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ABSTRACT

A method is developed for dariving a set of equations relating the
public risk in potential nuclear reactor accidents to the basic variables,
such as population distributions and radicactive releases, which deter-
mine the comsequences of the arcidents. The equations can be used to
determine the risk for different values of the basic variables without
~he need of complex computer programs and can be used to determine the
variable values which are needed to satisfy various risk criteria. The
equations will provide consideralle savings of time and effort in dete.-
mining the consequences of the nuclear reactor accidents.

The sethodology developed in tnis study consists of two steps. The
first step involves firring the risk distributions of frequency versus
consequence to parimetric distributions which contain a small number of
parameters. The second step involves deriving the equations which relate
the distribution parameters to the basic variables of interest. Regression
techniques are used fc this second step.

The methodology i{s demoustrated for examples based on the results
of the Reactor Safety Study. The calculated distributions of early
fatalities in nuclear reactor accidents and the hiscorical records of
fatalities in hurricanes, tornadoec, earthquakes and dam failures are
examined to determine an appropriate family of parametric distributions.
From these examinations, the Weibull distribution is found to be appro-
priate for all of the examined eveats.

A set of equations is then derived wvhich relate the population
distribution and the parameters of the Weibull distributions for early
fatalities from PWR accidents. The derived equations are straightforward
and useful in analyses of population effects on risk. Regression equations
relating the parameters to the characteristics of radiocactive releases
are also derived. The derived equations again are straightforward and
useful for evaluating release effects on risk.



Supervisor:
Title:

Supervisor:
Title:

Frofessor Norman C. Rasmussen
Professor of Nuclear Engiseering

Dr. Williaa E. Vesely
Special Assistant for Xethodclogy
U.S. Suclear Ragulatory Cocamission



- e AT I —— .

iv

TABLE OF CONTENTS

uﬂ 0' n-wsmrlons & 8 & 0 § 5 0 P % e E 8 &8 ¢ 9 AN e e v111

LISTOF TARLES . o ¢« ¢ ¢ v o s s s 4 5 o s s s o0 o a s sssss =

m - - - - - - - - - . L - - - - - . - - . » - - - - ® nu

m x: mwmm - - - - . - - - - . - - . E - - - - - - - 1

Tl DINEEEVe G Sy » o o 5 o o 5 9 2 % % 8¢ & @ o »a 1

X2 0anic Comuapts of Riak - « o s o0 5 s ¢ 50 5 s o 5 8 4 2

3:3 Outling of Cho APPEOREl + s = s ¢« o % & & o 5 & 5 58 7

1.4 Method of Risk Estimation . . « « « + « « « = = & = « 9

I.4.1 Outlins of Reactor Safety Study . . . . . . o » 9

1.4.2 Outline of Consequence Model . . o 8 s 9

I.4.3 Calculation Conditions for Indivtdual Sito P 13

CHAPTER II: BASIS POR FITTING OF RISK DISTRIBUTICNS . . « « . . . 15

$hel TOEPOBOERINN s o 4 s b o s n bdan ve vdees I3

II.2 Basis for Selection of Candidate Distributicns . . . 16

ITI.3 Pitting Techunioue . . . . . . . . N PR R -

I1.3.1 Method of Moments . . « « « « « « « « s = & = 18

II.3.2 Method of least Squares . . . . . . . . o s 29

IT.4 Criceria of Adequate Fits . . . . . . . . +. « « « « « 20

III, &‘n - - - - - - - - - - - - - - - - - L . I N 21
CHAPTER III: FITTING OF FATALITIES DISTRIBUTIONS OF NUCLEAR AND

WON-RUCLEAR RIBES ¢ & 6 6 5 ¢ o 6.6 6 0 0 v o5 ¢ o 23

III.l In:rodutm - - - - . - - - - - . - - - - - - - - - 23

III.2 Candidate Distributions . . . . . « « « « « « & v o 23

I1I.2.1 Selection of Candidate Distributions . . . 23

I11.2.2 Exponential Distributiomn . . . . « « « « « 28

II1.2.3 Gamma Distribution . . . . + « « « « « « « 29

II1.2.4 Weibull Distribution . . . « « « « « « « & 30

I70.2.53 L normnl Distridution . « « « « s ¢ = & o 32

$55.3 FICCLSE Tonlle ¢ + = v v o & 6 %' o 6 % & -5 & @ 37

+II.4 Ficting of Non-Nucicar Risk Disctributions . . . . . 39
IZT.4.1 Source of Che DALE ¢ « + ¢ s s s s & ¢ & 39
582 RUNTIBNOE o & 5 « s v v o 0 wis e s e e » 42
$12.8.3 Eacthqualen® : « ¢ o ¢ ¢ s o o o o & & W 47
IIT.4.4 Tornado®® . . - « « « « . « « « &, o & N 51
BRE.5:3 DB PRLINEEE  + s « 5.5 o6 5 % = % % % » 56

I11.4.6 CSummary of Fitting cf the Non-atcle;:
sk Dintribugions . » o s v = 5w s e 60



II1.5 Picting of Nuclear Risk Distridbutions . ’ . 62
111.5.1 Sources of the Data . . . . « « « + « « &« & 62
I711.5.2 Average of U.S. 100 Reactors ’ v 66
111.5.3 PWR Accidents at Site A . . . . « « « & o « 70
111.5.4 BWR Accidents at Site B . . « « + « + o« + 74
111.5.5 Summary of Fitting of Nuclear Risk

DistribUtionsd . « « « o « s o o o o o » o 78

111.6 Summary and Conclusicns . . . . . . o I .

.
-
.
.

CHAPTER IV: BASIS POR RECRESSION ANALISIS . « « « « o o o & o o @ 81
“.1 htrmtm . . . . - - - . . . - - - - - - - - - - u

IV.2 Derivation of the Basic Variable Equations . . . . . 81
IV.2.1 OGutline of the Approach . . + « « + + +« « » » 81
IV.2.2 ldeacification of the Basic Variables . . . . 82
IV.2.3 Selection of the Depeadent Variables . . . . 83
IV.2.4 Aissembling of the Da&ta . . « « + « +» + « « « 85
IV.2.5 Formulation of Candidate Equations s s 0 o B
IV.2.6 Estimation of the Unknown Constants . . . . . 86
IV.2.7 Test of the Adequacy of the Derived Equetions 88

.3 SUNMBEY o o « ¢ » s 5 2 85 66 88 6% 080 8 b0 e 89

CHAPTER V: REGRUSSION ANALYSIS OF POPULATION DISTRIBUTION . . . . 91
"1 htr“utm . - - . - - - - - - - - - - - - L ] . - - - ,1

V.2 Iacorporation of the Population Discribution in a
u‘k u‘l . - - - - - - - - - - - - - » - - - - - - 92

V.3 Selaction of the Dependent Variables . . . . . + . . . 95
V.4 The Data Base for Regression Analysis . . . . . . . . 95

V.5 Formulation of the Regressionm Model . . . . . . . « . 99
V.5.1 Assumptions and Techniques in the Consequence

N e s T R E R B

V.5.2 Definition of Transfer Functions . . . . . . . 101

V.6 Regressiom FLtting . . . . « « + « « « = « =+ = « « +« » 105
V.5.1 Methods for FAtting . . + « « « « + « + » « » » 105
V.6.1.1 Regression from Data Base of M,, M,
LS i e a e e § s P
v.6.1.2 Use of the Averages of Ratios of
POEalisdnd « - » o v s 50 5 8+ 5 s B

¥v.6.1.3 Combinations of the Two Approaches . . 113
V.6.2 2valuncion 0f 8(E) <« ¢ = ¢« s ¢ s o« s o s o s « M3
V.6.3 Bvninacint of DIE.2*) & ¢ ¢ o v v 5 ¢ o 6. 50 s X7
V.6.4 Evalustion of ¢(Ff) .« ¢« ¢ « ¢ o ¢ o s ¢ « & RS -

V.7 Examination of the Adequacy of the Regression
BQUations . « + « « + o s s s s s o = o s o s s s« 125
v.7.1 Predicted Risk Characteristics . . . . . + » « 125
V.7.2 Predicted Distribution Behaviors . . . @ o XO7
V.7.3 Conclusions from the Regression Exmiu:wns . 144

V.8 Example of Applications of the Regression Results . . 146
v.8.1 Application of Regression Results to Siting . . 147



v.9

CHAPTER VI:
VI.1
n.z

V1.3
VI.4

vi.5
V1.6

¥..8

V1.9
CHAPTER VII:

V.3.2 Numerical Example of Siting . .
Summary and Conclusions . . . . . . .

REGRESSION ANALYSIS OF RADICACTIVE RELEASE

Introduction . . <« « « . & o8 5 o8

Radioactive Release Variables . .
V1.2.1 Probability of Occurrence
v1.2.2 Time of Release . . . . .
VI.Z.3 Duration of Release . . .
VI.2.4 Warning Tims for Evacuation
Vi.2.5 Elevation of Release . . .
VI.2.6 Energy Content of Release .
VI.2.]7 Release Fractions . . . . .

Selection of the Dependent Variables

The Data Base for Regression Analysis
VI.4.1 Input Conditions . . . . . .

. .

.

L O 2 ) .

L L T .

V1.4.2 Derivation of the Constants of the Trmtu

Formulation of the Regression Model .

Derivation of the Constants of the Regression

EPIBEIOnS « s o 5 o o« 5 2 6 5 0 5 @

Investigation of the Adequazy of the Regressiom

e L
VI.7.1 Examination of Individual Resuits . . . . .

VI.7.2 Examination of the Combined Regression

hmt. . - - - - - - - - - - - . - - - -

Example of Pcssible Applications of the Regression

BRDRERE o ¢ » o.v 9 $.6 & dia ¥ .8
VI.8.1 Evaluation of the Safety Systems

VI.8.2 Numerical Example of Application of

Regression Recults . . . . . . .

Summary and Conclusions . . . . . . . .

CONCLUSIONS AND RECOMMENDATIONS . . .

vIl.1 Summary and Conclusion . . . . . . .
VII.2 Recommendations . . . . . « « « « «

APPENDIX A:
APPESXDIX B:
APPENDIX C:

APPENDIX D:

i APPEXDIX E:

REFERESCES o 2 « « o« s v s 0 50 o o »
NOMENCIATURE . ¢ « ¢ ¢ ¢ ¢ 5 « o o & o

INPUT DATA FOR CONSEQUENCE CALCULATION
SERER o v W & e e

the

OF INDIVIDUAL

TABLES FOR ESTIMATION OF THE WEISULL TARAMETERS FROM

TEEMMENTS . « =« ¢ « 5 » « s o8

COMPARISON OF FITTING TECHNIQUES . . .

-----

vi

151
155

157
157

159
159
160
160

160
161

164

167
167

167
174
177

182
184

184

188
188

1%0
193

198
198

207
209

219

27
234



—a—_ T
e —————————— E————— — e »

vii
APPENDIX F: BELL-SHAPED POPULATION MODEL . . « « + « « +» o + + + « 244

APPENDIX G: EFFECIIVE SOURCE . . « « « « « « « s =« s s s s » » + + 261

APPENDIX H: REGRESSION RESULTS OF THE CONSTANTS OF b(r,r'' and
e(r) WITHE REGARD TO RELEASE CHARACTERISTICS . . . . 278

BIBLIOGRAFHICAL NOTE

* ® 8 8 % 8 8 " 8 s s s s



FIGURE

FIGrae

l..-

1.2

1.3

1.‘

i.5

3.1

3.2

3.3

3.‘

3.5

3.6

3.7

3.8

3.9

3.10

3.1

3.12
3.13

3.14

3.15

3.16

LIST oF TLLUSTRATIONS

Co-plnm:u-y Cumulative Distribucion of Fatalities

ductol‘an-c;uuo‘tvu:a..,...........
Coq-l‘cntuy Cumulative Distribucion of Fatalities
duto!uuraltvcnu - % Ak TR N b e

Frequency Distribution of Early Fatalicies for u.s.
IOOCO"uculaluclurPovetPhau - Sl b o

Major Tasts of the Reactor Safery Study £ H e e e
Schematric Outline of the Consequence Model . . ., . . &
Histogrzm of the Early Fatalities Distribution of the

Average of the U.S. 100 Reactors (Linear Scale) . .

Histograa of the Early Fatalities Distribution of the
Average of the U.S. 100 Reac:ors (Logarithmic Scale)

Frequency Distribuciong of Candicate Fani'ies (Linear

sc‘;.) - - - - - - .- . . - « e e s . -  ® 8 & o » .
!‘roquency Distributions of Candidate Families
(Logarichmic Seale) . . ..., 2% w aie

Co-plnauty Cumularive Distriburions of Candidate
h-uiu(t.inurSulo) ERAEIS P S re

lemuxy Cumulieive Distridbusions of Candidate
P-uua(burtthicsmc).... W% o o ko

duoto&:rricma...... .....

Puqumy Distrioution of Fatal‘ries due to
Hurricanes , , .

Co-plcnnnury Cumulative Discribusion of Fatalities
ductohrthquaku...... ......

Prequcacy distribucion of Fataliries due to
htthquhs......... .....

Conpleuaury Cumulacive Distriburion of Fatalities
du:orcmdou..................

rthuucy Distribution of Fatalicies due to Tornadoes
Coq;lnq:ury Cuzulacive Discribution of Fatalities

due ¢ Dan Fatlures ., . RER TSN wh o e
anmcy Distribueion of Fatalicies due to Dam
et 4 A EPT Tt o v o -

Couplunury Cumulacive Distribusicn of Early
Fatalicisg 1n the Average of U.5. 100 Reactors , , .

ruqumy Distributicn of Early Fatalities in the
Average of the U.s. 100 Resctors . , |, XL T

viig

5
10
10

24

25

i3

34

35

36

45

46

49

50

54
55

o8

59

68

69



FIGURE

3.17

3.13

3.19

3.20

3.2

5.3

54
5.5a

5.5b

5.6
5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

Complementary Cumulative Distribution of Early
Fatalities in PWR Accidents ac Sice A . . . . . .

Frequency Distribution of Early Fatalities in FWR

ABREOORED 8 BB A ;s i & s.% 5w v b 2 2w w e B

Complemen*ary Cumulative Distribution of Early
Patalities in BWR Accidents at Site B . . . . . .

Frequency Distribution of Early Fatalities in BWR
T A T

Illustration of the Polar Coordinate System for
Describing the Populstiom Distributior . . . . . .

Illustration of the Amnular Segments in the
Cousaquences Model . ¢ o o ¢« 5 ¢ ¢ ¢ o s 50 o 8 o

Cumulative Population Distri. rinns of Different
’.:t.m - . - - - - - - . . - - - . - - - - - - -

Transfer Function a(r) for PWR Accidents . . . . . .
Diagonal Component >f the Transfer Fumction b(r,r')

SOE PR ARl o+ s 5 a0 daE S e W PR

Off-Diagenal Component of the Transfer Functicn
b(r,r') for PWR Accidents . . « « + « « « « o o «

Transfer Furctions c(r) and v(r) for PWR Accide: s .

Test of the Regression kesults of the Firs* zisk
Mcment for a(r) = a cexp(-az-r] . . ... ...

Test of the Regression Results of the First Risk

Moment for a(r) = a, - exp (-a,*z] + a,exp[-a, 1]

Test of the Regression Results of the Second Ris’
Moment for b(r,r') = b, *exp [~b, * (r+x")] *
‘C’P[‘b;‘l!'f"l L T R T

Test of the Regression Results of the Se~cnd Risk
Moment for b(r,r') = {b, *exp[~b,* (r+r')] -

*by - exp [~b, - (x+r)]}

Test of the Regression Results of the Nuermalization

Coustant for c(t)_-cl-up[-cz-t] & =0 W

Test of the Regression Results ~f the Normalization
Constant for c(r) = ¢, ~exp[~- , r] +
ey camPlee ] ¢ s s 00t 060 v

Test of the Regression Results .or the Weibull Shape

BRIREE ol o L Ws - B W iR B P o W S T

Test of the Regression Pesults for the Weibull S:ale

T Py G W R - I S & A F

Teit of the Regression Resul:s for Site #63 of the

Largest Deviation a8 . . . . . . v e e e e

Te : of the Regression Results for Site #39 of the
Laxgect Daviation £B N . « s ¢ 5 5 « ¢ s &« & o % @

cexp (b [r-2']] . ...

72
73
76

17

72
94

97

118

119
123

127

139
137

133

135

136
138
139
142

143



FIGURE

5.17

5.18
5.19
5.20

6.1

6.2

6.3

6.4

6.5
6.6
6.7

6.8

6.9

6.10

© — ST SN - ———— . o -

Test of the Regression Results for the Cousequence
Magnitude at 10~% per year . . . . . . . . E %2

Bell-Shaped Model of Population DPistriburion . . . . .

Geometry for the Example Siting Problem . . . . . .

Estimate of the First Risk Moment for the Exampie
SICERE PRI = » 5% v o' 0 5.6 5 6 & @ % 8 ¥ .

Transfer Fuactions a'(r) for the BWR Release
Q:“ori'. - - - - . - - - - - - . - - - - - L] .

Diagonal Cemponents of the Transfer Functicns b*({-,r’
for the BWR Release Categories . . . . . . . + « .

Off-Diagonal Components of the Transier Fumctioms
b*(r,r') at r=0.25 mile for the BWR Release
CEEREBTENE i 5 5 & 5 8- 54 6 & 5 6 » & 05 50 s »

)

Transier Functions c¢*(r) and y*(r) for the BWR Release

CAOURIERNE s 5 i % « % b w0 & v b 2 o wEF
Test of the Regression Results of 8]« e e e
Test of the Regression Results of By ¢ 0 v e e e e

Comparison of the Estimated First Risk Mozent from
Regression with the Consequence Results . . . . .

Decrease of the Effective Source by the Removal of
x“u‘ - - - - - - . - - - - . - - - - - - - - . -

Effect of the Iodine Removal on the Constants of the
Transfer Punetion 2®(2) . . . . o ¢ « 5 s & o s o

Effect of the Iodine Removal on the First Risk Moment

145
148

154

165

171

172
185
186

187

192

194
195



TASLE

TABI ®

3.1
3.2

3.3

3.‘
3.%

3.6

3.7

1.8

3.9

301"

3.2

5.7

6.1
6.2

6.3

————— ———— I A

LIST OF TABLES

Confidence FACLOTS . « « « o o s s s s s & s » s » & =

Estimates of the Parapeters of the Fatalities
Distribution 1o Hurricanms . . « « « & o o & = = & &

Estimates or the Parameters of the Fatalities
Distribution in Earthquakes . . . « « + + « « « & & »

Fatalities of U.S. Major Tornadoes . . + + « « + « =«

Estimates of the Pacameters of the Fatalities
Nfstribution 1o TUIMSZ %28 . o« .« « o & & & s s & = = »

woimates of the Parameters of the Fatalities
m::‘w‘i“ h D“ r‘uur‘. - - - - - - - - - - - -

% ..fuil 'ean Squares of Fitting of the Non-Nuclear
wias S.otributions . . . 4 s e s s s s s e e e s e

Jotisates »f the Paramercrs of the Early Fatalicies
plstribut.on of the Averare of U.S. 100 Commercial

ABBECORE o+ o 5 o & ¢ 5 & b a8 B % AW ¢ @ O W eGP
totixates of Paramevcrn . ““e Early Fatalities

Discributicr 4o PWP. A. -5 st Site A . . « « « « »
v dmiieg of Piramerars - Tarly Fatalities

Livteoution in I'WX acu -~ ot Site B ¢ ¢ ¢« ¢ o o o
Z2-8idu'l Mean Sieves of MNu. Risks .« « « ¢ ¢ « « &

o, te 7 +f Zumulative Populatiot ia the 68 Population
Dist> n.tdeny « ¢ o o 4 oo e R T

R¢sults of Ceusequence Calculations of PWR Accidents
for A8 Different Population Distributions . . . . .« .«

Estin:tas of Parameters of a(r) and Sum ¢f Residual
SQUATES « « « « - s o s » o o s s o 8 s 8 s s s & o >

Estimates of Parameters of b(r,r') and Sum of Residual
SAUETEE « « o ¢ « + ¢ s s o s s s 28 - s 0 8 00 00

Estimates of Parameters of c(r) and Sum ci Residual
SQUATES < « « ¢ « o s o o s 2 2 s s s s s s s s 8 s

Estimates of the Dependent Variables frra the Single
Exponential Transfer Functicms . . . « ¢« « « « o o« »

Estimates of the Dependent Variables from the Double
Exponential Transfer Functions . . « « « + « « « « &
Summary of Accidents Involving Core . . « « « « « &« &« »

Weighting Factors of Isotope Groups for Effective
SIRTER 5 « » o d s W s s e e Y. §E S e

Conditions of Additional Cunsequence Calculations for
Regression Analysis . . « ¢« « « o« « & o o o + & o & &

4l

53
57

61

67
71

75

116
120 .
1246
126

129
158

165

168



o ————. e

6.‘

6.5
6.6

6.7
6.8
6.9
6.10

TABLE 7.1
7.2

7.3

Estizates of c* and a, as the Data Sase for the

Regression o

the Release Variables . . . . . + + + &«

forrelation Corfficients of a, and Regressor Variables

Partial F-tests for the Elimination of Insignificant
Regressor Variables for lma;, . . . - . o8 & W . @

Results of t-tests of the Remaining Regressor Variables

Partial F-test of Interaction Terms . . . . « « « + « &
Analysis of Variauce of Regression Analysis of lna, .
ln:rcuioutulyouotnz... ¢ B BlE e E e e

Estimates of the Parameters of the .eibull Distributicn

Transfer Function Results of PWR Accidents in
wortheastern Valley Meteorological Conditioms . . . .

Summary of the Regression Results of the Radiocactive

Releases

. = »

I T U T R e D U D D I

173
176

179
179
180
181
183

201

202

203

|



- ———— W S .y p—— bt . w—

xi14

The author feels particularly for:unate to have worked under the
supervision of Professor Norman C. Rasmussen and Dr. William E. Vesely.
They provided valuable i1nsights fato this problem and offered many valu~-
able comments through this research. The author wishes to acknowledge
their patience with the difficulties of communication due to the author's
poor English and weal background in statistics.

The help of Professor Lothar Wolf, who served as a thesis reader
and provided helpful advice, is appreciated.

This study has been financially sponsored by the U.S. Nuclear
Reguldtory Commission. Also, the source of the computer programs and
the data used in this study has been provided by the Probabilistic
Analysis Branch of U.S.N.R.C. The author would like to express the
appreciation to their financial and technical support. Specifically,
the advice of Dr. Ian B. Wall and Mr. Roger M. Blond are appreciated.
The comments of Dr. Peter E. McGrath (Sandia Laboratory) were of great
help to this atudy.

“he help of Ms. Donna Dutton by secretarial work is appreciated.
Typing of the manuscript was very alby carried out by Ms. Cindi Mitacas
and Ms. Clare Egan.

Lastly, the author wishes to acknowledge the encouragement of his

parents, Giro and Toshiko, and the spiritual help of Miss Naoko Mima.



CHAPTER T
INTRODUCTICH

I.l Chjective cf Study

In Octoler, 1975 the final report of the Pesctior Safety Study vas
Piblished by tte U. S. Nuclear Regulatory Cormission (Pef, 1). The
principal surpcse of vhe Reactor Safety Study ves %o make a realistic
estizate of the public risks that could be involved in potential
acéidents in commercial puclear pover plants azé o provide a perspective
to coopare tlex vith non-nuclear risks to vhick our scciety are already
exposed. Though the Reactor Safety Study ves focused on an estizate of
the total risk of the nuclear pover plants existi=g or being plenned,
the risk estization methods developed in the Study can provide zelp vith
regard to decision making involving regulations, site placaning, plant
design and otler areas relating to the safety of cuclear powver plants,

To apply risk results in decision makicg, it is of use to rrepare a
set of equaticsms that give the relationship between the risks and the basic
variables that determine and control the conseguences of nuclear reactor
accidents, Witih the risk expressed in terz=s of the basic variatles,
decision can Se made on the besic veriables wvhic: give acceptable risk.
For example, iz selection of a site for a nuclea dover plant, the porulation
distridution zay be cne of the baric variables of interest. Relating the risk
to the population distribution would then allcw investigation and decision on
acceptable population distridbution. If this ca= bde dcne, it =may result in

considerable savings in time and effort in the decision =aking srocess.
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The objective of this thesis is to develop a method for obtaining s
set of equations that descridbe the relationship of the pdblic risk ia
potential nuclear reactor accidents to the basic variables that drive sad
control the consequences of the acciderts, The method vill be demonstrated
in & Uxmited number of examples based on the results of the Reactor Safety

tudy.

I.2 Basic Concepts of Risk

Since risk is a commonly used vord that can convey a veriety of
meanings to different peovle, certain concepr . of risk vill be discussed
here. A dictionary definition of risk is "the possibility of loss or
izjury to peoplc and property”. The major elements for defining risk will
be consequence ead likelihood. The following four types of consequences
wvere considered in the Reactor Safety Study.

a. Early fatalities (i.e., fatalities that occur within
one year of the accident).

b. Early injuries (i.e., people needing medical cars).

¢. Late health effects attributable to the accident.

d. Property damage

In this thesis, early fatalities will be studied specifically as an example
in developing the method to relate the risk to the basic variables. The

developed method may be applicable to other types of consequences.
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The likelilhood is expressed by the frequenty of ocourrecce cf
sccidents. For freguent events, the frequency can be estiz tad frem
the historical recorss in the past. 3Howvever,K many potential accidenis,
such ar nuclear acciients, occur at such a lovw frequency that tley ave
not been cus.erved. In these cases the freguency is cbtained Xy
calculaticnal modals using basic components and system fallove lata.

Combiniag the *wo major elements of likelihood azd con. juerce,
risk is then descrided by the distribution of frequency vs. =agmitude
of consequence, whish will be called "risk distribution” in t=is
thesis. Tvo expressicns of the risk distridbution will be used In
the following chapters. One is a "frequency distridution™ (Zencted
by f(x), vhich is cdefined by:

Flzg < x < x) r‘ £(x)dx (1.1)-
~n

vhere 7(x, < x < x] is the number of events per unit tize tiat tle
cagnitude of consecuunce is betwveen x, and Xp. Another exiression is
s "camplezentary c=ulative distribution” (demoted ty F°(x)), which
presents the freque=cy of consequences b.ing greater than Ze

magnitude x. The relation of the two expressions is givea Iz

Fo(x) = r (x)ax (1.2)
x



For example, Figs. 1.1 and 1.2 shov the complementary cumulative

distributicns of early fatalities in zuclear rewctor accidents as

vell as other man-made and maturally cesurring risks. FPig. 1.3 shovs

the {recuency distributica of early fatalities {n nuclear accidents in

a form of a histogran.
The risk distributions can de summmrized by certain characteristics

of the dstridutions, :alled "risk ciaracteristics™ in this study) such

1.

2.

3.

Frequency at a svecific magmitude of consequence :

For example, from Fig. 1.1 the frequency ot fatalities
baing greatar than 1,000 is adout 10™% per year for 100
ouclear placts whereas it is 10”7 per year for chlorine
release.

Magritude of consejuence at a specific frequency:

Por example, from Fig. 1.1 the mumcer of fatalities at
& chance of one in 10,000 years is less than 10 for 100 cuclear
plazts, vhereas {t is greater than 5,000 for chlerine release.
Risk moments, which is deficed dy:

N(g) = r £(x) « (x - g)* + ax (1.3)

vhers

nt(c) is the t-th risk mcment about £. The first risk
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moment about the origin can be interpreted as an expected magnitude of
consequance per unit tize. For cxample, the expected early atality
per year is 4.6 x 10™ for 100 suclear pover plasts and 55,000 for
automobile accidents in U, S. (Ref. 1).

I.3 Outline of the Approach
The approach developed in this thesis is pPresented by tvo major
steps. They are:

(1) The risk distridutions are fitted to parametric
distributions involvicg only a small mumber of
parameters. To determine an appropriate parametric
distritution, the fatalities distribwtions of
nuclear and m.:n-nuclnr risks are examined. Once
an appropriate parsmetric distribtion is sclected,
the entire curve and axy risk characteristic can
be estimated from the distributien rarszeters.

(2) A set of equations are derived to rela’ .he
distribution parameters to the basic variables
of interest. In this study, regression techniques

are used to derive the equations.
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The fitting of the risk distributicn vill be studied in
Chapters II and III. A general spproach of selection of candidate
parmastric distributicns, fitting techniques &d criteris of
adeguate fits wvill be discussed in Chapter II. Iz Chapter III
an syplication is given of the fitting tecinizues and the criteria
to the examination of the Zatalities distributions of nuclear
end aon-nuclear risks.

The regresszicn analysis to relate the distridwion parameters
to the besic variables will be studied in Chapters IV, V and VI.
In Chapter IV a discussion will de given of ge=eral spproaches
of the regression techniques. In Chapter V a=z spplication will
be given of regression analysis relating the distridbution paraneters
to population distridution variables. In Chsster VI ancther
spplication will be given relsting the Darzzeters to radicactive
relesse varisbles.

In Chapter VII, the methodologies deveisped in this study are

swmarized and a discussion i{s given of f=tier possible extensions.
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I.k liethod of Risk Estiration

A brie: discussion will be nade about the methods of risk estimation
developed in the Reactor Safety Study, zarticularly about the consequence
model, because the numerical values of the risk estimates in this thesis
are based cn the results of the consequence calculation. l!More detailed
information about the Reactor Safety Study can he found im WASH 1L0O

(R.f. 1) .

I.L,1 Outline of Reactor Safety Study

Tae Reactor Safety Study vas divided into three major tasks shown
in Figure 1.4, Task 1 included the identification of potential accidents
and quantification of both the probaility and magnitude of the associated
redicactive releases to the enviroament., Task II used the radicactive
source term defined in Task I and calculated how the radicactive materials
are distributed in the enviromment ana wvhat effects ther have on publie
health and property. Tesk III compared the risk of nuclear reactor
accidents estimated in Task II with a variety of non-nuclear risks to

rrovide a perspective of the magnitude of the nuclear risks.

1.k.2 Outline of Conseguence 'odel

The consequence model wes developed in Task II in the Reactor Safety
Study to predict the consequences from the radicactive releases defined
by Task I. The consequence predictions served as the primary input to
Task III. The consequences nf & given radiocactive release depend upon

how the radicactive materials are dispersed ir “he environment, upon
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the aumber of people and armount of proverty exposed, and urcn the effects

of radiation exposure on people snd contanination of proverty. These

major elements of the con.asquence predictions are indicated in Fig. 1.5,

wvhich shows the principal subtasks invelved in Task II.

The dispersioan of the radicactivity is determined orizcipally by

the release conditions and the weather conditions at the time of relesse.

The release conditions are described by the release categories. Each
one of the release categories identifies the amount of radicactivity
released, t'e aount of heat released vith radiocactivity, and the
eleveotion of the release. (See Tabdle 6.1 ia Crapter 6.)

The standard Caussian plume model is used to predict the way the
radicactivity is dispersed in the atzmoschere. The woather data used
in the model is obtaized from hour by hour metecrological reccrds

covering a one year period. Ninety weather sampler are taken and

each sample is thus assigned a mrovability of 1/50. The starting tines

are determined bty systematic selection from the zeteorological data.
Cne quarter of the data point3 are chcsen from each season of the year
and half from each grou» are taken in the daytine. This procedure
is used to reduce sampling errors to acceptable levels, The wveather
stability and wind velocity is assumed to change according to the
veather recordinzgs, but the wvind direction is assumed not to change.

To determine the population that could be exposed to potential
radicactive releases, census duresu data was used to deter=ine the
aumber of reonle as a functicn of distance from a reactor in each
of the sixteen 22-1/2 degree sectors arcund each of the 63 sites

at vhich the first 100 reacto™s nov in use or planned are lccated.



Each reactor vas assigned to cze of six typical metecrological data
sets and a sixteen sector compesite porulation was developed for
each set. The grouping of porulation sectors was performed in such
& vay that the sectors of high populatica form seperate sectors and
the szctors of lov populaticz are groured into composite sectors vith
average population of the grouped sectors.

The consequence =odel calculates the dose from five potential
exposure modes; the external dose from the passing cloud, the dose
from intermally devposited radicmuclides vhich are inhaled from the
passing cloud, external dose from the radicactive materials deposited
on the ground, the dose from izternally deposited radiocnuclides vhich
are inhaled after resuspensica and the interpal dose fr-m ingestion of
contaminated food.

The potential health effects considered are carly fatalities,
early {llnesses axd late heal:: effects. The probabilities of early
fatalities are ccxputed by usi=zg a dose-effect relaticnship. For beame
marrov dose, the probebility of early fatalities wvaries from 0.0l to ©9,.99%
for doses of 320 aad 750 rads respectively with a median value of 510 rads.
The number of fatalities are estimated bty the number of pecple exvosed to
radiation multiplied by the rrobabilities »f early fatalities estimated
from dose. Early illnesses and late health effects are estimated in a
similar vegy to early fatalities.

The consequence =odel alsc rrovides for prediction of econcmizal
dazage due to radicactive ccntazination. It includes evacuation cost,
loss of agricultural crops, deccatamination cost, relocation cost and

oroperty damage.



I.k.3 Calculaticn Conditions for Individual Site
The consequence model ocutlined in the previous subsection vas

developed in tue Reactor Safety Study to estimate the total risk of the

first 100 nuclear pover plants now in use or planned. The composite

populaticn model vas generated for these 100 reactors. Ia this thesis,

however, the pooulation distridbwtion of individual sites are used to
estimate the risks of nuclear pover plants, site by site. The population
distribtions of the individual sites vhich this study uses are ottained
from the ceasus bureau data (Ref. 2). The following assumptions are made

in the individual site calculations.

1. Meteorological data sets typical of the eastern vallelrs
area are used for all of the individual site calculations.
The chirscteristics cf the eastern valley meteorologicel
conditicns are given in Appendix C.
2. The frequency distridbution of the wind direction is assumed 1‘
to be uniform over 16 directicas. i
3. The radicaciive inventory of 2200 i{it reactor is sssumed.
k. The prodabilities and magnitudes of radiocactive releases
are assumed to be the sanme as used in “he Reactor Safety
Study (Fef. 1). The estirates in the 3eactor Safety Study
vere based on the analyses of Surry ' Pover Statioa for
PWR's and Peach Bottom Atomic Power Station for IWR's.
(See Table C.2 in Appendix C).
Secsuse of the assumptions listed abtove, the estimated risks will

be different from the "real” risks of the individual reactors. In order
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to estimate the "real"” risk of a specific resctor, the following data

vill be required.

1. Met crological data based on the records observed
at ti.e specific site.

2. Radicactive inventory based on the capacity of the
specific plaat.

3. Estirates of the radiocactive releases and their
probadilities besed on the analysis of the system

of the specific plant.

In additicn %0 limitations of the data, the refinement of the
consequence xcdel is now under wvay ia U. S. Fuclear Regulatory Coarmission.
Therefore the mmerical values in this thesis need further refinement
before applyicg to actuzl decision making. In this sense, tne vurpose
of this thesis =ay be intercreted as being oze of developing approaches
and techniques wiich are applicable to risk decision, which may be used

regardless of the specific data and azplication.

14
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CHAFTER II

BASIS FOR FITTING OF RISK DISTRIZUTIONS

IT.1 Introduction

Risk is described by a distribucivn of the frequency of occurrence
versus the magnitude of conseyuence. A risk distribution can be
summarized by certain risk charazteristics. However, any single risk
characteristic alone, such 2s a risk moment, does not provide a
complete information about the ricsk distribution. For example, the
first risk moment about the orig’m of a fatalitie- distributior does
not give any information whether the fatalities are caused by low
frequency large consequence events (such as hurricanes) or high
frequency small consequence events (such as auto accidents). Theore-
tically an infinite aumber of risk characteristics is required to
describe the risk distribution, which results in an {nfinite number of
equations to relate the risk distribution to other basic varizbles. As
a compromise, the risk distribution will be fitted to a parametric
distribution which ouly involves a small number of unknown parameters.
Cnce the ~arameters have been determined, various risk characteristics
can then be derived from the fitted parametric distribution. Also a
limited number of equations are sufficient to identify the relationship
of the risk distribution to the basic varilables. In this chapter, the
general approach of fitting will be discussed. The approach will be
applied to the fatalities distributions of nuclear and non-nuclear risks
in Chapter IIL.

The fitting approach can be divided into tiree fundamental steps,

i.e., selection of candidate distributions t5> be examined, estimation
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of unknown counstants by fitting and determination of adequate fits basad
on certain criteria. The fundamental steps will be discussed in the
following sections.

One of the special characteristics of the risk analysis is that
the extreme ccusequences as well as lesser consequences are of interest.
For example, people somet‘mes view a single large consequence eveat
more unfavorably than oumerous small events having the same total
oumber of fatalities. Therefore the extreme cousequence, i.e., the tail
behavior of the distributiom, will be emphasized in selection of the
candidate distributions, the fitting techniques and the criteria of
adequate fits. The lesser consequence, i.e., main body behavior of
the distribution will also be considered to obtiin average risk values

with small fitting errors.

II.2 Basis for Selection of Candidate Distributiocams

A number of candidate parametric distributions will be considered
in Chapter III to €ic the calculated risk distributions in Figs. 1.1
and 1.2. These calculated distributions to be fitted are called "data
distributiou” in this thesis. They were obtained by the historical
records or by the calculational models using basic compoment and system
failure data. The selection of the candidate parametric distributiots
will be based on the following considerations:

(1) Domain whece the indevendent vaviable of the distribution is
defined: The domain of the candidate distributions will be
determined by the range of ¢ available data. For certain
non-nuclear risks, the available historical records are

lizuited to major incidents having consequences greater than



17
a cartain value. The lower end of the domain will be
determined by the incident of the smallest consequence
recorded or calculated.

(2} Number of modes of the distribution: The mode is a -umber
of peaks in the frequency distribution. When rhe data
distribution is bi-modal and neglecting one of the modes
significantly harms the analysis, bi-modal candidate
distributions will be considered.

(3) Symmetric or skewed: The skewness is an asymmetric behavior
of the frequency distribution. When the distribution peak
is to the right of the mean, the distribution is negatively
skeved. When the peak is to the left of the mean, it is
positively skewed.

(4) Tail behavior: As the tail bebavior is of interest in the

analysis, a number of candidate distributions with different
tail behaviors will be considered for extrapolationm
sensitivities.

(5) Number of parameters: The distributions with the smaller

number of parameters are preferred to keep the model simple.

II.3 Fitting Techaique

Having selected candidare distributions, the values of unknown
parameters of the candidate distributions will be estimated from the
historical data or calculation results. Various techniques have been
developed for obtainiug estimates of these unknown parameters. Though

the best techmique may be different for each of the candidate distribu=-

tions, two general techniques will be discussed here briefly in context
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of fitting to the risk distributions. Ceneral discussion about ficting
techniques can be found in standard statistics text books (Ref-3, Ref-4,

Ref-5 and lef-6).

II1.3.1 Method of Moments
Let a random variable Y have a frequency distributiom given by
f,(y:tl.....tk) vhere t's represent its k parameters. Let M be the

o~th moment of 21(’:'!"""&) about a given magnitude £, that is:
" I (!-E)'-t,(ynl.....tk\dy (2.1)°

Clearly, H- is a fuaction of the k parameters and hence H- can be

written as:
l(. - !-(Tl,...,tk) . (2.2)

Let Yx'Y.’""'Yn be a random sample of iize n froa iy(y:tl.....tk).
The m~th sample moment &- are:

o

M=% I (v, -0)° (2.3)

i=1

The moment estimators 1"1. J=1,...,k of the k-parameters are obtained

by solving the following k equaticuns:
ﬁ_ M7 e T) a=l,2,...,k (2.4)

The advantages of this method are that the calculational procedure is
siople for many distributions and also the estimate of the first risk
moment (average risk value if £=0) is not affected by fitting because
it is used to estimate the parameters. The disadvantage is that the
residual mean square which will be defined later is usually larger than

that of the method of least squares.
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I1.3.% HMethod of Least Squares
Suppose that there exist n observable variates tl,Yz....,Yn with

variaoce o2

2 wiich are expressed Ly:

Y

1 G(xl:rx.tz.... ,tk) *‘1 c,

Yz - G(xz:tl,tz... . ,tk) *'2 a!

Y
a

G(xn.:l.tz....,tk)~0-¢nc:t (2.5)

wvhere G(!:tx.t ,....‘tk) is a candidate function with k parameters

2

Tt e Ty {01} are »-sumed to be errors observing ¥, with E(ci}-O.

" where E refers to the expectationm.

Let A3 FEEEEES be the observed vaiue of the variates. The

estimates il.....? of the k sarameters are cbtained by minimizing:

k

a2 =

1 . " 2
n-ki [’1 G(xi.tl....,tk)] (2.6)

The advantage of this method is that it gives small value of the
residual mean square. One of the disadvantages is that it sometimes
raquires a large computation time. Also the risk moments derived from
the estimated parameters are assoclated with fitting errors.

In applying this mathod to the fitting of the risk distributions,
the following ptions exisc:

(1) The parametric functioan G(x:t ..tk) can be fitted to either

x’.l
the complementary cumulative distribution or the frequency
distribution.

(2) The function can be fitted to y, lny, or any other transfor-

mation of y.
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This method will be applied to the fftting of the risk distribu~

tions in Appendix E. The logarithmic transformation of che
complementary cumulative frequency will be used because the fractional
errors of the complementary cumulative frequency have comparable

magnitude than the absolute errors.

II.4 Criteria of Adequate Fits

After the fitting of the data distributions to the candidate
parametric distributions is completed, one family of the discributione
will be selected for the study of the relationship to the basic
variables. The following criteria are proposed for the selection:

(1) The fitted parametric distribution should be within any
error spreads associated with the data distributiom (for
example, within 90% confidence bounds). The data distribu~
tions of non-nuclear risks have estimation errors due to
the limited number of available historical records. The
data distributions of nuclear risks have errors due to the
sampling used in the computer program and the uncertainties
of the parame'ers used in the consequence model. The largest
discrepancy in the fitted distribution should be within any
estimated error bounds of the data distributiom.

(2) The titted distribution should have a small residual mean

squaic¢, which is defined by:

2 & wilkes & . 2 312
s s 1fllyi G(xl.rl....,rk)] (2.7)

where ¥ 0%, are the observea values, C(x:rl.....rk) is a

i

candidate function and fl....,f' are the estimated values of

k
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the parameters. This criterion of the residual mean square
can be taken as a relative measure to be used in comparing
different possible fits. Specifically in this study, the
residual mean square is evaluated for a natural logarithm of

the complementary cumulative discribution as:
& wniliin c _ Cop .2 : y12
s? ""i [l - laF(x:%),...,7)] (2.8)

where x, is the magnitude of consequence of sample data {1 and

ig is its complementary cumulative fraquency. tc(x:rl.....rk)
is the candidate distribution. fx,....%k are the estimated
values of the parameters. The nararal logarithmic transfor-
mation i3 used here because the fractional errors of the
frequencies zre of more interest than the absolute errors.

(3) Systematic errors should be small. When the tendencies to
overpredict or underpredict over the ranges of the data are
observed, the firted distributions cannot be extrapolated to
the range where the historical records or the calculation

results are oot available.

II.5 Summary

In this chapter, a general approach wvas presented for selectiom of
a parametric distribution to fit the risk di{stributions. These risk
distributions are obtained by the historical records or by the calcula-
tional models. The approach consists of three fundamentai steps, i.e.,
selection of candidate parametric distributioms, estimation of the
unknown paraneters and selection of adequate £itting distributions

based on the criteria. The selection of candidat: parametric distribu-
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tions is based on the number of parameters and the properties of the
data distribution, involving the domain of the independent variables,
number of modes, skewness and tail behaviors. Two fitting techniques
are specifically discussed: method of moments and method of least
squares. The method of moments is simple and does not have fitting
error of the risk moments, but it usually causes larger recidual mean
squares than the method of least squares. The method of least squares
has small residual mean squares, but requires more computational work
and causes fitting errors in the estimates of the risk moments. The
criteris of adequate fits are based on the largest deviztion, the

residual mean squares and the systematic errors.
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CEAPTER III

FITTING OF FATALITIZS DISTRISUTICUS CF ITUCLIAR AID JCH-IUCLZAR RISKS

III.1l Introduction

The general approach of the distridbution fitting is applied to
the fatalities distributicns of umuclesr and zor-cuclear events in this
chapter. Though nuclear risks are of major intevest ia this thesis,
pon-nuclear risks are studied here to find vhether bcth types of
risks can be descrited by the sare fanily of distributions.

In Section III.2, candidate distridizions are selected using the
general criteria discussed in Secticn II.2. Ia fection III.3 the
fitting tachnique is arplied to the selected cacdilate distributions.
The candidate distributicns are evaluated bty the histerical records
of non-nuclear risks ia Sectica III.L and by the risk estizates of

guclear risks ir Sectica III.S.

TII.2 Candidate Distridzions
III.2.1 Selecticn of Candidate Distridbzions

The distribution of early fatalities of the average reactor as
computed in WASH-1L00 (2ef. 1) is shown on different scales as

histograms in Figs. 3.1 and 3.2. The followirg zeiavicrs are observed.

(1) The domain of the independent variadle is positiv..
(2) The hnistogram coes not arpear to have a =ode.

A
(3) The histogrez distribution is positively skewed. -
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(L) The histogran distridution >as a loag tail. The tail

behavior appears to be sizilar o an exponential.

The frequency distridutions of other zuclear and non-nuclear risks
bave similar behaviors to t:at of the average reactcr, as shown in
Figs. 3.8, 3.10, 3.12, 3.1%, 3.18 and 3.20 later in this chapter. Based
oo the behaviors of these data, the following four candiuate distridutions

are selected in this study.

(1) ZExposential
(2) GCarma

(3) wWeidull
(4) Lognor=al

The distribwticns above have the folloving common properiies:

(a) They Zave no zode or at most oze mode.

(b) They are positivels skewved,

(c) The adcve distridbitions cover different tail behaviors, such
as decreasing slover than the exvonential, exponentially

decreasing and decreasing zmcre rapidly than the exponential.

In fitting these distridutions, the followving additional considerations
are cade.
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The selecticn ¢f the domain of the independent variab les depends
oc the availa®ilisy of dsta. For certain nor-nuclear risks, the available
historical reccris are limited to major incidents that have consequences
greater than scze value. For exarzle, the records of tornadces used
in this study cover the incidents having greater than 20 fatalities.
For the sake of fitsi-g, the lover ead of the domuin is therefare
defined by X, /hich is the lover limit of the available data. The
urper and of the Zomais is taken to be infinity. Though the fatalities
can not exceed scme physital limit (such as the populttion.on the earth),
the probadility bewcad that limit will be so small in the cacdidate
distributicas that the upper end should not effect the estinmate of the
paraneters and Dcoents.

Tie integrels of the frequency distridwions, such is Fig. 3.1,
over the defined icmai= are not alvays unity. The dimension of the
data are also mu=ter of events per unit time, In fitting the
distridbutions, a ncr=aization constant a is therefore introduced,
wich is defined as the frequency zer unit time that the consequences
are larger than tte lcver end of the domain x.. The candidate

o
distributicn £(x) will Chen be defined by the following for=m:

t(x) = a2 » Tx) (3.1)
where 7(x) is & srotatility density function, the integral of which

gver tle defined domal= {s unity. For example, for the exponeatial,

the density f{x) is Sivea by:



- ——— ——

Sk (x = x )
fz) =g e[ -— ] (3.2)

vhere 8 is a scale factor of an exponentisl distridution. Then the

frequency distribution of the exponcntial is given by:

(x = xa)

f(x)-ﬂ‘?(x)'%'cp[-——é—-—l (3.3)

Other candidate distributions also have corresponding protability
distribwtions vhich have been studied in various fields of statistical
analysis. The discussion iz tbis thesis is based on the unnormalized
frequency distributions f(x) rather tisn the ncrmalized deasity
distribution £(x). Sinilarly, the term "risk moments” are used in
this study because they sre the integrals of the unnormalized frequency
distributicn f(x). From Eq. (3.1), the properties and the risk mozents
of the urnormalized distribution are si=nly obtained from those of the

densities £(x).

III.2.2 CExponential Distribution

The exponential is defined ty:
f(x) = 3 * exp (=(x-x)/8] (3.4)

vhnnxz_xo,%f_o.c>o,8>0.

28
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If a and x° are treated as known caxostasts determined from the area and
domain of the data distridution, resTeciively, then the exporential is
a cne-parazeter distridbution with a scale factor 6. The complexmentary

cunulative distritution is given :y:
Fx) = I f{z)éx = o * exp [~(x-x)/8] (3.5)

The risk mozeats atout x, are gives Yy

My =a-8 (3.6)
W*2+a-e? (3.1
M =a 8"« (2! (3.8)

mexpoaa:m:nha-l.a-xa_—:xa-'oumutn:edz:ru. 53,

3.4, 3.5 and 3.6 on different sceles.

I11.2.3 Cema Sistridwion

The distrid=ion is defined ty:

E-1
{x-x,) (x~x.)
f(z) =a = =3 s exp [« —3] {3.9)
8" = I(3)

where x > x,, X, 20,2 >0, 8 >Q, 8> 0 and I'(+) s the Gar=a function,
For given a aznd X,y the distridbuticz Is & twvo-paraceter distridution with
a scale factor § a=nd a shape factnr I, Waen 3 is integer, tie complezentary

cumulative distridution is given %ry:
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(x=x ) 8

Pl ma s em -5 - ] ey (3.10)

When B is not i=teger, Fc(x) is not extressed by a closed for=. The risk

noments about T, we given by:

& mqg*8 8 (3-11)
W=a- 8% « 3 « (B+1) (3.12)
Mg wa e o8+ (341)...(@sm-1) (2.13)

If 8 > 1, tte frequency distribition has a =ode at x = x, + @ « (g-2).
If 8=1, the gama reduces to the expomential., If 3 < 1, the frequency
distribtion does not have a mode and is continucusly decreasing. If
B < 1 and x ag=roaches X, the frequency distribution goes to iafinity,
but the integral over any fiaite range about ¢, is alvays ficite. The
garma 2as an expcoential tail, regardless of the wvalues of 3 and 6.
Its behavior wit 8 = 1, a =1 and x, = 0 is also {iMlustrated .=~ Figs. 3.3,

3.4, 3.5, and 3.£ for difZerent values of 3.
IIT.2.4 Weidull Distribwtion
The distri=tion is defined by:

x-xo 8.1 X=X, 3
q) °u?{-(n)l (3.1%)

fx) ma ) .

vhere x > * >0,a>J3,£>0azxdn >0,
2HrH
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For givez 3 and x,, the Weidull is a tvo-parsmeter distribution vith
a scale factor N and ~ shape factor 8. The complementary cumulative
distriduticn is givez YWy:

°(z) = a » exp (= ﬁ:glsl (3.15)

The risk moments about x. are given ty:

lloc'n°r(1o%) ) (3.16)

My=asnieTled (3.17)
B, =

H-'G n rQ 08) (3.18)

If B8 > 1, the frequency distribution has a mode at x = x, +n* (1-118)1/3-
It B = ), the Weibull reduces to an axponential. If B < 1, the

frequeacy distributica does not have a mode and is continuously decreasirng.
If B < 1 and x approaches X £(x) goes to iafinity, but th~ integral

over any finite range about x, is alvays fipnite. The rate of decrease

in the tail depends cn the value of 3, If B < 1, the Weidull decreases
more slovly than the expomential., If B > 1, the Weidull decreases more
rapidly than the exponential. The Weibull behavicr with n=1, a =1

and x,=01s also illustrated for different wvalues of 8 in Figs. 3.3,

3.5, 3.5 and 3.6,
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III.2.5 Lugnormal Distridution
The distribution is defined Yy :

#(x) = a * > exp [~(fa(x-zy) = W)¥/20'] (3.9
(z-x)) * 0 ¢ /on e
Mcxgxo.xo_{o.c>o, and @ > 9, Por;ivenondxo. the
lognormal is a tvo-parazeter distribution with & mean U and standard
deviation O for the normal variable In (x-xo). The complementary
cumulative distriduticn is givea by:

*(z) sa -+ -Lr exp (~(§ - u)?/20%]ag (3.20)
ov/Zx ‘ta(x-x )

mﬂnmum\nxomgimby:

ﬁ.g.m[u’%’] (3-21)
M, =a -« exp [2u + 20%] (3.22)
M, =a* exp [zu+ %n‘a’] A (3.23)

mmmtnbuuonmcndnstx-x°0¢xp[u-c’]. The tail
of the lognormal decreases more slovly than the exponential. The lognormal
behavior vitha = 1, . 0, u= 0 is {llustrated in Figs. 3.3, 3.k, 3.5
and 3.6 for Aif! rent values of J.
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IiI.3 Fitting Techniques

Tvo candid te fitting techniques vere discussed in Section III.3.
They are the method of moments and method of least squares. The method
of moments is selected in this study because its computation rocedure
is sizmple and also because the risk mcments will be used to investigate
the relsticn with more basic variables., The muments estimaticn will bde
compared with the method of least squares in Appendix E. The method
of moments is .spputd to the candidate distributions in the followving

way.

(1) Exponential
Since this is a one-parameter distribution the first risk
moment about x, i3 used to estimate the scale factor §.

et (3.24)

a
(2) Gamna
The scale factor © and the shape factor B are estimated from
the first two risk moments about x by solving Egs. (3.11) and

(3012). vhich give:
M 2
8= Fi!-';‘ (3.25)

M0 - "1'

o= Y

(3.26)



(3) Weidull
The szale factor N and the shape factor B are estizated from
the first tvo risk moments about x, by solving Eq. (3.16) and

(3.17). The quaatity 8 is givea by:

(P2 e PPy
(Nz«?l *

{3.27)

A table vhich evaluates the left hand side of Eq. (2.27) versus

values of 8 is given in Appendix D for a range of 0.1<8<1.1.
Also T(1 + ';') and (1 + %) are given in Appendix D. Using these
tables to derive 8, N is then estimatea “v:

.
al(l+§

n= (3.28)

(4) Lognormal
The mean ¥ aud the standard deviation 0 of the norma dfstrid wica

for Ln x are estimated from the first two risk moments by:

M
=2 (f‘) -1/2 ta (:—2) (3.29)

_

o = ta (22) - 2 ta () (3.30)



IXI.s Pitting of Son-Fuclear Risk Distridutiocas
III.4.1 Source of the Data

T=e candidate distributicn families er¢ Itted here to the
historical records of the non-nuclear risks., Tb~ purpose of this
apalysis is to iovestigate vhether non-nuclear and nuclear risks can
be dascribed by cne distriduticn family. The non-auclear risks
investigated here are those from burricanes, earthquakes, tornadoes
and dam failures., Except for tornadoes, the historical records are
suzmarized i3 WASE-1L00 (Ref. 1). The historical record of the
major tarnadces is listed in the 1576 World Almanac (Ref. T).

T™he frequency versus coansequence distributicns of ncn-nuclear
risks are calculated by ranking the historical observations in a
descecding order dased on the magnitudes cf the consequences. The
estinates of the complementary cumulative frequency at a specific
value X is calculated from the number of cbservations having consequences

greater than the swecified value.
Fx) = % (3.31)

vhere Pc(x) is the calculated complementary cunulative frequency at x,

x is the nuzber of the observaticas u...._ consequences greater than

x and T is the tine period in vhich the observaticns are recorded, The
frequeccy distridution is calculated Yy grouping the ooservations into

certain number of the classes based on the rmegnitude of consequence.



The calculated frequency f(x) is given by:
tlx) = g (3.32)

vhere Ax is the vidth of the class and Ax is the mumber of the
observations in the class.
The first two risk moments about x, are estimated from the

historical recards as:
M= 35 (x - xy) (3.33)
- - i =
i
=27 (x - x)2 (3.3%)
L) ‘21 X o .

The coafidence bounds of the calculated complementary cumulative
frequencies wvere estimated in WASE-1400 (Ref. 1). Table 3.1 gives the
confidence factors versus the number of the oblu-nticiu having
cansequences greater than the value of interest. These confidence
factors are reproduced from WASE-1400 (Ref, 1). The 55% upper bound
is computed by multiplying the estimated complementary cumulative vaiue
by the corresponding confidence factor in Table 3.1 and the 5% lover
bound is computed by diviling it by the corresponding confidence factor.
(ne of the criteria of the adequate fits discussed in Section II.3 is
interpreted as fcllovs. The largest deviation of the fitted curve

should be within the 50% confidence bounds calculated from Tabhle 3.1.
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TABLE 3.1

Confidence Factors

So. of observations

Sraster chen s O Soud ()

10C0 1.05 1.05
100 1.2 1.2

50 1.3 P

20 1.4 1:35

10 1.7 1.8

S - % | ‘2.5

1 4.7 10.4

(a) Estimared frequency should be multiplied by thais value to obtain
upper countfidence bound

(>) Estimated frequency should be divided by this value to obtain
luver confidence bound



— e —_————— . A ————————

42

III.4.2 =Szrricanes

The tistorical records of the fatalities in hurricanes are sumarized
in Ref. 1'. 16 fatal izcidonts vere recorded in T3 years. The estimate
of the ncrmalization constant is then,

a8
G W v ——— .6
13 years year
Though the fatality of less than 1 is not physically real, the domain
of the consequence is taken to e greater than 0, decause it does
not cause malor errors in the filting woeduroz. The risk moments

estimated “com the dats are:

..er

"1.

b x, = 172.3
i

MS
L
ar

xi = 5.5k x 109

! See Tatle 5.3 in Main Report of WaA3E-1400 (Ref. 1)

3m:m:-nunbou:x°-1m.
ﬁ.‘.l 06

M, = 5.5 x 108

The diflerences from the risk =—xments nboutxO"Omnot
signifiza=e.
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From the risk moments, the parameters of the exponential, gazma,
Weibull and lognormal distridbutions are estizated, The parameter of
the exponential distridution is estimatad fraz the first risk momem
by EqQ. (3.22). The parameters of the other distr.butions are
estimated by Eqs. (3.23) tavough (3.28). The residual mean squeres
are calculsted by Eq. (2.10). The results are summarized in Table 3.2.
The fitted coxzplementary sumulative distributions using the parazeter
estimates are given in Fig. 3.7 along vith the data. The band attached
to the data points are the 90% confidence bounds discussed in Section
III.k,1. The fitted frequency distridutions are givea in Fig. 3.8 with
the histogram of the data calculated by Zq. (3.32).

The fitted candidate distridbutions are now evaluated by the criteria
discussed in Sections I1.5 aad III.L.2.

The exponential distridution in Fig. 3.7 is out of the confidence
bounds, overestimating the complementary cuzulative frequency (dencted
by c.c.f. in the following discussica) by a factor of more taan 2 in
the range of 10 to 500 fatalities and underestizating the c.c.f. 'y a
factor of more than 100 at the largest consequence of the cbserve data.
The gamma distribution is also ocut of the confidence bounds, underestimating
the c.c.f. by a factor of 2 for less than 10 fatalities. The lognormal
distridbution overestimates the c.c.f. for lov consequence range and
underestizates it for the largest consequence, dut the distridwtion is
within the confidence bounds of the data. The Weidbull distribution does
not shov any spparent systematic error in the range of less than )00

fatalities, but underestimates tie c.c.f. far the largest consequence.



TARLE 3.2

Estimates of the Parameters of the Fatalities

Distridution in BEurricaces

x =0,a= 630, ¥ =«#1.72 x10%, Mp = 5.6% x 105

Candidate Residual
Distridbutica Estinctes of Parsueters Mean Square
Exponentiai 8 =2.73x10° 10.9
Gazza 8= 051 &= 3,01 x 10} 2
Veibull S = 387 ne 7.838 x 10! A1

Logncrmal u=h 37 o= 2.4k9 21
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The Weibull distribution is within the confidence bounds of the data.
Table 3.2 shovs that the Weidull has the smallest residual nesa
square. The lognormal and gszma are tre next. The exponential has the

largest residual mean square,

ITI.M.3 Earthquakes

The historical records of the fatalities were given in Ref, 1l.
12 fatal incidents were recorded in 73 years. The domain is tken
to be greater than zerc as wvas done in the hurricane distridbutions.
The estimates of the normalization coanstant and tie first tvo risk
moments are givea in Table 3.3. As before, the parameters of the
candidate distributions are estizated from the first two risk noments.
The results of fitting are given in Table 3.3, Figs., 3.9 and 3.10.

The exponential distridution in Fig. 3.9 is ocut of the confidence
bounds, underestimating the c.c.f. by a factor of more than 100 for the
largest consequence. The other three distributicns are wvithin the
confidence dounds. The gamma distridution in Fig. 3.9 slightly
underestimates the c.c.f. for the lov consequence regicn and also for
the largest consequence, The logrorzal and the Weibull underestizate
the c.c.f. for the largest consequeunce,

The resicdual mean sguare of the Weibull is the mmallest. The
guma and lognormal are the next. The exponential has the largest

residual mean square.

LSee Table 6.9 in the Main Report of WASH-1400 (Ref. 1)

&7



Table 2.3
Zstizates of iie Farazeters of the Fatalities

Distridwmion in IarthqQuakes

Xo ® 0y @ ® 168, M, = 1.53 x 10}, My = 2,13 x 107

Candidate Residnmal
Distribution Estisates of Purzmeters Mean Sgusre
Esponential 8=9.31 x10 2.96
Gaxma 8= .212 ¢ =538 x 102 27
Weibull 8=.51 n = k84 x 10! .26
Lognor=al ue 3.66 o= 1.7k A2
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III.4.5 Tornadoes

The historical recards of the major tcrnadoes in Zef. T are
suzmarized in Table 3.4, 38 incidents vere recorded in 4T years
that caused more than 20 fatalities, As the recards below 29
fatalities are not found in Ref, 7, the dommin of the fatalities
is taken to be greater than 20. The normalization constant azd =he
m-zmmxm:am:o-zovhuamnemmm
Table 3.4 are give=z in Table 3.5. The results of fitting are gives
in Table 3.5, Figs. 3.11 and 3.12.

™o exponential distribution in Fig. 2.1l is out of the confiZence
bounds of the data, underestimating the c.c.?. oy a factar of =cre
than 100 for the largest consequence of the data. The other three
distribwticas umderestizate the c.c.f. for the largest consequerce,
but they sre witiin the confidence bounds of the dats. The resiizal
mean square of the Weidbull distridbution iz Table 3.5 is the ssalles:.
The lognor=al and the gamma are the next. ™Se exvonextial =as the

largest residual mean square,

51



Table 3.4

Fatalities of U.S. Major Tornadoes
(1925 = 1971) (a)

Suaber Date (month/year) Lives Lost
1 3/25 689
2 4/65 271
3 3/32 268
- 4/36 216
S /52 208
6 4/36 203
7 4/67 169
8 6/44 150
9 6/53 116

10 5/53 114
11 2/71 110
12 . &/45 102
13 5/27 52
14 6/53 90
15 5/55 80
16 3/42 75
17 4/27 74
18 9/27 72
15 3/66 61
20 1749 58
21 3/66 57
22 11/26 53
23 4/42 52
24 5/57 48
25 5/30 41
26 4/29 40
27 12/53 38
28 5/68 3«
29 3/48 33
30 &4/67 i3
31 1/69 32
32 9/33 32
33 1/46 30
34 G/58 30
35 5/60 30
36 5/70 26
37 4/70 25
38 2/59 21

(a) From "The World Almanac and Bock of Facts 1976",
Newspaper Enterprise Association, Inc.
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Table 3.5 Zsrimutes of the Parameters of the Fatalities Distribution

in Tornadces

x, = 20, 2 = .810, M) = 6.62%10%, M; = 1.67 x10"

Candidate

Distriburicas __ Estimates of Parameters
Exponential 8 = 8.17 x 10}

Gamma 8= .479 6 = 1.71x102
Weibull 8 = .708 n= 6.53 x 10}
Lognormal u= 3.8 o= 1.12

Residual
Mean Square

.“
11

.093
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III.L.5 Dam Failu-

The historical reccrds of the fatalities in dam failures are
swmarized ia Ref, 1!, Eight fatal incideats vere recorded in
84 years. The domain is taken to be greater tian zero as vas done
in the distridbuticas of hurricanes and ewrtoquakes. The rormalization
constant and the first two risk coments are ~stimated from the historical
data {n Ref, 1. The estimates are given in Table 3.6, The results of
fitting are given in Table 2.6, Figs. 3.13 and 3.1k,

All of the four candicate distributions underestimate the
complementary cuxulative fresquency for the largest consequence, but
they are within the confidence bounds of the data. The residual
@mean square of the gamma distridbution i{s the smailest. The next
are the Weibull and the lognormal. The exponential has the largest

residual mean square.

ISee Table 6.12 in the Main Repors of WASE-1%00 (Ref. 1)
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Tadle 3.6

Tstizates of the Parazeters of “te Fatallitles

Distritw=ica iz CTaz Failuwres

X, = 0, @ ® .0552, M) = 3.48 x 20}, 3, = 5,07 x 10*

Candidate Residual
Distribution EZstizates of Faraceters Mean Square
Expoaential 8 = 3,65 x 122 1.70
Gazxa g = ,235 8 =109 x 10°? .37
Weibull g = 08 ne 247 x12 .39

Logzorz=al e 5.20 o= 1.33 ST
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III.4.6 Swu=mary of Nicting of the Non-nuclear Risk Distriditions

In the previcus sections tae candidate distribwtions nave been
exaxined based ca the nistorical recordis of hurricanes, earthguakes,
tornadces and dan failures., From the largest deviation of the fitt
distridbutica from the data, the exponeatial distribution is found to
be inadequate to fit the data of Swrricanes, earthquakes and tormadces.
The garma distribution is fournd to be inadequate to fit the hurricane
data. The Weidbull and lognmermal distridutions 24t the data within the
confidence bounds.

Table 3.7 summarizes the residual mean squares of the fittirng.
The residual zean squares indicate the order of the adequacy of fitting.
The residual =mean squares of the Weibull are the smallest for hurricarces,
earthquakes and tormadoes. The garme distiridution has the smallest
residual cean square in fitting of the data of dam failures.

IZ a single fazily of distributions is selected for all of the
examined zon-nuclear risk distributions, the Weikull is assessed as
the distridbxion which is preferred, Secause its complementary cumulative
distributions are within tiae 90% confidence bounds of the data and its
residual zean squares are the smallest cr next to the smallest for

all of the studied non-nuclear risk distridutions.
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Table 3.7
Residual Yean Sguares of Fittirg of

the Non-nuclear Risk Distributions

Type Candidate Distribwzicas
of
Risk
Exponential Garma We bull Lognormal
Eurricanes 10.9 31 «11 .21
Earthquakes 2.96 27 .26 L2
Tornadoes .66 % 1 .086 .093

Dam Failures
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I11.5 Ficting of Nuclear Risk Distributions
I11.5.1 Sources of the Data

The candidate distributions are now tested by che early fatalities
distributlons of nuclear reactcr accidents. The distributions investigated
here are the average of the first 100 commercial nuclear power plants
in U.S. and the distribuctions for two individual sices. The average
disiribution 1> derived from the risk estimates of the first 1C0 nuclear
reactors given in the Reactor Safety Study (Ref. 1).

The disctributions of the individual sites are calculated in
this thesis using the consequence model under the calculation conditilons
discussed in Section I.4.3. The population distributions used in Llhe
individual site calculations are selected from the population distributions
of the 68 sites at which the first 100 commercial power plants are
located. The selected two sites noted by A and B are the 3rd highest
and 3rd lovest respectively when the 68 sites are ranked in a descending
order by the cumulative population within 5 miles. Th* selected two
sites can be interpreted as representing the 95I upper and 51 lower
bouuds of the spectrum of the population distributions. The population
distributions <[ the selected two sites are given in Appendix C. PWR
accidents and BWR accidents are calculated seperately in the individual
site calculations. Since PWR and 2%R accidents nave similar early
fatalities risk curves, the followisg combinations are considered to
cover the spectra of the population distributions and the reactor cvpes.
The calculated cases are PWR accidents at site A and BWR accidants at

site B,
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The risk distributions a~d risk oume=ts are calculated by the
consequence model., As discused in Sectisa 1.4, tae consequence model
uses sazpling sethods in estimating the risk distridbutioca. Let x and Py
be the consequence magnitude and the prodability of the sample trial (4).
The probability py assigned to the trial Zs calculated from the probability
of the release, the probability of the wisd direction, the probability
of the evacuation speed ani the number of samples picked from the
meteorological records. The complemenzary cumulative frequency is

estimared by the summation of the probabilities of the trials having

consequences greater than the specific value as:

Féx) = T py (3.35)

x.>x

The !nq'uncy_ dis:ribution {s also estizated from the consequence

results by the sumzation of the probaocilities of the trials having

conseyuences vithin certain intervals.

I s,
X<x  <x+Ax

£x) « ——n - le‘ (¢S exeax) - (@)} (3.36)

For all of the nuclear risk curves, the lower end of the domain
is taken to be ero., The first two risk moments about the origin

are estimated from the consequence results as:
(3.37)

”2 - { '12 . pb (3.38)
i L
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In the following sections and the chapters about the nuclear risks

the risk moments will alvays be evaluated about the origin. Unless

the reference point to evaluate the risk moments is specified, it

should be consicered to be about the origin. The normalizaticn constant

G 4» estimated by:

a= I (3.39)

The calculated risk distributions have the following two types of
errors. One error is due to sampling since the model picks certain
ouzber of weather data out of the one year meteorological record. The
other type of ertor is due to the uncertainties of the parameters in
the consequence mcdel, such as the probabilities of the occurrences
of the releases, the deposition velocities, the dose response relationship,
etc.

The sampling error depends on the number of the trials having
consequences greater than the specified value. The confidence factors
discussed in Section III.4.1 can be applied to determine the magnitude
of the sampling erro~s. From Table 3.1 the probability of the largest
consequence tas 30X confidence factors of 5 and 1/20. The sampling
error is effectively zerc for the lower consequences because of the
large number of trials having cou.sequences greater than the spcgificd
magnitude. Because of the increasing size of the sampling error, the
results of the calculation are t.unc-"ed at the complementary cumulative

frequency of 10~7/year for buth the average distribution of the 100
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reactors and the risk distributions at individual sites, as done in the
Reactor Safety Study (Ref. 1).

The uncertainties of the parameters are due to the insufficiency
of orr knowledge about the pariz~ters. For example, the dose-response
relationship (the relationship between the dose to the organs and the
fatal fraction of population exposed to the radiation) is not precisely
known because of the insufficiency of the available data.

For the average risk curve of the 100 reactors the uncertainties
due to the above two causes wvere estimated in WASH-1400 (Ref. 1) to be
represented by factors of 1/4 and &4 on the consequence magnitude and
1/5 and 5 on the orobabilitiess. Yo estimate of uncertainties has heen
made for the individual site calculations. It can be expected that the
uncertainty bounds of the individual site calculations will be larger
than those of the average case because of the smaller number of trials
{nvolved in the calculations. However, since the sampling error
is small compared to the uncertainties of -“= parameters except for
the largest consequence whose probability is below 10~9 per reactor
year, it is assymed in this study that the uncertainty bounds of the
individual site calculations have comparable magnitudes to those

of che average of the 100 reactors.
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I11.5.2 Average of U.3. 100 Reactors

The total risk of the first 100 commercial nuclear Jover plants
vere estimated in the 2esctor Safety Study (Ref. 1). The risk
curves, the risk momeats and the norsalization constant are derived from
the consequence results obtaized n che Reactor Safety Study after dividing
the probabilities by 1CO to get the average of the 1C0 reactors. The
calculated complementary cumulitive distribution of early fatalities
is given in Fig. 3.1F by the dots. The calculated distribu:ion is not
smooth because of rhe sampling error. The bands atcached to the dots
indicate the magnitudes of the uncertainties in the consequence calculation.
The calculated frequency distridbution is given in Fig. 3.16 as a histyzram,
The calculated risk momeats and nor=alization constant are given in
Table 3.8,

As before, the parazeters of the candidate distributions are
estimated from the firs:t twe riek moments and the sormaliration constant
(Eqs. (3.35) through (3.33)). The estimates and the residual mean
Squares are given in Tadle 3.3. The estimated coupiementary cumulative
distridbutions and the frequency distributions of the candicdate parametric
distridbutions are givea in Fig. 3.15 and 3.16 respectively.

Fig. 3.15 sbows tzac the exponectial distribution overestizates the
complementary cumulacive frequency (denoted by c.c.f. in the folluwing)
in the range of less than 200 fatalitfes and underestimates it {bove
200 fatalities. The estizated consequence magnitude at abouc 10~7
Per reactor year is sealler toan the consequence rosults by a “actor
of 5. The garma distribution underestinates the c.c.f. by a factor of 2

for the range of less tzaa 100 fatalities and overestinires the c,..f,
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t..ween 500 and 2000 fatalities. The lognorzal distribution appears
not o have systematic errors. Except for the exponential distribution,
tie otder three distributions are within the range of the uncertainties
of the consequence model, The residual mean squ;u of the lognormal

is the smallest i{n Table 3.8. The Weibull acd gamma are the next.

The exponential has the largest res‘dual mean square,

IIX.5.3 PWR Accidents at Site A

The consequence calculation is made in this thesis using the
popmiation distridbuti-n of Site A in Table C.5 and the release characteristics
of P&k accidents in Tab.e C.3, As discussed in Section I.5.3, the obtained
consequence distribution is hypothetical because of the assuaptions of
the meteorological conditions, the plant capacity and the probabilities
of the reactor sy tem failures. The assumed corditions are not based
on the actual data of the power plant at Site A.

From the consequence calculation, the nor=alization constant and
the first two risk moments are estimated bv Eqs. (3.35) through (3.39).
The sarameters of the candidate functions are estimated in Table 3.9.
the estimated candidate distzibutions are shown in Figs. 3.17 and 3.18
alcog tie calculated distributions by the consequence model. (The
calcalated dist: butions are shown by dots ia Fig, 3.17 and as a
histogram in Fig. 3.18).

Fig. 3.17 shows that the exponential distributicn slightly
overestinates the c.c.f. in the range betweea 10 and S0Q fatalities

and saderestimates the c.c.f. in the range greater than 100 facalities.
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Table 3.9 Fstimates of Parameters of the Early Fatalities Discribution
in PWR Accidents at Site A

xg =0, a= 5.78x1077, M; = 2.72x107%, M, = 5,77 =107}

Candidate Residual
Distribution Estimates of Parameteis Mean Square
Exponential 8 = 4.61x10! 14.28
Camma g = .284 8 = 1.66x10° .095
Weibull 8 = .570 ne 2.91x102 .102

Lognormal u=5.40 o= 1.51 «19%
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The lognovmal distridution slightly overestimates the c.c.f. in the
range between 10 and 220 fatalities and the gamma distribution sligsely
underestimates it in the range less than 300 fataliries. The Weidull
appears not to have systematic errors. The candidate distributicns are
within the range of the uncertainties of the consequence calculation

but the exponential distribution is less favorable than the other taree
because of the underestimation of the magnitude by a factor of 3 at
about 10~9 per reactor year. The residual mean square of the gamma
distridution is the smallest {. Table 3.9. The Weidull and the logzor=al

are the next. The exponential has the largest residual nean sq are.

III.5.4 BWR Accidents at Site B

The consequence calculatior is made in this thesis using the
population distributio= of Site B in Tablie C.6 and the reliase characteristics
of the BWR accidents ia Table C.3. The calculated distribution i3 also
hypotbetical like the distribucion at Site A in the previous secticm.
The results of the fitting are given ia Figs. 3.19, 3.20 and Table 3.10.

Fig. 3.19 soows taat the exponential distribution sligntly owver-
estimates the c.c.f. L3 the range be-ween 10 and 100 fatalities. The
garma distributicn underestimates the c.c.f. for less than 10 fatalicies.
The lognormal and the Weibull slightly overestimate the c.c.f. in The
range between 10 and 50 fatalities. All of the candidate distriduticans
are vizhin the uncertain ranges of the cunsequence model. The order of
preference based on tie residual mean squares in Tadle 3.10 1s wefduil,

gamma, lognormal and exponential.
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Table 3.10 Estimates of Parameters of the Early Fatalicies Disctribution

in BWR Accidents at Site 3

xg = 0, 3= 1.61x107%, ¥ = 9.92x10"7, M, = 3.46x107"

Candidate

Distribution Estizates of Parimeters
Exponential 8 = 6.17 x 10}

Gamma 8 = .214 8 = 2.87 %102
Wedbul 3 = .513 n = 3.23x10!

Lognormal ¥ = 3.26 o= 1.73

Residual
Mean Square
2.15
«152
.107
.186
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I11.5.5 Summary of Fitting of Nuclear "isk Distributions

Based on the fittings for nuclear risks, the exponential is found
to be inadequate to fit the average distridution of the U.S. 100 reactors.
The residual mear squares in Table 1.1l show the order of preferencs
of the renaining candidate discributions. If a single tamily of
distributions is selected for all of the examined rick curves, the
Weibull is assessed as being adequate because its residual mean squares
are the smallest or the second szallest for all of the examined risk

distributions.

II1.6 Summary and Conclusions

The approach developed in Chapter II is de-wonstrated in this chapter
to examine the early fatalities distributions of nuclear and non-nuclear
riske. Four candidate distributions are studied, expouential, gamma,
Weibull and lognormal distributions. They are selected from the
considerations of (1) having no mode or at mos: one mode, (2) positively
skeved behaviors (3) different tail behaviors and (4) having only one
or two parameters o be estimated. The method of nmoments is used to
estimate the parameters of these di<tributious.

In order to zelect a distribution family which adequately describes
the fatalities distributions, the historical records of hurric nes,
earthquakes, tornadoes and dam fal.ures are examined. The Weilbull
discribution i{s assessed to be appropriate as a family of distribu=io=s

that describe the examined non-nuclear risk distributions., For the
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calculated nuclear risks from the average of L.S. 100 reactors and

from the two individual site calculation results, the weid:ll distribucion
is also assessed to be appropriate. T7or both nuclear azZ zon-nuclear
risks, the Weibull distribucion is determined to be tae distribution

wvhich adequately describes the examined risi curves.
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Tebie 3.11 Residual Mean Squares of Nuclear Risks

Candidate *isk Models

Reactor Exvonential Carma Weibull lognormal
Average of U.S.

Reactors 47.07 .691 -194 .057
PWR ac Site A 14.28 .095 .102 .195
BWR at Site B 2.15 .152 .107 .186

'
b o L~ S




81
CHAPTER IV

BASIS FOk REGRESSION ANALYSIS

IV.1 Introductioc

In the preceding two chapters, the fittings of the risk
distribucioas to the parametric distributions were discussed. The
next major step in the analysis {s to diive the equations that relate
the distribution parameters to the basic variables that drive and
control the consequences of the nuclear reactor accidents. In this
chapter, a general discussion will be made about derivaticn of the
basic variable equations. The application w..' then be discussed in

the following chapters.

IV.2 Derivation of the Basic Variable Equations

IV.2.1 Outline of the Approach

In this study the regression analysis approach is used to relate
the distribution parameters to the basic variables. For the purpose
of presentation, the approach in the analysis can be represented by
six fundamental steps. Such a breakdown represents useful means of
giving a perspective on the process, although a sicple summary of this
kind cannot fully describe all the elements ir a complex analysis. The
six fundamental steps are:

(1) TIdeatification of the basic driving variadles to be studied.

(2) Selection of the dependent variables of the regression

equations.
(3) Asseabling the data to be used in identifyiag the relation- |

ship betveen the dependent and basic variables. '



(<)

(5)
(6)
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Formilation of candidate equaticns relating the dependent
and basic variables.
Estimation of the unknown constants in the equations.

Investigation of the adequacy of the derived equations.

Each step is now discussed in context of a risk analysis of the

nuclear reactor accidents.

IV.2.2 1Identification of the Basic Variables

The following are some examples of the basic variables that would

be of interes” in a risk analysis of the nuclear resctor accidents:

1)
(2)
3)
(4)

Population discritution.

Meteorological conditiocn.

Frobabilities and magnitudes of radfoactive releases.
Evacuation speed and evacuation area in energency situations

ot the reactor accidents.

These variisbles would be of interest in the following decision

making and evaluition studies:

1)

2)

3)

The pcpulation distributions and the seteorological conditions
would be of interest in selection of sites for nuclear power
plants.

The probabilities and magnitudes of radicactive relesses
would be of interest in evaluation of safety systems in a
nuclear powver plant involving engineering safecy fgatures.
operation restiictions and maintenance activities.

The evacuati n speed and area would be izmportant in emergency

planning.

In the regression analysis, the basic variables to be studied are

called "regressor variables.” The population distribution and the
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characteristics of radicactive releases vill be studied as regressor
variavles in the following chapters to demonstrate the regression
snalysis approach for identifying the dependent and basic regressor

variablas.

IV.2.3 Selection of the Dependent Variables

The dependent variables can be selected from the risk characreri:
tics or the distributlon parameters of the fitted distributions. Since
the approprisr ;e family of the parametric distributionz has been
selected, the other risk characteristics or distribution paramecers
can be estimated from the selected variables. The following variables
can be studied as dependeant variables:

(1) Scale factor, shape factor and normalization constant of the
fitted parametric discriducion.

(2) Risk moments about a spec!fic magnitude of ccnsequence.

(3) Complementary cumulative frequency at a specific magnitude
of consequence.

(4) Magnitude of cons‘kucncc at a specific value of cooplecentary
cumulative frequency.

(5) Slope of the tangent of the complementarv cusulative
distribution at a specific magnitude of consequence.

The selection of the dependent variables is based on the following

considerations:

(a) The relationship betweea the dependent and basic variables
can be expressed by fairly simple and straightforward
equations.

(b) The selection may depend on the situation deing considered

in the decision making or evaluation process. .
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The variables listed above would be of incerest in the following

situations:

1)

(2)

3)

(4)

Distridution parameters of the selected parasetric distribdu~
tion: The parameters control the behavior of the distribu~
tion. For example, the shape factor 8 of the Weidull distri-
pution controls the rate of decrease in the tail. The scale
factor n of the Weibull distribution represents the magnitvie
of consequence at & complemsntary cumulative frequency of
¢/e, vhere @ is the Euler's constant. The norzalization
constaot represents the frequency that the consequence is
greater than the lower end of the domain. When the decision
is based on these characteristic quantities, they can be
selected as dependent variables.

Risk moments: The first risk moment about the origln will be
selected when the decision is based on the expectation of the
magnitude of consequence. The second and higher moments

ab. .t tue origin represent the tafl behavior of cthe distribu-
tion. When the decision is based on the extreme consequences,
the second and higher moments would be of interest.
Complementary cumulative frequency at a specific sagnitude of
consequence: When the decision {s based ocn the frequency at
a specific magnitude (for example, 1000 fatalicies), it can
be selected as a dependent variable. !

Magnitude of consequence at a specific frequency: When the
decision is based on the magnitude at a specific complementary
cumulative frequency (for exazmple, 10-9lytnr). it can be

selected as a dependent variable.



a3

(5) Siope f the tangent of the complementary cumu'ative distri-
bution: The slope represents the rate cof dacrease of the
fre uency. Specifically the slope ar the tail would be
selectsd vhen the extrapolaticn of the distribuction is of
interest to the consequences greater than the largest
consequence in the historical records or ia the calculation
results.

When the scale and shape factors are not selected as dependent
variables, they will be estimated from the sclected dependent variables.
For example, the first two ris’ ~oments about the origin and the normal-
ization constant will be selected as dependent variables in Chapter S.
The Seibull parameters 3 and n caa be estizmated by Eqs. (3.27) and
(3.28). Once the Weibull parameters are estisated, we ! ve an entire
discribution and can derive any risk characteriscic in terms of the
parameters. For cxanplo; the magnirtude of counsequence at a specific

complementary cumulative frequency F° ts give by:
al.1/3
x=x + A+ [1In [Fz]] (4.1)
where 8 and A are the estimates by Eqs. (3.27) and (3.28).

IV.2.4 Asserdlicg of the Data

In the risk acalysis the data are generally obtained from the
hiscorical records or from the calculational aodel. The data obtained
can be certain risk characte "istics or risk Jdistriductions. To i{lertify
the relaction to the basic variables, t .2 data must be obtained for
different values of the basic variables. A set of the data used for
the analysis is called "data base™ i{n this study.

In this thesis the data base is obtained from the consequence



model. For example, in Chapter 5 the first two risk moments and the

normsalizacion constant will be calculated by the consequence model for
68 different populacion distributions. The calculated 68 different
sets of the risk momen:s and the normalization constaat will be used
io identifying the relationship batveen the dependent viriables and the

population distribution.

IV.2.5 Formulation of Candidate Equations

A number of candidate equations with unknown constants are
formulated to relate the lependent variables to the regressor variables.
Simple and straightforvard equations with a small nusber of us‘nown
constants are desirable. Consider the following two candidate

equations:
y = h(x‘.zz.....z-{rl,....rk) +e (6.2)

y=- h'(xl.xz....,z-lt‘.....r (4.3)

’
k.thl.....tm) + ¢

vhere y is the dependent variable and zl.....z- are the regressor
variables. t's are the unknown constants and ¢ and ¢' are the randoa
error variables. Eq. (4.3) has v additional unknowns compared to Eq.
(4.2). Generally Eq. (4.1) with (k+v) uniaowns predict the value of y
more accurately chan Iq. (4.2) with k unknowns. But Eq. (4.2) 1is more
desirable than Eq. (4.3) because of its smaller number of unknowns. _As
4 compromise the significance of added v unkuown constsats is tested by
the partial F-statiscic which will he discussed in the following sub-

section.

IV.2.6 Cscimacion of the Caksown Constants

The method of least squares is used to estizace the unk.nM con=



stants. For exssple, the unknowns in Eq. (4.2) are escimated by

sinisizing:
n
8o L[y - h(z,i.....:giftl...n,tk)lz (4.4)
Lol :

vhere the subscript { refers to the data salue prepared in Section
IV.2.4 and n 15 the técal sumber of the sample data.
Having obtained the estimates 'l"""g' the significance of the

derived equations are expressed by the F-value def mes hy:

s2/k
iy sy R
vhers

2 2
Sc * i (yg = bz, ponnnz  Jt 000t )] (4.6)
Y, % i Y (4.7)
2 2,2

5 : ly, - h(tlt.....zlilfl...-.?kls (4.8)

If the F-velue determined by Eq. (4.5) is larger than the F-value
at the predeternined sigaifi-ance level with (k,n-k-1) degrees of
freedom, the candidate equation Eo. (4.2) is found to be sigaificant
to express the variation of the dependent variable of the data. The
Fvalue in Eq. {4.5) i3 related to the sultiple correlation co-efficient

o. wvhich is defined by:

2
2 S¢
e (4.9)
S¢ * 5y

The multijle correlation coefficient alsn {ndicates the significance of
the regression resulcts.

In the preceding section, the compromiss between the accuracy of
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prediction and the number of unknowns is discussed. Now Eqe. (4.2) and
. . L

(4:3) are compared. Let '1""""'k¢1"""k+v be the estimaces of
the unknowna in E£q. (4.3) deterained by the method of least squares.
The significance of the added v unknowns is examined by the partial
F-statistic defined as:

- . 2
[Sl (8.)']/\0
(3:)'I(n-k-v-l)

(4.10)

vhare
2y - - ' L ' . 2
(sl) i [y1 L COPPPRR Ifx.....fl i) (6.11)

If the partial F-value in Eq. (4.10) is smaller than the F-value at the
predetermined significance level with (v,n~k=-v-1) degrees of freedom,
the added v unknowns can be eliminated and Eq. (4.2) with k unksowns is
found to be adequate. .

Stepwise regression technique i{s a cethod for determining cqu;ttono
vith the ainizum number of unknowns without decreasing the accuracy in
predicting the variacion of the dependent variables. It uses the
partial F-cests repeatedly by adding or eliminating the unknown
constants (or the regressor variables associated with the unknown
constants).

Datails of the r;;tconion techniques and the tables of the F-dis-
tribution a.e found in Ref-8.

IV.2.7 Test of the Adequacy of the Derived Equations

The following criteria are used t2 investigate the adequacy of the
derived equations:

(1) The F-value in Eq. (4.5) or the sultiple correlacion coeffi-

clent in Eq. (4.9) should be large. This criterion cas be



taken to be a relative measure to be used in comparing

different po.:ible equations.

(2) The error should not be systematic. Whea the regression
estimates of the dependent variables ai: plotted versus the
data values used for regression, the pofars should lie
closely about the 45 degree lice aand no tendency is obscrved
to overpredict or underpredict various range of the data.

(3) The fitted risk distribution using the derived basic variable
relations will be compared to the data distributicn

(4) Various risk characteristics will also be compared using the
basic variable relation to determine the firted risk

characteristics.

IV.3 Summary

The approach for deriviang the regression equations is diucussed in
this chapter. The fundamental elemeatcs of the aprroach are {dentified
as: (1) identificacion of the basic regressor variables; (2) selection
of the dependent variables; (?) assesbling of the data; (4) Jormulation
of candidate equations; (5) estimation of the unknown constants; and
(6) tavestigaction of the adequacy of the derived equations.

Some of the possible basic variables are identified and two of thea
will be studied in the following chapters. The dependent variables can
be selected from the risk characteristics or the distribution parameters
of the fitted distributions. The duta used for regression analysis can
be obtalzed from the historical records or the calculational model. In
this study they are obtained from the consequence model). The candidate

equations with a2 small number of unknown constants are desired. The
]
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unknowu constants are estimated by the method of least squares. The
significance of adding or eliminating unknown constants can be tested
by the partial F-statistic. The acequacy of the derived equations {s
examined by: (1) P-value or multiple correlation co-efficient: (2)
systematic error i{n prediction of the dependent variables; (3) compari-
son of the fitted risk distribution to the daca distribution; and

(4) coaparisou of the predicted risk chsracteristics to those calculated

by the consequecce model.
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CEAPTER V

PEGRSSSION ATIALYSIS OF PCPULATION DISTRISUTION

V.l Istroduction

Ia the previcus chapter & general procedure of regression analysis
ves proposed. The procedure will be demcnstrated iz this chapter in
an exazple in vhich the population distribution is a tasic variable,
Since the population distridution is one of the poteatially izportaat
fectors ia decisions on sites for nuclear pover ;lants, the equations
relating the risk to the pcpulation distribution will provide help in
decisica cn an scceptadble povulation distridbution.

The example stvdied iz this chapter is the relaticaship betwveen
tke population distributica and the early fatalities distridution of PR
accidents in nortiaeastern walley cétecroleogical comdition. But the
methods develcped ia this chapter will be geaerally applicatle to other
couliqucnccs. other types of reector accidents aand other nmetecrological
conditions,

The discvssiocn {z this chapter follows the procecdure of regress: 1
analysis proposed in the preceding chapter. Section V.2 discusses
the population distridution vhich is tha: basic variadble in this chapter,
Tae selection o the depend:nt variables i{s made in Secticn V.3 and the
dats base i3 jrepared ia Sectiocz V.i. The regressioz nodel ‘s farmulated
42 Sectica V.5 and the regression fittirg is =ade in Section V.6. The
adoquacy f the derived equations is exa=ined in Section V.7. Az exax=ple
of decision =aking iavolving siting for a nuclear pover plant is given

in Section V.8.
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V.2 Incoryoration of the Popuwlation Distridution {2 a Risk cdel

A polar coordinate systes is used here %o describe the population
distributicn. The orisin is se: at the location of the nuclerr pover
plast, The n.mber of pecple living ia (4r, 40) at (r,v) is do%iled

to be:

olr,0) Ar 48 = r + p(r,3) Ar + 49 (5.1)

vhere n(r,3) is the nuzber of people per radian per unit distazce and

p(v,8) is the population per unit area.

Flg. 5.1 Illus<rstion of t.es Polar Coordinate Sustem for Describviczg

the Population 2istritw=icn

$2
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Iz the coasequeace computer =odel, e populaticn distrilution
is discretized by dividing a cir:zle of 312 miles radius! into sixtee:
22-1/2 degree sectors and dividizg a secisr into 34 anrular segzmeczts.
Fig. 5.2 1llustrates scme of tle aznular segmeats in ‘he consequence
model. Eg. (5.1) is first integrated cver a 22-./2 degree sector iz

the direcstica J.

n‘,(r) - I a(r,8)de (5.2)
¥
g
vhere nJ(r) is the rorulation per unit distance at r in a 22-1/2 degree
sector in the direction J. Zq. (5.2) is %ten integrated cover r to derive
the population iz the k-th annular seg=ezt from the origin in a secter cf
the directiocn J.
(r
k*dr. 2
5y, = a,(r)dr .
% J( ) (5.3)
rk-Ar.‘lz
where r, is the distuce of the =idpoint =f tie k-ti seguent froa the
reactor and Ar, is the width of tte annilar segzeatl. Ty and ary used
in the consequerce calculation are listed in Appezdix C. The populatiszs

in the annular segments are treated as “asir regresscor variables in

this chapter.

TThe effzuts of cuclear reactor accidents oa the public beyond 500
=iles are considerec too small and no ca~culation is rerformed beycnd
507 =iles.
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V.3 Selection of the Dependent Variatles

The depencdent variables can e selected from the risk characteristics
or tle distridwion paraneters listed in Section IV,.2,2. Ia th.s chapter,
the first tvo risk moments and the normalization constant are elected as
the dependent variables, since tley have teen used to derive the fitted
Weidbull distributicns which have been shovn t2 adequately descride the
data distributions of consequence vs, frequency. These three variablcs
represent the following behaviors of the distridution., The first risk
nor 1t gives the average nuxber of fatalities per unit time. The seconi
risk zoment accousts the tall tehavior of the distribution. The mormalizas:ice
constant gives the area under the fresquency distridution, which is the

Frobadbility per unit tize of consequences teing greater than zero,

V.4 The Data 2ase for Segressicm Analysis

A total of 68 different porulation distributions are used for the
regression analysis. The populaticns corresrond to the 68 sites vhere
the 100 reactors are zov i{n use or planned to be located. The populations
are calculated from the 1970 census bureau data (ef, 2). As showve in
Teble 5.1, the 68 populations have a large spread vith regard %o the
cewulative distridutica. The populations also cover different patierns
as shown in Fig., 5.3. The regression ¢jueticns derived frcm these
populations should therefore cover the Likely wvariations which :;sht
be consicdered in selection of sites for nuclear pover plants,

The first two risk mozents acd the nor=alization counstan: are
calculated by the consequense caosruter model or each of the 68
population distrid=icns assunicg FWR accideats and norineastera valley

. {
'




Table 5.1 Spread of Cumulactive Fopulatica in the 68 Population

Discributions
Cumulative Population in a Circle
(thousands)
Average
Highest of the Lowest
Radius (ailes’ ddseridution Distributions Distributicn
2 21 1.4 0
5 62 8.7 4]
10 207 42 1.4
20 896 214 19
50 16,485 2,073 171
100 23,508 6,973 523

500 108,757 60,302 6,947




Cunulative Population in a Circle of Fadius r

' ]
20 30 40 50
r Miles from Reactor

T1g. 5.3 Cumulative Population Distridbutions of
Different Patterns

Not. 3 Sltel c.A.D'B.B cbnesPOr‘d to the

lat.Brd,géth.bsth.éath when £3 sites
;rgiian‘ tased on the pop tions in
es.




Table 5.2 Results of Consequence Calculations of PWR

Accldents for £8 Different Population Distributions

Population Pirst Second Normalization
Distridbution Risk Bisk Coanstant
Sample Xo. Moment Mozent
) 9.158-0% V. 1sTee2 . YTTSYT
2 T.028<-Cn S.ITE~CL S.Tee-07
3 1.5%-0% Y 1%~y L.olE-00
. s.0iE-Cr S ATE-CH l.20k-00
s T.57¢-0% s.820-02 2.33¢-07
- 3.20E-28 1.0E-c2 2.02¢-07
r S.ne-0% $.0%6-C2 208807
L ] S.70E-04 S.1%¢8-C2 2. 06c-07
- 1.342-0% 1.128-C2 LR LT
10 2.94F-0% e I0E-C2 T.A%E-00
" 3. 0ek-0% S.esi-02 Lo13E-27
2 S.9E-00 -8 ¢ T.0%-07
13 2.94E-2% 08822 T.4RE-00
13 L.226~04 1.5~ 4.02¢-07
5 L.sat-0% 1. 0Te-C2 f.71E-00
s La21E-38" 2.07€-21 J.65E-07
" J.0%-0s e.9%-C1 e 05C-07
is 1.88E-0% .- 1.208-07
" S.81£-0% 1.6~ L.506~07
xn 1.71e-0s J. 05801 A28~
1 . 736-0% T 218-C2 J.11E-07
“a J.0ie-0y f.48-22 L.9%¢-27
» w 3G 08 1.%2¢-0) .010-21
" 1. 736-0% T.e%¢-22 1.09%-27
3 “.8ie-08 YoanE-22 1.546-77
an b.22€0-0% S.isg-02 Y.3%¢€-99
m J.108-0% .08 02 %.22¢-Cn
n 1.73€-03% S.Cee-C2 J.1CE~0n
™ 8.3CE~08 1.87C-C) T.C3E-0
3 2.02C-0% .10y 1.808-97
n L.0LE~Cn l.1C8-21 J.10E-00
»n TodlE-2s 3.%1E8-2) 1.22e-27
n 1o3ak-0% S.3E-C L216-37
" S.95%-0% 6.0-02 2.126-77
3 9.4)E-08 2.838-C) 1.05¢-07
Y 3.02¢-05 l.1cE-C1 1.37e~07
» J.01E-02% Y. %E-02 L. AKE-YTY
» 2.2)¢-0% b.llE-22 L.74¢~07
bR LaASE-0n 2.028-C 2.ATE-27
40 B.4% -2 3.5%4E-2) 8.54€-08
41 S.046-0% e -02 2.176-C?
“2 i 10E-05 Y. Tik-C) IR I E ]
4 8.0 -0% e.ClE~C2 S.1E-a2
s A.028-0% 2.818-c2 1.54¢€ ‘07
as L EY BN 1) ‘.58 22 1.87¢-07
“ 1.%1€-9% 1.38¢C-22 1.86E-27
“r 1.9)6~0% b.21€-02 1.5C¢e-C?
L] 392800 1.5% ¢o 8.5%¢-07
.y 1.22€~24 1.048-01 3. 00E-27
3 3. 82€-C e.CC-22 2.4C6-07
si 6. T2E-CH S.028-22 3.CLE=ny
2 Loiak-04 t.2mne-2 3.786-CY
3 2.T5€6-24 s rCE~CL .51~
" 4.08E~CH l.evE-02 2.85¢-07
b3 1.%t-0% L BTN S8 | L.01E~27
ta S.ld8~0% S .NE-C2 2.C08=C2
L34 3. 1%~ 3.02¢-02 2.128-07
S 8.%5(-0s L.90¢-0y 2.Ce6-01
" 2.79-0% 1.35%€-¢c2 L.3%€~07
&0 l.CIC~24 1.C%¢-21 L VIS0
(17 S VIE-D% L.8ir~22 2.99E-27
.2 S 02620 .20~ .44~
&) 2.04€-0% 1.Co-"2 LeiTE-n2
s 3.2%-08 J.arr-Za V.67E-20 5
o5 4 126-05% S.210-22 2,007 '
. & 2% 6.85¢-2) 3.55C-78
. 2.00.-0% . -2 Q. ANk~
o T.S8C-00 ALTNE-C)Y 4.89€6-23
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seteorclogical condiilons., The results are giver in Table 5.2 and

vill be used as the data base for the regressicn acelysis,

V.5 For=olzticn of tae Regressica Model

Having obtained the data base, the next step in the analysis is
to forculate a model tiat relate the dependent variables !41. :42 and o
to the populations ia the anzular segents., To keep the model sizple
and also to =ake the results applicable to other gecmetries, the
regression coefficients vill be expressed as functions of the distance
from the reactor. The fusctions will te called "tracsfer functions”™ ia
this study. 3efore defining the transfer functicns, some of the
aasupticns and techniques ia the consequen~e rodel will te discussed
because the for=s of the transfer functions are dependent oa the

assumpticas and techniques in the consequence model.

V.5.1 Assuzptions and Techniques in the Consequence !lodel

Only the assuzptions acd technigues related to the definition
of the traczsfer functions are btriefly discussed, A full description
of the consequence zmodel cac be found in Appendix VI of WASE-1L00 (2ef.1).
The discussion of the effects oz the trap-Zer fuzctions will be made in
the course of defining the transfer functions. With regard to the

assunpticas and techaniques, tie folloving points are important.

{1) A sacplizg method is used in the consequence =odel. O(me
trial consists of one radicactive release, one evacuation
speed, cne starting tize of metecrological conditions (stability,

precipitation, acd wind speed) and one viand direction.



e e e et

(2)

The variables listed above are considered to be independent
of each other. The probability assigned to one t-all {3
therefore a product of the probadilities of the (=2dividual

events,

’g"ﬂ"V"s°’J (s.k)

vhere

’t’ prob.bility assigned to one trial.

Pt Tr=ibabllity of a release occuring.

Py: mobacility of an evacuation speed being realized,

Pg* pobability assigned to one startirg ti=e of
reteorological data, As discussed i{n Sectionm I.h,
if 50 starting times are selected, each of them is
assigned vith a probability of 1/90.

Py: Frobaility of the vind bloviag in the specific

direction.

(7) The shift of the wind directiocn in the downwizd is not explicitly

(%)

treated. The radicactive pluze travels in the direction in
vhich the vind vas bioving at the starting tize c?f release.
Therefore for one trisl the fatalities occur cnly in cne
direction.

The frequency distridution of the wind directics is uniform
over the 15 directions. The probedbility Py 12 3. (5.5) is
therefore 1/1€, %he probabilisy P, assigned o cze trial is

thus independent of the specific wind direction. '
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v.5.2 Definition of Transfer Fuzcticns

Consider oze trial ia which the wvipd i{s dlowicg i{n the directicz !.
Let Alr) te the ratic of the Zatalities per uzit r at r to the population
per unit r at r i3 & 22.5 degree secter for tie trial. Alr) isa
functiocn of the dose to tie critical organs azd the ares covered by
the redicective pluze. It is then depexzcent on the specifi. release,
evacuation speed and meterclogical condition of the trial, dut it is
independent of the vind direction. Since the shift of the wind direction
is not considered, the %otal number of fatalities for the trial is give:z
by:

x- I Alr) * nylr) = ar (5.5)

r

The first risk comest {s the expectatiocn of x over all trials.
Hl - z(:] (506)

vhere £ refers to an exjpectation over all trials., From Eq. (5.5), M, is

then givea ty:

M= [I Alr) = aJ(r)]e.r - I Z(alz) = a,(r)]dr (5.T)

Since the fregquency distridv.ion of the viad direztion is uniform,

o

J

'

M . i3 I E(a(r)] » = (r)er (5.8)
J




The first transfer function vill therefore be defined as:
alr) = 3z * ElAlr))
Then "1 is expressed as:
"y §I a(r)  ny(r) « & (5.10)

r

As ¥, is an annual expected number of fatalities, a(r) 4{s an anaual
expected number of fatalities per individual at distance r. The
quantity a(r) can also be iaterpreted as a proctability of death per
reactor year for az individual living at distance r.

he second risk moment i3 an expectaticn of x2,

2 I Alr) » n',(x')]z

r

- ” Alr) » A(2') - n‘,(r) . nJ(r')irdr (5.11)
Then, =
W, = B[] = -}gg I I 2(A(r) * Alr')] » 5y(r) * oy(r')ardrt (5.12)
M

The second transfer function b(r,r') wvill be defined as:

blr,e') = 3z Z(A(x) * Alr")) (5.13)
Then,

W =1 I I b(r,r') » ny(r) + o (r')ardr! (5.18)
‘rr :
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The quatity b(r,r') {s the acnual expected numbter of fatalizies at
= axd r' per {ndividual et r and r' arising from the seze accident.
It also can bte interpreted as a protatility that an indivicual at
* cﬂ r' will both be killed iz ste sz=e accident.

Finelly, the third traasfer fizctioc c(r) will be defized o
relates the normalization constant & with the population distridution.
The constint a i3 the probeblity jer reactor year for vhich the

Tazalities will “e grester t-an zero.

e = E[B(x)] ' (5.15)
viere
H(x) = 1 for x > 0
=0 for x =0

Let dJ be the closi:st distance at wzich people live from a resctor in
tte dirsction J.

nJ(r) -0 at r < d;
>0 at r= dJ
20 et r > dy (5.16)
Ten,
x - rA(r) . nJ(r)d.r
°
- r Alr) » nJ(r)dr (5.17)

4



How, a is expressed by:
. ztx(l Ale) + 3,(r)ar) (5.16)
J
Since it is difficult %o express the expectation of 2 equaticn in a

sizple fora, an approxi=stics relating a to the closest distance 4

b
vill be constructed. The third transfer fusction co(r) {s thes dafined
as:
a=] [elr)] (5.19)
J r‘d"

The adequacy of Eq. (5.19) will be tested by the regression fits,

In the consequence computer zodel, & circle of 500 =iles radius
is divided into 16 x 34 amoular seg-eants. The key equations of the
transfer functions are thea expressed in the discrete geonmetry of the

consequence model by the followirg equations.

a(z,) = 3 zlalr)] (5.20)
M - § E a(r,) » Ty (5.22)
®r, r') = i?zu(r.‘) " Alr,')] . (5.22)
M, = § E Z' Bir,, z,") - Typ * Wyt (5.23)
s -§ (c(r)]mk‘u“) (sz,h)

104
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woere ‘.un(“ 43 the closest segmest i3 wvhich tte pepulatzice is
gTeater thas e 42 the directicn ;.

The irezsfer {wctions a(r), tir,s") and clr are lepezdest
cn tha type cf comsequence, the averase veather czaracteristics and
the type of re_esses, but they eare ‘:Zezendent c?f the pcraiatiocn
distridution. The transfer functicz=s Zcr early Zataliiles iz AWR
accidents in scriteastera ‘rulley zetecro ogical conditicsms ere teing
studied in t:is chapter.

To keep tte =odel simple, the tre=sfer fN\mciiscs vill e exrressed
i terms of pessidle parasetric fusetisms vhics vill be tested in the
regression azasysis. The foras of tze Sinctiors a=4 tte ccoustants

0 be fitted Ly 2ie regrescion analysis v’ (1 be studied i= Section V.6.

V.6 3Regressice Tisting
v.6.1 Mezcds for Fisting

We vt 25 express the transfer f:=ztions as jarzetris functions
vith s szall —=ter of unkrown constac=:s vhich give aleguate Zits. Tvo
sPrroactes are studied in order to Zerive the Tor= aci e tants
Zrom Lhe consezseace calculation., The first arprsacs is o use the data

base prepered i= Section V.L for tize 42 sa=ple pepulatics a=d derive

108

alr), vir,r'} s=2 clr) by Zqs. (5.22), (5.23) a=d (5.28) usisg regression

analysis. The second auproach icvslrves calculati=z the maslo A(rk) o?f
the fatalities o= rh %0 the populatic= i3 a secicT st T, fzr each trial
from the consegae=ce calculation. Tsizz Zas. (5.22) e=2 (5.23),

thte average < Air.‘) and A(rk) - A(r.") cver all the trizls will give
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a(ry) and B(rg, n,') respectively., alr,) ead d(r,, r,') caa thea de
fit%ed to the parazetric fucctions izvolving the distance r. Though
both approacies can give the same results (withia fitiiag errors),
each has its owa adv/untages and disudvnntncc;. The twvo approaches

are discussed I =cre de%ail in the 2slloving sudsectiocas.

V.6.1.1 Reeressios from “ata Base of My, My and @

This approach uses the data base {n Sectica V.l and Igs. (5.21),
(5.23) and (5.24). Possible parasetric functions are assused fo:
a(r), v(r, r') wd clr). Let h.(r' 81, 83, ++s 4 &) te the asrume
parazetric functicas of alr) with unkzown constants a), &5, ... , 8.
The estizates of tie depandent variatle M; for the €8 populations are
given in Table 6.2. Also the populaiions in the annular segmesnts N’k
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>