<5 Overpressure failure of the containment 
n Failure of the equipment room annulus 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 fol 1 owing:

§ 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

• the specific combination of system functions whose failure is 
assumed

§ the containment fai1ure 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 fail ure modes were 

determined in different ways:
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• For the probability that a steam explosion occurs for a core 
melt accident which then results in failure of the RPV and 
early failure of the containment (failure mode a), the value 
presented in WASH-1400 was used (Median = 10“^ with an uncer­
tainty factor of ten; from this fol 1 ows the expected value of 
w6 •= 2.7 X 10"z).

e The probabilities for the occurrence of a leak in the contain­
ment (failure modes 3i» 3?» and M or for failure of annulus 
exhaust air handling or of the filter (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.

a The results of Section 6.3 show that for core melt accidents, 
overpressure failure of the containment (failure mode 6) occurs 
provided it has not already fai1ed in some other manner. The 
probability w^ 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 Mediurn 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 "mediurn leak," which are summarized in column "summation S^." If 

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 mediurn leak with a frequency of 

6 X ID-®. This fraction makes up 10% of the total result of category 2. The 

contributions to this value come from event sequences S^G and 3j_. 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 6^ and AB 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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Smal1 Leak

As we can see from column "summation S2" in Table 6-4, the accident "small leak in 

a primary coolant 1ine" has a frequency of 1.5 X 10"® in category 1 and 5.5 X 10"® 

in category 6. These are dominant in the overal1 results (frequencies) of the 

attendant categories. Event sequences $2lJ-a and S2IJ-S, 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 S2IJ-62 and 
S2U-33 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 11 small leak" initiating event make up one-third of the
7

total result in category 2 because of their frequency 2 X 10 The important 
participating events S2IG- 3^ and S2IB- are described like the corresponding 

cases for large and medium leak. The former deals with loss-of-containment 
integrity accident; the 1atter 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 TjIJQ... 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 T^ICE... and Tj^ICE.. • are decisive for all these results. Si nee 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 fol1owing parts:

0 atmospheric dispersion and deposition

t calculation of dose

0 protective actions and countermeasures

0 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 piaced in diamond-shaped rhombuses. This schematic illustration is 

fol1 owed by explanations.

The starting points of al1 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 al1 nuclear power plants with a power output of at least 600 MWe, 

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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Figure 7-1. Schematic diagram of consequence model



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 piume 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 piume as a result of dry and wet 
deposition.

From the radioactive 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 radioactive piume

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 fol1owing types of protective actions and 

countermeasures were considered:

• sheltering in buildings

• evacuation and relocation

t decontamination

• restrictions on consumption of agricultural products.

The criteria for the onset of these measures and their time hi story 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 1atent 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 U) from the 

point of accident. The local doses thereby calculated were applied to the 

population distributions after considering countermeasures that reduce dose as a 

function of time and location. Up to 80 km (50 mi1es 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 radioactive 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 civi1ization-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 piume moves from the site at the same speed as 

the wind. The radioactivity 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 complex 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 directi on 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 rel iable 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).
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The standard deviation of the Gaussian bell-shaped curve is given by the horizon­
tal and vertical dispersion parameter Oy(x) or az(x). The dispersion parameters 

used were determined by dispersion experiments at the Karlsruhe Nuclear Research 

Center (KfK) (JJ. They represent terrain with a rough surface (forest, population 

centers), also demonstrated by other experiments on similar topographic 
regions (2_,j0. 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 pianetary 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 piume 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 pi ume rise is 

limited by the maximum value of az(x). The original radioactivity content of the 
pi ume is reduced by dry and wet deposition and by radioactive decay.

The meteorological data used to calculate radioactivity 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. In 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 1 inear 

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 inventory 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 piume 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 piume. At the first pass, the radioactive noble gases contribute an 

insignificant (less than 0.1%) amount to 1atent health effects through direct 

external exposure. Later on, this radioactivity is globally dispersed. The dose 
to the population can be neglected by comparison to the other radionuclides. 

Radioactive iodine and aerosol as 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 radioactive 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 avail able dispersion statisties. 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 radioactive material reaches man 

is called the exposure pathway. From the release of radionuclides into the 
atmosphere, there are the fol 1 owing primary exposure pathways:
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i external irradiation due to a passing radioactive plume

s external irradiation due to radioactivity deposited on the
ground

® internal irradiation due to radioactivity inhaled by normal 
respiration, divided into:

--inhalation of airborne radionuclides from the radioactive 
plume

—inhalation of resuspended radionuclides that have been 
deposited on the ground

—internal irradiation due to radioactivity ingested with food­
stuffs.

With regard to external irradiation, the spatial distribution of radioactivity 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 radioactivity 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 fol1owing organs (cj which 
are important for determining health effects:

• bone marrow

• bone surface

• lung

• thyroid

• 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.

Si nee 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 (dh 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 pi ume

—external irradiation due to radioactivity deposi ted on the 
ground within the first seven days

— internal irradiation due to inhaled radioactivity from the 
plume in the first thirty days.
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To determine latent somatic health effects we calculate doses for the fol1ow- 

ing organs:

• bone marrow

t bone surface

• lung

• 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 radionucl ides 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 bom after the accident is considered.

By integration of the spatial-dependent individual doses multipiied by the 

number of affected persons in the particular region, we obtain the resulting 

expected popul ati on dose (e_), i.e., the sum of al 1 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 like industrial plants, 

nuclear power plants, storage and transport containers for poisonous or explosive 
substances, dams, transportation facil ities, etc., the principle applies that 

safety measures must first be taken in the pi ant itself. This is done, for 
instance, by technical safety features; by strict supervision in pianning, 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 obiigations to protect the public
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against natural catastrophies—prepare emergency response plans for the environ­

ment around pi ants 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 pianned measures are:

• advice to the affected population not to stay outdoors but to 
seek shelter (preferably in cellars)

s distribution of iodine tablets

® evacuation

• prohibition of heavily contaminated areas and water sources

• distribution of noncontaminated foodstuffs and drinking water
to the publ i c

• decontamination.

$
A brief and generally understandable summary of the basic recommendations, coupled 

with procedural guidelines and information on protection measures for the publ ic, 

are contained in the "Guidelines for Instructing the Public on Emergency Response 

Planning in the Environment of Nuclear PI ants" (_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 (8) 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 ti me 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 1isten to radio or TV during nuclear accidents. As 

additional measures, if necessary, evacuation, decontamination, or temporary 

restriction on consumption of locally 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 list of protective actions and 

countermeasures is as follows:

1. going indoors

2. evacuation

3. fast relocation

4. resettlement

5. 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 implemen­

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
'-^Jjme, Purpose

Measure ' —

A Bi b2 c D1 D2
Time history

Main purpose of the 
measure, is the 
avoidance of

Information and preparation 
(initiation phase) 0-2 hours

Residence time in sheltered 
rooms o 0

After two hours Early injury due to 
plume or ground 
radiation

Evacuation

Fast relocation

o
O o

2-14 hours

After fourteen hours

Early injury due to 
ground radiation

Resettlement

Decontamination

o
o

30 days to one year

After 30 days

Latent health 
effects due to 
ground radiation

Restrictions on consumption 
of agricultural products o O o o o O

In accordance with 
criteria

Latent health 
effects due to 
internal irradiation 
after ingestion

Delayed decontamination o o o o o 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 1ines of 

equal dose (isopleths) are used to divide the affected area into five regions (Bj, 

b2, C, D1s and Dg) 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 radioactivity 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, l = 30 degrees) together with a complete circle of 2.4 km 

radius (jf). Inclusion of a ful 1 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 radioactive plume has a 1imi ted 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 heal th effects are approximately proportional to the whole 

body dose. Therefore, in the del ineated region boundaries we find lines of equal
l/M

potential bone marrow dose Dp‘ , as well as lines of equal potential whole body 

dose D^g. The region boundaries are selected so that early health effects can 

occur only in regions A, and B2.
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X
D^g (7d) = potential bone marrow dose due to external radiation 

from the ground, accumulated in seven days
D®g (30a) = potential whole body dose due to external radiation 

from the ground, accumulated in 30 years

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,, B2, 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 Bt and B2. 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 hi story. Eight release categories and 115 weather hi stories 

(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 local 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 Bj is requested to go indoors 

and to 1isten to radio or TV. If during these two hours, individual sub- 
regions are affected by radioactivity, 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 1arger build­

ings or cellars in small buildings and that they will remain at protected 

pi aces (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

Regions

Region definition
Preventive measures 
(regardless of acci- 

dent type and 
weather situation, 

except wind 
direction)

Dose-dependent
measures*!

Delineation through 
angle and range

Delineation 
through lines 
of equal poten­

tial dose

A

r < 2,4 km 
i given 
such as
2,4<r<8 km
4 = 30°

-

Go indoors after 2 
hours. Remain in­
doors up to 8 hours. 
Thereafter, evacua­
tion, preparation, 
and driving time 1.5 
hours.

--

r < 24 km DEB (7d)

> 100 rad

(If not belonging 
to A)

Go indoors after 2 
hours. Remain in­
doors at least 14 
hours.

Remain indoors.
Rapid relocation 
after 14 hours.

b2 r > 24 km --
Indoors and out­
doors. Then, rapid 
relocation after
14 hours.

c -
D^g (30a)

> 250 rad
-

Indoors and out­
doors. There­
after, relocation 
beginning after
30 days.

D1 -

250 rad

>D^g (30a)

> 25 rad

-

Normal activity at 
all times. Decon­
tamination such 
that

D^g (30a) = 25 rad

in the entire 
region.

d2 -
25 rad

> D^g (30a)
- -

*In addition, the dose-dependent restriction on consumption of local agricultural produce.
p j/

tReturn of the population occurs when (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 radioactive 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 avail able 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 D^b (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 Bt and B9

(D^J (7d) > 100 rad) EB =

In the majority of cases there is no region B1 and B2. But if the radioactive 

release and deposition during an accident are so great that a region B-^ 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 B^).

In order to keep the radiation dose to the popul ation in region 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 rel ocation of citizens in region Bj^ 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 al1ows 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 B^ 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. Si nee, in general, no emergency response planning is required for 
these regions, cone!usions on the effectiveness of protective actions and 
countermeasures are uncertain. Therefore, the study pessimistically assumes 
that inhabitants of subregion B2 continue their normal activities until a fast 

relocation is ordered. Fast relocation in region 63 is the same as in 

region Bp

Countermeasures in Regions C, Dp and Dp

In regions C, Dp and D2, no dose is incurred that leads to early health 

effects. The objective of countermeasures in these regions is to keep latent 
health effects as low 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 (D^g) are below
25 rad in 30 years; beyond the restrictions on consumption of agricultural

products, no other countermeasures are applied (region D2). In regions with
higher radiation levels, decontamination is needed (region D.). However, if

GK ^contamination is so high that the value (D^g) (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 determi ned 
from the amounts received before relocation and after return.

Contamination in region 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 

does not take effect until after 30 days.
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GKIn the entire region D2, potential local doses D^g (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, Bls Bg, C, 0^, 

and 02- 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 resul ting 

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 cel 1 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. Si nee 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 ill- 

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 inj ury 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 
level of injury depends on the dose: such health effects are grouped under the

heading "nonstochastic effects."

The physical ill-health to an individual or to the general population due to 
radiation effects therefore should not be evaluated from the 1umped 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 inj ury 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 heal th injury—is assigned a di ff erent 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 overal1 health effects caused by 
ionizing radiation. Among such mortality risks are severe, acute radiation sick­

ness caused by high irradiation of blood-forming organs, and malignancies like 

lung 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 inj ury) and nonstochastic health effects (acute injury, noncancerous 

delayed injury). This is illustrated schematically in Figure 7-4.

7-24



Probability 
of Injury

Stochastic injury 
(cancer, genetic effects)

- Dose

Severity
of Injury Nonstochastic injury

(acute injury, nonmalignant latent effects)

Dose Threshold

Figure 7-4. Shape f the dose-risk relationship for stochastic and nonstochastic 
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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

logical 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 low- 

den si ty ionizing particles, i.e., particles with low LET. Among the former are ex- 

particles, whereas x-rays and y-rays, as well as electrons or e-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, 

e-rays and electron beams) to a value of unity with a-particles having a relative 

value of ten in the Radiological Protection Ordinance (hh The product of energy
p

dose D (unit: 1 rad = 10"^ 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 $- and y-rays. Under these conditions, 

the fraction of radiation exposure of the population by a-radiation from actinides 

is very low, 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 low 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, life-threatening ill nesses 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 blood platelets can drop to such low values that there 

is danger of internal hemorrhage, a disease called "acute radiation illness." 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 al so 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

t 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 large. 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 mortal ity as a function of bone marrow dosage with LD-1 (i_) of 250 rad, an 

LD-50 of 510 rad, and an LD-99 of 770 rad. The dose-effect relation D is cut off 
at a dose threshold of 100 rad.

Besides life-threatening, acute radiation sickness, other morbidities and ill­

nesses can occur that are 1imited, 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 Heal th 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. Maiignant 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 compi1ed 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: reliable findings are limited

exclusively to groups of persons whose radiation exposure was above the prevailing

dose limits for occupationally exposed persons. The most important example is the

observed, increased 1ung cancer frequency in miners working in mines containing 

high radon concentrations. From the findings on cancer rates among populations 

living 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 Uni ted 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])

Manifested
1ocation 
(tissue)

Frequency (cancer 
cases per million 
persons per year)

Relative 
frequency in 
percent3

Mortality riskb 
(cancer cases 
per million 
persons)

Respiratory
tract 400 3.3 29,000

Stomach 350 2.9 25,000

Intestine 350 2.9 25,000

Breast0 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

Bones^ 10 - 15 ca 0.1 700 - 1100

Thyroid^ 5 - 10 ca 0.05 350 - 700

Other tissues 
including 
non identified 
types ca. 800 6.6 ca. 56,000

Whole body 
(total risk) 2,400 20 173,000

aRe)ative to total number of fatalities.

^Using an average life span of 72 years. 

cAveraged over both sexes.

^Estimated values according to data of the Saar cancer record.

7-31



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 population. 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 1inear 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 1inear quadratic dose-risk relation R = aD + 

gDS In comparison to a simple proportional relationship, a smaller value of ct = 

a/5 was assigned for the 1inear term. Furthermore, it was assumed that the coef­

ficient e 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 low-density ionizing radiation (radiation with low LET) this type of 1inear- 

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 proportional dose- 

risk relation for carcinogenic effect can therefore not be excluded for low- 

den si ty, 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 low-LET ionizing radiation will probably lead to over­

estimating the actual expected risk for low dose rates or low 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 stucty 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 resul ts 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 1atent 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 
(leukemia), 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), 1 ungs (lung cancer), 

bone surface (bone cancer), thyroid (malignant thyroid tumors), and female breast 

(breast cancer). For other body ti ssues, 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. In 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 radiation 

sensitivity of the fetus for irradiation of the uterus. In the latter case, a 

total cancer risk coefficient of 2.5 X 10"^ is used.
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Table 7-4. Expected value of the risk-equivalent dose-ratio for 
additional mortality due to cancer in body tissues resulting from 
radiation averaged over age and both sexes

Radiation cancer risk-equivalent dose3

(number of cases per million persons per rem)

Organ or tissue Expected rangeb
Reference value 
ICRP 26 (1977)

Cel 1 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, 
total

}

10 - 30

50

Total cancer risk 
for uniform whole 
body radiation 80 - 200 125

aAverage equivalent dose to the effected tissues.

^Values considering the age distribution of the German population.
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With respect to the chronological distribution of cancer incidence, a significant 

difference exists between leukemia and sol id 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 1atent health effects. On the other hand, a total number 

of cases—the so-called collective latent heal th 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 resul ts from integration of the spatially dependent doses mul ti pi ied by the 

number of exposed persons with integration performed over the entire affected 
region.

To pi ace into perspective the radiation cancer risk expected from the accident, 

the normal cancer rate in the population can be used (see Table 7-3). In 

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 fol1ows that for a mean lifetime dose of 10 rem, which corresponds 

to an average natural 1ifetime 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 

sti 11 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 al1 hereditary injury was calculated. This population dose relates to a 

population of 670,000,000 and can be compared with the collective, genetically 

significant population 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 popul ati on dose—the order of magnitude 

number of children born in the next two generations with cl ini cally significant 

hereditary injury due to radiation burdens. The ICRP states that risk for the 

first few generations would be less 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 10"^ 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 inj ury 

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 fol1owing organs (see Section 7.3):

• bone marrow

t bone surface

• 1 ung

• thyroid

• breast

• whole 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 radioactivity 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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equivalent" as well. By using the units "rad" and "rem," we can then tell 
whether we are dealing with energy dose or equivalent dose.

(c) Selection of these organs is explained in Section 7.5.

(d) 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 popul ation 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 deal ing wi th 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 km .

(g) Dp _ radioactivity before decontamination
radioactivity after decontimi nation

(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.
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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 illustrated. 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 directi on-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 si te.

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"^, 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, si nee 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, si nee 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 

multipiied 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 pi ant operating year

Release 
category

FK 1 

FK 2 

FK 3 

FK 4 

FK 5 

FK 6 

FK 7 

FK 8

Frequency per 
operating year

[a"* 1]

2 x 10"6 

6 x 10"7

6 x 10“7

3 x 10~6 

2 x 10'5

7 x 10"5 

1 x 10'4 

1 x 10'3

Probability 
for weather 
sequence

1/115

8.7 x 10"3 

8.7 x 10-3 

8.7 x 10"3 

8.7 x IQ"3 

8.7 x 10~3 

8.7 x 10"3 

8.7 x 10”3 

8.7 x 10“3

x
Probability 
for wind 
direction

1/36

2.8 x 10~2 

2.8 x 10“2 

2.8 x 10“2 

2.8 x IQ"2 

2.8 x 10"2 

2.8 x 10"2 

2.8 x 10"2 

2.8 x 10"2

Frequency of a , 
specific conse­
quence per 
operating year

[a"1]

4.8 x 10"10

1.4 x 10"10

1.4 x 10~10 

7.2 x lO"10 

4.8 x 10"9 

1.7 x 10"8

2.4 x 10"8 

2.4 x 10"7

Frequency for release from one
of the categories 1 to 6 , 1.0 x 10a"1

Frequency for release from one 
of the categories 1 to 6 for
25 nuclear power plants 2.5 x 10"3 a"1

1) These val ues are rounded off and contain additions on the order of 10% from the neighboring 
categories (see Section 6.6.3).



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 

cumulative 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 is 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 fol1owing health effects and doses:

• early health effects (fatalities due to acute radiation 
syndrome)

• latent health effects (fatalities due to leukemia and cancer)

• genetic effects (genetically significant collective dose).

The probability density functions for consequence classes and complementary cumu- 
1ative 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 and 

82), and "relocation" (region C).

8.1.2.1 Early Heal th 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 limited 

to a region near the site (see Section 8.1.3).

Summarized over all release categories or over al1 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 foil owing:

• 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 •

• average injury (number of acute fatalities) given a particular 
release.
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Ail release categories

— Without release category 1

Release category 4 only

Collective Injury KSfs (cases)

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



Release category 

o-o Release class 1

Release class 2

Release class 3

Release class 4

Summed

Collective Injury KS (cases)

Figure 8-2. CCDF for early health effects, keyed according to release categories 
(German study dose-risk relationship)
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Curve D

Curve B

10'

Smallest frequency for 100 plants 
treated in WASH-1400

All release 
categories< 10 Without release 

category 1

Collective Injury KS (cases)

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 8-2. Characteristic quantities of the CCDF for early health effects 
(societal health effects) for 25 plants

German study dose-risk relation (curve D) American study dose-risk relation (curve B)
Smallest Greatest Average smallest Greatest Average
societal societal societal societal societal societal
health heal th heal th health heal th heal th

Release Probability effect effect effect Probability effect effect* effect
category of of

KS (b/c)#KS > 0 KSmin^** K^max KS (b/c)# KS > 0 KWa>** KSmax

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% — — —

FK 8 0% — — — 0% — — —

* The greatest number of societal health effects KSmax resulting from one of 115 x 36 x 19 = 78,660 considered accident sequences.

** k% of the results leads to the smallest number of societal health effects KSmi-n.

# At B% of the cases, the societal health effects are less than KS; at Z% they are greater than KS.

Note: All probabilities given in this table are conditional probabilities, i.e., a release was presumed.
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Table 8-3. Occurrence frequency of a release, conditional probabi1ity 
of an injury, occurrence frequency for an injury, and average number 
of acute fatalities for different release categories

Release
category

Occurrence 
frequency per 
operating year

Probability of 
injury given 
the release

Occurrence 
frequency of 
injury per 
operating 
year

Occurrence 
frequency 
of inj ury 
for 25 units*

Average 
injury 
given the 
release

[a'1] [a"1] [a"1] (fatalities)

FK 1 2 x 10"6 7.1 x 10"2 1.4 x 10"7 3.5 x 10"6 9.4

FK 2 6 x 10'7 3.3 x 10"1 2 x 10"7 5.0 x 10"6 32.0

FK 3 6 x 10"7 8.2 x 10"2 4.9 x 10"8 1.2 x 10“6 2.1

FK 4 3 x IQ"6 2.8 x 10"2 8.4 x 10"8 2.1 x 10"6 0.4

FK 5 2 x 10"5 — — — —

FK 6 7 x IQ"5 — • — — —

Sum 1 x 10"4 — 4.7 x 10-7 1.2 x 10"5 —

* Example for release category FK 1 for 25 units: 2 x 10"6 x 7.1 x 10"2 x 25 a"1



We took the German dose-effect relationship (GOER) 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 ICT^/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"^ per reactor year shows that early injury (acute fatal - 
ity) will occur in far less than \% of core melt accidents.

The fact that early fatalities occur only for a very small proportion of postu­
lated accidents and that there is 1arge variation in possible numbers of fatal - 

ities (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 

fol1ows:

(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 radioactive piume 
is sti11 relatively smal1 compared to the size of populated 
regions (vil1 ages 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 

GOER as a basis, the fol1owing 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 U0.

Including the release category FK1 (steam explosion), the maximum number of early 

fatalities is about 14,500 (GOER). The maximum number is caused by release cate­

gory FK1 and has a calculated occurrence frequency of 4.8 X 10“^/year.
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Excluding the release category FK1, the maximum number of fatalities (about 5,100) 

is caused by release category FK2, and has a calculated (GOER) frequency of 

1.4 X 10“10/year.

Table 8-4. Selected points on the CCDFs for early health 
effects for 25 units (GOER)

Occurrence 
frequency 
per year

Collective injury > KS
Including FK 1 
(steam explosion)

KS

Excluding FK 1 
(steam explosion)

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 pub!ished there, 

normalized to one plant, extend to a frequency of lO^/year. Therefore, for 100 

plants the lower frequency 1imit will be 100 X 10" /year = 10-,/year. This lower 

limit of consideration, based on arguments of statistical accuracy of random 

samples, is so indicated in Figure 8-3, as well as in the fol1owing curves of 
comp!ementary cumulative distribution functions.

8.1.2.2 Latent Somatic Health Effects (Deaths Due to Leukemia and Cancer). * 1

Latent somatic health effects can occur at all dose values under the assumed
1 inear 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 heal th effects—1 imited 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 smal1 dose.

Analogous to Figure 8-1, Figure 8-4 presents probability densities for consequence 
classes of latent 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 smal 1 
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 fatal ities 

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 fatal ities is striking. This is because the numbers of 

latent cancer fatalities vary only siightly for the following reasons:

• The assumed dose-risk relation for latent cancer fatality is 
1inear and has no threshold value. Therefore, the different 
weather sequences causing activity dispersion are less influen­
tial than the total deposited radioactivity. Aside from cer­
tain fluctuations in the transport time, this is primarily 
proportional to the released quantity of activity.

§ A large fraction of latent cancer fatalities is caused by wide­
spread radioactivity of low concentration. At long range, the 
radioactive piume is already relatively broad and extends over 
wide regions. Variations in the population density thus lose 
their significance.
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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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. Release categories

Release class 1

Release class 2

Release class 3

Release class 4

Release class 5

Release class 6

Release class 7

Summed

Lafent Health Effects KKSS (cases)

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 
category

Smal1est number 
of fatalities

KSmin

Greatest number 
of fatalities

KSmax

Average number 
of fatalities

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 (51.62748.4%)

FK 5 160 1,500 660 (55.62744.4%)

FK 6 80 1,200 420 (47.22752.8%)

FK 7 130 7,000 2,400 (42.8%/57.2%)

FK 8 0 < 1 0.02

*The smallest and greatest number of fatal ities (KSmi-n and KSmax) resul t from 
one of 115 x 36 x 19 = 78,660 considered accident sequences.

Note: For b% of cases, the collective injuries are less than KS"; for c% they are
greater than KS.
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All release categories

Without release category 1

Smallest frequency for 100 plants 
treated in WASH-1400

o- 10

Latent Health Effects KSss (cases)

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 FK1 ("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 1 arge 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 latent cancer fatality (see also 

Table 8-14)--about 90% of the calculated fatalities result from accident-induced 
radiation doses, which are smal1er than the radiation dose received through 

natural exposure in the course of one's life.

Early fatalities and latent cancer fatalities of the same frequency may not be 
added si nee 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 1atent somatic health 
effects for 25 units

Occurrence Collective injury > KS
frequency 
per year

Including FK 1 
(steam explosion)

Excluding FK 1 
(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 radioactivity dispersion, on the average, about half of 

the latent fatal ities 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 1eukemia and cancer to all natural and man-made fatalities is 

about 2OX U). Therefore, using the total population of Europe (670 million) we 

obtain the foil owing number of fatal ities due to this cause:

6.7 X 108 X 0.2 = 1.34 X 108

Given an average life expectancy of 71 years U) there results:
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6.7 X 108 X 0.2 X (1/71) = 1.89 X 106

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 1ife span of 71 years, when correlated to 

the 670 mill ion population becomes:

6.7 X 108 X 0.1 rem/year X 1.25 X 10"4/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“4/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 fatal ities 

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-ri sk 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 fatal ities (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

Release
category

Smallest
collective
dose

KDmin 
(man-rem)

Greatest
collective
dose

KDmax
(man-rem)

Average collective 
dose

KD (b/c)*
(man-rem)

FK 1 20.0 x 106 420 x 106 260 x 106 (35.1X/64.9%)

FK 2 6.3 x 106 280 x 106 140 x 106 (44.1%/55.9%)

FK 3 0.6 x 106 78 x 106 32 x 106 (49.2X/50.8X)

FK 4 0.2 x 106 23 x 106 8.2 x 106 (55.5X/44.5X)

FK 5 0.3 x 106 10 x 106 2.8 x 106 (56.8%/43.2%)

FK 6 0.2 x 106 7 x 106 1.3 x 106 (61.5%/38.5%)

FK 7 1 x 106 54 x 106 18 x 106 (50.5X/49.5X)

FK 8 < 1 x 103 1 x IQ3 0.14 x 103

* In b% of cases the collective dose is less than RTT; in c% it is greater 
than KD.
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Table 8-9. Average genetically significant collective 
dose for various release categories

Release category

FK 1 

FK 2 

FK 3 

FK 4 
FK 5 

FK 6 

FK 7 

FK 8

Average genetically significant 
collective dose

___________ (man-rem)___________

2.6 x 108

1.4 x IQ8

3.2 x 107

8.2 x 106

2.8 x 106

1.3 x 106

1.8 x IQ7

1.4 x 102

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 fol1ows the interpretation of the corresponding figure for latent deaths.

Al1 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
O

man-rem, excluding release category FK1, it is about 2.8 X 10° 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 fatal ities, 
large genetically significant population doses are always calculated when—after 

large rel eases—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 col1ective 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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The genetically significant natural dose to the population presently living in 

Europe is

6.7 X 10® X 0.1 retn/yr = 6.7 X 10^ 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 col 1ective 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 fol1owing countermeasures were described among others:

• evacuation (Region A)

• fast relocation (Regions and B2)

i 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 illus­
trated in Tables 8-10 to 8-12.

Evacuation (Region A)

The study assumes for all releases under discussion here that evacuation takes 

place in a region measuring F = 33.3 km^. 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
category Probability

for

Smallest
area

Largest
area

Average
area

Smallest 
number of 
persons

Greatest 
number of 
persons

Average 
number of 
persons

F>0 for P>0 ^min Fmax F pmin Prmax ¥ (b/c)*

FK 1...8 100% 33.3 360 42,000 6,800

(ca. 60%/
ca.40%)

Note: All probabilities given in this table are conditional probabilities,
i.e., a radioactive release is presumed.

* ln_b% of cases the number of persons is less than F; in c% it is greater 
than P .

Fast Relocation (Regions Bi and B?)

The characteristic quantities of the CCDFs for persons and areas affected by 

this countermeasure are 1isted in Table 8-11. This table shows that only in 
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.

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 + Bg.

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 quanti ties of the CCDF for the areas F and persons P 
affected in regions and 82 by the countermeasure "rapid relocation"

Release
category

Annual 
frequency 
of regions 

and B2 
occurring 
for 25 
plants

Probability 
of occurrence 
of a region
Bj + B2 after 
a postulated 
release

Affected areas F [km2] Persons P

Smallest
areas

Fmin^a^*

Largest
areas

Fmax

Average
surface
area

F (b/c)**

Smallest 
number of 
persons

Pmin^*

Largest 
number of 
persons

pmax

Average 
number of 
persons

V (b/c)**

FK 1 1.9 x 10"5 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 10-6 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 10-7 4.9% 0(95.1%) 4 0.2 (95.l%/4.9%) 0(95.1%) 18,500 55 (95.4%/ 4.6%)

FK 4 0 0 — — — — — —

FK 5 0 0 — — — — — —

FK 6 0 0 — — — — — —

FK 7 0 0 — — — — — —

FK 8 0 0 — — — — — —

* k% of resul ts leads to the smallest area Fmi-n or to the smallest number of persons Pmi-n.

** In %% of cases the area is less than F or the number of persons less than P; in C% the area is greater than F 
or greater than F.
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Table 8-12. Characteristic quantities 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 Smal lest Largest Average
tion of a of occurrence Smallest Largest surface number 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 ^min^* ^max F (b/c)** Pmin^* p max P (b/c)**

FK 1 5 x 10"5 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 10'5 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 icr5 92.9% 0(7.1%) 230 30 C
O

£C
M

C
O 0(7.1%) 660,000 7,600 (76.7%/23.3%)

FK 4 4.5 x 10'5 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 10-5 18.4% 0(81.6%) 2 0.3 (87.0%/13.0%) 0(81.6%) 9,100 50 (51.1%/48.9%)

FK 6 1.1 x 10'5 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% — — — — — — —

* n of results leads to the smallest area Fmin or to the smallest number of persons Pmin.

** In B% of cases the area is less than F or the number of persons less than F; 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 1arge 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 fol1owing reasons:

• The study used shielding factors valid for an average mix of
1arge, mediurn, and small houses. In contrast, in 1arge 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 1arge 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 large population movement is justified 
for such a low 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 comp!ementary 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 al so of 

interest.
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The expected value of the collective injury <KS> (jj) (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 <KS^5> (or for the collective dose <KD2^>) 

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:

<KSp£> = 1 X 10"3 per year;

for leukemia or cancer, it is: 

<KS|> = 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 containment occurs. As discussed in
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Table 8-13. Collective risks and expected values of 
collective doses for 25 units

Collective risk <KS^> (a"1)
Average 
genetically 
significant 
collective dose

<kd25>

Early health effects

25<KS^>

Latent health 
effects

German American
study dose- study dose-
effect effect

Release relation- relation-
category ship ship [man-rem a-1]

FK 1 4.7 x 10“4 4.1 x IQ-4 2.4 1.3 x 104

FK 2

*3
-tOX00 4.3 x 10"4 3.3 x lO"1 2.1 x IQ3

FK 3 3.1 x 10"5 2.5 x 10"5 7.4 x 10"2 4.8 x 102

FK 4 2.9 x 10“5 2.3 x 10“5 1.2 x 10"1 6.2 x 102

FK 5 0 0 3.3 x lO-1 1.4 x 103

FK 6 0 0 8.4 x 10"1 2.6 x 103

FK 7 0 0 6.0 4.6 x 104

FK 8 0 0 4.8 x 10-4 3.4

Summed 1.0 x 10"3 8.9 x 10“4 10.1 6.6 x 104

Summed without
Category 1 5.4 x 10"4 4.8 x 10-4 7.7 5.3 x 104
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Table 8-14. Relative contribution of release categories 
to the overall expected risks

Release
category

Risk of health effect type

Acute
fatal ities

Latent cancer 
fatalities

Genetically 
significant 
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 10"3% 5 x 10"3%
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Chapter 6, the frequency for this release category was estimated to be 3 X 10"^ 

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 frequency was increased by 

more than two orders of magnitude. Si nee the study estimated the frequency of 

LOCA controlled by emergency cooling facilities to be 1 X 10 J/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 <K$nat 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 uni ts of <KD^> = 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 10^ 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 lies 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 1ocation-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 

latent health effects are shown by release category. The curves for the 

individual rel ease categories run approximately parallei. For the reasons already 

discussed in Section 8.1.2.1, early deaths are limited 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 1ocation-independent risk of normally occurring 

leukemia and cancer. For an average life expectancy of 71 years, this becomes:

<Snat> = 0*2 X (1/71 yr) = 2.8 X 10“^ per year (see Section 8.1.2.2).

The expected value for leukemia and cancer due to natural radiation exposure is:

<$nat rad5” = 0*1 rem/yr X 1.25 X 10"Vrem = 1.25 X 10“^ 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 1ie far below the corresponding risks for leukemia and 

cancer due to natural or man-made causes.
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Release categories

a Release class 1

o Release class 2
a Release class 3

+ Release class 4 
----- Summed

Distance r (km)

Figure 8-8. Expected probability of acute health effect for an individual as
function of distance from plant (equals average individual risk for 
acute health effect), normalized to one plant and keyed according 
to release categories (German study dose-effect relationship)
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Figure 8-9. Expected probability of latent health effect for an individual as a 
function of distance from the plant (equals average individual risk 
of acute health effect due to leukemia or cancer), normalized to 
one plant and keyed according to release categories
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Figure 8-10. Expected probability versus distance for individual injury (equals average 
individual risk), normalized to one plant, and comparison with individual 
risks based on natural and 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 fol 1 owed 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 determini Stic 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 pi ants with 25 light 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 (Jt). 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 consequence 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 pi ant-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 (j_) can be given. For a given confidence of 9QX, 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 1ines between which the entire particular CCDF will run with a 

given confidence, from local bands we can find the fol1owing 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 1ine in 
Figure 8-11).

t 90% confidence interval for consequence magnitude X; this
denotes the range for a fixed frequency H* in which there is a 
90% probability that the particular consequence magnitude will 
equal or exceed the frequency H* (horizontal, dashed 1ine in 
Figure 8-11).

Extensive, complex risk estimations of rare events are generally affected by many 

uncertainties. Section 8.2.1 1ists 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 fall­

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- 

Carl o simulation from functions of several probabilities and frequencies subject 
to estimation uncertainties (see Section 4.7.2).
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H (S > X)

Figure 8-11. Illustration of local uncertainty bands 
on frequency and consequences
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For the Individual, quantified estimation uncertainties:

® release frequencies (j_) (see table)

Release category 5%

Fractile
50%

(median) 95%
Reference value 
(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

001

LU•
00 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 9. 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 pi ants of the type analyzed. The fractiles express the 
estimation uncertainty of this average value.

0 released energy in 106 kJ/h (piume 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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i 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%

0.002 0.01 0.05

10% 50% 90%

0.001 0.005 0.025

Reference value

0.01

Reference value

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"
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• wet atmospheric fallout; "wash-out" (scavenging) coefficient 
A(1/sec) for various rainfall rates (see table).

Fractile
Rainfall in mm/h

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."

9 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

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.

t dose-effect relationship for early fatal ities: see table.

Fractile
10% 50% 90%

0 B P

Reference val ue B

0 : F0 (330) = 1%; FQ (610) = 50%

F0 (x) = 0 for all x with FQ (x) less than Fg (100).

B : Fb (250) = 1%; Fg (510) = 50%

Fg (x) =0 for x less than 100 rad.

P : Fp (200) = 1%; Fp (410) = 50%

Fp (x) = 0 for all x with (x) less than Fg (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 multipiied by 

the probability of actual occurrence. Thus, the random variation of this percen­

tage (sti11 averaged over time and pi ace) 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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Figure 8-12. Dose-effect relationships P, B, and O for early fatalities



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, a 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 consi sting 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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Determined by:
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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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The dashed lines give subjective 90% confidence intervals. The correct value lies with a 90% 
subjective 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 1ie 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"®, with 90% subjective confidence 

(or with 95% subjective confidence for less than 2 X 10"®).

With respect to the consequence direction, the subjective confidence intervals 

indicate, for instance, that the number of early fatal ities 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 10"^.

Figure 8-14 gives analogous information on "latent cancer fatalities."

FOOTNOTES

(a) The probability density function is called "probability density" below.

(b) Release category FKl 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 resul ts of the accident sequence calcu­
lations are given with and without inclusion of release category FKl.

(c) The following abbreviations are used below:
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GDER = German Study Dose-Effect Relation (curve D from Figure 7-5);
ADER = American Study Dose-Effect Relation (curve B from Figure 7-5).

(d) 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.

(e) If we consider conditions only in the FRG, then the above numbers of leukemia
or cancer fatalities due to natural or man-made causes and by natural 
radiation exposure, respectively, should be divided by 11.

(f) The definition of the term "risk" was given in Chapter 2.

(g) The mean of the collective injury is also called the collective risk.

(h) 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."

(i) 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.

(j) 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 lower 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.

(k) The fol1owing response function was selected:

F(a,pjx) = £ Q (H (1 ,p; v^ rn^.X) +
i=l j=l 

v 3H
.S wr~k=l k

(l,p; u.j, m;,x) \ - Pk'J 9j “1
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a = vector of release frequency (ai, a ), a is the vector of the reference 
val ue

p = vector of the other, uncertain parameters (p^,..., pt) from 8.2.1, p 
is--with the exception of the dry deposition rate for aerosols—the 
vector of the reference value

a.,-, i = 1, 2,..., r and pj., k = 1, 1........ t were randomly sel ected in accor­
dance with their distributions.

u = vector of the release categories (u^,..., ur)

m = vector of the meteorologic site regions (m^,..., ms)

g = vector of the weights (g^,..., gs) of the meteorologic siting regions
(they depend on the number of plants in the siting region).

x = vector of the abscissa value of the CCDF for which the response func­
tion is to be evaluated

H(l, p; u, nij, x) =

discreet points of conditional CCDFs from the accident consequence 
model (under the assumption that a release of the particular category 
takes pi ace).

3H/3p = 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.

REFERENCES
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Mainz, Kohl hammer, I%8 ft.
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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 1 imitations that affect the results. Therefore, it is perhaps appropriate at 
this point to comment on the discussion in the preceding Sections. Si nee 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 pi ants.
Risks due to normal operation of nuclear power pi ants or the attendant fuel cycle 
are not discussed.

The design conditions of a reference pi ant constitute the foundation for the pi ant 
system analysis. However, data, which for the most part were not derived from the 
reference pi ant, were used to investigate reliability. We also had to rely on 
data obtained for comparable components in other industrial pi ants. Consequence 
calculations were based on typical German site conditions, represented by a 1 arge 
number of actual FRG sites. The results therefore do not relate to a particular 
plant at a real site, but are only models for pi ants 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 
likely 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.

9 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.

t 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.

0 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 investigate processes during and after a core melt accident, 
by and large only simplifying models 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.
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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 like 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 like the present one have 
previously been performed 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) (JJ. In Figure 9-1, important results of this study are shown. Through 
improvements suggested in (_!_) 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 precluded, 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 larger 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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values from experience with analytically estimated risks could lead to incorrect 
conclusions. It must be noted that because of safety precautions taken in al 1 
potentially dangerous technologies and against most natural disasters^ major 
disasters in general are seldom anticipated.

If 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 1 arge number of fatal ities (2_). The sol id 
part of the curves is based excl usively on findings in Great Britain. For exam­
ple, fires and explosions there have taken a maximum of 50 lives in a single 
event. In (2J 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 1ow proba­
bility can be important to a risk eval uation. Theoretical risk analyses for com­
plex systems, which by nature are characterized as estimations, become even more 
uncertain with increasing consequence and decreasing probabil ity. It is doubtful 
whether the state of knowledge is sufficient to determine reliable results for 
events with a probability of one-in-a-bill ion-per-year or 1 ess. Large conse­

quences 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 uniikely 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-mil1ion-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-

o in
craft crash onto a filled soccer stadiurn in Germany as 10“° to 10"1 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 
cal 1ed 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 pi ants 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 1imited that acute fatal ity 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 1imited area.
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Table 9-1. Various individual risks (fatal risk 
values per 1 mill ion persons in one year)

Type of Risk Ri sk
(average fatalities per 1 million 
persons per year)

Fatal accidents due to

Occupational hazards (average) 130

Occupation in mining 540

Occupation in health care services 40

Domestic and leisure activity 230

Driving (75 minutes per day) 240

Using commercial aircraft 
(one hour per week) 50

Using other, nonmilitary 
aircraft (one hour per week) 1,000

Lightning strikes 0.6

Electricity 4

Death due to cancer or leukemia 
(due to natural and man­
made causes) 2,700

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) 0.01

Death due to cancer or leukemia 
(latent somatic health effects) 0.2

Nonnuclear hazards are largely taken from (3_).
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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 leaks. 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 error 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 leak in a primary coolant line and during a power 
failure contribute the next greater amount. In these cases as wel 1, guidelines 
for improvement can be derived from the plant systems analysis (see 
Sections 5.2.1.3 and 5.2.2.2).
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frequency of core melt
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DA = Independent random failures of components 
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M = Human error including common cause failures due 

to incorrect calibration of instrumentation

Figure 9-4. Contributions of different failure types to the frequency of core melt



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. In these cases, a pre­
requisite for detailed analysis is accurate documentation of the system design, 
which is normally avail able only for completed pi ants.

Because of the statistical nature of the analysis, the frequencies found in 
Section 5 even for the reference pi ant, have only 1imi ted applicability, partic­
ul arly since the analysis includes much data not specific to the pi ant. 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 pi ants 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 pi ant can 
thus serve as a model for similar pi ants.
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Findings indicate that problems tend to occur at interfaces between different 
systems and between different technical disci piines. Si nee risk analyses, espe­
cial ly systematic event sequence and reliability analyses, require a systematic 
and interdiscipiinary 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 pi an 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 1 imitations 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 pi ant 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 fol1ow-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 1imited amount of data is avail able to evaluate common 
cause fail ures 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 rel eases of radioactive inventory outside the reactor core, as well 
as overlapping effects originating inside the pi ant (1 ike fire) or outside the 
pi ant (1 ike 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 comp!etely 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 cl ad­
ding damage) and "completely mol ten." The sequence of core melt accidents 
resulting from failure to control a 1arge leak in a primary cool ant pi peline 
was treated as representative for core melt accidents from all other causes. 
The occurrence of core melting after a longer del ay 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 pi ant 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 I si and (TMI) nuclear power pi ant 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 al so 
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 suitabl e 
to describe and examine an event sequence 1 ike 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 1imited to the first three hours of the 
accident. For further information, the reader is referred to the publ ications by 
the USNRC.

The accident invol ved a "small leak in the pressurizer" triggered by a transient, 
with 1 oss of cool ant through an open relief valve, whereby the core was
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insufficiently cooled. Such event sequences are thoroughly treated in the 
study. However, Phase A pessimistically assumes that insufficient cooling of the 
reactor core necessarily 1eads to reactor melt. Important aspects of the accident 

sequence at TMI can be described as follows:

• At 4 a.m., March 28, 1979, the primary feedwater system in
Unit 2 of the TMI nuclear power plant failed as a result of a 
malfunction of the condensate purification system, interrupting 
the feedwater to the two steam generators (a). (All times 
given below relate to the timing of this initiating event.)

9 The diminished heat removal through the boilers led to a pres­
sure increase in the reactor coolant 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.

9 The relief valve failed to close. In the power pi ant 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.

9 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.

9 The open relief valve caused a pressure drop in the reactor 
coolant system, whereby a few minutes later, the high-pressure 
injection of the emergency cooling system automatically began 
operation.

9 The displayed pressurizer water level 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 cool ant 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 cool ant system through the volume 
control system.

9 Pressure and temperature increased in the rel ief tank, in whose 
water pool the pressurizer valve discharges. After about 15 
minutes, the rupture disk of the tank failed, and cool ant 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 1oss of cool ant caused a 
progressive emptying of the reactor cool ant 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 1oss of cool ant. 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 cool ant was saturated for a 1ong time would indicate 
steam in the reactor cool ant system. The presence of satura­
tion conditions is not immediately indicated by the instru­
ments. Sinee 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 cool ant pumps of one of 
the two primary cool ant 1 oops was switched off; and after one 
hour 40 minutes, that of the other primary cool ant loop was
al so shut down to prevent damage to the pumps. Thereafter, no 
natural circulat ion took pi ace. At the cool ant outlet from the 
core, the measured temperature increased rapidly. After two 
hours 11 minutes, it reached the display 1imit (327°C). This 
system behavior after pump shutdown also indicates an insuffi­
cient quantity of cool ant in the reactor cooling 1oop. 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 1ine 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 cl adding attained tem­
peratures at which a rapid metal -water reaction began. One or 
more hydrogen bubbles then formed in the reactor cooling 1oop, 
which impeded the restoration of cool ant circulation. Subse­
quently, the hydrogen concentration also increased in the 
containment, which resulted in a hydrogen puff.

s 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, 1arge 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 following 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 1evel increased, the primary cool ant pumps
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started, and in particular, the high-pressure injection once 
again operated. After 11 hours, natural circulation in a 
primary cool ant 1oop was reestablished; after 16 hours heat 
removal took pi ace by forced circulation by a primary coolant 
pump. Removal of noncondensing gases from the reactor cool ant 
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 operating mode 
was not correctly recognized. The open relief valve, which caused continuing loss 
of cool ant and, as a result insufficient cool ant in the reactor cool ant system, 
went undetected. If 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 woul d have kept the reactor cool ant 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 10.

Based on the methods used in the Risk Study, the fol 1owing points are compared:

• consideration of the initiating event at TMI

• 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." This transient is considered an initiating event in the present study. 
Failure of the main feedwater supply in the reference pi ant does not, as a rule, 
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 pi ay 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 fol1ows: reactor
scram occurred; the pressurizer relief valve failed to close, 
the emergency feedwater supply and main steam rel ief were 
operating; primary cool ant pumps were operating, high-pressure 
injection did not occur.

The system functions important for the reference plant are al so 
treated in the risk study. The TMI accident thus gives no 
reason to question the suitability of the event tree analysis.

Were thermohydraul ic 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 cool ant 
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 thermohydraul ic 
investigations necessary for this, no satisfactory and val id 
model is presently available. Therefore the study pessimis- 
tically assumes core melt if the minimum requirements of core 
cooling are not met.

t Illustration of the Event Sequence in the Event Tree
Diagrams. The following description of the event sequence at 
TMI in the event tree diagrams of the risk study shows the 
detail with which this sequence can be reproduced in the sim­
pl ified event trees of the study. We should point out that the 
TMI pi ant 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 al1 important aspects to be considered 
in the failure of primary feedwater supply at TMI. The event 
sequence at TMI corresponds to TjSg". The foil owing comments 
regard the individual system functions given in Figure 5-6.

T-^: The initiating event (the transient) occurs.
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K: The reactor scram functions. (The abbreviations of the
successful functions are shown in parenthesis below).

I: 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.

J: 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" (bj.

L: The pressure relief valve of the reactor coolant system
opens. During the period when no feedwater supply is 
available, cool ant is blown through the pressurizer relief 
valve, limiting the pressure in the reactor coolant 
system.

M: The pressure relief valve fai1s, i.e., the relief valve
stays open.

Q: Delayed feedwater supply and main steam relief occur.

R: This function is unimportant to the particular event
sequence.

The result of this event sequence is a small leak at the pressurizer
TjSg. Below, we will use the event tree, i.e.. Figure 5-8, for this
leak.

K: Operation of the reactor scram was discussed above.

I: System functions I and J are presented once again in this
event tree since different requirements are made of this 
function during the LOCA. In 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 pi ant because of other system tech- 
nol ogy.

J: Si nee the emergency feedwater supply and main steam heat
removal were restored after a short time, the system 
function is available here.

B: The emergency cooling start-up signals are initiated.
Thus, the containment isolation valve is triggered in the 
reference pi ant, which also shuts off the main cool ant 
pumps.
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C: The high-pressure injections do not take place. In 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 sequence T^"IC. According to 
Figure 5-8, a core melt is assumed, i.e., further differentiation of the 
event sequence is 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 
emptying of the reactor cooling loop.

i 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 thermohydraul ic 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 melt 
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 long 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 gas bubbles could explode in the reactor primary cooling 1oop 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 Pault 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:

• unnoticed failure of the pressurizer rel ief valve to close

• human error

t 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 cl osing 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 pi ant 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 pi ant control room. From this control 
valve position, a closure signal was derived for the redundant block valve in the 
bl owdown 1ine. In addition, the block valve was not secured by emergency power. 
Functional testing for cool ant pressure control that triggers the closing signals 
was not provided.

The results of these studies were already presented and discussed at the 6RS 
Colloquium in 1977 (JJ. The determined frequency of LOCA caused by failure of
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pressurizer val ves to close resulted in several changes in the reference pi ant:
The positions of both the control valve and the relief valve are now monitored; 
the redundant block valve in the blowdown line is now supplied with emergency 
power, functional testing is also regularly performed for the coolant pressure 
control. Thus, the probability that the blowdown 1ine will fail to cl ose, 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 val ves. The present study considers such events. 
However, in the reference system they are extremely uniikely because of the 
separate-loop functional testing of the emergency feedwater system and because of 
control commands received by these val ves upon triggering of the system which move 
then into the proper position.

In the risk study, a model 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 measures 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 
1evel. The risk study does not consider such manual measures. To verify this, 
the pressurizer water level of the reference system must not pi ay so central a 
role as it 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 1 evel. They shut off only when the 
plant shuts down at cool ant temperatures below 150°C. Given the intended mode of 
operation, pressurizer water 1evel has no effect on event sequence. The high 
pressurizer water 1evel permits errors by the operating personnel, namely the 
unplanned shutdown of the high-pressure injection. PIanned shutdown of the refer­
ence pi ant (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 pi ant.
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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 thermohydraul ic analyses. Si nee 
phase A of the risk study rests on analyses used in the LOCA 1icensing procedure, 
protective actions 1 ike those discussed in the 1icensing 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 fol1 owing:

• The methodol ogy of the risk study is not called into question.

• The event that initiated the TMI accident was included in the 
study.

s Event sequences that qualitatively correspond to those occur­
ring at TMI were included in the study.

t 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 pianned for phase B.

• The study coneretely 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 1evel for similar accidents in the reference pi ant 
must still be studied in detail. The influence of a constant 
pressurizer water 1evel on the frequency of core melt accidents 
is, however, small.

FOOTNOTES

(a) The Three Mile Island Unit 2 PI ant has only two primary cool ant loops with 
straight tube steam generators, in contrast to the reference pi ant of this 
study. From the outlet side of the cool ant, two cold primary cool ant lines 
lead from each of the 2 boilers to the reactor pressure vessel. A primary 
cool ant pump has been installed in each of these 1ines.

(b) Because of the greater water supply in the steam generators of reference pi ant 
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 Twhere fewer system functions 
would be required.
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